
Biology	cell	cycle	and	mitosis	answer	key	5th	grade	pdf

http://xeltuve.com/wb3?utm_term=biology%20cell%20cycle%20and%20mitosis%20answer%20key%205th%20grade%20pdf


Biology	cell	cycle	and	mitosis	answer	key	5th	grade	pdf

Loading	PreviewSorry,	preview	is	currently	unavailable.	You	can	download	the	paper	by	clicking	the	button	above.	VDOC.PUB	Authors:	Stansfield	PDF	Biology	,	Genetics	Download	Embed	This	document	was	uploaded	by	our	user.	The	uploader	already	confirmed	that	they	had	the	permission	to	publish	it.	If	you	are	author/publisher	or	own	the
copyright	of	this	documents,	please	report	to	us	by	using	this	DMCA	report	form.	Report	DMCA	In	Genetics,	Third	Edition,	students	learn	the	underlying	concepts	and	applications	of	genetics.	They	will	also	find	up-to-date	coverage	of	molecular	genetics	and	the	molecular	biology	of	eucaryotic	cells	and	their	viruses.	Numerous	illustrations,	209
problems	solved	step-by-step,	1,000	additional	practice	problems,	and	433	review	questions	make	key	points	memorable	and	prepare	readers	for	all	kinds	of	typical	genetics	exams.	SCHAUM’S	OUTLINE	OF	THEORY	A	N	D	PROBLEMS	OF	GENETICS	Third	Edition	WILLIAM	D.	STANSFIELD,	Ph.D.	Emeritus	Professor	of	Biological	Sciences	Calvornia
Polytechnic	State	University	at	San	Luis	Obispo	SCHAUM’S	OUTLINE	SERIES	McGRAW-HILL	N	e	w	York	San	Francisco	Washington,	D.	C.	Auckland	Bogota	Caracas	Lisbon	London	Madrid	Mexico	City	Milan	Montreal	N	e	w	Delhi	San	Juan	Singapore	Sydney	Tokyo	Toronto	WILLIAM	D.	STANSFIELD	has	degrees	in	Agriculture	(B	.S	.,	1952),
Education	(M.A.,	1960),	and	Genetics	(M.S.,	1962;	Ph.D.,	1963;	University	of	California	at	Davis).	His	published	research	is	in	immunogenetics,	twinning,	and	mouse	genetics.	From	1957	to	1959	he	was	an	instructor	in	high	school	vocational	in	agriculture.	He	was	a	faculty	member	of	the	Biological	Sciences	Department	of	California	Polytechnic	State
University	from	1963	to	1992	and	is	now	Emeritus	Professor.	He	has	written	university-level	textbooks	in	evolution	and	serology/	immunology,	and	has	coauthored	a	dictionary	of	genetics.	Schaum’s	Outline	of	Theory	and	Problems	of	GENETICS	Copyright	0	1991,	1983,	1969	by	The	McGraw-Hill	Companies,	Inc.	All	rights	reserved.	Printed	in	the
United	States	of	America.	Except	as	permitted	under	the	Copyright	Act	of	1976,	no	part	of	this	publication	may	be	reproduced	or	distributed	in	any	form	or	by	any	means,	or	stored	in	a	data	base	or	retrieval	system,	without	the	prior	written	permission	of	the	publisher.	9	10	1	1	12	13	14	15	16	17	18	19	20	BAW	BAW	9	9	I	S	B	N	0-07-060877-b
Sponsoring	Editor:	Jeanne	Ragg	Production	Supervisor:	k	r	o	y	Young	Editing	Supervisors:	Meg	Tobin,	Maureen	Walker	Library	of	Congress	C8taloging-in-hrbk8tionD8t8	Stansfield,	William	D.	Schaum’s	outline	of	theory	and	problems	of	genetics	I	William	D.	Stansfield.-3rd	ed.	p.	cm.-(Schaum’s	outline	series)	Includes	index.	ISBN	0-07-060877-6	1.
Genetics-Problems,	exercises,	etc.	1.	Title.	11.	Title:	Outline	of	theory	and	problems	of	genetics.	QH440.3.S7	1991	575.	I	A	c	2	0	90-41479	CIP	McGraw-Hill	ADivisionof%A&Gnzw-HmCortlpmtlcs	Genetics,	the	science	of	heredity,	is	a	fundamental	discipline	in	the	biological	sciences.	All	living	things	are	products	of	both	“nature	and	nurture.”	The
hereditary	units	(genes)	provide	the	organism	with	its	“nature”-its	biological	potentialities/limitations-whereas	the	environment	provides	the	“nurture,”	interacting	with	the	genes	(or	their	products)	to	give	the	organism	its	distinctive	anatomical,	physiological,	biochemical,	and	behavioral	characteristics.	Johann	(Gregor)	Mendel	laid	the	foundations	of
modem	genetics	with	the	publication	of	his	pioneering	work	on	peas	in	1866,	but	his	work	was	not	appreciated	during	his	lifetime.	The	science	of	genetics	began	in	1900	with	the	rediscovery	of	his	original	paper.	In	the	next	ninety	years,	genetics	grew	from	virtually	zero	knowledge	to	the	present	day	ability	to	exchange	genetic	material	between	a
wide	range	of	unrelated	organisms.	Medicine	and	agriculture	may	literally	be	revolutionized	by	these	recent	developments	in	molecular	genetics.	Some	exposure	to	college-level	or	university-level	biology	is	desirable	before	embarking	on	the	study	of	genetics.	In	this	volume,	however,	basic	biological	principles	(such	as	cell	structures	and	functions)
are	reviewed	to	provide	a	common	base	of	essential	background	information,	The	quantitative	(mathematical)	aspects	of	genetics	are	more	easily	understood	if	the	student	has	had	some	experience	with	statistical	concepts	and	probabilities.	Nevertheless,	this	outline	provides	all	of	the	basic	rules	necessary	for	solving	the	genetics	problems	herein
presented,	so	that	the	only	mathematical	background	needed	is	arithmetic	and	the	rudiments	of	algebra.	The	original	focus	of	this	book	remains	unchanged	in	this	third	edition.	It	is	still	primarily	designed	to	outline	genetic	theory	and,	by	numerous	examples,	to	illustrate	a	logical	approach	to	problem	solving.	Admittedly	the	theory	sections	in
previous	editions	have	been	“bare	bones,”	presenting	just	enough	basic	concepts	and	terminology	to	set	the	stage	for	problem	solving.	Therefore,	an	attempt	has	been	made	in	this	third	edition	to	bring	genetic	theory	into	better	balance	with	problem	solving.	Indeed,	many	kinds	of	genetics	problems	cannot	be	solved	without	a	broad	conceptual
understanding	and	detailed	knowledge	of	the	organism	being	investigated.	The	growth	in	knowledge	of	genetic	phenomena,	and	the	application	of	this	knowledge	(especially	in	the	fields	of	genetic	engineering	and	molecular	biology	of	eucaryotic	cells),	continues	at	an	accelerated	pace.	Most	textbooks	that	try	to	remain	current	in	these	new
developments	are	outdated	in	some	respects	before	they	can	be	published.	Hence,	this	third	edition	outlines	some	of	the	more	recent	concepts	that	are	fairly	well	understood	and	thus	unlikely	to	change	except	in	details.	However,	this	book	cannot	continue	to	grow	in	size	with	the	field;	if	it	did,	it	would	lose	its	“outline”	character.	Inclusion	of	this	new
material	has	thus	required	the	elimination	of	some	material	from	the	second	edition.	Each	chapter	begins	with	a	theory	section	containing	definitions	of	terms,	basic	principles	and	theories,	and	essential	background	information.	As	new	terms	are	introduced	they	appear	in	boldface	type	to	facilitate	development	of	a	genetics	vocabulary.	The	first	page
reference	to	a	term	in	the	index	usually	indicates	the	location	of	its	definition.	The	theory	section	is	followed	by	sets	of	type	problems	solved	in	detail	and	supplementary	problems	with	answers.	The	solved	problems	illustrate	and	amplify	the	theory,	and	they	bring	into	sharp	focus	those	fine	points	without	which	students	might	continually	feel
themselves	on	unsafe	ground.	The	supplementary	problems	serve	as	a	complete	review	...	111	iv	PREFACE	of	the	material	of	each	chapter	and	provide	for	the	repetition	of	basic	principles	so	vital	to	effective	learning	and	retention.	In	this	third	edition,	one	or	more	kinds	of	“objective”	questions	(vocabulary,	matching,	multiple	choice,	true-false)	have
been	added	to	each	chapter.	This	is	the	format	used	for	examinations	in	some	genetics	courses,	especially	those	at	the	survey	level.	In	my	experience,	students	often	will	give	different	answers	to	essentially	the	same	question	when	asked	in	a	different	format.	These	objective-type	questions	are	therefore	designed	to	help	students	prepare	for	such
exams,	but	they	are	also	valuable	sources	of	feedback	in	self-evaluation	of	how	well	one	understands	the	material	in	each	chapter.	Former	chapters	dealing	with	the	chemical	basis	of	heredity,	the	genetics	of	bacteria	and	phage,	and	molecular	genetics	have	been	extensively	revised.	A	new	chapter	outlining	the	molecular	biology	of	eucaryotic	cells	and
their	viruses	has	been	added.	I	am	especially	grateful	to	Drs.	R.	Can0	and	J.	Colome	for	their	critical	reviews	of	the	last	four	chapters.	Any	errors	of	commission	or	omission	remain	solely	my	responsibility.	As	always,	I	would	appreciate	suggestions	for	improvement	of	any	subsequent	printings	or	editions.	WILLIAM	D.	STANSFIELD	Chapter	I	Chapter
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Chapter	1	The	Physical	Basis	of	Heredity	GENETICS	Genetics	is	that	branch	of	biology	concerned	with	heredity	and	variation.	The	hereditary	units	that	are	transmitted	from	one	generation	to	the	next	(inherited)	are	called	genes.	The	genes	reside	in	a	long	molecule	called	deoxyribonucleic	acid	(DNA).	The	DNA,	in	conjunction	with	a	protein	matrix,
forms	nucleoprotein	and	becomes	organized	into	structures	with	distinctive	staining	properties	called	chromosomes	found	in	the	nucleus	of	the	cell.	The	behavior	of	genes	is	thus	paralleled	in	many	ways	by	the	behavior	of	the	chromosomes	of	which	they	are	a	part.	A	gene	contains	coded	information	for	the	production	of	proteins.	DNA	is	normally	a
stable	molecule	with	the	capacity	for	self-replication.	On	rare	occasions	a	change	may	occur	spontaneously	in	some	part	of	DNA.	This	change,	called	a	mutation,	alters	the	coded	instructions	and	may	result	in	a	defective	protein	or	in	the	cessation	of	protein	synthesis.	The	net	result	of	a	mutation	is	often	seen	as	a	change	in	the	physical	appearance	of
the	individual	or	a	change	in	some	other	measurable	attribute	of	the	organism	called	a	character	or	trait.	Through	the	process	of	mutation	a	gene	may	be	changed	into	two	or	more	alternative	forms	called	allelomorphs	or	alleles.	Example	1.1.	Healthy	people	have	a	gene	that	specifies	the	normal	protein	structure	of	the	red	blood	cell	pigment	called
hemoglobin.	Some	anemic	individuals	have	an	altered	form	of	this	gene,	i.e.,	an	allele,	which	makes	a	defective	hemoglobin	protein	unable	to	carry	the	normal	amount	of	oxygen	to	the	body	cells.	Each	gene	occupies	a	specific	position	on	a	chromosome,	called	the	gene	locus	(loci,	plural).	All	allelic	forms	of	a	gene	therefore	are	found	at	corresponding
positions	on	genetically	similar	(homologous)	chromosomes.	The	word	“locus”	is	sometimes	used	interchangeably	for	“gene.	”	When	the	science	of	genetics	was	in	its	infancy	the	gene	was	thought	to	behave	as	a	unit	particle.	These	particles	were	believed	to	be	arranged	on	the	chromosome	like	beads	on	a	string.	This	is	still	a	useful	concept	for
beginning	students	to	adopt,	but	will	require	considerable	modification	when	we	study	the	biochemical	basis	of	heredity	in	Chapter	11.	All	the	genes	on	a	chromosome	are	said	to	be	linked	to	one	another	and	belong	to	the	same	linkage	group.	Wherever	the	chromosome	goes	it	carries	all	of	the	genes	in	its	linkage	group	with	it.	As	we	shall	see	later	in
this	chapter,	linked	genes	are	not	transmitted	independently	of	one	another,	but	genes	in	different	linkage	groups	(on	different	chromosomes)	are	transmitted	independently	of	one	another.	CELLS	The	smallest	unit	of	life	is	the	cell.	Each	living	thing	is	composed	of	one	or	more	cells.	The	most	primitive	cells	alive	today	are	the	bacteria.	They,	like	the
presumed	first	forms	of	life,	do	not	possess	a	nucleus.	The	nucleus	is	a	membrane-bound	compartment	isolating	the	genetic	material	from	the	rest	of	the	cell	(cytoplasm).	Bacteria	therefore	belong	to	a	group	of	organisms	called	procaryotes	(literally,	“before	a	nucleus”	had	evolved;	also	spelled	prokaryotes).	All	other	kinds	of	cells	that	have	a	nucleus
(including	fungi,	plants,	and	animals)	are	referred	to	as	eucaryotes	(literally,	‘‘truly	nucleated”;	also	spelled	eukaryotes).	Most	of	this	book	deals	with	the	genetics	of	eucaryotes.	Bacteria	will	be	considered	in	Chapter	12.	The	cells	of	a	multicellular	organism	seldom	look	alike	or	carry	out	identical	tasks.	The	cells	are	differentiated	to	perform	specific
functions	(sometimes	referred	to	as	a	“division	of	labor”);	a	neuron	is	specialized	to	conduct	nerve	impulses,	a	muscle	cell	contracts,	a	red	blood	cell	carries	oxygen,	and	so	on.	Thus	there	is	no	such	thing	as	a	typical	cell	type.	Fig.	1-1	is	a	composite	diagram	of	an	animal	cell	showing	common	subcellular	structures	that	are	found	in	all	or	most	cell
types.	Any	subcellular	structure	that	has	a	characteristic	morphology	and	function	is	considered	to	be	an	organelle.	Some	of	1	2	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	1	the	organelles	(such	as	the	nucleus	and	mitochondria)	are	membrane-bound;	others	(such	as	the	ribosomes	and	centrioles)	are	not	enclosed	by	a	membrane.	Most	organelles
and	other	cell	parts	are	too	small	to	be	seen	with	the	light	microscope,	but	they	can	be	studied	with	the	electron	microscope.	The	characteristics	of	organelles	and	other	parts	of	eucaryotic	cells	are	outlined	in	Table	1.1.	CHAP.	I	]	THE	PHYSICAL	BASIS	OF	HEREDITY	Table	1.1.	I	Cell	Structures	Extracellular	structures	Plasma	membrane	Nucleus
Nuclear	membrane	Chromatin	Nucleolus	Nucleoplasm	Cytoplasm	Ribosome	Endoplasmic	ret	ic	u1um	Mitoc	hondria	Plastid	Golgi	body	(apparatus)	Ly	sosome	Vacuole	Centrioles	Cytoskeleton	Cytosol	Characteristics	of	Eucaryotic	Cellular	Structures	Characteristics	A	cell	wall	surrounding	the	plasma	membrane	gives	strength	and	rigidity	to	the	cell
and	is	composed	primarily	of	cellulose	in	plants	(peptidoglycans	in	bacterial	“envelopes”);	animal	cells	are	not	supported	by	cell	walls;	slime	capsules	composed	of	polysaccharides	or	glycoproteins	coat	the	cell	walls	of	some	bacterial	and	algal	cells	Lipid	bilayer	through	which	extracellular	substances	(e.g.,	nutrients,	water)	enter	the	cell	and	waste
substances	or	secretions	exit	the	cell;	passage	of	substances	may	require	expenditure	of	energy	(active	transport)	or	may	be	passive	(diffusion)	Master	control	of	cellular	functions	via	its	genetic	material	(DNA)	Double	membrane	controlling	the	movement	of	materials	between	the	nucleus	and	cytoplasm;	contains	pores	that	communicate	with	the	ER
Nucleoprotein	component	of	chromosomes	(seen	clearly	only	during	nuclear	division	when	the	chromatin	is	highly	condensed);	only	the	DNA	component	is	hereditary	material	Site(s)	on	chromatin	where	ribosomal	RNA	(rRNA)	is	synthesized;	disappears	from	light	microscope	during	cellular	replication	Nonchromatin	components	of	the	nucleus
containing	materials	for	building	DNA	and	messenger	RNA	(mRNA	molecules	serve	as	intermediates	between	nucleus	and	cytoplasm)	Contains	multiple	structural	and	enzymatic	systems	(e.g.,	glycolysis	and	protein	synthesis)	that	provide	energy	to	the	cell;	executes	the	genetic	instructions	from	the	nucleus	Site	of	protein	synthesis;	consists	of	three
molecular	weight	classes	of	ribosomal	RNA	molecules	and	about	50	different	proteins	Internal	membrane	system	(designated	ER);	rough	endoplasmic	reticulum	(RER)	is	studded	with	ribosomes	and	modifies	polypeptide	chains	into	mature	proteins	(e.g.,	by	glycosylation);	smooth	endoplasmic	reticulum	(SER)	is	free	of	ribosomes	and	is	the	site	of	lipid
synthesis	Production	of	adenosine	triphosphate	(ATP)	through	the	Krebs	cycle	and	electron	transport	chain;	beta	oxidation	of	long-chain	fatty	acids;	ATP	is	the	main	source	of	energy	to	power	biochemical	reactions	Plant	structure	for	storage	of	starch,	pigments,	and	other	cellular	products;	photosynthesis	occurs	in	chloroplasts	Sometimes	called
dictyosome	in	plants;	membranes	where	sugars,	phosphate.	sulfate,	or	fatty	acids	are	added	to	certain	proteins;	as	membranes	bud	from	the	Golgi	system	they	are	marked	for	shipment	in	transport	vesicles	to	arrive	at	specific	sites	(e.g.,	plasma	membrane,	lysosome)	Sac	of	digestive	enzymes	in	all	eucaryotic	cells	that	aid	in	intracellular	digestion	of
bacteria	and	other	foreign	bodies;	may	cause	cell	destruction	if	ruptured	Membrane-bound	storage	deposit	for	water	and	metabolic	products	(e.g.,	amino	acids,	sugars);	plant	cells	often	have	a	large	central	vacuole	that	(when	filled	with	fluid	to	create	turgor	pressure)	makes	the	cell	turgid	Form	poles	of	the	spindle	apparatus	during	cell	divisions;
capable	of	being	replicated	after	each	cell	division;	rarely	present	in	plants	Contributes	to	shape,	division,	and	motility	of	the	cell	and	the	ability	to	move	and	arrange	its	components;	consists	of	microtubules	of	the	protein	tubulin	(as	in	the	spindle	fibers	responsible	for	chromosomal	movements	during	nuclear	division	or	in	flagella	and	cilia),
microfilaments	of	actin	and	myosin	(as	occurs	in	muscle	cells),	and	intermediate	filaments	(each	with	a	distinct	protein	such	as	keratin)	The	fluid	portion	of	the	cytoplasm	exclusive	of	the	formed	elements	listed	above;	also	called	hyaloplasm;	contains	water,	minerals,	ions,	sugars,	amino	acids,	and	other	nutrients	for	building	macromolecular
biopolymers	(nucleic	acids,	proteins,	lipids,	and	large	carbohydrates	such	as	starch	and	cellulose)	3	4	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	1	CHROMOSOMES	1.	Chromosome	Number.	In	higher	organisms,	each	somatic	cell	(any	body	cell	exclusive	of	sex	cells)	contains	one	set	of	chromosomes	inherited	from	the	maternal	(female)	parent	and
a	comparable	set	of	chromosomes	(homologous	chromosomes	or	homologues)	from	the	paternal	(male)	parent.	The	number	of	chromosomes	in	this	dual	set	is	called	the	diploid	(	2	n	)	number.	The	suffix	“-ploid”	refers	to	chromosome	“sets.”	The	prefix	indicates	the	degree	of	ploidy.	Sex	cells,	or	gametes,	which	contain	half	the	number	of	chromosome
sets	found	in	somatic	cells,	are	referred	to	as	haploid	cells	(n).	A	genome	is	a	set	of	chromosomes	corresponding	to	the	haploid	set	of	a	species.	The	number	of	chromosomes	in	each	somatic	cell	is	the	same	for	all	members	of	a	given	species.	For	example,	human	somatic	cells	contain	46	chromosomes,	tobacco	has	48,	cattle	60,	the	garden	pea	14,	the
fruit	fly	8,	etc.	The	diploid	number	of	a	species	bears	no	direct	relationship	to	the	species	position	in	the	phylogenetic	scheme	of	classification.	2.	Chromosome	Morphology.	The	structure	of	chromosomes	becomes	most	easily	visible	during	certain	phases	of	nuclear	division	when	they	are	highly	coiled.	Each	chromosome	in	the	genome	can	usually	be
distinguished	from	all	others	by	several	criteria,	including	the	relative	lengths	of	the	chromosomes,	the	position	of	a	structure	called	the	centromere	that	divides	the	chromosome	into	two	arms	of	varying	length,	the	presence	and	position	of	enlarged	areas	called	“knobs”	or	chromomeres,	the	presence	of	tiny	terminal	extensions	of	chromatin	material
called	“satellites,”	etc.	A	chromosome	with	a	median	centromere	(metacentric)	will	have	arms	of	approximately	equal	size.	A	submetacentric,	or	acrocentric,	chromosome	has	arms	of	distinctly	unequal	size.	The	shorter	arm	is	called	the	p	arm	and	the	longer	arm	is	called	the	q	arm.	If	a	chromosome	has	its	centromere	at	or	very	near	one	end	of	the
chromosome,	it	is	called	telocentric.	Each	chromosome	of	the	genome	(with	the	exception	of	sex	chromosomes)	is	numbered	consecutively	according	to	length,	beginning	with	the	longest	chromosome	first.	3.	Autosomes	vs.	Sex	Chromosomes.	In	the	males	of	some	species,	including	humans,	sex	is	associated	with	a	morphologically	dissimilar
(heteromorphic)	pair	of	chromosomes	called	sex	chromosomes.	Such	a	chromosome	pair	is	usually	labeled	X	and	Y	.	Genetic	factors	on	the	Y	chromosome	determine	maleness.	Females	have	two	morphologically	identical	X	chromosomes.	The	members	of	any	other	homologous	pairs	of	chromosomes	(homologues)	are	morphologically	indistinguishable,
but	usually	are	visibly	different	from	other	pairs	(nonhomologous	chromosomes).	All	chromosomes	exclusive	of	the	sex	chromosomes	are	called	autosomes.	Fig.	1-2	shows	the	chromosomal	complement	of	the	fruit	fly	Drosophila	melunogaster	(2n	=	8)	with	three	pairs	of	autosomes	(2,	3,	4)	and	one	pair	of	sex	chromosomes.	Female	’	Male	X
chromosomes	\	Y	chromosome	Fig.	1-2.	Diagram	of	diploid	cells	in	Drosophilu	melanogaster.	CHAP.	11	T	H	E	PHYSICAL	BASIS	OF	HEREDITY	5	CELL	DIVISION	1.	Mitosis.	All	somatic	cells	in	a	niulticellular	organism	are	descendants	of	one	original	cell.	the	fertilized	egg,	or	zygote.	through	a	divisional	process	called	mitosis	(Fig.	1-3).	The	function	o	f
mitosis	is	first	to	construct	an	exact	copy	of	each	chroniosonie	and	then	to	distribute,	through	division	of	the	original	(mother)	cell.	an	identical	set	o	f	chroniosonics	to	each	of	the	two	progeny	cells.	o	r	daughter	cells.	Interphase	is	the	period	between	succt.ssi\.t.	mitoses	(Fig.	1-4).	The	double-helix	DNA	molecule	(Fig.	1	1	-	1	)	of	each	chromosome
replicates	(Fig.	1	1	-	10)	during	the	S	phase	of	the	cell	cycle	(Fig.	1-41.	producing	an	identical	pair	o	f	DNA	molecules.	Each	replicated	chroniosoiiie	thus	enters	mitosis	containing	two	identical	DNA	molecules	called	chromatids	(sometimes	called	"sister"	chroniatids).	When	DNA	associates	with	histone	proteins	it	becomes	chromatin	(so	called	because
the	complex	is	readily	stained	by	certain	dyes).	Thin	chromatin	strands	commonly	appear	a	s	amorphous	granular	material	in	the	nucleus	of	stained	cells	during	interphase.	Fig.	1-3.	Mitosis	in	animal	cclls.	Dark	chromosonics	arc	of	maternal	origin;	light	chromosomes	arc	of	paternal	origin.	One	pair	of	homologucs	is	metaccntric,	the	othcr	pair	is
submetacentric.	6	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	I	A	mitotic	division	has	four	major	phases:	prophase,	metaphase,	anaphase,	and	telophase.	Within	a	chromosome,	the	centromeric	regions	of	each	chromatid	remain	closely	associated	through	the	first	two	phases	of	mitosis	by	an	unknown	mechanism	(perhaps	by	specific	centromeric-
binding	proteins).	Prophase.	In	prophase,	the	chromosomes	condense,	becoming	visible	in	the	light	microscope	first	as	thin	threads,	and	then	becoming	progressively	shorter	and	thicker.	Chromosomes	first	become	visible	in	the	light	microscope	during	prophase.	The	thin	chromatin	strands	undergo	condensation	(Fig.	14-	l	)	,	becoming	shorter	and
thicker	as	they	coil	around	histone	proteins	and	then	supercoil	upon	themselves,	Example	1.2.	A	toy	airplane	can	be	used	as	a	model	to	explain	the	condensation	of	the	chromosomes.	A	rubber	band,	fixed	at	one	end,	is	attached	to	the	propeller	at	its	other	end.	As	the	prop	is	turned,	the	rubber	band	coils	and	supercoils	on	itself,	becoming	shorter	and
thicker	in	the	process.	Something	akin	to	this	process	occurs	during	the	condensation	of	the	chromosomes.	However,	as	a	chromosome	condenses,	the	DNA	wraps	itself	around	histone	proteins	to	form	little	balls	of	nucleoprotein	called	nucleosomes,	like	beads	on	a	string.	At	the	nexthigher	level	of	condensation,	the	beaded	string	spirals	into	a	kind	of
cylinder.	The	cylindrical	structure	then	folds	back	and	forth	on	itself.	Thus,	the	interphase	chromosome	becomes	condensed	several	hundred	times	its	length	by	the	end	of	prophase	(see	Fig.	14-1).	By	late	prophase,	a	chromosome	may	be	sufficiently	condensed	to	be	seen	in	the	microscope	as	con-	sisting	of	two	chromatids	connected	at	their
centromeres.	The	centrioles	of	animal	cells	consist	of	cylinders	of	microtubule	bundles	made	of	two	kinds	of	tubulin	proteins.	Each	centriole	is	capable	of	“nucleating”	or	serving	as	a	site	for	the	construction	(mechanism	unknown)	of	a	duplicate	copy	at	right	angles	to	itself	(Fig.	1-	1).	During	prophase,	each	pair	of	replicated	centrioles	migrates	toward
opposite	polar	regions	of	the	cell	and	establishes	a	microtubule	organizing	center	(MTOC)	from	which	a	spindle-shaped	network	of	microtubules	(called	the	spindle)	develops.	Two	kinds	of	spindle	fibers	are	recognized.	Kinetochore	microtubules	extend	from	a	MTOC	to	a	kinetochore.	A	kinetochore	is	a	fibrous,	multiprotein	structure	attached	to
centromeric	DNA.	Polar	microtubules	extend	from	a	MTOC	to	some	distance	beyond	the	middle	of	the	cell,	overlapping	in	this	middle	region	with	similar	fibers	from	the	opposite	MTOC.	Most	plants	are	able	to	form	MTOCs	even	though	they	have	no	centrioles.	By	late	prophase,	the	nuclear	membrane	has	disappeared	and	the	spindle	has	fully	formed.
Late	prophase	is	a	good	time	to	study	chromosomes	(e.g.,	enumeration)	because	they	are	highly	condensed	and	not	confined	within	a	nuclear	membrane.	Mitosis	can	be	arrested	at	this	stage	by	exposing	cells	to	the	alkaloid	chemical	colchicine	that	interferes	with	assembly	of	the	spindle	fibers.	Such	treated	cells	cannot	proceed	to	metaphase	until	the
colchicine	is	removed.	Metuphase.	It	is	hypothesized	that	during	metaphase	a	dynamic	equilibrium	is	reached	by	kinetochore	fibers	from	different	MTOCs	tugging	in	different	directions	on	the	joined	centromeres	of	sister	chromatids.	This	process	causes	each	chromosome	to	move	to	a	plane	near	the	center	of	the	cell,	a	position	designated	the
equatorial	plane	or	metaphase	plate.	Near	the	end	of	metaphase,	the	concentration	of	calcium	ions	increases	in	the	cytosol.	Perhaps	this	is	the	signal	that	causes	the	centromeres	of	the	sister	chromatids	to	dissociate.	The	exact	process	remains	unknown,	but	it	is	commonly	spoken	of	as	“division”	or	“splitting”	of	the	centromeric	region.	Anuphuse.
Anaphase	is	characterized	by	the	separation	of	chromatids.	According	to	one	theory,	the	kinetochore	microtubules	shorten	by	progressive	loss	of	tubulin	subunits,	thereby	causing	former	sister	chromatids	(now	recognized	as	individual	chromosomes	because	they	are	no	longer	connected	at	their	centromeres)	to	migrate	toward	opposite	poles.
According	to	the	sliding	filament	hypothesis,	with	the	help	of	proteins	such	as	dynein	and	kinesin,	the	kinetochore	fibers	slide	past	the	polar	fibers	using	a	ratchet	mechanism	analogous	to	the	action	of	the	proteins	actin	and	myosin	in	contracting	muscle	cells.	As	each	chromosome	moves	through	the	viscous	cytosol,	its	arms	drag	along	behind	its
centromere,	giving	it	a	characteristic	shape	depending	upon	the	location	of	the	centromere.	Metacentric	chromosomes	appear	V-shaped,	submetacentric	chromosomes	appear	J-shaped,	and	telocentric	chromosomes	appear	rod-shaped.	Telophase.	In	telophase,	an	identical	set	of	chromosomes	is	assembled	at	each	pole	of	the	cell.	The	chromosomes
begin	to	uncoil	and	return	to	an	interphase	condition.	The	spindle	degenerates,	the	nuclear	membrane	reforms,	and	the	cytoplasm	divides	in	a	process	called	cytokinesis.	In	animals,	cytokinesis	is	accomplished	by	the	formation	of	a	cleavage	furrow	that	deepens	and	eventually	“pinches”	the	cell	in	two	as	show	in	Fig.	1-3.	Cytokinesis	in	most	plants
involves	the	construction	of	a	cell	plate	of	pectin	originating	in	the	center	of	the	cell	and	spreading	laterally	to	the	cell	wall.	CHAP.	11	THE	PHYSICAL	BASIS	OF	HEREDITY	7	Later,	cellulose	and	other	strengthening	materials	are	added	to	the	cell	plate,	converting	it	into	a	new	cell	wall.	The	two	products	of	mitosis	are	called	daughter	cells	or	progeny
cells	and	may	or	may	not	be	of	equal	size	depending	upon	where	the	plane	of	cytokinesis	sections	the	cell.	Thus	while	there	is	no	assurance	of	equal	distribution	of	cytoplasmic	components	to	daughter	cells,	they	do	contain	exactly	the	same	type	and	number	of	chromosomes	and	hence	possess	exactly	the	same	genetic	constitution.	The	time	during
which	the	cell	is	undergoing	mitosis	is	designated	the	M	period.	The	times	spent	in	each	phase	of	mitosis	are	quite	different.	Prophase	usually	requires	far	longer	than	the	other	phases;	metaphase	is	the	shortest.	DNA	replication	occurs	before	mitosis	in	what	is	termed	the	S	(synthesis)	phase	(Fig.	1-4).	In	nucleated	cells,	DNA	synthesis	starts	at
several	positions	on	each	chromosome,	thereby	reducing	the	time	required	to	replicate	the	sister	chromatids.	The	period	between	M	and	S	is	designated	the	G2phase	(post-DNA	synthesis).	A	long	Gl	phase	(pre-DNA	synthesis)	follows	mitosis	and	precedes	chromosomal	replication.	Interphase	includes	G1,	S,	and	GZ.The	four	phases	(M,	G1,	S,	G2)
constitute	the	life	cycle	of	a	somatic	cell.	The	lengths	of	these	phases	vary	considerably	from	one	cell	type	to	another.	Normal	mammalian	cells	growing	in	tissue	culture	usually	require	18-24	hours	at	37°C	to	complete	the	cell	cycle.	Fig.	1-4.	Diagram	of	a	typical	cell	reproductive	cycle.	2.	Meiosis.	Sexual	reproduction	involves	the	manufacture	of
gametes	(gametogenesis)	and	the	union	of	a	male	and	a	female	gamete	(fertilization)	to	produce	a	zygote.	Male	gametes	are	sperms	and	female	gametes	are	eggs,	or	ova	(ovum,	singular).	Gametogenesis	occurs	only	in	the	specialized	cells	(germ	line)	of	the	reproductive	organs	(gonads).	In	animals,	the	testes	are	male	gonads	and	the	ovaries	are
female	gonads.	Gametes	contain	the	haploid	number	(n)	of	chromosomes,	but	originate	from	diploid	(2n)	cells	of	the	germ	line.	The	number	of	chromosomes	must	be	reduced	by	half	during	gametogenesis	in	order	to	maintain	the	chromosome	number	characteristic	of	the	species.	This	is	accomplished	by	the	divisional	process	called	meiosis	(Fig.	1-5).
Meiosis	involves	a	single	DNA	replication	and	two	divisions	of	the	cytoplasm.	The	first	meiotic	division	(meiosis	I)	is	a	reductional	division	that	produces	two	haploid	cells	from	a	single	diploid	cell.	The	second	meiotic	division	(meiosis	11)	is	an	equational	division	8	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	1	(mitotislike,	in	that	sister	chromatids	of
the	haploid	cells	are	separated).	Each	of	the	iwo	meiotic	divisions	consists	of	four	major	phases	(prophase,	metaphase,	anaphase,	and	telophase).	(	a	)	Meiosis	I	.	The	DNA	replicates	during	the	interphase	preceding	meiosis	I;	it	does	not	replicate	between	telophase	I	and	prophase	11.	The	prophase	of	meiosis	I	differs	from	the	prophase	of	mitosis	in
that	homologous	chromosomes	come	to	lie	side	by	side	in	a	pairing	process	called	synapsis.	Each	pair	of	synapsed	chromosomes	is	called	a	bivalent	(2	chromosomes).	Each	chromosome	consists	of	two	identical	sister	chromatids	at	this	stage.	Thus,	a	bivalent	may	also	be	called	a	tetrad	(4	chromatids)	if	chromatids	are	counted.	The	number	of
chromosomes	is	always	equivalent	to	the	number	of	CHAP.	11	THE	PHYSICAL	BASIS	OF	HEREDITY	9	centromeres	regardless	of	how	many	chromatids	each	chromosome	may	contain.	During	synapsis	nonsister	chromatids	(one	from	each	of	the	paired	chromosomes)	of	a	tetrad	may	break	and	reunite	at	one	or	more	corresponding	sites	in	a	process
called	crossing	over.	The	point	of	exchange	appears	in	the	microscope	as	a	cross-shaped	figure	called	a	chiasma	(chiasmata,	plural).	Thus,	at	a	given	chiasma,	only	two	of	the	four	chromatids	cross	over	in	a	somewhat	random	manner.	Generally,	the	number	of	crossovers	per	bivalent	increases	with	the	length	of	the	chromosome.	By	chance,	a	bivalent
may	experience	0,	1,	or	multiple	crossovers,	but	even	in	the	longest	chromosomes	the	incidence	of	multiple	chiasmata	of	higher	numbers	is	expected	to	become	progressively	rare.	It	is	not	known	whether	synapsis	occurs	by	pairing	between	strands	of	two	different	DNA	molecules	or	by	proteins	that	complex	with	corresponding	sites	on	homologous
chromosomes.	It	is	thought	that	synapsis	occurs	discontinuously	or	intermittently	along	the	paired	chromosomes	at	positions	where	the	DNA	molecules	have	unwound	sufficiently	to	allow	strands	of	nonsister	DNA	molecules	to	form	specific	pairs	of	their	building	blocks	or	monomers	(nucleotides).	Despite	the	fact	that	homologous	chromosomes	appear
in	the	light	microscope	to	be	paired	along	their	entire	lengths	during	prophase	I,	it	is	estimated	that	less	than	1%	of	the	DNA	synapses	in	this	way.	A	ribbonlike	structure	called	the	synaptonemal	complex	can	be	seen	in	the	electron	microscope	between	paired	chromosomes.	It	consists	of	nucleoprotein	(a	complex	of	nucleic	acid	and	proteins).	A	few
cases	are	known	in	which	synaptonemal	complexes	are	not	formed,	but	then	synapsis	is	not	as	complete	and	crossing	over	is	markedly	reduced	or	eliminated.	By	the	breakage	and	reunion	of	nonsister	chromatids	within	a	chiasma,	linked	genes	become	recombined	into	crossover-type	chromatids;	the	two	chromatids	within	that	same	chiasma	that	did
not	exchange	segments	maintain	the	original	linkage	arrangement	of	genes	as	noncrossoveror	parental-type	chromatids.	A	chiasma	is	a	cytological	structure	visible	in	the	light	microscope.	Crossing	over	is	usually	a	genetic	phenomenon	that	can	be	inferred	only	from	the	results	of	breeding	experiments.	Prophase	of	meiosis	I	may	be	divided	into	five
stages.	During	leptonema	(thin-thread	stage),	the	long,	thin,	attenuated	chromosomes	start	to	condense	and,	as	a	consequence,	the	first	signs	of	threadlike	structures	begin	to	appear	in	the	formerly	amorphous	nuclear	chromatin	material.	During	zygonema	(joined-thread	stage),	synapsis	begins.	In	pachynema	(thick-thread	stage),	synapsis	appears	so
tight	that	it	becomes	difficult	to	distinguish	homologues	in	a	bivalent.	This	tight	pairing	becomes	somewhat	relaxed	during	the	next	stage	called	diplonema	(double-thread	stage)	so	that	individual	chromatids	and	chiasmata	can	be	seen.	Finally,	in	diakinesis	the	chromosomes	reach	their	maximal	condensation,	nucleoli	and	the	nuclear	membrane
disappear,	and	the	spindle	apparatus	begins	to	form.	During	metaphase	I,	the	bivalents	orient	at	random	on	the	equatorial	plane.	At	anaphase	I,	the	centromeres	do	not	divide,	but	continue	to	hold	sister	chromatids	together.	Because	of	crossovers,	sister	chromatids	may	no	longer	be	genetically	identical.	Homologous	chromosomes	separate	and	move
to	opposite	poles;	i.e.,	whole	chromosomes	(each	consisting	of	2	sister	chromatids)	move	apart.	This	is	the	movement	that	will	reduce	the	chromosome	number	from	the	diploid	(	2	n	)condition	to	the	haploid	(	n	)	state.	Cytokinesis	in	telophase	I	divides	the	diploid	mother	cell	into	2	haploid	daughter	cells.	This	ends	the	first	meiotic	division.	The	period
between	the	first	and	second	meiotic	divisions	is	called	interkinesis.	Depending	on	the	species,	interkinesis	may	be	brief	or	continue	for	an	extended	period	of	time.	During	an	extensive	interkinesis,	the	chromosomes	may	uncoil	and	return	to	an	interphaselike	condition	with	reformation	of	a	nuclear	membrane.	At	some	later	time,	the	chromosomes
would	again	condense	and	the	nuclear	membrane	would	disappear.	Nothing	of	genetic	importance	happens	during	interkinesis.	The	DNA	does	not	replicate	during	interkinesis!	Interkinesis.	Meiosis	I	I	.	In	prophase	11,	the	spindle	apparatus	reforms.	By	metaphase	11,	the	individual	chromosomes	have	lined	up	on	the	equatorial	plane.	During	anaphase
11,	the	centromeres	of	each	chromosome	divide,	allowing	the	sister	chromatids	to	be	pulled	apart	in	an	equational	division	(mitotislike)	by	the	spindle	fibers.	Cytokinesis	in	telophase	I1	divides	each	cell	into	2	progeny	cells.	Thus,	a	diploid	mother	cell	becomes	4	haploid	progeny	cells	as	a	consequence	of	a	meiotic	cycle	(meiosis	I	and	meiosis	11).	The
characteristics	that	distinguish	mitosis	from	meiosis	are	summarized	in	Table	1.2.	10	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	I	Table	1.2.	Characteristics	of	Mitosis	and	Meiosis	Mitosis	Me	iosi	s	1	.	An	equational	division	that	separates	sister	chromatids	1	.	The	first	stage	is	a	reductional	division	which	separates	homologous	chromosomes	at	first
anaphase;	sister	chromatids	separate	in	an	equational	division	at	second	anaphase	2.	Two	divisions	per	cycle,	i.e.,	two	cytoplasmic	divisions,	one	following	reductional	chromosomal	division	and	one	following	equational	chromosomal	division	3.	Chromosomes	synapse	and	form	chiasmata;	genetic	exchange	occurs	between	homologues	2.	One	division
per	cycle,	i.e.,	one	cytoplasmic	division	(cytokinesis)	per	equational	chromosomal	division	3.	Chromosomes	fail	to	synapse;	no	chiasmata	form;	genetic	exchange	between	homologous	chromosomes	does	not	occur	4.	Two	products	(daughter	cells)	produced	per	cycle	5	.	Genetic	content	of	mitotic	products	are	identical	6.	Chromosome	number	of
daughter	cells	is	the	same	as	that	of	the	mother	cell	7.	Mitotic	products	are	usually	capable	of	undergoing	additional	mitotic	divisions	8.	Normally	occurs	in	most	all	somatic	cells	9.	Begins	at	the	zygote	state	and	continues	through	the	life	of	the	organism	4.	Four	cellular	products	(gametes	or	spores)	pro-	duced	per	cycle	5.	Genetic	content	of	meiotic
products	are	different;	centromeres	may	be	replicas	of	either	maternal	or	paternal	centromeres	in	varying	combinations	6.	Chromosome	number	of	meiotic	products	is	half	that	of	the	mother	cell	7.	Meiotic	products	cannot	undergo	another	meiotic	division	although	they	may	undergo	mitotic	division	8.	Occurs	only	in	specialized	cells	of	the	germ	line
9.	Occurs	only	after	a	higher	organism	has	begun	to	mature;	occurs	in	the	zygote	of	many	algae	and	fungi	MENDEL’S	LAWS	Gregor	Mendel	published	the	results	of	his	genetic	studies	on	the	garden	pea	in	1866	and	thereby	laid	the	foundation	of	modern	genetics.	In	this	paper	Mendel	proposed	some	basic	genetic	principles.	One	of	these	is	known	as
the	principle	of	segregation.	He	found	that	from	any	one	parent,	only	one	allelic	form	of	a	gene	is	transmitted	through	a	gamete	to	the	offspring.	For	example,	a	plant	which	had	a	factor	(or	gene)	for	round-shaped	seed	and	also	an	allele	for	wrinkled-shaped	seed	would	transmit	only	one	of	these	two	alleles	through	a	gamete	to	its	offspring.	Mendel
knew	nothing	of	chromosomes	or	meiosis,	as	they	had	not	yet	been	discovered.	We	now	know	that	the	physical	basis	for	this	principle	is	in	first	meiotic	anaphase	where	homologous	chromosomes	segregate	or	separate	from	each	other.	If	the	gene	for	round	seed	is	on	one	chromosome	and	its	allelic	form	for	wrinkled	seed	is	on	the	homologous
chromosome,	then	it	becomes	clear	that	alleles	normally	will	not	be	found	in	the	same	gamete.	Mendel’s	principle	of	independent	assortment	states	that	the	segregation	of	one	factor	pair	occurs	independently	of	any	other	factor	pair.	We	know	that	this	is	true	only	for	loci	on	nonhomologous	chromosomes.	For	example,	on	one	homologous	pair	of
chromosomes	are	the	seed	shape	alleles	and	on	another	pair	of	homologues	are	the	alleles	for	green	and	yellow	seed	color.	The	segregation	of	the	seed	shape	alleles	occurs	independently	of	the	segregation	of	the	seed	color	alleles	because	each	pair	of	homologues	behaves	as	an	independent	unit	during	meiosis.	Furthermore,	because	the	orientation
of	bivalents	on	the	first	meiotic	metaphase	plate	is	completely	at	random,	four	combinations	of	factors	could	be	found	in	the	meiotic	products:	(1)	round-yellow,	(2)	wrinkled-green,	(3)	round-green,	(4)	wrinkledyellow.	CHAP.	11	11	THE	PHYSICAL	BASIS	OF	HEREDITY	GAMETOGENESIS	Usually	the	immediate	end	products	of	meiosis	are	not	fully
developed	gametes	or	spores.	A	period	of	maturationcommonly	follows	meiosis.	In	plants,	one	or	more	mitotic	divisions	are	required	to	produce	reproductive	spores,	whereas	in	animals	the	meiotic	products	develop	directly	into	gametes	through	growth	and/or	differentiation.	The	entire	process	of	producing	mature	gametes	or	spores,	of	which	meiotic
division	is	the	most	important	part,	is	called	gametogenesis.	In	Figs.	1-6,	1-7,	and	1-9,	the	number	of	chromatids	in	each	chromosome	at	each	stage	may	not	be	accurately	represented.	Refer	back	to	Figs.	1-3	and	1-5	for	details	of	mitotic	and	meiotic	divisions	if	in	doubt.	Crossovers	have	also	been	deleted	from	these	figures	for	the	sake	of	simplicity.
Thus	in	Fig.	1-6(a),	if	two	sperm	cells	appear	to	contain	identical	chromosomes,	they	are	probably	dissimilar	because	of	crossovers.	1.	Animal	Gametogenesis	(as	represented	in	mammals).	Gametogenesis	in	the	male	animal	is	called	spermatogenesis	[(Fig.	1	-6(c()].	Mammalian	spermatogenesis	originates	in	the	germinal	epithelium	of	the	seminiferous
tubules	of	the	male	gonads	(testes)	from	diploid	primordial	cells.	These	cells	undergo	repeated	mitotic	divisions	to	form	a	population	of	spermatogonia.	By	growth,	a	spermatogonium	may	differentiate	into	a	diploid	primary	spermatocyte	with	the	capacity	to	undergo	meiosis.	The	first	meiotic	division	occurs	in	these	primary	spermatocytes,	producing
haploid	secondary	spermatocytes.	From	these	cells	the	second	meiotic	division	produces	4	haploid	meiotic	products	called	spermatids.	Almost	the	entire	amount	of	cytoplasm	then	extrudes	into	a	long	whiplike	tail	during	maturation	and	the	cell	becomes	transformed	into	a	mature	male	gamete	called	a	sperm	cell	or	spermatozoan	(-zoa,	plural).
Spermatogonium	Oogonium	Growth	Primary	Spermatocyte	Primary	Oocyte	Meiosis	I	Secondary	Sperrnatocytes	Secondary	Oocyte	Meiosis	I1	Spermatids	Ootid	Maturation	@	)iJd	b	Body	\	v	Secondary	Polar	Bodies	Spermatozoa	Ovum	(a)	Spermatogenesis	(	b	)	Oogenesis	Fig.	1-6.	Animal	gametogenesis.	,	12	THE	PHYSICAL	BASIS	OF	HEREDITY
[CHAP.	I	Gametogenesis	in	the	female	animal	is	called	oogenesis	[Fig.	1-6(b)].Mammalian	oogenesis	originates	in	the	germinal	epithelium	of	the	female	gonads	(ovaries)	in	diploid	primordial	cells	called	oogonia.	By	growth	and	storage	of	much	cytoplasm	or	yolk	(to	be	used	as	food	by	the	early	embryo),	the	oogonium	is	transformed	into	a	diploid
primary	oocyte	with	the	capacity	to	undergo	meiosis.	The	first	meiotic	division	reduces	the	chromosome	number	by	half	and	also	distributes	vastly	different	amounts	of	cytoplasm	to	the	two	products	by	a	grossly	unequal	cytokinesis.	The	larger	cell	thus	produced	is	called	a	secondary	oocyte	and	the	smaller	is	a	primary	polar	body.	In	some	cases	the
first	polar	body	may	undergo	the	second	meiotic	division,	producing	two	secondary	polar	bodies.	All	polar	bodies	degenerate,	however,	and	take	no	part	in	fertilization.	The	second	meiotic	division	of	the	oocyte	again	involves	an	unequal	cytokinesis,	producing	a	large	yolky	ootid	and	a	secondary	polar	body.	By	additional	growth	and	differentiation	the
ootid	becomes	a	mature	female	gamete	called	an	ovum	or	egg	cell.	The	union	of	male	and	female	gametes	(sperm	and	egg)	is	called	fertilization	and	reestablishes	the	diploid	number	in	the	resulting	cell	called	a	zygote.	The	head	of	the	sperm	enters	the	egg,	but	the	tail	piece	(the	bulk	of	the	cytoplasm	of	the	male	gamete)	remains	outside	and
degenerates.	Subsequent	mitotic	divisions	produce	the	numerous	cells	of	the	embryo	that	become	organized	into	the	tissues	and	organs	of	the	new	individual.	CHAP.	11	THE	PHYSICAL	BASIS	OF	HEREDITY	13	2.	Plant	Gametogenesis	(as	represented	in	angiosperms)	Gametogenesis	in	the	plant	kingdom	varies	considerably	between	major	groups	of
plants.	The	process	as	described	below	is	that	typical	of	many	flowering	plants	(angiosperms).	Microsporogenesis	(Fig.	1-7)	is	the	process	of	gametogenesis	in	the	male	part	of	the	flower	(anther,	Fig.	1-8)	resulting	in	reproductive	spores	called	pollen	grains.	A	diploid	microspore	mother	cell	(microsporocyte)	in	the	anther	divides	by	meiosis,	forming	at
the	first	division	a	pair	of	haploid	cells.	The	second	meiotic	division	produces	a	cluster	of	4	haploid	microspores.	Following	meiosis,	each	microspore	undergoes	a	mitotic	division	of	the	chromosomes	without	a	cytoplasmic	division	(karyokinesis).	This	requires	chromosomal	replication	that	is	not	illustrated	in	the	karyokinetic	divisions	of	Fig.	1-7.	The
product	of	the	first	karyokinesis	is	a	cell	containing	2	identical	haploid	nuclei.	Pollen	grains	are	usually	shed	at	this	stage.	Upon	germination	of	the	pollen	tube,	one	of	these	nuclei	(or	haploid	sets	of	chromosomes)	becomes	a	generative	nucleus	and	divides	again	by	mitosis	without	cytokinesis	(karyokinesis	11)	to	form	2	sperm	nuclei.	The	other
nucleus,	which	does	not	divide,	becomes	the	tube	nucleus.	All	3	nuclei	should	be	genetically	identical.	Embryo	Sac	Fig.	1-8.	Diagram	of	a	flower.	Megasporogenesis	(Fig.	1-9)	is	the	process	of	gametogenesis	in	the	female	part	of	the	flower	(ovary,	Fig.	1-8)	resulting	in	reproductive	cells	called	embryo	sacs.	A	diploid	megaspore	mother	cell
(megasporocyte)	in	the	ovary	divides	by	meiosis,	forming	in	the	first	division	a	pair	of	haploid	cells.	The	second	meiotic	division	produces	a	linear	group	of	4	haploid	megaspores.	Following	meiosis,	3	of	the	megaspores	degenerate.	The	remaining	megaspore	undergoes	three	mitotic	divisions	of	the	chromosomes	without	intervening	cytokineses
(karyokineses),	producing	a	large	cell	with	8	haploid	nuclei	(immature	embryo	sac).	Remember	that	chromosomal	replication	must	precede	each	karyokinesis,	but	this	is	not	illustrated	in	Fig.	1-9.	The	sac	is	surrounded	by	maternal	tissues	of	the	ovary	called	integuments	and	by	the	megasporangium	(nucellus).	At	one	end	of	the	sac	there	is	an	opening
in	the	integuments	(micropyle)	through	which	the	pollen	tube	will	penetrate.	Three	nuclei	of	the	sac	orient	themselves	near	the	micropylar	end	and	2	of	the	3	(synergids)	degenerate.	The	third	nucleus	develops	into	an	egg	nucleus.	Another	group	of	3	nuclei	moves	to	the	opposite	end	of	the	sac	and	degenerates	(antipodals).	The	2	remaining	nuclei
(polar	nuclei)	unite	near	the	center	of	the	sac,	forming	a	single	diploid	fusion	nucleus.	The	mature	embryo	sac	(megagametophyte)	is	now	ready	for	fertilization.	Pollen	grains	from	the	anthers	are	carried	by	wind	or	insects	to	the	stigma.	The	pollen	grain	germinates	into	a	pollen	tube	that	grows	down	the	style,	presumably	under	the	direction	of	the
tube	nucleus.	The	pollen	tube	enters	the	ovary	and	makes	its	way	through	the	micropyle	of	the	ovule	into	the	embryo	sac	(Fig.	1-10).	Both	sperm	nuclei	are	released	into	the	embryo	sac.	The	pollen	tube	and	the	tube	nucleus,	having	served	their	function,	degenerate.	One	sperm	nucleus	fuses	with	the	egg	nucleus	to	form	a	diploid	zygote,	which	will
then	develop	into	the	embryo.	The	other	sperm	nucleus	unites	with	the	fusion	nucleus	14	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	1	to	form	a	triploid	(372)	nucleus,	which,	by	subsequent	mitotic	divisions,	forms	a	starchy	nutritive	tissue	called	endosperm.	The	outermost	layer	of	endosperm	cells	is	called	aleurone.	The	embryo,	surrounded	by
endosperm	tissue,	and	in	some	cases	such	as	corn	and	other	grasses	where	it	is	also	surrounded	by	a	thin	outer	layer	of	diploid	maternal	tissue	called	pericarp,	becomes	the	familiar	seed.	Since	2	sperm	nuclei	are	involved,	this	process	is	termed	double	fertilization.	Upon	germination	of	the	seed,	the	young	seedling	(the	next	sporophytic	generation)
utilizes	the	nutrients	stored	in	the	endosperm	for	growth	until	it	emerges	from	the	soil,	at	which	time	it	becomes	capable	of	manufacturing	its	own	food	by	photosynthesis.	LIFE	CYCLES	Life	cycles	of	most	plants	have	two	distinctive	generations:	a	haploid	gametophytic	(gamete-bearing	plant)	generation	and	a	diploid	sporophytic	(spore-bearing	plant)
generation.	Gametophytes	produce	gametes	which	unite	to	form	sporophytes,	which	in	turn	give	rise	to	spores	that	develop	into	gametophytes,	CHAP.	I	]	THE	PHYSICAL	BASIS	OF	HEREDITY	15	etc.	This	process	is	referred	to	as	the	alternation	of	generations.	In	lower	plants,	such	as	mosses	and	liverworts,	the	gametophyte	is	a	conspicuous	and
independently	living	generation,	the	sporophyte	being	small	and	dependent	upon	the	gametophyte.	In	higher	plants	(ferns,	gymnosperms,	and	angiosperms),	the	situation	is	reversed;	the	sporophyte	is	the	independent	and	conspicuous	generation	and	the	gametophyte	is	the	less	conspicuous	and,	in	the	case	of	gymnosperms	(cone-bearing	plants)	and
angiosperms	(flowering	plants),	completely	dependent	generation.	We	have	just	seen	in	angiosperms	that	the	male	gametophytic	generation	is	reduced	to	a	pollen	tube	and	three	haploid	nuclei	(microgametophyte);	the	female	gametophyte	(megagametophyte)	is	a	single	multinucleated	cell	called	the	embryo	sac	surrounded	and	nourished	by	ovarian
tissue.	Many	simpler	organisms	such	as	one-celled	animals	(protozoa),	algae,	yeast,	and	other	fungi	are	useful	in	genetic	studies	and	have	interesting	life	cycles	that	exhibit	considerable	variation.	Some	of	these	life	cycles,	as	well	as	those	of	bacteria	and	viruses,	are	presented	in	later	chapters.	Solved	Problems	1.1.	Consider	3	pairs	of	homologous
chromosomes	with	centromeres	labeled	A/a,	B/b,	and	C/c	where	the	slash	line	separates	one	chromosome	from	its	homologue.	How	many	different	kinds	of	meiotic	products	can	this	individual	produce?	Solution:	For	ease	in	determining	all	possible	combinations,	we	can	use	a	dichotomous	branching	system.	Gametes	ABC	ABc	AbC	Abc	aBC	aBc	abC
abc	Eight	different	chromosomal	combinations	are	expected	in	the	gametes.	1.2.	Develop	a	general	formula	that	expresses	the	number	of	different	types	of	gametic	chromosomal	combinations	which	can	be	formed	in	an	organism	with	k	pairs	of	chromosomes.	Solution:	It	is	obvious	from	the	solution	of	the	preceding	problem	that	1	pair	of
chromosomes	gives	2	types	of	gametes,	2	pairs	give	4	types	of	gametes,	3	pairs	give	8	types,	etc.	The	progression	2,	4,	8,	.	.	.	can	be	expressed	by	the	formula	2k,	where	k	is	the	number	of	chromosome	pairs.	1.3.	The	horse	(Equus	caballus)	has	a	diploid	complement	of	64	chromosomes	including	36	acrocentric	autosomes;	the	ass	(Equus	asinus)	has	62
chromosomes	including	22	acrocentric	autosomes.	(	a	)	Predict	the	number	of	chromosomes	to	be	found	in	the	hybrid	offspring	(mule)	produced	by	mating	a	male	ass	(jack)	to	a	female	horse	(mare).	(	b	)	Why	are	mules	usually	sterile	(incapable	of	producing	viable	gametes)?	16	THE	PHYSICAL	BASIS	OF	HEREDITY	!CHAP.	1	Solution:	(y	=	31);	the
egg	of	the	mare	carries	the	haploid	number	for	its	species	@	=	32);	the	hybrid	mule	formed	by	the	union	of	these	gametes	would	have	a	diploid	number	of	3	1	+	32	=	63.	(a)	The	sperm	of	the	jack	carries	the	haploid	number	of	chromosomes	for	its	species	(6)	The	haploid	set	of	chromosomes	of	the	horse,	which	includes	18	acrocentric	autosomes,	is	so
dissimilar	to	that	of	the	ass,	which	includes	only	1	1	acrocentric	autosomes,	that	meiosis	in	the	mule	germ	line	cannot	proceed	beyond	first	prophase	where	synapsis	of	homologues	occurs.	1.4.	When	a	plant	of	chromosomal	type	aa	pollinates	a	plant	of	type	AA,	what	chromosomal	type	of	embryo	and	endosperm	is	expected	in	the	resulting	seeds‘?
Solution:	The	pollen	parent	produces	two	sperm	nuclei	in	each	pollen	grain	of	type	a,	one	combining	with	the	A	egg	nucleus	to	produce	a	diploid	zygote	(embryo)	of	type	Au	and	the	other	combining	with	the	maternal	fusion	nucleus	AA	to	produce	a	triploid	endosperm	of	type	AAu.	1.5.	Given	the	first	meiotic	metaphase	orientation	shown	on	the	right,
and	keeping	all	products	in	sequential	order	as	they	would	be	formed	from	left	to	right,	diagram	the	embryo	sac	that	develops	from	the	meiotic	product	at	the	left	and	label	the	chromosomal	constitution	of	all	its	nuclei.	Solution:	---End	Meiosis	I	degenerative	nuclei	End	Meiosis	I1	Mature	Embryo	Sac	Supplementary	Problems	1.6.	There	are	40
chromosomes	in	somatic	cells	of	the	house	mouse.	(	a	)	How	many	chromosomes	does	a	mouse	receive	from	its	father?	(6)	How	many	autosomes	are	present	in	a	mouse	gamete?	(	c	‘	)	How	many	sex	chromosomes	are	in	a	mouse	ovum?	(d)How	many	autosomes	are	in	somatic	cells	of	a	female‘?	1.7.	Name	each	stage	of	mitosis	described.	(	a
)Chromosomes	line	up	in	the	equatorial	plane.	(	b	)	Nuclear	membrane	reforms	and	cytokinesis	occurs.	(	c	)	Chromosomes	become	visible,	spindle	apparatus	forms.	(d)Sister	chromatids	move	to	opposite	poles	of	the	cell.	1.8.	Identify	the	mitotic	stage	represented	in	each	of	the	following	diagrams	of	isolated	cells	from	an	individual	with	a	diploid
chromosome	complement	of	one	metacentric	pair	and	one	acrocentric	pair	of	chromosomes.	CHAP.	13	THE	PHYSICAL	BASIS	OF	HEREDITY	17	(4	1.9.	Identify	the	meiotic	stage	represented	in	each	of	the	following	diagrams	of	isolated	cells	from	the	germ	line	of	an	individual	with	one	pair	of	acrocentric	and	one	pair	of	metacentric	chromosomes.
1.10.	How	many	different	types	of	gametic	chromosomal	combinations	can	be	formed	in	the	garden	pea	(2n	14)?	Hint:	See	Problem	1.2.	1.11.	(a)	What	type	of	division	(equational	or	reductional)	is	exemplified	by	the	anaphase	chromosomal	movements	shown	below?	(6)	Does	the	movement	shown	at	(i)	occur	in	mitosis	or	meiosis?	(c)	Does	the
movement	shown	at	(ii)	occur	in	mitosis	or	meiosis?	1.12.	What	animal	cells	correspond	to	the	3	megaspores	that	degenerate	following	meiosis	in	plants?	=	1.13.	What	plant	cell	corresponds	functionally	to	the	primary	spermatocyte?	1.14.	What	is	the	probability	of	a	sperm	cell	of	a	man	(	n	were	received	from	his	mother?	1.15.	How	many
chromosomes	of	humans	(2n	=	46)	will	be	found	in	(a)	a	secondary	spermatocyte,	(	6	)	a	spermatid,	(c)	a	spermatozoan,	(d)	a	spermatogonium,	(e)	a	primary	spermatocyte?	=	2	3	)	containing	only	replicas	of	the	centromeres	that	18	1.16.	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	1	How	many	spermatozoa	are	produced	by	(	a	)a	spermatogonium,	(
h	)a	secondary	spermatocyte,	(c)a	spermatid,	(	d	)	a	primary	spermatocyte?	1.17.	How	many	human	egg	cells	(ova)	are	produced	by	(	a	)	an	oogonium,	(6)	a	primary	oocyte.	(c)	an	ootid,	(	d	)	a	polar	body?	1.18.	Corn	(Zea	rnays)	has	a	diploid	number	of	20.	How	many	chromosomes	would	be	expected	in	(	a	)a	meiotic	product	(microspore	or	megaspore),
(6)	the	cell	resulting	from	the	first	nuclear	division	(karyokinesis)	of	a	megaspore,	(c)	a	polar	nucleus,	(	d	)	a	sperm	nucleus,	(	e	)	a	microspore	mother	cell,	(	f)	a	leaf	cell,	(	g	)	a	mature	embryo	sac	(after	degeneration	of	nonfunctional	nuclei),	(	h	)	an	egg	nucleus,	(i)	an	endosperm	cell,	(	j	)	a	cell	of	the	embryo,	(	k	)	a	cell	of	the	pericarp,	(	I	)	an	aleurone
cell?	1.19.	A	pollen	grain	of	corn	with	nuclei	labeled	A	,	B	,	and	C	fertilized	an	embryo	sac	with	nuclei	labeled	D.	E.	F,	G	.	H.	I	,	J	.	and	K	as	shown	below.	antipodals	synergids	Which	of	the	following	five	combinations	could	be	found	in	the	embryo:	(	1	)	ABC,	(2)	BCI,	(3)	GHC,	(4)	AI,	(	5	)	CI?	(	b	)	Which	of	the	above	five	combinations	could	be	found	in
the	aleurone	layer	of	the	seed?	(	c	)	Which	of	the	above	five	combinations	could	be	found	in	the	germinating	pollen	tube'?	(	d	)	Which	of	the	nuclei,	if	any.	in	the	pollen	grain	would	contain	genetically	identical	sets	of	chromosomes'?	(	4	)	Which	o	f	the	nuclei	in	the	embryo	sac	would	be	chromosomally	and	genetically	equivalent?	(	f	)	Which	of	the	nuclei
in	these	two	gametophytes	will	have	no	descendants	in	the	mature	seed'?	(U)	1.20.	A	certain	plant	has	8	chromosomes	in	its	root	cells:	a	long	metacentric	pair,	a	short	metacentric	pair,	a	long	telocentric	pair,	and	a	short	telocentric	pair.	If	this	plant	fertilizes	itself	(self-pollination),	what	proportion	of	the	offspring	would	be	expected	to	have	(	a	)	four
pairs	of	telocentric	chromosomes,	(	h	)one	telocentric	pair	and	three	metacentric	pairs	of	chromosomes,	(	c	)	two	metacentric	and	two	telocentric	pairs	of	chromosomes'?	1.21.	Referring	to	the	preceding	problem,	what	proportion	of	the	meiotic	products	from	such	a	plant	would	be	expected	to	contain	(	a	)	four	metacentric	pairs	of	chromosomes,	(6)
two	metacentric	and	two	telocentric	pairs	of	chromosomes,	(	c	)one	metacentric	and	one	telocentric	pair	of	chromosomes,	(	d	)	2	metacentric	and	2	telocentric	chromosomes?	1.22.	How	many	pollen	grains	are	produced	by	(	a	)	20	microspore	mother	cells,	(	h	)a	cluster	of	4	microsporcs?	1.23.	1.24.	How	many	sperm	nuclei	are	produced	by	(	c	)	100
tube	nuclei'?	(U)	a	dozen	microspore	mother	cells,	(6)	a	generative	nucleus,	(	U	)	Diagram	the	pollen	grain	responsible	for	the	doubly	fertilized	embryo	sac	shown	below.	(6)	Diagram	the	first	meiotic	metaphase	(in	an	organism	with	two	pairs	of	homologues	labeled	A	,	(	I	and	B	,	h	)	which	produced	the	pollen	grain	in	part	(	a	)	.	CHAP.	I	]	19	THE
PHYSICAL	BASIS	OF	HEREDITY	For	Problems	1.25-1.28,	diagram	the	designated	stages	of	gametogenesis	in	a	diploid	organism	that	has	one	pair	of	metacentric	and	one	pair	of	acrocentric	chromosomes.	Label	each	of	the	chromatids	assuming	that	the	locus	of	gene	A	is	on	the	metacentric	pair	(one	of	which	carries	the	A	allele	and	its	homologue
carries	the	a	allele)	and	that	the	locus	of	gene	B	is	on	the	acrocentric	chromosome	pair	(one	of	which	carries	the	B	allele	and	its	homologue	carries	the	b	allele).	1.25.	Oogenesis:	(	a	)	first	metaphase;	(	6	)	first	telophase	resulting	from	part	(	a	)	;(	c	)	second	metaphase	resulting	from	part	(	b	)	;(	d	)	second	telophase	resulting	from	part	(c).	1.26.
Spermatogenesis:	(	a	)	anaphase	of	a	dividing	spermatogonium;	(	h	)	anaphase	of	a	dividing	primary	spermatocyte;	(	c	)	anaphase	of	a	secondary	spermatocyte	derived	from	part	(	h	)	;(	d	)	4	sperm	cells	resulting	from	part	(	6	)	.	1.27.	Microsporogenesis:	(	a	)	synapsis	in	a	microsporocyte;	(6)	second	meiotic	metaphase;	first	meiotic	metaphase	in	the
microspore	mother	cell	that	produced	the	cell	of	part	(	h	)	;	(	d	)	anaphase	of	the	second	nuclear	division	(karyokinesis)	following	meiosis	in	a	developing	microgametophyte	derived	from	part	(	h).	1.28.	Megasporogenesis:	(	a	)	second	meiotic	telophase;	(6)	first	meiotic	telophase	that	produced	the	cell	of	part	(	a	)	;(	c	)	anaphase	of	the	second	nuclear
division	(karyokinesis)	in	a	cell	derived	from	part	(	(	1	)	;	(	c	l	)	mature	embryo	sac	produced	from	part	(	c	)	.	(	(	7	)	Review	Questions	Matching	Questions	Choose	the	one	best	match	between	each	organelle	(in	the	left	column)	with	its	function	or	description	(in	the	right	column).	Function	or	Description	Cell	Organelle	1	.	Mitoc	hondria	2	.	Centrioles	3.
Chromosome	4.	Hy	aloplasm	5	.	Nucleolus	6	.	Ribosome	7.	Endoplasmic	reticulum	8.	Plastid	9.	Golgi	body	10.	Vacuole	A.	B.	C.	D.	E.	F.	G.	H.	I.	J.	Establishes	polar	region	May	contain	a	photosynthetic	system	Site	of	protein	synthesis	Contains	most	of	cell’s	DNA	Called	dictyosome	in	plants	Storage	of	excess	water	Site	of	Krebs	cycle	Site	of	glycolysis
Internal	membrane	network	RNA-rich	region	in	nucleus	Vocabulary	For	each	of	the	following	definitions,	give	the	appropriate	term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated	otherwise.	1.	Any	chromosome	other	than	a	sex	chromosome.	2.	Site	on	a	chromosome	to	which	spindle	fibers	attach.	3.	Adjective	applicable	to	a
chromosome	with	arms	of	about	equal	length.	4.	Adjective	referring	to	the	number	of	chromosomes	in	a	gamete.	5.	Reduction	division.	6.	Division	of	the	cytoplasm.	20	THE	PHYSICAL	BASIS	OF	HEREDITY	[CHAP.	1	7.	The	first	phase	of	mitosis.	8.	The	cytological	structure	on	paired	chromosomes	with	which	genetic	exchange	(crossing	over)	is
correlated.	9.	Chromosomes	that	contain	enough	similar	genetic	material	to	pair	in	meiosis.	10.	The	period	between	mitotic	division	cycles.	True-False	Questions	Answer	each	of	the	following	questions	either	true	(T)	or	false	(F).	1.	The	phase	of	the	cell	cycle	in	which	DNA	replicates	is	designated	S	.	2.	A	bivalent	or	a	tetrad	is	a	common	feature	of
mitosis.	3.	The	immediate	product	of	the	first	meiotic	division	in	animals	is	termed	a	spermatid.	4.	A	diploid	plant	cell	with	the	capacity	to	undergo	meiosis	is	called	a	microspore.	5.	A	micropyle	is	a	small	intracellular	organelle.	6.	Double	fertilization	is	a	common	attribute	of	angiosperms.	7.	Synapsis	is	a	regular	occurrence	in	meiosis.	8.	Barring
mutation,	the	genetic	content	of	daughter	cells	produced	by	mitosis	should	be	identical	9.	Sister	chromatids	separate	from	each	other	during	first	meiotic	anaphase.	10.	None	of	the	products	of	a	meiotic	event	are	expected	to	be	genetically	identical.	Multiple-Choice	Questions	Choose	the	one	best	answer.	1.	An	organelle	present	in	animal	cells	but
missing	from	plant	cells	is	(c)	a	vacuole	(	d	)	a	mitochondrion	(e)	more	than	one	of	the	above	(a)	a	nucleolus	(6)	a	centriole	2.	How	many	spermatids	are	normally	produced	by	50	primary	spermatocytes?	I	d	)	200	(e)	400	(a)	25	(6)	50	(c)	100	3.	Humans	normally	have	46	chromosomes	in	skin	cells.	How	many	autosomes	would	be	expected	in	a	kidney
cell?	(a)	46	(6)	23	(c)	47	(d)	44	(e)	none	of	the	above	(a)	telophase	(6)	anaphase	(c)	prophase	(4meta-	4.	During	mitosis,	synapsis	occurs	in	the	phase	called	phase	(e)	none	of	the	above	5.	If	the	genetic	endowments	of	two	nuclei	that	unite	to	produce	the	plant	zygote	are	labeled	A	and	B,	and	the	other	product	of	fertilization	within	that	same	embryo	sac
is	labeled	ABB,	then	the	tube	nucleus	that	was	in	the	pollen	tube	that	delivered	the	fertilizing	male	gametes	must	be	labeled	(a)	A	(6)	AB	(c)	B	(	d	)	BB	(e)	none	of	the	above	6.	The	diploid	number	of	corn	is	20.	How	many	chromosomes	are	expected	in	the	product	of	the	second	karyokinesis	following	meiosis	in	the	formation	of	an	embryo	sac?	(a)	10	(6)
20	(	c	)	30	(	d	)	40	(	4	)	none	of	the	above	7.	The	yolk	of	a	chicken	egg	serves	a	nutritive	function	for	the	developing	embryo.	A	functionally	comparable	substance	in	plants	is	(a)	pectin	(6)	endosperm	(c)	cellulose	(	d	)	lignin	(e)	pollen	21	THE	PHYSICAL	BASIS	OF	HEREDITY	CHAP.	11	8.	Which	of	the	following	cells	is	normally	diploid?	(	a	)	primary
polar	body	spermatocyte	(	d	)	spermatozoa	(	e	)	secondary	polar	body	9.	Upon	which	two	major	features	of	chromosomes	does	their	cytological	identification	depend?	(	a	)length	of	chromosome	and	position	of	centromere	(b)	amount	of	DNA	and	intensity	of	staining	(	c	)	numbers	of	nucleoli	and	centromeres	(	d	)	number	of	chromatids	and	length	of
arms	(	e	)	chromosome	thickness	and	length	10.	In	oogenesis,	the	cell	that	corresponds	to	a	spermatid	is	called	a(an)	oocyte	(	d	)	oogonium	(	e	)	secondary	polar	body	(6)	spermatid	(	c	)	primary	(	a	)	ovum	(6)	egg	(	c	)	secondary	Answers	to	Supplementary	Problems	(438	1.6.	(	a	)	20,	1.7.	(	a	)	Metaphase,	(	b	)	telophase,	(c)	prophase,	(	d	)	anaphase	1.8.
(	a	)	Metaphase,	(	b	)prophase,	(	c	)telophase,	(	d	)	anaphase	1.9.	(	a	)	1st	anaphase,	(	b	)	1st	metaphase,	(	c	)	2nd	prophase	or	end	of	1st	telophase,	(	e	)	1st	prophase,	(	f	)2nd	telophase	(meiotic	product)	1.10.	(W	19,	(c>	1	,	128	1.11.	1.12.	1.13.	1.14.	1.15.	1.16.	1.17.	1.18.	1.19.	1.20.	1.21.	1.22.	1.23.	1.24.	Only	one	of	several	possible	solutions	is	shown
for	each	of	Problems	I	.25-1.28.	(	d	)	2nd	anaphase,	[CHAP.	1	THE	PHYSICAL	BASIS	OF	HEREDITY	22	1.25.	(a)	1.27.	(a)	1.28.	(a)	Answers	to	Review	Questions	Matching	Questions	l.G	2.A	3.D	4.H	5.J	6.C	6.	7.	8.	9.	10.	cytokinesis	prophase	chiasma	homologues	interphase	Vocabulary	I.	2.	3.	4.	5.	autosome	centromere	or	kinetochore	metacentric
haploid	meiosis	7.1	8.B	9.E	10.F	23	THE	PHYSICAL	BASIS	OF	HEREDITY	CHAP.	I	]	True-False	Questions	4.	F	(microsporocyte	or	microspore	mother	cell;	2.	F	(meiosis)	3.	F	(secondary	spermatocyte)	1.	T	5	.	F	(opening	in	integuments	for	passage	of	pollen	tube	into	embryo	megasporocyte	or	megaspore	mother	cell)	sac)	6.	T	7.	T	8.	T	9.	F	(second
meiotic	anaphase)	10.	T	Multiple-ChoiceQuestions	l.b	2.d	3.d	4.e	5.a	6.d	7.b	8.c	9.a	10.e	Chapter	2	Single-Gene	I	nheritance	TERMINOLOGY	1	.	Phenotype.	A	phenotype	may	be	any	measurable	characteristic	or	distinctive	trait	possessed	by	an	organism.	The	trait	may	be	visible	to	the	eye,	such	as	the	color	of	a	flower	or	the	texture	of	hair,	or	it	may
require	special	tests	for	its	identification,	as	in	the	determination	of	the	respiratory	quotient	or	the	serological	test	for	blood	type.	The	phenotype	is	the	result	of	gene	products	brought	to	expression	in	a	given	environment.	Example	2.1.	Rabbits	of	the	Himalayan	breed	in	the	usual	range	of	environments	develop	black	pigment	Example	2.2.	at	the	tips
of	the	nose,	tail,	feet,	and	ears.	If	raised	at	very	high	temperatures,	an	allwhite	rabbit	is	produced.	The	gene	for	Himalayan	color	pattern	specifies	a	temperature	sensitive	enzyme	that	is	inactivated	at	high	temperature,	resulting	in	a	loss	of	pigmentation.	The	flowers	of	hydrangea	may	be	blue	if	grown	in	acid	soil	or	pinkish	if	grown	in	alkaline	soil.	due



to	an	interaction	of	gene	products	with	the	hydrogen	ion	concentration	of	their	environment.	The	kinds	of	traits	that	we	shall	encounter	in	the	study	of	simple	Mendelian	inheritance	will	be	considered	to	be	relativeiy	unaffected	by	the	normal	range	of	environmental	conditions	in	which	the	organism	is	found.	It	is	important,	however,	to	remember	that
genes	establish	boundaries	within	which	the	environment	may	modify	the	phenotype.	2.	Genotype.	All	of	the	genes	possessed	by	an	individual	constitute	its	genotype.	In	this	chapter,	we	shall	be	concerned	only	with	that	portion	of	the	genotype	involving	alleles	at	a	single	locus.	((I)	Homozygous.	The	union	of	gametes	carrying	identical	alleles	produces
a	homozygous	genotype.	A	homozygote	produces	only	one	kind	of	gamete.	Example	2.3.	Uniting	gametes:	Egg	Sperm	zygote	(homozygous	genotype):	Gamete:	6	(	h	)	Pure	Line.	A	group	of	individuals	with	similar	genetic	background	(breeding)	is	often	referred	to	as	a	line	or	strain	or	variety	or	breed.	Self-fertilization	or	mating	closely	related
individuals	for	many	generations	(inbreeding)	usually	produces	a	population	which	is	homozygous	at	nearly	all	loci.	Matings	between	the	homozygous	individuals	of	a	pure	line	produce	only	homozygous	offspring	like	the	parents.	Thus	we	say	that	a	pure	line	“breeds	true.’’	Example	2.4.	Pure-line	parents:	AA	X	AA	Gametes:	Offspring:	24	CHAP.	21	25
SINGLE-GENE	INHERITANCE	(	c	)	Heterozygous.	The	union	of	gametes	carrying	different	alleles	produces	a	heterozygous	genotype.	Different	kinds	of	gametes	are	produced	by	a	heterozygote.	Example	2.5.	Uniting	gametes:	Egg	Zygote	(heterozygous	genotype):	Gametes:	(	d	)	Hybrid.	The	term	hybrid	as	used	in	the	problems	of	this	book	is
synonymous	with	the	heterozygous	condition.	Problems	in	this	chapter	may	involve	a	single-factor	hybrid	(monohybrid).	Problems	in	the	next	chapter	will	consider	heterozygosity	at	two	or	more	loci	(polyhybrids).	ALLELIC	RELATIONSHIPS	1.	Dominant	and	Recessive	Alleles.	Whenever	one	of	a	pair	of	alleles	can	come	to	phenotypic	expression	only	in
a	homozygous	genotype,	we	call	that	allele	a	recessive	factor.	The	allele	that	can	phenotypically	express	itself	in	the	heterozygote	as	well	as	in	the	homozygote	is	called	a	dominant	factor.	Upper-	and	lowercase	letters	are	commonly	used	to	designate	dominant	and	recessive	alleles,	respectively.	Usually	the	genetic	symbol	corresponds	to	the	first	letter
in	the	name	of	the	abnormal	(or	mutant)	trait.	Example	2.6.	Lack	of	pigment	deposition	in	the	human	body	is	an	abnormal	recessive	trait	called	“albinism.”	Using	A	and	a	to	represent	the	dominant	(normal)	allele	and	the	recessive	(albino)	allele,	respectively,	3	genotypes	and	2	phenotypes	are	possible:	1	I	Genotypes	AA	(homozygous	dominant)	Aa
(heterozygote)	aa	(homozygous	recessive)	Phenotypes	I	Normal	(pigment)	Normal	(pigment)	Albino	(no	pigment)	Carriers.	Recessive	alleles	(such	as	the	one	for	albinism)	are	often	deleterious	to	those	who	possess	them	in	duplicate	(homozygous	recessive	genotype).	A	heterozygote	may	appear	just	as	normal	as	the	homozygous	dominant	genotype.	A
heterozygous	individual	who	possesses	a	deleterious	recessive	allele	hidden	from	phenotypic	expression	by	the	dominant	normal	allele	is	called	a	carrier.	Most	of	the	deleterious	alleles	harbored	by	a	population	are	found	in	carrier	individuals.	WiM-Type	Symbolism.	A	different	system	for	symbolizing	dominant	and	recessive	alleles	is	widely	used	in
numerous	organisms	from	higher	plants	and	animals	to	the	bacteria	and	viruses.	Different	genetics	texts	favor	either	one	or	the	other	system.	In	the	author’s	opinion,	every	student	should	become	familiar’with	both	kinds	of	allelic	representation	and	be	able	to	work	genetic	problems	regardless	of	the	symbolic	system	used.	Throughout	the	remainder
of	this	book	the	student	will	find	both	systems	used	extensively.	Where	one	phenotype	is	obviously	of	much	more	common	occurrence	in	the	population	than	its	alternative	phenotype,	the	former	is	usually	referred	to	as	wild	type.	The	phenotype	that	is	rarely	observed	is	called	the	mutant	type.	In	this	system,	the	symbol	+	is	used	to	indicate	the	normal
allele	for	wild	type.	The	base	letter	for	the	gene	usually	is	taken	from	the	name	of	the	mutant	or	abnormal	trait.	If	the	mutant	gene	is	recessive	the	symbol	would	be	a	lowercase	letter(s)	corresponding	to	the	initial	letter(s)	in	the	name	of	the	trait.	Its	normal	(wild-type)	dominant	as	a	superscript.	allele	would	have	the	same	lowercase	letter	but	with	a
Example	2.7.	Black	body	color	in	Drosophila	is	governed	by	a	recessive	gene	6,	and	wild	type	(gray	+	body)	by	its	dominant	allele	b’.	26	[CHAP.	2	SINGLE-GENE	INHERITANCE	If	the	mutant	trait	is	dominant,	the	base	symbol	would	be	an	uppercase	letter	without	a	superscript,	as	a	superscript.	and	its	recessive	wild-type	allele	would	have	the	same
uppercase	symbol	with	a	Example	2.8.	Lobe-shaped	eyes	in	Drosophila	are	governed	by	a	dominant	gene	L	,	and	wild	type	(oval	+	eye)	by	its	recessive	allele	L	+	.	Remember	that	the	case	of	the	symbol	indicates	the	dominance	or	recessiveness	of	the	mutant	allele	to	which	the	superscript	+	for	wild	type	must	be	referred.	After	the	allelic	relationships
have	been	defined,	the	symbol	+	by	itself	may	be	used	for	wild	type	and	the	letter	alone	may	designate	the	mutant	type.	2.	Codominant	Alleles.	Alleles	that	lack	dominant	anb	recessive	relationships	may	be	called	incompletely	dominant,	partially	dominant,	semidominant	or	codominant.	This	means	that	each	allele	is	capable	of	some	degree	of
expression	when	in	the	heterozygous	condition.	Hence	the	heterozygous	genotype	gives	rise	to	a	phenotype	distinctly	different	from	either	of	the	homozygous	genotypes.	Usually	the	heterozygous	phenotype	resulting	from	codominance	is	intermediate	in	character	between	those	produced	by	the	homozygous	genotypes;	hence	the	erroneous	concept	of
“blending.”	The	phenotype	may	appear	to	be	a	“blend”	in	heterozygotes,	but	the	alleles	maintain	their	individual	identities	and	will	segregate	from	each	other	in	the	formation	of	gametes.	(LZ)	Symbolism	for	Codominant	Alleles.	For	codominant	alleles,	all	uppercase	base	symbols	with	different	superscripts	should	be	used.	The	uppercase	letters	call
attention	to	the	fact	that	each	allele	can	express	itself	to	some	degree	even	when	in	the	presence	of	its	alternative	allele	(heterozygous).	Example	2.9.	The	alleles	governing	the	M-N	blood	group	system	in	humans	are	codominants	and	may	be	represented	by	the	symbols	LM	and	L	N	,	the	base	letter	(L)	being	assigned	in	honor	of	its	discoverers
(Landsteiner	and	Levine).	Two	antisera	(anti-M	and	anti-N)	are	used	to	distinguish	three	genotypes	and	their	corresponding	phenotypes	(blood	groups).	Agglutination	is	represented	by	+	and	nonagglutination	by	-	.	1	Genotype	L	L	Reaction	with:	Anti-M	~	L	~	~	L	~	LVL”	+	+	-	Blood	Group	Anti-N	(	Phenotype)	-	M	MN	N	+	+	3.	Lethal	Alleles.	The
phenotypic	manifestation	of	some	genes	is	the	death	of	the	individual	in	either	the	prenatal	or	postnatal	period	prior	to	maturity.	Such	factors	are	called	lethal	genes.	A	fully	dominant	lethal	allele	(i.e.,	one	that	kills	in	both	the	homozygous	and	heterozygous	conditions)	occasionally	arises	by	mutation	from	a	normal	allele.	Individuals	with	a	dominant
lethal	die	before	they	can	leave	progeny.	Therefore	the	mutant	dominant	lethal	is	removed	from	the	population	in	the	same	generation	in	which	it	arose.	Lethals	that	kill	only	when	homozygous	may	be	of	two	kinds:	(1)	one	that	has	no	obvious	phenotypic	effect	in	heterozygotes,	and	(2)	one	that	exhibits	a	distinctive	phenotype	when	heterozygous.
Example	2.10.	By	special	techniques,	a	completely	recessive	lethal	(	I	)	can	sometimes	be	identified	in	certain	families.	Lethal	CHAP.	21	27	SINGLE-GENE	INHERITANCE	Example	2.11.	The	amount	of	chlorophyll	in	snapdragons	(Antirrhinum)	is	controlled	by	a	pair	of	codominant	alleles,	one	of	which	exhibits	a	lethal	effect	when	homozygous,	and	a
distinctive	color	phenotype	when	heterozygous.	I	Genotype	c'c'	c'c2	c2c2	I	Phenotype	I	Green	(normal)	Pale	green	White	(lethal)	4.	Penetrance	and	Expressivity.	Differences	in	environmental	conditions	or	in	genetic	backgrounds	may	cause	individuals	that	are	genetically	identical	at	a	particular	locus	to	exhibit	different	phenotypes.	The	percentage	of
individuals	with	a	particular	gene	combination	that	exhibits	the	corresponding	character	to	any	degree	represents	the	penetrance	of	the	trait.	Example	2.12.	In	some	families,	extra	fingers	and/or	toes	(polydactyly)	in	humans	is	thought	to	be	produced	by	a	dominant	gene	(P).The	normal	condition	with	five	digits	on	each	limb	is	produced	by	the
recessive	genotype	@p).	Some	individuals	of	genotype	Pp	are	not	polydactylous,	and	therefore	the	gene	has	a	penetrance	of	less	than	100%.	A	trait,	although	penetrant,	may	be	quite	variable	in	its	expression.	The	degree	of	effect	produced	by	a	penetrant	genotype	is	termed	expressivity.	Example	2.13.	The	polydactylous	condition	may	be	penetrant	in
the	left	hand	(6	fingers)	and	not	in	the	right	(5	fingers),	or	it	may	be	penetrant	in	the	feet	and	not	in	the	hands.	A	recessive	lethal	gene	that	lacks	complete	penetrance	and	expressivity	will	kill	less	than	100%	of	the	homozygotes	before	sexual	maturity.	The	terms	semilethal	or	subvital	apply	to	such	genes.	The	effects	that	various	kinds	of	lethals	have
on	the	reproduction	of	the	next	generation	form	a	broad	spectrum	from	complete	lethality	to	sterility	in	completely	viable	genotypes.	Problems	in	this	book,	however,	will	consider	only	those	lethals	that	become	completely	penetrant,	usually	during	the	embryonic	stage.	Genes	other	than	lethals	will	likewise	be	assumed	completely	penetrant.	5.
Multiple	Alleles.	The	genetic	systems	proposed	thus	far	have	been	limited	to	a	single	pair	of	alleles.	The	maximum	number	of	alleles	at	a	gene	locus	that	any	individual	possesses	is	2,	with	1	on	each	of	the	homologous	chromosomes.	But	since	a	gene	can	be	changed	to	alternative	forms	by	the	process	of	mutation,	a	large	number	of	alleles	is
theoretically	possible	in	a	population	of	individuals.	Whenever	more	than	two	alleles	are	identified	at	a	gene	locus,	we	have	a	multiple	allelic	series.	Symbolism	for	Multiple	Alleles.	The	dominance	hierarchy	should	be	defined	at	the	beginning	of	each	problem	involving	multiple	alleles.	A	capital	letter	is	commonly	used	to	designate	the	allele	that	is
dominant	to	all	others	in	the	series.	The	corresponding	lowercase	letter	designates	the	allele	that	is	recessive	to	all	others	in	the	series.	Other	alleles,	intermediate	in	their	degree	of	dominance	between	these	two	extremes,	are	usually	assigned	the	lowercase	letter	with	some	suitable	superscript.	Example	2.14.	The	color	of	Drosophila	eyes	is	governed
by	a	series	of	alleles	that	cause	the	hue	to	vary	from	red	or	wild	type	(	w	+	or	W)	through	coral	(wco),blood	(wb'),eosin	(we),	cherry	(wc"),apricot	(w"),	honey	(w"),	buff	(wbf),tinged	(w'),	pearl	(	w	p	)	,	and	ivory	(MY')	to	white	(w).	Each	allele	in	the	system	except	w	can	be	considered	to	produce	pigment,	but	successively	less	is	produced	by	alleles	as	we
proceed	down	the	hierarchy:	M	?	+	>	MT'O	>	wb'	>	w	e	>	wch	>	w	a	>	w	h	>	wbf	>	w'	>	wp	>	w'	>	w.	The	wild-type	allele	(	w	+	)	is	completely	dominant	and	w	is	completely	recessive	to	all	other	alleles	in	the	series.	Compounds	are	heterozygotes	that	contain	unlike	members	of	an	allelic	series.	The	compounds	of	this	series	that	involve	alleles	other
than	w	+	tend	to	be	phenotypically	intermediate	between	the	eye	colors	of	the	parental	homozygotes.	28	SINGLE-GENE	INHERITANCE	[CHAP.	2	Example	2.15.	A	classical	example	of	multiple	alleles	is	found	in	the	AB0	blood	group	system	of	humans,	where	the	allele	IAfor	the	A	antigen	is	codominant	with	the	allele	IB	for	the	B	antigen.	Both	IAand
IBare	completely	dominant	to	the	allele	i,	which	fails	to	specify	any	detectable	antigenic	structure.	The	hierarchy	of	dominance	relationships	is	symbolized	as	(fA	=	fB)	>	i.	Two	antisera	(anti-A	and	anti-B)	are	required	for	the	detection	of	four	phenotypes.	Genotypes	Reaction	with:	Phenotype	Anti-A	Anti-B	(Blood	Groups)	+	+	+	+	-	A	B	AB	0	PP,Pi	-	-
Example	2.16.	A	slightly	different	kind	of	multiple	allelic	system	is	encountered	in	the	coat	colors	of	rabbits:	C	allows	full	color	to	be	produced	(typical	gray	rabbit);	cCh,when	homozygous,	removes	yellow	pigment	from	the	fur,	making	a	silver-gray	color	called	chinchilla;	cCh,	when	heterozygous	with	alleles	lower	in	the	dominance	hierarchy,	produces
light	gray	fur;	c	h	produces	a	white	rabbit	with	black	extremities	called	“Himalayan”;	c	fails	to	produce	pigment,	resulting	in	albino.	The	dominance	hierarchy	may	be	symbolized	as	follows:	c	>	CCh	>	C	h	>	c.	Phenotypes	Full	color	Chinchilla	Light	gray	Himalayan	Albino	1	Possible	Genotypes	cc,	CCCh,CCh,	cc	chC	ch	CChCh,	cchc	chc”,chc	cc
SINGLE-GENE	(MONOFACTORIAL)	CROSSES	1.	The	Six	Basic	Types	of	Matings.	A	pair	of	alleles	governs	pelage	color	in	the	guinea	pig;	a	dominant	allele	B	produces	black	and	its	recessive	allele	b	produces	white.	There	are	6	types	of	matings	possible	among	the	3	genotypes.	The	parental	generation	is	symbolized	P	and	the	first	filial	generation	of
offspring	is	symbolized	F1.	(1)	P:	qxpBB	homozygous	black	X	homozygous	black	BB	Gametes:	BB	black	F,:	P:	homozygous	black	X	heterozygous	black	BB	Bb	black	Bb	black	Gametes:	F,:	29	SINGLE-GENE	INHERITANCE	CHAP.	21	P:	(3)	homozygous	black	X	white	BB	x	bb	Gametes:	F1:	black	P:	(4)	heterozygous	black	X	heterozygous	black	Bb	X	Bb
Gametes:	F1:	black	P:	black	black	white	heterozygous	black	X	white	x	Bb	bb	Gametes:	Bb	black	F1:	white	white	X	white	\:/.h	Gametes:	white	F1:	Summary	of	the	6	types	of	matings:	No.	(1)	(2)	(3)	(4)	(5)	(6)	Matings	BB	BB	BB	Bb	Bb	bb	X	X	X	X	X	X	BB	Bb	bb	Bb	bb	bb	I	I	'	Expected	F,	Ratios	Genotypes	All	BB	$BB	:	f	B	b	All	Bb	aBB	:	$Bb	:	abb	3Bb	:	ibb
All	bb	I	Phenotypes	All	black	All	black	All	black	black	:	white	1	black	:	f	white	All	white	a	2.	Conventional	Production	of	the	F2.	Unless	otherwise	specified	in	the	problem,	the	second	filial	generation	(F2)is	produced	by	crossing	the	F1individuals	among	themselves	randomly.	If	plants	are	normally	self-fertilized,	they	can	be	artificially	cross-pollinated	in
the	parental	generation	and	the	resulting	F1	progeny	may	then	be	allowed	to	pollinate	themselves	to	produce	the	FZ.	Example	2.17.	P:	F,:	BB	black	X	bb	white	Bb	black	30	SINGLE-GENE	INHERITANCE	[CHAP.	2	The	black	F1	males	are	mated	to	the	black	F1	females	to	produce	the	F2.	Bb	females	Gametes:	Fz:	\	-	9	black	:	)white	An	alternative
method	for	combining	the	FI	gametes	is	to	place	the	female	gametes	along	one	side	of	a	“checkerboard”	(Punnett	square)	and	the	male	gametes	along	the	other	side	and	then	combine	them	to	form	zygotes	as	shown	below.	I	@	BB	black	Bb	black	Bb	bb	white	black	3.	Testcross.	Because	a	homozygous	dominant	genotype	has	the	same	phenotype	as	the
heterozygous	genotype,	a	testcross	is	required	to	distinguish	between	them.	The	testcross	parent	is	always	homozygous	recessive	for	all	of	the	genes	under	consideration.	The	purpose	of	a	testcross	is	to	discover	how	many	different	kinds	of	gametes	are	being	produced	by	the	individual	whose	genotype	is	in	question.	A	homozygous	dominant
individual	will	produce	only	one	kind	of	gamete;	a	monohybrid	individual	(heterozygous	at	one	locus)	produces	two	kinds	of	gametes	with	equal	frequency.	Example	2.18.	Consider	the	case	in	which	testcrossing	a	black	female	produced	only	black	offspring.	P:	BX	bb	black	female	white	male	(genotype	incompletely	known)	(testcross	parent)	Gametes:
F1:	Bb	all	offapring	black	Conclusion:	The	female	parent	must	be	producing	only	one	kind	of	gamete	and	therefore	she	is	homozygous	dominant	BB.	Example	2.19.	Consider	the	case	in	which	testcrossing	a	black	male	produced	black	and	white	offspring	in	approximately	equal	numbers.	P:	BX	bb	black	male	white	female	(genotypeincompletely	known)
(testcross	parent)	Gametes:	F1:	B	‘b’	blaek	white	31	SINGLE-GENE	INHERITANCE	CHAP.	21	Conclusion:	The	male	parent	must	be	producing	2	kinds	of	gametes	and	therefore	he	is	heterozygous	Bb.	4.	Backcross.	If	the	F,	progeny	are	mated	back	to	one	of	their	parents	(or	to	individuals	with	a	genotype	identical	to	that	of	their	parents)	the	mating	is
termed	backcross.	Sometimes	“backcross”	is	used	synonymously	with	“testcross”	in	genetic	literature,	but	it	will	not	be	so	used	in	this	book.	Example	2.20.	A	homozygous	black	female	guinea	pig	is	crossed	to	a	white	male.	An	FI	son	is	backcrossed	to	his	mother.	Using	the	symbol	?	for	female	and	6	for	male	(	Q	Q	=	females,	6	6	=	males),	we	diagram
this	backcross	as	follows:	BBQ	x	black	female	P:	bbd	white	male	Bb	6	8	and	Q	?	black	males	and	females	F,:	Bb	6	black	son	F,	backcross:	Backcross	progeny:	X	BB?	black	mother	all-black	offspring	PEDIGREE	ANALYSIS	A	pedigree	is	a	systematic	listing	(either	as	words	or	as	symbols)	of	the	ancestors	of	a	given	individual,	or	it	may	be	the	“family	tree”
for	a	large	number	of	individuals.	It	is	customary	to	represent	females	as	circles	and	males	as	squares.	Matings	are	shown	as	horizontal	lines	between	two	individuals.	The	offspring	of	a	mating	are	connected	by	a	vertical	line	to	the	mating	line.	Different	shades	or	colors	added	to	the	symbols	can	represent	various	phenotypes.	Each	generation	is	listed
on	a	separate	row	labeled	with	Roman	numerals.	Individuals	within	a	generation	receive	Arabic	numerals.	Example	2.21.	Let	solid	symbols	represent	black	guinea	pigs	and	open	symbols	represent	white	guinea	pigs.	I	1	I11	1	I	Individuals	I1	I2	I11	I12	113	I111	I	~	I	Phenotype	Black	White	White	Black	Black	Black	i	Q	6	0	8	Q	0	Genotype	Bb	bb	bb	Bb
Bb	B-*	*	The	dash	indicates	that	the	genotype	could	be	~~~	either	homozygous	or	heterozygous.	32	[CHAP.	2	SINGLE-GENE	INHERITANCE	PROBABILITY	THEORY	1.	Observed	vs.	Expected	Results.	Experimental	results	seldom	conform	exactly	to	the	expected	ratios.	Genetic	probabilities	derive	from	the	operation	of	chance	events	in	the	meiotic
production	of	gametes	and	the	random	union	of	these	gametes	in	fertilization.	Samples	from	a	population	of	individuals	often	deviate	from	the	expected	ratios,	rather	widely	in	very	small	samples,	but	usually	approaching	the	expectations	more	closely	with	increasing	sample	size.	Example	2.22.	Suppose	that	a	testcross	of	heterozygous	black	guinea
pigs	(Bb	X	bb)	produces	5	offspring:	3	black	(Bb)	and	2	white	(bb).	Theoretically	we	expect	half	of	the	total	number	of	offspring	to	be	black	and	half	to	be	white	=	8(5)	=	23.	Obviously	we	cannot	observe	half	of	an	Example	2.23.	individual,	and	the	results	conform	as	closely	to	the	theoretical	expectations	as	is	biologically	possible.	Numerous
testcrosses	of	a	black	guinea	pig	produced	a	total	of	10	offspring,	8	of	which	were	black	and	2	were	white.	We	theoretically	expected	5	black	and	5	white,	but	the	deviation	from	the	expected	numbers	which	we	observed	in	our	small	sample	of	10	offspring	should	not	be	any	more	surprising	than	the	results	of	tossing	a	coin	10	times	and	observing	8
heads	and	2	tails.	The	fact	that	at	least	one	white	offspring	appeared	is	sufficient	to	classify	the	black	parent	as	genetically	heterozygous	(Bb).	2.	Combining	Probabilities.	Two	or	more	events	are	said	to	be	independent	if	the	occurrence	or	nonoccurrence	of	any	one	of	them	does	not	affect	the	probabilities	of	occurrence	of	any	of	the	others.	When	2
independent	events	occur	with	the	probabilities	p	and	q,	respectively,	then	the	probability	of	their	joint	occurrence	is	p	q	.	That	is,	the	combined	probability	is	the	product	of	the	probabilities	of	the	independent	events.	If	the	word	“and”	is	used	or	implied	in	the	phrasing	of	a	problem	solution,	a	multiplication	of	independent	probabilities	is	usually
required.	Example	2.24.	Theoretically	there	is	an	equal	opportunity	for	a	tossed	coin	to	land	on	either	heads	or	tails.	Let	p	=	probability	of	heads	=	f.and	g	=	probability	of	tails	=	3.	In	2	tosses	of	a	coin	the	probability	of	2	heads	appearing	(i.e.,	a	head	on	the	first	toss	and	a	head	on	the	second	toss)	is	p	X	p	=	p	2	=	(4)’	=	4.	Example	2.25.	In
testcrossing	a	heterozygous	black	guinea	pig	(Bb	X	bb),	let	the	probability	of	a	black	(Bb)	offspring	bep	=	3	and	of	a	white	(bb)	offspring	be	g	=	f.	The	combined	probability	of	the	first	2	offspring	being	white	(i.e.,	the	first	offspring	is	white	and	the	second	offspring	is	white)	=	q	X	q	=	y’	=	(3)’	=	4.	There	is	only	one	way	in	which	2	heads	may	appear	in
two	tosses	of	a	coin,	i.e.,	heads	on	the	first	toss	and	heads	on	the	second	toss.	The	same	is	true	for	2	tails.	There	are	two	ways,	however,	to	obtain	1	head	and	1	tail	in	two	tosses	of	a	coin.	The	head	may	appear	on	the	first	toss	and	the	tail	on	the	second	or	the	tail	may	appear	on	the	first	toss	and	the	head	on	the	second.	Mutually	exclusive	events	are
those	in	which	the	occurrence	of	any	one	of	them	excludes	the	occurrence	of	the	others.	The	word	“or”	is	usually	required	or	implied	in	the	phrasing	of	problem	solutions	involving	mutually	exclusive	events,	signaling	that	an	addition	of	probabilities	is	to	be	performed.	That	is,	whenever	alternative	possibilities	exist	for	the	satisfaction	of	the	conditions
of	a	problem,	the	individual	probabilities	are	combined	by	addition.	Example	2.26.	In	two	tosses	of	a	coin,	there	are	two	ways	to	obtain	a	head	and	tail.	First	alternative:	Second	alternative:	p	=	4	=	First	Toss	Head	(	p)	Tail	(4)	(and)	Second	Toss	Tail	(4)	(and)	Head	(	p	)	Combined	probability	4;	hence	the	combined	probability	=	2(%)(4)=	f.	Probability
P4	(or)	qP	2PY	CHAP.	21	Example	2.27.	33	SINGLE-GENE	INHERITANCE	In	testcrossing	heterozygous	black	guinea	pigs	(Bb	X	bb),	there	are	two	ways	to	obtain	1	black	(Bb)	and	1	white	(66)offspring	in	a	litter	of	2	animals.	Let	p	=	probability	of	black	=	f	and	q	=	probability	of	white	=	f.	First	Offspring	Black	(	p	)	First	alternative:	Second	alternative:
p	=	q	=	(and)	Second	Offspring	White	(	4	)	White	(	4	)	(and)	Black	(	p	)	Combined	probability	1;	hence	the	combined	probability	=	2(3)(1)	=	1.	-	Probability	P4	(00	9	2P4	Many	readers	will	recognize	that	the	application	of	the	above	two	rules	for	combining	probabilities	(independent	and	mutually	exclusive	events)	is	the	basis	of	the	binomial
distribution,	which	will	be	considered	in	detail	in	Chapter	7.	Solved	Problems	DOMINANT	AND	RECESSIVE	ALLELES	2.1.	Black	pelage	of	guinea	pigs	is	a	dominant	trait;	white	is	the	alternative	recessive	trait.	When	a	pure	black	guinea	pig	is	crossed	to	a	white	one,	what	fraction	of	the	black	F2	is	expected	to	be	heterozygous?	Solution:	As	shown	in
Example	2.17,	the	F2	genotypic	ratio	is	1	BB	:	2Bb	:	1	bb.	Considering	only	the	black	F2,	we	expect	1	BB	:	2Bb	or	2	out	of	every	3	black	pigs	are	expected	to	be	heterozygous;	the	fraction	is	3.	2.2.	If	a	black	female	guinea	pig	is	testcrossed	and	produces	2	offspring	in	each	of	3	litters,	all	of	which	are	black,	what	is	her	probable	genotype?	With	what
degree	of	confidence	may	her	genotype	be	specified?	Solution:	P:	F,:	Bblack	female	all	Bb	X	=	66	white	male	all	black	The	female	parent	could	be	homozygous	BB	or	heterozygous	Bb	and	still	be	phenotypically	black;	hence	the	symbol	B-.	If	she	is	heterozygous,	each	offspring	from	this	testcross	has	a	50%	chance	of	being	black.	The	probability	of	6
offspring	being	produced,	all	of	which	are	black,	is	(t)6=	&	=	0.0156	=	1.56%.	In	other	words,	we	expect	such	results	to	occur	by	chance	less	than	2%	of	the	time.	Since	it	is	chance	that	operates	in	the	union	of	gametes,	she	might	actually	be	heterozygous	and	thus	far	only	her	B	gametes	have	been	the	“lucky	ones”	to	unite	with	the	6	gametes	from
the	white	parent.	Since	no	white	offspring	have	appeared	in	six	of	these	chance	unions	we	may	be	approximately	98%	confident	(	1	-	0.0156	=	0.9844	or	98.44%)	on	the	basis	of	chance,	that	she	is	of	homozygous	genotype	(BB).	It	is	possible,	however,	for	her	very	next	testcross	offspring	to	be	white,	in	which	case	we	would	then	become	certain	that
her	genotype	was	heterozygous	Bb	and	not	BB.	2.3.	Heterozygous	black	guinea	pigs	(Bb)	are	crossed	among	themselves.	(a)	What	is	the	probability	of	the	first	three	offspring	being	alternately	black-white-black	or	white-black-white?	(b)	What	is	the	Drobabilitv	among	3	offsDrine	of	Droducing	2	black	and	1	white	in	anv	order?	34	SINGLE-GENE
INHERITANCE	[CHAP.	2	Solution:	P:	(a)	F,:	Bb	black	X	Bb	black	a	black	:	$	white	Let	p	=	probability	of	black	=	3,	4	=	probability	of	white	=	$.	Probability	of	black	and	white	and	black	=	p	X	4	X	p	=	p	z	~	,	or	Probability	of	white	and	black	and	white	=	4	X	p	X	4	=	p	4	Combined	probability	=	p2q	pq2	=	&	+	(	b	)	Consider	the	number	of	ways	that	2
black	and	1	white	offspring	could	be	produced.	Offspring	Order	Probability	1st	2nd	3rd	=	&,	Black	and	Black	and	White	=	Black	and	White	and	Black	=	(:)(a)($)	=	&,	White	and	Black	and	Black	=	=	&	Combined	probability	=	8	($)(a)(+>	($)($)(a)	or	or	Once	we	have	ascertained	that	there	are	three	ways	to	obtain	2	black	and	1	white,	the	total
probability	becomes	3(3)2(3)	=	H	.	2.4.	A	dominant	gene	6'	is	responsible	for	the	wild-type	body	color	of	Drosophila;	its	recessive	allele	b	produces	black	body	color.	A	testcross	of	a	wild-type	female	gave	52	black	and	58	wild	type	in	the	F,.	If	the	wild-type	F,	females	are	crossed	to	their	black	F1	brothers,	what	genotypic	and	phenotypic	ratios	would	be
expected	in	the	F2?	Diagram	the	results	using	the	appropriate	genetic	symbols.	Solution:	P:	F1:	b'-?	wild-type	female	bb	c3	black	male	X	52bb	(black)	:	58b'b	(wild	type)	Since	the	recessive	black	phenotype	appears	in	the	F1	in	approximately	a	1	:	1	ratio,	we	know	that	the	female	parent	must	be	heterozygous	6'6.	Furthermore,	we	know	that	the	wild-
type	F1	progeny	must	also	be	heterozygous.	The	wild-type	F,	females	are	then	crossed	with	their	black	brothers:	F1	cross:	Fz:	b'bP?	wild-type	females	X	bbdd	black	males	Ib+b	wild	type	:	Ibb	black	The	expected	F2	ratio	is	therefore	the	same	as	that	observed	in	the	F	1	,	namely,	1	wild	type	:	1	black	CODOMINANT	ALLELES	2.5.	Coat	colors	of	the
Shorthorn	breed	of	cattle	represent	a	classical	example	of	codominant	alleles.	and	white	by	Red	is	governed	by	the	genotype	C	R	C	R	r,oan	(mixture	of	red	and	white)	by	CRCW,	C"'Cw.(a)	When	roan	Shorthorns	are	crossed	among	themselves,	what	genotypic	and	phenotypic	ratios	are	expected	among	their	progeny?	(6)	If	red	Shorthorns	are	crossed
with	roans,	and	the	FI	progeny	are	crossed	among	themselves	to	produce	the	F2,	what	percentage	of	the	F2	will	probably	be	roan?	CHAP.	21	SINGLE-GENE	INHERITANCE	35	Solution:	CRCW	x	roan	P:	(4	)CRCRred	:	F,:	CRCW	roan	KRCWroan	:	)C	wCwwhite	Since	each	genotype	produces	a	unique	phenotype,	the	phenotypic	ratio	1	:	2	:	1
corresponds	to	the	same	genotypic	ratio.	CRCR	x	red	P:	KRCRred	F,:	I	KRCR?	[	(1)	iCRCR?	x	CRCRd	I	CRCW	roan	:	3CRCWroan	(2)	iCRCR?	x	4CRCW?	(2)	)CRCW?	x	CRCRd	CRCWd	[	~~~	~	(3)	i	C	R	C	W	?	x	CRCWd	The	mating	C	R	C	R	?	x	C	R	C	R	8(red	x	red)	produces	only	red	(	C	R	C	Rp)	rogeny.	But	only	one-quarter	of	all	matings	are	of	this	type.
Therefore	of	all	the	F2	should	be	red	from	this	source.	The	matings	CRCWX	C	R	C	R(roan	female	X	red	male	or	roan	male	X	red	female)	are	expected	to	produce	3CRCR(red)	and	$CRCW(roan)	progeny.	half	of	all	matings	are	of	this	kind.	Therefore	(&)(3)	=	$	of	all	the	F2	progeny	should	be	red	and	)	should	be	roan	from	this	source.	The	mating	C	R	C
W	?	x	CRCW8(roan	x	roan)	is	expected	to	produce	$CRCR(red),	3CRC"	(roan),	and	i	C	w	w(white)	progeny.	This	mating	type	constitutes	of	all	crosses.	Therefore	the	fraction	of	all	F2	progeny	contributed	from	this	source	is	(i)())	=	hCRCR,($)(3)	=	hCRCW,())(;f)	=	&CH'CH'.	The	expected	F2	contributions	from	all	three	types	of	matings	are	summarized
in	the	following	table.	I	Type	of	Mating	Frequency	of	Mating	(1)	Red	X	red	d	(2)	Red	X	roan	3	(3)	Roan	X	roan	a	F2	Progeny	White	The	fraction	of	roan	progeny	in	the	F2	is	8,	or	approximately	38%.	LETHAL	ALLELES	2.6.	The	absence	of	legs	in	cattle	("amputated")	has	been	attributed	to	a	completely	recessive	lethal	gene.	A	normal	bull	is	mated	with	a
normal	cow	and	they	produce	an	amputated	calf	(usually	dead	at	birth).	The	same	parents	are	mated	again.	(a)	What	is	the	chance	of	the	next	calf	being	amputated?	(b)	What	is	the	chance	of	these	parents	having	2	calves,	both	of	which	are	amputated?	36	[CHAP.	2	SINGLE-GENE	INHERITANCE	Bulls	carrying	the	amputated	allele	(heterozygous)	are
mated	to	noncarrier	cows.	The	F,	is	allowed	to	mate	at	random	to	produce	the	F2.	What	genotypic	ratio	is	expected	in	the	adult	Suppose	that	each	F1	female	in	part	(c)	rears	one	viable	calf,	i.e.,	each	of	the	cows	that	throws	an	amputated	calf	is	allowed	to	remate	to	a	carrier	sire	until	she	produces	a	viable	offspring.	What	genotypic	ratio	is	expected	in
the	adult	FZ?	Solution:	If	phenotypically	normal	parents	produce	an	amputated	calf,	they	must	both	be	genetically	heterozygous.	P:	Aa	Aa	X	normal	normal	Genotypes	F,:	Phenotypes	=$	baa	amputated	(dies)	Thus	there	is	a	25%	chance	of	the	next	offspring	being	amputated.	The	chance	of	the	first	calf	being	amputated	and	the	second	calf	also	being
amputated	is	the	product	of	the	separate	probabilities:	(b)(a)	=	-fs.	The	solution	to	part	(c)	is	analogous	to	that	of	Problem	2	.	5	(	b	)	.	A	summary	of	the	expected	F2	follows:	Type	of	Mating	A	A	X	A	A	AA	X	Aa	Aa	X	Aa	F2	Genotypes	AA	6	Totals	aa	Aa	A?	hi	A?	33	i%	f%	hi	All	aa	genotypes	die	and	fail	to	appear	in	the	adult	progeny.	Therefore	the	adult
progeny	has	the	genotypic	ratio	9AA	:	6Aa	or	3AA	:	2Aa.	The	results	of	matings	AA	X	AA	and	AA	X	Aa	remain	the	same	as	in	part	(c).	The	mating	of	Aa	by	Aa	now	is	expected	to	produce	4AA	and	8Aa	adult	progeny.	Correcting	for	the	frequency	of	occurrence	of	this	mating,	we	have	($)(4)	=	&AA	and	(f)(#)=	AAa.	Summary	of	the	F2:	Type	of	Mating	Aa	X
-	F2	Genotypes	AA	Aa	Aa	Totals	The	adult	F2	genotypic	ratio	is	expected	to	be	7AA	to	5Aa.	2.7.	A	bull,	heterozygous	for	a	completely	recessive	lethal	gene,	sires	3	calves	each	out	of	32	cows.	Twelve	of	the	cows	have	one	or	more	stillborn	calves	and	therefore	must	be	carriers	of	this	lethal	gene.	How	many	more	carrier	cows	probably	exist	in	this	herd
undetected?	CHAP.	21	37	SINGLE-GENE	INHERITANCE	Solution:	The	probability	that	a	heterozygous	cow	will	not	have	a	stillborn	calf	in	3	matings	to	a	heterozygous	male	is	calculated	as	follows:	each	calf	has	a	3	chance	of	being	normal;	therefore	the	probability	of	3	calves	being	normal	is	($)3	=	8.	That	is,	the	probability	that	we	will	fail	to	detect	a
heterozygous	(carrier)	cow	with	3	calves	is	8.	The	probability	that	we	will	detect	a	carrier	cow	with	3	calves	is	8.	Let	.r	=	number	of	heterozygous	cows	in	the	herd;	then	(#)x	=	12	or	x	=	21	(to	the	nearest	integer).	Probably	21	carrier	cows	exist;	since	we	have	detected	12	of	them,	there	are	probably	9	carrier	cows	undetected	in	this	herd.	MULTIPLE
ALLELES	2.8.	The	genetics	of	rabbit	coat	colors	is	given	in	Example	2.16.	Determine	the	genotypic	and	phenotypic	ratios	expected	from	mating	full-colored	males	of	genotype	CcChto	light-gray	females	of	genotype	CChC.	Solution:	CCChdd	full	color	P:	X	CChCQ	Q	light	gray	F1:	I	chinchilla	Thus	we	have	a	1	:	1	:	1	:	1	genotypic	ratio,	but	a	phenotypic
ratio	of	2	full	color:	1	chinchilla:	1	light	gray	-	2.9.	The	coat	colors	of	mice	are	known	to	be	governed	by	a	multiple	allelic	series	in	which	the	allele	Ay,	when	homozygous,	is	lethal	early	in	embryonic	development	but	produces	yellow	color	when	in	heterozygous	condition	with	other	alleles.	Agouti	(mousy	color)	is	governed	by	the	A	allele,	and	black	by
the	recessive	a.	The	dominance	hierarchy	is	as	follows:	Ay	>	A	>	a.	What	phenotypic	and	genotypic	ratios	are	expected	in	the	viable	F1	from	the	cross	AyA	X	Aya?	Solution:	P:	AY	A”a	X	yellow	yellow	I	I	I	@	1	dies	yellow	AVA	I	I	yellow	agouti	Aa	I	I	Since	f	of	the	progeny	dies	before	birth,	we	should	observe	2	yellow	offspring	for	every	1	agouti
(phenotypic	ratio	of	2	:	1).	However,	the	genotypic	ratio	is	a	1	:	1	:	1	relationship.	That	is,	5	of	the	viable	genotypes	should	be	AYA,	&Va,	and	&4a.	2.10.	A	man	is	suing	his	wife	for	divorce	on	the	grounds	of	infidelity.	Their	first	child	and	second	child,	whom	they	both	claim,	are	blood	groups	0	and	AB,	respectively.	The	third	child,	whom	38	SINGLE-
GENE	INHERITANCE	[CHAP.	2	the	man	disclaims,	is	blood	type	B.	(	a	)	Can	this	information	be	used	to	support	the	man’s	case?	(b)	Another	test	was	made	in	the	M-N	blood	group	system.	The	third	child	was	group	M	,	the	man	was	group	N.	Can	this	information	be	used	to	support	the	man’s	case?	Solution:	0	baby	has	the	genotype	ii,	each	of	the
parents	must	have	been	carrying	the	recessive	allele.	The	AB	baby	indicates	that	one	of	his	parents	had	the	dominant	ZA	allele	and	the	other	had	the	codominant	allele	Z’.	Any	of	the	four	blood	groups	can	appear	among	the	children	whose	parents	are	ZAi	x	lBi.	The	information	given	on	A	B	0	blood	groups	is	of	no	use	in	supporting	the	man’s	claim.	(	a
)	The	genetics	of	the	AB0	blood	group	system	was	presented	in	Example	2.15.	Because	the	group	(6)	The	genetics	of	the	M-N	blood	group	system	was	presented	in	Example	2.9.	The	M-N	blood	groups	are	governed	by	a	pair	of	codominant	alleles,	where	groups	M	and	N	are	produced	by	homozygous	genotypes.	A	group	N	father	must	pass	the	LN	allele
to	his	offspring;	they	all	would	have	the	N	antigen	on	their	red	blood	cells,	and	would	all	be	classified	serologically	as	either	group	MN	or	N	depending	upon	the	genotype	of	the	mother.	This	man	could	not	be	the	father	of	a	group	M	child.	PEDIGREE	ANALYSIS	2.11.	The	black	hair	of	guinea	pigs	is	produced	by	a	dominant	gene	B	and	white	by	its
recessive	allele	b.	Unless	there	is	evidence	to	the	contrary,	assume	that	I11	and	I14	do	not	carry	the	recessive	allele.	Calculate	the	probability	that	an	offspring	of	1111	X	I112	will	have	white	hair.	I	I11	1	2	Solution:	Both	I1	and	I2	must	be	heterozygous	(Bb)	in	order	to	have	the	white	(66)	offspring	112.	If	1111	or	1112	had	been	white,	this	would
constitute	evidence	that	Ill	or	I14	were	heterozygous.	In	the	absence	of	this	evidence	the	problem	tells	us	to	assume	that	111	and	I14	are	homozygous	(BB).	If	the	offspring	of	1111	x	I112	is	to	be	white,	then	both	1111	and	I112	would	have	to	be	heterozygous	(	B	6	)	.	In	this	case,	I13	would	also	have	to	be	heterozygous	in	order	to	pass	the	recessive
allele	on	to	1112.	Under	the	conditions	of	the	problem,	we	are	certain	that	1111	is	heterozygous	because	his	parents	(I11	X	112)	are	BB	X	bb.	We	notice	that	I13	is	black.	The	probability	that	black	progeny	from	I1	X	I2	are	heterozygous	is	3.	If	I13	is	heterozygous,	the	probability	that	1112	is	heterozygous	is	1.	If	I112	is	heterozygous,	there	is	a	25%
chance	that	the	offspring	of	1111	x	I112	will	be	white	(66).	Thus	the	combined	probability	that	I13	is	heterozygous	and	I112	is	heterozygous	and	producing	a	white	offspring	is	the	product	of	the	independent	probabilities	=	(if)(l)(f)	=	A	=	A.	Supplementary	Problems	DOMINANT	AND	RECESSIVE	ALLELES	2.12.	Several	black	guinea	pigs	of	the	same
genotype	were	mated	and	produced	29	black	and	9	white	offspring.	What	would	you	predict	the	genotypes	of	the	parents	to	be?	CHAP.	21	SINGLE-GENE	INHERITANCE	39	2.13.	If	a	black	female	guinea	pig	is	testcrossed	and	produces	at	least	one	white	offspring,	determine	(a)	the	genotype	and	phenotype	of	the	sire	(male	parent)	that	produced	the
white	offspring,	(6)	the	genotype	of	this	female.	2.14.	Heterozygous	black	(Bb)guinea	pigs	are	mated	to	homozygous	recessive	(66)	whites.	Predict	the	genotypic	and	phenotypic	ratios	expected	from	backcrossing	the	black	F1	progeny	to	(a)	the	black	parent,	(6)	the	white	parent.	2.15.	In	Drosophila,	sepia-colored	eyes	are	due	to	a	recessive	allele	s	and
wild	type	(red	eye	color)	to	its	dominant	allele	s'.	If	sepia-eyed	females	are	crossed	to	pure	wild-type	males,	what	phenotypic	and	genotypic	ratios	are	expected	if	the	F2	males	are	backcrossed	to	the	sepia-eyed	parental	females?	2.16.	The	lack	of	pigmentation,	called	albinism,	in	humans	is	the	result	of	a	recessive	allele	(a)	and	normal	pigmentation	is
the	result	of	its	dominant	allele	(A).	Two	normal	parents	have	an	albino	child.	Determine	the	probability	that	(a)	the	next	child	is	albino,	(6)the	next	2	children	are	albinos.	(c)	What	is	the	chance	of	these	parents	producing	2	children,	1	albino	and	the	other	normal?	2.17.	Short	hair	is	due	to	a	dominant	gene	L	in	rabbits,	and	long	hair	to	its	recessive
allele	1.	A	cross	between	a	short-haired	female	and	a	long-haired	male	produced	a	litter	of	1	long-haired	and	7	short-haired	bunnies.	(a)	What	are	the	genotypes	of	the	parents?	(6)	What	phenotypic	ratio	was	expected	in	the	offspring	generation?	(c)	How	many	of	the	8	bunnies	were	expected	to	be	long-haired?	2.18.	A	dominant	gene	W	produces	wire-
haired	texture	in	dogs;	its	recessive	allele	w	produces	smooth	hair.	A	group	of	heterozygous	wire-haired	individuals	are	crossed	and	their	F,	progeny	are	then	testcrossed.	Determine	the	expected	genotypic	and	phenotypic	ratios	among	the	testcross	progeny.	2.19.	Black	wool	of	sheep	is	due	to	a	recessive	allele	6	and	white	wool	to	its	dominant	allele	B
.	A	white	buck	(male)	is	crossed	to	a	white	ewe	(female),	both	animals	carrying	the	allele	for	black.	They	produce	a	white	buck	lamb	that	is	then	backcrossed	to	the	female	parent.	What	is	the	probability	of	the	backcross	offspring	being	black?	2.20.	In	foxes,	silver-black	coat	color	is	governed	by	a	recessive	allele	6	and	red	color	by	its	dominant	allele	B.
Determine	the	genotypic	and	phenotypic	ratios	expected	from	the	following	matings:	(a)	pure	red	X	carrier	red,	(6)	carrier	red	x	silver-black,	(c)	pure	red	X	silver-black.	2.21.	In	the	Holstein-Friesian	breed	of	dairy	cattle,	a	recessive	allele	r	is	known	to	produce	red	and	white;	the	dominant	allele	R	is	known	to	produce	black	and	white.	If	a	carrier	bull
is	mated	to	carrier	cows,	determine	the	probability	(a)	of	the	first	offspring	being	born	red	and	white,	(	6	)	of	the	first	4	offspring	born	being	black	and	white.	(c)	What	is	the	expected	phenotypic	ratio	among	offspring	resulting	from	backcrossing	black	and	white	F1	cows	to	the	carrier	bull?	(d)If	the	carrier	bull	was	mated	to	homozygous	black	and
white	cows,	what	phenotypic	ratio	would	be	expected	among	the	backcross	progeny	from	FI	cows	X	carrier	bull?	2.22.	Consider	a	cross	between	two	heterozygous	black	guinea	pigs	(Bb).	(a)	In	how	many	ways	can	3	black	and	2	white	offspring	be	produced?	(	6	)What	is	the	probability	from	such	a	cross	of	3	black	and	2	white	offspring	appearing	in	any
order?	CODOMINANT	ALLELES	2.23.	When	chickens	with	splashed	white	feathers	are	crossed	with	black-feathered	birds,	their	offspring	are	all	slate	blue	(Blue	Andalusian).	When	Blue	Andalusians	are	crossed	among	themselves,	they	produce	splashed	white,	blue,	and	black	offspring	in	the	ratio	of	1	:	2	:	1,	respectively.	(a)	How	are	these	feather
traits	inherited?	(b)	Using	any	appropriate	symbols,	indicate	the	genotypes	for	each	phenotype.	2.24.	Yellow	coat	color	in	guinea	pigs	is	produced	by	the	homozygous	genotype	C	y	C	y	,cream	color	by	the	heterozygous	genotype	C	y	C	w	,and	white	by	the	homozygous	genotype	CwCw.What	genotypic	and	phenotypic	ratios	are	matings	between	cream-
colored	individuals	likely	to	produce?	40	2.25.	SINGLE-GENE	INHERITANCE	[CHAP.	2	The	shape	of	radishes	may	be	long	(S'-SL>,round	(	S	R	S	R	)	,or	oval	(	S	L	S	R	)	.If	long	radishes	are	crossed	to	oval	radishes	and	the	F,	then	allowed	to	cross	at	random	among	themselves,	what	phenotypic	ratio	is	expected	in	the	F2'?	2.26.	The	Palomino	horse	is	a
hybrid	exhibiting	a	golden	color	with	lighter	mane	and	tail.	A	pair	of	codominant	alleles	(D'and	D')	is	known	to	be	involved	in	the	inheritance	of	these	coat	colors.	Genotypes	homozygous	for	the	D'allele	are	chestnut-colored	(reddish),	heterozygous	genotypes	are	Palomino-colored,	and	genotypes	homozygous	for	the	D'	allele	are	almost	white	and	called
cremeflo.	(	a	)	From	matings	between	Palominos,	determine	the	expected	Palomino	:	non-Palomino	ratio	among	the	offspring.	(	b	)What	percentage	of	the	nonPalomino	offspring	in	part	(	a	)will	breed	true?	(	c	)What	kind	of	mating	will	produce	only	Palominos?	LETHAL	ALLELES	Chickens	with	shortened	wings	and	legs	are	called	"creepers."	When
creepers	are	mated	to	normal	birds	they	produce	creepers	and	normals	with	equal	frequency.	When	creepers	are	mated	to	creepers	they	produce	2	creepers	to	1	normal.	Crosses	between	normal	birds	produce	only	normal	progeny.	How	can	these	results	be	explained'?	In	the	Mexican	Hairless	breed	of	dogs,	the	hairless	condition	is	produced	by	the
heterozygous	genotype	(	H	h	)	.	Normal	dogs	are	homozygous	recessive	(hh).	Puppies	homozygous	for	the	H	allele	are	usually	born	dead	with	abnormalities	of	the	mouth	and	absence	of	external	ears.	If	the	average	litter	size	at	weaning	is	6	in	matings	between	hairless	dogs,	what	would	be	the	average	expected	number	of	hairless	and	normal	offspring
at	weaning	from	matings	between	hairless	and	normal	dogs?	A	pair	of	codominant	alleles	is	known	to	govern	cotyledon	leaf	color	in	soybeans.	The	homozygous	genotype	C';C';	produces	dark	green,	the	heterozygous	genotype	C"C	produces	light	green,	and	the	other	homozygous	genotype	C	y	C	yproduces	yellow	leaves	so	deficient	in	chloroplasts	that
seedlings	do	not	grow	to	maturity.	If	dark-green	plants	are	pollinated	only	by	light-green	plants	and	the	FI	crosses	are	made	at	random	to	produce	an	F7,	what	phenotypic	and	genotypic	ratios	would	be	expected	in	the	mature	F,	plants'?	Thalassemia	is	a	hereditary	disease	of	the	blood	of	humans	resulting	in	anemia.	Severe	anemia	(thalassemia	major)
is	found	in	homozygotes	(TMTM)and	a	milder	form	of	anemia	(thalassemia	minor)	is	found	in	heterozygotes	(	T	M	T	N	)Normal	.	individuals	are	homozygous	T	NT	N	.If	all	individuals	with	thalassemia	major	die	before	sexual	maturity,	(	a	)	what	proportion	of	the	adult	F,	from	marriages	of	thalassemia	minors	by	normals	would	be	expected	to	be	normal,
(6)	what	fraction	of	the	adult	FI	from	marriages	of	minors	by	minors	would	be	expected	to	be	anemic?	The	Pelger	anomaly	of	rabbits	involves	abnormal	white	blood	cell	nuclear	segmentation.	Pelgers	are	heterozygous	(@),	normal	individuals	are	homozygous	(PP).	The	homozygous	recessive	genotypes	(	p	p	)	have	grossly	deformed	skeletons	and
usually	die	before	or	soon	after	birth.	If	Pelgers	are	mated	together,	what	phenotypic	ratio	is	expected	in	the	adult	Fz?	MULTIPLE	ALLELES	2.32.	A	multiple	allelic	series	is	known	in	the	Chinese	primrose	where	A	(Alexandria	type	=	white	eye)	>	a"	(normal	type	=	yellow	eye)	>	a	(Primrose	Queen	type	=	large	yellow	eye).	List	all	of	the	genotypes
possible	for	each	of	the	phenotypes	in	this	series.	2.33.	Plumage	color	in	mallard	ducks	is	dependent	upon	a	set	of	3	alleles:	M	R	for	restricted	mallard	pattern,	M	for	mallard,	and	m	for	dusky	mallard.	The	dominance	hierarchy	is	M	R	>	M	>	rn.	Determine	the	genotypic	and	phenotypic	ratios	expected	in	the	F,	from	the	following	crosses:	(	a	)	M	R	M	R
X	M'M,	(6)M	R	M	R	X	M	~	I	T	I	,	M	~	Mx	~	~	(	d	)m~~m	,	x	~	r	n	(,e	)	~m	x	mm.	(	(	8	)	2.34.	A	number	of	self-incompatibility	alleles	is	known	in	clover	such	that	the	growth	of	a	pollen	tube	down	the	style	of	a	diploid	plant	is	inhibited	when	the	latter	contains	the	same	self-incompatibility	allele	as	that	in	the	pollen	tube.	Given	a	series	of	self-
incompatibility	alleles	S	'	,	S2,S	3	,	S4,	what	genotypic	ratios	would	be	expected	in	embryos	and	in	endosperms	of	seeds	from	the	following	crosses?	41	SINGLE-GENE	INHERITANCE	CHAP.	21	I	I	Seed	Parent	Pollen	Parent	s3s4	s's2	s2s4	s3s4	s's4	s's2	s's3	s2s3	2.35.	The	coat	colors	of	many	animals	exhibit	the	"agouti"	pattern,	which	is	characterized
by	a	yellow	band	of	pigment	near	the	tip	of	the	hair.	In	rabbits,	a	multiple	allelic	series	is	known	where	the	genotypes	E	D	E	D	and	EDe	produce	only	black	(nonagouti),	but	the	heterozygous	genotype	EDE	produces	black	with	a	trace	of	agouti.	The	genotypes	EE	or	Ee	produce	full	color,	and	the	recessive	genotype	ee	produces	reddishyellow.	What
phenotypic	and	genotypic	ratios	would	be	expected	in	the	Fl	and	F2	from	the	cross	(a)	EDED	X	Ee,	(b)EDe	X	ee?	2.36.	The	inheritance	of	coat	colors	of	cattle	involves	a	multiple	allelic	series	with	a	dominance	hierarchy	as	follows:	S	>	s	h	>	sc	>	s.	The	S	allele	puts	a	band	of	white	color	around	the	middle	of	the	animal	and	is	referred	to	as	a	Dutch	belt;
the	s"	allele	produces	Hereford-type	spotting;	solid	color	is	a	result	of	the	s('	allele;	and	Holstein-type	spotting	is	due	to	the	s	allele.	Homozygous	Dutch-belted	males	are	crossed	to	Holstein-type	spotted	females.	The	Fl	females	are	crossed	to	a	Hereford-type	spotted	male	of	genotype	shs".	Predict	the	genotypic	and	phenotypic	frequencies	in	the
progeny.	2.37.	The	genetics	of	the	AB0	human	blood	groups	was	presented	in	Example	2.15.	A	man	of	blood	group	B	is	being	sued	by	a	woman	of	blood	group	A	for	paternity.	The	woman's	child	is	blood	group	0.	(a)	Is	this	man	the	father	of	this	child?	Explain.	(b)	If	this	man	actually	is	the	father	of	this	child,	specify	the	genotypes	of	both	parents.	(c)	If
it	was	impossible	for	this	group	B	man	to	be	the	father	of	a	type	0	child,	regardless	of	the	mother's	genotype,	specify	his	genotype.	(d)	If	a	man	was	blood	group	AB,	could	he	be	the	father	of	a	group	0	child?	2.38.	A	multiple	allelic	series	is	known	to	govern	the	intensity	of	pigmentation	in	the	mouse	such	that	D	=	full	color,	d	=	dilute	color,	and	d'	is
lethal	when	homozygous.	The	dominance	order	is	D	>	d	>	d'.	A	fullcolored	mouse	carrying	the	lethal	is	mated	to	a	dilute-colored	mouse	also	carrying	the	lethal.	The	F,	is	backcrossed	to	the	dilute	parent.	(a)	What	phenotypic	ratio	is	expected	in	the	viable	backcross	progeny?	(6)	What	percentage	of	the	full-colored	backcross	progeny	carry	the	lethal?
(c)	What	fraction	of	the	dilutecolored	progeny	carry	the	lethal?	PEDIGREE	ANALYSIS	2.39.	The	phenotypic	expression	of	a	dominant	gene	in	Ayrshire	cattle	is	a	notch	in	the	tips	of	the	ears.	In	the	pedigree	below,	where	solid	symbols	represent	notched	individuals,	determine	the	probability	of	notched	progeny	being	produced	from	the	matings	(a)
1111	x	1113,	(	6	)1112	x	1113,	(c)	1113	x	1114,	(d)	1111	x	1115,	(	e	)	1112	X	1115.	I	I11	2.40.	6-h	1	2	3	4	6	A	single	recessive	gene	r	is	largely	responsible	for	the	development	of	red	hair	in	humans.	Dark	hair	is	largely	due	to	its	dominant	allele	R.	In	the	family	pedigree	shown	below,	unless	there	is	evidence	to	the	contrary,	assume	that	individuals
who	marry	into	this	family	do	not	carry	the	r	allele.	Calculate	the	probability	of	red	hair	appearing	in	children	from	the	marriages	(a)	1113	x	1119,	(b)	I114	X	11110,	(c)	IVl	x	IV2,	(d)	IV1	X	IV3.	Solid	symbols	represent	red	hair;	open	symbols	represent	dark	hair.	42	SINGLE-GENE	INHERITANCE	[CHAP.	2	I	2	1	11	2	1	6	4	3	6	111	IV	2	1	2.41.	3	The
gene	for	spotted	coat	color	in	rabbits	(S)	is	dominant	to	its	allele	for	solid	color	(s).	In	the	following	pedigree	assume	that	those	individuals	brought	into	the	family	from	outside	do	not	carry	the	gene	for	solid	color,	unless	there	is	evidence	to	the	contrary.	Calculate	the	probability	of	solid-colored	bunnies	being	produced	from	the	matings	(a)	1111	X
1119,	(b)	1111	X	1115,	(	c	)	I113	X	1115,	(	d	)	I114	X	1116,	(4)I116	x	1119,	(	f	)IVl	x	IV2,	(	g	)	I119	x	IV2,	(	h	)	I115	x	IV2,	(i)	I116	X	I	V	l	.	Solid	symbols	represent	solidcolored	animals,	open	symbols	represent	spotted	animals.	I	II	I11	1	IV	'A3	4	5	8	2	1	2.42.	9	A	multiple	allelic	series	in	dogs	governs	the	distribution	of	coat-color	pigments.	The	allele	As
produces	an	even	distribution	of	dark	pigment	over	the	body;	the	allele	a"	reduces	the	intensity	of	pigmentation	and	produces	sable	or	tan-colored	dogs;	the	allele	a'	produces	spotted	patterns	such	as	tan	and	black,	tan	and	brown,	etc.	The	dominance	hierarchy	is	As	>	a'	>	a'.	Given	the	following	family	pedigree,	(a)	determine	the	genotypes	of	all	the
individuals	insofar	as	possible,	(	6	)	calculate	the	probability	of	spotted	offspring	being	produced	by	mating	1111	by	1112,	(c)	find	the	fraction	of	the	dark-pigmented	offspring	from	I1	x	I13	that	is	expected	to	be	heterozygous.	I	111	2	1	Legend:	=	dark	pigment	@	3	=	sable	4	0	=	spotted	SINGLE-GENE	INHERITANCE	CHAP.	21	43	Review	Questions
Matching	Questions	In	guinea	pigs,	black	coat	color	is	dominant	over	white.	Match	the	correct	answer	in	the	right	column	with	the	question	in	the	left	column.	Female	Male	1.	BB	2	.	BB	3	.	BB	4.	BB	5	.	Bb	6	.	Bb	7.	bB	8.	bB	9.	bb	10.	bb	X	x	x	X	x	x	x	x	x	X	BB	Bb	bb	Bb	Bb	Bb	bb	bb	bb	bb	Progeny	=	genotypic	ratio?	=	phenotypic	ratio?	=	genotypic
ratio?	=	genotypic	ratio?	=	phenotypic	ratio?	=	genotypic	ratio?	=	phenotypic	ratio?	=	=	=	genotypic	ratio?	phenotypic	ratio?	genotypic	ratio?	A.	All	Bb	:	t	white	C.	All	bb	D.	a	BB	:	f	Bb	:	d	bb	E.	All	white	F.	All	BB	G.	$	white	:	f	black	H.	f	BB	:	4	Bb	I.	f	B	b	:	i	b	b	J.	All	black	B.	3	black	Vocabulary	For	each	of	the	following	definitions,	give	the	appropriate
term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated	otherwise.	1.	Any	measurable	or	distinctive	characteristic	or	trait	possessed	by	an	organism.	2.	The	genetic	endowment	of	an	individual	or	cell.	3.	A	cell	produced	by	the	union	of	gametes	carrying	identical	alleles.	4.	A	cell	produced	by	the	union	of	gametes	carrying	different	alleles.	5.
Adjective	descriptive	of	an	allele	that	is	not	expressed	in	a	heterozygote;	also	descriptive	of	the	phenotype	produced	when	the	allele	is	homozygous.	6.	Any	phenotype	that	is	extremely	rare	in	a	natural	population.	(One	or	two	words.)	7.	Adjective	describing	any	pair	of	alleles	that	interact	in	the	heterozygous	condition	to	produce	a	phenotype	different
from	those	of	the	respective	homozygotes.	(One	or	two	words.)	8.	Any	gene	that	when	homozygous	results	in	death	of	the	individual	prior	to	sexual	maturity.	(One	or	two	words	.)	9.	The	proportion	of	individuals	of	a	specified	genotype	that	shows	the	expected	phenotype.	10.	The	degree	of	effect	produced	by	a	given	genotype	under	a	given	set	of
environmental	conditions	or	over	a	range	of	environmental	conditions.	True-False	Questions	Answer	each	of	the	following	questions	either	true	(T)	or	false	(F).	1.	A	phenotype	is	either	the	product	of	gene	or	of	environmental	influences.	2.	Bamng	mutation,	a	pure	line	is	expected	to	breed	true	to	type.	3.	An	individual	with	a	hybrid	genotype	or	in	a
carrier	state	must	also	be	heterozygous.	4.	The	simplest	multiple	allelic	system	consists	of	3	alleles.	5.	A	backcross	is	equivalent	to	a	testcross.	44	SINGLE-GENE	INHERITANCE	6.	In	pedigrees,	circles	represent	males	and	squares	represent	females.	7.	The	probabilities	of	independent	events	are	added	to	find	the	probability	of	their	joint	occurrence
[CHAP.	2	8	.	Codominant	alleles	cannot	express	lethality	when	homozygous.	9.	Dominant	traits	are	expected	to	be	the	most	frequent	phenotypes	in	a	population.	10.	The	F7	generation	is	conventionally	produced	by	random	union	of	the	F,	gametes.	Multiple-Choice	Questions	Choose	the	one	best	answer.	Questions	1-5	use	the	following	information.	In
guinea	pigs,	black	coat	color	(governed	by	gene	B	)	is	a	dominant	trait,	and	white	(attributed	to	allele	6)	is	a	recessive	trait.	1.	A	black	female	is	testcrossed,	producing	6	black	offspring.	The	probability	that	a	heterozygous	black	female	(	U	)	50%	(	h	)25%	(c)	1%	(	d	)	cannot	be	determined	would	do	this	by	chance	alone	is	approximately	from	the
information	given	(	U	)	none	of	the	above	2.	A	mating	that	is	expected	to	produce	50%	homozygotes	and	50%	heterozygotes	is	x	Bh	(	c	)	hh	X	Bh	((1)	two	of	the	above	(	e	)	matings	U	,	h,	and	c*	above	3.	When	heterozygous	black	pigs	are	intercrossed,	approximately	what	fraction	of	the	black	progeny	are	expected	to	be	homozygous?	((I)	$	(	h	)	5	(c)	4	(
d	)	4	(	4	)none	of	the	above	4.	How	many	genetically	different	kinds	of	matings	can	be	made	in	a	population	containing	these	2	allelcs	(ignoring	reciprocal	crosses)'?	(U)	4	(	h	)6	(c)	8	(	d	)	more	than	8	(	4	)	none	of	the	above	(	a	)BB	X	5.	When	heterozygous	black	pigs	are	intercrossed	the	chance	of	the	first	2	offspring	being	black	is	than	75%	(	c	)44%	(	h
)	56%	(	d	)	6%	(P)	Bh	(	h	)Bh	((I)	more	none	of	the	above	6.	The	A	B	0	blood	groups	of	humans	are	determined	by	3	alleles	(Example	2.15).	How	many	genotypes	are	(U)	3	(	b	)4	(	c	)6	(	d	)	8	(	P	)	none	of	the	above	possible	for	these	phenotypes'?	7.	A	mother	of	blood	group	0	has	a	group	0	child.	The	father	could	be	(	c	)	A	o	r	B	(	d	)	AB	only	(	e	)	none	of
the	above	8.	How	many	different	genotypes	can	exist	in	a	population	with	the	dominance	hierarchy	R	"	>	g"	>	g'	>	g''?	(	u	)6	(	h	)	X	(c)	16	(	d	)	more	than	16	(	e	)	none	of	the	above	9.	Snapdragon	flowers	can	be	red	(C'C'),	pink	(C'C")	or	white	(C"C").	When	red-flowered	plants	are	crossed	to	white-flowered	plants,	the	possibility	of	an	F1	offspring	being
homozygous	is	(	a	)	f	(	h	)	4	(c)	((1)	&	(	4	)none	of	the	above	10.	When	snapdragons	with	pale-green	leaves	are	intercrossed,	their	adult	progeny	consist	of	approximately	1	dark	green:	2	pale	green.	What	portion	of	all	F,	zygotes	are	expected	to	reach	sexual	maturity?	((1)	:	(	h	)0.75	(	c	)	SO%	(	d	)	66.7%	(	U	)	none	of	the	above	(	a	)	A	or	B	or	0	(	h	)	0
only	Answers	to	Supplementary	Problems	2.12.	Rh	x	Bh	2.13.	(IJ)	hh	=	white,	2.34.	((I)	fBB	:	JBh	:	Shh,	(	h	)Bh	black	:	white;	(	h	)$Bh	=	black	:	ihh	=	white	CHAP.	21	45	SINGLE-GENE	INHERITANCE	2.15.	4	wild-type	s	+	s	:	f	sepia	ss	2.16.	(U)	2.17.	(	a	)Ll	female	x	11	male,	(	b	)	1	short	:	1	long,	2.18.	f	W	w	=	wire-haired	:	fwwi	=	smooth	2.19.	ft	2.20.	(
a	)	$BB	:	$Bb,	all	red;	(	b	)fBb	2.21.	(a)f	,	2.22.	(a)	10,	(	b	)	l	O	(	i	)	y	f	y	=	2.23.	(	a	)	Single	pair	of	codominant	alleles	(	b	)F"FS	=	splashed-white	:	F	S	F	B	=	Blue	Andalusian	:	F	B	F	R	=	black	2.24.	3C"C"	=	yellow	:	iCyCu'	=	cream	:	fC"CW	=	white	2.25.	&	long	:	f;:	oval	:	2.26.	(	a	)	I	Palomino:	1	non-Palomino	(	b	)	IOO%,	DID'	x	DID'	=	all	DID'	(chestnut);
similarly	D'D'	(	c	)	D'D'	(chestnut)	X	D'D'	(cremello)	$,	(	b	)i$,	(c)	2(:	x	f	)	sf	=	=	(c)	4	red:	dhb	=	silver-black;	(c)	all	Bb	(	h	)	&,	(	c	)	2	black	and	white	:	ft	red	and	white,	=	red	(d)	7	black	and	white	:	1	red	and	white	H	round	X	D'D'	=	all	D'D'	(cremello)	2.27.	Creepers	are	heterozygous.	Normal	birds	and	lethal	zygotes	are	homozygous	for	alternative
alleles.	One	of	the	alleles	is	dominant	with	respect	to	the	creeper	phenotype;	the	other	allele	is	dominant	with	respect	to	viability.	2.28.	4	normal	:	4	hairless	&,	dark-green	CGCG:	&	light-green	C	G	C	Y	2.30.	(	a	)	f	,	(	b	)	$	2.29.	2.31.	f	Pelger	:	f	normal	2.32.	Alexandria	type	(white	eye)	=	AA,	Aa",	Aa;	normal	type	(yellow	eye)	=	a	'	'	~	'	'~,	"	aPrimrose	:
Queen	type	(large	yellow	eye)	=	aa	2.33.	(a)	$	M	H	M	H:	$MRM;	all	restricted	(6)	f	M	H	M	R:	$	M	R	m	;all	restricted	(	d	)	i	M	H	M	:	i	M	X	m:	:Mm	:	Imm;	f	restricted	:	I	mallard	:	j	dusky	(	e	)	f	M	m	=	mallard	:	anim	=	dusky	(	c	)	j	M	H	M	H:	dMRm	:	i	M	K	M	:	i	M	m	;	$	restricted	:	imallard	2.34.	(	a	)	Embryos	=	fS'S':$S3S4	Endosperms	=	f	S	'	S	'	S	'	:
$S4S4S3	(b)	None	(	c	)	Embryos	=	is's2:	:	S	'	S	J	:	aS'S'.	.	:S'S4;	Endosperms	=	ISIS'S'	:	IS'S'S':	:S'S'S'	:	:S'S'S'	(	d	)	Embryos	=	f	S	'S4	:	1	S	'S',	endosperms	=	fS'S?SJ:4S'S'S'	2.35.	(	a	)	F	I	=	$EDE(black	with	trace	of	agouti)	:	$EDe(nonagouti	black);	F1	=	f	E	D	E	D	:i	E	D	e	:i	E	"	E	:	h	E	E	:	REe:	A	e	e	;	4	nonagouti	black	:	f	black	with	trace	of	agouti	:	;f:
full	color	:	&	reddish-yellow	(	b	)	F	I	=	dEDe	(nonagouti	black)	:	dee	(reddish-yellow);	nonagouti	black	:	&	reddish-yellow	F2	=	&	E	D	E	D	:	%EDe:	ⅇ	2.36.	fSs"	:	SSs'	:	Ss"s	:	f	s	'	s	;	2.37.	(	a	)The	man	could	be	the	father,	but	paternity	cannot	be	proved	by	blood	type.	In	certain	cases.	a	man	may	be	excluded	as	a	father	of	a	child	[see	part	(	d	)	]	.	(6)
lBiman	x	lAi	woman.	(	c	)/	'	I	R	,	(	d	)	n	o	#	full	color	:	2	dilute,	2.38.	(U)	2.39.	(	a	)	0,	(h)	f	,	2.40.	(	a	)	if,	(	b	)0,	(1'1	(c)	4	Dutch-belted	:	b	Hereford-type	spotting	:	f	solid	color	(	h	)	50%.	0,	(	d	)	f	,	-&,	(d)	(1')	$	(	e	)	if	k	Note:	The	solution	to	2.40	(c),	at	top	of	page	46,	serves	as	an	example	for	solving	all	parts	of	2.40	and	2.41.	46	SINGLE-GENE
INHERITANCE	Solution	to	problem	2.40	(c)	-	Mating	table	for	I113	x	1114:	Gametes	hR	:	4r	all	R	(4)	=	4R	J(4R	:	fr)	=	fR	:	f	r	I113	is	Rr	(probability	=	1.0)	I114	may	be	RR	(probability	=	f	)	I114	may	be	Rr	(probability	=	4)	Total	R	gametes	for	I114	=	1	+	f	=	$	Total	r	gametes	for	I114	=	f	Summary:	#UR	:	bRr	:	8~	But	IVl	is	not	IT.	Therefore,	the
probability	that	IV1	is	Rr	is	$,	not	-	4	Mating	table	for	I116	x	1117:	Gametes	I116	may	be	Rr	(probability	=	4)	#(hR	fr)	=	aR	:	ar	I116	may	be	RR	(probability	=	4)	$(all	R)	=	fR	Total	R	gametes	for	1116	=	+	4	=	Total	r	gametes	for	I116	=	a	I117	has	the	same	gametic	frequencies	as	1116	a	[CHAP.	2	+	Summary:	&RR	:	&Rr	:	&rr	But	IV2	is	not	IT.
Therefore,	the	probability	that	IV2	is	Rr	is	I%,	not	fs;.	The	joint	probability	that	IVl	is	Rr	(j)and	IV2	is	Rr	(&)	and	their	mating	produces	a	rr	offspring	2.42.	I	I	=	A	'	a	'	,	12	=	u'u',	I11	=	u	'	u	'	,	I12	=	u	'	u	'	,	I13	I112	=	A'-(A'U'	o	r	A	'	u	'	)	,	I113	=	u'u',	I114	=	u'u'.	(	h	)	$.	(c.)	f	((i)	=	A'u',	(a)	=	&	I14	=	u	'	u	'	,	1111	=	=	&.	u'u',	Answers	to	Review
Questions	Matching	Questions	1.	F	.	2.	J	3.	A	4.	H	5.	B	6.	D	7.	G	8.	I	9.	E	10.	C	Vocabulary	6.	mutant	type	7.	codominant,	incompletely	dominant,	partially	dominant,	semidominant	8.	lethal	gene	9.	penetrance	10.	expressivity	I	.	phenotype	2.	genotype	3.	homozygote	(homozygous	cell)	4.	heterozygote	(heterozygous	cell)	5.	recessive	True-False
Questions	5	.	F	(only	if	the	backcross	involves	mating	an	offspring	of	dominant	4.	T	I	.	F(orboth)	2.	T	3.	T	6.	F	(vice	versa)	7.	F	(multiplied)	8	.	F	(see	phenotype	back	to	a	parent	with	recessive	phenotype)	9	.	F	(frequencies	of	genes	are	a	function	of	evolutionary	forces,	such	as	natural	selecExample	2.1	1	)	tion)	10.	T	Multiple-Choice	Questions	1.c	2.r
3.d	4.b	5.b	6.c.	7.a	8.e(lOgenotypes)	9.b	10.a	Chapter	3	Two	or	More	Genes	INDEPENDENT	ASSORTMENT	In	this	chapter	we	shall	consider	simultaneously	two	or	more	traits,	each	specified	by	a	different	pair	of	independently	assorting	autosomal	genes,	i.e.,	genes	on	different	chromosomes	other	than	the	sex	chromosomes.	Example	3.1.	In	addition
to	the	coat	color	locus	of	guinea	pigs	introduced	in	Chapter	2	(	B	-	=	black,	bb	=	white),	another	locus	on	a	different	chromosome	(independently	assorting)	is	known	to	govern	length	of	hair,	such	that	L-	=	short	hair	and	I1	=	long	hair.	Any	of	4	different	genotypes	exist	for	the	black,	short-haired	phenotype:	BBLL,	BBLI,	BbLL,	BbLI.	Two	different
genotypes	produce	a	black,	long-haired	pig:	BBll	or	Bbll;	likewise	2	genotypes	for	a	white,	short-haired	pig:	bbLL	or	bbLI;	and	only	1	genotype	specifies	a	white,	longhaired	pig:	6611.	A	dihybrid	genotype	is	heterozygous	at	2	loci.	Dihybrids	form	4	genetically	different	gametes	with	approximately	equal	frequencies	because	of	the	random	orientation	of
nonhomologous	chromosome	pairs	on	the	first	meiotic	metaphase	plate	(Chapter	1).	Example	3.2.	A	dihybrid	black,	short-haired	guinea	pig	(BbLI)	produces	4	types	of	gametes	in	equal	frequencies.	Gametes	Freauencv	A	summary	of	the	gametic	output	for	all	9	genotypes	involving	two	pairs	of	independently	assorting	factors	is	shown	below.	Genotypes
BBLL	BBLl	BBll	BbLL	BbLl	Bbll	bbLL	bbLI	bbll	Gametes	in	Relative	Freauencies	All	BL	$BL	:	f	B	l	All	BI	$BL	:	f	b	L	aBL	:	4BI	:	$bL	abl	$Bl	:	bbl	All	bL	bbL	:	i	b	l	All	bl	A	testcross	is	the	mating	of	an	incompletely	known	genotype	to	a	genotype	that	is	homozygous	recessive	at	all	of	the	loci	under	consideration.	The	phenotypes	of	the	offspring	produced
by	a	testcross	reveal	the	number	of	different	gametes	formed	by	the	parental	genotype	under	test.	When	all	of	the	gametes	of	an	individual	are	known,	the	genotype	of	that	individual	also	becomes	known.	A	monohybrid	testcross	gives	a	1	:	1	phenotypic	ratio,	indicating	that	one	pair	of	factors	is	segregating.	A	dihybrid	testcross	gives	a	1	:	1	:	1	:	1
ratio,	indicating	that	two	pairs	of	factors	are	segregating	and	assorting	independently.	47	48	TWO	OR	MORE	GENES	[CHAP.	3	Example	3.3.	Testcrossing	a	dihybrid	yields	a	1	:	1	:	1	:	1	genotypic	and	phenotypic	ratio	among	the	progeny.	Parents	:	BbLl	black,	short-haired	F,:	4BbLl	iBbl1	f	bbL1	4	bbll	bbll	white,	long-haired	X	black,	short-haired	black,
long-haired	white,	short-haired	white,	long-haired	SYSTEMS	FOR	SOLVING	DIHYBRID	CROSSES	1.	Gametic	Checkerboard	Method.	When	2	dihybrids	are	crossed,	four	kinds	of	gametes	are	produced	in	equal	frequencies	in	both	the	male	and	the	female.	A	4	X	4	gametic	checkerboard	can	be	used	to	show	all	16	possible	combinations	of	these
gametes.	This	method	is	laborious	and	time-consuming,	and	offers	more	opportunities	for	error	than	the	other	methods	that	follow.	Example	3.4.	P:	BBLL	black,	short	X	bbll	white,	long	F,:	BbLl	=	black,	short	Fz:	I	Male	Gametes	black	short	@	Female	Gametes	@	@	Proportions	?6	#	?6	#	a	R	d?	Q	d?	short	short	BBLl	BBll	BhLl	Bhll	black	short	black
long	black	black	long	short	BhLL	BhLl	hhLL	hhLI	black	short	black	short	white	short	white	short	BhLl	Bhll	hhLl	hhll	black	black	long	white	white	long	short	F2	Summary:	black	short	Genotypes	BB	LL	BB	Ll	BB	11	Bb	LL	Bb	Ll	Bb	11	bb	LL	bb	Ll	bb	11	short	Proportions	Phenotypes	16	Black,	short	Black,	long	White,	short	White,	long	&	A	fs	2.	Genotypic
and	Phenotypic	Checkerboard	Methods.	A	knowledge	of	the	monohybrid	probabilities	presented	in	Chapter	2	may	be	applied	in	a	simplified	genotypic	or	phenotypic	checkerboard.	CHAP.	31	49	W	O	OR	MORE	GENES	Example	3.5.	Genotypic	checkerboard.	F,:	BbLl	black,	short	BbLl	black,	short	X	Considering	only	the	B	locus,	B	b	X	B	b	produces	aBB,
$Bb,	and	abb.	Likewise	for	the	L	locus,	LI	X	Ll	produces	ILL,	iL1,	and	all.	Let	us	place	these	genotypic	probabilities	in	a	checkerboard	and	combine	independent	probabilities	by	multiplication.	Fz:	$Bb	4BbLL	dBbLI	QBbll	bb	&	bbLL	&	bbLI	bbll	i	I	F*:	a	Short	a	Long	I	$	Black	White	6	Black,	short	&	White,	short	&	Black,	long	&	White,	long	I	3.
Branching	Systems.	This	procedure	was	introduced	in	Chapter	1	as	a	means	for	determining	all	possible	ways	in	which	any	number	of	chromosome	pairs	could	orient	themselves	on	the	first	meiotic	metaphase	plate.	It	can	also	be	used	to	find	all	possible	genotypic	or	phenotypic	combinations.	It	will	be	the	method	of	choice	for	solving	most	examples	in
this	and	subsequent	chapters.	Example	3.7.	Genotypic	trichotomy.	+	BB	3Bh	+	hh	Example	3.8.	Phenotypic	dichotomy	4black	a	LL	ta+	t+	t+	3LI	I1	LL	LI	3	4	11	LL	LI	4	11	<	Ratio	16	I	-I	Genotypes	BB	LL	8	BB	LI	16	BB	I1	I	-	-I	8	Bh	LL	-I	4	B	h	LI	8	Bh	II	-I	I	16	-8I	-16I	Ratio	hh	LL	hh	LI	hh	II	Phenotypes	4short	Black,	short	long	Black,	long	3	short
White,	short	7	long	White,	long	4white	50	TWO	OR	MORE	GENES	[CHAP.	3	If	only	one	of	the	genotypic	frequencies	or	phenotypic	frequencies	is	required,	there	is	no	need	to	be	concerned	with	any	other	genotypes	or	phenotypes.	A	mathematical	solution	can	be	readily	obtained	by	combining	independent	probabilities.	Example	3.9.	To	find	the
frequency	of	genotype	BBLI	in	the	offspring	of	dihydrid	parents,	first	consider	each	locus	separately:	B	b	X	B	b	=	$	B	B	;	Ll	X	L1	=	4Ll.	Combining	these	independent	probabilities,	4	X	1	=	BBBLI.	Example	3.10.	To	find	the	frequency	of	white,	short	pigs	in	the	offspring	of	dihybrid	parents,	first	consider	each	trait	separately:	B	b	X	B	b	=	f	white	(bb);Ll
X	Ll	=	3	short	(	L	-	)	.Combining	these	independent	probabilities,	f	X	3	=	&	white,	short.	MODIFIED	DIHYBRID	RATIOS	The	classical	phenotypic	ratio	resulting	from	the	mating	of	dihybrid	genotypes	is	9	:	3	:	3	:	1	.	This	ratio	appears	whenever	the	alleles	at	both	loci	display	dominant	and	recessive	relationships.	The	classical	dihybrid	ratio	may	be
modified	if	one	or	both	loci	have	codominant	alleles	or	lethal	alleles.	A	summary	of	these	modified	phenotypic	ratios	in	adult	progeny	is	shown	below.	Allelic	Relationships	in	Dihybrid	Parents	*	First	Locus	Second	Locus	Dominant-recessive	Codominants	Dominant-recessive	Codominant	Let	ha1*	Codominants	Codominants	Codominant	lethal"
Codominant	lethal"	Codominant	lethal*	Expected	Adult	Phenotypic	Ratio	3	1	3	1	4	:	:	:	:	:	6	2	1	2	2	:	:	:	:	:	3	1	6	1	2	:	:	:	:	:	1	:	2	:	1	2	:	4	:	2	:	1	:	2	:	1	2	2	:	4	:	2	1	See	Example	2.	I	I	HIGHER	COMBINATIONS	The	methods	for	solving	two-factor	crosses	may	easily	be	extended	to	solve	problems	involving	three	or	more	pairs	of	independently	assorting
autosomal	factors.	Given	any	number	of	heterozygous	pairs	of	factors	(12)	in	the	F1,	the	following	general	formulas	apply:	Number	of	different	F,	gametic	combinations	allowing	for	recombination	of	all	F,	gametes	at	random	51	TWO	OR	MORE	GENES	CHAP.	3)	Solved	Problems	3.1.	Black	coat	color	in	Cocker	Spaniels	is	governed	by	a	dominant	allele
B	and	red	coat	color	by	its	recessive	allele	6	;	solid	pattern	is	governed	by	the	dominant	allele	of	an	independently	assorting	locus	S	,	and	spotted	pattern	by	its	recessive	allele	s.	A	solid-black	male	is	mated	to	a	solid-red	female	and	produces	a	litter	of	6	pups:	2	solid	black,	2	solid	red,	1	black	and	white.	and	I	red	and	white.	Determine	the	genotypes	of
the	parents.	Solution:	An	unknown	portion	of	a	genotype	will	be	indicated	by	a	dash	P:	solid-black	male	F,	:	B-S2	solid	black	:	2	solid	red	x	:	(-).	solid-red	fernale	1	black	and	urhitc	:	1	red	and	Ishitc	Whenever	a	homozygous	double-recessive	progeny	appears	(red	and	white	in	this	case).	each	o	f	the	parents	must	have	possessed	at	least	one	recessive
allele	at	each	locus.	The	black-and-white	pup	also	indicates	that	both	parents	were	heterozygous	at	the	S	locus.	The	solid-red	pups	likewise	indicate	that	the	male	parent	must	have	been	heterozygous	at	the	B	locus.	The	solid-black	pups	fail	to	be	of	any	help	in	determining	the	genotypes	of	these	parents.	Complete	genotypes	may	now	be	written	for
both	parents	and	for	2	of	the	pups.	P:	solid-black	male	B	bSs	F,:	(c')	solid-red	female	hhSs	BbShbSBlm	hhss	2	solid	black	:	2	solid	red	:	I	black	and	white	:	1	red	and	urhite	3.2.	How	many	different	crosses	may	be	made	of	factors,	and	X	from	any	given	number	from	a	single	pair	of	factors.	of	pairs	of	factors'?	(U)	t?	(/I)	from	two	pair3	Solution:	(	a	)	All
possible	matings	of	the	3	genotypes	produced	by	a	single	pair	of	factors	may	be	represented	in	a	genotypic	checkerboard.	The	symmetry	of	matings	above	and	below	the	squares	on	the	diagonal	becomes	obvious.	The	number	of	different	crosses	may	be	counted	as	follows:	3	in	the	first	column.	2	in	the	second.	and	I	in	the	third:	3	2	1	=	6	different
types	of	matings.	+	+	(	b	)	There	are	32	=	9	different	genotypes	possible	with	two	pairs	of	segregating	factors.	If	a	9	x	9	checkerboard	were	constructed,	the	same	symmetry	would	exist	above	and	below	the	squares	on	the	diagonal	as	was	shown	in	part	(	a	)	.	Again,	we	may	count	the	different	types	of	matings	as	an	arithmetic	progression	f	r	o	m	9	to
1	;	9	+	8	+	7	+	6	+	5	+	4	+	3	+	2	+	I	=	45.	52	TWO	OR	MORE	GENES	[CHAP.	3	(c)	The	sum	of	any	arithmetic	progression	of	this	particular	type	may	be	found	by	the	formula	M	=	&g'	+	g	)	where	M	=	number	of	different	types	of	matings,	and	g	=	number	of	genotypes	possible	with	n	pairs	of	factors.	3.3.	In	the	garden	pea,	Mendel	found	that	yellow
seed	color	was	dominant	to	green	(	Y	>	y)	and	round	seed	shape	was	dominant	to	shrunken	(S	>	s).	(a)	What	phenotypic	ratio	would	be	expected	in	the	F2	from	a	cross	of	a	pure	yellow,	round	X	green,	shrunken?	(b)	What	is	the	F2	ratio	of	yellow	:	green	and	of	round	:	shrunken?	Solution:	YY	ss	yellow,	round	P:	F,:	X	YY	ss	green,	shrunken	Y	y	ss	yellow,
round	F2:	yellow,	round	yellow,	shrunken	green,	round	green,	shrunken	&Y-S-	&	Y-ss	AyyS&yy	ss	(b)	The	ratio	of	yellow	:	green	=	(A	yellow,	round	+	yellow,	shrunken)	:	(&	green,	round	+	I$	green,	shrunken)	=	12	:	4	=	3	:	1.	The	ratio	of	round	:	shrunken	=	(&	yellow,	round	+	1;6	green,	round)	:	(	&	yellow,	shrunken	+	&	green,	shrunken)	=	12	:	4	=
3	:	1.	Thus	at	each	of	the	individual	loci	a	3	:	1	Fz	phenotypic	ratio	is	observed,	just	as	would	be	expected	for	a	monohybrid	cross.	3.4.	Tall	tomato	plants	are	produced	by	the	action	of	a	dominant	allele	D	,and	dwarf	plants	by	its	recessive	allele	d	.	Hairy	stems	are	produced	by	a	dominant	gene	H,	and	hairless	stems	by	its	recessive	allele	h.	A	dihybrid
tall,	hairy	plant	is	testcrossed.	The	F,	progeny	were	observed	to	be	1	18	tall,	hairy	:	121	dwarf,	hairless	:	112	tall,	hairless	:	109	dwarf,	hairy.	(a)	Diagram	this	cross.	(b)	What	is	the	ratio	of	tall	:	dwarf;	of	hairy	:	hairless?	(c)	Are	these	two	loci	assorting	independently	of	one	another?	Solution:	(U)	Dd	Hh	tall,	hairy	Parents:	X	dd	hh	dwarf,	hairless
Gametes:	F,:	I	Genotypes	Dd	Hh	Dd	hh	dd	Hh	dd	hh	1	Number	118	112	109	121	1	Phenotypes	I	Tall,	hairy	Tall	,	hairless	Dwarf,	hairy	Dwarf,	hairless	~	~~	~~~~~~	Note	that	the	observed	numbers	approximate	a	1	:	1	:	1	:	1	phenotypic	ratio.	+	112)	:	(109	+	121)	=	230:	230	or	1	:	I	ratio.	The	ratio	of	hairy	The	ratio	of	tall	:	dwarf	=	(	I	18	:	hairless	=
(1	18	+	109)	:	(1	12	+	121)	=	227	:	233	or	approximately	1	:	1	ratio.	Thus	the	testcross	results	for	each	locus	individually	approximate	a	1	:	1	phenotypic	ratio.	Whenever	the	results	of	a	testcross	approximate	a	1	:	1	:	1	:	1	ratio,	it	indicates	that	the	two	gene	loci	are	assorting	independently	of	each	other	in	the	formation	of	gametes.	That	is	to	say,	all
four	types	CHAP.	31	TWO	OR	MORE	GENES	53	of	gametes	have	an	equal	opportunity	of	being	produced	through	the	random	orientation	that	nonhomologous	chromosomes	assume	on	the	first	meiotic	metaphase	plate.	3.5.	A	dominant	allele	L	governs	short	hair	in	guinea	pigs	and	its	recessive	allele	1	governs	long	hair.	Codominant	alleles	at	an
independently	assorting	locus	specify	hair	color,	such	that	C	y	C	y	=	yellow,	CyCw	=	cream,	and	CwCw=	white.	From	matings	between	dihybrid	short,	cream	pigs	(LlC'C	w),	predict	the	phenotypic	ratio	expected	in	the	progeny.	Solution:	O.95	fb(994)	=	&(994)	=	h(994)	=	b(994)	=	I	0	d2	I	d2/e	9.61	5.76	43.56	1.21	0.0	17	0.03	1	0.234	0.019	x2	=	0.301
This	is	not	a	significant	chi-square	value,	and	thus	we	accept	the	null	hypothesis,	i.e.,	the	magnitude	of	the	deviation	(0	-	e)	is	to	be	expected	by	chance	alone	in	greater	than	95%	of	an	infinite	number	of	experiments	of	comparable	size.	This	is	far	above	the	critical	value	of	5%	necessary	for	acceptance	of	the	hypothesis.	We	may	therefore	accept	the
data	as	being	in	conformity	with	a	9	:	3	:	3	:	1	ratio,	indicating	that	the	gene	for	cotyledon	color	assorts	independently	of	the	gene	for	pod	form.	7.13.	Pure	red-fleshed	tomatoes	crossed	with	yellow-fleshed	tomatoes	produced	an	all	red	F1.	Among	400	F2	plants,	90	were	yellow.	It	is	hypothesized	that	a	single	pair	of	alleles	is	involved	such	that	Y-	=	red
and	yy	=	yellow.	Test	this	hypothesis	by	use	of	formula	(7.6).	Solution:	P:	x	W	(red)	F1:	YY	(red)	(expectations)	Y-	(red)	tYY	(yellow)	F2:	Let	a	=	number	of	yellow-fleshed	fruits	310,	r	=	expected	ratio	of	a	to	b	=	4.	Then	x2	y	y	(yellow)	=	90,	b	w2-r(a	+	6	)	=	(a	-	df	=	1	=	number	of	red-fleshed	fruits	=	400	-	90	=	-	4(310)i2=	1.33	J(90	+	310)	p	=	0.2-0.3
This	is	not	a	significant	value	and	hence	we	may	accept	the	hypothesis.	Some	work	can	be	saved	in	this	method	by	always	letting	the	larger	number	=	a.	Let	a	=	number	of	red-fleshed	fruits	=	310,	b	=	number	of	yellow-fleshed	fruits	=	90,r	=	expected	ratio	of	a	to	6	=	3.	Then	x2	=	[310	-	3(90)l2	-	-	-	-	1.33	3(400)	1200	170	[CHAP.	7	STATISTICAL
DISTRIBUTIONS	7.14.	A	total	of	160	families	with	4	children	each	were	surveyed	with	the	following	results:	Girls	Families	7	55	50	16	32	Is	the	family	distribution	consistent	with	the	hypothesis	of	equal	numbers	of	boys	and	girls?	Solution:	Let	a	=	probability	of	a	girl	=	$,	b	=	probability	of	a	boy	=	1.	(a	+	b)4	=	a'	+	4a3b	+	+	6a2b2	0	boys	Expected
number	with	4	girls	3	girls	2	girls	1	girl	0	girls	x2	=	(7	-	10)*	10	and	0	boys	and	1	boy	and	2	boys	and	3	boys	and	4	boys	=	&(	160)	=	10	=	A(	160)	=	40	=	A(160)	=	60	=	I%(	160)	=	40	=	&(160)	=	10.	-	40)2	(55	-	60)2	+	60	+	(50	40	df	=	5	-	1	=	4	+	Then	(32	-	40)2	+	40	(16	-	10)*	=	9.02	10	p	=	0.05-0.10	This	value	is	close	to,	but	less	than,	the	critical
value	9.49.	We	may	therefore	accept	the	hypothesis,	but	the	test	would	be	more	definitive	if	it	could	be	run	on	a	larger	sample.	It	is	a	well-known	fact	that	a	greater	mortality	occurs	in	males	than	in	females	and	therefore	an	attempt	should	be	made	to	ascertain	family	composition	on	the	basis	of	sex	of	all	children	at	birrh	including	prematures,
aborted	fetuses,	etc.	Correction	for	Small	Samples	7.15.	In	Problem	7.11(6),	it	was	shown	that	observations	of	60	:	40	produced	a	significant	chi-square	at	the	5%	level	when	uncorrected	for	continuity.	Apply	the	Yates	correction	for	continuity	and	retest	the	data.	0	e	60	40	50	50	[)o	-	el	-	0.51	10	-	0.5	=	9.5	-	0.5	=	9.5	10	[lo	x'	-	el	-	0.51'	90.25	90.25	=
180.50/50	=	3.61	Notice	that	the	correction	0.5	is	always	applied	to	the	absolute	value	(0-	el	of	the	deviation	of	expected	from	observed	numbers.	This	is	not	a	significant	chi-square	value.	Because	the	data	are	discrete	(jumping	from	unit	to	unit)	there	is	a	tendency	to	underestimate	the	probability,	causing	too	many	rejections	of	the	null	hypothesis.
The	Yates	correction	removes	this	bias	and	produces	a	more	accurate	test	near	the	critical	values	(column	headed	by	a	probability	of	0.05	in	Table	7.2).	CHAP.	71	STATISTICAL	DISTRIBUTIONS	171	Supplementary	Problems	THE	BINOMIAL	EXPANSION	7.16.	Black	hair	in	the	guinea	pig	is	dominant	to	white	hair.	In	families	of	5	offspring	where	both
parents	are	heterozygous	black,	with	what	frequency	would	we	expect	to	find	(	a	)	3	whites	and	2	blacks,	(	6	)	2	whites	and	3	blacks,	(	c	)	1	white	and	4	blacks,	(	d	)all	whites?	7.17.	In	families	of	size	3,	what	is	the	probability	of	finding	the	oldest	child	to	be	a	girl	and	the	youngest	a	boy‘?	7.18.	In	families	of	five	children,	what	is	the	probability	of
finding	(	a	)	3	or	more	boys,	(	b	)	3	or	more	boys	or	3	or	more	girls?	7.19.	A	dozen	strains	of	corn	are	.available	for	a	cross-pollination	experiment.	How	many	different	ways	can	these	strains	be	paired?	7.20.	Five	coat	colors	in	mice	are	agouti,	cinnamon,	black,	chocolate,	and	albino.	(	a	)	List	all	of	the	possible	crosses	between	different	phenotypes.	(	b
)Verify	the	number	of	different	crosses	by	applying	formula	(7.	I).	7.21.	In	mice	litters	of	size	8	,	determine	(	a	)the	most	frequently	expected	number	of	males	and	females,	(	b	)the	term	of	the	binomial	part	(	a	)	represents,	(	c	)	the	percentage	of	all	litters	of	size	8	expected	to	have	4	males	and	4	females.	7.22.	There	are	at	least	12	alleles	at	the	sex-
linked	“white”	locus	in	Drosophila.	Find	the	number	of	possible	(	a	)genotypes,	(	6	)types	of	matings.	7.23.	White	plumage	in	chickens	can	result	from	the	action	of	a	recessive	genotype	CT	or	from	the	action	of	an	independently	assorting	dominant	gene	1.	The	White	Plymouth	Rock	breed	has	genotype	ccii	and	the	White	Leghorn	breed	has	genotype



CCII.	The	hybrid	bird	produced	by	crossing	these	two	breeds	is	also	white.	How	frequently	in	clutches	(a	nest	of	eggs;	a	brood	of	chicks)	of	10	chicks	produced	by	hybrid	birds	would	you	expect	to	find	5	colored	and	5	white	chicks?	7.24.	A	case	of	dominant	interaction	among	coat	colors	has	been	discovered	in	the	dog:	B-	results	in	black,	bb	in	brown;	I
-	inhibits	color	development,	ii	allows	color	to	be	produced.	White	dogs	of	genotype	BBII	testcrossed	to	brown	dogs	produce	all-white	puppies	in	the	F	I	.	In	the	FZ,determine	the	fraction	of	all	litters	of	size	6	that	is	expected	to	contain	3	white,	1	black,	and	2	brown	puppies.	7.25.	A	pair	of	alleles	in	the	rat,	C	and	c	,	act	on	coat	color	in	such	a	way	that
the	genotypes	CC	and	Cc	allow	pigment	to	be	produced,	but	the	genotype	cc	prevents	any	pigment	from	being	produced	(albinos).	Black	rats	possess	the	dominant	gene	R	of	an	independently	assorting	locus.	Cream	rats	are	produced	by	the	recessive	genotype	rr.	When	black	rats	of	genotype	RRCC	are	testcrossed	to	albino	rats,	the	FI	is	all	black.
Determine	the	percentage	of	F2	litters	of	size	7	which	is	expected	to	have	4	black,	2	cream,	and	1	albino.	7.26.	Two	independently	assorting	loci,	each	with	codominant	allelic	pairs,	are	involved	in	the	shape	and	color	characteristics	of	radishes.	The	shape	may	be	long	or	round,	due	to	different	homozygous	genotypes,	or	oval	due	to	the	heterozygous
genotype.	The	color	may	be	red	or	white	due	to	different	homozygous	genotypes,	or	purple	due	to	the	heterozygous	genotype.	A	long	white	variety	is	crossed	to	a	round	red	variety.	The	F,	is	all	oval	purple.	A	dozen	seeds	are	saved	from	each	self-pollinated	FI	plant	and	grown	out	the	next	season	in	sibling	groups.	Assuming	100%	germination,
determine	the	proportion	of	plants	in	each	group	of	a	dozen	progeny	expected	to	exhibit	5	oval,	purple:	3	oval,	white:	2	round,	purple:	1	long,	purple:	1	round,	red.	THE	POISSON	DISTRIBUTION	7.27.	A	bacterial	suspension	contains	5	million	cells	per	milliliter.	This	culture	is	serially	diluted	tenfold	in	six	successive	tubes	by	adding	1	milliliter	from	the
previous	tube	into	9	milliliters	of	diluent	fluid.	(	a	)	How	172	STATISTICAL	DISTRIBUTIONS	[CHAP.	7	many	cells	per	milliliter	are	expected	in	the	sixth	dilution	tube?	(6)	If	p	=	5	and	e	-	5	=	0.006738	(Table	7.	l),	calculate	the	probabilities	of	finding	in	the	sixth	tube	0,	1,	2,	3,	4	cells.	(c)	Suppose	that	5	cells	are	found	in	the	sixth	tube.	Give	the	95%
confidence	limits	for	this	estimate	of	the	sixth-tube	mean.	Hint:	Confidence	limits	of	95%	are	within	If:2	standard	deviations	of	the	mean.	The	variance	is	the	square	of	the	standard	deviation.	(d)	Suppose	that	each	tube	contains	the	expected	number	of	cells.	Which	tube	contains	the	greatest	dilution	from	which	the	estimate	of	the	mean	number	of	cells
in	the	tube	is	accurate	to	within	about	10%	of	the	mean	itself?	7.28.	Radioactive	elements	are	extensively	used	in	molecular	genetic	research.	Radioactive	disintegration	of	these	atoms	follow	a	Poisson	distribution.	What	is	the	error	of	estimating	the	mean	number	of	radioactive	disintegrations	per	minute	(dpm)	if	100	dpm	are	actually	detected	when
counted	for	(a)	1	minute?	(	6	)	100	minutes?	Hint:	The	95%	confidence	limits	are	approximated	by	the	mean	5	2	standard	deviations.	The	variance	is	the	square	of	the	standard	deviation.	7.29.	If	two	linked	genes	produce	27.5%	recombinants,	estimate	the	probable	amount	of	crossing	over	that	actually	occurred	between	these	loci,	assuming	that	the
probability	of	0,	1,	2,	.	.	.	,	n	exchanges	occur	during	meiosis	according	to	a	Poisson	distribution.	TESTING	GENETIC	RATIOS	Determine	the	number	of	degrees	of	freedom	when	testing	the	ratios	(	a	)	3	:	1,	(6)	9	:	3	:	3	:	1,	(c)	1	:	2	:	1,	(d)	9	:	3	:	4.	Find	the	number	of	degrees	of	freedom	in	applying	a	chi-square	test	to	the	results	from	(e)	testcrossing	a
dihybrid,	(f	)	testcrossing	a	trihybrid,	(g)	trihybrid	X	trihybrid	cross,	(h)	mating	repulsion	dihybrid	Drosophila	males	and	females.	Two	phenotypes	appear	in	an	experiment	in	the	numbers	4	:	16.	(	a	)	How	well	does	this	sample	fit	a	3	:	1	ratio?	Would	a	sample	with	the	same	proportional	deviation	fit	a	3	:	1	ratio	if	it	were	(	6	)	10	times	larger	than	(	a	)	,
(c)	20	times	larger	than	(a)?	The	flowers	of	four	o’clock	plants	may	be	red,	pink,	or	white.	Reds	crossed	to	whites	produced	only	pink	offspring.	When	pink	flowered	plants	were	crossed	they	produced	113	red,	129	white,	and	242	pink.	It	is	hypothesized	that	these	colors	are	produced	by	a	single-gene	locus	with	codominant	alleles.	Is	this	hypothesis
acceptable	on	the	basis	of	a	chi-square	test?	A	heterozygous	genetic	condition	called	“creeper”	in	chickens	produces	shortened	and	deformed	legs	and	wings,	giving	the	bird	a	squatty	appearance.	Matings	between	creepers	produced	775	creeper	:	388	normal	progeny.	(	a	)	Is	the	hypothesis	of	a	3	:	1	ratio	acceptable?	(6)	Does	a	2	:	1	ratio	fit	the	data
better?	(c)	What	phenotype	is	probably	produced	by	the	gene	for	creeper	when	in	homozygous	condition?	Among	fraternal	(nonidentical,	dizygotic)	twins,	the	expected	sex	ratio	is	1	MM	:	2	MF	:	1	FF	(M	=	male,	F	=	female).	A	sample	from	a	sheep	population	contained	50	MM,	142	MF,	and	61	FF	twin	pairs.	(	a	)Do	the	data	conform	within	statistically
acceptable	limits	to	the	expectations?	(6)	If	identical	(monozygotic)	twin	pairs	=	total	pairs	-	(2	X	MF	pairs),	what	do	the	data	indicate	concerning	the	frequency	of	monozygotic	sheep	twins?	Genetically	pure	white	dogs,	when	testcrossed	to	brown	dogs,	produce	an	all-white	F,.	Data	on	190	FZ	progeny:	136	white,	41	black,	13	brown.	These	coat	colors
are	postulated	to	be	under	the	genetic	control	of	two	loci	exhibiting	dominant	epistasis	(12	:	3	:	1	ratio	expected).	(	a	)	Test	this	hypothesis	by	chi-square.	(6)	When	the	F,	was	backcrossed	to	the	brown	parental	type,	the	following	numbers	of	phenotypes	appeared	among	70	progeny:	39	white,	19	black,	12	brown.	Are	these	results	consistent	with	the
hypothesis?	Pure	black	rats,	when	testcrossed	to	albinos,	produce	only	black	F,	offspring.	The	F2	in	one	experiment	was	found	to	consist	of	43	black,	14	cream,	and	22	albino.	The	genetic	control	of	these	coat	colors	is	postulated	to	involve	two	gene	loci	with	recessive	epistasis	(9	:	3	:	4	ratio	expected).	Is	the	genetic	hypothesis	consistent	with	the
data?	CHAP	71	173	STATISTICAL	DISTRIBUTIONS	7.37.	Colored	aleurone	in	corn	is	hypothesized	to	be	produced	by	the	interaction	of	2	dominant	genes	in	the	genotype	A-C-;	all	other	genotypes	at	these	two	loci	produce	colorless	aleurone.	A	homozygous	colored	strain	is	testcrossed	to	a	pure	colorless	strain.	The	FI	exhibits	only	kernels	with	colored
aleurone.	The	F2	exhibits	3300	colored	:	2460	colorless.	Analyze	the	data	by	chi-square	test.	7.38.	The	results	of	phenotypic	analysis	of	96	F2	progeny	in	two	replicate	experiments	is	shown	below.	I	I	Experiment	;	I	Phenotype	1	I	Phenotype	2	I	;:	I	I	I	Calculate	chi-square	for	each	experiment	assuming	a	(a)	3	:	1	ratio,	(b)	13	:	3	ratio.	(	c	)	Which
hypothesis	is	most	consistent	with	the	data?	7.39.	A	total	of	320	families	with	six	children	each	were	surveyed	with	the	results	shown	below.	Does	this	distribution	indicate	that	boys	and	girls	are	occurring	with	equal	frequency?	No.	of	girls	6	5	4	3	2	1	0	No.	of	boys	0	1	2	3	4	5	6	No.	of	families	6	33	71	99	69	37	5	L	7.40.	Yellowish-green	corn	seedlings
are	produced	by	a	gene	called	“virescent-4”	(	V	J	.	A	dark-brown	color	of	the	outer	seed	coat	called	“chocolate	pericarp”	is	governed	by	a	dominant	gene	Ch.	A	virescent-4	strain	is	crossed	to	a	strain	homogyzous	for	chocolate	pericarp.	The	FI	is	then	testcrossed.	The	resulting	progeny	are	scored	for	phenotype	with	the	following	results:	216	green
seedling,	light	pericarp	:	287	green	seedling,	chocolate	pericarp	:	293	virescent	seedling,	light	pericarp	:	204	virescent	seedling,	chocolate	pericarp.	(a)	Are	these	results	compatible	with	the	hypothesis	of	independent	assortment?	(b)	Perform	a	genetic	analysis	of	the	data	in	the	light	of	the	results	of	part	(a).	7.41.	Purple	anthocyanin	pigment	in
tomato	stems	is	governed	by	a	dominant	gene	A	,	and	its	recessive	allele	a	produces	green	stem.	Hairy	stem	is	governed	by	a	dominant	gene	HI,	and	hairless	stem	by	its	recessive	allele	hl.	A	dihybrid	purple,	hairy	plant	is	testcrossed	and	produces	73	purple,	hairy	:	12	purple,	hairless	:	75	green,	hairless	:	9	green,	hairy.	(a)	Is	the	F1	purple	:	green
ratio	compatible	with	the	expectation	for	alleles	(i.e.,	a	1	:	1	ratio)?	(6)	Is	the	F1	hairy	:	hairless	ratio	compatible	with	the	expectation	for	alleles	(i.e..	a	1	:	1	ratio)?	(c)	Test	the	F1	data	for	independent	assortment	(i.e.,	a	1	:	1	:	1	:	1	ratio).	What	conclusion	do	you	reach?	7.42.	In	guinea	pigs,	it	is	hypothesized	that	a	dominant	allele	L	governs	short	hair
and	its	recessive	allele	1	governs	long	hair.	Codominant	alleles	at	an	independently	assorting	locus	are	assumed	to	govern	hair	color.	such	the	following	that	C-T’	=	yellow,	CVC”	=	cream	and	C	w	C	w=	white.	From	the	cross	Ll	C	T	”	’	X	Ll	C”C”’,	progeny	were	obtained:	50	short	cream	:	21	short	yellow	:	23	short	white	:	21	long	cream	:	7	long	yellow	:
6	long	white.	Are	the	data	consistent	with	the	genetic	hypothesis?	Correction	for	Small	Samples	7.43.	A	dominant	gene	in	corn	(Kn)results	in	the	proliferation	of	vascular	tissues	in	a	trait	called	“knotted	leaf.”	A	heterozygous	knotted	leaf	plant	is	testcrossed	to	a	normal	plant	producing	153	knotted	leaf	and	178	normal	progeny.	Apply	Yates’	correction
in	the	calculation	of	chi-square	testing	a	1	:	1	ratio.	Are	these	results	consistent	with	the	hypothesis?	7.44.	Observations	of	30	:	3	in	a	genetic	experiment	are	postulated	to	be	in	conformity	with	a	3	:	1	ratio.	Is	a	3	:	1	ratio	acceptable	at	the	5%	level	on	the	basis	of	(a)	an	uncorrected	chi-square	test,	(6)	a	corrected	chisquare	test?	174	STATISTICAL
DISTRIBUTIONS	[CHAP.	7	Review	Questions	Multiple-Choice	Questions	Choose	the	one	best	answer.	For	questions	1-4,	use	the	following	information.	In	guinea	pigs,	black	(B-)	is	a	dominant	autosomal	trait;	white	(bb)	is	the	alternative	recessive	trait.	1.	In	families	of	size	3	from	heterozygous	parents,	the	probability	of	finding	2	black	and	1	white
progeny	is	(	a	)	&	(	6	)	83	(	c	)	8	(4	&	(	4	none	of	the	above	2.	In	families	of	size	4	from	the	parental	cross	Bb	x	bb,	the	probability	of	finding	equal	numbers	of	black	and	(a)	(	6	)	&	(	c	)	4	(d)	4	(e)	none	of	the	above	white	progeny	is	3.	In	families	of	size	4	where	both	parents	are	heterozygous,	the	probability	of	finding	the	oldest	offspring	white	(a)	&	(b)	Q
(	c	)	&	(d)	&	(e)	none	of	the	above	and	all	others	black	is	4.	In	families	of	size	5	from	heterozygous	parents,	the	probability	of	finding	2	black	males	and	3	white	females	(a)	&	(	6	)	&	(	c	)	&	(d)	(e)	none	of	the	above	is	5.	Given	an	autosomal	locus	with	6	alleles,	how	many	heterozygous	genotypes	can	be	formed?	(b)	15	(	c	)	18	(	d	)	24	(e)	none	of	the	above
6.	With	reference	to	problem	5	above,	approximately	what	percentage	of	all	possible	genotypes	is	represented	(a)	12	(b)	18	(	c	)	24	(	d	)	29	(e)	none	of	the	above	by	homozygotes?	7.	Given	5	alleles	at	a	sex-linked	locus	in	humans,	the	number	of	different	male	genotypes	possible	is	(a)	15	(	6	)	25	(c)	32	(d)	10	(e)	none	of	the	above	(	a	)	12	For	questions
8-10,	use	the	following	information.	In	guinea	pigs,	black	coat	color	is	autosomally	dominant	to	white.	A	heterozygous	male	is	crossed	to	several	heterozygous	females	and	produces	4	white	and	16	black	progeny.	8.	(a)	10	black	and	10	white	The	expected	numbers	are	black	(	d	)	3	black	and	1	white	(e)	none	of	the	above	9.	The	chi-square	value	is	10.
(a)	0.02	(	6	)	0.27	(	6	)	17.5	black	and	2.5	white	(c)	5	white	and	15	(c)	1.50	(d)	2.0	(e)	none	of	the	above	In	answering	this	question,	access	to	a	chi-square	table	(such	as	Table	7.2)	is	required.	The	correct	chisquare	value	for	question	9	is	(a)	significant,	calling	for	rejection	of	the	null	hypothesis	(b)	significant,	allowing	acceptance	of	the	genetic
hypothesis	(c)	nonsignificant,	calling	for	the	rejection	of	the	genetic	hypothesis	(6)	nonsignificant,	allowing	the	acceptance	of	the	null	hypothesis	(e)	nonsignificant,	invalidating	the	experimental	results	Answers	to	Supplementary	Problems	7.16.	(	a	)90/1024	(	6	)	270/1024	(c)	4031024	7.17.	a	(d)1/1024	7.18.	(	a	)3	7.19.	66	(6)	1.0	CHAP.	71	175
STATISTICAL	DISTRIBUTIONS	7.20.	(a)	(1)	agouti	X	cinnamon	(2)	agouti	X	black	(3)	agouti	X	chocolate	(4)	agouti	X	albino	(5)	cinnamon	X	black	(6)	cinnamon	x	chocolate	(7)	cinnamon	X	albino	(8)	black	X	chocolate	(9)	black	X	albino	(10)	chocolate	X	albino	7.21.	(a)	4	males	:	4	females	(6)	5th	7.22.	(a)	Males	=	12;	females	=	78	(6)	936	7.23.
252(#)5(&)5=	2.1%	by	4-place	logarithms	7.25.	9.25%	7.24.	12	15/65,536	7.26.	332,640/4,294,967,296	=	7.745	x	l	O	W	5	7.27.	(a)	5	cells	in	10	milliliters	=	0.5	cell/milliliter	(c)	27.34%	(6)	0	=	0.006738;	1	=	0.033690;	2	=	0.084225;	3	=	0.140375;	4	=	0.175469	(c)	0.03	to	9.97	d	)	The	fourth	tube	contains	500	cells.	The	95%	confidence	limits	=	500	5
2	a	2(22.36)	=	500	5	44.72	=	500	t	7.28.	7.29.	40%	7.30.	(a)	1	(6)	3	(c)	2	(	d	)	2	(e)	3	(f	)	7	(	g	)	7	(h)	2	(2	:	1	:	1	ratio	expected;	see	“crossover	suppression”	in	Chapter	6)	7.31.	(a)	x2	=	0.27;	p	=	0.5-0.7;	acceptable	(6)	x2	=	2.67;	p	=	0.1-0.2;	acceptable	(c)	x2	=	5.33;	p	=	0.01-0.05;	not	acceptable.	7.32.	Yes.	7.33.	(a)	x2	=	4	3	.	3	7	;	~<	0.001;	not
acceptable	(6)	x2	=	0.000421;p	>	0.95;	a	2	:	1	ratio	fits	the	data	almost	perfectly	(c)	Lethal	7.34.	(a)	x2	=	4.76;	0.10	>	p	>	0.05;	hypothesis	acceptable	(6)	Monozygotic	twins	are	estimated	to	be	-	31;	the	negative	estimate	indicates	that	identical	sheep	twins	are	rare	provided	that	unlike-sex	twins	do	not	have	a	survival	advantage	over	like-sex	twins.
7.35.	(a)	7.36.	Yes;	x2	=	0	.	3	5	;	~=	0.8-0.9	7.37.	9	:	7	ratio	expected;	x2	=	2.54;	p	=	0.1-0.2;	genetic	hypothesis	is	acceptable.	7.38.	(a)	Experiment	I:	x	2	=	0.22;	p	=	0.5-0.7.	(6)	Experiment	1:	x	2	=	4.38;	p	=	0.05-0.01.	(c)	3	:	1	ratio	7.39.	Yes.	x	2	=	2.83;	p	=	0.8-0.9;	the	distribution	is	consistent	with	the	assumption	that	boys	and	girls	occur	with	equal
frequency.	7.40.	(a)	No.	7.41.	~	0.001;	(a)	Yes.	x2	=	0	.	0	0	6	;	~=	0.90-0.95	(6)	Yes.	x2	=	0	.	1	4	8	;	~=	approx.	0.7	(c)	x	2	=	9	5	.	6	;	<	the	observations	do	not	conform	to	a	1	:	1	:	1	:	1	ratio,	therefore	genes	a	and	hl	are	probably	linked.	x2	=	x2	=	1.06;	p	=	0.5-0.7;	acceptable	1.22;	p	=	0.5-0.7;	acceptable	(6)	Yes;	expected	2	:	1	:	1	ratio;	x2	=	2.32;	p	=
0.3-0.5	x2	=	25.96;	p	C	0.001	Experiment2:	Experiment2:	x2	=	0	.	8	8	;	~=	0.3-0.5.	x2	=	0	.	2	7	;	~=	0.5-0.7.	(6)	v4	is	linked	to	Ch,	exhibiting	approximately	42%	recombination	176	STATISTICAL	DISTRIBUTIONS	7.42.	Yes;	x’	=	2.69;	p	=	0.7-0.8	7.43.	Yes;	x’	=	I	.74;	p	=	0.1-0.2	7.44.	(	a	)	No.	x’	=	4	.	4	5	;	~<	0.05	(h)	Yes.	x7	=	[CHAP.	7	3	.	6	4	;	~>
0.05	Answers	to	Review	Questions	l.h	2.e($)	3.u	4.e(&)	5.h	6.d	7.e(5)	8.c	9.h	10.d	Chapter	8	Cytogenetics	THE	UNION	OF	CYTOLOGY	WITH	GENETICS	Perhaps	one	reason	Mendel’s	discoveries	were	not	appreciated	by	the	scientific	community	of	his	day	(1865)	was	that	the	mechanics	of	mitosis	and	meiosis	had	not	yet	been	discovered.	During	the
years	187&1900	rapid	advances	were	made	in	the	study	of	cells	(cytology).	At	the	turn	of	the	century,	when	Mendel’s	laws	were	rediscovered,	the	cytological	basis	was	available	to	render	the	statistical	laws	of	genetics	intelligible	in	terms	of	physical	units.	Cytogenetics	is	the	hybrid	science	which	attempts	to	correlate	cellular	events,	especially	those
of	the	chromosomes,	with	genetic	phenomena.	VARIATION	IN	CHROMOSOME	NUMBER	Each	species	has	a	characteristic	number	of	chromosomes.	Most	higher	organisms	are	diploid,	with	two	sets	of	homologous	chromosomes:	one	set	donated	by	the	father,	the	other	set	by	the	mother.	Variation	in	the	number	of	sets	of	chromosomes	(ploidy)	is
commonly	encountered	in	nature.	It	is	estimated	that	one-third	of	the	angiosperms	(flowering	plants)	have	more	than	two	sets	of	chromosomes	(polyploid).	The	term	euploidy	is	applied	by	organisms	with	chromosomes	that	are	multiples	of	some	basic	number	(4.	1.	Euploidy.	(a)	Monoploid.	One	set	of	chromosomes	(n)	is	characteristically	found	in	the
nuclei	of	some	lower	organisms	such	as	fungi.	Monoploids	in	higher	organisms	are	usually	smaller	and	less	vigorous	than	the	normal	diploids.	Few	monoploid	animals	survive.	A	notable	exception	exists	in	male	bees	and	wasps.	Monoploid	plants	are	known	but	are	usually	sterile.	(b)	Triploid.	Three	sets	of	chromosomes	(3n)	can	originate	by	the	union
of	a	monoploid	gamete	(n)	with	a	diploid	gamete	(2n).	The	extra	set	of	chromosomes	of	the	triploid	is	distributed	in	various	combinations	to	the	germ	cells,	resulting	in	genetically	unbalanced	gametes.	Because	of	the	sterility	that	characterizes	triploids,	they	are	not	commonly	found	in	natural	populations.	(	c	)	Tetraploid.	Four	sets	of	chromosomes
(4n)can	arise	in	body	cells	by	the	somatic	doubling	of	the	chromosome	number.	Doubling	is	accomplished	either	spontaneously	or	it	can	be	induced	in	high	frequency	by	exposure	to	chemicals	such	as	the	alkaloid	colchicine.	Tetraploids	are	also	produced	by	the	union	of	unreduced	diploid	(2n)	gametes.	(i)	Autotetraploid.	The	prefix	“auto”	indicates
that	the	ploidy	involves	only	homologous	chromosome	sets.	Somatic	doubling	of	a	diploid	produces	four	sets	of	homologous	chromosomes	(autotetraploid).	Union	of	unreduced	diploid	gametes	from	the	same	species	would	accomplish	the	same	result.	Meiotic	chromosome	pairing	usually	produces	quadrivalents	(4synapsing	chromosomes)	that	can
produce	genetically	balanced	gametes	if	disjunction	is	by	2s,	i.e.,	2	chromosomes	of	the	quadrivalent	going	to	one	pole	and	the	other	2	to	the	opposite	pole.	If	disjunction	is	not	stabilized	in	this	fashion	for	all	quadrivalents,	the	gametes	will	be	genetically	unbalanced.	Sterility	will	be	expressed	in	proportion	to	the	production	of	unbalanced	gametes.	(ii)
Allotetraploid.	The	prefix	“allo”	indicates	that	nonhomologous	sets	of	chromosomes	are	involved.	The	union	of	unreduced	(2n)	gametes	from	different	diploid	species	could	produce,	in	one	step,	an	allotetraploid	that	appears	and	behaves	like	a	new	species.	Alternatively,	two	diploid	plant	species	may	hybridize	to	produce	a	sterile	diploid	F,.	The
sterility	results	from	the	failure	of	each	set	of	chromosomes	to	provide	sufficient	genetic	homology	to	affect	pairing.	The	177	178	CYTOGENETICS	[CHAP.	8	sterile	diploid	can	become	fertile	if	it	undergoes	doubling	of	the	chromosome	number.	The	allotetraploid	thus	produced	has	two	matched	sets	of	chromosomes	that	can	pair	just	as	effectively	as	in
the	diploid.	Double	diploids	of	this	kind,	found	only	in	plants,	are	called	amphidiploids.	Example	8.1.	Let	the	diploid	set	of	chromosomes	of	one	species	be	AA	and	that	of	the	other	species	be	BB.	P:	F,:	Amphidiploid:	AA	X	BB	(sterile	hybrid)	(chromosome	doubling)	AABB	(fertile)	AB	1	(	d	)	Polyploid.	This	term	can	be	applied	to	any	cell	with	more	than
2n	chromosomes.	Ploidy	levels	higher	than	tetraploid	are	not	commonly	encountered	in	natural	populations,	but	some	of	our	most	important	crops	are	polyploid.	For	example,	common	bread	wheat	is	hexaploid	(	6	n	)	,some	strawberries	are	octaploid	(	8	n	)	,	etc.	Some	triploids	as	well	as	tetraploids	exhibit	a	more	robust	phenotype	than	their	diploid
counterparts,	often	having	larger	leaves,	flowers,	and	fruits	(gigantism).	Many	commercial	fruits	and	ornamentals	are	polyploids.	Sometimes	a	specialized	tissue	within	a	diploid	organism	will	be	polyploid.	For	example,	some	liver	cells	of	humans	are	polyploid.	A	common	polyploid	with	which	the	reader	should	already	be	familiar	is	the	triploid
endosperm	tissue	of	corn	and	other	grains.	Polyploids	offer	an	opportunity	for	studying	dosage	effects,	i.e.,	how	two	or	more	alleles	of	one	locus	behave	in	the	presence	of	a	single	dose	of	an	alternative	allele.	“Dominance”	refers	to	the	masking	effect	that	one	allele	has	over	another	allele.	When	one	allele	in	the	pollen	is	able	to	mask	the	effect	of	a
double	dose	of	another	allele	in	the	resulting	endosperm,	the	former	is	said	to	exhibit	xenia	over	the	latter.	Example	8.2.	In	corn.	starchy	endosperm	is	governed	by	a	gene	S	that	shows	xenia	with	respect	to	its	allcle	for	sugary	endosperm	(	s	)	.	Four	genotypes	are	possible	for	these	triploid	cells:	starchy	=	SSS,	SSs,	Sss;	sugary	=	s	s	s	.	The	term
huploid,	strictly	applied,	refers	to	the	gametic	chromosome	number.	For	diploids	(2n)	the	haploid	number	is	n;	for	an	allotetraploid	(	4	n	)	the	haploid	(reduced)	number	is	2n;	for	an	allohexaploid	(6n)	the	haploid	number	is	3n;	etc.	Lower	organisms	such	as	bacteria	and	viruses	are	called	haploids	because	they	have	a	single	set	of	genetic	elements.
However,	since	they	do	not	form	gametes	comparable	to	those	of	higher	organisms,	the	term	“monoploid”	would	seem	to	be	more	appropriate.	2.	Aneuploidy	.	Variations	in	chromosome	number	may	occur	that	do	not	involve	whole	sets	of	chromosomes,	but	only	parts	of	a	set.	The	term	aneuploidy	is	given	to	variations	of	this	nature,	and	the	suffix	“-
somic”	is	a	part	of	their	nomenclature.	(	a	)	Monosomic.	Diploid	organisms	that	are	missing	one	chromosome	of	a	single	pair	are	monosomics	with	the	genomic	formula	2n	-	1	.	The	single	chromosome	without	a	pairing	partner	may	go	to	either	pole	during	meiosis,	but	more	frequently	will	lag	at	anaphase	and	fails	to	be	included	in	either	nucleus.
Monosomics	can	thus	form	two	kinds	of	gametes,	(	n	)	and	(	n	-	1).	In	plants,	the	n	-	1	gametes	seldom	function.	In	animals,	loss	of	one	whole	chromosome	often	results	in	genetic	unbalance,	which	is	manifested	by	high	mortality	or	reduced	fertility.	(	b	)	Trisomic.	Diploids	which	have	one	extra	chromosome	are	represented	by	the	chromosomal	formula
2n	+	1.	One	of	the	pairs	of	chromosomes	has	an	extra	member,	so	that	a	trivalent	structure	may	be	formed	during	meiotic	prophase.	If	2	chromosomes	of	the	trivalent	go	to	one	pole	and	the	third	goes	to	the	opposite	pole,	then	gametes	will	be	(	n	+	1	)	and	(	n	)	,respectively.	Trisomy	can	produce	different	phenotypes,	depending	upon	which
chromosome	of	the	complement	is	present	in	triplicate.	In	humans,	the	presence	of	one	small	extra	chromosome	(autosome	21)	has	a	very	deleterious	effect	resulting	in	Down	syndrome,	formerly	called	“mongolism.”	(c-)	Tetrasomic.	When	one	chromosome	of	an	otherwise	diploid	organism	is	present	in	quadruplicate,	this	is	expressed	as	2n	+	2.	A
quadrivalent	may	form	for	this	particular	chromosome	during	meiosis	which	then	has	the	same	problem	as	that	discussed	for	autotetraploids.	CHAP.	81	CYTOGENETICS	179	(	d	)	Double	Trisomic.	If	2	different	chromosomes	are	each	represented	in	triplicate,	the	double	trisomic	can	be	symbolized	as	2n	1	1.	+	+	(	e	)	Nullosomic.	An	organism	that	has
lost	a	chromosome	pair	is	a	nullosomic.	The	result	is	usually	lethal	to	diploids	(2n	-	2).	Some	polyploids,	however,	can	lose	2	homologues	of	a	set	and	still	survive.	For	example,	several	nullosomics	of	hexaploid	wheat	(6n	-	2)	exhibit	reduced	vigor	and	fertility	but	can	survive	to	maturity	because	of	the	genetic	redundancy	in	polyploids.	VARIATION	IN
CHROMOSOME	SIZE	In	general,	chromosomes	of	most	organisms	are	too	small	and	too	numerous	to	be	considered	as	good	subjects	for	cytological	investigation.	Drosophila	was	considered	to	be	a	favorable	organism	for	genetic	studies	because	it	produces	large	numbers	of	progeny	within	the	confines	of	a	small	bottle	in	a	short	interval	of	time.	Many
distinctive	phenotypes	can	be	recognized	in	laboratory	strains.	It	was	soon	discovered	that	crossing	over	does	not	occur	in	male	fruit	flies,	thereby	making	it	especially	useful	for	genetic	analyses.	Later,	its	unusual	sex	mechanism	was	found	to	be	a	balance	between	male	determiners	on	the	autosomes	and	female	determiners	on	the	sex	chromosomes.
Although	it	had	been	known	for	over	30	years	that	some	species	of	dipterans	had	extra	large	chromosomes	in	certain	organs	of	the	body,	their	utility	in	cytogenetic	studies	of	Drosophila	was	not	recognized	until	about	1934.	There	are	only	four	pairs	of	chromosomes	in	the	diploid	complement	of	D	.	melanogaster,	but	their	size	in	reproductive	cells	and
most	body	cells	is	quite	small.	Unusually	large	chromosomes,	100	times	as	large	as	those	in	other	parts	of	the	body,	are	found	in	the	larval	salivary	gland	cells.	Each	giant	polytene	chromosome	(Fig.	8-1)	is	composed	of	hundreds	of	chromatids	paired	along	their	identical	DNA	sequences	throughout	their	length.	Furthermore,	each	pair	of	homologous
polytene	chromosomes	is	also	constantly	synapsed	in	these	somatic	cells.	Distinctive	crossbandings	(appearing	when	chromosomes	are	stained)	represent	regions	(called	chromomeres)	of	the	chromatid	bundle	containing	highly	coiled	or	condensed	DNA	that	is	interspersed	between	regions	of	less	condensation.	The	crossbanding	pattern	of	each
chromosome	is	characteristic	of	each	species,	but	the	pattern	may	change	in	a	precise	sequence	at	various	stages	of	development.	Chromosomal	aberrations	(translocations,	inversions,	duplications,	deletions,	etc	.)	can	often	be	easily	recognized	in	these	polytene	chromosomes	under	the	light	microscope.	I80	CYTOGENETICS	[CHAP.	8	VARIATION	IN
THE	ARRANGEMENT	OF	CHROMOSOME	SEGMENTS	1.	Translocations.	Chromosomes	occasionally	undergo	spontaneous	rupture,	or	can	be	induced	to	rupture	in	high	frequency	by	ionizing	radiation.	The	broken	ends	of	such	chromosomes	behave	as	though	they	were	“sticky’	’	and	may	rejoin	into	nonhomologous	combinations	(translocations).	A
reciprocal	translocation	involves	the	exchange	of	segments	between	2	nonhomologouschromosomes.	During	meiosis,	an	individual	that	is	structurally	heterozygous	for	a	reciprocal	translocation	(i.e.,	2	structually	normal	chromosomes	and	2	chromosomes	that	are	attached	to	nonhomologous	pieces,	as	shown	in	Example	8.3)	must	form	a	cross-shaped
configuration	in	order	to	affect	pairing	or	synapsis	of	all	homologous	segments.	A	structural	heterozygote	may	or	may	not	be	genetically	heterozygous	at	one	or	more	loci,	but	this	is	of	no	concern	for	the	present	purpose.	In	many	of	the	following	diagrams,	only	chromosomes	(not	chromatids)	are	shown	and	centromeres	are	omitted	for	the	sake	of
simplicity.	Example	8.3.	Assume	that	a	reciprocal	translocation	occurs	between	chromosomes	1-2	and	3-4.	2-1	1-02	4	4-3	3	-	0	4	Standard	chromosome	arrangement	4	break	break	2-1	4-3	2-3	4-1	1	1	n	4	4	L	3	r3	1	2	2	l	Reciprocal	translocation	heterozygote	Synapsis	The	only	way	that	functional	gametes	can	be	formed	from	a	translocation	heterozygote
is	by	the	alternate	disjunction	of	chromosomes.	Example	8.4.	At	the	end	of	the	meiotic	prophase	begun	in	Example	8.3,	a	ring	of	4	chromosomes	is	formed.	If	the	adjacent	chromosomes	move	to	the	poles	as	indicated	in	the	diagram	below,	all	of	the	gametes	will	contain	some	extra	segments	(duplications)	and	some	pieces	will	be	missing	(deficiencies).
Example	8.5.	By	forming	a	“figure-8,	”	alternate	disjunction	produces	functional	gametes.	3	3	CHAP.	81	181	CYTOGENETICS	Translocation	heterozygotes	have	several	distinctive	manifestations.	(	1)	If	an	organism	produces	gametes	with	equal	facility	by	either	segregation	of	adjacent	chromosomes	(Example	8.4)	or	by	alternate	chromosomes
(Example	8	.	9	,	semisterility	occurs	because	only	the	latter	mechanism	produces	functional	gametes.	(2)	Some	genes	that	formerly	were	on	nonhomologous	chromosomes	will	no	longer	appear	to	be	assorting	independently.	(3)	The	phenotypic	expression	of	a	gene	may	be	modified	when	it	is	translocated	to	a	new	position	in	the	genome.	Position
effects	are	particularly	evident	when	genes	in	euchromatin	(lightly	staining	areas	usually	containing	genetic	elements)	are	shifted	near	heterochromatic	regions	(darker	staining	areas	presumably	devoid	of	active	genes).	(U)	Translocution	Complexes.	In	the	evening	primrose	of	the	genus	Oenotheru,	an	unusual	series	of	reciprocal	translocations	has
occurred	involving	all	7	of	its	chromosome	pairs.	If	we	label	each	chromosome	end	with	a	different	number,	the	normal	set	of	7	chromosomes	would	be	1-2,	3-4,	56,	7-8,	9-10,	11-12,	and	13-14;	a	translocation	set	would	be	2-3,	4-5,	6-7,	8-9,	10-11,	12-13,	and	14-1,	A	multiple	translocation	heterozygote	like	this	would	form	a	ring	of	14	chromosomes
during	meiosis.	Different	lethals	in	each	of	the	two	haploid	sets	of	7	chromosomes	enforces	structural	heterozygosity.	Since	only	alternate	segregation	from	the	ring	can	form	viable	gametes,	each	group	of	7	chromosomes	behaves	as	though	it	were	a	single	large	linkage	group	with	recombination	confined	to	the	pairing	ends	of	each	chromosome.	Each
set	of	7	chromosomes	that	is	inherited	as	a	single	unit	is	called	a	Renner	complex.	Example	8.6.	In	Oenothera	lamarckiana,	one	of	the	Renner	complexes	is	called	gaudens	and	the	other	is	called	velans.	This	species	is	largely	self-pollinated.	The	lethals	become	effective	in	the	zygotic	stage	so	that	only	the	gaudens-velans	(G-V)	zygotes	are	viable.
Gaudensgaudens	(G-G)	or	velans-velans	(V-V)	zygotes	are	lethal.	dies	viable	dies	Example	8.7.	The	two	complexes	in	0.	muricata	are	called	rigens	(R)	and	curvans	(C).	Gametic	lethals	in	each	complex	act	differentially	in	the	gametophytes.	Pollen	with	the	rigens	complex	are	inactive;	eggs	with	the	curvans	complex	are	inhibited.	Only	the	curvans	pollen
and	the	rigens	eggs	are	functional	to	give	the	rigens-curvans	complex	in	the	zygote.	Et22	Pollen	zygote	2.	Inversions.	Assume	that	the	normal	order	of	segments	within	a	chromosome	is	(1-2-3-4-5-6)	and	that	breaks	occur	in	regions	2-3	and	5-6,	and	that	the	broken	piece	is	reinserted	in	reverse	order.	The	inverted	182	CYTOGENETICS	[CHAP.	8
chromosome	now	has	segments	(1-2-5-4-3-6).	One	way	in	which	inversions	might	arise	is	shown	in	Fig.	8-2.	An	inversion	heterozygote	has	one	chromosome	in	the	inverted	order	and	its	homologue	in	the	normal	order.	During	meiosis	the	synaptic	configuration	attempts	to	maximize	the	pairing	between	homologous	regions	in	the	2	chromosomes.	This
is	usually	accomplished	by	a	loop	in	one	of	the	chromosomes.	Crossing	over	within	the	inverted	segment	gives	rise	to	crossover	gametes	which	are	inviable	because	of	duplications	and	deficiencies.	Chromatids	that	are	not	involved	in	crossing	over	will	be	viable.	Thus	as	we	have	seen	with	translocations,	inversions	produce	semisterility	and	altered
linkage	relationships.	Inversions	are	sometimes	called	“crossover	suppressors.”	Actually	they	do	not	prevent	crossovers	from	occurring	but	they	do	prevent	the	crossover	products	from	functioning.	Genes	within	the	inverted	segment	are	thus	held	together	and	transmitted	as	one	large	linked	group.	Balanced	lethal	systems	(Chapter	6)	involve	either	a
translocation	or	an	inversion	to	prevent	the	recovery	of	crossover	products	and	thus	maintain	heterozygosity	generation	after	generation.	In	some	organisms,	these	“inversions”	have	a	selective	advantage	under	certain	environmental	conditions	and	become	more	prevalent	in	the	population	than	the	standard	chromosome	order.	Two	types	of	inversion
heterozygotes	will	be	considered	in	which	crossing	over	occurs	within	the	inverted	segment.	1	2	/	1	3	5	4	/	/	6	v	r	break	break	1.	I	1	2	5	1	4	3	-	6	Fig.	8-2.	Origin	of	an	inversion.	(	a	)	Pericenfn’cInversion.	The	centromere	lies	within	the	inverted	region.	First	meiotic	anaphase	figures	appear	normal	unless	crossing	over	occurs	within	the	inversion.	If	a
single	2-strand	crossover	occurs	within	the	inversion,	the	2	chromatids	of	each	chromosome	will	usually	have	arms	of	unequal	length	(unless	there	are	chromosome	segments	of	equal	length	on	opposite	sides	of	the	inversion).	Half	of	the	meiotic	products	in	this	case	(resulting	from	crossing	over)	are	expected	to	contain	duplications	and	deficiencies
and	would	most	likely	be	nonfunctional.	The	other	half	of	the	gametes	(noncrossovers)	CHAP.	81	183	CYTOGENETICS	are	functional;	one-quarter	have	the	normal	segmental	order,	one-quarter	have	the	inverted	arrangement.	Example	8.8.	Assume	an	inversion	heterozygote	as	shown	below	with	crossing	over	in	region	3-4.	First	Anaphase	Synapsis	and
Crossing	Over	4	1	6	2	Paracentric	Inversion.	The	centromere	lies	outside	the	inverted	segment.	Crossing	over	within	the	inverted	segment	produces	a	dicentric	chromosome	(possessing	2	centromeres)	that	forms	a	bridge	from	one	pole	to	the	other	during	first	anaphase.	The	bridge	will	rupture	somewhere	along	its	length	and	the	resulting	fragments
will	contain	duplications	and/or	deficiencies.	Also,	an	acentric	fragment	(without	a	centromere)	will	be	formed;	and	since	it	usually	fails	to	move	to	either	pole,	it	will	not	be	included	in	the	meiotic	products.	Again,	half	of	the	products	are	nonfunctional,	one-quarter	are	functional	with	a	normal	chromosome,	and	one-quarter	are	functional	with	an
inverted	chromosome.	Example	8.9.	Assume	an	inversion	heterozygote	as	shown	below	with	crossing	over	in	region	4-5.	Synapsis	and	Crossing	Over	First	Anaphase	4	Bridge	1	2	6	VARIATION	IN	THE	NUMBER	OF	CHROMOSOMAL	SEGMENTS	1.	Deletions	(Deficiencies).	Loss	of	a	chromosomal	segment	may	be	so	small	that	it	includes	only	a	single
gene	or	part	of	a	gene.	In	this	case	the	phenotypic	effects	may	resemble	those	of	a	mutant	allele	at	that	locus.	For	example,	the	“notch”	phenotype	of	Drosophila	discussed	in	Problem	5.4,	is	a	sex-linked	deletion	which	acts	like	a	dominant	mutation;	a	deletion	at	another	sex-linked	locus	behaves	as	a	recessive	mutation,	producing	yellow	body	color
when	homozygous.	Deletions	never	backmutate	to	the	normal	condition,	because	a	lost	piece	of	chromosome	cannot	be	replaced.	In	this	way,	as	well	as	others	to	be	explained	in	subsequent	chapters,	a	deletion	can	be	distinguished	from	a	gene	mutation.	A	loss	of	any	considerable	portion	of	a	chromosome	is	usually	lethal	to	a	diploid	organism	because
of	genetic	unbalance.	When	an	organism	heterozygous	for	a	pair	of	alleles,	A	and	a,	loses	a	small	portion	of	the	chromosome	bearing	the	dominant	184	CYTOGENETICS	[CHAP.	8	allele,	the	recessive	allele	on	the	other	chromosome	will	become	expressed	phenotypically.	This	is	called	pseudodominance,	but	it	is	a	misnomer	because	the	condition	is
hemizygous	rather	than	dizygous	at	this	locus.	Example	8.10.	A	deficiency	in	the	segment	of	chromosome	bearing	the	dominant	gene	A	allows	the	recessive	allele	a	to	become	phenotypically	expressed.	I	I	1	a	b	c	a	ABC	Phenotype:	b	c	UBC	normal	heterozygote	U	exhibits	pseudodominance	A	deletion	heterozygote	may	be	detected	cytologically	during
meiotic	prophase	when	the	forces	of	pairing	cause	the	normal	chromosome	segment	to	bulge	away	from	the	region	in	which	the	deletion	occurs	(Fig.	8-3).	c	A	B	t	F	>	Deletion	involving	CDE	Fig.	8-3.	Synapsis	in	a	deletion	heterozygote.	sition	of	en	s	in	the	Overlapping	deletions	have	been	extensively	used	to	locate	the	physi	chromosome	(cytological
mapping).	Example	8.11.	A	laboratory	stock	of	Drosophila	females	is	heterozygous	in	coupling	phase	for	2	linked	genes	at	the	tip	of	the	X	chromosome,	QC	(achaete)	and	sc	(scute).	A	deletion	in	one	chromosome	shows	pseudodominance	for	both	achaete	and	scute.	In	other	individuals,	another	deletion	displays	pseudodominance	only	for	achaete.
Obviously,	these	two	deletions	overlap.	In	the	giant	chromosomes	of	Drosophila,	the	absence	of	these	segments	of	chromosome	is	easily	seen.	The	actual	location	of	the	scute	gene	resides	in	the	band	or	bands	which	differentiate	the	two	overlapping	deletions.	X-chyomcsome	v&h_ac+,	s	r	+	X	chromosome	with	a	c	,	sc	I	11	Close	pairing	of	two	X
chromosomes	in	a	heterozygous	female	ac	scIacf	sc	f	Locus	of	achaete	Locus	of	scute	Pseudodominan	t	for	achaete	and	scute	Pseudodominant	for	achaete	185	CYTOGENETICS	CHAP.	81	2.	Duplications	(Additions).	Extra	segments	in	a	chromosome	may	arise	in	a	variety	of	ways.	Generally	speaking,	their	presence	is	not	as	deleterious	to	the	organism
as	a	deficiency.	It	is	assumed	that	some	duplications	are	useful	in	the	evolution	of	new	genetic	material.	Because	the	old	genes	can	continue	to	provide	for	the	present	requirements	of	the	organism,	the	superfluous	genes	may	be	free	to	mutate	to	new	forms	without	a	loss	in	immediate	adaptability.	Genetic	redundancy,	of	which	this	is	one	type,	may
protect	the	organism	from	the	effects	of	a	deleterious	recessive	gene	or	from	an	otherwise	lethal	deletion.	During	meiotic	pairing	the	chromosome	bearing	the	duplicated	segment	bulges	away	from	its	normal	homologue	to	maximize	the	juxtaposition	of	homologous	regions.	In	some	cases,	extra	genetic	material	is	known	to	cause	a	distinct	phenotypic
effect.	Relocation	of	chromosomal	material	without	altering	its	quantity	may	result	in	an	altered	phenotype	(position	effect).	Example	8.12.	A	reduced	eye	size	in	Drosophila,	called	“bar	eye,”	is	known	to	be	associated	with	a	duplicated	region	on	the	X	chromosome.	Genetically	the	duplication	behaves	as	a	dominant	factor.	Wild-type	flies	arise	in
homozygous	bar-eye	cultures	with	a	frequency	of	about	1	in	1600.	With	approximately	the	same	frequency,	a	very	small	eye	called	“double-bar**	is	also	produced.	These	unusual	phenotypes	apparently	arise	in	a	pure	bar	culture	by	improper	synapsis	and	unequal	crossing	over	as	shown	below,	where	the	region	(a-b-cd	)	is	a	duplication.	wild	type
chromosome	+++abed+++	fC	I	+	+a	+	b	c	d	a	b	c	d	a	6	c	d	+++	double-bar	chromorome	VARIATION	IN	CHROMOSOME	MORPHOLOGY	1.	Isochromosomes.	It	has	already	been	shown	that	a	translocation	can	change	the	structure	of	the	chromosome	both	genetically	and	morphologically.	The	length	of	the	chromosome	may	be	longer	or	shorter,
depending	upon	the	size	of	the	translocated	piece.	An	inversion	does	not	normally	change	the	length	of	the	chromosome,	but	if	the	inversion	includes	the	centromere	(pericentric),	the	position	of	the	centromere	may	be	changed	considerably.	Deletions	or	duplications,	if	viable,	may	sometimes	be	detected	cytologically	by	a	change	in	the	size	of	the
chromosome	(or	banding	pattern	in	the	case	of	the	giant	chromosomes	of	Drosophila),	or	by	the	presence	of	“bulges”	in	the	pairing	figure.	Chromosomes	with	unequal	arm	lengths	may	be	changed	to	isochromosomes	having	arms	of	equal	length	and	genetically	homologous	with	each	other,	by	an	abnormal	transverse	division	of	the	centromere.	The
telocentric	X	chromosome	of	Drosophila	may	be	changed	to	an	“attached-X”	form	by	a	misdivision	of	the	centromere	(Fig.	8-4).	*	-	1	Abnormal	plane	of	division	of	the	centromere	I	X	chromosome	I	+5,5	Attached-X	(isochromosome)	Fig.	8-4.	Origin	of	attached-)<	chromosome.	Segment	5	is	nonessential	heterochromatin.	2.	Bridge-Breakage-Fusion-
BridgeCycles.	The	shape	of	a	chromosome	may	change	at	each	division	once	it	has	broken.	Following	replication	of	a	broken	chromosome,	the	broken	ends	of	the	sister	chromatids	may	be	fused	by	DNA	repair	mech-	186	CYTOGENETICS	[CHAP.	8	anisms.	Such	broken	ends	are	said	to	be	“sticky.”	When	the	chromatids	move	to	opposite	poles,	a	bridge
is	formed.	The	bridge	will	break	somewhere	along	its	length	and	the	cycle	repeats	at	the	next	division.	This	sequence	of	events	is	called	the	bridge-breakage-fusion-bridgecycle.	Mosaic	tissue	appearing	as	irregular	patches	of	an	unexpected	phenotype	on	a	background	of	normal	tissue	(variegation)	can	be	produced	by	such	a	cycle.	The	size	of	the
unusual	tissue	generally	bears	an	inverse	relationship	to	the	period	of	development	at	which	the	original	break	occurred;	i.e.,	the	earlier	the	break	occurs,	the	larger	will	be	the	size	of	the	abnormal	tissue.	3.	Ring	Chromosomes.	Chromosomes	are	not	always	rod-shaped.	Occasionally	ring	chromosomes	are	encountered	in	plants	or	animals.	If	breaks
occur	at	each	end	of	a	chromosome,	the	broken	ends	may	become	joined	to	form	a	ring	chromosome	(Fig.	8-5).	if	an	acentric	fragment	is	formed	by	union	of	the	end	pieces,	it	will	soon	be	lost.	The	phenotypic	consequences	of	these	deletions	vary,	depending	on	the	specific	genes	involved.	Crossing	over	between	ring	chromosomes	can	lead	to	bizarre
anaphase	figures.	Break	1	--b	2	Centromere	4	5	Break	+	6	7	Ring	chromosome	8	Acentric	fragment	U	Fig.	8-5.	Formation	of	a	ring	chromosome.	Example	8.13.	A	single	exchange	in	a	ring	homozygote	produces	a	double	bridge	at	first	anaphase.	4.	Robertsonian	Translocation.	A	whole	arm	fusion	(Robertsonian	translocation)	is	an	eucentric,	reciprocal
translocation	between	2	acrocentric	chromosomes	where	the	break	in	one	chromosome	is	near	the	front	of	the	centromere	and	the	break	in	the	other	chromosome	is	immediately	behind	its	centromere.	The	smaller	chromosome	thus	formed	consists	of	largely	inert	heterochromatic	material	near	the	centromeres;	it	usually	carries	no	essential	genes
and	tends	to	become	lost.	A	Robertsonian	translocation	thus	results	in	a	reduction	of	the	chromosome	number	(Fig.	8-6).	CHAP.	81	1,”-f-	187	CYTOGENETICS	Breaks	D	i	s	s	o	c	i	a	5	A	Fig.	8-6.	+	Usually	lost	Formation	of	a	metacentric	chromosome	by	fusion	of	two	acrocentric	chromosomes	(Robertsonian	translocation).	Dissociation	is	not	possible	if
the	small	chromosome	is	lost.	Example	8.14.	Humans	have	46	chromosomes	whereas	the	great	apes	(chimpanzees,	gorillas,	and	orangutans)	have	48.	It	seems	likely	that	humans	evolved	from	a	common	humadape	ancestor	by	(among	other	structural	changes)	centric	fusion	of	two	acrocentrics	to	produce	a	single	large	chromosome	(2)	containing	the
combined	genetic	content	of	the	two	acrocentrics.	Structural	rearrangements	of	chromosomes	may	lead	to	reproductive	isolation	and	the	formation	of	new	species.	The	mule	is	a	hybrid	from	crossing	the	horse	(	2	n	=	64)	and	the	ass	or	donkey	(2n	=	62).	The	mule	is	sterile	because	there	is	insufficient	homology	between	the	two	sets	of	chromosomes
to	pair	successfully	at	meiosis.	HUMAN	CYTOGENETICS	The	diploid	human	chromosome	number	of	46	(23	pairs)	was	established	by	Tjio	and	Levan	in	1956.	When	grouped	as	homologous	pairs,	the	somatic	chromosome	complement	(karyotype)	of	a	cell	becomes	an	idiogram.	Formerly,	a	chromosome	could	be	distinguished	only	by	its	length	and	the
position	of	its	centromere	at	the	time	of	maximum	condensation	(late	prophase).	No	single	autosome	could	be	easily	identified,	but	a	chromosome	could	be	assigned	to	one	of	seven	groups	(A-G)	according	to	the	“Denver	system”	of	classification	(Fig.	8-7).	Group	A	consists	of	large,	metacentric	chromosomes	(	1-3);	group	B	contains	submedian
chromosomes	(4-5);	group	C	has	medium-sized	chromosomes	with	submedian	centromeres	(pairs	6-	12);	group	D	consists	of	medium-sized	chromosomes	(pairs	13-	15)	with	one	very	short	arm	(acrocentric);	chromosomes	in	group	E	(16-18)	are	a	little	shorter	than	in	group	D	with	median	or	submedian	centromeres;	group	F	(19-20)	contains	short,
metacentric	chromosomes;	and	group	G	has	the	smallest	acrocentric	chromosomes	(21,	22).	The	X	and	Y	sex	chromosomes	are	not	members	of	the	autosome	groups,	and	are	usually	placed	together	in	one	part	of	the	idiogram.	The	Y	chromosome	may	vary	in	size	from	one	individual	to	another	but	usually	has	the	appearance	of	G-group	autosomes.	The
X	chromosome	has	the	appearance	of	a	group	C	autosome.	More	recently,	special	staining	techniques	(e	.g.	,	Giemsa,	quinacrine)	have	revealed	specific	banding	patterns	(G	bands,	Q	bands,	etc.)	for	each	chromosome,	allowing	individual	identification-	of	each	chromosome	in	the	karyotype	(Fig.	8-8).	The	X	chromosome	can	be	identified	in	many
nondividing	(interphase)	cells	of	females	as	a	darkstaining	mass	called	sex	chromatin	or	Barr	body	(after	Dr.	Murray	L.	Ban)	attached	to	the	nuclear	membrane.	The	analogue	of	sex	chromatin	in	certain	white	blood	cells	is	a	“drumstick”	appendage	attached	to	the	multilobed	nucleus	of	neutrophilic	leukocytes.	Dr.	Mary	Lyon	theorizes	that	sex
chromatin	results	from	condensation	[heterochromatinization	(darkly	stained)]	and	inactivation	of	any	X	chromosomes	in	excess	of	one	per	cell.	Sex-linked	traits	are	not	expressed	more	intensely	in	females	with	two	doses	of	X-linked	genes	than	in	males	with	only	1	X	chromosome.	At	a	particular	stage	early	in	development	of	females,	1	of	the	2	X
chromosomes	in	a	cell	becomes	inactivated	as	a	dosage	compensation	mechanism.	Different	cells	inactivate	1	of	the	2	chromosomes	in	an	apparently	random	manner,	but	subsequently	all	derived	cells	retain	the	same	functional	chromosome.	Females	are	thus	a	mixture	of	two	188	CYTOGENETICS	[CHAP.	8	Fig.	8-7.	Karyotype	of	the	chromosomes	of	a
normal	human	male.	[From	L.	P.	Wisniewski	and	K	.	Hirschhorn	(eds.),	A	Guide	to	Human	Chromosome	Defects,	2nd	ed.,	The	March	of	Dimes	Birth	Defects	Foundation,	White	Plains,	N.Y.;	BD:OAS	XVI(6),	1980,	with	permission.]	kinds	of	cells;	in	some	cells	1	X	chromosome	is	active,	and	in	different	cells	the	other	X	chromosome	is	active.	The	same
principle	applied	to	mammals	other	than	humans.	Prenatal	screening	of	babies	for	gross	chromosomal	aberrations	(polyploidy	,	aneuploidy	,	deletions,	translocations,	etc.),	as	well	as	sex	prediction,	is	now	possible.	A	fluid	sample	can	be	taken	from	the	“bag	of	water”	(amnion)	surrounding	the	fetus	in	utero,	a	process	termed	amniocentesis.	The	cells
found	in	amniotic	fluid	are	of	fetal	origin.	Such	cells	can	be	cultured	in	vitro	in	a	highly	nutritive	solution,	4	5	Fig.	8-8.	Diagrams	of	the	banding	patterns	that	distinguish	human	chromosomes	4	and	5	.	CHAP.	81	CYTOGENETICS	189	treated	with	colchicine	to	stop	division	at	metaphase,	subjected	to	a	hypotonic	salt	solution	to	cause	the	cells	to	swell
and	scatter	the	chromosomes,	placed	on	a	slide,	stained,	and	photographed	under	a	microscope.	Individual	chromosomes	are	then	cut	from	the	resulting	photograph	and	matched	as	homologous	pairs	to	form	an	idiogram.	Example	8.15.	Aneuploid	females	with	only	one	X	chromosome	(XO)	have	a	karyotype	with	2n	-	1	=	45.	They	are	called	Turner
females	(after	Henry	Turner,	who	first	described	them),	and	they	exhibit	a	group	of	characteristics	that	together	define	Turner	syndrome:	short	stature,	webbing	of	neck	skin,	underdeveloped	gonads,	shieldlike	chest,	and	impaired	intelligence.	Turner	females	are	sex-chromatin-negative.	Example	8.16.	Abnormal	males	possessing	an	extra	X
chromosome	(XXY)	have	a	karyotype	with	2n	+	1	=	47.	They	are	called	Klinefelter	males	(after	Harry	Klinefelter,	who	first	described	them),	and	they	exhibit	Klinefelter	syndrome:	sterility,	long	limbs,	feminine	breast	development	(gynecomastia),	sparse	body	hair,	and	mental	deficiency.	Klinefelter	males	are	sex-chromatin-positive.	If	some	portion	of
the	extra	X	chromosome	is	not	inactivated.	this	could	account	for	the	phenotypic	differences	not	only	between	XXY	Klinefelter	males	and	XY	normal	males	but	also	between	XO	Turner	females	and	XX	normal	females.	Example	8.17.	XXX	“superfemales”	(metafemales)	are	karyotyped	as	2n	+	1	=	47	trisomics	and	exhibit	two	Barr	bodies.	These
individuals	may	range	phenotypically	from	normal	fertile	females	to	nearly	like	those	with	Turner	syndrome.	They	have	a	high	incidence	of	mental	retardation.	Example	8.18.	Tall,	trisomic	XYY	males	were	first	discovered	in	relatively	high	frequencies	in	penal	and	mental	institutions.	The	presence	of	an	extra	Y	chromosome	was	thought	to	predispose
such	a	male	to	antisocial	behavior,	hence	the	name	“tall-aggressive	syndrome.”	Subsequently,	more	XYY	males	have	been	found	among	the	noninstitutionalized	population,	casting	doubt	upon	the	validity	of	the	above	hypothesis.	XYY	males	do	tend	to	have	subnormal	IQs,	however,	and	this	may	contribute	to	impulsive	behavior.	Example	8.19.	Down
syndrome	(named	after	the	physician	Langdon	Down	and	formerly	called	mongolism	or	mongolian	idiocy)	is	usually	associated	with	a	trisomic	condition	for	one	of	the	smallest	human	autosomes	(21).	It	is	the	most	common	chromosomal	abnormality	in	live	births	(1/600	births).	These	unfortunate	individuals	are	mentally	retarded,	short,	possessing	eye
folds	resembling	those	of	Mongolian	races,	have	stubby	fingers	and	a	swollen	tongue.	Women	over	45	years	of	age	are	about	20	times	more	likely	to	give	birth	to	a	child	with	Down	syndrome	than	are	women	aged	20.	Nondisjunction	of	chromosome	pair	2	1	during	spermatogenesis	can	also	produce	a	child	with	Down	syndrome,	but	paternal	age	does
not	seem	to	be	associated	with	its	incidence.	In	about	2-5%	of	the	cases,	the	normal	chromosome	number	is	present	(2n	=	46),	but	the	extra	chromosome	2	I	is	attached	(translocated)	to	one	of	the	larger	autosomes.	Example	8.20.	Human	autosomal	monosomics	are	rarer	than	trisomics,	possibly	because	harmful	recessive	mutants	on	the	remaining
homologue	are	hemizygous	and	can	be	expressed.	Most	cases	of	autosomal	monosomy	are	mosaics	of	normal	diploid	(2n)	and	monosomic	(	2	1	-	1	)	cells	resulting	from	mitotic	nondisjunctions.	Mosaics	involving	sex	chromosomes	are	also	known:	e.g.,	XO:XX,	XO:XY,	XXY:XX,	as	well	as	autosomal	mosaics	such	as	2121:2	1-2	1-2	1,	etc.	Example	8.21.
Babies	missing	a	portion	of	the	short	arm	of	chromosome	5	have	a	distinctive	catlike	cry;	hence	the	French	name	cn’	du	chat	(“cry	of	the	cat”)	syndrome.	They	also	are	mentally	retarded,	have	moon	faces,	saddle	noses,	small	mandibles	(micrognathia).	and	malformed.	low-set	ears.	Example	8.22.	Deletion	of	part	of	the	long	arm	of	chromosome	22
produces	an	abnormality	known	as	a	Philadelphia	chromosome	(so	named	because	it	was	discovered	in	that	city).	It	is	found	only	in	the	bone	marrow	(along	with	chromosomally	normal	cells)	in	approximately	90%	of	patients	with	chronic	myelocytic	leukemia	(a	kind	of	cancer).	Usually	the	missing	piece	of	chromosome	22	can	be	found	translocated	to
one	of	the	larger	autosomes	(most	frequently	chromosome	9).	See	Example	14.34.	190	CYTOGENETICS	[CHAP.	8	Solved	Problems	Variation	in	Chromosome	Numbers	8.1.	Suppose	that	an	autotetraploid	of	genotype	AAaa	forms	only	diploid	gametes	by	random	assortment	from	the	quadrivalents	(formed	by	synapsis	of	4	chromosomes)	during	meiosis.
Recall	that	chromosomes	separate	during	the	first	meiotic	division;	sister	chromatids	separate	during	the	second	meiotic	division.	The	A	locus	is	so	close	to	the	centromere	that	crossing	over	in	this	region	is	negligible.	(a)	Determine	the	expected	frequencies	of	zygotic	genotypes	produced	by	selfing	the	autotetraploid.	(6)	Calculate	the	expected
reduction	in	the	frequency	of	progeny	with	a	recessive	phenotype	in	comparison	with	that	of	a	selfed	diploid	of	genotype	Aa.	Solution:	Let	us	identify	each	of	the	4	genes	as	follows:	A	'	,	A2,	U	'	,	a2	(A'	and	A2	represent	identical	dominant	alleles;	a'	and	a2	represent	identical	recessive	alleles	at	the	A	locus).	m	A'	A'	A2	A2	m	a'	U'	a2	a2	For	genes	that
are	tightly	linked	to	their	centromeres,	the	distribution	of	alleles	into	gametes	follows	the	same	pattern	as	chromosomal	assortment.	Let	us	first	use	a	checkerboard	to	determine	the	kinds	and	frequencies	of	different	combinations	of	alleles	in	pairs	expected	in	the	diploid	gametes	of	the	autotetraploid.	116	AA	213	Aa	116	aa	116	AA	1/36	AAAA	2/18
AAAa	1/36	AAaa	213	A	a	2/18	AAAa	419	AAaa	2/18	Aaaa	116	aa	1/36	AAaa	2/18	Aaaa	1/36	aaaa	~~	Ratio	of	offspring	genotypes:	1/36	AAAA	(quadruplex)	:	8/36	AAAa	(triplex)	:	18/36	AAaa	(duplex)	:	8/36	Aaaa	(simplex)	:	1/36	aaaa	(nulliplex).	If	one	dose	of	the	dominant	allele	is	sufficient	to	phenotypically	mask	one	or	more	doses	of	the	recessive
allele,	then	the	phenotypic	ratio	is	expected	to	be	35A	:	la.	One-quarter	of	the	offspring	of	a	selfed	diploid	heterozygote	(Aa)	is	expected	to	be	of	the	recessive	phenotype.	The	reduction	in	the	frequency	CHAP.	81	191	CYTOGENETICS	of	the	recessive	trait	is	from	1/4	to	1/36,	or	ninefold.	When	homozygous	genotypes	produce	a	less	desirable	phenotype
than	heterozygotes,	polyploidy	can	act	as	a	buffer	to	reduce	the	incidence	of	homozygotes	.	8.2.	Assume	that	an	autotetraploid	of	genotype	AAaa	has	the	A	locus	50	or	more	map	units	from	the	centromere,	so	that	the	equivalent	of	a	single	crossover	always	occurs	between	the	centromere	and	the	A	locus.	In	this	case,	the	chromatids	will	assort
independently.	Further	assume	that	random	assortment	of	chromatids	to	the	gametes	occurs	by	2s.	Determine	(a)	the	expected	genotypic	ratio	of	the	progeny	that	results	from	selfing	this	autotetraploid,	and	(b)	the	expected	increase	in	the	incidence	of	heterozygous	genotypes	compared	with	selfed	diploids	of	genotype	Aa.	Solution:	(	a	)	Let	each	of
the	genes	of	the	duplex	tetraploid	be	labeled	as	shown	in	the	illustration	below.	All	capital	letters	represent	identical	dominant	genes;	all	lowercase	letters	represent	identical	recessive	alleles.	As	A'	m	A2	A3	m	A4	a'	0	a2	a3	a4	in	Problem	8.1,	let	us	first	use	a	checkerboard	to	determine	the	kinds	and	frequencies	of	different	combinations	of	alleles	(in
pairs)	expected	in	the	gametes	of	the	autotetraploid.	Note	in	the	illustration	that	(for	example)	alleles	A'	and	A2,	originally	on	sister	chromatids,	can	enter	the	same	gamete	if	crossing	over	occurs	between	the	centromere	and	the	A	locus.	Likewise,	any	other	pair	of	alleles	could	enter	a	gamete	by	the	same	mechanism	(chromatid	assortment).	Random
assortment	(by	2s)	of	8	chromatids	of	the	autotetraploid	during	meiosis	is	shown	in	the	following	table.	Note	that	the	diagonal	of	the	table	represents	the	nonsense	union	of	any	given	allele	with	itself	(e.g.,	A'	with	A	'	)	.	The	table	is	symmetrical	on	either	side	of	the	diagonal.	Ignoring	the	superscript	identification	of	alleles,	the	expected	ratio	of	possible
diploid	gametes	is	6	AA	:	16	Aa	:	6	aa	or	3	:	8	:	3.	Using	these	gametic	expectations,	we	can	now	construct	a	zygotic	checkerboard	to	generate	the	expected	progeny.	I	3AA	I	8Aa	I	3aa	3AA	9AAAA	24	AAAa	9	AAaa	8	Aa	24	AAAa	64	AAaa	24	Aaaa	3	aa	9	AAaa	24	Aaaa	9	aaaa	I	192	[CHAP.	8	CYTOGENETICS	Summary	of	progeny	genotypes:	9	AAAA
(quadruplex)	:	48	AAAa	(triplex)	:	82	AAaa	(duplex)	:	48	Aaaa	(simplex)	:	9	aaaa	(nulliplex).	+	8	+	3)	along	the	top	or	side	of	the	preceding	table	is	14.	Thus	the	total	of	all	crossproducts	in	the	table	is	14	X	14	=	196.	Nine	genotypes	are	homozygous	AAAA,	and	another	nine	are	homozygous	aaaa.	.Thus,	all	other	genotypes	(196	-	18	=	178)	are
heterozygotes.	Selfing	the	autotetraploid	produces	hk?	=	91%	heterozygous	progeny.	Selfing	a	diploid	of	genotype	Au	produces	50%	heterozygous	progeny.	The	increase	from	50	to	91%	is	=	82%.	(	b	)	The	total	of	the	numbers	(3	a	8.3.	Pericarp	is	the	outermost	layer	of	the	corn	kernel	and	is	maternal	in	origin.	A	dominant	gene	(	B	)	produces	brown
pericarp,	and	its	recessive	allele	(b)produces	colorless	pericarp.	Tissue	adjacent	to	the	pericarp	is	aleurone	(triploid).	Purple	pigment	is	deposited	in	the	aleurone	when	the	dominant	gene	C	is	present;	its	recessive	allele	c	results	in	colorless	aleurone.	Aleurone	is	actually	a	single	specialized	layer	of	cells	of	the	endosperm.	The	color	of	endosperm
itself	is	modified	by	a	pair	of	alleles.	Yellow	is	governed	by	the	dominant	allele	Y	and	white	by	the	recessive	allele	y	.	Both	C	and	Y	show	xenia	to	their	respective	alleles.	A	plant	which	is	bbCcYy	is	pollinated	by	a	plant	of	genotype	BbCcYy.	(	a	)	What	phenotypic	ratio	is	expected	among	the	progeny	kernels?	(	b	)	If	the	F,	is	pollinated	by	plants	of
genotype	bbccyy,	in	what	color	ratio	will	the	resulting	F2	kernels	be	expected	to	appear?	S	o	htion:	(	a	)	If	pericarp	is	colorless,	then	the	color	of	the	aleurone	shows	through.	If	aleurone	is	also	colorless,	then	the	color	of	the	endosperm	becomes	visible.	Since	the	maternal	parent	is	bb,	the	pericarp	on	all	F,	seeds	will	be	colorless.	Any	seeds	with	C	will
have	purple	aleurone.	Only	if	the	aleurone	is	colorless	(	C	C	C	)	can	the	color	of	the	endosperm	be	seen.	x	hhCcYy?	Parents:	F,	:	BhCcYy8	=	purple	Y--	=	2	yellow	16	yyy	=	_I_	’(”‘*<	3	16	white	(colorless)	(	6	)	Half	of	the	F,	embryos	is	expected	to	be	Bb	and	will	thus	lay	down	a	brown	pericarp	around	their	seeds	(F2);	the	other	half	is	expected	to	be	bb
and	will	envelop	its	seeds	with	a	colorless	pericarp.	Thus	half	of	the	seeds	on	the	F,	plants	will	be	brown.	Of	the	remaining	half	that	has	colorless	pericarp,	we	need	show	only	as	much	of	the	genotype	as	is	necessary	to	establish	the	phenotype.	5	fxicc	Diploid	Fusion	Nucleus	bb	-	f	1	x	fcc	x	icc	=	=	=	icc	i{;:&yy	{hY?	&	CCYY	i{	&	c	C	y	y	a	+	+	+	+	+	+
Sperm	Nucleus	C	Zy	CY	CY	CY	=	=	=	=	=	=	Triploid	Tissue	iCCcpurple	Q	CCcpurple	fs	cccyyy	yellow	fs	cccyyy	white	cccyyy	yellow	fs	cccyyy	white	Summary	of	Fz	seed	colors:	f	brown	:	purple	:	yellow	:	fr	white.	8.4.	“Eyeless”	is	a	recessive	gene	(ey)on	the	tiny	fourth	chromosome	of	Drosophila.	A	male	trisomic	for	chromosome	4	with	the	genotype	+
e	y	is	crossed	to	a	disomic	eyeless	female	of	genotype	ey	ey.	Determine	the	genotypic	and	phenotypic	ratios	expected	among	the	progeny	by	random	assortment	of	the	chromosomes	to	the	gametes.	+	193	CYTOGENETICS	CHAP.	81	Solution:	Three	types	of	segregation	are	possible	in	the	formation	of	gametes	in	the	triploid.	Summary	of	sperm
genotypes:	1	+	+	:	2	=	ey	:	2	+	:	1	ey.	The	union	of	these	sperms	with	eggs	of	genotype	ey	results	in	the	following	progeny:	1++ey	2	+	ey	ey	2	+	ey	1	ey	ey	I	=	5	wild	type	=	1	eyeless	VARIATION	IN	THE	ARRANGEMENT	OF	CHROMOSOME	SEGMENTS	8.5.	In	1931	Stem	found	two	different	translocations	in	Drosophila	from	which	he	developed
females	possessing	heteromorphic	X	chromosomes.	One	X	chromosome	had	a	piece	of	the	Y	chromosome	attached	to	it;	the	other	X	was	shorter	and	had	a	piece	of	chromosome	IV	attached	to	it.	Two	sex-linked	genes	were	used	as	markers	for	detecting	crossovers,	the	recessive	trait	carnation	eye	color	(cur)	and	the	dominant	trait	bar	eye	(B).	Dihybrid
bar	females	with	heteromorphic	chromosomes	(both	mutant	alleles	on	the	X	portion	of	the	X-IV	chromosome)	were	crossed	to	hemizygous	carnation	males	with	normal	chromosomes.	The	results	of	this	experiment	provided	cytological	proof	that	genetic	crossing	over	involves	an	actual	physical	exchange	between	homologous	chromosome	segments.
Diagram	the	expected	cytogenetic	results	of	this	cross	showing	all	genotypes	and	phenotypes.	r	piece	of	Y	Solution:	B	carnation	8	bar	9	Sperm	non-crossovers	1	-0	bar	0	bar	8	carnation	8	crossovers	I	bar	8	194	[CHAP.	8	CYTOGENETICS	The	existence	of	a	morphologically	normal	X	chromosome	in	recombinant	male	progeny	with	carnation	eyes
provides	cytological	proof	that	genetic	crossing	over	is	correlated	with	physical	exchange	between	homologous	chromosomes	in	the	parents.	Similarly,	all	other	phenotypes	correlate	with	the	cytological	picture.	Chromosomal	patterns	other	than	the	ones	shown	above	may	be	produced	by	crossing	over	outside	the	inverted	region.	8.6.	Consider	an
organism	with	four	pairs	of	chromosomes	in	standard	order,	the	ends	of	which	we	shall	label,	1-2,	3-4,	5-6,	7-8.	Strain	A	crossed	to	the	standard	strain	gives	a	ring	of	4	plus	2	bivalents	during	meiotic	prophase	in	the	progeny.	Strain	B	crossed	to	the	standard	strain	also	gives	a	ring	of	4	plus	2	bivalents.	In	each	of	the	four	situations	that	follow,	explain
how	a	cross	of	strain	A	x	strain	B	could	produce	(a)	4	bivalents,	(	b	)	ring	of	4	plus	2	bivalents,	(c)	2	rings	of	4,	(d)ring	of	6	plus	1	bivalent.	Soht	ion:	A	ring	of	4	indicates	a	reciprocal	translocation	involving	2	nonhomologous	chromosomes.	As	a	starting	point,	let	us	assume	that	strain	A	has	experienced	a	single	reciprocal	translocation	so	that	the	order
is	1-3,	2-4,	5-6,	7-8.	Strain	B	also	shows	a	ring	of	4	with	the	standard,	but	we	do	not	know	whether	the	translocation	involves	the	same	chromosome	as	strain	A	or	different	chromosomes.	The	results	of	crossing	A	X	B	will	indicate	which	of	the	B	chromosomes	have	undergone	translocations.	(	a	)	Formation	of	only	bivalents	indicates	that	complete
homology	exists	between	the	chromosomes	in	strains	A	and	B.	Therefore	strain	B	has	the	same	translocation	as	that	in	strain	A.	During	prophase	I	of	meiosis,	each	chromosome	consists	of	2	identical	sister	chromatids.	To	simplify	the	following	diagrams.	neither	chromatids	nor	centromeres	are	shown.	(	b	)	A	ring	of	4	indicates	that	the	same
chromosomes	which	were	interchanged	in	strain	A	are	also	involved	in	strain	B,	but	with	different	end	arrangements.	A:	1-3,	2-4,	5-6,	7-8	B:	1-4,	2-3,	5-6,	7-8	(c')	Two	rings	of	4	chromosomes	each	indicate	that	B	differs	from	A	by	two	translocations.	A:	1-3,	2-4,	5-6,	7-8	B:	1-4,	2-3,	5-7,	6-8	3	(	d	)	A	ring	of	6	indicates	that	B	differs	from	A	by	three
translocations.	A:	1-3,	2-4,	5-6,	7-8	B:	1-2,	3-5,	4-6,	7-8	6	3	8.7.	195	CYTOGENETICS	CHAP.	81	n	5	The	centromere	of	chromosome	V	in	corn	is	about	7	map	units	from	the	end.	The	gene	for	lightyellow	(virescent)	seedling	(	v	)	is	10	map	units	from	this	end,	and	a	gene	that	shortens	internode	length	called	brevis	(bv)	is	12	map	units	from	this	end.	The
break	point	of	a	translocation	(	r	)	is	20	map	units	from	this	end.	A	translocation	heterozygote	involving	chromosomes	V	and	VIII	of	genotype	bv	tlv	T	is	pollinated	by	a	normal	(nontranslocated,	t	)	plant	of	genotype	v	617	tlri	bv	t.	If	gametes	are	formed	exclusively	by	alternate	segregation	from	the	ring	of	chromosomes	formed	by	the	translocation
heterozygote,	predict	the	ratio	of	progeny	genotypes	and	phenotypes	from	this	cross	(considering	multiple	crossovers	to	be	negligible).	+	+	Solution:	First	let	us	diagram	the	effect	that	crossing	over	will	have	between	the	centromere	and	the	point	of	translocation.	We	will	label	the	ends	of	chromosome	V	with	1-2,	and	of	chromosome	VIII	with	3-4.	A
cross-shaped	pairing	figure	is	formed	during	meiosis.	.	t	Gametes	Functional	Nonf	unctional	t	8	Alternate	segregation	produces	half	functional	and	half	nonfunctional	(duplication-deficiency)	gametes.	Note	that	the	nonfunctional	gametes	derive	only	from	the	crossover	chromatids.	Thus	recovery	of	chromatids	that	experience	a	crossover	between	the
centromere	and	the	point	of	translocation	is	prevented.	The	combination	of	genes	in	this	region	of	the	chromosome	is	prevented	from	being	broken	up	by	crossing	over	and	are	thus	transmitted	as	a	unit.	This	situation	is	analogous	to	the	block	of	genes	within	an	inversion	that	are	similarly	held	together	as	a	genetic	unit.	Noncrossover	chromatids	will
form	two	types	of	functional	gametes	with	equal	frequency:	bv	t	and	v	+	T.	Expected	zygotes	are:	4	bb?	r	h	?	bv	t	=	brevis,	homozygous	for	the	normal	chromosome	order	and	1	v	T/v	bv	r	=	virescent,	heterozygous	for	the	translocation.	+	8.8.	+	+	Shrunken	endosperm	of	corn	is	governed	by	a	recessive	gene	sh	and	waxy	endosperm	by	another
recessive	wx.	Both	of	these	loci	are	linked	on	chromosome	9.	A	plant	that	is	heterozygous	for	a	translocation	involving	chromosomes	8	and	9	and	that	developed	from	a	plump,	starchy	kernel	is	pollinated	by	a	plant	from	a	shrunken,	waxy	kernel	with	normal	chromosomes.	The	progeny	are	171	shrunken,	starchy,	normal	ear	205	plump,	waxy,
semisterile	ear	82	plump,	starchy,	normal	ear	49	shrunken,	waxy,	semisterile	ear	17	shrunken,	starchy,	semisterile	ear	40	plump,	waxy,	normal	ear	6	plump,	starchy,	semisterile	ear	3	shrunken,	waxy,	normal	ear.	196	CYTOGENETICS	[CHAP.	8	(	a	)	How	far	is	each	locus	from	the	point	of	translocation?	(b)	Diagram	and	label	the	pairing	figure	in	the
plump,	starchy	parent.	Solution:	(	a	)	The	point	of	translocation	may	be	considered	as	a	gene	locus	because	it	produces	a	phenotypic	effect,	namely,	semisterility.	The	conventional	symbol	for	translocation	is	T	,	and	t	is	used	for	the	normal	chromosome	without	a	translocation.	Gene	order	in	the	parents	must	be	+	wxT	sh	+	t	sh	w	x	t	sh	wx	t	x-	in	order
for	double	crossovers	to	produce	the	least	frequent	phenotypes	+	+	T	=	plump,	starchy,	semisterile	ear	sh	wx	t	=	shrunken,	waxy,	normal	ear	The	map	distances	are	calculated	in	the	usual	way	for	a	3-point	testcross.	+	Distance	sh-wx	=	(82	+	49	6	+	3)/573	=	24.4	map	units	Distance	wx-T	=	(17	40	+	6	3)/573	=	11.5	map	units	Distance	sh-T	=	24.4
11.5	=	35.9	map	units	+	+	A-	+	9a	“”-a	+	11.6	24.4	+	wx	T	ah	>	9b	8a	8.9,	An	inversion	heterozygote	possesses	one	chromosome	in	the	normal	order	4	‘	and	.	A	4-strand	double	crossover	occurs	in	the	areas	f-e	one	in	the	inverted	order	---o	and	d-c.	Diagram	and	label	the	first	anaphase	figures.	Sohtion:	A	somewhat	easier	way	to	diagram	the
synapsing	chromosomes	when	crossing	over	is	only	within	the	inversion	as	shown	below.	This	is	obviously	not	representative	of	the	actual	pairing	figure.	Let	the	crossover	in	the	c-d	region	involve	strands	2	and	3,	and	the	crossover	in	the	e-f	region	involve	strands	1	and	4.	Synapsis	c	1	-	c	b	a	-1	i	2	h	d	f	fl	e	f	d	e	b	c	fl	a	h	4	a	4	First	Anaphase	(double
bridge)	plus	(	)	two	acentric	h	g	f	e	1	d	c	g	h	13	,	fragments	8.10.	Eight	regions	of	a	dipteran	chromosome	are	easily	recognized	cytologically	and	labeled	a-h.	Four	different	races	within	this	species	have	the	chromosomal	orders	as	listed:	CHAP.	81	197	CYTOGENETICS	(1)	ahbdcfeg,	(	2	)	aedccfbhg,	(	3	)	ahbdgefc,	(4)	aefcdbhg	Assuming	that	each	race
evolved	by	a	single	inversion	from	another	race,	show	how	the	four	races	could	have	originated.	Solution:	An	inversion	in	(1)	involving	cfeg	produces	the	order	for	(	3	)	.	(1)	a	h	b	d	c	f	e	g	j	(	3	)	a	h	b	d	g	e	f	c	No	single	inversion	in	(	3	)can	produce	any	of	the	other	chromosomal	orders.	However,	a	different	inversion	in	(1)	can	produce	an	order	for	(	4	)	.
(1)	a	h	b	d	c	f	e	g	-	+	(	4	)	a	e	f	c	d	b	h	g	Race	4,	in	turn,	can	give	rise	to	(2)	by	a	single	inversion.	cdbhg	j(2)aedcfbhg	(4)	a	e	fIf	(1)	were	the	original	ancestor,	the	evolutionary	pattern	would	be	2	+	4	+	1	+	3	.	If	(2)	were	the	original	ancestor,	the	evolutionary	pattern	would	be	2	+	4	4	I	4	3	.	If	(	3	)	were	the	original	ancestor,	the	evolutionary	pattern
would	be	3	+	1	+	4	+	2.	If	(4)	were	the	original	ancestor,	the	evolutionary	pattern	would	be	2	+-4	+	1	+	3	.	Since	we	do	not	know	which	of	the	four	was	the	original	ancestor,	we	can	briefly	indicate	all	of	these	possibilities	by	using	doubled-headed	arrows:	2	t)4	I	3.	--	VARIATION	IN	CHROMOSOME	MORPHOLOGY	8.11.	Yellow	body	color	in
Drosophila	is	produced	by	a	recessive	gene	y	at	the	end	of	the	X	chromosome.	A	A	yellow	male	is	mated	to	an	attached-X	female	(XX)	heterozygous	for	the	y	allele.	Progeny	are	of	two	types:	yellow	females	and	wild-type	females.	What	insight	does	this	experiment	offer	concerning	the	stage	(2	strand	or	4	strand)	at	which	crossing	over	occurs?	Solution:
Let	us	assume	that	crossing	over	occurs	in	the	2-strand	stage,	i.e.,	before	the	chromosome	replicates	into	2	chromatids.	The	yellow	male	produces	gametes	with	either	a	y-bearing	X	chromosome	or	one	with	the	Y	chromosome	A	that	is	devoid	of	genetic	markers.	Trisonomic	X	(XXX)	flies	seldom	survive	(superfemales).	Those	with	A	XXX	will	be	viable
heterozygous	wild-type	attached-X	females.	Crossing	over	fails	to	produce	yellow	progeny	when	it	occurs	in	the	2-strand	stage.	Let	us	assume	that	crossing	over	occurs	after	replication	of	the	chromosome,	i.e.,	in	the	4-strand	stage:	Yellow9	<	Wild	type	0	+	The	appearance	of	yellow	females	in	the	progeny	is	proof	that	crossing	over	occurs	in	the	4-
strand	stage.	198	CYTOGENETICS	[CHAP.	8	8.12.	Data	from	Drosophila	studies	indicate	that	noncrossover	(NCO)	rings	are	recovered	in	equal	frequencies	with	NCO	rods	from	ring-rod	heterozygotes.	What	light	does	this	information	shed	on	the	occurrence	of	sister-strand	crossing	over?	Solution:	Let	us	diagram	the	results	of	a	sister-strand	crossover
in	a	rod	and	in	a	ring	chromosome.	(a)	Rod	Chromosome	All	rods	will	form	functional	gametes.	(6)	Ring	Chromosome	b	a	d	C	The	double	bridge	at	anaphase	will	rupture	and	producc	nonfunctional	gametes	with	duplications	or	deficiences.	These	would	fail	to	be	recovered	in	viable	offspring.	The	fact	that	both	rings	and	rods	are	recovered	with	equal
frequency	argues	against	the	occurrence	of	sister-strand	crossing	over.	Modem	techniques	(involving	autoradiography	with	labeled	thymidine	or	fluorescence	microscopy	of	cultured	cells	that	have	incorporated	5-bromodeoxyuridine	in	place	of	thymine)	reveal	that	some	sister-strand	exchanges	occur	by	a	repair	mechanism	when	DNA	is	damaged.	One
of	the	initiating	steps	that	transforms	a	normal	cell	to	a	cancer	cell	is	DNA	damage.	Hence,	screening	chemicals	for	their	ability	to	induce	sister-strand	exchanges	is	one	method	for	detecting	potential	cancer-inducing	agents	(carcinogens).	Supplementary	Problems	VARIATION	IN	CHROMOSOME	NUMBER	8.13.	Abyssinian	oat	(Avena	a6yssinica)
appears	to	be	a	tetraploid	with	28	chromosomes.	The	common	cultivated	oat	(Avena	sativa)	appears	to	be	a	hexaploid	in	this	same	series.	How	many	chromosomes	does	the	common	oat	possess?	8.14.	The	European	raspberry	(Rubus	idaeus)	has	14	chromosomes.	The	dewberry	(Rubus	caesius)	is	a	tetraploid	with	28	chromosomes.	Hybrids	between
these	two	species	are	sterile	FI	individuals.	Some	unreduced	gametes	of	the	F1are	functional	in	backcrosses.	Determine	the	chromosome	number	and	level	of	ploidy	for	each	of	the	following:	(	a	)	F1,	(6)	F1	backcrossed	to	R	.	idaeus,	(	c	)	FI	biickcrossed	to	R.	caesius,	(	d	)	chromosome	doubling	of	FI	(R.	rnarirnus).	199	CYTOGENETICS	CHAP.	81	8.15.
There	are	13	pairs	of	chromosomes	in	Asiatic	cotton	(Gossypium	arboreum)and	also	13	pairs	in	an	American	species	G	.	thurberi.	Interspecific	crosses	between	arboreum	and	thurberi	are	sterile	because	of	highly	irregular	chromosome	pairing	during	meiosis.	The	American	cultivated	cotton	(Gossypium	hirsutum)	has	26	pairs	of	chromosomes.	Crosses
of	arboreum	X	hirsutum	or	thurberi	X	hirsutum	produce	triploids	with	13	bivalents	(pairs	of	chromosomes)	and	13	univalents	(single	unpaired	chromosomes).	How	can	this	cytological	information	be	used	to	interpret	the	evolution	of	hirsutum?	8.16.	If	two	alleles,	A	and	a,	exist	at	a	locus,	5	genotypic	combinations	can	be	formed	in	an	autotetraploid:
quadruplex	(AAAA),	triplex	(	M	u	)	,	duplex	(AAaa),	simplex	(Aaaa),	nulliplex	(aaaa).	Assume	A	exhibits	xenia	over	a.	For	each	of	these	five	genotypes	determine	the	expected	phenotypic	ratio	(A	:	a)	when	(a)	the	locus	is	tightly	linked	to	its	centromere	(chromosomal	assortment)	and	the	genotype	is	selfed,	(b)the	locus	is	assorting	chromosomally	and	the
genotype	is	testcrossed,	(c)	the	locus	is	far	from	its	centromere	so	that	chromatids	assort	independently	and	the	genotype	is	selfed,	(d)	the	locus	assorts	by	chromatids	and	the	genotype	is	testcrossed.	8.17.	The	loci	of	genes	A	and	B	are	on	different	chromosomes.	A	dihybrid	autotetraploid	plant	of	genotype	AAuuBBbb	is	self-pollinated.	Assume	that
only	diploid	gametes	are	formed	and	that	the	loci	of	A	and	B	are	very	close	to	their	respective	centromeres	(chromosomal	segregation).	Find	the	phenotypic	expectations	of	the	progeny.	8.18.	The	flinty	endosperm	character	in	maize	is	produced	whenever	2	or	all	3	of	the	alleles	in	this	triploid	tissue	are	F.	In	the	presence	of	its	alternative	allele	F’	in
double	or	triple	dose,	a	floury	endosperm	is	produced.	White	endosperm	color	is	produced	by	a	triple	dose	of	a	recessive	allele	y	,	its	dominant	allele	Y	exhibiting	xenia	and	producing	yellow	endosperm.	The	loci	of	F	and	Y	assort	independently.	(a)	In	crosses	between	parents	of	genotype	FF’Yy,	what	phenotypic	ratio	is	expected	in	the	progeny	seed?
(b)Pollen	from	a	plant	of	genotype	FF’Yy	is	crossed	onto	a	plant	of	genotype	FFyy.	Compare	the	phenotypic	ratios	produced	by	this	cross	with	its	reciprocal	cross.	8.19.	The	diploid	number	of	the	garden	pea	is	2n	=	14.	(a)	How	many	different	trisomics	could	be	formed?	(b)How	many	different	double	trisomics	could	be	formed?	8.20.	The	diploid
number	of	an	organism	is	12.	How	many	chromosomes	would	be	expected	in	(a)	a	monosomic,	(6)	a	trisomic,	(	c	)	a	tetrasomic,	(d)	a	double	trisomic,	(e)	a	nullisomic,	(f)a	monoploid,	(g)	a	triploid,	(h)	an	autotetraploid?	8.21.	Sugary	endosperm	of	corn	is	regulated	by	a	recessive	gene	s	on	chromosome	IV	and	starchy	endosperm	by	its	dominant	allele	S.
Assuming	n	+	1	pollen	grains	are	nonfunctional,	predict	the	genotypic	and	phenotypic	ratios	of	endosperm	expected	in	the	progeny	from	the	cross	of	(a)	diploid	ss	pollinated	by	trisomic-IV	of	genotype	SSs,	(b)diploid	Ss	pollinated	by	trisomic-IV	of	genotype	SSs.	8.22.	A	dominant	gene	w	+	produces	yellow	flowers	in	a	certain	plant	species	and	its
recessive	allele	w	produces	white	flowers.	Plants	trisomic	for	the	chromosome	bearing	the	color	locus	will	produce	n	and	n	+	1	functional	female	gametes,	but	viable	pollen	has	only	the	n	number.	Find	the	phenotypic	ratio	expected	from	each	of	the	following	crosses:	(4	(b)	(4	(d1	8.23.	Seed	Parent	+	+	+	+	+	w	w	w	+	w	w	w	x	x	x	x	Pollen	Parent	+	+
+	+	+	w	+	w	w	w	Shrunken	endosperm	is	the	product	of	a	recessive	gene	sh	on	chromosome	I11	of	corn;	its	dominant	allele	Sh	produces	full,	plump	kernels.	Another	recessive	gene	p	r	on	chromosome	V	gives	red	color	to	the	aleurone,	and	its	dominant	allele	Pr	gives	purple.	A	diploid	plant	of	genotype	Shlsh,Prlpr	was	pollinated	by	a	plant	trisomic	for
chromosome	I11	of	genotype	ShlShlsh,Prlpr.	If	n	+	1	pollen	grains	are	nonfunctional,	determine	the	DhenOtVDiC	ratio	exDected	in	the	Droeenv	endosmrms.	200	8.24.	CYTOGENETICS	[CHAP.	8	Normal	women	possess	2	sex	chromosomes	(XX)	and	normal	mcn	have	a	single	X	chromosome	plus	a	Y	chromosome	that	carries	male	determiners.	Rarely	a
woman	is	found	with	marked	abnormalities	of	primary	and	secondary	sexual	characteristics,	having	only	1	X	chromosome	(XO).	The	phenotypic	expressions	of	this	monosomic-X	state	is	called	Turner	syndrome.	Likewise,	men	are	occasionally	discovered	with	an	XXY	constitution	exhibiting	corresponding	abnormalities	called	Klinefelter	syndrome.
Color	blindness	is	a	sexlinked	recessive	trait.	(	a	)	A	husband	and	wife	both	had	normal	vision,	but	one	of	their	children	was	a	colorblind	Turner	girl.	Diagram	this	cross,	including	the	gametes	that	produced	this	child.	(b)	In	another	family	the	mother	is	color	blind	and	the	father	has	normal	vision.	Their	child	is	a	Klinefelter	with	normal	vision.	What
gametes	produced	this	child?	(	c	)Suppose	the	same	parents	in	part	(	6	)produced	a	color-blind	Klinefelter.	What	gametes	produced	this	child?	(	d	)	The	normal	diploid	number	for	humans	is	46.	A	trisomic	condition	for	chromosome	21	results	in	Down	syndrome.	At	least	one	case	of	Down-Klinefelter	has	been	recorded.	How	many	chromosomes	would
this	individual	be	expected	to	possess?	VARIATION	IN	ARRANGEMENT	OF	CHROMOSOME	SEGMENTS	8.25.	Colorless	aleurone	of	corn	kernels	is	a	trait	governed	by	a	recessive	gene	c	and	is	in	the	same	linkage	group	(IX)	with	another	recessive	gene	wx	governing	waxy	endosperm.	In	1931	Creighton	and	McClintock	found	a	plant	with	one	normal



IX	chromosome,	but	its	homologue	had	a	knob	on	one	end	and	a	translocated	piece	from	another	chromosome	on	the	other	end.	A	dihybrid	colored.	starchy	plant	with	the	heteromorphic	IX	chromosome	shown	below	was	testcrossed	to	a	colorless,	waxy	plant	with	normal	chromosomes.	The	results	of	this	experiment	provided	cytological	proof	that
genetic	crossing	over	involves	an	actual	physical	exchange	between	homologous	chromosome	segments.	Diagram	the	results	of	this	cross,	showing	all	genotypes	and	phenotypes.	C	wx	I	6	J	C	WX	colorless,	w	a	x	y	C	X	a	-	wx	I	C	wx	colored,	starchy	8.26.	Nipple-shaped	tips	on	tomato	fruit	is	the	phenotypic	expression	of	a	recessive	gene	nt	on
chromosome	V	.	A	heterozygous	plant	(Nrlnt)	that	is	also	heterozygous	for	a	reciprocal	translocation	involving	chromosomes	V	and	VIII	is	testcrossed	to	a	plant	with	normal	chromosomes.	The	progeny	were	48	normal	fruit,	fertile	:	19	nipple	fruit,	fertile	:	11	normal	fruit,	semisterile	:	37	nipple	fruit,	semisterile.	What	is	the	genetic	position	of	the	locus
of	gene	N	t	with	respect	to	the	point	of	trandocation'?	8.27.	Given	a	pericentric	inversion	heterozygote	with	1	chromosome	in	normal	order	(	1	2	3	4.5	6	7	8)	and	the	other	in	the	inverted	order	(	1	5.4	3	2	6	7	8),	diagram	the	first	anaphase	figure	after	a	4-strand	double	crossover	occurs:	one	crossover	involves	the	regions	between	4	and	the	centromere
(.);	the	other	crossover	occurs	between	the	centromere	and	5.	8.28.	A	4-strand	double	crossover	occurs	in	an	inversion	heterozygote.	The	normal	chromosome	order	is	(	.	1	2	3	4	5	6	7	8);	the	inverted	chromosome	order	is	(.	1	2	7	6	5	4	3	8	)	.	One	crossover	is	between	1	and	2	and	the	other	is	between	5	and	6.	Diagram	and	label	the	first	anaphase
figures.	8.29.	Diagram	and	label	the	first	anaphase	figure	produced	by	an	inversion	heterozygote	whose	normal	chromosome	is	(.a	b	c'	d	e	f	g	h	)	and	with	the	inverted	order	(	.	a	b	f	e	d	c	g	h	)	.	Assume	that	a	2-strand	double	crossover	occurs	in	the	regions	c-d	and	ef.	8.30.	A	chromosome	with	segments	in	the	normal	order	is	(	.	U	b	c	d	e	f	g	h	)	.	An
inversion	heterozygote	has	the	abnormal	order	(	.	a	h	f	e	d	c	g	h	)	.	A	3-strand	double	crossover	occurs	involving	the	regions	between	a	and	6	and	between	d	and	e	.	Diagram	and	label	the	first	and	second	anaphase	figures.	8.31.	Given	the	pairing	figure	for	an	inversion	heterozygote	with	3	crossovers	as	indicated	on	page	201,	diagram	the	first
anaphase.	8.32.	Four	races	of	a	species	are	characterized	by	variation	in	the	segmcntal	order	(a-h)	of	a	certain	chromosome.	20	1	CYTOGENETICS	CHAP.	81	6	1	2	7	3	8	Racel:	a	b	c	d	e	f	g	h	Race3:	g	f	e	a	c	d	b	h	Race2:	g	f	e	b	d	c	a	h	Race4:	a	c	b	d	e	f	g	h	A	fifth	race,	with	still	a	different	chromosomal	order,	is	postulated	to	have	existed	in	the	past	but
is	now	extinct.	Explain	the	evolutionary	origin	of	these	races	in	terms	of	single	inversion	differences.	Hint:	See	Problem	8.10.	8.33.	A	species	of	the	fruit	fly	is	differentiated	into	five	races	on	the	basis	of	differences	in	the	banding	patterns	of	one	of	its	giant	chromosomes.	Eight	regions	of	the	chromosome	are	designated	a-h.	If	each	of	these	races	is
separated	by	a	single	overlapping	inversion,	devise	a	scheme	to	account	for	the	evolution	of	the	fiveraces:	(	1	)	a	d	g	h	f	c	b	e	,	(2)f	h	g	d	a	c	b	e,	(3)f	h	c	a	d	g	b	e,	(4)f	h	g	b	c	a	d	e	,	(5)f	a	d	g	h	c	b	e	VARIATION	IN	THE	NUMBER	OF	CHROMOSOME	SEGMENTS	8.34.	In	higher	animals,	even	very	small	deficiencies,	when	homozygous,	are	usually	lethal.
A	recessive	gene	w	in	mice	results	in	an	abnormal	gait	called	“waltzing.”	A	waltzing	male	was	crossed	to	several	homozygous	normal	females.	Among	several	hundred	offspring	one	was	found	to	be	a	waltzer	female.	Presumably,	a	deficiency	in	the	chromosome	carrying	the	w	+	allele	caused	the	waltzing	trait	to	appear	as	pseudodominant.	The
pseudodominant	waltzer	female	was	then	crossed	to	a	homozygous	normal	male	and	produced	only	normal	offspring.	(	a	)	List	2	possible	genotypes	for	the	normal	progeny	from	the	above	cross.	(	b	)	Suppose	that	2	males,	one	of	each	genotype	produced	in	part	(	a	)	,	were	backcrossed	to	their	pseudodominant	mother	and	each	produced	12	zygotes.
Assuming	that	homozygosity	for	the	deletion	is	lethal,	calculate	the	expected	combined	number	of	waltzer	and	normal	progeny.	VARIATION	IN	CHROMOSOME	MORPHOLOGY	8.35.	Vermilion	eye	color	in	Drosophila	is	a	sex-linked	recessive	condition;	bar	eye	is	a	sex-linked	dominant	A	condition.	An	attached-X	female	with	vermilion	eyes,	also	having
a	Y	chromosome	(XXY),	is	mated	to	a	bar-eyed	male.	(	a	)	Predict	the	phenotypic	ratio	that	is	expected	in	the	F1	flies.	(	6	)	How	much	death	loss	is	anticipated	in	the	F1	generation?	(Hint:	see	Problem	5.25)	(	c	)	What	phenotypic	ratio	is	expected	in	the	Fl?	8.36.	Two	recessive	sex-linked	traits	in	Drosophila	are	garnet	eye	(	g	)	and	forked	bristle	0	.The
attached-X	chromosomes	of	females	heterozygous	for	these	genes	are	diagrammed	below.	’ABCD	A	crossover	between	two	chromatids	attached	to	the	same	centromere	is	called	a	reciprocal	exchange;	a	crossover	between	2	chromatids	attached	to	different	centromeres	is	a	nonreciprocal	exchange.	Approximately	7%	of	the	daughters	from	these
attached-X	females	were	/f	g,	7%	were	f	+	/	+	+	,	7%	were	f	g/	+	g	and	the	remainder	were	f	+	/	+	g	.	(	a	)Which	of	the	single	exchanges	(A,	B,	C,	or	D	in	the	diagram)	could	produce	the	daughters	(	1	)	+	+	/	f	g	and	f	+	/	+	g	,	(2)f	+	/	+	+	and	f	g	/	+	g?	(	b	)	Are	chromatids	attached	to	the	same	centromere	more	likelv	to	be	involved	in	an	exchange	than
chromatids	attached	to	++	202	CYTOGENETICS	[CHAP.	8	different	centromeres?	(	c	)	Does	the	fact	that	neither	homozygous	wild	type	nor	garnet-forked	progeny	were	found	shed	any	light	on	the	number	of	chromatids	which	undergo	exchange	at	any	one	locus?	8.37.	Given	the	ring	homozygote	at	the	left	(below),	diagram	the	first	anaphase	figure
when	crossovers	occur	at	position	(	a	)	A	and	B,	(6)	A	and	C,	(	c	)	A	and	D.	A	cw	8.38.	Given	the	ring-rod	heterozygote	at	the	right	(above),	diagram	the	lrirst	anaphase	figure	when	crossovers	occur	at	positions	(	a	)	A	and	B,	(	6	)A	and	C,	(	c	)	A	and	D.	HUMAN	CYTOGENETICS	8.39.	Meiotic	non-disjunctionof	the	sex	chromosomes	in	either	parent	can
produce	a	child	with	Klinefelter	syndrome	(XXY)	or	Turner	syndrome	(XO).	Color	blindness	is	due	to	a	sex-linked	recessive	gene.	(	U	)	If	a	color-blind	woman	and	man	with	normal	vision	produce	a	color-blind	Klinefelter	child,	in	which	parent	did	the	nondisjunctional	event	occur?	(6)	If	a	heterozygous	woman	with	normal	vision	and	a	man	with	normal
vision	produce	a	color-blind	Klinefelter	child,	how	can	this	be	explaincd?	8.40.	8.41.	Explain	what	type	of	abnormal	sperm	unites	with	a	normal	egg	to	produce	an	XYY	offspring.	Specifically,	how	does	such	an	abnormal	gamete	arise?	Mosaicism	is	the	presence	in	an	individual	of	two	or	more	cell	lines	of	different	chromosomal	constitution,	each	cell
line	being	derived	from	the	same	zygote.	In	contrast,	fusion	of	cell	lines	from	different	zygotes	produces	a	chimera.	Mosaicism	results	from	abnormal	postzygotic	(mitotic)	divisions	of	three	kinds:	(	1	)	nondisjunction	during	the	first	cleavage	division	of	the	zygote,	(2)	nondisjunction	during	later	mitotic	divisions,	and	(3)	anaphase	lag,	in	which	one
member	of	a	chromosome	pair	fails	to	segregate	chomatids	from	the	metaphase	plate,	and	that	chromatid	fails	to	be	included	in	the	daughter	cell	nuclei	(the	entire	chromosome	is	thus	lost).	Assuming	that	nondisjunction	of	chromatids	affects	only	one	member	of	a	pair	of	chromosomes	of	the	diploid	set,	(	a	)	specify	the	mosaic	karyotypes	expected
from	nondisjunction	during	the	first	cleavage	division	of	a	zygote.	(6)	If	the	first	cleavage	division	is	normal,	but	the	second	cleavage	division	involves	a	nondisjunctional	event,	what	kind	of	mosaic	IS	expected‘?(c.)	What	kind	of	mosaic	results	from	anaphase	lag	of	the	sex	chromosomes	in	females?	(	d	)	What	kind	of	mosaic	results	from	anaphase	lag	of
the	sex	chromosomes	in	males?	8.42.	In	mosaics	of	XX	and	XO	cell	lines,	the	phenotype	may	vary	from	complete	Turner	syndrome	to	a	completely	normal	appearing	female.	Likewise,	in	XO/XY	mosaics,	the	phenotypic	variation	ranges	from	complete	Turner	syndrome	to	a	normal	appearing	(but	infertile)	male.	How	can	these	variations	be	explained?
8.43.	Suppose	that	part	of	the	short	arm	of	one	chromosome	5	becomes	nonreciprocally	attached	to	the	long-arm	end	of	one	chromosome	13	in	the	diploid	set.	This	is	considered	to	be	a	“balanced	translocation”	because	essentially	all	of	the	genetic	material	is	present	and	the	phenotype	is	normal.	One	copy	of	the	short	arm	of	chromosome	5	produces
cri	du	chat	syndrome;	three	copies	lead	to	early	postnatal	death.	If	such	a	translocation	individual	has	children	by	a	chromosomally	normal	partner,	predict	the	(	a	)chromosomal	and	(	6	)phenotypic	expectations.	CHAP.	81	CYTOGENETICS	203	8.44.	About	2%	of	patients	with	Down	syndrome	have	a	normal	chromosome	number	of	46.	The	extra
chromosome	21	has	been	nonreciprocally	translocated	onto	another	autosome	of	the	D	or	G	group.	These	individuals	are	referred	to	as	translocation	mongols,	and	because	this	condition	tends	to	be	hereditary,	it	is	also	called	familial	mongolism.	(	a	)	Suppose	that	one	phenotypically	normal	parent	has	45	chromosomes,	one	of	which	is	a	translocation
of	the	centromere	and	long	arm	of	a	D-group	chromosome	(either	14	or	15)	and	the	long	arm	minus	the	centromere	of	a	G-group	chromosome	(	2	1	)	.The	short	arms	of	each	chromosome	(presumably	carrying	no	vital	genes)	are	lost	in	previous	cell	divisions.	If	gametes	from	this	translocated	parent	unite	with	those	from	a	normal	diploid	individual,
predict	the	chromosomal	and	phenotypic	expectations	in	their	progeny.	(6)	Assuming	that	in	one	parent	the	translocation	is	between	chromosomes	21	and	2	2	,	that	the	centromere	of	the	translocation	is	that	of	chromosome	22	(like	centromeres	go	to	opposite	poles),	and	that	the	other	parent	is	a	normal	diploid,	predict	the	chromosomal	and
phenotypic	expectations	in	their	children.	(c)	Make	the	same	analysis	as	in	part	(b),	assuming	that	the	centromere	of	the	21/22	translocation	chromosome	is	that	of	chromosome	2	1	.	(	d	)	Assuming	that	in	one	parent	the	translocation	involves	21/21	and	the	other	parent	is	a	normal	diploid,	predict	the	chromosomal	and	phenotypic	expectations	in	their
children.	(	e	)Among	the	live	offspring	of	parts	(	c	)	and	(	d	)	,	what	are	the	risks	of	having	a	Down	child?	8.45.	The	photograph	accompanying	this	problem	is	at	the	back	of	the	book.	It	shows	the	chromosomes	from	a	human	cell.	Cut	out	the	chromosomes	and	construct	an	idiogram.	Do	not	look	at	the	answer	until	you	have	solutions	to	the	following
questions.	(	a	)	Is	the	specimen	from	a	male	or	a	female?	(b)	What	possible	kinds	of	chromosomal	abnormalities	may	be	present	in	this	patient?	REVIEW	QUESTIONS	Matching	Questions	Choose	the	one	best	match	of	each	numbered	item	with	one	of	the	lettered	items.	Monoploid	Chromosome	5	deletion	Monosomic	Double	trisomic	Somatic
chromosome	pairing	Renner	complex	Double-bar	eye	Philadelphia	chromosome	Barr	body	10.	Down	syndrome	1.	2.	3.	4.	5.	6.	7.	8.	9.	A.	B.	C.	D.	E.	F.	G.	H.	I.	J.	Cri	du	chat	syndrome	Salivary	gland	cell	chromosome	2	n	+	1	+	1	Prenatal	sex	identification	Trisomy	21	Chronic	myelocytic	leukemia	Oenothera	Drone	bee	Unequal	crossing	over	Turner
syndrome	Vocabulary	For	each	of	the	following	definitions,	give	the	appropriate	term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated	otherwise.	1.	A	cell	or	organism	containing	three	sets	of	chromosomes.	2.	A	cell	or	organism	produced	by	doubling	the	chromosome	number	of	an	interspecific	hybrid.	3.	Any	variation	in	chromosome
number	that	does	not	involve	whole	sets	of	chromosomes.	4.	A	cell	or	organism	having	a	genomic	formula	2n	-	1.	5.	An	adjective	applicable	to	a	giant	chromosome	consisting	of	hundreds	of	chromatid	strands.	6.	Exchange	of	pieces	between	2	nonhomologous	chromosomes.	(Two	words.)	7.	Altered	phenotypic	expression	of	a	gene	as	a	consequence	of
movement	from	its	normal	location.	(Two	words.)	204	CYTOGENETICS	[CHAP.	8	8.	A	chromosomal	aberration	that,	with	the	help	of	crossing	over	withiin	the	aberration,	can	lead	to	“bridge	and	fragment’’	formation.	(Two	words.)	9.	Phenotypic	expression	of	a	recessive	gene	as	a	consequence	of	loss	of	a	chromosomal	segment	bearing	the
corresponding	dominant	allele.	10.	The	arrangement	of	the	somatic	chromosome	complement	(karyotyp:)	of	a	cell	in	groups	of	homologous	pairs.	True-False	Questions	Answer	each	of	the	following	statements	either	true	(T)	or	false	(F).	1.	The	discipline	of	biology	that	attempts	to	correlate	cellular	events	with	genetic	phenomena	is	cryogenetics.	2.
Triploids	and	autotetraploids	are	usually	sterile.	3.	Interspecific	diploid	hybrids	are	usually	fertile.	4.	The	genomic	formula	for	a	trisomic	is	3n.	5.	Balanced	lethal	systems	require	either	a	translocation	or	an	inversion	to	maintain	heterozygosity	generation	after	generation.	6.	Overlapping	inversions	have	been	used	to	locate	the	physical	positions	of
linked	genes.	7.	Production	of	viable	recombination	progeny	resulting	from	crossing	over	within	an	inversion	structural	heterozygote	is	not	possible.	8.	Normal	human	males	are	sex-chromatin	negative.	9.	Normal	human	females	heterozygous	for	a	pair	of	sex-linked	alleles	have	only	one	such	allele	expressed	in	a	given	cell.	10.	The	phenomenon	called
gigantism	is	associated	with	the	large	polytene	chromosomes	in	certain	cells	of	Drosophila	larvae.	Multiple-Choice	Questions	Choose	the	one	best	answer.	1.	A	treatment	often	used	to	induce	polyploidy	experimentally	in	plants	is	acid	(c)	colchicine	(d)	acridine	dyes	(e)	azothioprene	2.	A	mechanism	that	can	cause	a	gene	to	move	from	one	linkage
group	to	another	is	tion	(6)	inversion	(c)	crossing	over	(d)	duplication	(e)	dosage	compensation	(a)	X-rays	(	6	)	gibberellic	(a)	transloca-	3.	If	during	synapsis	a	certain	kind	of	abnormal	chromosome	is	always	forced	to	bulge	away	from	its	normal	homologue,	the	abnormality	is	classified	as	(a)	an	inversion	(6)	a	duplication	(c)	an	isochromosome	(d)	a
deficiency	(e)	none	of	the	above	4.	If	4	chromosomes	synapse	into	a	cross-shaped	configuration	during	meiotic	prophase,	the	organism	is	heterozygous	for	a	(a)	pericentric	inversion	(6)	deletion	(c)	translocation	(d)	paracentric	inversion	(e)	none	of	the	above	5.	A	segment	of	chromosome	may	be	protected	from	recombination	Iby	(a)	an	inversion	(6)	a
translocation	(c)	balanced	lethals	(d)	more	than	one	of	the	above	(e)	all	of	the	above	6.	A	person	with	Klinefelter	syndrome	is	considered	a	(d)	deletion	heterozygote	(e)	none	of	the	above	(a)	monosomic	(	6	)	triploid	(	c	)	trisomic	CHAP.	81	205	CYTOGENETICS	7.	Given	a	normal	chromosome	with	segments	labeled	C123456	(C	=	centromere),	a
homologue	containing	an	inversion	including	regions	3-5,	and	a	single	2-strand	crossover	between	regions	4	and	5;	then	the	acentric	fragment	present	during	first	meiotic	anaphase	is	(a)	63456	(	6	)	12344321	(c)	65521	(d)	654321	(e)	none	of	the	above	8.	Pseudodominance	may	be	observed	in	heterozygotes	for	(a)	a	deletion	(	b	)	a	duplication	(c)	a
paracentric	inversion	(d)	a	reciprocal	translocation	(e)	more	than	one	of	the	above	9.	The	most	easily	recognized	characteristic	of	an	inversion	heterozygote	in	plants	is	(a)	gigantism	(	b	)	semisterility	(c)	a	cross-shaped	chromosome	configuration	during	meiosis	(d)	pseudodominance	(	e	)	none	of	the	above	10.	If	the	garden	pea	has	14	chromosomes	in
its	diploid	complement,	how	many	double	trisomics	could	theoretically	exist?	(a)	6	(	b	)	9	(c)	16	(	d	)	21	(	e	)	none	of	the	above	Answers	to	Supplementary	Problems	8.13.	42	8.14.	(	a	)	21,	triploid	(	b	)	28,	tetraploid	(	c	)	35,	pentaploid	(d)	42,	hexaploid	8.15.	Half	of	the	chromosomes	of	hirsutum	have	homology	with	arboreum,	and	the	other	half	with
fhurberi.	Doubling	the	chromosome	number	of	the	sterile	hybrid	(thurberi	x	arboreum)	could	produce	an	amphidiploid	with	the	cytological	characteristics	of	hirsutum.	8.16.	Quadruplex	Triplex	Duplex	Simplex	Nulliplex	All	A	All	A	All	A	All	A	35A:la	3A:la	5A:la	1A:la	All	a	All	a	All	A	783	A	:	1	a	20.8	A	:	1	a	2.48	A	:	1	a	All	a	8.17.	AB	:	35	A	b	:	35	a	B	;	1	ab
8.18.	flinty,	yellow	:	Q	flinty,	white	:	if	floury,	yellow	:	floury,	white	Flinty,	white	Flinty,	yellow	Floury,	white	Floury,	yellow	All	A	27A:	1	a	3.7	A	:	1	a	0.87	A	:	1	a	All	a	Original	Cross	Reciprocal	Cross	3	3	a	a	a	a	8.19.	(a)	7	(	6	)	21	8.20.	(	a	)	11	(	b	)	13	(c)	14	(	d	)	14	(	e	)	10	cf)	6	(g)	18	(	h	)	24	8.21.	(	a	)	2	Sss	(starchy)	:	1	sss	(sugary)	(	b	)	$	SSS	:	8	SSs	:	4
Sss	:	8	sss	:	8	starchy	:	8	sugary	206	8.22.	CYTOGENETICS	[CHAP.	8	--	(a)	17	yellow	:	1	white	(6)	5	yellow	:	1	white	(c)	1	1	yellow	:	:I	white	(d)	3	yellow	:	1	white	plump,	purple	:	&	plump,	red	:&	shrunken,	purple	:	&	shrunken,	red	8.23.	(	a	)	P:	XCX(	x	XCY;	gametes:	8.24.	I	8.25.	@U	F,:	X	(	0	(h)	-	@([email	protected]	II	Noncrossovers	C	wx	wx	1C	wx
8.27.	wx	C	wx	C	I	Crossovers	C	colored,	waxy	colorless,	starchy	8.26.	wx	C	(d)	48	(c)	WX	colorless,	waxy	1	WX	C	colored,	starchy	26.1	map	units	from	the	point	of	translocation.	fi	8.28.	8.30.	First	anaphase:	a	diad,	a	loop	chromatid,	and	an	acentric	fragment;	second	anaphase:	the	diad	splits	into	2	monads	and	the	loop	forms	a	bridge.	The	acentric
fragment	formed	during	meiosis	I	would	not	be	expected	to	be	present	at	meiosis	11.	8.31.	Two	loop	chromatids	and	two	acentric	fragments.	8.32.	If	the	order	of	the	extinct	race	(5)	was	g	f	e	d	6	c	a	h	or	8.33.	4	z	5	2	s	U	c	d	b	e	f	g	h,	then:	1	++	4	++	5	++	2	++	3.	1	=	3	+	/	w	and	+	/(	-	)	(heterozygous	deficiency)	(6)	9	waltzers	:	12	normals	8.34.	(a)
8.35.	(a)	All	daughters	have	vermilion	eyes	(XXY);	all	sons	have	bar	eyes	(XY).	(6)	50%	death	loss;	nullo-X	A	A	is	lethal	(YY);	suDerfemales	(XXX)	usually	die.	(	c	)	Same	as	part	(a).	CHAP.	81	CYTOGENETICS	207	8.36.	(a)	(1)	D	or	C	(2)	B	or	A	(	6	)	No.	Reciprocal	vs.	nonreciprocal	exchanges	are	occurring	in	a	1	:	1	ratio,	indicating	that	chromatids
attached	to	the	same	centromere	are	involved	in	an	exchange	with	the	same	frequency	as	chromatids	attached	to	different	centromeres.	Daughters	with	genotypef	+	/	+	g	resulting	from	single	crossovers	of	type	C	cannot	be	distinguished	from	nonexchange	chromatids.	(c)	Two	exchanges	in	the	garnet-forked	region	involving	all	4	strands,	as	well	as
one	nonreciprocal	exchange	between	f	and	the	centromere,	are	required	to	give	homozygous	wild-type	and	garnet-forked	daughters.	Their	absence	is	support	for	the	assumption	that	only	2	of	the	4	chromatids	undergo	exchange	at	any	one	locus.	8.37.	(	a	)	=	=	=	=	8.39.	(a)	Either	nondisjunction	of	the	2	X	chromosomes	occurred	in	the	mother	in	the
first	meiotic	division	or	nondisjunction	of	the	2	sister	chromatids	occurred	in	the	second	meiotic	division.	(6)	Nondisjunction	during	the	second	meiotic	division	of	the	sister	chromatids	of	the	X	chromosome	bearing	the	recessive	color-blind	gene	would	produce	an	egg	with	2	X	chromosomes	bearing	only	the	color-blind	alleles.	Alternatively,	if	crossing
over	occurs	between	the	centromere	and	the	color-blind	locus	and	is	followed	by	nondisjunction	of	the	X	chromosomes	at	the	first	meiotic	division,	one	of	the	four	meiotic	products	would	be	expected	to	contain	2	recessive	color-blind	alleles.	8.40.	A	sperm	bearing	2	Y	chromosomes	is	produced	by	nondisjunction	of	the	Y	sister	chromatids	during	the
second	meiotic	division.	The	other	product	of	that	same	nondisjunctional	second	meiotic	division	would	contain	no	sex	chromosome;	when	united	with	a	normal	egg,	an	XO	Turner	female	would	be	expected.	8.41.	+	(a)	Half	of	the	individual’s	cells	should	be	trisomic	(2n	1	=	47);the	other	half	should	be	monosomic	(2n	-	1	=	45).	(6)Three	cell	lines	are
established	(45/46/47).	Each	line	should	“breed	true,”	barring	further	mitotic	abnormalities.	(c)	XX/XO;	sex-chromatin-positive,	Turner	syndrome.	(d)	XY/XO;	may	resemble	Turner’s	syndrome	or	be	a	hermaphrodite	with	physical	characteristics	of	both	sexes.	208	8.42.	[CHAP.	8	CYTOGENETICS	If	mitotic	nondisjunction	occurs	early	in	embryogenesis,
mosaicism	is	likely	to	be	widespread	throughout	the	body.	If	it	occurs	late	in	embryogenesis,	mosaicism	may	be	limited	to	only	one	organ	or	to	one	patch	of	tissue.	If	chromosomally	abnormal	cells	are	extensive	in	reproductive	tissue	or	in	endocrine	tissues	responsible	for	gamete	and/or	sex	hormone	production,	the	effects	on	sterility	are	likely	to	be
more	intensively	expressed.	8.43.	(a)	1	normal	karyotype	:	1	balanced	translocation	:	1	deficient	for	short	arm	of	chromosome	5	:	1	with	three	copies	of	the	short	arm	of	5	(6)	2	normal	:	1	cri-du-chat	syndrome	:	1	early	childhood	death	8.44.	(a)	1	chromosomally	and	phenotypically	normal	(2n	=	46)	:	1	translocation	carrier,	phenotypically	normal	(2n	-	1
=	45)	:	1	monosomic	(2n	=	45)	for	a	G-group	chromosome	(incompatible	with	life;	aborted	early	in	pregnancy)	:	1	translocation	Down	trisomic	for	the	long	arm	of	chromosome	21	(2n	=	46).	Among	the	live	born	offspring	we	expect	1/3	chromosomally	normal	:	1/3	tra.nslocation	carriers:	1/3	Down	syndrome.	(6)	1	chromosomally	and	phenotypically
normal	(2n	=	46)	:	1	{hat	is	a	21/22	translocation	carrier,	phenotypically	normal	(2n	-	1	=	45)	:	1	monosomic	for	chromosorne	21	and	aborted	early	in	pregnancy	(2n	-	1	=	45)	:	1	with	a	21/22	translocation	who	is	essentially	trislomic	for	the	long	arms	of	21	(2n	=	46)	and	phenotypically	Down	syndrome.	(c)	1	chromosomally	and	phenotypically	normal
(2n	=	46)	:	1	that	is	a	2	1/22	translocation	carrier,	phenotypically	normal	(2n	-	1	=	45)	:	1	monosomic	for	22	and	aborted	early	in	pregnancy	(2n	-	1	=	45)	:	1	with	a	21/22	translocation	chromosome	who	is	essentially	trisomic	for	the	long	arms	of	22	(2n	=	46),	phenotype	unspecified.	(	d	)	1	monosomic	(2n	-	1	=	45)	for	21	and	aborted	early	in	pregnancy
:	1	with	a	21/21	translocation	chromosome	who	is	essentially	trisomic	for	the	long	arms	of	21	and	phenotypically	Down.	(e)	1	in	3	for	part	(	c	)	;	100%	for	part	(d).	8.45.	(U)	Male	(b)	The	idiogram	contains	an	extra	G-group	chromosome	(2n	+	1	=	47).	It	cannot	be	determined	whether	the	extra	chromosome	is	21,	22,	or	Y	.	If	the	patient	has	the	physical
characteristics	of	Down	syndrome,	the	extra	chromosome	is	21.	Answers	to	Review	Questions	Matching	Questions	1.H	2.A	3.J	4.C	5.B	6.G	7.1	8.F	9.D	10.E	Vocabulary	6.	7.	8.	9.	10.	1.	triploid	2.	allotetraploid	(amphidiploid)	3.	aneuploidy	4.	monosomic	5	.	polytene	reciprocal	translocation	position	effect	paracentric	inversion	pseudodominance	idiogram
True-False	Questions	1	.	F	(cytogenetics)	2.	T	3.	F	(sterile)	4.	F	(2n	+	1	)	5.	T	6.	F	(overlapping	deletions)	7.	T	8.	T	9.	T	10.	F	(some	kinds	of	polyploidy	are	associated	with	phenotypic	exaggeration)	Mu1ti	ple-Choice	Questions	1.c	2.u	3.b	4.c	5.e	6.c	7.a	8.u	9.b	10.d	Chapter	9	Quantitative	Genetics	and	Breeding	Principles	QUALITATIVE	VS.
QUANTITATIVE	TRAITS	The	classical	Mendelian	traits	encountered	in	the	previous	chapters	have	been	qualitative	in	nature,	i.e.,	traits	that	are	easily	classified	into	distinct	phenotypic	categories.	These	discrete	phenotypes	are	under	the	genetic	control	of	only	one	or	a	very	few	genes	with	little	or	no	environmental	modification	to	obscure	the	gene
effects.	In	contrast	to	this,	the	variability	exhibited	by	many	agriculturally	important	traits	fails	to	fit	into	separate	phenotypic	classes	(discontinuous	variability),	but	instead	forms	a	spectrum	of	phenotypes	that	blend	imperceptively	from	one	type	to	another	(continuous	variability).	Economically	important	traits	such	as	body	weight	gains,	mature
plant	heights,	egg	or	milk	production	records,	and	yield	of	grain	per	acre	are	quantitative,	or	metric,	traits	with	continuous	variability.	The	basic	difference	between	qualitative	and	quantitative	traits	involves	the	number	of	genes	contributing	to	the	phenotypic	variability	and	the	degree	to	which	the	phenotype	can	be	modified	by	environmental
factors.	Quantitative	traits	may	be	governed	by	many	genes	(perhaps	10-100	or	more),	each	contributing	such	a	small	amount	to	the	phenotype	that	their	individual	effects	cannot	be	detected	by	Mendelian	methods.	Genes	of	this	nature	are	called	polygenes.	All	genes	act	in	concert	with	other	genes.	Thus,	more	than	one	gene	may	contribute	to	a	given
trait.	Furthermore,	each	gene	usually	has	effects	on	more	than	one	trait	(pleiotropy).	The	idea	that	each	character	is	controlled	by	a	single	gene	(the	one-gene-one-trait	hypothesis)	has	often	been	falsely	attributed	to	Mendel.	But	even	he	recognized	that	a	single	factor	(or	gene)	might	have	manifold	effects	on	more	than	one	trait.	For	example,	he
observed	that	purple	flowers	are	correlated	with	brown	seeds	and	a	dark	spot	on	the	axils	of	leaves;	similarly,	white	flowers	are	correlated	with	light-colored	seeds	and	no	axillary	spots	on	the	leaves.	In	Drosophila,	many	geneic	loci	(e.g.,	genes	named	dumpy,	cut,	vestigial,	apterous)	are	known	to	contribute	to	a	complex	character	such	as	wing
development.	Each	of	these	genes	also	has	pleiotropic	effects	on	other	traits.	For	example,	the	gene	for	vestigial	wings	also	effects	the	halteres	(balancers),	bristles,	egg	production	in	females,	and	longevity.	Structural	genes	produce	products	such	as	enzymes	that	participate	in	multistep	biochemical	pathways	(Chapter	4)	or	proteins	that	regulate	the
activity	of	one	or	more	other	genes	in	metabolic	or	developmental	pathways.	Because	of	the	complex	interactions	within	these	pathways,	a	gene	product	acting	at	any	one	step	might	have	phenotypic	effects	(either	positively	or	negatively)	on	the	development	of	two	or	more	characters.	For	a	given	gene,	some	of	its	pleiotropic	effects	may	be	relatively
strong	for	certain	traits,	whereas	its	effects	on	other	traits	may	be	so	weak	that	they	are	difficult	or	impossible	to	identify	by	Mendelian	techniques.	It	is	the	totality	of	these	pleiotropic	effects	of	numerous	loci	(polygenes)	that	constitutes	the	genetic	base	of	a	quantitative	character.	In	addition	to	this	genetic	component,	the	phenotypic	variability	of	a
quantitative	trait	in	a	population	usually	has	an	environmental	component.	It	is	the	task	of	the	geneticist	to	determine	the	magnitude	of	the	genetic	and	environmental	components	of	the	total	phenotypic	variability	of	each	quantitative	trait	in	a	population.	In	order	to	accomplish	this	task,	use	is	made	of	some	rather	sophisticated	mathematics,
especially	of	statistics.	Only	some	of	the	more	easily	understood	rudiments	of	this	branch	of	genetics	will	be	presented	in	this	chapter.	Below	are	summarized	some	of	the	major	differences	between	quantitative	and	qualitative	genetics.	209	210	QUANTITATIVE	GENETICS	AND	BREED1NG	PRINCIPLES	Quantitative	Genetics	Qualitative	Genetics
~~~~~~	[CHAP.	9	~	1.	Characters	of	kind.	2.	Discontinuous	variation;	discrete	phenotypic	classes	3.	Single-gene	effects	discernible	4.	Concerned	with	individual	matings	and	their	progeny	5	.	Analyzed	by	making	counts	and	ratios	1	.	Characters	of	degree.	2.	Continuous	variation;	phenotypic	measurements	form	a	spectrum	3.	Polygenic	control;
effects	of	single	genes	too	slight	to	be	detected	4.	Concerned	with	a	population	of	organisms	consisting	of	all	possible	kinds	of	matings	5.	Statistical	analyses	give	estimates	of	populutionpcirameters	such	as	the	mean	and	standard	deviation	QUASI-QUANTITATIVE	TRAITS	In	the	early	days	of	Mendelian	genetics	it	was	thought	that	there	was	a
fundamental	difference	in	the	essence	of	qualitative	and	quantitative	traits.	One	of	the	classical	examples	that	helped	bridge	the	gap	between	these	two	kinds	of	traits	is	the	multiple-gene	model	developed	about	1910	by	the	Swedish	geneticist	Nilsson-Ehle	to	explain	kernel	color	in	wheat.	When	he	crossed	a	certain	red	strain	to	a	white	of	the	F2	was
as	extreme	as	strain	he	observed	that	the	F1	was	all	light	red	and	that	approximately	was	red.	He	interpreted	these	results	in	terms	of	2	genes,	each	the	parents,	i.e.,	&	was	white	and	with	a	pair	of	alleles	exhibiting	cumulative	effects.	In	the	follouing	explanation,	the	use	of	capital	and	lowercase	letters	does	not	imply	dominant	and	recessive	allelic
interactions,	but	rather	additive	gene	action	in	which	each	R	gene	makes	an	equal	contribution	to	redness	and	each	r	allele	contributes	nothing	to	color	of	the	wheat	kernel.	P:	F1:	R1RIR2R2	X	red	r1rtr2r2	white	RlrlR2r2	light	red	F2:	red	medium	red	1ight	red	very	light	red	white	Each	of	the	“active”	alleles	R	I	or	R2	adds	some	red	to	the	phenotype,
so	that	the	genotype	of	whites	contains	neither	of	these	alleles	and	a	red	genotype	contains	only	R	I	and	R2	alleles.	These	results	are	plotted	as	histograms	in	Fig.	9-1.	Note	that	the	phenotype	of	the	F1	is	intermediate	between	the	two	parental	types	and	that	the	average	phenotype	of	the	F2	is	the	same	as	that	of	the	FI	but	is	a	much	more	variable
population,	i.e.,	the	F2	contains	many	more	phenotypes	(and	genotypes)	than	in	the	F	,	.	The	student	should	recognize	the	F2	distribution	as	an	expansion	of	the	binomial	(a	+	b)4,	where	a=b=$.	Certain	other	strains	of	wheat	with	dark-red	kernels	when	crossed	to	whites	exhibit	an	F1	phenotype	intermediate	between	the	two	parental	types,	but	only
&	of	the	F:!	is	white.	In	this	case	the	F1	is	probably	segregating	for	three	pairs	of	genes	and	only	the	genotype	r1r1r2r2r3r3	produces	white.	Of	course	there	would	be	more	shades	of	red	exhibited	in	the	F2	than	in	the	previous	case	where	only	2	genes	are	segregating.	Even	if	the	environment	does	not	modify	these	color	phenotypes	(which	it	probably
does	to	some	extent),	the	ability	of	the	eye	to	measure	subtle	differences	in	shading	would	probably	be	difficult	with	this	many	phenotypes	and	would	become	impossible	if	4	or	5	genes	were	each	contributing	to	kernel	color.	Thus	these	multiple-gene	models,	which	are	adequate	to	explain	certain	examples	wherein	discontinuous	variation	is	still
evident,	may	(by	conceptual	extension	to	include	more	genes	plus	environmental	21	1	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	CHAP.	91	Parents:	U	light	red	red	white	F,:	Fig.	9-1.	Wheat	color	as	an	example	of	a	quasi-quantitative	trait.	modifications)	be	useful	in	understanding	the	origin	of	continuous	variation	characterizing	truly
quantitative	traits.	A	rough	estimate	of	the	number	of	gene	loci	contributing	to	a	quasi-quantitative	trait	can	be	obtained	by	determining	the	fraction	of	the	F2	(resulting	from	selfing	the	F1	hybrid	between	two	pure	varieties)	that	is	as	extreme	in	its	phenotype	as	that	of	one	of	the	pure	parental	strains.	I	I	Number	of	gene	loci	1	1	1	2	1	3	.	.	.	1	I	I	I*I
Fraction	of	F2	as	extreme	as	one	parent	+	I	I	.	*	I	I	n	*	I	I	THE	NORMAL	DISTRIBUTION	The	study	of	a	quantitative	trait	in	a	large	population	usually	reveals	that	very	few	individuals	possess	the	extreme	phenotypes	and	that	progressively	more	individuals	are	found	nearer	the	average	value	for	that	population.	This	type	of	symmetrical	distribution	is
characteristically	bell-shaped	as	shown	in	Fig.	9-2	and	is	called	a	normal	distribution.	It	is	approximated	by	the	binomial	distribution	(p	+	4)”	introduced	in	Chapter	7	when	the	power	of	the	binomial	is	very	large	andp	and	q	are	both	lln	or	greater.	-30	-2a	-0	c	+o	+20	+30	Fig.	9-2.	A	normal	distribution.	1.	Average	Measurements.	The	average
phenotypic	value	for	a	normally	distributed	trait	is	expressed	as	the	arithmetic	mean	“X	bar”).	The	arithmetic	mean	is	the	sum	of	the	individual	measurements	X	)	divided	by	directs	the	statistician	to	sum	the	number	of	individuals	measured	(N).	The	Greek	letter	“sigma”	what	follows.	(x,	read	(c)	(c	212	QUANTITATIVE	GENETICS	AND	BREEDING
PRINCIPLES	[CHAP.	9	It	is	usually	not	feasible	to	measure	every	individual	in	a	population;	therefore,	measurements	are	usually	made	on	a	sample	from	that	population	in	order	to	estimate	the	population	value	(parameter).	If	the	sample	is	truly	representative	of	the	larger	population	of	which	it	is	a	part,	then	will	be	an	accurate	estimate	of	the	mean
of	the	entire	population	(p).	Note	that	letters	from	the	English	alphabet	are	used	to	represent	statistics,	i.e.,	measurements	derived	from	a	sample,	whereas	Greek	letters	are	used	to	represent	parameters,	i.e.,	attributes	of	the	population	from	which	the	sample	was	drawn.	Parameters	are	seldom	known	and	must	be	estimated	from	results	gained	by
sampling.	Obviously,	the	larger	the	sample	size,	the	more	accurately	the	statistic	estimates	the	parameter.	2.	Measurement	of	Variability.	Consider	the	three	normally	distributed	populations	shown	in	Fig.	9-3.	Populations	A	and	C	have	the	same	mean,	but	C	is	much	more	variable	than	A.	A	and	B	have	different	means,	but	otherwise	appear	to	have	the
same	shape	(dispersion).	Therefore,	in	order	to	adequately	define	a	normal	distribution,	we	must	know	not	only	its	mean	but	also	how	much	variability	exists.	One	of	the	most	useful	measures	of	variability	in	a	population	for	genetic	purposes	is	the	standard	deviation,	symbolized	by	the	lowercase	Greek	letter	“sigma”	(a).A	sample	drawn	from	this
population	at	random	will	have	a	sample	standard	deviation	(s).	To	calculate	s,	the	sample	mean	(x)is	subtracted	from	each	individual	measurement	(Xi)	and	the	deviation	(Xi	-	x)	is	squared	(Xi	summed	over	all	individuals	in	the	sample	m2,	[$,(XI	-	m2],	and	divided	by	n	-	I	,	where	n	is	the	sample	size.	The	calculation	is	completed	by	taking	the	square
root	of	this	value.	I	n	(9.2)	To	calculate	U,	we	substitute	the	total	population	size	(N)	for	n	in	the	above	formula.	For	samples	less	than	about	30,	the	appropriate	correction	factor	for	the	denominator	should	be	n	-	1;	for	sample	sizes	I	A	B	Fig.	9-3.	Comparison	of	three	populations	(A,	B,	C)	with	respect	to	means	and	variances	(see	text).	CHAP.	91
QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	213	greater	than	this,	it	makes	little	difference	in	the	value	of	s	whether	n	or	n	-	I	is	used	in	the	denominator.	All	other	things	being	equal,	the	larger	the	sample	size,	the	more	accurately	the	statistic	s	should	estimate	the	parameter	a.	Relatively	inexpensive	electronic	calculators	are	now
available	with	the	capacity	to	accumulate	squared	numbers.	This	usually	makes	it	easier	to	calculate	s	by	the	equivalent	formula	It	is	the	property	of	every	normal	distribution	that	approximately	8	of	the	measurements	(68%)	will	of	the	lie	within	plus	or	minus	one	standard	deviation	from	the	mean	(p	2	a).	Approximately	measurements	(95%)	will	lie
within	two	standard	deviations	of	the	mean	(p	?	2u).	More	than	99%	of	the	measurements	will	be	found	within	plus	or	minus	three	standard	deviations	of	the	mean	(p	5	3a).	Example	9.1.	The	mean	height	of	a	sample	from	a	plant	population	is	56	inches;	the	sample	standard	deviation	is	6	inches.	This	indicates	that	approximately	3	of	the	sample	will	be
found	between	the	values	56	k	6	=	50	inches	to	62	inches.	Approximately	23%	of	all	plants	in	this	sample	will	measure	smaller	than	56	-	(2	X	6)	=	56	-	12	=	44	inches	and	24%	will	measure	larger	than	56	(2	X	6)	=	68	inches.	+	The	standard	deviation	can	be	plotted	on	a	normal	distribution	by	locating	the	point	of	inflection	of	the	curve	(point	of
maximum	slope).	A	perpendicular	constructed	from	the	baseline	that	intersects	the	curve	at	this	point	is	one	standard	deviation	from	the	mean	(Fig.	9-2).	Coefficient	of	Variation.	Traits	with	relatively	large	average	metric	values	generally	are	expected	to	have	correspondingly	larger	standard	deviations	than	traits	with	relatively	small	average	metric
values.	Furthermore,	since	different	traits	may	be	measured	in	different	units,	the	coefficients	of	variation	are	useful	for	comparing	their	relative	variabilities.	Dividing	the	standard	deviation	by	the	mean	renders	the	coefficient	of	variation	independent	of	the	units	of	measurement.	Coefficient	of	variation	=	a/p	for	=	a	population	s/X	for	a	sample	(9.4)
3.	Variance.	The	square	of	the	standard	deviation	is	called	variance	(a2).	Unlike	the	standard	deviation,	however,	variance	cannot	be	plotted	on	the	normal	curve	and	can	only	be	represented	mathematically.	Variance	is	widely	used	as	an	expression	of	variability	because	of	the	additive	nature	of	its	components.	By	a	technique	called	“analysis	of
variance,’’	the	total	phenotypic	variance	(U:)	expressed	by	a	given	trait	in	a	population	can	be	statistically	fragmented	or	partitioned	into	components	of	genetic	variance	(a;),	nongenetic	(or	environmental)	variance	(a:),	and	variance	due	to	genotype-environment	interactions	(a&).	Thus	U;	=	U&	+	U;	=	U&	(9.5)	It	is	beyond	the	scope	of	this	text	to
present	the	analysis	of	variance,	but	a	knowledge	of	variance	components	is	essential	to	a	discussion	of	breeding	theory.	Both	the	genetic	variance	and	environmental	variance	can	be	further	partitioned	by	this	technique,	so	that	the	relative	contributions	of	a	number	of	factors	influencing	a	metric	trait	can	be	ascertained.	In	order	to	simplify
discussion,	we	shall	ignore	the	interaction	component.	Example	9.2.	An	analysis	of	variance	performed	on	the	birth	weights	of	humans	produced	the	following	results:	214	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	Variance	Component	Offspring	genotype	Sex	Maternal	genotype	Maternal	environment	Chronological	order	of	child
Maternal	age	Unaccountable	variations	(error)	[CHAP.	9	Percent	of	Total	Phenotypic	Variance	16	2	20	24	7	1	3	0	100	Variance	Method	of	Estimating	the	Number	of	Genes.	A	population	such	as	a	line,	a	breed,	a	variety,	a	strain,	a	subspecies,	etc.,	is	composed	of	individuals	that	are	more	nearly	alike	in	their	genetic	composition	than	those	in	the
species	as	a	whole.	Phenotypic	variability	will	usually	be	expressed	even	in	a	group	of	organisms	that	are	genetically	identical.	All	such	variability	within	pure	lines	is	obviously	environmental	in	origin.	Crosses	between	two	pure	lines	produce	a	genetically	uniform	hybrid	F	1	.	Phenotypic	variability	in	the	FI	is	likewise	nongenetic	in	origin.	In	the
formation	of	the	F2	generation,	gene	combinations	are	reshuffled	and	dealt	out	in	new	combinations	to	the	F2	individuals.	It	is	a	common	observation	that	the	F2	generation	is	much	more	variable	than	the	FI	from	which	it	was	derived.	Line	A	Line	B	F1Hybrid	In	a	normally	distributed	trait,	the	means	of	the	F1and	F2	populations	tend	to	be
intermediate	between	the	means	of	the	two	parental	lines.	If	there	is	no	change	in	the	environment	from	one	generation	to	the	next,	then	the	environmental	variation	of	the	F2	should	be	approximately	the	same	as	that	of	the	F1.	An	increase	in	phenotypic	variance	of	the	F2	over	that	of	the	FI	may	then	be	attributed	to	genetic	causes.	minus	Thus	the
genotypic	variance	of	the	F2	(uLn)is	equal	to	the	phenotypic	variance	of	the	F2	(&2)	the	phenotypic	variance	of	the	F,	(	u	:	~	~	)	:	=	&F2	2	d	F	2	-	uPF1	The	genetic	variance	of	the	F2	is	expressed	by	the	formula	U&	=	(a2N)/2,where	a	is	the	contribution	of	each	active	allele	and	N	is	the	number	of	pairs	of	genes	involved	in	the	metric	trait.	An	estimate
of	a	is	obtained	from	the	formula	a	=	D/2N,	where	D	is	the	numerical	difference	between	the	two	parental	means.	Making	substitutions	and	solving	for	N	,	U	;	F	~-	&FI	from	which	=	N	=	&	~	2	=	D2	g(d'F2	-	a2N12	=	D2/8N	d	F	I	)	(9.6)	CHAP.	91	215	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	This	formula	is	an	obvious
oversimplification	since	it	assumes	all	genes	are	contributing	cumulatively	the	same	amount	to	the	phenotype,	no	dominance,	no	linkage,	and	no	interaction.	Much	more	sophisticated	formulas	have	been	developed	to	take	such	factors	into	consideration,	but	these	are	beyond	the	scope	of	a	first	genetics	course.	TYPES	OF	GENE	ACTION	Alleles	may
interact	with	one	another	in	a	number	of	ways	to	produce	variability	in	their	phenotypic	expression.	The	following	models	may	help	us	understand	various	modes	of	gene	action.	(1)	With	dominance	lacking,	i.e.,	additive	genes,	each	A'	allele	is	assumed	to	contribute	nothing	to	the	phenotype	(null	allele),	whereas	each	A2	allele	contributes	one	unit	to
the	phenotype	(active	allele).	0	I	A~A'	AIA*	Scale	of	phenotypic	value:	b	Genotype:	1	L	A*A'	(2)	With	partial	or	incompletedominance	the	heterozygote	is	almost	as	valuable	as	theA2A2homozygote.	I	.s	0	Scale	of	phenotypic	value:	I	Genotype:	A'A~	2	c	A	~	A	~A	~	A	~	(3)	In	complete	dominance	identical	phenotypes	are	produced	by	the	heterozygote
and	A2A2homozygote.	7	L	0	Scale	of	phenotypic	value:	Genotype:	I	A~A*	A'A~	AIAI	(4)	In	overdominance	the	heterozygote	is	more	valuable	than	either	homozygous	genotype.	Scale	of	phenotypic	value:	Genotype:	2	0	I	A~A'	A*A~	23	A	I	A	~	If	allelic	interaction	is	completely	additive,	a	linear	phenotypic	effect	is	produced.	In	Fig.	9-4,	a	constant
increment	(i)	is	added	to	the	phenotype	for	each	A*	allele	in	the	genotype.	Even	if	complete	dominance	is	operative,	an	underlying	component	of	additivity	(linearity)	is	still	present	(solid	line	in	Fig.	9-5).	The	deviations	from	the	additive	scheme	(dotted	lines)	due	to	many	such	genes	with	partial	or	complete	dominance	can	be	statistically	estimated
from	appropriately	designed	experiments.	The	genetic	contributions	from	such	effects	appear	in	the	dominance	component	of	variance	(U;).	i	Fig.	9-4.	Additive	gene	action.	Fig.	9-5.	Dominant	gene	action.	216	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	In	a	much	more	complicated	way,	deviations	from	an	underlying	additive
scheme	could	be	shown	to	exist	for	the	interactions	between	genes	at	different	loci	(epistatic	relationships).	The	contribution	to	the	total	genetic	variance	(U;)	made	by	these	genetic	elements	can	be	partitioned	into	a	component	called	the	epistatic	or	interaction	variance	(uh.	The	sum	of	the	additive	gene	effects	produced	by	genes	lacking	dominance
(additive	genes)	and	by	the	additive	contribution	of	genes	with	dominance	or	epistatic	effects	appears	in	the	additive	component	of	genetic	variance	(U$).	Thus	the	total	genetic	variance	can	be	partitioned	into	three	fractions:	0;	=	U$	+	U	;	+	(9.7)	U:	Additive	vs.	Multiplicative	Gene	Action.	Additive	gene	action	produces	an	arithmetic	series	of
phenotypic	values	such	as	2,	4,	6,	8	,	.	.	.	representing	the	contributions	of	1,	2,	3,	4,	.	,	.	active	alleles,	respectively.	Additive	gene	action	tends	to	produce	a	normal	phenotypic	distribution	with	the	mean	of	the	F1	intermediate	between	means	of	the	two	parental	populations.	However,	not	all	genes	act	additively.	Some	exhibit	multiplicative	gene	action
forming	a	geometric	series	such	as	2,	4,	8,	16,	.	.	.	representing	the	contributions	of	1,	2,	3,	4,	.	.	.	active	alleles,	respectively.	Traits	governed	by	multiplicative	gene	action	tend	to	be	skewed	into	an	asymmetrical	curve	such	as	that	shown	for	the	F2	in	Fig.	9-6.	The	means	of	the	F1	and	F2	are	nearer	to	one	of	the	parental	means	because	the	geometric
mean	of	two	numbers	is	the	square	root	of	their	product.	Pure	line	A	Pure	line	B	Genetically	uniform	F,	Hybrid	F,	Segregating	F,	population	*l	Fig.	9-6.	Multiplicative	gene	action.	Example	9.3.	(	a	)	The	geometric	mean	of	2	and	8	in	the	geometric	series	2,	4,	8,	which	is	increasing	by	a	multiplicative	increment	of	2,	is	=	4.	The	arithmetic	mean	of	2	and
8	is	(2	8)/2	=	5	.	+	l/m	(6)	The	geometric	mean	between	1.2	and	2.7	is	d	1	.	2	X	2.7	=	1.8,	forming	the	geometric	series	1.2,	1.8,	2.7,	.	.	.	which	is	increasing	by	a	multiplicative	increment	of	0.5.	The	arithmetic	mean	of	1.2	and	2.7	is	(1.2	+	2.7)/2	=	1.95.	If	a	skewed	distribution	can	be	converted	to	a	normal	distribution	by	merely	transforming	the	data
to	a	logarithmic	scale,	this	is	evidence	for	multiplicative	gene	action.	Example	9.4.	If	the	geometric	series	1,	10,	100,	1O00,	.	,	.	(increasing	by	a	multiplicative	increment	of	10)	is	converted	to	logarithms,	we	have	the	arithmetic	series	0,	1	,	2	,	3	,	.	.	.	(increasing	by	an	additive	increment	of	one	unit).	The	variance	and	the	mean	are	independent
parameters	in	a	normal	distribution.	That	is,	if	the	population	mean	is	increased	we	cannot	predict	in	advance	to	what	degree	the	variance	will	be	increased.	In	the	case	of	multiplicative	gene	action,	however,	the	variance	is	dependent	upon	the	mean	so	that	as	CHAP.	91	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	217	the	mean
increases	the	variance	increases	proportionately.	The	coefficients	of	variation	in	segregating	populations	thereby	remain	constant.	The	concepts	of	heritability	and	selection	theory	discussed	in	the	following	sections	will	deal	only	with	normal	distributions.	HERITABILITY	One	of	the	most	important	factors	in	the	formulation	of	effective	breeding	plans
for	improving	the	genetic	quality	of	crops	and	livestock	is	a	knowledge	of	the	relative	contribution	made	by	genes	to	the	variability	of	a	trait	under	consideration.	The	variability	of	phenotypic	values	for	a	quantitative	trait	can,	at	least	in	theory,	be	partitioned	into	genetic	and	nongenetic	(environmental)	components.	U;	=	U;	+	U;	Heritability
(symbolized	h2	or	H	in	some	texts)	is	the	proportion	of	the	total	phenotypic	variance	due	to	gene	effects.	U	:	h2	=	(	J	;	The	heritability	of	a	given	trait	may	be	any	number	from	0	to	1.	Example	9.5.	If	all	of	the	phenotypic	variability	of	a	trait	is	genetic	in	nature	(as	is	true	for	most	classical	Mendelian	traits,	such	as	blood	types),	then	environmental
effects	are	absent	and	hentability	equals	one;	i.e.,	if	a;	=	U;,	then	h2	=	1.	Example	9.6.	If	all	of	the	phenotypic	variability	is	environmental	in	nature	(as	is	true	for	any	trait	within	a	genetically	homozygous	line),	then	heritability	of	the	trait	is	zero;	i.e.,	if	U;	=	U	:	,	then	a;	=	0	and	h2	=	O/o;	=	0.	Example	9.7.	If	half	of	the	phenotypic	variability	is	due	to
gene	effects,	then	heritability	is	50%,	i.e.,	if	06	=	fa;,then	202	=	U;	and	so	h2	=	f	=	50%.	Example	9.8.	If	the	environmental	component	of	variance	is	3	times	as	large	as	the	genetic	component,	heritability	is	25%,	i.e.,	if	a;	=	3a&	then	h	2	=	-	=	02	02.	+	0;	02.	02	+	30;	=	1	4	-	=	25%	The	parameter	of	heritability	involves	all	types	of	gene	action	and
thus	forms	a	broad	estimate	of	heritability.	In	the	case	of	complete	dominance,	when	a	gamete	bearing	the	active	dominant	allele	A2	unites	with	a	gamete	bearing	the	null	allele	A	’	,	the	resulting	phenotype	might	be	two	units.	When	two	A2	gametes	unite,	the	phenotypic	result	would	still	be	two	units.	On	the	other	hand,	if	genes	lacking	dominance
(additive	genes)	are	involved,	then	the	A2	gamete	will	add	one	unit	to	the	phenotype	of	the	resulting	zygote	regardless	of	the	allelic	contribution	of	the	gamete	with	which	it	unites.	Thus	only	the	additive	genetic	component	of	variance	has	the	quality	of	predictability	necessary	in	the	formulation	of	breeding	plans.	Heritability	in	this	narrower	sense	is
the	ratio	of	the	additive	genetic	variance	to	the	phenotypic	variance:	a,:	h2	=	U;	(9.9)	Unless	otherwise	specified	in	the	problems	of	this	book,	heritability	in	the	narrow	sense	is	to	be	employed.	It	must	be	emphasized	that	the	heritability	of	a	trait	applies	only	to	a	given	population	living	in	a	particular	environment.	A	genetically	different	population
(perhaps	a	different	variety,	breed,	race,	or	subspecies	of	the	same	species)	living	in	an	identical	environment	is	likely	to	have	a	different	heritability	for	the	same	trait.	Likewise,	the	same	population	is	likely	to	exhibit	different	heritabilities	for	the	same	trait	when	measured	in	different	environments	because	a	given	genotype	does	not	always	respond
to	different	environments	in	the	same	way.	There	is	no	one	genotype	that	is	adaptively	superior	in	all	possible	environments.	That	is	why	natural	selection	tends	to	create	genetically	different	populations	within	a	species,	each	population	being	specifically	adapted	to	local	conditions	rather	than	generally	adapted	to	all	environments	in	which	the
species	is	found.	Several	methods	can	be	used	to	estimate	heritabilities	of	metric	traits.	218	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	1.	Variance	Components.	Consider	the	simple,	single-locus	model	(below)	with	alleles	b'	and	b2.	bib1	bl	bz	m	bzbs	The	midparent	value	m	=	i(b'b'	+	b2b2).	If	the	heterozygote	does	not	have
a	phenotypic	value	equal	to	m	,	some	degree	of	dominance	(	d	)	exists.	If	no	dominance	exists,	then	the	alleles	are	completely	additive.	However,	quantitative	traits	are	governed	by	many	loci	and	it	might	be	possible	that	genotype	6'6'	is	dominant	in	a	positive	direction	whereas	genotype	c1c2is	dominant	in	a	negative	direction,	so	that	they	cancel	each
other,	giving	the	illusion	of	additivity.	Dominance	of	all	types	can	be	estimated	from	the	variances	of	F2	and	backcross	generations.	All	of	the	phenotypic	variance	within	pure	line	b'b'	and	b262,	as	well	as	in	their	genetically	uniform	Fl	(!1'6~),	is	environmental.	Hence,	the	phenotypic	variances	of	each	pure	parental	line	(Vpl	and	Vp2)as	well	as	that	of
the	FI	(VFI)	serve	to	estimate	the	environmental	variance	(VE).The	F2	segregates	ab'b'	:	ib'b2	:	ib2b2.	If	each	genotype	departs	from	the	midparent	value	as	shown	in	the	above	model,	then	the	average	phenotypic	value	of	F2	should	be	-	a	)	3(	d	)	$(	U	)	=	$d.	The	contribution	that	each	genotype	makes	to	the	total	is	its	squared	deviation	from	the	mean
(m)multiplied	by	its	frequency	yTX	-	Q2].	Therefore	the	total	F2	variance	(all	genetic	in	this	model)	is	a(	+	+	*	3(	-	a	-	id)'	+	+	+	j	(	d	-	id)'	+	$(a	-	id)'	+	=	+(a2	ad	=	$a2	+	ad2	+	i	d	2	)	+	j(4d2)+	a(a2	-	ad	+	a	d	2	)	If	we	let	a'	=	A	,	d	2	=	D	and	E	=	environmental	component,	then	the	total	F2	phenotypic	variance	(	V	F	2	)=	$A	$D	E	,	representing	the
additive	genetic	variance	(V,)	+	the	dominance	genetic	variance	(VD)+	the	environmental	variance	(	V	E	)	,respectively.	Likewise	it	can	be	shown	that	Vn1	(the	variance	of	backcross	progeny	F,	x	P	I	)	or	V,,	(the	variance	of	backcross	progeny	F,	X	P2)	=	+	$0	+	E,	+	4D	2E.	The	degree	of	dominance	is	expressed	as	and	V,,	Vn2	=	+	+	+	+	d,	U	J"	A
(9.10)	Heritability	can	be	easily	calculated	from	these	variance	components.	The	same	is	true	of	variance	components	derived	from	studies	of	identical	(monozygotic)	vs.	nonidentical	(fraternal,	dizygotic)	twins.	If	twins	reared	together	tend	to	be	treated	more	alike	than	unrelated	individuals,	the	heritabilities	will	be	overestimated.	This	problem,	and
the	fact	that	the	environmental	variance	of	fraternal	twins	tends	to	be	greater	than	for	identical	twins,	can	be	largely	circumvented	by	studying	twins	that	have	been	reared	apart.	2.	Genetic	Similarity	of	Relatives.	If	offspring	phenotypes	were	always	exactly	intermediate	between	the	parental	values	regardless	of	the	environment,	then	such	traits
would	have	a	narrow	heritability	of	1.0.	On	the	other	hand,	if	parental	phenotypes	(or	phenotypes	of	other	close	relatives)	could	not	be	used	to	predict	(with	any	degree	of	accuracy)	the	phenotypes	of	offspring	(or	other	relatives),	then	such	traits	must	have	very	low	(or	zero)	heritabilities.	(	a	)	Regression	Analysis.	The	regression	coefficient	(	b	)	is	an
expression	of	how	much	(on	the	average)	one	variable	(0	may	be	expected	to	change	per	unit	change	in	some	other	variable	(	X	)	.	219	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	CHAP.	91	(9.11)	Example	9.9.	If	for	every	egg	laid	by	a	group	of	hens	(X)the	average	production	by	their	respective	female	progeny	(Y)	is	0.2,	then	the
regression	line	of	Y	on	X	would	have	a	slope	(	6	)	of	0.2.	A	0.2	unit	Y	1	unit	X	The	regression	line	of	Y	on	X	has	the	formula	(9.12)	a=y-bx	where	a	is	the	“Y	intercept’’	(the	point	where	the	regression	line	intersects-the-	Y	axis)	and	are	the	respective	mean	values.	The	regression	line	also	goes	through	the	point	(	X	,	Y	)	;	establishing	these	two	points
allows	the	regression	line	to	be	drawn.	Any	X	value	can	then	be	used	to	predict	the	corresponding	Y	value.	Let	f	=	estimate	of	Y	from	X	;	then	f	=	a	+	bX	(formula	for	a	straight	line)	Since	daughters	receive	only	a	sample	half	of	their	genes	from	each	parent,	the	daughter-dam	regression	only	estimates	one-half	of	the	narrow	heritability	of	a	trait	(e.g.,
egg	production	in	chickens).	If	the	variances	in	the	two	populations	are	equal	(s,	=	q),then	(9.13)	Similarly,	the	regression	of	offspring	on	the	average	of	their	parents	(midparent)	is	also	an	estimate	of	heritability	h2	=	(9.14)	b~~ffspring-midparent)	Full	sibs	(having	the	same	parents)	are	expected	to	share	50%	of	their	genes	in	common;	half-sibs
share	25%	of	their	genes.	Therefore,	(9.15)	(9.16)	If	the	variances	of	the	two	populations	are	unequal,	the	data	can	be	converted	to	standardized	variables	(as	discussed	later	in	this	chapter)	and	the	resulting	regression	coefficients	equated	to	heritabilities	as	described	above.	Correlation	Analysis.	The	statistical	correlation	coefficient	(r)	measures	how
closely	two	sets	of	data	are	associated,	is	dimensionless,	and	has	the	limits	t	1.	If	all	of	the	data	points	fall	on	the	regression	line,	there	is	complete	correlation.	The	regression	coefficient	(b)	and	the	correlation	coefficient	(	r	)	always	have	the	same	sign.	Y	-	0	-,	0	.	0	0	.	0	0	.	.	0	.	0	0	.	t	-	0	0	0	.	I	’	I	I	b	*	0.5	r	=	l	:::-1.0	0.5	0	‘	/	b	=	O	0	i	l	l	l	r	l	\	1	1	1	1	b	=
-2	t	=	-1	1	220	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	The	correlation	coefficient	(r)	of	Y	on	X	is	defined	as	the	linear	change	of	Y,	in	standard	deviations,	for	each	increase	of	one	standard	deviation	in	X.	The	covariance	(cov)	of	X	and	Y	can	be	calculated	from	the	following	formula:	-	n	(Xi	-	X	)	(	Y	,	-	U	)	cov(X,	Y)	=	j=l	n-1
(9.17)	The	covariance	becomes	the	numerator	in	the	formula	for	the	correlation	coefficient.	(9.18)	Notice	that	the	numerators	in	the	formulas	for	r	and	b	are	equivalent.	Regression	and	correlation	coefficients	are	related	by	b	=	I-(:)	(9.19)	so	that	if	the	variances	of	X	and	Y	are	identical,	b	=	r.	If	the	data	are	first	converted	to	standardized	variables,
then	the	sample	has	a	mean	of	0	and	a	standard	deviation	of	1.	Using	standardized	variables,	regression	and	correlation	coefficients	become	identical.	Heritabilities	can	be	estimated	from	r	just	as	they	can	from	b.	Example	9.10.	The	correlation	coefficient	of	Y	offspring	and	midparent	(X)is	equivalent	to	narrow	Example	9.11.	Example	9.12.
heritability;	h2	=	r	.	If	all	the	variation	between	offspring	and	one	parent	(e.g.,	their	sires)	is	genetic,	then	r	should	equal	0.5;	if	r	=	0.2,	then	h2	=	2(0.2)	=	0.4.	If	litter	mates	were	phenotypically	correlated	for	a	trait	by	r	=	0.15,	then	h2	=	2(0.15)	=	0.3.	If	the	correlation	coefficient	for	half-sibs	is	0.08,	then	h2	=	4(0.08)=	0.32.	Example	9.13.	All
unbiased	estimates	of	heritability	based	on	correlations	between	relatives	depend	upon	the	assumption	that	there	are	no	environmental	correlations	between	relatives.	Experimentally	this	can	be	fostered	by	randomly	assigning	all	individuals	in	the	study	to	their	respective	environments	(field	plots,	pens,	etc.),	but	this	obviously	is	not	possible	for
humans.	Relatives	such	as	full	sibs	usually	share	the	same	maternal	and	family	environment	and	are	likely	to	show	a	greater	correlation	between	each	other	in	phenotype	than	should	rightly	be	attributed	to	common	heredity.	For	this	reason,	the	phenotypic	correlation	between	sire	and	offspring	is	more	useful	for	calculating	heritabilities	because	sires
often	do	not	stay	in	the	same	environments	with	their	offspring	while	mothers	or	siblings	are	prone	to	do	so.	3.	Response	to	Selection.	Let	us	assume	we	wished	to	increase	the	birth	weight	of	beef	cattle	by	selecting	parents	who	themselves	were	relatively	heavy	at	birth.	Assume	our	initial	population	(PI)	has	a	mean	birth	weight	of	80	pounds	with	a
10-pound	standard	deviation	[Fig.	9-7(a)].	Further	suppose	that	we	will	save	all	animals	for	breeding	purposes	that	weigh	over	95	pounds	at	birth.	The	mean	of	these	animals	that	have	been	selected	CHAP.	91	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	80	90	22	1	95	100	AG	Fig.	9-7.	Selection	for	birth	weight	in	beef	cattle.	to	be
parents	of	the	next	generation	(p,J	is	100	pounds.	The	difference	Fp	-	P1	is	called	the	selection	differential	symbolized	AP	(read	“delta	P”)	and	sometimes	referred	to	as	“reach.	*	*	Some	individuals	with	an	inferior	genotype	are	expected	to	have	high	birth	weights	largely	because	of	a	favorable	intrauterine	environment.	Others	with	a	superior	genotype
may	possess	a	low	birth	weight	because	of	an	unfavorable	environment.	In	a	large,	normally	distributed	population,	however,	the	plus	and	minus	effects	produced	by	good	and	poor	environments	are	assumed	to	cancel	each	other	so	that	the	average	phenotype	(P,)	reflects	the	effects	of	the	average	genotype	(CJ.	Random	mating	among	the	selected
group	produces	an	offspring	generation	[Fig.	9-7(b)]	with	its	phenotypic	mean	(P2)	also	reflecting	its	average	genotypic	mean	(C2).Furthermore,	the	mean	genotype	of	the	parents	will	be	indicated	in	the	mean	phenotype	of	their	offspring	(P,)	because	only	genes	are	transmitted	from	one	generation	to	the	next.	Assuming	the	environmental	effects
remain	constant	from	one	generation	to	the	next,	we	can	attribute	the	difference	G2	-	G1	to	the	selection	of	genes	for	high	birth	-weight	in	the	individuals	that	we	chose	to	use	as	parents	for	the	next	generation.	This	difference	-	G,)	is	called	genetic	gain	or	genetic	advance,	symbolized	AG.	If	all	of	the	variability	in	birth	weight	exhibited	by	a	population
was	due	solely	to	additive	gene	effects,	and	the	environment	was	contributing	nothing	at	all,	then	by	selecting	individuals	on	the	basis	of	their	birth	weight	records	we	would	actually	be	selecting	the	genes	that	are	responsible	for	high	birth	weight.	That	is,	we	will	not	be	confused	by	the	effects	that	a	favorable	environment	can	produce	with	a
mediocre	genotype	or	by	the	favorable	interaction	(“nick”)	of	a	certain	combination	of	genes	that	will	be	broken	up	in	subsequent	generations.	Realized	heritability	is	defined	as	the	ratio	of	the	genetic	gain	to	the	selection	differential:	AG	h2	=	(9.20)	AP	Example	9.14.	If	we	gained	in	the	offspring	all	that	we	“reached”	for	in-the	p_arents,	then
heritability	(cp)	(c2	is	unity,	i.e.,	if	F2	-	PI	=	100	-	80	=	20,	and	AP	=	Pp	-	PI	=	100	-	80	=	20,	thenh’	=	AG/AP	=	#	=	1.	Example	9.15.	If	selection	of	parents	with	high	birth	weights	fails	to	increase	the	mean	birth	weight	of	their	offspring2ver	that	of	the	mean	i?	the	pevious	generation,	then	heritability	is	zero,	i.e.,	if	P2	and	PI	=	80,	then	AG	=	P2	-	P1	=
0	and	h2	=	AG/AP	=	&j	=	0.	Example	9.16.	If	the	mean	weight	of	the	offspring	is	increased	by	half	the	selection	differential,	then	heritability	of	birth	weight	is	50%,	i.e.,	if	AG	=	$AP,	AP	=	2AG,	h2	=	0.5	=	50%.	This	is	approximately	the	heritability	estimate	actually	found	for	birth	weight	in	beef	cattle	[Fig.	9-7(6)].	222	QUANTITATIVE	GENETICS	AND
BREEDING	PRINCIPLES	[CHAP.	9	Most	metric	traits	are	not	highly	heritable.	What	is	meant	by	high	or	low	heritability	is	not	rigidly	defined,	but	the	following	values	are	generally	accepted.	High	heritability	>	0.5	Medium	heritability	=	0.2-0.5	Low	heritability	<	0.2	Notice	that	when	heritability	is	less	than	one	the	mean	of	the	offspring	in	relationship
to	the	mean	of	the	parents	tends	to	move	back	or	“regress”	toward	the	mean	of	the	previous	generation.	The	amount	of	this	regression	is	directly	related	to	the	heritability	of	the	trait.	When	heritability	is	0.5,	the	mean	of	the	offspring	regresses	50%	toward	the	mean	of	the	previous	generation.	When	heritability	is	0.25,	the	mean	of	the	offspring
regresses	75%	toward	the	mean	of	the	previous	generation.	Thus	heritability	=	100%	-	regression	percentage.	The	foregoing	is	not	to	be	confused	with	the	“statistical	regression	coefficient”	(symbolized	b	)	,	which	indicates	the	amount	one	variable	can	be	expected	to	change	per	unit	change	in	some	other	variable.	When	one	variable	is	the	phenotype
of	the	offspring	and	the	other	variable	is	the	average	phenotype	of	the	two	parents	(midparent),	then	b	=	h2.	Example	9.17.	If	b	=	h2	=	1,	then	the	offspring	should	have	the	same	phenotypic	value	as	the	midparent	value.	That	is,	for	each	unit	of	increase	in	the	phenotype	of	midparent,	the	offspring	are	expected	to	increase	by	the	same	amount.
Example	9.18.	If	b	=	h2	=	0.5,	for	each	unit	of	phenotypic	increase	in	the	midparent	only	3	unit	increase	is	expected	to	appear	in	the	offspring.	Example	9.19.	If	b	=	h2	=	0,	then	the	offspring	are	not	expected	to	produce	any	better	than	the	average	of	the	population	regardless	of	the	midparent	value.	SELECTION	METHODS	Artificial	selection	is
operative	when	humans	determine	which	individuals	will	be	allowed	to	leave	offspring	(and/or	the	number	of	such	offspring).	Likewise,	natural	selection	allows	only	those	individuals	to	reproduce	that	possess	traits	adaptive	to	the	environments	in	which	they	live.	There	are	several	methods	by	which	artificial	selection	can	be	practiced.	1.	Mass
Selection.	If	heritability	of	a	trait	is	high,	most	of	the	phenotypic	variability	is	due	to	genetic	variation.	Thus,	a	breeder	should	be	able	to	make	good	progress	by	selecting	from	the	masses	those	that	excel	phenotypically	because	the	offspring-parent	correlation	should	be	high.	This	is	called	mass	selection,	but	it	is	actually	based	on	the	individual’s	own
performance	record	or	phenotype.	As	the	heritability	of	a	trait	declines,	so	does	the	prospect	of	making	progress	in	improving	the	genetic	quality	of	the	selected	line.	In	practice,	selection	is	seldom	made	on	the	basis	of	one	characteristic	alone.	Breeders	usually	desire	to	practice	selection	on	several	criteria	simultaneously.	However,	the	more	traits
selected	for,	the	less	selection	“pressure”	can	be	exerted	on	each	trait:	Selection	should	thus	be	limited	to	the	two	or	three	traits	which	the	breeder	considers	to	be	the	most	important	economically.	It	is	probable	that	individuals	scoring	high	in	trait	A	will	be	mediocre	or	even	poor	in	trait	B	(unless	the	two	traits	have	a	positive	genetic	correlation,	i.e.,
some	of	the	genes	increasing	trait	A	are	also	contributing	positively	to	trait	B).	The	breeder	therefore	must	make	compromises,	selecting	some	individuals	on	a	“total	merit’’	basis	that	would	probably	not	be	saved	for	breeding	if	selection	was	being	practiced	on	the	basis	of	only	a	single	trait.	The	model	used	to	illustrate	the	concept	of	genetic	gain,
wherein	only	indivicluals	that	score	above	a	certain	minimum	value	for	a	single	trait	would	be	saved	for	breeding,	must	now	be	modified	to	represent	the	more	probable	situation	in	which	selection	is	based	on	the	total	merit	of	two	or	more	traits	(Fig.	9-8).	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	CHAP.	91	223	a	(	b	)	Selection
applied	to	the	same	trait	when	the	criterion	is	total	merit.	(a)	Selection	on	the	basis	of	a	single	trait	(shaded	area	represents	selected	individuals).	Fig.	9-8.	Selection	on	single	trait	vs.	total	merit.	In	selecting	breeding	animals	on	a	“total	merit”	basis,	it	is	desirable	to	reduce	the	records	of	performance	on	the	important	traits	to	a	single	score	called	the
selection	index.	The	index	number	has	no	meaning	by	itself,	but	is	valuable	in	comparing	several	individuals	on	a	relative	basis.	The	methods	used	in	constructing	an	index	may	be	quite	diverse,	but	they	usually	take	into	consideration	the	heritability	and	the	relative	economic	importance	of	each	trait	in	addition	to	the	genetic	and	phenotypic
correlations	between	the	traits.	An	index	(I)	for	three	traits	may	have	the	general	form	I	=	aA’	+	bB‘	+	cC‘	where	a,	b,	and	c	are	coefficients	correcting	for	the	relative	heritability	and	the	relative	economic	importance	for	traits	A,	B,	and	C,	respectively,	and	where	A‘,	B’,	and	C‘	are	the	numerical	values	of	traits	A,	B,	and	C	expressed	in	“standardized
form.”	A	standardized	variable	(X’)	is	computed	in	a	sample	by	the	formula	X-X	X’	=	-	(9.21)	S	x	where	X	is	the	record	of	performance	made	by	an	individual,	is	the	average	performance	of	the	population,	and	s	is	the	standard	deviation	of	the	trait.	In	comparing	different	traits,	one	is	confronted	by	the	fact	that	the	mean	and	variability	of	each	trait	is
different	and	often	the	traits	are	not	even	expressed	in	the	same	units.	Example	9.20.	An	index	for	poultry	might	use	egg	production	(expressed	in	numbers	of	eggs	per	laying	season),	egg	quality	(expressed	in	terms	of	grades	such	as	AA,	A,	B,	etc.),	and	egg	size	(expressed	in	ounces	per	dozen).	Example	9.21.	An	index	for	swine	might	consider	backfat
thickness	(in	inches),	feed	conversion	(pounds	of	feed	per	pound	of	gain),	and	conformation	score	(expressing	the	appearance	of	the	individual	in	terms	of	points	from	a	standard	grading	system).	The	standardized	variable,	however,	is	a	pure	number	(i.e.,	independent	of	the	units	used)	based	on	the	mean	and	standard	deviation.	Therefore	any
production	record	or	score	of	a	quantitative	nature	can	be	added	to	any	other	such	trait	if	they	are	expressed	in	standardized	form.	2.	Family	Selection.	When	both	broad	and	narrow	heritabilities	of	a	trait	are	low,	environmental	variance	is	high	compared	to	genetic	variance.	Family	selection	is	most	useful	when	heritabilities	of	traits	are	low	and
family	members	resemble	one	another	only	because	of	their	genetic	relationship.	It	is	usually	more	practical	to	first	reduce	environmental	variance	by	changing	the	farming	or	husbandry	practices	before	initiating	selective	breeding	programs.	Another	way	to	minimize	the	effects	of	an	inflated	environmental	variance	is	to	save	for	breeding	purposes
all	members	of	families	that	have	the	highest	average	performance	even	though	some	members	of	such	families	have	relatively	poor	phenotypes.	In	practice,	it	is	not	uncommon	to	jointly	use	more	than	one	selection	method,	e.g.,	choosing	only	the	top	50%	of	individuals	in	only	the	families	with	the	highest	averages.	Family	selection	is	most	beneficial
when	members	of	a	family	have	a	high	average	genetic	relationship	224	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	to	one	another	but	the	observed	resemblance	is	low.	If	inbreeding	increases	the	average	genetic	relationship	within	a	family	more	than	the	increases	in	phenotypic	resemblance,	the	gain	from	giving	at	least
some	weight	to	family	averages	may	become	relatively	large.	3.	Pedigree	Selection.	In	this	method,	consideration	is	given	to	the	merits	of	ancestors.	Rarely	should	pedigree	selection	be	given	as	much	weight	as	the	individual’s	own	merit	unless	the	selected	traits	have	low	inheritabilities	and	the	merits	of	the	parents	and	grandparents	are	much	better
known	than	those	of	the	individual	in	question.	It	may	be	useful	for	characteristics	that	can	only	be	seen	in	the	opposite	sex	or	for	traits	that	will	not	be	manifested	until	later	in	life,	perhaps	even	after	slaughter	or	harvest.	The	value	of	pedigree	selection	depends	upon	how	closely	related	the	ancestor	is	to	the	individual	in	the	pedigree,	upon	how
many	ancestors,	or	colateral	ancestors,	records	exist,	upon	how	completely	the	merits	of	such	ancestors	are	known,	and	upon	the	degree	of	heritability	of	the	selected	traits.	4.	Progeny	Test.	A	progeny	test	is	a	method	of	estimating	the	breeding	value	of	an	animal	by	the	performance	or	phenotype	of	its	offspring.	It	has	its	greatest	utility	for	those
traits	that	(1)	can	be	expressed	only	in	one	sex	(e.g.,	estimating	the	genes	for	milk	production	possessed	by	a	bull),	(2)	cannot	be	measured	until	after	slaughter	(e.g.,	carcass	characteristics),	or	(3)	have	low	heritabilities	so	that	individual	selection	is	apt	to	be	highly	inaccurate.	Progeny	testing	cannot	be	practiced	until	after	the	animal	reaches	sexual
maturity.	In	order	to	progenytest	a	male,	he	must	be	mated	to	several	females.	If	the	sex	ratio	is	1	:	1,	then	obviously	every	male	in	a	flock	or	herd	cannot	be	tested.	Therefore	males	that	have	been	saved	for	a	progeny	test	have	already	been	selected	by	some	other	criteria	earlier	in	life.	The	more	progeny	each	male	is	allowed	to	produce	the	more
accurate	the	estimate	of	his	“transmitting	ability**(breeding	value),	but	in	so	doing,	fewer	males	can	be	progeny-tested.	If	more	animals	could	be	tested,	the	breeder	would	be	able	to	save	only	the	very	best	for	widespread	use	in	the	herd	or	flock.	Thus	a	compromise	must	be	made,	in	that	the	breeder	fails	to	test	as	many	animals	as	desired	because	of
the	increased	accuracy	that	can	be	gained	by	allotting	more	females	to	each	male	under	test.	The	information	from	a	progeny	test	can	be	used	in	the	calculation	of	the	“equal-parent	index”	(sometimes	referred	to	as	the	“midparent	index”).	If	the	progeny	receive	a	sample	half	of	each	of	their	parents’	genotypes	and	the	plus	and	minus	effects	of
Mendelian	errors	and	errors	of	appraisal	tend	to	cancel	each	other	in	averages	of	the	progeny	and	dams,	then	Average	of	progeny	=	sire/2	+	(average	of	dams)/2	or	Sire	=	2(average	of	progeny)	-	(average	of	dams)	(9.22)	MATING	METHODS	Once	the	selected	individuals	have	been	chosen,	they	may	be	mated	in	various	ways.	The	process	known	as
“breeding”	includes	the	judicious	selection	and	mating	of	individuals	for	particular	purposes.	1.	Random	Mating	(Panmixis).	If	the	breeder	places	no	mating	restraints	upon	the	selected	individuals,	their	gametes	are	likely	to	randomly	unite	by	chance	alone.	This	is	commonly	the	case	with	outcrossing	(non-self-fertilizing)	plants.	Wind	or	insects	carry
pollen	from	one	plant	to	another	in	essentially	a	random	manner.	Even	livestock	such	as	sheep	and	range	cattle	are	usually	bred	panmicticly.	The	males	locate	females	as	they	come	into	heat,	copulate	with	(‘bcover’*)and	inseminate	them	without	any	artificial	restrictions	as	they	forage	for	food	over	large	tracts	of	grazing	land.	Most	of	the	food	that
reaches	our	table	is	produced	by	random	mating	because	it	is	the	most	economical	mating	method;	relatively	little	manual	labor	is	expended	by	CHAP.	91	225	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	the	shepherd	or	herdsman	other	than	keeping	the	flock	or	herd	together,	warding	off	predators,	etc.	This	mating	method	is	most
likely	to	generate	the	greatest	genetic	diversity	among	the	progeny.	2.	Positive	Assortative	Mating.	This	method	involves	mating	individuals	that	are	more	alike,	either	phenotypically	or	genotypically,	than	the	average	of	the	selected	group.	(a)	Based	on	Genetic	Relutedness.	Inbreeding	is	the	mating	of	individuals	more	closely	related	than	the	average
of	the	population	to	which	they	belong.	Figure	9-9(a)	shows	a	pedigree	in	which	no	inbreeding	is	evident	because	there	is	no	common	ancestral	pathway	from	B	to	C	(D,	E,	F,	and	G	all	being	unrelated).	In	the	inbred	pedigree	of	Fig.	9-9(6),	B	and	C	have	the	same	parents	and	thus	are	full	sibs	(brothers	and/	or	sisters).	In	the	standard	pedigree	form
shown	in	Fig.	9-9(b),	sires	appear	on	the	upper	lines	and	dams	on	the	lower	lines.	Thus	B	and	D	are	males;	C	and	E	are	females.	It	is	desirable	to	convert	a	standard	pedigree	into	an	arrow	diagram	for	analysis	[Fig.	9-9(c)].	The	coefficient	of	relationship	(R)	estimates	the	percentage	of	genes	held	in	common	by	two	individuals	because	of	their	common
ancestry.	Since	one	transmits	only	a	sample	half	of	one’s	genotype	to	one’s	offspring,	each	arrow	in	the	diagram	represents	a	probability	of	3.	The	sum	(Z)	of	all	pathways	between	two	individuals	through	common	ancestors	is	the	coefficient	of	relationship.	Fig.	9-9.	Pedigree	diagrams.	Example	9.22.	In	the	arrow	diagram	of	Fig.	9-9(c),	there	are	two
pathways	connecting	B	and	C.	The	coefficient	of	relationship	between	individuals	B	and	C	(RBC)	=	Z(i)’,	where	s	is	the	number	of	steps	(arrows)	from	B	to	the	common	ancestor	and	back	to	C.	B	and	C	probably	contain	common	through	ancestor	D.	(i)(i)=	I	of	their	genes	in	Similarly,	B	and	C	probably	contain	of	their	genes	in	common	through	ancestor
E.	C	B$-E	C	The	sum	of	these	two	pathways	is	the	coefficient	of	relationship	between	the	full	sibs	B	and	C;	RBC	=	a	+	=	4	or	50%.	226	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	When	matings	occur	only	between	closely	related	individuals	(inbreeding)	the	genetic	effect	is	an	increase	in	homozygosity.	The	most	intense	form
of	inbreeding	is	self-fertilization.	If	we	start	with	a	population	containing	100	heterozygous	individuals	(Aa)as	shown	in	Table	9.1,	the	expected	number	of	homozygous	genotypes	is	increased	by	50%	due	to	selfing	in	each	generation.	Table	9.1.	Expected	Increase	in	Homozygosity	Due	to	Selfing	Genotypes	Generation	AA	-	Aa	-	aa	-	Percent
Heterozygosity	Percent	Homozygosity	100	0	50	50	25	75	12.5	87.5	6.25	93.75	Other	less	intense	forms	of	inbreeding	produce	a	less	rapid	approach	to	homozygosity,	shown	graphically	in	Fig.	9-10.	As	homozygosity	increases	in	a	population,	due	to	either	inbreeding	or	selection,	the	genetic	variability	of	the	population	decreases.	Since	heritability
depends	upon	the	relative	amount	of	genetic	variability,	it	also	decreases	so	that	in	the	limiting	case	(pure	line)	heritability	becomes	zero.	100	2	4	6	8	10	12	14	16	Generations	Fig.	9-10.	Increase	in	percentage	of	homozygosity	under	various	systems	of	inbreeding.	(A)	self-fertilization,	(B)	full	sibs,	(C)	double	first	cousins,	(D)	single	first	cousins,	(E)
second	cousins.	When	population	size	is	reduced	to	a	small	isolated	unit	containing	less	than	about	50	individuals,	inbreeding	very	likely	will	result	in	a	detectable	increase	in	genetic	uniformity.	The	coefficient	of	inbreeding	(symbolized	by	F)	is	a	useful	indicator	of	the	probable	effect	that	inbreeding	has	had	at	two	levels.	(	1	)	On	an	individual	basis,
the	coefficient	of	inbreeding	indicates	the	probability	that	the	2	alleles	at	any	locus	are	identical	by	descent,	i.e.,	they	are	both	replication	products	of	a	gene	present	in	a	common	ancestor.	CHAP.	91	227	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	(	2	)	On	apopulation	basis,	the	coefficient	of	inbreeding	indicates	the	percentage	of	all
loci	that	were	heterozygous	in	the	base	population	that	now	have	probably	become	homozygous	due	to	the	effects	of	inbreeding.	The	base	population	is	that	point	in	the	history	of	the	population	from	which	we	desire	to	begin	a	calculation	of	the	effects	of	inbreeding.	Many	loci	are	probably	homozygous	at	the	time	we	establish	our	base	population.
The	inbreeding	coefficient	then	measures	the	additional	increase	in	homozygosity	due	to	matings	between	closely	related	individuals.	The	coefficient	of	inbreeding	(F)	can	be	determined	for	an	individual	in	a	pedigree	by	several	similar	methods.	(1)	If	the	common	ancestor	is	not	inbred,	the	inbreeding	coefficient	of	an	individual	(F.,)	is	half	the
coefficient	of	relationship	between	the	sire	and	dam	(RsD):	(9.23)	(	2	)	If	the	common	ancestors	are	not	inbred,	the	inbreeding	coefficient	is	given	by	where	p1is	the	number	of	generations	(arrows)	from	one	parent	back	to	the	common	ancestor	and	p2	is	the	number	of	generations	from	the	other	parent	back	to	the	same	ancestor.	(3)	If	the	common
ancestors	are	inbred	(FA),	the	inbreeding	coefficient	of	the	individual	must	be	corrected	for	this	factor:	Fx	=	x[($)Pi+P2+1	(l	+	(9.25)	(4)	The	coefficient	of	inbreeding	of	an	individual	may	be	calculated	by	counting	the	number	of	arrows	(n)	that	connect	the	individual	through	one	parent	back	to	the	common	ancestor	and	back	again	to	the	other



parent,	and	applying	the	formula	Fx	=	C($)"(l	+	FA)	(9.26)	The	following	table	will	be	helpful	in	calculating	F.	n	1	2	3	4	5	6	7	8	9	(4)"	0.5000	0.2500	0.1250	0.0625	0.0312	0.0156	0.0078	0.0039	0.0019	Linebreeding	is	a	special	form	of	inbreeding	utilized	for	the	purpose	of	maintaining	a	high	genetic	relationship	to	a	desirable	ancestor.	Fig.	9-1	1	shows
a	pedigree	in	which	close	linebreeding	to	B	has	been	practiced	so	that	A	possesses	more	than	50%	of	B's	genes.	D	possesses	50%	of	B's	genes	and	transmits	25%	to	C.	B	also	contributes	50%	of	his	genes	to	C.	Hence	C	contains	50%	25%	=	75%	B	genes	and	transmits	half	of	them	(37.5%)	to	A.	B	also	contributes	50%	of	his	genes	to	A.	Therefore	A	has
50%	37.5%	=	87.5%	of	B's	genes.	+	+	B	Fig.	9-11.	Pedigree	exemplifying	close	linebreeding.	228	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	(b)	Based	on	Phenotypic	Similarity.	Positive	phenotypic	assortative	mating	is	seldom	practiced	in	its	purest	form	among	the	selected	individuals,	i.e.,	mating	only	“look-alikes”	or	those
with	nearly	the	same	selection	indices.	However,	it	can	be	used	in	conjunction	with	random	mating;	a	few	of	the	best	among	the	selected	group	are	‘‘hand	coupled,*’	artificially	cross-pollinated,	or	otherwise	forced	to	breed.	Example	9.23.	A	beef	cattle	rancher	may	maintain	a	small	“show	string”	in	addition	to	a	commercial	herd.	The	few	show	animals
would	be	closest	to	the	ideal	breed	type	(conformation	of	body	parts,	size	for	age,	color	markings,	shape	of	horns,	etc.)	and	would	be	mated	liketo-like	in	hopes	of	generating	more	of	the	same	for	displaying	at	fairs	and	livestock	expositions.	The	rest	of	the	herd	would	be	randomly	mated	to	produce	slaughter	beef.	Some	of	the	cows	from	the
commercial	herd	might	eventually	be	selected	for	the	show	string;	some	of	the	young	bulls	or	cows	of	the	show	string	might	not	prove	to	be	good	enough	to	save	for	show	and	yet	perform	adequately	as	members	of	the	commercial	herd.	Both	inbreeding	and	positive	phenotypic	assortative	mating	tend	to	reduce	genetic	heterozygosity,	but	the
theoretical	end	results	are	quite	different.	Example	9.24.	As	a	model	consider	a	metric	trait	governed	by	two	loci,	each	with	a	pair	of	alleles	both	additive	and	equal	in	effect.	Inbreeding	among	the	five	phenotypes	would	ultimately	fix	four	homozygous	lines	(AABB,	AA66,	aaBB,	aa66).Positive	phenotypic	assortative	mating	would	only	fix	two	lines
(AABB	and	aabb).	The	rate	at	which	heterozygous	loci	can	be	fixed	(brought	to	homozygosity‘)in	a	population	can	be	greatly	accelerated	by	combining	a	system	of	close	inbreeding	with	the	additional	restriction	of	positive	phenotypic	assortative	mating;	in	other	words,	they	must	also	“look”	alike.	3.	Negative	Assortative	Mating.	(a)	Based	on	Genetic
Relatedness.	When	a	mating	involves	individuals	that	are	more	distantly	related	than	the	average	of	the	selected	group	it	is	classified	as	a	negative	genetic	assortative	mating.	This	may	involve	crossing	individuals	belonging	to	different	families	or	crossing	different	inbred	varieties	of	plants	or	crossing	different	breeds	of	livestock.	It	may	occasionally
involve	crossing	closely	related	species	such	as	the	horse	and	ass	(donkey,	burro)	to	produce	the	hybrid	mule.	The	usual	purpose	of	these	“outcrosses”	is	an	attempt	to	produce	offspring	of	superior	phenotypic	quality	(but	not	necessarily	in	breeding	value)	to	that	normally	found	in	the	parental	populations.	Many	recessives	remain	hidden	in
heterozygous	conditions	in	noninbred	populations,	but	as	homozygosity	increases	in	an	inbred	population	there	is	a	greater	probability	that	recessive	traits,	many	of	which	are	deleterious,	will	begin	to	appear.	One	of	the	consequences	of	inbreeding	is	a	loss	in	vigor	(i.e.,	less	productive	vegetatively	and	reproductiveiy)	that	commonly	accompanies	an
increase	in	homozygosity	(inbreeding	depression).	Crosses	between	inbred	lines	usually	produce	a	vigorous	hybrid	F,	generation.	This	increased	“fitness”	of	heterozygous	individuals	has	been	termed	heterosis.	The	genetic	basis	of	heterosis	is	still	a	subject	of	controversy,	largely	centered	about	two	theories.	(	1	)	The	dominance	theory	of	heterosis.
Hybrid	vigor	is	presumed	to	result	from	the	action	and	interaction	of	dominant	growth	or	fitness	factors.	Example	9.25.	Assume	that	four	loci	are	contributing	to	a	quantitative	trait.	Each	recessive	genotype	contributes	one	unit	to	the	phenotype	and	each	dominant	genotype	contributes	two	units	to	the	phenotype.	A	cross	between	two	inbred	lines
could	produce	a	more	highly	productive	(heterotic)	F,	than	either	parental	line.	CHAP.	91	229	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	P:	Phenotypic	Value:	AA	b	b	C	C	d	aa	BB	cc	DD	X	2	+	1	+	2	+	1	=	6	F,:	1	+	2	+	1	+	2	=	6	Aa	Bb	Cc	Dd	2	+	2	+	2	+	2	=	8	(2)	The	overdominance	theory	of	heterosis.	Heterozygosity	per	se	is	assumed
to	produce	hybrid	vigor.	Example	9.26.	Assume	that	4	loci	are	contributing	to	a	quantitative	trait,	recessive	genotypes	contribute	1	unit	to	the	phenotype,	heterozygous	genotypes	contribute	2	units,	and	homozygous	dominant	genotypes	contribute	14	units.	P:	Phenotypic	Value:	1	+	F,:	aa	bb	CC	DD	AA	BB	cc	dd	X	1	+	I	t	+	1#=5	14+1$+1+1=5	Aa	Bb
Cc	Dd	2	+	2	+	2	+	2	=	8	Phenotypic	variability	in	the	hybrid	generation	is	generally	much	less	than	that	exhibited	by	the	inbred	parental	lines	(Fig.	9-	12).	This	indicates	that	the	heterozygotes	are	less	subject	to	environmental	influences	than	the	homozygotes.	Geneticists	use	the	term	“buffering”	to	indicate	that	the	organism’s	development	is	highly
regulated	genetically	(‘‘canalized”).	Another	term	often	used	in	this	connection	is	homeostasis,	which	signifies	the	maintenance	of	a	“steady	state”	in	the	development	and	physiology	of	the	organism	within	the	normal	range	of	environmental	fluctuations.	A	rough	guide	to	the	estimation	of	heterotic	effects	(H)	is	obtained	by	noting	the	average	excess
in	vigor	that	F1	hybrids	exhibit	over	the	midpoint	between	the	means	of	the	inbred	parental	lines	(Fig.	9-12).	(9.27)	The	heterosis	exhibited	by	an	F2	population	is	commonly	observed	to	be	half	of	that	manifested	by	the	F1	hybrids.	--	Inbred	Inbred	w	heterotic	effect	Fig.	9-12.	Heterosis	in	the	progeny	from	crossing	inbred	lines.	(b)	Based	on
Phenotypic	Dissimilarity.	When	intermediate	phenotypes	are	preferred,	they	are	more	likely	to	be	produced	by	mating	opposite	phenotypes.	For	example,	general-purpose	cattle	can	be	produced	by	crossing	a	beef	type	230	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	with	a	dairy	type.	The	offspring	commonly	produce	an
intermediate	yield	of	milk	and	hang	up	a	fair	carcass	when	slaughtered	(although	generally	not	as	good	in	either	respect	as	the	parental	types).	The	same	is	true	of	the	offspring	from	crossing	an	egg	type	(such	as	the	Leghorn	breed	of	chicken)	with	a	meat	type	(such	as	the	Cornish).	Crossing	phenotypic	opposites	may	also	be	made	to	correct	specific
defects.	Example	9.27.	Brahman	cattle	have	more	heat	tolerance	and	resistance	to	certain	insects	than	European	cattle	breeds.	Brahmans	are	often	crossed	to	these	other	breeds	in	order	to	create	hybrids	with	the	desirable	qualities	of	both	parental	populations.	Example	9.28.	Sometimes	“weedy”	relatives	of	agriculturally	important	crops	may	carry
genes	for	resistance	to	specific	diseases.	Hybrids	from	such	crosses	may	acquire	disease	resistance,	and	successive	rounds	of	selection	combined	with	backcrossing	to	the	crop	variety	can	eventually	fix	the	gene	or	genes	for	disease	resistance	on	a	background	that	is	essentially	totally	that	of	the	cultivated	species.	Solved	Problems	QUASI-
QUANTITATIVETRAITS	9.1.	Two	homozygous	varieties	of	Nicotiana	Zongzjlora	have	mean	corolla	lengths	of	40.5	and	93.3	millimeters.	The	average	of	the	F1	hybrids	from	these	two	varieties	was	of	intermediate	length.	Among	444	F2	plants,	none	was	found	to	have	ff	owers	either	as	long	as	or	as	short	as	the	average	of	the	parental	varieties.
Estimate	the	minimal	number	of	pairs	of	alleles	segregating	from	the	F,	.	Solution:	If	four	pairs	of	alleles	were	segregating	from	the	F,,	we	expect	(;f)4	=	r$a	of	the	F2	to	be	as	extreme	as	one	or	the	other	parental	average.	Likewise,	if	five	pairs	of	alleles	were	segregating,	we	expect	(	f	)	s	=	&	of	the	F2	to	be	as	extreme	as	one	parent	or	the	other.
Since	none	of	the	444	F2	plants	had	flowers	this	extreme,	more	than	four	loci	(minimum	of	five	loci)	are	probably	segregating	from	the	F,.	9.2.	The	mean	internode	length	of	the	Abed	Binder	variety	of	barley	was	found	to	be	3.20	millimeters.	The	mean	length	in	the	Asplund	variety	was	2.10	millimeters.	Crossing	these	two	varieties	produced	an	F1	and
F2	with	average	internode	lengths	of	2.65	millimeters.	About	6%	of	the	F2	had	an	internode	length	of	3.2	millimeters,	and	another	6%	had	a	length	of	2.1	millimeters.	Determine	the	most	probable	number	of	gene	pairs	involved	in	internode	length	and	the	approximate	contribution	each	gene	makes	to	the	phenotype.	Solution:	With	one	pair	of	genes
we	expect	about	d	or	25%	of	the	F2	to	be	as	extreme	as	one	of	the	parents.	With	two	pairs	of	genes	we	expect	approximately	or	6.25%	as	extreme	as	one	parent.	Thus	we	may	postulate	two	pairs	of	genes.	Let	A	and	B	represent	growth	factors	and	a	and	b	represent	null	genes.	P:	F,:	AA	BB	Abed	Binder	4	growth	genes	=	3.2	millimeters	X	aa	bh
Aspluiid	0	growth	genes	=	2.1	millimeters	Aa	Bb	2	growth	genes	=	2.65	millimeters	CHAP.	91	23	1	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	The	difference	2.65	-	2.10	=	0.55	millimeter	is	the	result	of	2	growth	genes.	Therefore	each	growth	gene	contributes	0.275	millimeter	to	the	phenotype.	Mean	Internode	Length	(millimeters)
F*:	3.200	2.925	2.650	2.375	2.100	Frequency	Genotypes	1/16	114	318	AABB	AaBB,	AABb	AAbb,	AaBb,	aaBB	aaBb,	Aabb	aabb	(physiological	minimum	due	to	residual	genotype)	114	1/16	9.3.	A	large	breed	of	chicken,	the	Golden	Hamburg,	was	crossed	to	small	Sebright	Bantams.	The	Fl	was	intermediate	in	size.	The	mean	size	of	the	F2	was	about	the
same	as	that	of	the	F1,	but	the	variability	of	the	F2	was	so	great	that	a	few	individuals	were	found	to	exceed	the	size	of	either	parental	type	(transgressive	variation).	If	all	of	the	alleles	contributing	to	size	act	with	equal	and	cumulative	effects,	and	if	the	parents	are	considered	to	be	homozygous,	how	can	these	results	be	explained?	Solution:	Let
capital	letters	stand	for	growth	genes	(active	alleles)	and	small	letters	stand	for	alleles	that	do	not	contribute	to	growth	(null	alleles).	For	simplicity	we	will	consider	only	four	loci.	P:	aa	BB	CC	DD	large	Golden	Hamburg	6	active	alleles	F,:	F2	AA	bb	cc	dd	small	Sebright	Bantam	2	active	alleles	X	Aa	Bb	Cc	Dd	intermediate-sized	hybrid	4	active	alleles
Some	genotypes	could	segregate	out	in	the	F2	with	phenotypic	values	that	exceed	that	of	the	parents.	For	example:	I	AA	BB	CC	DD	8	active	alleles	larger	than	Aa	BB	CC	DD	7	active	alleles	Golden	Hamburg	Aa	bb	cc	dd	aa	bb	cc	dd	(physiological	minimum)	THE	NORMAL	DISTRIBUTION	9.4.	A	representative	sample	of	lamb	weaning	weights	is	shown
below.	Determine	the	weight	limits	within	which	95%	of	all	lambs	from	this	population	are	expected	to	be	found	at	weaning	time.	81	65	94	94	81	68	85	90	83	77	105	81	101	66	86	92	60	63	90	58	232	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	Solution:	The	standard	deviation	is	calculated	as	follows.	-	XX	1620	-	81.0	x=-=--	N
20	~	X	81	65	94	94	81	68	85	90	83	77	105	81	101	66	60	63	86	92	90	58	X-X	0	-	16	+	13	+	13	0	-	13	+4	+9	+2	-4	+	24	0	+	20	-	15	-	21	-	18	+5	+	11	+9	-	23	(X	-	x)*	0	256	I69	169	0	169	16	81	4	16	576	0	400	225	441	324	25	121	81	529	95%	of	all	weaning	weights	are	expected	to	lie	within	5	2	s	of	the	mean.	Thusx	2(13.77)	=	81.0	+-	27.54.	The	upper
limit	is	108.54	and	the	lower	limit	is	53.46.	2	2s	=	81.0	?	9.5.	The	average	fleece	weight	in	a	large	band	of	sheep	together	with	its	standard	deviation	was	calculated	to	be	10.3	&	1.5	pounds.	The	statistics	for	fleece	grade	(on	a	scale	from	0	to	10)	was	5.1	2	0.7	units.	Which	trait	is	relatively	more	variable?	Solution:	Relative	variability	may	be
determined	from	a	comparison	of	their	coefficients	of	variation	(CV).	CV	(fleece	weight)	=	s	/	x	=	1.5110.3	=	0.146	CV	(fleece	grade)	=	0.7/5.1	=	0.137	Fleece	weight	has	a	slightly	higher	coefficient	of	variation	and	thus	is	relatively	more	variable	than	fleece	grade.	9.6.	The	Flemish	breed	of	rabbits	has	an	average	body	weight	of	3600	grams.	The
Himalayan	breed	has	a	mean	of	1875	grams.	Matings	between	these	two	breeds	produce	an	intermediate	F1	with	a	standard	deviation	of	k	162	grams.	The	variability	of	the	F2	is	greater	as	indicated	by	a	standard	deviation	of	2	230	grams.	(	a	)Estimate	the	number	of	pairs	of	factors	contributing	to	mature	body	weight	in	rabbits.	(	6	)	Estimate	the
average	metric	contribution	of	each	active	allele.	CHAP.	91	233	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	Solution:	(a)	From	equation	(9.6),	N=	D2	8(&	-	&q)	-	(3600	-	875)2	=	13.95	or	approximately	14	pairs	8(2302	-	1622)	(6)	The	difference	3600	-	1875	=	1725	grams	is	attributed	to	14	pairs	of	factors	or	28	active	alleles.	=	61.61
grams.	The	average	contribution	of	each	active	allele	is	9.7.	In	a	population	having	a	phenotypic	mean	of	55	units,	a	total	genetic	variance	for	the	trait	of	35	units2,	and	an	environmental	variance	of	14	units2,	between	what	two	phenotypic	values	will	approximately	68%	of	the	population	be	found?	Solution:	U;	=	dG	+	U;	=	35	+	14	=	49,	UP	=	7.	68%
of	a	normally	distributed	population	is	expected	to	be	found	within	the	limits	p	7,	or	between	48	units	and	62	units.	2	U	=	55	2	TYPES	OF	GENE	ACTION	9.8.	The	F1	produced	by	crossing	two	varieties	of	tomatoes	has	a	mean	fruit	weight	of	50	grams	and	a	phenotypic	variance	of	225	gram2.	The	F1	is	backcrossed	to	one	of	the	parental	varieties
having	a	mean	of	150grams.	Assuming	that	tomato	fruit	weight	is	governed	by	multiplicative	gene	action,	predict	the	variance	of	the	backcross	progeny.	Solution:	The	expected	mean	of	the	backcross	progeny	is	the	geometric	mean	of	150	and	50,	or	m=	=	86.6.	If	multiplicative	gene	action	is	operative	the	variance	is	dependent	upon	the	mean,	thus
producing	a	constant	coefficient	of	variation	in	segregating	populations.	F,	coefficient	of	variation	=	s	/	x	=	a	/	5	0	=	0.3,	and	so	the	coefficient	of	variation	in	the	backcross	generation	is	also	expected	to	be	0.3.	Standard	deviation	of	backcross	=	0.3(86.6)	=	25.98.	Variance	of	backcross	=	(25.98)2	=	675	gram2.	d	t/m	HERITABILITY	9.9.	Identical
twins	are	derived	from	a	single	fertilized	egg	(monozygotic).	Fraternal	twins	develop	from	different	fertilized	eggs	(dizygotic)	and	are	expected	to	have	about	half	of	their	genes	in	common.	Left-hand	middle-finger-lengthmeasurements	were	taken	on	the	fifth	birthday	in	samples	(all	of	the	same	sex)	of	identical	twins,	fraternal	twins,	and	unrelated
individuals	from	a	population	of	California	Caucasians.	Using	only	variances	between	twins	and	between	unrelated	members	of	the	total	population,	devise	a	formula	for	estimating	the	heritability	of	left-hand	middle-finger	length	at	5	years	of	age	in	this	population.	Solution:	Let	Vi	=	phenotypic	variance	between	identical	twins,	Vr	=	phenotypic
variance	between	fraternal	twins,	and	V,	=	phenotypic	variance	between	randomly	chosen	pairs	from	the	total	population	of	which	these	twins	are	a	part.	All	of	the	phenotypic	variance	between	identical	twins	is	nongenetic	(environmental);	thus	Vi	=	V,.	The	phenotypic	variance	between	fraternal	twins	is	partly	genetic	and	partly	environmental.	Since
fraternal	twins	are	50%	related,	their	genetic	variance	is	expected	to	be	only	half	that	of	unrelated	individuals;	thus	V’	=	aVg	+	V,.	The	difference	(Vf	-	Vi)estimates	half	of	the	genetic	variance.	234	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	Therefore,	heritability	is	twice	that	difference	divided	by	the	total	phenotypic
variance.	9.10.	Two	homozygous	varieties	of	Nicotiunu	longijloru	were	crossed	to	produce	F1hybrids.	The	average	variance	of	corolla	length	for	all	three	populations	was	8.76.	The	variance	of	the	F2	was	40.96.	Estimate	the	heritability	of	flower	length	in	the	F2	population.	Solution:	Since	the	two	parental	varieties	and	the	FI	are	all	genetically
uniform,	their	average	phenotypic	variance	is	an	estimate	of	the	environmental	variance	(Ve).	The	phenotypic	variance	of	the	F2	(V,)	is	partly	genetic	and	partly	environmental.	The	difference	(V,	-	V,)	is	the	genetic	variance	(V,).	V,	-	40.96	-	8.76	=	0.79	v,	40.96	h	2	=	V2	=	-	V-	,	-	v,	9.11.	Given	the	phenotypic	variances	of	a	quantitative	trait	in	two	pure
lines	(VpI	and	Vn),	in	their	F1	and	F2	progenies	(VFl	and	VF2),	in	the	backcross	progeny	F1	X	Pl(VBl)and	in	the	backcross	progeny	F1	x	P2(VB2),	show	how	estimates	of	additive	genetic	variance	(V,.,),	dominance	genetic	variance	(VD),and	environmental	variance	(V,)	can	be	derived.	S	o	htion:	Since	all	of	the	phenotypic	variance	within	pure	lines	and
their	genetically	uniform	FI	progeny	is	environmental	Likewise	(from	page	218),	+	E)	-	E	=	4A	+	aD	=	1A	+	4D	+	2E	V,,	-	VE	=	(	$	A	+	aD	Therefore	(from	page	2	18),	(VEI	+	VBI	+	VB,	V	B	~-)	2vE	=	aA	$0	By	multiplying	equation	(I)	by	2	and	subtracting	equation	(2)	from	the	result,	we	can	solve	for	A.	A	$A	+	fo=	2	(	v	~	2-	VE)	$0=	(VEI	1A	=	vE2)	-
2V,1j	VA	By	substituting	$	A	into	equation	(I),	we	can	solve	for	aD	=	VD.	9.12.	The	pounds	of	grease	fleece	weight	was	measured	in	a	sample	from	a	sheep	population.	The	data	listed	below	is	for	the	average	of	both	parents	(X,midparent)	and	their	offspring	(U).	X	11.8	8.4	9.5	10.0	10.9	7.6	10.8	8.5	11.8	10.5	Y	7.7	5.7	5.8	7.2	7.3	5.4	7.2	5.6	8.4	7.0	i	(a)
Calculate	the	regression	coefficient	of	offspring	on	midparent	and	estimate	the	heritability	of	grease	fleece	weight	in	this	population.	(b)	Plot	the	data	and	draw	the	regression	line.	(c)	Calculate	the	correlation	coefficient	and	from	that	estimate	the	heritability.	CHAP.	91	235	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	Solution:	Y	X	U
11.8	8.4	9.5	10.0	10.9	7.6	10.8	8.5	11.8	10.5	=	99.8	7.7	5.7	Y2	139.24	70.56	90.25	100.00	118.81	57.76	116.64	72.25	139.24	110.25	=	1015.00	5.8	7.2	7.3	5.4	7.2	5.6	8.4	7.0	ZY	=	-1	X2	67.3	1	u2	XY2	=	59.29	32.49	33.64	51.84	53.29	29.16	51.84	31.36	70.56	49.00	462.47	n	=	10	9960.04	996.0	-	-	-	-(99.8)2	--=	n	10	10	u-	-c	Y	-	(99.8)(67.3)	-	6716.54	-	-=
671.65	n	10	10	U	Y	-	[	(	Z	X	x	Y	)	/	n	]12.78	-	684.43	-	671.65	--=	b=	U3-	[	(	Z	X	>	~	/	~	]	1015	-	996	19	XY	I	ZXY	=	90.86	47.88	55.10	72.00	79.57	41.04	77.76	47.60	99.12	73.50	684.43	0.6726	The	regression	of	offspring	on	midparent	is	an	estimate	of	heritability:	h2	=	0.67	(b)	Data	plot	and	regression	line:	7.0	7.5	8.0	8.5	9.0	9.5	10.0	10.5	11.0	11.5
12.0	X	(x,	x	The	regression	line	goes	through	the	intersection	of	the	two	means	U);	=	99.8110	=	9.98;	U	=	67.3/10	=	6.73.	The	regression	line	intersects	the	Y	axis	at	the	Y	intercept	(a).	a=r-bx	=	6.73	-	0.673(9.98)	=	0.01	(x,r)	but	easily	plotted	on	the	graph	(e.g.,	Now	let	us	choose	a	value	of	X	that	is	distant	from	X	=	8.0).	The	corresponding	value	of	Y
is	estimated	to	be	236	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	f	=	U	+	6X	=	0.01	+	0.673(8.0)	[CHAP.	9	=	5.39	[(x,	and	?Jestablish	the	regression	line	with	slope	6	These	two	points	increase	in	midparent	values,	offspring	tend	to	produce	0.67	pound.	=	0.67.	For	every	1-pound	same	numerator	as	b	W	=462.47	same	denominator	as	b
r=	---	12.78	12.78	d(19)(462.47	-	452.93)	-	d	m	-	12.78	=	o.95	13.46	Therefore,	the	X	and	Y	values	are	very	highly	positively	correlated.	Note	that	two	variables	can	be	highly	correlated	without	also	being	nearly	equal.	Two	variables	are	perfectly	correlated	if	for	one	unit	change	in	one	variable	there	is	a	constant	change	(either	plus	or	minus)	in	the
other.	Negative	correlations	for	heritability	estimates	are	biologically	meaningless.	Different	traits,	however,	may	have	negative	genetic	correlations	(e.g.,	total	milk	production	vs.	butterfat	percentage	in	dairy	cattle);	many	of	the	same	genes	that	contribute	positively	to	milk	yield	also	contribute	negatively	to	butterfat	content.	h2	=	6	=	r	(	:	)	sy	=	/y	/y
SX	=	J"'	C	Y	2	-	[(CY)2/tt]=	462.47	-	452.93	=	1.03	n	-[	(1s	)	2	/	n	]=	\i1015	9-	996	h2	=	6	=	0.95	(i:)-	=	1.45	=	0.95(0.71)	=	0.67	9.13.	The	total	genetic	variance	of	180-day	body	weight	in	a	population	of	swine	is	250	pounds2.	The	variance	due	to	dominance	effects	is	50	pounds'.	The	variance	due	to	epistatic	effects	is	20	pounds'.	The	environmental
variance	is	350	pounds2.	What	is	the	heritability	estimate	(narrow	sense)	of	this	trait?	Solution:	U	;	=	U	;	+	U;	=	250	+	350	=	600	+	+	4	+	50	+	20,	of,	dD	of,	250	=	h2	=	o$uf,	=	180/6o	=	0.3	U&	=	U	:	=	180	9.14.	The	heritability	of	feedlot	rate	of	gain	in	beef	cattle	is	0.6.	The	average	rate	of	gain	in	the	population	is	1.7	pounddday.	The	average	rate
of	gain	of	the	individuals	selected	from	this	population	to	be	the	parents	of	the	next	generation	is	2.8	pounddday.	What	is	the	expected	average	daily	gain	of	the	progeny	in	the	next	generation?	Solution:	-	-	AP	=	Pp	-	P	=	2.8	-	1.7	=	1.1.	pounddday	.	AG	=	h2(AP)	=	0.6(1.1)	=	0.66.	-	P?	=	Fl	+	AG	=	2.36	CHAP.	91	QUANTITATIVE	GENETICS	AND
BREEDING	PRINCIPLES	237	SELECTION	METHODS	9.15.	Fifty	gilts	(female	pigs)	born	each	year	in	a	given	herd	can	be	used	for	proving	sires.	Average	litter	size	at	birth	is	10	with	10%mortality	to	maturity.	Only	the	5	boars	(males)	with	the	highest	sire	index	will	be	saved	for	further	use	in	the	herd.	If	each	test	requires	18	mature	progeny,	how
much	culling	can	be	practiced	among	the	progeny	tested	boars,	i.e.,	what	proportion	of	those	tested	will	not	be	saved?	Solution:	Each	gilt	will	produce	an	average	of	10	-	(0.1)(10)	=	9	progeny	raised	to	maturity.	If	18	mature	progeny	are	required	to	prove	a	sire,	then	each	boar	should	be	mated	to	2	gilts.	(50	gilts)/(2	gilts	per	boar)	=	25	boars	can	be
proved.	20/25	=	4/5	=	80%	of	these	boars	will	be	culled.	9.16.	Given	the	following	pedigree	with	butterfat	records	on	the	cows	and	equal-parent	indices	on	the	bulls,	estimate	the	index	for	young	bull	X	(	a	)	using	information	from	A	and	B,	(b)	when	the	record	made	by	B	is	only	one	lactation,	and	that	made	in	another	herd.	X	-	B	(604-pound	record)
Solution:	(a)	The	midparent	index	(estimate	of	transmitting	ability)	for	X	is	(750	+	604)/2	=	677.	(6)	Since	we	cannot	rely	on	B’s	record,	we	should	use	information	from	C	and	D,	recalling	tllat	L	is	separated	by	two	Mendelian	segregations	from	the	grandparents.	Then	X	=	+	+	=	703.	MATING	METHODS	9.17.	Calculate	the	inbreeding	coefficient	for	A
in	the	following	pedigree.	E	4	$-	1	F	I	G	Solution:	First	we	must	convert	the	pedigree	to	an	arrow	diagram.	238	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	There	is	only	one	pathway	from	B	to	C	and	that	goes	through	ancestor	E.	However,	ancestor	E	is	himself	inbred.	Note	that	the	parents	of	E	are	full	sibs,	i.e.,	G	and	H	are
50%	related	(see	Example	9.22).	By	formula	(9.23),	FE	=	i&H	=	i(0.5)	=	0.25	The	inbreeding	coefficient	of	A	is	given	by	equation	(9.26),	FA	=	c	(4)"	(1	+	Fmcestor)=	(8)3(1	+	0.25)	=	0.156	where	n	is	the	number	of	arrows	connecting	the	individual	(A)	through	one	parent	(B)	back	to	the	common	ancestor	(E)	and	back	again	to	the	other	parent	(C).
9.18.	The	average	plant	heights	of	two	inbred	tobacco	varieties	and	their	hybrids	have	been	measured	with	the	following	results:	inbred	parent	(PI)	=	47.8	inches,	inbred	parent	(P2)	=	28.7	inches,	F1	hybrid	(PI	X	P2)	=	43.2	inches.	(a)	Calculate	the	amount	of	heterosis	exhibited	by	the	F1.	(	6	)	Predict	the	average	height	of	the	F2.	Sohtion	:	(a)	The
amount	of	heterosis	is	expressed	by	the	excess	of	the	F,	average	over	the	midpoint	between	the	two	parental	means.	Heterosis	of	F1	=	yF,	-	i(xF,+	yp,)=	43.2	-	i(47.8	+	28.7)	=	43.2	-	38.25	=	4.95	inches	(	6	)	As	a	general	rule	the	F2	shows	only	about	half	the	heterosis	of	the	F,:	i(4.95)	=	2.48.	Hence	the	expected	height	of	F2	plants	=	38.25	+	2.48	=
40.73	inches.	Supplementary	Problems	QUASI-QUANTITATIVE	TRAITS	9.19.	Beginning	at	some	arbitrary	date,	two	varieties	of	wheat	were	scored	for	the	length	of	time	(in	days)	to	heading,	from	which	the	following	means	were	obtained:	variety	X	=	13.0	days,	variety	Y	=	27.6	days.	From	a	survey	of	5,504,000	F2	progeny,	86	were	found	to	head	out
in	13	days	or	less.	How	many	pairs	of	factors	are	probably	contributing	to	early	flowering?	9.20.	Suppose	that	the	average	skin	color	on	one	racial	population	is	0.43	(measured	by	the	reflectance	of	skin	to	red	light	of	685-nanometer	wavelength);	the	average	skin	color	of	a	population	racially	distinct	from	the	first	is	0.23;	and	racial	hybrids	between
these	two	populations	average	0.33.	If	about	U150	offspring	from	hybrid	(racially	mixed)	parents	have	skin	colors	as	extreme	as	the	average	of	either	race,	estimate	the	number	of	segregating	loci	in	the	hybrid	parents	that	contribute	to	skin	color	variability	in	their	offspring.	9.21.	Suppose	that	5	pairs	of	genes	with	equal	and	cumulative	effects	are
contributing	to	body	weight	in	laboratory	albino	rats.	Two	highly	inbred	strains	(homozygous)	have	the	extreme	high	and	low	mature	weights,	respectively.	A	hybrid	FI	generation	is	produced	by	crossing	these	two	lines.	The	average	cost	of	raising	a	rat	to	maturity	is	$2.00.	What	will	it	probably	cost	the	breeder	to	recover	in	the	F2	a	rat	that	is	as
extreme	as	the	high	parental	line?	CHAP.	91	239	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	THE	NORMAL	DISTRIBUTION	9.22.	From	a	sample	of	10	pig	body	weights	determine	(	a	)	mean	body	weight,	(6)	sample	standard	deviation	(s),	(c)	the	weight	that	will	probably	be	exceeded	by	23%	of	this	population.	Pig	weights:	210,	215,
220.	225,	215,	205,	220,	210,	215,	225.	VARIANCE	9.23.	Suppose	6	pairs	of	genes	were	contributing	to	a	metric	trait	in	a	cultivated	crop.	Two	parental	lines	with	averages	of	13,000	pounddacre	and	7000	pounddacre	produced	an	intermediate	hybrid	FI	with	a	variance	of	250,000	pounds2.	Estimate	the	standard	deviation	of	the	F2	by	formula	(9.6).
9.24.	Two	strains	of	mice	were	tested	for	susceptibility	to	a	carcinogenic	drug.	The	susceptible	strain	had	an	average	of	75.4	tumorous	lung	nodules,	whereas	the	resistant	strain	failed	to	develop	nodules.	The	F,	from	crossing	these	two	strains	had	an	average	of	12.5	nodules	with	a	standard	deviation	of	55.3;	the	F2	had	10.0	5	14.1	nodules.	Estimate
the	number	of	gene	pairs	contributing	to	tumor	susceptibility	by	use	of	formula	(9.6).	TYPES	OF	GENE	ACTION	9.25.	Calculate	the	metric	values	of	the	parents	and	their	F1	hybrids	in	the	cross	AA	B’B’	CC	D’D’X	A’A‘	BB	C’C’	DD	assuming	(a)	additive	gene	action	where	unprimed	alleles	contribute	3	units	each	to	the	phenotype	and	primed	alleles
contribute	6	units	each,	(b)	primed	alleles	are	fully	dominant	to	unprimed	alleles;	at	a	given	locus,	genotypes	with	one	or	two	primed	alleles	produce	12	units	and	the	recessive	genotype	produces	6	units.	9.26.	Several	generations	of	selection	and	inbreeding	in	a	laboratory	strain	of	mice	produced	a	giant	strain	with	a	mean	of	40	grams	at	2	months	of
age	and	a	midget	strain	with	an	average	of	12	grams.	The	phenotypic	variance	of	the	giant	strain	is	26.01	and	of	the	midget	strain	is	2.92.	(	a	)	Calculate	the	coefficient	of	variation	for	the	giant	and	the	midget	strains.	(6)	On	the	basis	of	your	findings	in	part	(a),	calculate	the	expected	mean	of	the	F1	produced	by	crossing	these	two	lines.	9.27.	Several
examples	of	multiplicative	gene	action	are	known	in	crosses	between	tomato	varieties.	Calculate	the	arithmetic	mean	and	geometric	mean	for	each	F1	and	compare	each	of	their	absolute	deviations	from	the	FI	mean.	The	mean	fruit	weight	in	grams	for	each	group	is	given	in	parentheses.	(a)	(b)	(4	(4	Variety	1	Variety	2	FI	Yellow	Pear	(12.4)	Yellow
Pear	(12.4)	Dwarf	Aristocrat	(1	12.4)	Tangerine	(173.6)	Honor	Bright	(1	50.0)	Peach	(42.6)	Peach	(42.6)	Red	Currant	(1.	I	)	(47.5)	(23.1)	(67.1)	(8.3)	HERITABILITY	9.28.	Let	Vi	=	phenotypic	variance	between	identical	twins,	V’	=	phenotypic	variance	between	fraternal	twins,	and	heritability	(h’)	=	(Vf	-	Vi)/V,.	Given	the	following	differences	in
intelligence	quotients	(IQ)	of	20	pairs	of	twins	(all	females,	reared	together,	and	identically	tested	at	the	same	age),	estimate	the	heritability	of	IQ.	Identical	twins	6	2	7	2	4	4	3	5	5	2	Fraternal	twins	10	7	13	15	12	I1	14	9	12	17	240	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	9.29.	Suppose	that	population	A	has	a	mean	IQ	of	85
and	that	of	population	B	is	100.	Estimates	of	heritability	of	IQ	in	both	populations	are	relatively	high	(0.4	to	0.8).	Explain	why	each	of	the	following	statements	is	false.	(	a	)	Heritability	estimates	measure	the	degree	to	which	a	trait	is	determined	by	genes.	(6)	Since	the	heritability	of	IQ	is	relatively	high,	the	average	differences	between	the	two
populations	must	be	largely	due	to	genetic	differences.	(c)	Since	population	B	has	a	higher	average	IQ	than	population	A,	population	B	is	genetically	superior	to	A.	9.30.	Flower	lengths	were	measured	in	two	pure	lines,	their	F1	and	F2	and	backcross	progenies.	To	eliminate	multiplicative	effects,	logarithms	of	the	measurements	were	used.	The
phenotypic	variances	were	PI	=	48,	P2	=	32,	F1	=	46,	F2	=	130.5,	BI(FI	X	PI)	=	85.5,	and	B2(FI	X	P2)	=	98.5.	(	a	)	Estimate	the	environmental	variance	(	VE),	the	additive	genetic	variance	(	V	A	)	,	and	the	dominance	genetic	variance	(VD).	(6)	Calculate	the	degree	of	dominance.	(c)	Estimate	the	narrow	heritability	of	flower	length	in	the	F2.	Hint:	See
Problem	9.11.	9.31.	Let	rl	=	phenotypic	correlation	of	full	sibs,	r2	=	phenotypic	correlation	of	half	sibs,	r3	=	correlation	of	offspring	with	one	parent,	1-4	=	correlation	of	monozygotic	twins,	and	r5	=	correlation	of	dizygotic	twins.	In	the	following	formulas,	determine	the	values	of	x	and/or	y:	(U)	h2	=	X	(	T	I	-	(	b	)	h2	=	X	T	I	-	yr3	r2)	(c)	h2	=	~	(	r	q--	r5)
9.32.	In	the	following	table,	Y	represents	the	average	number	of	bristles	on	a	specific	thoracic	segment	of	Drosophila	melanogaster	in	four	female	offspring	and	X	represents	the	number	of	bristles	in	the	mother	(dam)	of	each	set	of	4	daughters.	Family	1	2	3	4	5	6	7	8	9	10	X	9	6	9	6	7	8	7	7	8	9	Y	8	6	7	8	8	7	7	9	9	8	(	a	)	Calculate	the	daughter-dam
regression.	(	6	)	Estimate	the	heritability	of	bristle	number	in	this	population	assuming	sx	=	s	y	.	9.33.	The	regression	coefficient	(b)	represents	how	much	one	variable	is	expected	to	change	per	unit	change	in	some	other	variable.	The	correlation	coefficient	(r)	reflects	how	closely	the	data	points	are	to	the	regression	line	(perfect	correlation	=	1).
Using	only	these	definitions	(no	formulas),	determine	the	regression	of	XI	on	X2	and	their	correlation	from	the	following	pairs	of	measurements:	_+	XI	11	12	13	14	15	x2	13	15	17	19	21	9.34.	Around	1903,	Pearson	and	Lee	collected	measurements	of	brother	and	sister	heights	from	more	than	10oO	British	families.	A	sample	of	11	of	such	families	is
shown	below.	1	2	3	4	5	6	7	8	9	10	11	Brother	71	68	66	67	70	71	70	73	72	65	66	Sister	69	64	65	63	65	62	65	64	66	59	62	Family	No.	CHAP.	91	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	24	1	(a)	Calculate	the	regression	coefficient	of	sisters’	height	on	brothers’	height.	(	6	)	Calculate	the	regression	coefficient	of	brothers’	height	on
sisters’	height.	(c)	The	correlation	coefficient	(r)	is	the	geometric	mean	of	the	above	two	regression	coefficients;	determine	r.	(6)If	the	variance	of	brothers’	heights	s	i	=	74	and	that	of	sisters’	sg	=	66,	calculate	the	heritability	of	body	height	from	r.	Does	the	answer	make	biological	sense?	Explain.	9.35.	A	flock	of	chickens	has	an	average	mature	body
weight	of	6.6	pounds.	Individuals	saved	for	breeding	purposes	have	a	mean	of	7.2	pounds.	The	offspring	generation	has	a	mean	of	6.81	pounds.	Estimate	the	heritability	of	mature	body	weight	in	this	flock.	9.36.	Yearly	wool	records	(in	pounds)	are	taken	from	a	sample	of	10	sheep:	11.8,	8.4,	9.5,	10.0,	10.9,	7.8,	10.8,	8	.	5	,	11.8,	10.5.	(a)	Calculate	the
range	within	which	approximately	95%	of	the	sheep	in	this	population	are	expected	to	be	found.	(6)	If	the	additive	genetic	variance	is	0.60,	what	is	the	heritability	estimate	of	wool	production	in	this	breed?	9.37.	Determine	(a)	the	dominance	variance	and	(6)	the	environmental	variance	from	the	following	information:	heritability	[formula	(9.9)]	=	0.3,
phenotypic	variance	=	200	pounds2,	total	genetic	variance	=	100	pounds2,	and	epistatic	variance	is	absent.	9.38.	Thickness	of	backfat	in	a	certain	breed	of	swine	has	been	estimated	to	have	a	heritability	of	80%.	Suppose	the	average	backfat	thickness	of	this	breed	is	1.2	inches	and	the	average	of	individuals	selected	from	this	population	to	be	the
parents	of	the	next	generation	is	0.8	inch.	What	is	the	expected	average	of	the	next	generation?	9.39.	The	average	yearly	milk	production	of	a	herd	of	cows	is	18,000	pounds.	The	average	milk	production	of	the	individuals	selected	to	be	parents	of	the	next	generation	is	20,000	pounds.	The	average	milk	production	of	the	offspring	generation	is	18,440
pounds.	(a)	Estimate	the	heritability	of	milk	production	in	this	population.	(6)	If	the	phenotypic	variance	of	this	population	is	4,000,000	pounds2,	estimate	the	additive	genetic	variance.	(c)	Between	what	two	values	is	the	central	68%	of	the	original	(18,000	pound	average)	population	expected	to	be	found?	9.40.	The	average	weight	at	140	days	in	a
swine	population	is	180	pounds.	The	average	weight	of	individuals	selected	from	this	population	for	breeding	purposes	is	195	pounds.	Heritability	of	140-day	weight	in	swine	is	30%.	Calculate	(a)	selection	differential,	(6)	expected	genetic	gain	in	the	progeny,	(c)	predicted	average	140-day	weight	of	the	progeny.	9.41.	About	1903	Johannsen,	a	Danish
botanist,	measured	the	weight	of	seeds	in	the	Princess	Variety	of	bean.	Beans	are	self	fertilizing	and	therefore	this	variety	is	a	pure	line.	The	weights	in	centigrams	of	a	small	but	representative	sample	of	beans	are	listed	below.	19	22	31	29	18	26	24	23	27	20	28	24	25	21	30	25	29	29	(	a	)	Calculate	the	mean	and	standard	deviation	for	bean	weight	in
this	sample.	(6)	Calculate	the	environmental	variance.	(c)	Estimate	the	heritability	of	bean	weight	in	this	variety.	(6)	If	the	average	bean	weight	of	individuals	selected	to	be	parents	from	this	population	is	30	centigrams,	predict	the	average	bean	weight	of	the	next	generation.	SELECTION	METHODS	9.42.	The	length	of	an	individual	beetle	is	10.3
millimeters	or	0.5	when	expressed	in	“standardized”	form.	The	average	measurement	for	this	trait	in	the	beetle	population	is	10.0	millimeters.	What	is	the	variance	of	this	trait?	9.43.	Given	the	swine	selection	index	I	=	0.14W	-	0.27S,	where	W	is	the	pig’s	own	180-day	weight	and	S	is	its	market	score.	(a)	Rank	the	following	three	animals	according	to
index	merit:	242	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	Animal	Weight	Score	Z	200	30	I	[CHAP.	9	(6)	If	differences	in	index	score	are	20%	heritable,	and	parents	score	3.55	points	higher	than	the	average	of	the	population,	how	much	increase	in	the	average	score	of	the	progeny	is	expected?	9.44.	+	A	beef	cattle	index	(I)	for
selecting	replacement	heifers	takes	the	form	I	=	6	2WW’	+	WG’,	where	WW’	is	weaning	weight	in	standardized	form	and	WG‘	is	weaning	grade	in	standardized	form.	The	average	weaning	weight	of	the	herd	=	505	pounds	with	a	standard	deviation	of	?	34.5	pounds.	The	average	weaning	grade	(a	numerical	score)	is	88.6	with	a	standard	deviation	of
2.1.	Which	of	the	following	animals	has	the	best	overall	merit?	*	I	Animal	Actual	Weaning	Weight	Actual	Weaning	Grade	A	B	5	19	486	91	88	I	9.45.	Suppose	360	ewes	(female	sheep)	are	available	for	proving	sires.	All	ewes	lamb;	SO%	of	ewes	lambing	have	twins.	The	10	rams	with	the	highest	progeny	test	scores	will	be	kept	as	flock	sires.	How	much
selection	can	be	practiced	among	the	progeny-tested	individuals,	i.e.,	what	proportion	of	those	tested	can	be	saved	if	a	test	requires	(a)	18	progeny,	(6)	12	progeny,	(c)	6	progeny?	9.46.	During	the	same	year	3	dairy	bulls	were	each	mated	to	a	random	group	of	cows.	The	number	of	pounds	of	butterfat	produced	by	the	dams	and	their	daughters
(corrected	to	a	305-day	lactation	at	maturity	with	twice	daily	milking)	was	recorded	as	shown	below.	Dam	Dam’s	Record	‘Daughter’s	Record	1	2	3	600	4	595	615	610	605	640	625	600	B	5	6	7	8	585	590	620	605	610	620	605	595	C	9	10	11	12	590	590	610	590	595	Bull	A	600	(	a	)	Calculate	the	sire	index	for	each	of	the	3	sires.	your	herd?	600	605	(6)
Which	sire	would	you	save	for	extensive	use	in	MATING	METHODS	9.47.	A	is	linebred	to	B	in	the	following	pedigree.	Calculate	the	inbreeding	coefficient	of	A.	CHAP.	91	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	243	B	I	9.48.	Given	the	following	m	o	w	diagram,	calculate	the	inbreeding	coefficient	of	A.	'i/"\	I	9.49.	/J	\	J	M	L	Calculate
the	inbreeding	of	A	in	the	following.	Hint:	There	are	nine	pathways	between	B	and	C.	B	.	9.50.	The	yield	of	seed	(in	bushels	per	acre)	and	plant	height	(in	centimeters)	was	measured	on	several	generations	of	corn.	Calculate	by	equation	(9.23,	(a)	the	amount	of	heterosis	in	the	F1	resulting	from	crossing	the	parental	varieties	with	the	inbreds,	(6)	the
yield	and	height	expectations	of	the	FZ.	Parental	varieties	Inbreds	FI	hybrids	25.0	71.4	257	Review	Questions	Matching	Questions	Choose	the	one	best	match	of	each	numbered	item	with	one	of	the	lettered	items.	Each	letter	may	be	used	only	once.	244	1.	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	u2	2.	h2	3.	b	4.	r	5.	F	6.	S	I	X	7.	(	X	-
X)ls	8.	R	9.	AG	10.	UC(X	-	X	)	2	/	(	n	-	1)	[CHAP.	9	A.	u&/u;	B.	Sample	standard	deviation	C.	Inbreeding	coefficient	D.	Standardized	variable	E.	Regression	coefficient	F.	Coefficient	of	genetic	relationship	G.	Sample	coefficient	of	variation	H.	Population	variance	I.	Correlation	coefficient	J.	None	of	the	above	Vocabulary	For	each	of	the	following
definitions,	give	the	appropriate	term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated	otherwise.	1.	The	kind	of	phenotypic	variation	associated	with	quantitative	or	metric	traits.	(One	or	two	words.)	2.	A	bell-shaped	distribution	of	continuous	phenotypic	variation.	(One	or	two	words.)	3.	A	squared	standard	deviation.	4.	A	type	of	allelic
interaction	in	which	the	phenotype	of	a	heterozygote	is	outside	the	phenotypic	limits	of	the	5.	The	proportion	of	the	phenotypic	variance	of	a	trait	that	is	attributable	to	gene	effects.	corresponding	homozygotes.	6.	A	statistic	expressing	how	much	(on	average)	one	sample	variable	may	be	expected	to	change	per	unit	change	in	some	other	variable.
(Two	words.)	7.	A	statistical	measurement	of	how	closely	two	sets	of	sample	data	are	associated,	having	limits	words	.)	5	1.	(Two	8.	A	method	of	estimating	the	breeding	value	of	an	individual	by	the	performance	or	phenotype	of	its	offspring.	(Two	words.)	9.	The	mating	of	individuals	that	are	more	closely	related	than	the	average	of	the	population	to
which	they	belong.	10.	The	superior	phenotypic	quality	of	heterozygotes	relative	to	that	of	homozygotes,	commonly	called	“hybrid	vigor.	”	True-False	Questions	Answer	each	of	the	following	statements	either	true	(T)	or	false	(F).	1.	Quantitative	traits	are	commonly	studied	by	making	counts	and	ratios	of	progeny	phenotypes	from	parents	of	contrasting
phenotypes.	2.	A	parameter	is	a	measurement	derived	from	a	sample.	3.	Most	metric	traits	of	economic	importance	have	high	heritabilities	(h2	greater	than	0.5).	4.	Mass	selection	is	the	best	method	for	improving	metric	traits	with	low	heritabilities	(h2	less	than	0.2)	5.	Family	selection	is	based	upon	the	merits	of	ancestors.	6.	Matings	between	siblings
are	the	most	extreme	form	of	inbreeding	possible	among	sexually	reproducing	species.	CHAP.	91	7.	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	245	Linebreeding	is	a	special	form	of	inbreeding	used	to	maintain	a	high	genetic	relationship	to	a	desired	ancestor.	8.	Both	inbreeding	and	positive	assortative	mating	tend	to	reduce	genetic
heterozygosity,but	the	theoretical	end	results	are	quite	different.	9.	Loss	of	vigor	(vegetative	and/or	reproductive)	commonly	accompanies	an	increase	in	polygenic	homozygosity.	10.	Most	of	our	food	is	produced	by	mating	methods	that	are	essentially	panmictic.	Multiple-Choice	Questions	Choose	the	one	best	answer.	For	problems	1-3,	use	the
following	information.	Two	pure	lines	of	corn	have	mean	cob	lengths	of	9	and	3	inches,	respectively.	The	polygenes	involved	in	this	trait	all	exhibit	additive	gene	action.	1.	Crossing	these	two	lines	is	expected	to	produce	a	progeny	with	mean	cob	length	(in	inches)	of	(	6	)	7.5	(c)	6.0	(d)	2.75	(e)	none	of	the	above	2.	If	the	variation	in	F1cob	length	ranges
from	5	.	5	to	6.5	inches,	this	variation	is	estimated	to	be	due	to	segregation	at	(a)	two	loci	(b)	three	loci	(c)	four	loci	(d)five	loci	(e)	none	of	the	above	(a)	12.0	3.	If	only	2	segregating	loci	contribute	to	cob	length,	and	we	represent	the	parental	cross	as	AABB	(9-inch	averhge	cob	length)	X	aabb	(3-inch	average),	the	fraction	of	the	F2	expected	to	be	4.5
inches	is	(a)	4	(b)	&	(c)	&	(6)	&	(e)	none	of	the	above	4.	If	a	mouse	population	has	an	average	adult	body	weight	of	25	grams	with	a	standard	deviation	of	2	3	grams,	the	percentage	of	the	population	expected	to	weigh	less	than	22	grams	is	approximately	(a)	16	(	6	)	33	(c)	68	(d)	50	(e)	25	5.	With	reference	to	problem	4,	if	the	genetic	variance	in	mouse
body	weight	is	2.7,	the	environmental	variance	is	approximately	(a)	22.3	(	6	)	6.3	(c)	0.3	(6)3.3	(e)	none	of	the	above	6.	In	another	population	of	mice,	the	total	genetic	variance	of	adult	body	weight	is	4	grams’	and	the	environmental	variance	is	12	grams2.	The	broad	estimate	of	heritability	for	this	trait	in	this	population	is	approximately	(	a	)	0.15	(b)
0.20	(c)	0.25	(6)0.33	(e)	none	of	the	above	7.	If	the	correlation	coefficient	between	body	weight	of	full	sibs	is	0.15,	then	the	heritability	of	this	trait	in	this	population	is	(a)	less	than	0.15	(b)	0.25	(c)	0.3	(d)	0.6	(e)	none	of	the	above	For	problems	8-10,	use	the	following	information.	A	population	of	adult	mice	has	a	mean	body	weight	of	30	grams.	The
average	weight	of	mice	selected	for	breeding	purposes	is	34	grams.	The	progeny	produced	by	random	mating	among	the	selected	parents	average	30.5	grams.	8.	The	selection	differential	(in	grams)	is	9.	The	genetic	gain	(in	grams)	is	(	a	)	0.5	(a)	0.5	(6)	4	(c)	3.5	(6)2	(e)	none	of	the	above	(b)	4	(c)	3.5	(d)	2	(e)	none	of	the	above	10.	The	heritability
estimate	for	adult	body	weight	in	this	population	is	(6)	0.250	(e)	none	of	the	above	(a)	0.050	(6)	0.625	(c)	0.125	Answers	to	Supplementary	Problems	9.19.	Eight	pairs	of	factors	9.20.	Three	or	four	loci	(pairs	of	alleles)	246	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	9.21.	$2048	9.22.	(a)	216	pounds	(b)	5	6	.	5	8	pounds	(c)
229.16	pounds	9.23.	-+	loo0	pounddacre	9.24.	4.16	or	approximately	4	gene	pairs	9.25.	(a)	Both	parents,	F1	=	36	units	(	b	)	Both	parents	=	36	units,	F,	=	48	units	Arithmetic	Mean	Absolute	Deviation	from	F,	Mean	Geometric	Mean	Absolute	Deviation	from	F,	Mean	81.2	27.5	77.5	87.3	33.7	4.4	10.4	79.0	43.1	23.0	69.2	13.8	4.4	0.1	2.1	5.5	(a)	(b)	(c)	(4
9.28.	0.64	9.29.	(a)	Heritability	estimates	measure	the	proportion	of	the	total	phenotypic	variation	for	a	trait	among	individuals	of	a	population	that	is	due	to	genetic	variation.	There	is	no	genetic	variation	in	a	pure	line	(heritability	=	0),	but	blood	groups	(for	example)	would	still	be	100%	determined	by	genes.	(6)	Suppose	that	a	group	of	identical
twins	were	divided,	one	member	of	each	pair	to	the	two	populations	A	and	B	.	Each	population	would	then	have	the	same	genetic	constitution.	If	population	A	is	not	given	equal	social,	educational,	and	vocational	opportunities	with	population	B,	then	A	might	be	expected	to	show	lower	average	IQ.	In	other	words,	the	average	IQs	of	these	populations
would	be	reflective	solely	of	nongenetic	(environmental)	differences	regardless	of	the	heritability	estimates	made	in	each	population.	(c)	The	answer	to	part	(b)	demonstrates	that	the	difference	between	phenotypic	averages	of	two	populations	does	not	necessarily	imply	that	one	population	is	genetically	superior	to	the	other.	Important	environmental
differences	may	be	largely	responsible	for	such	deviations.	We	could	imagine	that	a	pure	line	(heritability	=	0)	would	be	very	well	suited	to	a	particular	environment,	whereas	a	highly	genetically	heterogeneous	population	with	a	high	heritability	for	the	same	trait	might	be	relatively	poorly	adapted	to	that	same	environment.	In	other	words,	the	high
heritabilities	for	IQ	within	populations	A	and	B	reveal	nothing	about	the	causes	of	the	average	phenotypic	differences	between	them.	9.30.	(U)	VE	=	42.0,	VA	9.31.	(	a	)	x	=	4	(	b	)	x	=	77.0,	V	D	=	11.5	=	4,	y	=	2	(b)	0.55	(c)	0.59	(c)	x	=	2	9.32.	(	a	)	b	=	0.22	(6)	h2	=	2b	=	0.49	9.33.	b	=	0.5,r	=	1.0	9.34.	(	a	)	0.527	(6)0.591	(c)	0.558	(d)	Since	neither
sister	nor	brother	can	be	considered	dependent	variables,	two	solutions	are	possible;	h2	=	2r(ss/sB)	=	1.054	or	h2	=	2t-(sB/ss)	=	1.182.	Heritability	cannot	be	greater	than	1.0.	Since	human	siblings	are	usually	reared	together,	their	common	environments	have	CHAP.	91	247	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	probably	made
them	more	alike	than	they	would	have	been	had	they	been	reared	in	randomly	chosen	environments.	Heritability	estimates	made	from	regression	or	correlation	calculations	assume	that	the	populations	are	normally	distributed	and	there	are	no	environmental	correlations	between	relatives.	If	either	or	both	of	these	assumptions	are	invalid,	so	is	the
corresponding	heritability	estimates.	9.35.	0.35	9.36.	(a)	7.17-12.83	pounds	(	6	)	0	.	3	9.37.	(a)	40	pounds’	9.38.	0.88	inch	9.39.	(U)	9.40.	(	a	)	15	pounds	(6)	4.5	pounds	(	c	)	184.5	pounds	9.41.	(	a	)	=	25	centigrams,	s	=	5	3.94	centigrams	(6)	15.53	centigrams’;	note	that	this	is	the	square	of	the	phenotypic	standard	deviation	in	part	(	a	)	.	In	pure	lines,
all	of	the	variance	is	environmentally	induced.	(	c	)	h’	=	0,	since	a	pure	line	is	homozygous;	there	is	no	genetic	variability.	(	d	)	k	=	25	centigrams;	no	genetic	gain	can	be	made	by	selecting	in	the	absence	of	genetic	variability.	9.42.	0.36	millimete?	9.43.	(a)	Y	=	23.34,	2	=	19.90,	X	=	17.84	(6)	0.71	point	9.44.	IA	=	6.526,	IB	=	6.041;	A	excels	in	overall
merit.	9.45.	(	a	)	1/3	(6)	22.2%	(c)	1/9	9.46.	(a)	A	=	630.0,	B	=	615.0,	C	=	597.5	(6)	Sire	A	9.47.	0.25	9.48.	0.0351	9.49.	0.4297	9.50.	(a)	Heterosis	for	seed	yield	=	22.2	busheldacre,	for	plant	height	=	28	centimeters	(6)	60.3	bushels/	acre,	243	centimeters	(6)	100	pounds’	0.22	(	6	)	880,000	pounds’	(	c	)	16,000-20,000	pounds	x	Answers	to	Review
Questions	Matching	Questions	1.H	2.A	3.E	4.1	5.C	6.G	7.D	8.F	9.J(geneticgain)	10.B	248	QUANTITATIVE	GENETICS	AND	BREEDING	PRINCIPLES	[CHAP.	9	Vocabulary	6.	regression	coefficient	7.	correlation	coefficient	8.	progeny	test	9.	inbreeding	10.	heterosis	1.	continuous	variation	2.	normal	(or	Gaussian)	distribution	3.	variance	4.	overdominance
5.	heritability	(broad	definition)	True-False	Questions	4.	F	(high	3.	F	(moderate	to	low;	<	50%)	2.	F	(statistic,	not	parameter)	1.	F	(qualitative	traits)	6.	F	(selfing	is	possible	in	many	plant	5	.	F	(merits	of	contemporary	relatives;	e.g.,	full	sibs)	heritabilities)	species)	7.	T	8.	T	9.	T	10.	T	Multiple-Choice	Questions	1.	c	2.	e	(environmental)	3.	e	(4)	4.	a	5.	6	6.
c	7.	c	8,	6	9.	a	10.	c	Chapter	10	Population	Genetics	HARDY-WEINBERG	EQUILIBRIUM	A	Mendelian	population	may	be	considered	to	be	a	group	of	sexually	reproducing	organisms	with	a	relatively	close	degree	of	genetic	relationship	(such	as	a	species,	subspecies,	breed,	variety,	strain)	residing	within	defined	geographic	boundaries	wherein
interbreeding	occurs.	If	all	the	gametes	produced	by	a	Mendelian	population	are	considered	as	a	hypothetical	mixture	of	genetic	units	from	which	the	next	generation	will	arise,	we	have	the	concept	of	a	gene	pool.	d	0	Females	Males	If	we	consider	a	pair	of	alleles	(A	and	a	)	,	we	will	find	that	the	percentage	of	gametes	in	the	gene	pool	bearing	A	or	a
will	depend	upon	the	genotypic	frequencies	of	the	parental	generation	whose	gametes	form	the	pool.	For	example,	if	most	of	the	population	were	of	the	recessive	genotype	aa,	then	the	frequency	of	the	recessive	allele	in	the	gene	pool	would	be	relatively	high,	and	the	percentage	of	gametes	bearing	the	dominant	(A)	allele	would	be	correspondingly
low.	When	matings	between	members	of	a	population	are	completely	at	random,	i.e.,	when	every	male	gamete	in	the	gene	pool	has	an	equal	opportunity	of	uniting	with	every	female	gamete,	then	the	zygotic	frequencies	expected	in	the	next	generation	may	be	predicted	from	a	knowledge	of	the	gene	(allelic)	frequencies	in	the	gene	pool	of	the	parental
population.	That	is,	given	the	relative	frequencies	of	A	and	a	gametes	in	the	gene	pool,	we	can	calculate	(on	the	basis	of	the	chance	union	of	gametes)	the	expected	frequencies	of	progeny	genotypes	and	phenotypes.	If	p	=	percentage	of	A	alleles	in	the	gene	pool	and	q	=	percentage	of	a	alleles,	then	we	can	use	the	checkerboard	method	to	produce	all
the	possible	chance	combinations	of	these	gametes.	+	Note	that	p	q	=	1,	i.e.,	th	percentage	of	A	and	a	gametes	must	add	to	100%	in	orde	to	account	for	all	of	the	gametes	in	the	gene	pool.	The	expected	genotypic	(zygotic)	frequencies	in	the	next	generation	then	may	be	summarized	as	follows:	(p	+	q)2	=	p2+	2pq	+	q	2	=	1.0	AA	Aa	249	aa	250
POPULATION	GENETICS	[CHAP.	10	Thus	p	2	is	the	fraction	of	the	next	generation	expected	to	be	homozygous	dominant	(AA),	2pq	is	the	fraction	expected	to	be	heterozygous	(Aa),	and	q2	is	the	fraction	expected	to	be	recessive	(aa).	All	of	these	genotypic	fractions	must	add	to	unity	to	account	for	all	genotypes	in	the	progeny	population.	This	formula,
expressing	the	genotypic	expectations	of	progeny	in	terms	of	the	gametic	(allelic)	frequencies	of	the	parental	gene	pool,	is	called	the	Hardy-Weinberg	law.	If	a	population	conforms	to	the	conditions	on	which	this	formula	is	based,	there	should	be	no	change	in	the	gametic	or	the	zygotic	frequencies	from	generation	to	generation.	Should	a	population
initially	be	in	disequilibrium,	one	generation	of	random	mating	is	sufficient	to	bring	it	into	genetic	equilibrium	and	thereafter	the	population	will	remain	in	equilibrium	(unchanging	in	gametic	and	zygotic	frequencies)	as	long	as	the	Hardy-Weinberg	conditions	persist.	Several	assumptions	underlie	the	attainment	of	genetic	equilibrium	as	expressed	in
the	Hardy-Weinberg	equation.	(1)	The	population	is	infinitely	large	and	mates	at	random	(panmictic).	(2)	No	selection	is	operative,	i.e.,	each	genotype	under	consideration	can	survive	just	as	well	as	any	other	(no	differential	mortality),	and	each	genotype	is	equally	efficient	in	the	production	of	progeny	(no	differential	reproduction).	(3)	The	population
is	closed,	i.e.,	no	immigration	of	individuals	from	another	population	into	nor	emigration	from	the	population	under	consideration	is	allowed.	(4)	There	is	no	mutation	from	one	allelic	state	to	another.	Mutation	may	be	allowed	if	the	forward	and	back	mutation	rates	are	equivalent,	i.e.,	A	mutates	to	a	with	the	same	frequency	that	a	mutates	to	A.	(5)
Meiosis	is	normal	so	that	chance	is	the	only	factor	operative	in	gametogenesis.	If	we	define	evolution	as	any	change	in	a	population	from	the	Hardy-Weinbergequilibrium	conditions,	then	a	violation	of	one	or	more	of	the	Hardy-Weinberg	restrictions	could	cause	the	population	to	move	away	from	the	gametic	and	zygotic	equilibrium	frequencies.
Changes	in	gene	frequencies	can	be	produced	by	a	reduction	in	population	size;	by	selection,	migration,	or	mutation	pressures;	or	by	meiotic	drive	(nonrandomassortment	of	chromosomes).	No	population	is	infinitely	large,	spontaneous	mutations	cannot	be	prevented,	selection	and	migration	pressures	usually	exist	in	most	natural	populations,	etc.,	so
it	may	be	surprising	to	learn	that	despite	these	violations	of	Hardy-Weinberg	restrictions	many	genes	do	conform,	within	statistically	acceptable	limits,	to	equilibrium	conditions	between	two	successive	generations.	Changes	too	small	to	be	statistically	significant	deviations	from	equilibrium	expectations	between	any	two	generations	can	nonetheless
accumulate	over	many	generations	to	produce	considerable	alterations	in	the	genetic	structure	of	a	population.	A	race	is	a	genetically	(and	usually	geographically)	distinctive	interbreeding	population	of	a	species.	The	number	of	races	one	wishes	to	recognize	generally	depends	on	the	purpose	of	the	investigation.	Populations	that	differ	significantly	in
gene	frequencies	at	one	or	more	loci	may	be	considered	as	different	races.	Human	races	are	defined	on	the	basis	of	gene	frequency	differences	in	qualitative	traits	such	as	blood	groups,	hair	texture,	eye	color,	etc.,	as	well	as	by	mean	and	standard	deviation	differences	in	quantitative	traits	such	as	skin	color,	body	build,	shapes	of	noses,	lips,	eyes,	etc.
Races	of	a	given	species	can	freely	interbreed	with	one	another.	Members	of	different	species,	however,	are	reproductively	isolated	to	a	recognizable	degree.	Subspecies	are	races	that	have	been	given	distinctive	taxonomic	names.	Varieties,	breeds,	strains,	etc.	of	cultivated	plants	or	domesticated	animals	may	also	be	equated	with	the	racial	concept.
Geographic	isolation	is	usually	required	for	populations	of	a	species	to	become	distinctive	races.	Race	formation	is	a	prerequisite	to	the	splitting	of	one	species	into	two	or	more	species	(speciation).	Differentiation	at	many	loci	over	many	generations	is	generally	required	to	reprcductively	isolate	these	groups	by	time	of	breeding,	behavioral
differences,	ecological	requirements,	hybrid	inviability,	hybrid	sterility	and	other	such	mechanisms.	Equilibrium	at	an	autosomal	genetic	locus	becomes	fully	established	in	a	nonequilibrium	population	after	one	generation	of	random	mating	under	Hardy-Weinberg	conditions	regardless	of	the	number	of	alleles	at	that	locus.	However,	when	autosomal
allelic	frequencies	are	dissimilar	in	the	sexes,	they	become	equilibrated	after	one	generation	of	random	mating,	but	the	genotypic	frequencies	do	not	become	'equil-	CHAP.	101	25	1	POPULATION	GENETICS	ibrated	until	the	second	generation	of	random	mating.	If	the	frequencies	of	sex-linked	alleles	are	unequal	in	the	sexes,	the	equilibrium	value	is
approached	rapidly	during	successive	generations	of	random	mating	in	an	oscillatory	manner	by	the	two	sexes.	This	phenomenon	derives	from	the	fact	that	females	(XX)	carry	twice	as	many	sex-linked	alleles	as	do	males	(XY).	Females	receive	their	sex-linked	heredity	equally	from	both	parents,	but	males	receive	their	sex-linked	heredity	only	from
their	mothers.	The	difference	between	the	allelic	frequencies	in	males	and	females	is	halved	in	each	generation	under	random	mating.	Within	each	sex,	the	deviation	from	equilibrium	is	halved	in	each	generation,	with	sign	reversed.	The	average	frequency	of	one	allele	(p)	in	the	entire	population	is	also	the	equilibrium	approached	by	each	sex	during
successive	generations	of	random	mating.	B	=	3Pf	+	4Pm	Although	alleles	at	a	single	autosomal	locus	reach	equilibrium	following	one	generation	of	random	mating,	gametic	equilibrium	involving	two	independently	assorting	genes	is	approached	rapidly	over	a	number	of	generations.	At	equilibrium,	the	product	of	coupling	gametes	equals	the	product
of	repulsion	gametes.	Example	10.1.	Consider	one	locus	with	alleles	A	and	a	at	frequencies	represented	by	p	and	q,	respectively.	A	second	locus	has	alleles	B	and	b	at	frequencies	r	and	s,	respectively.	The	expected	frequencies	of	coupling	gametes	AB	and	ab	are	pr	and	qs,	respectively.	The	expected	frequencies	of	repulsion	gametes	Ab	and	aB	are	ps
and	qr,	respectively.	At	equilibrium,	(pr)(qs)=	(ps)(qr).Also	at	equilibrium,	the	disequilibrium	coefficient	(d)is	d	=	(pr)(qs)	-	(ps)(qr)	=	0.	For	independently	assorting	loci	under	random	mating,	the	disequilibrium	value	of	d	is	halved	in	each	generation	during	the	approach	to	equilibrium	because	unlinked	genes	experience	50%	recombination.	The
approach	to	equilibrium	by	linked	genes,	however,	is	slowed	by	comparison	because	they	recombine	less	frequently	than	unlinked	genes	(i.e.,	less	than	50%	recombination).	The	closer	the	linkage,	the	longer	it	takes	to	reach	equilibrium.	The	disequilibrium	(dr)that	exists	at	any	generation	(t)	is	expressed	as	df	=	(1	-	r)d,-1	where	r	=	frequency	of
recombination	and	dt-	=	disequilibrium	in	the	previous	generation.	Example	10.2.	If	d	=	0.25	initially	and	the	2	loci	experience	20%	recombination	(i.e.,	the	loci	are	20	map	units	apart),	the	disequilibrium	that	would	be	expected	after	one	generation	of	random	mating	is	d,	=	(1	-	0.2)(0.25)	=	0.2.	This	represents	0.20/0.25	=	0.8	or	80%	of	the	maximum
disequilibrium	that	could	exist	for	a	pair	of	linked	loci.	CALCULATING	GENE	FREQUENCIES	1.	Autosomal	Loci	with	Two	Alleles.	(a)	Codominant	Autosomal	Alleles.	When	codominant	alleles	are	present	in	a	2-allele	system,	each	genotype	has	a	distinctive	phenotype.	The	numbers	of	each	allele	in	both	homozygous	and	heterozygous	conditions	may	be
counted	in	a	sample	of	individuals	from	the	population	and	expressed	as	a	percentage	of	the	total	number	of	alleles	in	the	sample.	If	the	sample	is	representative	of	the	entire	population	(containing	proportionately	the	same	numbers	of	genotypes	as	found	in	the	entire	population)	then	we	can	obtain	an	estimate	of	the	allelic	frequencies	in	the	gene
pool.	Given	a	sample	of	N	individuals	of	which	D	are	homozygous	for	one	allele	(	A	'	A	'	)	,	H	are	heterozygous	(A'A2),and	R	are	homozygous	for	the	other	allele	(A2A2),	then	N	=	D	+	H	+	R.	Since	each	of	the	N	individuals	are	diploid	at	this	locus,	there	are	2N	alleles	represented	in	the	sample.	Each	A	'A'	genotype	has	two	A	alleles.	Heterozygotes	have
only	one	A'	allele.	Letting	p	represent	the	frequency	of	the	A'	allele	and	q	the	frequency	of	the	A2	allele,	we	have	'	2D+H	p	=	-	=	2N	D+JH	N	H+2R	q=2	iH+R	N	=N	-	252	POPULATION	GENETICS	[CHAP.	10	(	b	)	Dominant	and	Recessive	Autosomal	Alleles.	Determining	the	gene	frequencies	for	alleles	that	exhibit	dominance	and	recessive
relationships	requires	a	different	approach	from	that	used	with	codominant	alleles.	A	dominant	phenotype	may	have	either	of	2	genotypes,	AA	or	Aa,	but	we	have	no	way	(other	than	by	laboriously	testcrossing	each	dominant	phenotype)	of	distinguishing	how	many	are	homozygous	or	heterozygous	in	our	sample.	The	only	phenotype	whose	genotype	is
known	for	certain	is	the	recessive	(aa).	If	the	population	is	in	equilibrium,	then	we	can	obtain	an	estimate	of	q	(the	frequency	of	the	recessive	allele)	from	q2	(the	frequency	of	the	recessive	genotype	or	phenotype).	Example	10.3.	If	75%	of	a	population	was	of	the	dominant	phenotype	(A-),	then	25%	would	have	the	recessive	phenotype	(aa).	If	the
population	is	in	equilibrium	with	respect	to	this	locus,	we	expect	q2	=	frequency	of	aa.	Then	q2	=	0.25,	q	=	0	.	5	,	p	=	1	-	q	=	0.5.	(c)	Sex-Influenced	Traits.	The	expression	of	dominance	and	recessive	relationships	may	be	markedly	changed	in	some	genes	when	exposed	to	different	environmental	conditions,	most	notable	of	which	are	the	sex
hormones.	In	sex-influenced	traits	(Chapter	5),	the	heterozygous	genotype	usually	will	produce	different	phenotypes	in	the	two	sexes,	making	the	dominance	and	recessive	relationships	of	the	alleles	appear	to	reverse	themselves.	We	shall	consider	only	those	sex-influenced	traits	whose	controlling	genes	are	on	autosomes.	Determination	of	allelic
frequencies	must	be	indirectly	made	in	one	sex	by	taking	the	square	root	of	the	frequency	of	the	recessive	phenotype	(	q	=	A	similar	approach	in	the	opposite	sex	should	give	an	estimate	of	p.	Corroboration	of	sex	influence	is	obtained	if	these	estimates	of	p	and	q	made	in	different	sexes	add	close	to	unity.	G).	2.	Autosomal	Loci	with	Multiple	Alleles.	If
we	consider	three	alleles,	A	,	a	'	,	and	a,	with	the	dominance	hierarchy	A	>	a'	>	a,	occurring	in	the	gene	pool	with	respective	frequencies	p,	q,	and	r	,	then	random	mating	will	generate	zygotes	with	the	following	frequencies:	(p	+	4	+	r)2	=	p2	+	AA	Genotypes:	Phenotypes:	2pq	+	Aa'	"	A	2pr	Aa	+	42	+	2qr	a'a	'	a'a'	T	+	9	=:	I	aa	a	For	ease	in	calculation
of	a	given	allelic	frequency,	it	may	be	possible	to	group	the	phenotypes	of	the	population	into	just	two	types.	Example	10.4.	In	a	multiple	allelic	system	where	A	>	a'	>	a	,	we	could	calculate	the	frequency	of	the	top	dominant	allele	A	by	considering	the	dominant	phenotype	(	A	)	in	contrast	to	all	other	phenotypes	produced	by	alleles	at	this	locus.	The
latter	group	may	be	considered	to	be	produced	by	an	allele	a,,	which	is	recessive	to	A.	Let	p	=	frequency	of	allele	A	,	q	=	frequency	of	allele	a,.	q2	=	fre	uency	of	phenotypes	other	than	A.	4	=	q2	p	=	I	-	q	=	frequency	of	gene	A.	P	Many	multiple	allelic	series	involve	codominant	relationships	such	as	(A'	=	A'!)	>	a	,	with	respective	frequenciesp,	q,	and	r.
More	genotypes	can	be	phenotypically	recognized	in	codominant	systems	than	in	systems	without	codominance.	(p	+4+	r)2	=	Genotypes:	Phenotypes:	+	p2	A'A'	A'	2pr	A'a	+	+	+	2qr	+	9	A'A2	A2A2	A2a	aa	A	'A2	A*	a	2pq	4*	L	y	l	v	=	1	CHAP.	101	253	POPULATION	GENETICS	The	use	of	this	formula	in	calculating	multiple	allelic	frequencies	is
presented	in	Problems	10.9	and	10.10.	Similar	methods	may	be	utilized	to	derive	other	formulas	for	calculating	gene	frequencies	in	multiple	allelic	systems	with	more	than	3	alleles,	but	their	computation	becomes	too	involved	for	our	purposes	at	the	introductory	level.	Therefore	multiple	allelic	problems	in	this	chapter	will	be	mainly	concerned	with	3
alleles.	3.	Sex-Linked	Loci.	Codominant	Sex-Linked	Alleles.	Data	from	both	males	and	females	can	be	used	in	the	direct	computation	of	sex-linked	codominant	allelic	frequencies.	Bear	in	mind	that	in	organisms	with	an	X-Y	mechanism	of	sex	determination,	the	heterozygous	condition	can	only	appear	in	females.	Males	are	hemizygous	for	sex-linked
genes.	Example	10.5.	In	domestic	cats,	black	melanin	pigment	is	deposited	in	the	hair	by	a	sex-linked	gene;	its	alternative	allele	produces	yellow	hair.	Random	inactivation	of	one	of	the	X	chromosomes	occurs	in	each	cell	of	female	embryos.	Heterozygous	females	are	thus	genetic	mosaics,	having	patches	of	all-black	and	all-yellow	hairs	called	tortoise-
shell	pattern.	Since	only	one	sex-linked	allele	is	active	in	any	cell,	the	inheritance	is	not	really	codominant,	but	the	genetic	symbolism	used	is	the	same	as	that	for	codominant	alleles.	~	1	r	Females	Males	Black	I	~~~	Phenotypes	Tortoise-Shell	ChCh	CbY	ChC”	1	Yellow	I	I	C”C”	C	”Y	-	Let	p	=	frequency	of	cb,4	=	frequency	of	C	.	P	=	’(	no.	of	black
females	)	(	+	)	(	no.	of	tortoiseshell	females	i-	no.	of	black	males	)	2(no.	females)	+	no.	males	no.	of	tortoise-)	(no.	of	yellow)	no.	of	yellow	2(	females	+	shell	females	males	4’	)	(	2(no.	females)	+	+	no.	males	Dominant	and	Recessive	Sex-Linked	Alleles.	Since	each	male	possesses	only	one	sex-linked	allele,	the	frequency	of	a	sex-linked	trait	among	males
is	a	direct	measure	of	the	allelic	frequency	in	the	population,	assuming,	of	course,	that	the	allelic	frequencies	thus	determined	are	representative	of	the	allelic	frequencies	among	females	as	well.	TESTING	A	LOCUS	FOR	EQUILIBRIUM	In	cases	where	dominance	is	involved,	the	heterozygous	class	is	indistinguishable	phenotypically	from	the
homozygous	dominant	class.	Hence	there	is	no	way	of	checking	the	Hardy-Weinberg	expectations	against	observed	sample	data	unless	the	dominant	phenotypes	have	been	genetically	analyzed	by	observation	of	their	progeny	from	testcrosses.	Only	when	codominant	alleles	are	involved	can	we	easily	check	our	observations	against	the	expected
equilibrium	values	through	the	chi-square	test	(Chapter	7).	Degrees	of	Freedom.	The	number	of	variables	in	chi-square	tests	of	Hardy-Weinberg	equilibrium	is	not	simply	the	number	of	phenotypes	minus	1	(as	in	chi-square	tests	of	classical	Mendelian	ratios).	The	number	of	observed	254	POPULATION	GENETICS	[CHAP.	10	variables	(number	of
phenotypes	=	k)	is	further	restricted	by	testing	their	conformity	to	an	expected	Hardy-Weinberg	frequency	ratio	generated	by	a	number	of	additional	variables	(number	of	alleles,	or	allelic	frequencies	=	r).	We	have	(k	-	1)	degrees	of	freedom	in	the	number	of	phenotypes,	(r	-	1)	degrees	of	freedom	in	establishing	the	frequencies	for	the	r	alleles.	The
combined	number	of	degrees	of	freedom	is	(k	-	1)	-	(	r	-	1)	=	k	-	r.	Even	in	most	chi-square	tests	for	equilibrium	involving	multiple	alleles,	the	number	of	degrees	of	freedom	is	the	number	of	phenotypes	minus	the	number	of	alleles.	Solved	Problems	-	HARDY	WEINBERG	EQUILIBRIUM	10.1.	In	a	population	gene	pool,	the	alleles	A	and	a	are	at	initial
frequencies	p	and	q	,	respectively.	Prove	that	the	gene	frequencies	and	the	zygotic	frequencies	do	not	change	from	generation	to	generation	as	long	as	the	Hardy-Weinberg	conditions	are	maintained.	Solution:	Zygotic	frequencies	generated	by	random	mating	are	p2(AA)	+	2pq(Aa)	+	q2(aa)	=	1	All	of	the	gametes	of	AA	individuals	and	half	of	the
gametes	of	heterozygotes	will	bear	the	dominant	allele	(A).	Then	the	frequency	of	A	in	the	gene	pool	of	the	next	generation	is	p2	+	pq	=	p2	+	p(l	-	p	)	=	p2	+p	-	p2	=	p	Thus	each	generation	of	random	mating	under	Hardy-Weinberg	conditions	fails	to	change	either	the	allelic	or	zygotic	frequencies.	10.2.	Prove	the	Hardy-Weinberg	law	by	finding	the
frequencies	of	all	possible	kinds	of	matings	and	from	these	generating	the	frequencies	of	genotypes	among	the	progeny	using	the	symbols	shown	below.	Alleles	a	P	4	Genotypes	Aa	aa	PZ	2Pq	Y2	AA	A	Frequency:	Solution:	There	are	six	kinds	of	matings	(ignoring	male-female	differences)	that	are	easily	generated	in	a	mating	table.	I	I	I	Female	I	I	1	I	AA
P	2	Aa	2Pq	aa	q2	I	I	AAp2	P4	2P3S	p2q2	1	Male	Parent	1	I	I	Aa2pq	2P34	4p2q2	2Pq3	1	I	I	a	a	q	q	I	I	p2q2	I	I	q4	I	The	matings	AA	X	Aa	occur	with	the	frequency	4p3q.	Half	the	offspring	from	this	mating	are	expected	to	be	AA	[3(4p3q)	=	2p3q],	and	half	are	expected	to	be	Aa	(again	with	the	frequency	2p3q).	Similar	reasoning	generates	the	frequencies
of	genotypes	among	the	progeny	shown	in	the	following	table.	255	POPULATION	GENETICS	CHAP.	101	Mating	Frequency	AAXAA	AA	X	Aa	AAxua	P4	4P3S	2p2q2	4p2q2	4Pq3	!I4	Aa	X	Aa	Aaxaa	aa	X	aa	,	~	Sums:	(AA)	=	p4	1	Genotypic	Frequencies	among	Progeny	AA	Aa	aa	+	2p3q	+	p2q2	=	p2(p2	+	2pq	+	q2)	=	p	2	+	4p2q2	+	2pq3	=	2pq(p2	+	2pq
+	q2)	=	2pq	+	2pq3	+	q4	=	q2(p2+	2pq	+	q2)	=q2	(Aa)	=	2p3q	(aa)	=	p2q	Total	=	1.00	10.3.	At	what	allelic	frequency	does	the	homozygous	recessive	genotype	(aa)	become	twice	as	frequent	as	the	heterozygous	genotype	(Aa)	in	a	Hardy-Weinberg	population?	Solution:	Let	q	=	frequency	of	recessive	allele,	p	=	frequency	of	dominant	allele.	The
frequency	of	homozygous	recessives	(q2)is	twice	as	frequent	at	heterozygotes	(2pq)	when	q2	=	2(2pq)	=	4Pq	=	4q(l	-	q	)	=	4q	-	4q2	0	=	4q	-	5q2	0	=	q(4	-	5q)	Therefore,	either	q	=	0	(which	is	obviously	an	incorrect	solution),	or	4-5q=O	5q	=	4	q	=	2or0.8	Proof=	q2	=	W	P	q	)	(0.8)2=	4(0.2)(0.8)	0.64	=	0.64	CALCULATING	GENE	FREQUENCIES
Autosomal	Loci	with	Two	Alleles.	Codominant	Autosomal	Alleles.	10.4.	In	Shorthorn	cattle,	the	genotype	CRCRis	phenotypically	red,	CRCwis	roan	(a	mixture	of	red	and	white),	and	CwCwis	white.	(a)	If	108	red,	48	white	and	144	roan	animals	were	found	in	a	sample	of	Shorthorns	from	the	central	valley	of	California,	calculate	the	estimated	frequencies
of	the	CR	allele	and	the	Cw	allele	in	the	gene	pool	of	the	population.	(b)	If	this	population	is	completely	panmictic,	what	zygotic	frequencies	would	be	expected	in	the	next	generation?	(c)	How	does	the	sample	data	in	part	(a)	compare	with	the	expectations	for	the	next	generation	in	part	(b)?	Is	the	population	represented	in	part	(	a	)	in	equilibrium?	256
POPULATION	GENETICS	[CHAP.	10	Solution:	(a)	Numbers	Phenotypes	108	144	48	300	Red	Roan	White	Genotypes	cRcR	CRCW	cwcw	First,	let	us	calculate	the	frequency	of	the	CRallele.	There	are	108	red	individuals	each	carrying	2	CRalleles;	2	x	108	=	216	CRalleles.	There	are	144	roan	individuals	each	carrying	only	1	CRallele;	1	x	144	=	144	CR
alleles.	Thus	the	total	number	of	CRalleles	in	our	sample	is	216	144	=	360.	Since	each	individual	is	a	diploid	(possessing	two	sets	of	chromosomes,	each	bearing	one	of	the	alleles	at	the	locus	under	consideration),	the	total	number	of	alleles	represented	in	this	sample	is	300	x	2	=	600.	The	fraction	of	all	alleles	in	our	sample	of	type	CRbecomes	=	0.6	or
60%.	The	other	40%	of	the	alleles	in	the	gene	pool	must	be	of	type	Cw.We	can	arrive	at	this	estimate	for	Cw	by	following	the	same	procedure	as	above.	There	are	48	X	2	=	96	Cw	alleles	represented	in	the	homozygotes	and	144	in	the	heterozygotes;	96	+	144	=	240;	240/600	=	0.4	or	40%	Cw	alleles.	+	(b)	Recall	that	panmixis	is	synonymous	with
random	mating.	We	will	let	the	frequency	of	the	CRallele	be	represented	by	p	=	0.6,	and	the	frequency	of	the	Cw	allele	be	represented	by	q	=	0.4.	Then	according	to	the	Hardy-Weinberg	law,	we	would	expect	as	genotypic	frequencies	in	the	next	generation	p2	=	(0.6)2	=	0.36	CRCR:	2pq	=	2(0.6)(0.4)	=	0.48	CRCW:	q2	=	(0.4)*	=	0.16	CwCw	(c)	In	a
sample	of	size	300	we	would	expect	0.36(300)	=	108	CRCR(red),	0.48(300)	=	144	CRCw(roan),	and	0.16(300)	=	48	CwCw	(white).	Note	that	these	figures	correspond	exactly	to	those	of	our	sample.	Since	the	genotypic	and	gametic	frequencies	are	not	expected	to	change	in	the	next	generation,	the	original	population	must	already	be	in	equilibrium.
Dominant	and	Recessive	Autosomal	Alleles.	10.5.	White	wool	is	dependent	upon	a	dominant	allele	B	and	black	wool	upon	its	recessive	allele	b.	Suppose	that	a	sample	of	900	sheep	of	the	Rambouillet	breed	in	Idaho	gave	the	following	data:	891	white	and	9	black.	Estimate	the	allelic	frequencies.	Solution:	p2(BB)	+	2pq(Bb)	+	q'(b6)	=	1.0	If	we	assume
the	population	is	in	equilibrium,	we	can	take	the	square	root	of	that	percentage	of	the	population	that	is	of	the	recessive	genotype	(phenotype)	as	our	estimator	for	the	frequency	of	the	recessive	allele.	Since	p	+q	q	=	fl-=	v'm=	0.1	=	frequency	of	allele	b	=	1	,	the	frequency	of	allele	B	is	0.9.	10.6.	It	is	suspected	that	the	excretion	of	the	strongly
odorous	substance	methanethiol	is	controlled	by	a	recessive	gene	m	in	humans;	nonexcretion	is	governed	by	the	dominant	allele	M.	If	the	frequency	of	m	is	0.4	in	a	population,	what	is	the	probability	of	finding	2	nonexcretor	boys	and	1	excretor	girl	in	families	of	size	3	in	this	population	where	both	parents	are	nonexcretors?	Solution:	In	order	that	2
nonexcretor	parents	produce	an	excretor	child,	they	must	both	be	heterozygous	M	m	,in	which	case	of	their	children	would	be	expected	to	be	excretors	(mm).Girls	are	expected	with	a	frequency	of	0.5.	Therefore	the	probability	of	M	m	X	M	m	parents	producing	an	excretor	girl	is	(a)(i)=	4.	The	=	if.	The	probability	of	a	nonexcretor	individual	in	this
probability	of	having	a	nonexcretor	boy	=	a	(a)(&)	CHAP.	101	257	POPULATION	GENETICS	population	being	heterozygous	can	be	estimated	from	the	equilibrium	expectations.	Let	q	=	0.4,	then	p	=	0.6.	p2MM	(0.6)2	0.36	\	+	+	+	2pqMm	2(0.6)(0.4)	0.48	+	+	+	'-	nonexcretor	q2mm	(0.4)*	0.16	=	=	=	1.0	1.0	1.0	excretor	The	probability	of	a
nonexcretor	individual	being	heterozygous	is	48/(36	of	both	parents	being	heterozygous	=	(0.57)2	=	0.325.	+	48)	=	0.57.	The	probability	Let	a	=	probability	of	heterozygous	parents	producing	a	nonexcretor	boy	=	g,	6	=	probability	of	heterozygous	parents	producing	an	excretor	girl	=	&.	The	probability	of	heterozygous	parents	producing	2
nonexcretor	boys	and	1	excretor	girl	is	found	in	the	second	term	of	the	expansion	(a	+	6)3	=	u3	3a2b	+	-	-	-;thus	3(8)2(&)=	0.053.	The	probability	that	both	nonexcretor	parents	are	heterozygous	and	produce	2	nonexcretor	boys	and	1	excretor	girl	is	(0.325)(0.053)	=	0.017	or	1.7%.	+	10.7.	Two	independently	assorting	recessive	genes	govern
production	of	salmon	silks	(sm)and	shrunken	endosperm	(sh)	of	maize.	A	sample	from	a	population	that	is	mating	at	random	yielded	the	following	data:	6	shrunken	:	10	salmon,	shrunken	:	30	wild	type	:	54	salmon.	Determine	the	frequencies	of	the	salmon	allele	q	and	shrunken	allele	t.	Solution:	6	Srn-sh	sh	10	srn	srn	sh	sh	30	Sm-Sh54	sm	srn	Sh100
shrunken	salmon,	shrunken	wild	type	salmon	Let	q2	=	frequency	of	the	recessive	trait,	salmon	silks	=	(10	+	54)/100	=	0.64;	q	=	0.8.	Let	t	2	=	frequency	of	the	recessive	trait,	shrunken	endosperm	=	(6	+	10)/100	=	0.16;	t	=	0.4.	Sex-Influenced	Traits.	10.8.	In	the	human	population,	an	index	finger	shorter	than	the	ring	finger	is	thought	to	be	governed
by	a	sex-influenced	gene	that	appears	to	be	dominant	in	males	and	recessive	in	females.	A	sample	of	the	males	in	this	population	was	found	to	contain	120	short	and	2	10	long	index	fingers.	Calculate	the	expected	frequencies	of	long	and	short	index	fingers	in	females	of	this	population.	S	o	htion:	Since	the	dominance	relationships	are	reversed	in	the
two	sexes,	let	us	use	all	lowercase	letters	with	superscripts	to	avoid	confusion	with	either	dominance	or	codominance	symbolism.	Genotype	Phenotypes	Long	Let	p	=	frequency	of	s'	allele,	q	=	frequency	of	s2	allele.	p2(sIs')	+	2pq(s's2)	+	q2(s2s2)=	I	.o.	In	males,	the	allele	for	long	finger	s2	is	recessive.	Then	q	=	=	d210/(120	+	210)	=	=	0	.	8	;	~=	1	-
0.8	=	0.2.	258	POPULATION	GENETICS	[CHAP.	10	In	females,	short	index	finger	is	recessive.	Then	p	2	=	(	0	.	2	)	2	=	0.04	or	4%	of	the	females	of	this	population	will	probably	be	short	fingered.	The	other	96%	should	possess	long	index	fingers.	Autosomal	Loci	with	Multiple	Alleles.	10.9.	A	multiple	allelic	system	governs	the	coat	colors	of	rabbits;	C	=
full	color.	ch	=	Himalayan,	c	=	albino,	with	dominance	expressed	as	C	>	C"	>	c	and	occurring	with	the	frequencies	p,	q	,	and	r,	respectively.	(a)	If	a	population	of	rabbits	containing	full-colored	individuals,	Himalayans,	and	albinos,	is	mating	at	random,	what	is	the	expected	genotypic	ratio	in	the	next	generation	in	terms	of	p,	q	,	and	r?	(b)	Derive	a
formula	for	the	calculation	of	allelic	frequencies	from	the	expected	phenotypic	frequencies.	(c)	A	sample	from	a	rabbit	population	contains	168	full-color,	30	Himalayan,	and	2	albino.	Calculate	the	allelic	frequencies	p,	q,	and	r.	(6)Given	the	allelic	frequencies	p	=	0.5,	q	=	0.1,	and	r	=	0.4,	calculate	the	expected	genotypic	ratios	among	the	full-colored
rabbits.	!Mution:	(a)	The	zygotic	expectations	from	a	population	mating	at	random	with	allelic	frequencies	p	,	q,	and	r	can	be	found	by	expanding	(p	+	4	+	r)'.	Summary:	Genotypic	Frequencies	P?	2Pq	2Pr	Genotypes	Phenotypes	Full	color	ehchl	ChC	2	CC	Hi	mala	y	an	Albino	(6)	r	=	frequency	of	allele	c	=	dfrequency	of	albinos	=	fi	y	=	frequency	of



allele	eh;let	H	=	frequency	of	the	Himalayan	phenotype.	4'	+	2qr	=	H	Completing	the	square,	q2+2qr+r?=H+?	p	=	frequency	of	allele	C	=	1	(q+r)'=~+rZq	+	r	=	-	q	=	-	-	r	q	-	r.	(	c	)	The	frequency	of	allele	c	=	r	=	v	2	/	(	1	6	8	+	30	+	2	)	=	=	0.1.	To	calculate	the	frequency	of	the	allele	ch,	let	H	re	resent	the	frequency	of	the	Himalayan	phenotype	in
the	population;	then	4	=	-	r	=	v	'	h	-	0.1	=	0.3.	The	frequency	of	the	allele	C	=	p	=	1	-	q	-	r	=	1	-	0.1	-	0.3	=	0.6.	p2CC	=	(0.5)2	=	0.25	2pqCc"	=	2	(	0	.	5	)	(	0	.	1	)=	0.10	2	p	r	C	c	=	2	(	0	.	5	)	(	0	.	4	)	=	0.40	0.75	CHAP.	101	259	POPULATION	GENETICS	Therefore	considering	only	the	full-colored	rabbits,	we	expect	25/75	CC	=	334%	10/75	CC"=	134%
40/75	Cc	=	534%	100%	of	the	full-colored	rabbits	10.10.	The	AB0	blood	group	system	is	governed	by	a	multiple	allelic	system	in	which	some	codominant	relationships	exist.	Three	alleles,	IA,I	B,	and	i,	form	the	dominance	hierarchy	(IA=	1')	>	i.	(a)	Determine	the	genotypic	and	phenotypic	expectations	for	this	blood	group	locus	from	a	population	in
genetic	equilibrium.	(b)	Derive	a	formula	for	use	in	finding	the	allelic	frequencies	at	the	AB0	blood	group	locus.	(c)	Among	New	York	Caucasians,	the	frequencies	of	the	AB0	blood	groups	were	found	to	be	approximately	49%	type	0,	36%	type	A,	12%	type	B,	and	3%	type	AB.	What	are	the	allelic	frequencies	in	this	population?	(d)Given	the	population	in
part	(c)	above,	what	percentage	of	type	A	individuals	is	probably	homozygous?	Solution:	Let	p	=	frequency	of	ZA	allele,	q	=	frequency	of	zB	allele,	r	=	frequency	of	i	allele.	The	expansion	of	(p	q	r)2	yields	the	zygotic	ratio	expected	under	random	mating.	+	+	Genotypic	Frequencies	Phenotypes	(Blood	Groups)	Genotypes	A	B	--	2Pq	IAZB	AB	?	ii	0	Let	A,
B,	and	0	represent	thephenotypic	frequencies	of	blood	groups	A,	B,	and	0,	respectively.	Solving	for	the	frequency	of	the	recessive	allele	i,	r	=	=	Solving	for	the	frequency	of	the	ZA	allele,	a.	p2+	2pr	+	?-	=	A	+	0	(p	+	r>2=	A	+	0	Solving	for	the	frequency	of	the	IB	allele	frequency	of	the	IAallele,	q	=	dI	p	=	V'ZX-	r	=	~	7	Z	-	-5	~	'	5	1	-	p	-	r.	Or,	following
the	method	for	obtaining	the	Presenting	the	solutions	in	a	slightly	different	form,	p=l-	Frequency	of	allele	i	=	VB+G	6=	f	i	9	Frequency	of	IB	allele	=	1	Frequency	of	allelle	IA=	1	-	q=l-	Vi+G	=	0.70	=	r	v	m	d	v	m	v	=1-	=1-	Check:	p	+	q	+	r	=	0.22	+	0.08	+	0.70	=	1.00	p2	=	IAIA	=	(0.22)*	I-=	fi	G	=	0.08	=	q	G	=	0.22	=	p	=	0.048	2pr	=	IAi	=	2(0.22)
(0.7)	=	0.308	0.356	=	total	group	A	individuals	Thus	481356	=	0.135	or	134%	of	all	group	A	individuals	in	this	population	is	expected	to	be	homozygous.	260	POPULATION	GENETICS	[CHAP.	10	Sex-Linked	Loci.	Codominant	Sex-Linked	Alleles.	10.11.	The	genetics	of	coat	colors	in	cats	was	presented	in	Example	10.5:	CsCB	9	?or	C'Yd	d	are	black,
CYCY??	or	CyYd	d	are	yellow,	CBCY??are	tortoise-shell	(blotches	of	yellow	and	black).	A	population	of	cats	in	London	was	found	to	consist	of	the	following	phenotypes:	Males	Females	Black	Yellow	Tortoise-Shell	Totals	31	1	277	42	7	0	54	353	338	Determine	the	allelic	frequencies	using	all	of	the	available	information.	Solution:	+	The	total	number	of
CB	alleles	in	this	sample	is	31	1	+	2(277)	54	=	919.	The	total	number	of	2(388)	=	1029.	Therefore	the	frequency	of	the	CBallele	alleles	(X	chromosomes)	in	this	sample	is	353	is	919/1029	=	0.893.	The	frequency	of	the	C	y	allele	would	then	be	I	-	0.893	=	0.107.	+	Observed	No.	of	Males	Genotypes	of	Males	Phenotypes	of	Males	I70	30	200	w+Y	W	Y
Wild	type	(red	eye)	White	eye	Thus	30	of	the	200	X	chromosomes	in	this	sample	carry	the	recessive	allele	w.	q	=	30/200	=	0.15	or	15%	w	alleles.	p	=	1	-	q	=	1	-	0.15	=	0.85	or	85%	w+	alleles.	(6)	Since	females	possess	2	X	chromosomes	(hence	2	alleles),	their	expectations	may	be	calculated	in	the	same	manner	as	that	used	for	autosomal	genes.	p	2	(
w	+	w	+	)+	2pq(w+w)	+	q2(ww)	=	1.0	or	100%of	the	females	q2	=	(0.15)2	=	0.0225	or	2.25%	of	all	females	in	the	population	is	expected	to	be	white-eyed.	TESTING	A	LOCUS	FOR	EQUILIBRIUM	10.13.	A	human	serum	protein	called	haptoglobin	has	two	major	electrophoretic	variants	produced	by	a	pair	of	codominant	alleles	Hp'	and	Hp2.	A	sample
of	100	individuals	has	10	Hp'lHp',	35	Hp'l	Hp',	and	55	Hp2/Hp2.	Are	the	genotypes	in	this	sample	conforming	to	the	frequencies	expected	for	a	Hardy-Weinberg	population	within	statistically	acceptable	limits?	Solution:	First	we	must	calculate	the	allelic	frequencies.	CHAP.	101	26	1	POPULATION	GENETICS	2(10)	+	35	-	-55	0.275	=	2(100)	200	4	=
frequency	of	Hp2	allele	=	1	-	0.275	=	0.725	Let	p	=	frequency	of	Hp’	allele	=	From	these	gene	(allelic)	frequencies	we	can	determine	the	genotypic	frequencies	expected	according	to	the	Hardy-Weinberg	equation.	H	P	~	I	H	P	’=	p	2	=	(0.275)2	=	0.075625	H	P	‘	I	H	P	~=	2pq	=	2(0.275)(0.725)	=	0.39875	H	P	~	I	H	P=~	q2	=	(0.725)*	=	0.525625
Converting	these	genotypic	frequencies	to	numbers	based	on	a	total	sample	size	of	100,	we	can	do	a	chisquare	test.	Genotypes	HP’IHP’	HP’IHP~	HP~IHP~	Totals	~	~	~	Observed	Expected	Deviation	(0	-	e)	10	35	55	100	7.56	39.88	52.56	100.00	2.44	-4.88	2.44	0	~	~~~~	(0	-	=	3	-	2	~	1	=	(0	-	5.95	23.81	5.95	~	df	=	k	phenotypes	-	r	alleles	e)’	P	x2
~~	=	el2/e	0.79	0.60	0.11	=	1.50	~~	~	~	0.2-0.3	(Table	7.2)	This	is	not	a	significant	x2	value,	and	we	may	accept	the	hypothesis	that	this	sample	(and	hence	presumably	the	population	from	which	it	was	drawn)	is	conforming	to	the	equilibrium	distribution	of	genotypes.	10.14.	One	of	the	“breeds”	of	poultry	has	been	largely	built	on	a	single-gene
locus,	that	for	“frizzled”	feathers.	The	frizzled	phenotype	is	produced	by	the	heterozygous	genotype	MNMF.One	homozygote	MFMFproduces	extremely	frizzled	birds	called	“woolies.	”	The	other	homozygous	genotype	MNMN	has	normal	plumage.	A	sample	of	loo0	individuals	of	this	“breed”	in	the	United	States	contained	800	frizzled,	150	normal,	and
50	wooly	birds.	Is	this	population	in	equilibrium?	Solution:	Let	p	=	frequency	of	the	MF	allele	=	2(50)	+	800	=	2(	1o(w	4	=	frequency	of	M	N	allele	=	1	-	0.45	=	0.55	0.45	Equilibrium	Expected	Genotypes	Frequencies	Calculations	Numbers	MFMF	p2	(0.45)2	=	0.2025(1000)	=	202.5	MFMN	2pp	2(0.45)(0.55)	=	0.4950(1000)	=	495.0	MNMN	4	(0.55)2	=
0.3025(1000)	=	302.5	Chi-square	test	for	conformity	to	equilibrium	expectations.	Phenotypes	0	e	Wooly	Frizzle	Normal	50	800	150	202.5	495.O	302.5	(0	-	e)	-	152.5	+	305.0	-	152.5	(0	-	e)’	23,256	93,025	23,256	~	df	=	1,	p	<	0.01	(Table	7.2)	(0	-	x2	e)2/e	114.8	187.9	76.9	=	379.6	262	POPULATION	GENETICS	[CHAP.	10	This	highly	significant	chi-
square	value	will	not	allow	us	to	accept	the	hypothesis	of	conformity	with	equilibrium	expectations.	The	explanation	for	the	large	deviation	from	the	equilibrium	expectations	is	twofold.	Much	artificial	selection	(by	people)	is	being	practiced.	The	frizzled	heterozygotes	represent	the	“breed”	type	and	are	kept	for	show	purposes	as	well	as	for	breeding
by	bird	fanciers.	They	dispose	of	(cull)	many	normal	and	wooly	types.	Natural	selection	is	also	operative	on	the	wooly	types	because	they	tend	to	lose	their	feathers	(loss	of	insulation)	and	eat	more	feed	just	to	maintain	themselves,	are	slower	to	reach	sexual	maturity,	and	lay	fewer	eggs	than	do	the	normal	birds.	Supplementary	Problems	HARDY-
WEINBERG	EQUILIBRIUM	10.15.	At	what	allelic	frequency	is	the	heterozygous	genotype	(Aa)	twice	as	frequent	as	the	homozygous	genotype	(aa)	in	a	Hardy-Weinberg	population?	10.16.	There	is	a	singular	exception	to	the	rule	that	genetic	equilibrium	at	two	independently	assorting	autosomal	loci	is	attained	in	a	nonequilibrium	population	only	after
a	number	of	generations	of	random	mating.	Specify	the	conditions	of	a	population	that	should	reach	genotypic	equilibrium	after	a	single	generation	of	random	mating.	10.17.	Let	the	frequencies	of	a	pair	of	autosomal	alleles	(A	and	a)	be	represented	by	p	m	and	qm	in	males	and	by	pf	and	in	females,	respectively.	Given	Q	=	0.6	and	qm	=	0.2,	(	a	)
determine	the	equilibrium	gene	frequencies	in	both	sexes	after	one	generation	of	random	mating,	and	(b)	give	the	genotypic	frequencies	expected	in	the	second	generation	of	random	mating.	e	10.18.	The	autosomal	gametic	disequilibrium	in	a	population	is	expressed	as	d	=	0.12.	The	two	loci	under	consideration	recombine	with	a	frequency	of
16%.Calculate	the	disequilibrium	(d	value)	that	existed	in	the	gamete	pool	of	(a)	the	previous	generation,	and	(6)	the	next	generation.	10.19.	The	frequency	of	a	sex-linked	allele	is	0.4	in	males	and	0.8	in	females	of	a	population	(XY	sex	determination)	not	in	genetic	equilibrium.	Find	the	equilibrium	frequency	of	this	allele	in	the	entire	population.
10.20.	A	laboratory	population	of	flies	contains	all	females	homozygous	for	a	sex-linked	dominant	allele	and	all	males	hemizygous	for	the	recessive	allele.	Calculate	the	frequencies	expected	in	each	sex	for	the	dominant	allele	in	the	first	three	generations	of	random	mating.	10.21.	For	two	independently	assorting	loci	under	Hardy-Weinberg	conditions,
(	a	)	what	is	the	maximum	value	of	the	disequilibrium	coefficient	(d)?	(6)	Specify	the	two	conditions	in	which	a	population	must	be	in	order	to	maximize	d	.	10.22.	Given	gene	A	at	frequency	0.2	and	gene	B	at	frequency	0.6,	find	the	equilibrium	frequencies	of	the	gametes	AB,Ab,	d,and	ab.	CALCULATING	GENE	FREQUENCIES	Autosomal	Loci	with	Two
AIleles	Codominant	Autosonud	AUeks	10.23.	A	population	of	soybeans	is	segregating	for	the	colors	golden,	light	green,	and	dark	green	produced	by	the	codominant	genotypes	CGCG,C	GCD,CDCD,respectively.	A	sample	from	this	population	contained	2	golden,	36	light	green,	and	162	dark	green.	Determine	the	frequencies	of	the	alleles	CG	and	C	D	.
CHAP.	101	POPULATION	GENETICS	263	10.24.	The	MN	blood	group	system	in	humans	is	governed	by	a	pair	of	codominant	alleles	(LMand	LN).A	sample	of	208	Bedouins	in	the	Syrian	Desert	was	tested	for	the	presence	of	the	M	and	N	antigens	and	found	to	contain	1	19	group	M	(L’LM),	76	group	MN	(L’LN),	and	13	group	N	(LNLN).	(	a	)	Calculate
the	gene	frequencies	of	L	M	and	L”.	(b)	If	the	frequency	of	L	M	=	0.3,	how	many	individuals	in	a	sample	of	size	500	would	be	expected	to	belong	to	group	MN?	Dominant	and	Recessive	AutosomaL	AUeLes	10.25.	The	ability	of	certain	people	to	taste	a	chemical	called	PTC	is	governed	by	a	dominant	allele	T,and	the	inability	to	taste	PTC	by	its	recessive
allele	t.	If	24%	of	a	population	is	homozygous	taster	and	40%	is	heterozygous	taster,	what	is	the	frequency	of	t?	Hint:	Use	the	same	method	as	that	employed	for	codominant	alleles	for	greatest	accuracy.	10.26.	Gene	A	governs	purple	stem	and	its	recessive	allele	a	produces	green	stem	in	tomatoes;	C	governs	cut-leaf	and	c	produces	potato-leaf.	If	the
observations	of	phenotypes	in	a	sample	from	a	tomato	population	were	204	purple,	cut	:	194	purple,	potato	:	102	green,	cut	:	100	green,	potato,	determine	the	frequency	of	(	a	)	the	cut	allele,	(6)	the	allele	for	green	stem.	10.27.	An	isolated	field	of	corn	was	found	to	be	segregating	for	yellow	and	white	endosperm.	Yellow	is	governed	by	a	dominant
allele	and	white	by	its	recessive	allele.	A	random	sample	of	1O00	kernels	revealed	that	910	were	yellow.	Find	the	allelic	frequency	estimates	for	this	population.	10.28.	The	R	locus	controls	the	production	of	one	system	of	antigens	on	the	red	blood	cells	of	humans.	The	dominant	allele	results	in	Rh-positive	individuals,	whereas	the	homozygous
recessive	condition	results	in	Rh-negative	individuals.	Consider	a	population	in	which	85%	of	the	people	are	Rh-positive.	Assuming	the	population	to	be	at	equilibrium,	what	is	the	gene	frequency	of	alleles	at	this	locus?	10.29.	What	is	the	highest	frequency	possible	for	a	recessive	lethal	which	kills	100%	of	its	bearers	when	homozygous?	What	is	the
genetic	constitution	of	the	population	when	the	lethal	allele	reaches	its	maximum?	10.30.	Dwarf	corn	is	homozygous	recessive	for	gene	d,	which	constitutes	20%	of	the	gene	pool	of	a	population.	If	two	tall	corn	plants	are	crossed	in	this	population,	what	is	the	probability	of	a	dwarf	offspring	being	produced?	10.31.	A	dominant	gene	in	rabbits	allows
the	breakdown	of	the	yellowish	xanthophyll	pigments	found	in	plants	so	that	white	fat	is	produced.	The	recessive	genotype	yy	is	unable	to	make	this	conversion,	thus	producing	yellow	fat.	If	a	heterozygous	buck	(male)	is	mated	to	a	group	of	white	fat	does	(females)	from	a	population	in	which	the	frequency	of	Y	is	5,	how	many	offspring	with	yellow	fat
would	be	expected	among	32	progeny?	10.32.	A	metabolic	disease	of	humans	called	phenylketonuria	is	the	result	of	a	recessive	gene.	If	the	frequency	of	phenylketonurics	is	I	/	10,0oO,	what	is	the	probability	that	marriages	between	normal	individuals	will	produce	a	diseased	child?	10.33.	Two	recessive	genes	in	Drosophila,	h	and	b,	producing	hairy
and	black	phenotypes,	respectively,	assort	independently	of	one	another.	Data	from	a	large	population	mating	at	random	are	as	follows:	9.69%	wild	type,	9.31%	hairy,	41.31%	black,	39.69%	hairy	and	black.	Calculate	the	frequencies	for	the	hairy	and	the	black	alleles.	Sex-Influenced	Traits	10.34.	Baldness	is	governed	by	a	sex-influenced	trait	that	is
dominant	in	men	and	recessive	in	women.	In	a	sample	of	1O,O00	men,	7225	were	found	to	be	nonbald.	In	a	sample	of	women	of	equivalent	size,	how	many	nonbald	women	are	expected?	10.35.	The	presence	of	horns	in	some	breeds	of	sheep	is	governed	by	a	sex-influenced	gene	that	is	dominant	in	males	and	recessive	in	females.	If	a	sample	of	300
female	sheep	is	found	to	contain	75	homed	individuals,	(	a	)	what	percentage	of	the	females	is	expected	to	be	heterozygous,	(6)	what	percentage	of	the	males	is	expected	to	be	horned?	264	POPULATION	GENETICS	[CHAP.	10	Autosomal	Loci	with	Multiple	Alleles	10.36.	The	genetics	of	the	AB0	human	blood	groups	is	presented	in	Problem	10.10.	(	a	)
A	sample	of	a	human	population	was	blood	grouped	and	found	to	contain	23	group	AB,	44	1	group	0,	37	1	group	B,	and	65	group	A.	Calculate	the	allelic	frequencies	of	IA,I	B	,	and	i.	(6)	Given	the	gene	frequencies	I4	=	0.36,	'I	=	0.20,	and	i	=	0.44,	calculate	the	percentage	of	the	population	expected	to	be	of	groups	A,	B,	AB,	and	0.	10.37.	The	color	of
screech	owls	is	under	the	control	of	a	multiple	allelic	series:	G'	(red)	>	g'	(intermediate)	>	g	(gray).	A	sample	from	a	population	was	analyzed	and	found	to	contain	38	red,	144	intermediate,	and	18	gray	owls.	Calculate	the	allelic	frequencies.	10.38.	Several	genes	of	the	horse	are	known	to	control	coat	colors.	The	A	locus	apparently	governs	the
distribution	of	pigment	in	the	coat.	If	the	dominant	alleles	of	the	other	color	genes	are	present,	the	multiple	alleles	of	the	A	locus	produce	the	following	results:	A	+	=	wild-type	(Prejvalski)	horse	(bay	with	zebra	markings),	A	=	dark	or	mealy	bay	(black	mane	and	tail),	a'	=	seal	brown	(almost	black	with	lighter	areas),	a	=	recessive	black	(solid	color).
The	order	of	dominance	is	A'	>	A	>	a'	>	a.	If	the	frequency	of	A	+	=	0.4.	A	=	0.2,	U'	=	0.1	and	U	=	0	.	3	,	calculate	the	equilibrium	phenotypic	expectations.	Sex-Linked	Loci	10.39.	A	genetic	disease	of	humans	called	hemophilia	(excessive	bleeding)	is	governed	by	a	sex-linked	recessive	gene	that	constitutes	1%	of	the	gametes	in	the	gene	pool	of	a
certain	population.	(	a	)	What	is	the	expected	frequency	of	hemophilia	among	men	of	this	population?	(6)	What	is	the	expected	frequency	of	hemophilia	among	women'?	10.40.	Color	blindness	in	humans	is	due	to	a	sex-linked	recessive	gene.	A	survey	of	500	men	from	a	local	population	revealed	that	20	were	color	blind.	(	a	)	What	is	the	gene	frequency
of	the	normal	allele	in	the	population?	(	b	)	What	percentage	of	the	females	in	this	population	would	be	expected	to	be	normal?	10.41.	The	white	eyes	of	Drosophila	are	due	to	a	sex-linked	recessive	gene	and	wild	type	(red	eyes)	to	its	dominant	allele.	In	a	Drosophila	population	the	following	data	were	collected:	15	white-eyed	females,	52	white-eyed
males,	208	wild-type	males,	365	wild-type	females	(	1	12	of	which	carried	the	white	allele).	Using	all	the	data,	calculate	the	frequency	of	the	white	allele.	TESTING	A	LOCUS	FOR	EQUILIBRIUM	10.42.	A	pair	of	codominant	alleles	governs	coat	colors	in	Shorthorn	cattle:	C	R	C	Ris	red,	C	R	C	Wis	roan,	and	CwCw	is	white.	A	sample	of	a	cattle	population
revealed	the	following	phenotypes:	180	red,	240	roan,	and	80	white.	(	a	)	What	is	the	frequency	of	the	C	R	allele?	(6)	What	is	the	frequency	of	the	C	wallele?	(c)	Does	the	sample	indicate	that	the	population	is	in	equilibrium?	(	d	)	What	is	the	chi-square	value?	(4)How	many	What	is	the	probability	that	the	deviation	of	the	observed	from	the	expected
degrees	of	freedom	exist?	(J>	values	is	due	to	chance?	10.43.	A	blood	group	system	in	sheep,	known	as	the	XZ	system,	is	governed	by	a	pair	of'	codominant	alleles	(X	and	X').	A	large	flock	of	Rambouillet	sheep	was	blood	grouped	and	found	to	contain	113	X/X,68	X/Xz,	and	14	X'/X'.	(	a	)	What	are	the	allelic	frequencies?	(6)	Is	this	population	conforming
to	the	equilibrium	expectations?	(	c	)	What	is	the	chi-square	value'?	(	d	)	How	many	degrees	of	freedom	exist?	(	e	)	What	is	the	probability	of	the	observed	deviation	being	due	to	chance?	10.44.	The	frequency	of	the	T	allele	in	a	human	population	=	0.8,	and	a	sample	of	200	yields	90%	tasters	(	T	-	)	and	10%	nontasters	(	t	t	)	.	(	a	)	Does	the	sample
conform	to	the	equilibrium	expectations?	(6)	What	is	the	chisquare	value?	(	c	)How	many	degrees	of	freedom	exist?	(	d	)What	is	the	probability	that	the	observed	deviation	is	due	to	chance?	10.45.	In	poultry,	the	autosomal	gene	FB	produces	black	feather	color	and	its	codominant	allele	F	W	produces	splashed-white.	The	heterozygous	condition
produces	Blue	Andalusian.	A	splashed-white	hen	is	mated	to	a	black	rooster	and	the	F2	was	found	to	contain	95	black,	220	blue,	and	85	splashed-white.	(a)	What	F2	ratio	is	expected'?	(6)	What	is	the	chi-square	value?	(c')	How	many	degrees	of	freedom	exist?	(	d	)	What	is	CHAP.	101	POPULATION	GENETICS	265	the	probability	that	the	observed
deviation	is	due	to	chance?	(e)	May	the	observations	be	considered	to	conform	to	the	equilibrium	expectations?	Review	Questions	Vocabulary	For	each	of	the	following	definitions,	give	the	appropriate	term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated	otherwise.	1.	The	breeding	structure	of	a	population	when	each	gamete	has	an
equal	opportunity	of	uniting	with	any	other	gamete	from	the	opposite	sex.	(One	or	two	words.)	2.	The	total	genetic	information	possessed	by	the	reproductive	members	of	a	population	of	sexually	reproducing	organisms.	(Two	words	.)	3.	The	fundamental	model	of	population	genetics.	(Three	words.)	4.	The	condition	of	a	locus	that	does	not	experience	a
change	in	allelic	frequencies	from	one	generation	to	the	next.	5.	An	interbreeding	group	of	organisms	sharing	a	common	gene	pool.	(Two	words.)	6.	Nonrandom	assortment	of	chromosomes	into	gametes.	(Two	words.)	7.	A	deviation	from	Hardy-Weinberg	expectations	at	any	specific	time	in	a	population.	8.	A	phenotypically	and/or	geographically
distinctive	subspecific	group,	composed	of	individuals	inhabiting	a	defined	geographic	and/or	ecological	region,	and	possessing	characteristic	phenotypic	and	gene	frequencies	that	distinguish	it	from	other	such	groups.	9.	The	hallmark	criterion	that	demarcates	one	biological	species	from	another.	(Two	words.)	10.	Any	change	in	the	genetic
composition	of	a	population,	such	as	a	change	in	gene	frequency.	True-False	Questions	Answer	each	of	the	following	statements	either	true	(T)	or	false	(F).	1.	If	a	genetic	locus	in	a	population	is	not	in	Hardy-Weinberg	equilibrium,	it	may	be	concluded	that	selection	favors	at	least	one	of	the	genotypes.	2.	Two	populations	with	identical	allelic
frequencies	need	not	have	identical	genotype	frequencies.	3.	Equilibrium	at	an	autosomal	locus	can	become	fully	established	in	a	nonequilibrium	population	after	one	generation	of	random	mating.	4.	Evolutionary	processes	are	at	work	whenever	deviations	from	equilibrium	exist.	5.	The	incidence	of	a	dominant	trait	in	a	population	is	always	greater
than	that	of	a	recessive	trait.	6.	The	frequencies	of	recessive	autosomal	alleles	cannot	be	obtained	easily	unless	the	population	is	in	genetic	equilibrium.	7.	When	autosomal	allelic	frequencies	are	dissimilar	in	the	sexes,	the	genotypic	frequencies	become	equilibrated	in	one	generation	of	random	mating.	266	POPULATION	GENETICS	[CHAP.	10	8.	The
frequency	of	a	sex-linked	gene	in	XY	males	is	equivalent	to	the	frequency	of	that	gene	in	the	females	(XX)	of	the	previous	generation.	9.	The	frequency	of	a	sex-linked	gene	in	females	(XX)	is	equal	to	the	average	of	gene	frequencies	in	males	and	females	of	the	previous	generation.	10.	The	frequencies	of	linked	genes	approach	equilibrium	more	rapidly
if	they	are	far	apart	than	if	they	are	tightly	linked.	Multiple-Choice	Questions	Choose	the	one	best	answer.	For	problems	1-4,	use	the	following	information.	Snapdragon	flowers	may	be	red	(C‘C‘),	pink	(C‘C”’),	or	white	(C“C”’).A	sample	from	a	population	of	these	plants	contained	80	white,	100	pink,	and	20	redflowered	plants.	1.	The	frequency	of	the
red	allele	(C‘)	in	this	sample	is	of	the	above	2.	(a)	0.10	(6)	0.20	(	c	)	0.30	(	d	)	0.45	(e)	none	The	percentage	of	pink-flowered	plants	expected	on	the	basis	of	the	Hardy-Weinberg	equation	is	approximately	(a)	35	(6)	45	(	c	)	50	(	d	)	55	(e)	none	of	the	above	3.	A	chi-square	test	of	the	sample	data	against	the	Hardy-Weinberg	expectations	produces	a	chi-
square	value	of	(a)	1.96	(6)	2.43	(	c	)	2.87	(	d	)	3.02	(	e	)	3.11	4.	Refer	to	Table	7.2	to	answer	this	question.	Assuming	the	sample	is	representative	of	its	population	in	the	(a)	the	chi-square	test	is	significant	and	the	sampled	population	is	above	problem	(3),	it	may	be	said	that	not	in	genetic	equilibrium	(6)	the	chi-square	test	is	nonsignificant	and	the
sampled	population	is	not	in	genetic	equilibrium	(	c	)	the	chi-square	test	is	significant	and	the	sampled	population	is	in	genetic	equilibrium	(	d	)	the	chi-square	test	is	nonsignificant	and	the	sampled	population	is	in	genetic	equilibrium	(	e	)	the	chisquare	value	is	significant,	thereby	invalidating	the	test.	For	problems	5-7,	use	the	following	information.
Black	pelage	is	an	autosomal	dominant	trait	in	guinea	pigs;	white	is	the	alternative	recessive	trait.	A	Hardy-Weinberg	population	was	sampled	and	found	to	contain	336	black	and	64	white	individuals.	5.	(c)	0.50	(	d	)	0.89	6.	The	percentage	of	black	individuals	that	is	expected	to	be	heterozygous	is	approximately	(6)	57	(	c	)49	(	d	)	53	(e)	none	of	the
above	(	a	)	46	7.	The	frequency	of	the	dominant	black	gene	is	estimated	to	be	(e)	none	of	the	above	(a)	0.60	(6)	0.81	The	probability	that	a	black	male	crossed	to	a	white	female	would	produce	a	white	offspring	is	approximately	(a)	0.12	(6)	0.14	(	c	)	0.16	(	d	)	0.18	(e)	none	of	the	above	For	problems	8-10,	use	the	following	information.	Yellow	body	color
in	Drosophila	is	governed	by	a	sex-linked	recessive	gene;	wild-type	color	is	produced	by	its	dominant	allele.	8.	A	sample	from	a	Hardy-Weinberg	population	contained	1021	wild-type	males,	997	wild-type	females,	and	3	yellow	males.	The	percentage	of	the	gene	pool	represented	by	the	yellow	allele	is	estimated	to	be	(a)	0.04	(	6	)	0.16	(	c	)	0.21	(	d	)	0.42
(e)	none	of	the	above	9.	If	the	frequency	of	the	yellow	allele	is	0.01,	the	percentage	of	wild-type	females	expected	to	carry	the	yellow	(a)	1.98	(6)	1.67	(	c	)	2.04	(	d	)	2.76	(e)	none	of	the	above	allele	is	10.	If	the	frequency	of	the	yellow	allele	is	1.0	in	females	and	0	in	males,	the	frequency	of	that	allele	in	males	(a)	1.0	(6)	0.5	(c)	0.33	(	d	)	0.67	(	e	)	none	of
the	above	of	the	next	generation	is	expected	to	be	CHAP.	101	POPULATION	GENETICS	Answers	to	Supplementary	Problems	10.15.	0.5	10.16.	All	individuals	are	AuBb.	10.17.	(	a	)	p	m=	pf	=	0.6,	qm	=	qj	=	0.4	(b)AA	=	0.36,	AU	=	0.48,	uu	=	0.16	10.18.	(a)	3	=	0.143	(	6	)	0.1008	10.19.	4	=	0.67	10.20.	Males:	(1)	=	1.0,	(2)	=	0.5,	(3)	=	0.75;	females:	(1)
=	0.5,	(2)	=	0.75,	(3)	=	0.625	10.21.	(a)	0.25	(	6	)	IAABB	:	iuabb	or	)aaBB	:	IAAbb	10.22.	AB	=	0.12,	Ab	=	0.08,	aB	=	0.48,	ab	=	0.32	10.23.	C	D	=	0.9,	C	G	=	0.1	10.24.	(a)	L	M	=	75.5%,	LN	=	24.5%	(b)	210	10.25.	t	=	0.56	10.26.	(a)	C	=	0.30	(	b	)	a	=	0.58	10.27.	Y	=	0.7,	y	=	0.3	10.28.	R	=	0.613,	r	=	0.387	10.29.	0.5;	all	individuals	are	heterozygous
carriers	of	the	lethal	allele.	10.31.	4	10.33.	h	=	0.7,	b	=	0.9	10.34.	9775	10.35.	(	a	)	50%	(	b	)	75%	10.36.	(	a	)	ZA	=	0.05,	ZB	=	0.25,	i	=	0.70	(6)A	=	44.6%,B	=	21.6%,	AB	=	14.4%,	0	=	19.4%	10.37.	G'	=	0.1,	g'	=	0.6,	g	=	0.3	10.38.	64%	wild	type,	20%	dark	bay,	7%	seal	brown,	9%	black	10.39.	(a)	1/100	(	b	)	1/1O,OOO	10.40.	(a)	0.96	(	6	)	99.84%	267
268	POPULATION	GENETICS	/CHAP.	10	10.41.	w	=	0.19	10.42.	(a)	0.6	(b)	0.4	(	c	)	Yes	(d)	0	(e)	1	(	f	)	1	10.43.	(	a	)	X	=	0.75,	X'	=	0.25	(6)	Yes	10.44.	(a)	No	(c)	0.7	(	d	)	1	(e)	0.3-0.5	(6)	18.75	(c)	1	(	d	)	<	0.001	10.45.	(a)	f	black	:	4	blue	:	f	splashed-white	(6)	4.50	(c)	1	(	d	)	0.01-0.05	(e)	No	Answers	to	Review	Questions	Vocabulary	I	.	random	mating	or
panmixis	2.	gene	pool	3.	Hardy-Weinberg	law	4.	equilibrium	5.	Mendelian	population	6.	7.	8.	9.	10.	meiotic	drive	disequilibrium	race	or	subspecies	reproductive	isolation	evolution	True-False	Questions	1	.	F	(other	violations	of	Hardy-Weinberg	model	conditions;	e.g.,	migration)	2.	T	3.	T	4.	T	5.	F	(frequencies	of	genes	and	heritable	phenotypes	are
functions	of	evolutionary	forces,	not	allelic	interactions)	6.	T	7.	F	(see	Problem	10.20)	8.	T	9.	T	10.	T	Multiple-Choice	Questions	1	.	e	(0.35)	9.	U	10.	a	2.	b	(45.5%)	3.	U	4.	d	5.	a	6.	b	7.	e	(0.286)	8.	c	(0.29)	Chapter	11	The	Biochemical	Basis	of	Heredity	NUCLEIC	ACIDS	1.	Deoxyribonucleic	Acid	(DNA).	The	nucleic	acid	that	serves	as	the	carrier	of
genetic	information	in	all	organisms	other	than	some	viruses	is	deoxyribonucleic	acid	(DNA).	The	double-helical	structure	of	this	long	molecule	is	shown	in	Fig.	11-1.	The	backbone	of	the	helix	is	composed	of	two	chains	with	alternating	sugar	(S)-phosphate	(P)	units.	The	sugar	is	a	pentose	(5-carbon)	called	deoxyribose,	differing	from	its	close	relative
ribose	by	one	oxygen	atom	in	the	2‘	position	(Fig.	11-2).	The	phosphate	group	(PO,)	connects	adjacent	sugars	by	a	3	’	4	5	’	phosphodiester	linkage.	In	one	chain	the	linkages	are	polarized	3’+5’;	in	the	other	chain,	read	in	the	same	direction,	they	are	in	the	reverse	order	5	’	4	3	’	.	All	nucleic	acid	chains	pair	in	this	antiparallel	fashion,	whether	DNA	with
DNA	chains,	DNA	with	RNA	chains,	or	RNA	with	RNA	chains.	The	steps	in	the	spiral	staircase	(i.e.,	the	units	connecting	one	strand	of	DNA	to	its	polarized	,S-	T	L	A-S,	P	9	s\-	p,	=	c-s,	‘s-c	A	=	P	T	-	S	,	p\	‘s	-	c	5	c	-s’	P	5	Fig.	11-1.	Diagram	of	Watson-Crick	model	of	DNA.	269	270	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	The	Sugars	[CHAP.	1	1	The
Bases	5'	CKOH	OH	Adenine	OH	P	U	R	n	OH	I	N	E	S	0	5	CKOH	OH	Guanine	H	OH	0	A	Nucleotide	0	Thymine	I	H	P	Y	R	I	M	Cytosine	I	D	I	N	E	S	I	H	0	A	Nucleic	Acid	Strand	-P-	Uracil	A	T	G	G	C	s-P-	s-P-	s-P-	s-P-	s	-P-	I	I	I	I	I	I	H	Fig.	11-2.	Structural	components	of	nucleic	acids.	(From	Schaum	s	Outline	($Theory	and	Problems	of	Molecular	and	Cell
Biology,	William	D.Stansfielci,	Jaime	S.	Colomt!,	Raul	J.	Cano,	McGraw-Hill,	1996.)	complement)	consist	of	paired	organic	bases	of	four	kinds	(symbolized	A,	T,	G,	C>	classified	into	two	groups,	the	purines	and	the	pyrimidines.	Purines	only	pair	with	pyrimidines	and	vice	versa,	thus	producing	a	symmetrical	double	helix.	A	hydrogen	bond	forms
between	a	covalently	bound	donor	hydrogen	atom	(e.g.,	an	imino	group,	NH)	with	some	positive	charge	and	a	negatively	charged	covalently	bound	acceptor	atom	(e.g.,	a	keto	group,	CO)	by	sharing	of	a	hydrogen	atom.	Adenine	(A)	pairs	with	thymine	(T)	by	two	hydrogen	bonds;	guanine	(G)	and	cytosine	(C)	pair	by	three	hydrogen	bonds	(Fig.	11-3).	A
basesugar	complex	is	called	a	nucleoside;	a	nucleoside	plus	a	phosphate	is	called	a	nucleotide.	DNA	is	thus	27	1	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	CHAP.	1	I	]	I	I	0-P=O	I	0-	H	Q	Fig.	11-3.	Base	pairing	in	DNA.	a	long	polymer	(i.e.,	a	macromolecule	composed	of	a	number	of	similar	or	identical	subunits,	called	monomers,	covalently	bonded)	of
thousands	of	nucleotide	base	pairs	(bp).	2.	Ribonucleic	Acid	(RNA).	Another	class	of	nucleic	acids,	called	ribonucleic	acid	(RNA),	is	slightly	different	from	DNA	in	the	following	respects:	(1)	Cellular	RNA	is	single-stranded;	DNA	is	double-stranded.	A	few	viruses	have	a	single-stranded	RNA	genome;	very	few	have	a	double-stranded	RNA	genome	.	(2)
RNA	contains	ribose	sugars	instead	of	the	deoxyribose	sugars	that	are	found	in	DNA.	272	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	[CHAP.	1	1	(3)	RNA	contains	the	pyrimidine	uracil	(U)	instead	of	thymine	(T),	and	U	pairs	with	A.	(4)	RNA	molecules	are	much	shorter	than	DNA	molecules.	RNA	functions	primarily	in	protein	synthesis,	acting	in	one
capacity	as	a	messenger	carrying	information	from	the	instructions	coded	into	the	DNA	to	the	ribosomal	sites	of	protein	synthesis	in	the	cell.	This	form	of	RNA	is	called	messenger	RNA	(mRNA).	Ribosomes	contain	a	special	class	of	RNA	called	ribosomal	RNA	(rRNA)	that	constitutes	the	bulk	of	cellular	RNA.	A	third	kind	of	RNA,	called	transfer	RNA
(tRNA),	attaches	to	amino	acids	and	during	protein	synthesis	brings	them	into	proper	positioning	with	other	amino	acids	using	the	mRNA-ribosome	complex	as	a	template.	All	cellular	RNA	molecules	are	made	from	a	DNA	template.	A	single-stranded	RNA	chain	may	fold	back	upon	itself	and	form	localized	‘	‘double-stranded’	’	sections	by
complementary	base	pairing.	The	“clover-leaf’	’	model	of	tRNA	in	Fig.	11-8	was	developed	by	maximizing	this	type	of	complementary	base	pairing.	PROTEIN	STRUCTURE	Knowledge	of	protein	structure	and	bonding	forces	is	essential	for	a	keen	understanding	of	how	various	genetic	factors	(mutations)	and	environmental	factors	(e.g.,	pH,
temperature,	salt	concentrations,	chemical	treatments)	can	modify	proteins	and	either	reduce,	destroy,	or	enhance	their	biological	activities.	Such	knowledge	is	also	important	for	developing	techniques	to	extract	functional	proteins	from	genetically	engineered	cells.	1.	General	Structure.	All	completely	ionized	biological	amino	acids	except	proline
have	the	general	structure	shown	in	Fig.	11-4.	The	a-carbon	is	the	central	atom	to	which	an	amino	(NH”)	and	a	carboxyl	(COO-)	group	are	attached.	As	pH	increases	above	neutrality	(pH	7),	the	more	basic	nature	of	the	environment	tends	to	neutralize	the	acidic	carboxyl	groups	of	proteins.	As	pH	decreases	below	neutrality,	the	more	acidic	nature	of
the	environment	tends	to	neutralize	the	basic	amino	groups.	Polar	molecules	are	those	with	separate	positive	and	negative	charges	at	each	end,	as	exemplified	by	an	amino	acid	at	pH	7	.	Water	is	also	a	polar	molecule	because	the	two	positive	hydrogen	atoms	are	near	one	end	of	the	molecule	and	the	oxygen	(2-)	atom	is	at	the	other	end.	Nonpolar
molecules	(such	as	methane,	CH,)	are	uncharged.	Fig.	11-4.	General	structure	of	an	amino	acid	in	completely	ionized	form.	R	represents	a	side	chain	or	radical.	2.	The	Peptide	Bond.	The	peptide	bond	that	joins	adjacent	amino	acids	during	protein	synthesis	is	a	strong	covalent	bond,	in	which	atoms	are	coupled	by	sharing	an	electron.	By	the	removal	of
water,	the	carboxyl	group	of	one	amino	acid	becomes	joined	to	the	amino	group	of	an	adjacent	amino	acid	as	shown	in	Fig.	11-5.	This	union,	which	is	accompanied	by	the	removal	of	water,	is	an	example	of	dehydration	synthesis.	One	of	the	ribosomal	proteins,	the	enzyme	peptidyl	transferase,	is	responsible	for	making	the	peptide	bond.	Each	complete
polypeptide	chain	thus	has	an	uncomplexed	(“free”)	amino	group	at	one	end	and	a	free	carboxyl	group	at	its	other	end.	The	amino	end	of	the	polypeptide	corresponds	to	the	5’	end	of	its	273	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	CHAP.	111	-	c	+	c	-	N	tc	-	c	'0-	+H	-	N+	I	I	'	1	:	I	H	R:	H	:	R	N+-c	-	c-'	.*'	HI	I	R	.'	'Peptide	bond	Fig.	11-5.	Dehydration
synthesis	of	a	dipeptide	and	formation	of	a	peptide	bond.	respective	mRNA.	The	carboxyl	end	of	the	polypeptide	corresponds	to	the	3'	terminus	of	the	same	mRNA.	3.	Side	Chains.	Each	kind	of	amino	acid	differs	according	to	the	nature	of	the	side	chain	or	radical	attached	to	the	a-carbon.	Glycine	has	the	simplest	side	chain,	consisting	of	a	hydrogen
atom.	Other	amino	acids	have	hydrocarbon	side	chains	of	various	lengths;	some	of	these	chains	are	ionized	positively	(basic	proteins	such	as	lysine	and	arginine),	others	are	negatively	charged	(acidic	amino	acids	such	as	aspartic	and	glutamic	acids),	and	still	others	are	nonionized	(e.g.,	valine,	leucine).	Different	proteins	can	be	separated	on	the	basis
of	their	net	electrical	charges	by	a	technique	known	as	electrophoresis.	Closely	related	proteins	differing	by	a	single	amino	acid	can	sometimes	be	resolved	in	this	way.	Some	amino	acids,	such	as	phenylalanine	and	tyrosine,	have	aromatics	(ring	structures)	in	their	side	chains.	The	amino	acid	proline	does	not	contain	a	free	imino	group	(NH)	because
its	nitrogen	atom	is	involved	in	a	ring	structure	with	its	side	chain.	Only	two	amino	acids	(cysteine	and	methionine)	contain	sulfur	in	their	side	chains.	The	sulfurs	of	different	cysteines	can	be	covalently	linked	into	a	disulfide	bond	(S-S)	that	is	responsible	for	helping	to	stabilize	the	tertiary	and	quaternary	shapes	of	proteins	containing	them.	4.
Structural	Levels.	The	linear	sequence	of	amino	acids	forms	the	primary	structure	of	proteins	(Fig.	11-6).	Some	portions	of	many	proteins	have	a	secondary	structure	in	the	form	of	an	alpha	helix	in	which	the	carbonyl	group	(C=O)	next	to	one	peptide	bond	forms	a	hydrogen	bond	with	an	imino	group	(NH)	flanking	a	peptide	bond	a	few	amino	acids
further	along	the	polypeptide	chain.	The	protein	chain	may	fold	back	upon	itself,	forming	weak	internal	bonds	(e.g.,	hydrogen	bonds,	ionic	bonds)	as	well	as	strong	covalent	disulfide	bonds	that	stabilize	its	tertiary	structure	into	a	precisely	and	often	intricately	folded	pattern.	Two	or	more	tertiary	structures	may	unite	into	a	functional	quaternary
structure.	For	example,	hemoglobin	consists	of	4	polypeptide	chains	(2	identical	cx-chains	and	2	identical	P-chains).	A	protein	cannot	function	until	it	has	assumed	its	full	tertiary	or	quaternary	configuration.	Any	disturbance	of	its	normal	configuration	may	inactivate	the	function	of	the	protein.	For	example,	if	the	protein	is	an	enzyme,	heating	may
destroy	its	catalytic	activity	because	weak	bonds	that	hold	the	protein	in	its	secondary	or	higher	structural	forms	are	ruptured.	The	shape	of	an	active	enzyme	molecule	fits	its	substrate	(the	substance	that	is	catalyzed	by	the	enzyme)	in	a	manner	analogous	to	the	way	a	key	fits	a	lock	(Fig.	11-7).	An	enzyme	that	is	altered,	either	genetically	(by
mutation	of	the	respective	gene),	physically	(e.g.,	heat),	or	chemically	(e.g.,	pH	change)	may	not	fit	the	substrate	and	therefore	would	be	incapable	of	catalyzing	the	conversion	of	substrate	to	normal	product.	5.	Factors	Governing	Structural	Levels.	Relatively	weak	bonds	such	as	hydrogen	bonds	and	ionic	bonds	(attraction	of	positively	and	negatively
charged	ionic	groups)	are	mainly	responsible	for	the	secondary	and	higher	structural	levels	of	protein	organization.	Enzymes	are	not	involved	in	the	formation	of	weak	bonds.	The	extent	to	which	a	protein	274	[CHAP.	11	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	Fig.	11-6.	Stages	in	the	development	of	a	functional	protein.	contains	alpha-helical
regions	is	dependent	upon	at	least	three	factors.	The	most	important	factor	governing	tertiary	protein	structure	involves	formation	of	the	most	favorable	energetic	interactions	between	atomic	groupings	in	the	side	chains	of	the	amino	acids.	A	second	factor	is	the	presence	of	proline,	which	cannot	participate	in	alpha-helical	formation	because	it	is	an
imino	group	rather	a	true	amino	acid.	Proline	is	therefore	often	found	at	the	“corners,”	or	“hairpin	turns,”	of	polypeptide	chains.	Finally,	the	formation	of	intrastrand	(on	the	same	chain)	disulfide	bridges	tends	to	distort	the	alpha	helix.	a	substrates	L	+	enzyme	,	=+	B	enzyme	substratecomplex	4	product	Fig.	11-7.	Diagram	of	enzymatic	action.	+	i
enzyme	CHAP.	111	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	275	6.	Formation	of	Quaternary	Structure.	The	ionized	side	chains	of	some	amino	acids	readily	interact	with	water	and	therefore	are	called	hydrophilic	(‘	‘water-loving”)	amino	acids.	Hydrophobic	(‘	‘water-fearing”)	amino	acids	contain	nonionized	side	chains	that	tend	to	avoid	contact	with
water.	When	a	polypeptide	chain	folds	into	its	tertiary	shape,	these	forces	cause	amino	acids	with	hydrophilic	groups	to	predominate	on	the	outside	and	hydrophobic	segments	of	the	chain	to	predominate	in	the	interior	of	globular	proteins.	The	multiple	polypeptide	chains	of	quaternary	proteins	are	usually	joined	by	hydrophobic	forces.	Nonpolar
groups	of	the	individual	polypeptide	chains	come	together	as	a	way	of	excluding	water.	Hydrogen	bonds,	ionic	bonds,	and	possibly	interstrand	(between	chains)	disulfide	bonds	may	also	participate	in	forming	quaternary	protein	structures.	Some	quaternary	proteins	consist	of	2	or	more	identical	polypeptide	chains	(e.g.,	the	bacterial	enzyme	P-
galactosidase	consists	of	4	identical	polypeptide	chains).	Such	proteins	are	called	homopolymers.	Other	quaternary	proteins	(such	as	hemoglobin)	consist	of	nonidentical	chains	and	are	called	heteropolymers.	In	order	to	become	functional	proteins,	some	polypeptide	chains	must	be	subject	to	modifications	after	they	have	been	synthesized.	For
example,	the	protein	chymotrypsinogen	must	be	cleaved	at	one	specific	position	by	an	enzyme	to	produce	the	active	split-product	chymotrypsin.	CENTRAL	DOGMA	OF	MOLECULAR	BIOLOGY	Each	strand	of	the	DNA	double	helix	serves	as	a	template	for	its	own	replication.	All	RNA	molecules	are	synthesized	from	DNA	templates	in	a	process	called
transcription.	Within	a	transcriptional	unit,	only	one	of	the	strands	of	DNA	serves	as	a	template	for	the	synthesis	of	RNA	molecules.	Different	transcriptional	units	may	reside	on	the	same	or	on	different	DNA	strands.	Genes	are	said	to	be	active	when	they	are	transcribing	RNA.	Proteins	are	synthesized	from	mRNA	templates	by	a	process	called
translation.	The	central	dogma	of	molecular	biology	is	the	concept	that	DNA	is	the	genetic	material	of	all	cells,	that	all	cellular	DNA	is	synthesized	from	DNA	templates,	that	DNA	segments	are	transcribed	into	RNAs	(of	all	classes),	and	that	mRNAs	(with	the	aid	of	tRNAs	and	rRNAs)	are	translated	into	polypeptide	chains	(proteins).	This	dogma	was
partly	broken	in	1990	by	the	discovery	that	DNA	in	telomeric	regions	of	at	least	some	chromosomes	can	be	synthesized	from	an	RNA	template	(see	Example	14.4).	Furthermore,	certain	viruses	(viruses	are	not	cells)	use	RNA	as	genetic	material,	and	they	contain	or	code	for	an	enzyme	that	synthesizes	a	DNA	strand	from	the	viral	RNA	strand.	Such
viruses	are	called	“retroviruses”	(see	Chapter	14)	because	they	reverse	the	cellular	dogma	that	all	RNA	strands	are	made	from	DNA	templates.	GENETIC	CODE	Biochemical	reactions	are	mediated	by	enzymes.	Virtually	all	enzymes	are	proteins.	A	few	RNA	molecules	are	known	to	have	enzymatic	activity;	they	are	referred	to	as	ribozymes.	Some
protein	antibodies	have	also	been	found	to	exhibit	enzymatic	properties;	they	are	called	abzymes.	Proteins	are	polymers	of	subunits	(monomers)	called	amino	acids,	often	spoken	of	as	“residues”	(especially	during	degradation	of	proteins	to	ascertain	their	amino	acid	sequences).	Twenty	different	kinds	of	amino	acids	occur	naturally	in	proteins.	Each
protein	enzyme	consists	of	a	certain	number	of	amino	acids	in	a	precisely	ordered	sequence.	The	blueprint	that	specifies	this	amino	acid	sequence	is	encoded	in	a	nucleotide	sequence	of	DNA.	A	codon	is	an	adjacent	group	of	3	nucleotides	in	either	the	DNA	or	in	its	mRNA	transcript	that	specifies	an	amino	acid.	The	first	experimental	evidence
supporting	the	“triplet	code”	concept	was	provided	by	a	study	of	single	base	pair	additions	in	a	gene	of	a	bacterial	virus	(phage	T4).	If	the	transcription	of	a	functional	genetic	unit	of	DNA	into	mRNA	is	always	read	from	a	fixed	position,	then	the	first	six	codons	in	one	chain	of	the	corresponding	DNA	might	be	as	follows.	1	TCA	2	GGC	3	TAA	4	AGT	5
CGG	6	TCG	276	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	[CHAP.	1	1	The	addition	of	a	single	base	(e.g.,	G)	at	the	end	of	the	second	codon	would	shift	all	other	codons	one	nucleotide	out	of	register	and	prevent	the	correct	reading	of	all	codons	to	the	right	of	the	base	addition.	1	TCA	2	GGC	3	QTA	4	AAG	5	TCG	6	GTC	G	By	successively	adding	bases
in	a	nearby	region,	it	should	be	possible	to	place	the	reading	frame	of	the	codons	back	into	register.	It	was	found	that	one	or	two	base	additions	failed	to	produce	a	functionally	normal	protein.	But	three	base	additions	apparently	can	place	the	reading	frame	of	the	codons	back	into	register	for	all	codons	to	the	right	of	the	third	base	addition.	1	TCA	2	a
G	G	3	CGT	A	Missense	codons	(out	of	register)	4	~	5	AAGT	6	CGG	7	TCG	Codons	in	correct	register	The	same	has	also	been	found	to	be	true	for	single	nucleotide	deletions.	Three	deletions	or	multiples	thereof	can	correct	the	reading	frame	in	the	synthesis	of	an	active	protein.	Several	other	lines	of	evidence	indicate	that	the	codon	is	a	sequence	of
three	nucleotides	and	the	genetic	code	is	generally	referred	to	as	a	“triplet	code.	’	*	High	concentrations	of	ribonucleotides	in	the	presence	of	the	enzyme	polynucleotide	phosphorylase	can	generate	synthetic	mRNA	molecules	without	a	template	in	vitro	by	forming	an	internucleotide	3’5’	phosphodiester	bond.	In	this	way	a	number	of	uracil	molecules
can	become	linked	together	to	form	a	synthetic	poly-U	with	mRNA	activity.	The	addition	of	poly-U	to	bacterial	cell	extracts	results	in	the	limited	synthesis	of	polypeptides	containing	only	the	amino	acid	phenylalanine.	Thus	3	uracils	probably	code	for	phenylalanine.	Mixtures	of	different	ribonucleotides	can	also	form	synthetic	mRNA	molecules	with	the
nucleotides	in	random	order.	Example	11.1.	Poly-AU	made	from	a	mixture	of	adenine	and	uracil	in	concentrations	of	2	:	1	,	respectively,	is	expected	to	form	AAA	triplets	most	frequently,	AAU	(or	AUA	or	UAA)	triplets	would	be	next	in	frequency,	AUU	(or	UAU	or	UUA)	triplets	next,	and	UUU	triplets	would	be	least	frequent.	The	frequencies	with	which
various	amino	acids	are	incorporated	into	polypeptides	under	direction	of	the	synthetic	p	l	y	-	A	U	can	then	be	correlated	with	the	expected	frequencies	of	various	triplets,	allowing	tentative	assignment	of	specific	triplets	to	specific	amino	acids.	A	combination	of	organic	chemical	and	enzymatic	techniques	can	be	used	to	prepare	synthetic
polyribonucleotides	with	known	repeating	sequences	as,	for	example,	AUAUAUAU	.	.	.	,	which	alternately	codes	for	the	amino	acids	isoleucine	and	tyrosine,	CUCUCUCU	.	.	.	,	which	codes	for	leucine	and	serine	alternately,	etc.	Even	in	the	absence	of	mRNA	and	protein	synthesis,	an	RNA	trinucleotide	will	bind	to	a	ribosome.	Chemically	synthesized
trinucleotides	of	known	sequence	can	thus	be	made	to	bind	to	ribosomes,	and	this	complex	will	specifically	bind	one	out	of	a	mixture	of	20	different	tRNA-amino	acid	complexes	in	vitro.	By	radioactively	labeling	only	one	kind	of	amino	acid	in	such	a	mixture,	the	specificity	of	the	codon	can	be	established.	For	example,	UUG	binds	only	leucine-tRNA
complexes	to	ribosomes,	and	UGU	binds	only	cysteine-tRNA	complexes.	The	genetic	code	is	degenerate	because	more	than	one	samesense	codon	exists	for	most	amino	acids.	The	nuclear	code	appears	to	be	the	same	in	all	organisms,	and	thus	is	said	to	be	a	universal	code.	However,	a	few	codons	in	some	organelle	DNAs	have	different	meanings	than
those	in	nuclear	DNAs	(see	Chapter	12).	Apparently	only	3	of	the	64	possible	three-letter	codons	fail	to	specify	an	amino	acid.	Such	triplets	are	called	nonsense	codons	or	stop	codons,	and	they	serve	as	part	of	the	translation	termination	signal.	The	mRNA	codons	for	the	20	amino	acids	are	listed	in	Table	1	1	.	1	.	These	codons	are	conventionally
written	from	the	S’end	(at	the	left)	toward	the	3’end	(at	the	right)	because	that	is	the	direction	in	which	translation	(protein	synthesis)	occurs	on	m	R	N	A	,	277	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	CHAP.	1	I	]	Table	11.1.	mRNA	Codons	I	Second	Letter	U	A	C	uuu}Phe	U	UAU	uuc	:it}Leu	UCG	c	First	Letter	Ser	UAG	Nonsense	UGU	UGC}cys	UGA
Nonsense	}H	:s:i:	CUA	CUG	cuu}	Leu	CCA	CAG	CAA}Gln	CGA	CGG	.	AGC	AGU}ser	AGA	I	U	C	A	G	Third	I	U	C	A	G	Letter	4	U	E:}Gly	GGG	A	C	G	The	three-letter	symbols,	names,	and	one-letter	symbols	(in	parentheses)	of	the	amino	acids	are	as	follows:	ala	=	alanine	(A).	arg	=	arginine	(R),	asn	=	asparagine	(N),	asp	=	aspartic	acid	(D),	cys	=	cysteine
(C),	glu	=	glutamic	acid	(E),	gln	=	glutamine	(	Q	)	,	gly	=	glycine	(G),	his	=	histidine	(H),	ile	=	isoleucine	(I),	leu	=	leucine	(L),	lys	=	lysine	(K),	met	=	methionine	(M),phe	=	phenylalanine	(F).	pro	=	proline	(P),	ser	=	serine	(S).	thr	=	threonine	(T),	trp	=	tryptophan	(W).	tyr	=	tyrosine	(Y),	val	=	valine	(	V	)	.	PROTEIN	SYNTHESIS	1.	Transcription.	There
are	two	major	steps	in	protein	synthesis:	transcription	and	translation.	The	first	step	in	the	production	of	proteins	is	the	transcription	of	DNA	to	an	mRNA	molecule.	This	process	is	carried	out	by	the	enzyme	RNA	polymerase.	This	enzyme	attaches	to	the	DNA	at	a	specific	nucleotide	sequence	called	a	promoter	ahead	of	(upstream	from)	the	gene	to	be
translated.	A	number	of	enzymes	stimulate	the	local	unwinding	of	DNA,	and	this	allows	RNA	polymerase	to	begin	transcription	of	one	of	the	DNA	strands.	Within	a	gene,	only	one	of	the	DNA	strands	is	transcribed	into	mRNA.	This	DNA	strand	is	called	the	anticoding	strand	or	antisense	strand;	the	DNA	strand	that	is	not	transcribed	is	called	the	coding
strand	or	sense	strand.	In	some	other	gene	on	that	same	DNA	molecule,	the	other	strand	may	serve	as	a	template	for	RNA	synthesis.	Within	a	gene,	however,	RNA	polymerase	does	not	jump	from	one	DNA	strand	to	another	to	transcribe	the	RNA	molecule.	Termination	of	transcription	occurs	when	RNA	polymerase	encounters	a	“terminator	nucleotide
sequence”	at	the	end	of	a	structural	gene.	In	some	bacterial	genes,	an	accessory	protein	binds	to	the	terminator	sequence	and	thereby	aids	in	dislodging	RNA	polymerase	from	the	DNA.	The	mechanism	of	transcription	termination	in	eucaryotes	is	still	unknown.	In	eucaryotic	cells,	primary	mRNA	transcripts	are	“processed”	before	they	are	released
from	the	nucleus	as	mature	mRNA	molecules.	Initially,	most	eucaryotic	primary	transcripts	(pre-mRNAs)	are	mosaics	of	coding	regions	(exons)	and	noncoding	regions	(introns).	Before	the	mRNA	leaves	the	nucleus	to	become	mature	cytoplasmic	mRNA,	the	noncoding	regions	must	be	precisely	removed	and	the	exons	must	be	spliced	together.	In
addition,	an	unusual	guanine	nucleotide	(called	a	cap)	is	attached	to	the	5’	end,	and	a	string	of	adenine	nucleotides	(called	a	poly-A	tail)	is	attached	to	the	3’	end	of	the	mRNA.	In	procaryotic	cells,	however,	there	is	no	nuclear	membrane,	and	mRNA	processing	does	not	occur.	278	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	[CHAP.	11	Except	for	the
primitive	archaebacteria	(see	Chapter	14),	bacterial	genes	do	not	contain	introns.	Thus,	translation	of	mRNA	into	protein	can	commence	in	bacteria	even	before	the	mRNA	has	been	completely	transcribed	from	the	DNA.	2.	Translation.	In	the	second	major	step	of	protein	synthesis,	ribosomes	and	tRNA-methionine	complexes	(called	“charged”
methionyl	tRNAs)	attach	near	the	5’	end	of	the	mRNA	molecule	at	the	first	start	codon	or	initiation	codon	(5’AUG3’)	and	begin	to	translate	its	ribonucleotide	sequence	into	the	amino	acid	sequence	of	a	protein.	Ribosomes	consist	of	3	rRNA	molecules	and	about	50	different	proteins.	Each	amino	acid	is	coded	for	by	at	least	1	tRNA	molecule.	Because
the	genetic	code	is	so	degenerate,	many	more	than	20	tRNAs	are	actually	involved	in	protein	synthesis.	Each	amino	acid	becomes	attached	or	loaded	(at	its	carboxyl	terminus)	to	the	3’	end	of	its	own	species	of	tRNA	(Fig.	11-8)	by	a	specific	enzyme	(amino-acyl	synthetase).	Thus,	there	are	at	least	twenty	different	synthetases.	The	“loaded”	tRNA	is	said
to	be	activated	or	charged.	A	loop	of	unpaired	bases	near	the	middle	of	the	tRNA	carries	a	triplet	of	adjacent	bases	called	the	anticodon.	Other	parts	of	the	tRNA	are	thought	to	form	complementary	base	pairs	with	rRNA	of	the	ribosome	during	protein	synthesis	or	to	act	as	recognition	sites	for	a	specific	amino-acyl	synthetase.	Translation	of	all
proteins	begins	with	the	start	codon	5’AUG3’,	which	specifies	the	amino	acid	methionine	(refer	to	Fig.	11-9	throughout	the	following	discussion).	Two	sites	exist	on	a	ribosome	for	activated	tRNAs:	the	peptidyl	site	(P	site)	and	the	amino-acyl	site	(A	site).	The	initiating	methionineloaded	tRNA	enters	the	P	site	(perhaps	by	passing	through	the	A	site).
The	3’UACS’	anticodon	of	the	Fig.	11-8.	A	“cloverleaf	model”	of	the	yeast	alanine	transfer	RNA	molecule.	All	species	of	tRNA	are	about	75	ribonucleotides	in	length,	with	three	major	loops	of	unpaired	bases.	The	middle	loop	contains	the	anticodon	that	can	base	pair	with	a	codon	in	mRNA.	The	loop	nearest	the	3’	end	(called	the	T$C	loop)	is	thought	to
interact	with	rRNA	in	the	ribosome.	There	are	several	unusual	bases	(*)	in	tRNAs;	pseudouridine	(+)	is	one	of	them.	The	loop	nearest	the	5’	end	is	called	the	DHU	loop	because	it	contains	another	unusual	base,	dihydrouridine	(D).	Enzymes	in	the	nucleus	modify	the	normal	bases	(A,	U,	C,	G)	in	the	preformed	tRNA	to	create	these	unusual	(rare)	bases.
All	tRNAs	end	with	CCA3’;	the	proper	species	of	amino	acid	is	attached	to	the	terminal	A	by	its	cognate	aminoacyl-tRNA	synthetase	enzyme.	Some	of	the	positions	bearing	identical	bases	in	almost	all	tRNA	species	are	indicated	by	shading.	CHAP.	111	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	279	Fig.	11-9.	Diagram	of	protein	synthesis.	(Reprinted,
by	permission,	from	William	D.	Stansfield,	The	Science	of	Evolution,	0	1977	by	Macmillan	Publishing	Co.,	Inc.)	tRNA	pairs	with	the	complementary	5’AUG3’	codon	in	the	mRNA.	The	ribosome	acts	like	a	jig	to	hold	all	of	the	reactants	in	the	proper	alignment	during	translation.	A	second	activated	tRNA	(e.g.,	one	loaded	with	threonine)	enters	the	A	site
(again	by	specific	codon-anticodon	base	pairing).	A	peptide	bond	is	formed	between	the	two	adjacent	amino	acids	by	the	action	of	an	enzymatic	protein	of	the	ribosome	called	peptidyl	transferase.	The	amino-acyl	bond	that	held	the	methionine	to	its	tRNA	is	broken	when	the	peptide	bond	forms.	The	now	“unloaded”	methionyl-tRNA	in	the	P	site	leaves
(usually	to	become	activated	again).	The	ribosome	shifts	(translocates)	3	nucleotides	along	the	mRNA	to	position	a	new	open	codon	in	the	vacant	A	site	while	at	the	same	time	moving	the	thr-loaded	tRNA	(now	attached	to	a	dipeptide)	from	the	A	to	the	P	site.	The	third	tRNA	(e.g.,	one	loaded	with	phenylalanine)	enters	the	A	site;	a	peptide	bond	forms
between	the	second	and	the	third	amino	acids;	the	second	tRNA	exits	the	P	site;	translocation	of	the	ribosome	along	the	mRNA	displays	the	next	codon	for	arginine	in	the	A	site	while	shifting	the	phe-loaded	tRNA	(now	carrying	a	tripeptide)	from	the	A	to	the	P	site;	and	so	on.	Eventually	the	system	reaches	one	or	more	nonsense	or	stop	codons	(UAA,
UAG,	or	UGA)	causing	the	polypeptide	chain	to	be	released	from	the	last	tRNA,	the	last	tRNA	to	be	released	from	the	ribosome,	and	the	ribosome	to	be	released	from	the	mRNA.	Thus,	the	5‘	end	of	mRNA	corresponds	to	the	amino	terminus	of	the	polypeptide	chain;	the	3’	end	of	the	mRNA	corresponds	to	the	carboxyl	terminus	of	the	polypeptide	chain.
The	preceding	story	of	protein	synthesis	presents	only	a	broad	outline	of	the	process.	Some	important	aspects	of	this	process	are	performed	differently	in	bacteria	and	in	eucaryotes,	details	of	which	are	presented	in	separate	chapters	dealing	with	these	two	major	life	forms.	280	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	[CHAP.	1	1	DNA
REPLICATION	The	hydrogen	bonds	linking	base	pairs	together	are	relatively	weak	bonds.	During	DNA	replication,	the	2	strands	separate	along	this	line	of	weakness	in	zipperlike	fashion	(Fig.	11-10).	Each	strand	of	the	DNA	molecule	can	serve	as	a	template	against	which	a	complementary	strand	can	form	(according	to	the	rules	of	specific	base
pairing)	by	the	catalytic	activity	of	enzymes	known	as	DNA	polymerases.	This	mode	of	replication,	in	which	each	replicated	double	helix	contains	one	original	(parental	strand)	and	one	newly	synthesized	daughter	strand,	is	referred	to	as	semiconservative	replication	(see	Solved	Problem	13.1).	At	least	three	forms	of	DNA	polymerase	have	been
identified	in	procaryotes	(bacteria)	and	at	least	four	in	eucaryotes	(fungi,	plants,	and	animals).	The	three	bacterial	forms	are	denoted	I,	11,	and	111;	the	eucaryotic	forms	are	denoted	alpha,	beta,	gamma,	and	delta.	All	DNA	polymerase	enzymes	can	add	free	nucleotides	only	to	the	3’	ends	of	existing	chains,	so	that	the	chains	will	grow	from	their	5’
ends	toward	their	3’	ends.	All	three	kinds	of	DNA	polymerases	can	also	degrade	DNA	in	the	3‘-+5’	direction.	Enzymes	that	degrade	nucleic	acids	are	called	nucleases.	If	the	enzyme	cleaves	nucleotides	from	the	end	of	the	chain	it	is	called	an	exonuclease;	if	it	makes	cuts	in	the	interior	of	the	molecule	it	is	termed	an	endonuclease.	As	long	as
deoxyribonucleotide	precursors	are	present	in	even	moderate	amounts,	the	synthetic	activity	of	a	DNA	polymerase	is	greatly	favored	over	its	degradation	activity.	During	replication,	incorrectly	paired	bases	have	a	high	probability	of	being	removed	by	the	exonuclease	activity	of	the	DNA	polymerases	before	the	next	nucleotide	is	added.	This	is	part	of
the	“proofreading	system”	that	protects	the	DNA	from	errors	(mutations).	All	DNA	polymerases	can	extend	existing	polynucleotide	chains	only	from	their	3‘	ends;	they	cannot	initiate	new	chains	from	their	5‘	ends.	A	special	kind	of	RNA	polymerase,	called	primase,	constructs	a	short	(about	10	base	pairs)	segment	of	ribonucleotides	complementary	to
the	DNA	template.	This	RNA	primer	has	a	free	3’	end	to	which	additional	deoxyribonucleotides	can	be	added	by	DNA	polymerases.	Old	Old	New	Old	New	Old	Fig.	11-10.	Replication	of	DNA.	CHAP.	111	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	28	1	In	bacteria,	DNA	polymerase	I11	is	the	enzyme	primarily	responsible	for	extending	these	chains	in,
the	replication	process.	Both	DNA	polymerases	I	and	I11	have	5’+3’	as	well	as	3’+5’	exonuclease	activity.	However,	it	is	primarily	DNA	polymerase	I	that	removes	the	RNA	primers	5’+3’	and	simultaneously	replaces	them	with	deoxyribonucleotides.	DNA	polymerase	I1	has	only	3	’+5’	exonuclease	activity	and	therefore	can	perform	a	proofreading
function,	but	it	cannot	replace	primer	ribonucleotides	with	deoxyribonucleotides	simultaneously.	A	nick	is	the	absence	of	a	phosphodiester	bond	between	adjacent	nucleotides	in	one	strand	of	duplex	DNA.	DNA	polymerases	cannot	form	a	covalent	phosphodiester	bond	between	adjacent	deoxyribonucleotides	on	either	side	of	a	nick;	another	enzyme,
called	DNA	ligase,	performs	this	task.	At	least	two	other	classes	of	enzymes	are	also	required	for	DNA	synthesis.	The	helicases	(unwinding	proteins)	proceed	ahead	of	the	DNA	polymerases,	opening	the	double	helix	and	producing	single-stranded	templates	for	replication.	These	single-stranded	regions	are	stabilized	when	complexed	with
singlestranded	DNA	binding	proteins	(SSB),	forming	a	replication	fork.	Replication	begins	at	the	3’	end	of	a	template	(parental)	strand	(Fig.	11-11).	A	primer	RNA	is	synthesized	5’-+3’	toward	the	replication	fork,	and	the	primer	is	extended	by	DNA	polymerase	111,	forming	the	leading	strand.	The	opposite	template	strand	has	a	5‘	end,	so	no
complementary	primer	can	be	formed	3’-+5’.	Instead,	a	lagging	strand	is	replicated	(5‘+3’)	in	short	segments	(a	few	hundred	nucleotides	each)	in	a	direction	opposite	to	the	movement	of	the	replication	fork.	These	segments	are	called	Okazaki	fragments	(named	after	their	discoverer,	Reji	Okazaki).	A	gap	is	said	to	exist	where	one	or	more	adjacent
nucleotides	are	missing	from	one	strand	of	a	duplex	DNA	molecule.	DNA	polymerase	I	temporarily	creates	gaps	by	removing	RNA	primers,	but	quickly	fills	the	gaps	with	replacement	deoxyribonucleotides	.	Nicks	between	adjacent	Okazaki	fragments	are	rapidly	joined	by	DNA	ligase	so	that	at	any	given	time	there	is	only	a	single	incomplete	fragment
in	the	lagging	strand.	The	discontinuous	replication	of	the	lagging	strand	results	in	its	seemingly	paradoxical	overall	growth	from	3‘	to	5’.	In	eucaryotes,	at	least	four	DNA	polymerases	have	been	identified,	all	having	the	ability	to	extend	primers	in	the	5’+3’	direction.	The	alpha	DNA	polymerase	carries	out	DNA	replication	in	the	nucleus.	Beta	and
delta	DNA	polymerases	may	play	a	role	in	gap	filling	and	repair.	Gamma	DNA	polymerase	is	only	found	in	mitochondria	and	is	required	for	replication	of	mitochrondrial	DNA.	There	is	usually	a	single	position	(ori	site)	where	initiation	of	DNA	replication	occurs	on	the	circular	DNA	molecules	of	bacteria,	viruses,	plasmids	,	and	organelles	.	The	much
longer	linear	nuclear-DNAs	of	eucaryotes	have	many	sites	at	which	replication	can	be	simultaneously	initiated.	Each	unit	of	replication	is	called	a	replicon.	Other	replication	differences	between	bacteria	and	eucaryotes	are	presented	in	separate	chapters	devoted	to	these	different	forms	of	life.	Fig.	11-11.	Production	of	Okazaki	fragments	on	the
lagging	strand	during	DNA	replication.	282	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	[CHAP.	1	1	GENETIC	RECOMBINATION	There	is	no	effective	pairing	force	between	homologous	DNA	duplex	molecules.	Therefore,	recombination	is	thought	to	involve	the	production	of	complementary	single-stranded	regions.	This	could	be	accomplished	by	an
endonuclease	nicking	one	strand	of	the	double	helix	in	each	of	two	homologous	DNA	molecules.	According	to	one	theory	(Fig.	1	1-12),	DNA	polymerase	extends	the	broken	ends,	displacing	one	of	the	strands	in	the	process.	Complementary	base	pairing	between	the	displaced	segments	creates	a	short	double-stranded	bridge.	The	other	intact	stands	are
then	nicked	by	an	endonuclease,	producing	one	recombinant	molecule	and	two	fragments	with	overlapping	terminal	sequences.	DNA	polymerase	fills	the	gaps	and	ligase	seals	the	nicks	to	create	reciprocal	recombinant	DNA	molecules.	According	to	a	second	theory	(Fig.	11-13),	the	broken	strands	of	parallel-aligned	double	helices	are	reciprocally
joined	by	ligase,	creating	a	cross-bridge.	Quivalent	bases	on	the	two	original	molecules	can	exchange	places,	causing	the	cross	connection	to	move	along	the	complex	in	a	zipperlike	fashion	called	branch	migration.	This	action	commonly	produces	long	regions	of	hybrid	DNA	containing	some	base	sequences	that	may	not	be	completely	complementary,
referred	to	as	a	heteroduplex.	Twisting	the	complex	leads	to	steric	rearrangement	that	converts	the	bridging	strands	to	outside	strands	and	vice	versa	("isomerization").	Cross-bridges	are	removed	by	nuclease	cuts,	the	gaps	are	filled	by	DNA	polymerase,	and	the	nicks	are	sealed	by	DNA	ligase.	This	type	of	crossing	over	can	produce	either	a	single
switch	in	all	4	strands	or	a	double	switch	in	2	of	the	strands.	A	pair	of	homologous	DNA	molecules	11	I	I	I	I	1	I	I	I	IIJ	1	I	I	I	I	I	I	1	I	I	I	I	I	I	I	U	A&	\	-	N	11	I	I	I	I	I	I	I	I	I	I	I	I	I	I	I	fi	I	\	,II	I	I	I	I	I	I	I	U	J	Endonuclease	action	(small	arrows)	nicks	one	strand	in	each	molecule	U	DNA	polymerase	extends	one	strand	in	each	molecule	from	5'	to	3',	displacing
single-strandedtails	Complementary	base	pairing	in	tails	creates	short	double-strandedbridge	Endonuclease	action	(small	arrows)	nicks	the	pristine	strands	-	-	J	I	I	I	I	II	I	I	II	I	I	v	I	I	I	T	I	I	I	I	I	I	I	I]	Two	fragments	with	overlapping,	complementary	end	sequences	and	a	recombinant	molecule	containing	gaps	DNA	polymerase	fills	the	gaps	and	ligase
seals	nick	between	adjacent	nucleotides,	creating	a	pair	of	double-stranded	recombinant	molecules	Fig.	11-12.	Model	of	crossing	over	involving	disruption	of	the	individual	DNA	molecules.	(After	J.	D.Watson,	Molecular	Biology	of	the	Gene,	3rd	ed.,	1976,	Benjamin-Cummings.)	THE	BIOCHEMICAL	BASIS	OF	HEREDITY	CHAP.	111	283	A	5'
Endonuclease	action	(small	arrows)	cuts	homologous	sites	in	one	strand	of	each	identically	oriented	double	helix.	One	parental	duplex	carries	the	genetic	markers	A	and	B;	the	other	carries	the	corresponding	alleles	a	and	b.	3'	3'	5'	d	U	a	h	11111U	'	'	'	U	tl111	U	11111U111111	TIT	1	n	n	TIT	11rl	TIT	1	TIT	n	I	U	\	'	0-*	High	concentration	Plasmid	DNA
Fig.	13-5.	Two	possible	results	of	blunt-end	ligation	via	T4	DNA	ligase.	Foreign	DNA	-	G	A	ATTC	4	-	G	-CTTAA	AATTCG-	*	Vector	DNA	Linker	G	A	ATTC	-	4	Cutting	by	restriction	enzyme	CTTAA	GG	AATTC	-	\	/	Annealing	and	ligation	CTTAAG-CTTAAG	GAATTC	-GAATTC	Recombinant	DNA	Fig.	13-6.	Construction	of	a	recombinant	DNA	via	linkers
carrying	a	recognition	site	for	restriction	enzyme	EcoRI.	Small	arrows	indicate	sites	of	cleavage	by	EcoRI.	3.	Identifying	the	Clone	of	Interest.	Finding	a	cell	that	contains	the	insert	of	interest	among	all	the	cells	of	a	gene	library	presents	a	major	problem.	The	desired	DNA	fragment	may	represent	less	than	1	out	of	100,OOO	fragments.	Furthermore,
transforming	cells	with	plasmid	DNA	is	a	very	inefficient	process.	Perhaps	only	l	in	10,OOO	cloning	vehicles	will	be	taken	up	by	any	bacterial	cell,	and	only	a	fraction	of	these	will	contain	the	gene	of	interest.	Therefore,	the	chance	that	any	cell	of	the	library	contains	the	desired	DNA	fragment	may	be	less	than	one	in	a	billion.	A	solution	to	this	problem
lies	in	selection	of	a	suitable	plasmid	vector.	Large	plasmids	that	are	transmissible	by	conjugation	(e.g.,	the	fertility	factor,	F)	are	not	considered	good	cloning	vehicles	because	(1)	they	could	conceivably	lead	to	accidental	transfer	between	strains	or	between	species,	(2)	their	copy	number	per	cell	is	usually	very	low,	and	(3)	they	contain	multiple	sites
for	almost	any	RE.	Therefore,	smaller	[	2	4	kilobase	pairs	(kbp)],	nontransmissible	plasmids	that	contain	2	different	antibiotic-resistance	CHAP.	131	363	MOLECULAR	GENETICS	genes	are	normally	used	as	vectors.	One	of	the	most	popular	vehicles	of	this	kind	is	the	E.	coli	plasmid	pBR322.	It	consists	of	4363	bp	and	contains	resistance	genes	for	the
antibiotics	tetracycline	and	ampicillin.	There	is	a	single	RE	site	for	the	restriction	enzyme	BamHI	in	the	entire	pBR322	plasmid,	and	that	site	is	within	the	tetracycline-resistance	gene	(tet-r).	If	both	the	donor	DNA	and	the	plasmid	DNA	are	cut	with	BamHI,	the	donor	fragments	can	be	spliced	into	the	plasmid	as	described	previously.	The	insertion	of	a
foreign	piece	of	DNA	within	the	tet-r	gene	destroys	the	ability	of	this	plasmid	to	confer	resistance	to	tetracycline	on	the	recipient	bacterial	cell,	a	process	known	as	insertional	inactivation	(Fig.	13-7).	Recipient	cells	that	are	sensitive	to	both	antibiotics	are	exposed	to	the	plasmids,	some	of	which	contain	the	foreign	insert	of	interest.	Three	types	of	cells
are	produced.	Those	cells	that	were	not	transformed	remain	Amp-s,	Tet-s;	those	that	were	transformed	(took	up	the	plasmid)	are	Amp-r.	A	few	of	the	Amp-r	cells	are	expected	to	be	Tet-s	because	of	insertional	inactivation	of	the	tet-r	gene	by	the	foreign	DNA.	Cycloserine,	ampicillin,	and	tetracycline	are	then	added	to	the	broth	culture.	Cycloserine	kills
any	growing	cell;	ampicillin	kills	growing	cells	that	are	Amp-s;	tetracycline	inhibits	growth	without	killing	cells.	Hence,	Amp-r,	Tet-r	cells	start	to	grow	and	are	killed	in	the	presence	of	cycloserine.	When	surviving	cells	are	plated	on	nutrient	agar	containing	ampicillin,	only	Amp-r,	Tet-s	cells	(containing	a	foreign	DNA	insert)	grow	into	colonies.	n
pBR322	amp'	Foreign	DNA	segment	..........---...--	cut	site	(or)	BamH1	Transformation	of	a	m	p	tets	cells	ampStets	amp'	tef	amp'	tets	with	foreign	insert	amp'	rets	(	Growth	in	medium	-	containing	ampicillin,	cycloserine,	and	tetracycline	)	Growth	inhibited	by	tetracycline	Growing	cells	die	Growth	inhibited	Plate	on	agar	containing	ampicillin	r	c>
Growing	cells	die	Growing	cells	form	a	colony	Fig.	13-7.	Isolation	of	a	chimeric	plasmid	by	the	technique	of	insextional	inactivation.	364	MOLECULAR	GENETICS	[CHAP.	13	Locating	the	few	clones	that	contain	the	specific	segment	of	interest	can	be	accomplished	by	an	in	situ	hybridization	technique	known	as	colony	hybridization	(Fig.	13-8).	A
sample	from	each	tetracycline-sensitive	colony	is	spotted	onto	nutrient	agar	plates	in	a	gridlike	fashion	and	allowed	to	grow	into	colonies	there.	A	piece	of	nitrocellulose	paper	is	pressed	into	the	plate,	thereby	transferring	some	cells	from	each	clone	onto	the	paper	in	the	same	gridlike	pattern	they	had	on	the	plate.	The	paper	is	then	treated	with	a
dilute	sodium	hydroxide	solution	to	lyse	the	cells	and	denature	the	DNA	to	single	strands.	The	cell	contents	are	released,	and	its	DNA	binds	tightly	to	the	paper.	Next,	the	sodium	hydroxide	is	neutralized	with	acid.	The	paper	is	then	covered	with	a	solution	containing	a	radioactive	or	enzymelabeled	probe,	a	single-stranded	synthetic	oligonucleotide,
cDNA	or	RNA	specifically	complementary	to	some	portion	of	the	gene	of	interest.	The	probe	hybridizes	wherever	such	complementary	regions	exist	on	the	paper,	and	thereby	becomes	indirectly	bound	to	the	paper.	The	paper	is	washed	to	remove	any	probe	that	has	not	hybridized,	and	is	then	covered	with	X-ray	film	for	autoradiography	or	the
substrate	for	the	enzyme	is	added.	Dark	spots	on	the	developed	film	or	colored	enzyme	products	correspond	to	colonies	that	contain	the	gene	of	interest.	Cells	from	the	corresponding	clones	on	the	Petri	plates	can	be	grown	in	broth	culture	to	any	desired	amount.	The	gene	of	interest	can	be	liberated	from	the	plasmid	by	digestion	with	the	same	RE
used	for	its	insertion.	It	can	then	be	isolated	from	the	larger	plasmid	DNA	by	electrophoresis.	Fig.	13-8.	The	colony	hybridization	technique.	CHAP.	131	MOLECULAR	GENETICS	365	4.	Expression	Vectors.	Expression	vectors	contain	very	efficient	regulatory	sequences	that	allow	genes	to	be	highly	expressed	in	host	cells.	For	example,	the	gene	for
resistance	to	ampicillin	in	plasmid	pBR322	has	a	very	active	promoter.	Foreign	genes	inserted	into	the	amp-r	gene	can	produce	large	amounts	of	the	corresponding	protein.	The	most	common	procedures	for	detecting	protein-secreting	clones	usually	involve	antibodies	(immunoassays).	Antibodies	against	one	protein	antigen	are	usually	highly	specific
and	do	not	react	with	other	proteins.	A	label	or	tag	can	be	attached	to	antibodies	to	reveal	whether	they	have	bound	to	a	corresponding	antigen.	The	most	sensitive	labels	are	radioactive	isotopes	used	for	radioimmunoassay	(RIA)	or	enzyme	labels	used	in	enzyme-linked	immunosorbent	assay	(ELISA).	The	latter	are	often	preferred	over	the	handling
and	disposal	problems	associated	with	radioactive	materials.	Example	13.4.	A	bacterial	clone	that	has	been	genetically	engineered	to	secrete	human	insulin	can	be	identified	among	all	other	colonies	on	a	plate	by	exposure	to	anti-insulin	antibodies	that	are	bound	to	a	plastic	disc.	The	disc	is	stamped	onto	the	plate,	and	the	antibodies	pick	up	any
insulin	secreted	by	a	clone.	The	disc	is	placed	in	a	solution	containing	radioactive	anti-insulin	antibodies,	then	washed	to	remove	any	unbound	radioactivity.	Autoradiography	of	the	disc	reveals	the	location	of	any	insulin-secreting	clones	on	the	plate.	If	the	protein	of	interest	is	not	secreted	by	the	genetically	engineered	cells,	other	techniques	may	be
used.	Example	13.5.	A	temperature-sensitive	(Ts)	mutant	lambda	repressor	(designated	c	1857)	is	inactivated	at	42"C,	allowing	the	phage	to	replicate	vegetatively	in	its	lytic	cycle.	Cells	that	are	known	to	contain	a	gene	of	interest	may	or	may	not	be	producing	the	corresponding	protein.	Such	cells	can	be	exposed	to	the	phage	and	incubated	at	37°C.
The	phage	enters	the	cell	but	is	unable	to	replicate	because	of	its	active	repressor.	To	locate	any	clones	on	a	plate	that	synthesize	a	desired	protein	but	do	not	secrete	it,	a	replica	plate	is	made	and	incubated	at	42°C.	The	repressor	is	inactivated,	allowing	phage	replication.	Lysis	of	host	cells	releases	their	proteins.	The	bacterial	colonies	of	interest	can
then	be	detected	by	an	immunoassay	as	explained	in	the	previous	example.	Example	13.6.	Agar	containing	lysozyme	and	antibodies	to	a	specific	protein	of	interest	is	poured	on	bacterial	colonies	and	allowed	to	harden.	Colonies	lysed	by	lysozyme	release	their	proteins.	If	the	protein	of	interest	is	present,	the	antibodies	will	react	with	it	and	form	a	ring
of	precipitate	around	the	colony.	5.	Phage	Vectors.	The	central	region	of	phage	lambda	contains	genes	involved	in	establishing	and	maintaining	the	lysogenic	state,	and	hence	is	not	essential	for	its	lytic	cycle.	This	region	can	be	replaced	with	a	foreign	DNA	insert	if	it	is	of	an	appropriate	size	[approximately	15,000	bp	or	15	kilobase	pairs	(kbp)]	and
still	allow	the	phage	DNA	to	be	packaged	into	phage	heads.	Large	foreign	inserts	tend	to	be	unstable	in	plasmids,	so	the	two	vectors	complement	one	another.	Furthermore,	transduction	is	a	much	more	efficient	process	than	transformation,	and	it	avoids	the	problem	of	the	vector	closing	up	without	an	insert.	Genetically	manipulated	phage	DNA
without	such	an	insert	will	not	be	packaged	properly	to	become	functional	(infective)	virions.	The	restriction	enzyme	EcoRI	cuts	lambda	DNA	at	both	ends	of	the	nonessential	region.	The	two	essential	end	regions	can	be	isolated	by	electrophoresis	and	ligated	in	vifro	with	foreign	DNA	cut	by	that	same	enzyme	(Fig.	13-9).	Lambda-sensitive	bacteria	are
grown	on	agar	plates	in	high	density	to	form	a	lawn	of	confluent	growth.	The	artificially	synthesized	transducing	phage	are	added	in	a	concentration	resulting	in	about	100	phage	particles	per	plate,	hence	producing	about	100	plaques	of	lysed	bacterial	cells	per	plate.	Each	plaque	is	a	phage	clone	containing	millions	of	identical	phage	genomes.	In	a
gene	library	of	such	phage	clones,	at	least	one	of	the	phage	clones	contains	the	foreign	insert	of	interest.	The	library	can	then	be	screened	by	an	in	situ	hybridization	technique	(e.g.,	by	using	a	radioactive	probe)	to	locate	the	rare	366	MOLECULAR	GENETICS	[CHAP.	13	Fig.	13-9.	Cloning	of	foreign	DNA	in	X	bacteriophage.	clones	containing	the
insert	of	interest.	The	insert	can	be	extracted	from	such	a	clone	by	cutting	lambda	DNA	with	EcoRI	and	isolated	by	electrophoresis.	Cosmids	are	plasmids	into	which	have	been	inserted	the	cos	sites	(cohesive	end	sites)	required	for	packaging	lambda	DNA	into	its	capsid.	Cosmids	can	be	perpetuated	in	bacterial	cells	or	purified	by	packaging	in	vitro
into	phages.	The	main	advantages	of	using	cosmids	are	that	inserts	much	longer	than	15	kb	can	thereby	be	cloned	and	the	ease	of	selecting	a	recombinant	plasmid	is	greatly	improved.	Example	13.7.	Plasmid	ColEl	carries	a	gene	for	resistance	to	rifampicin	(rif-r)and	the	cos	sites	of	phage	lambda,	which	can	be	recognized	by	the	cos-site-cutting	(Ter)
system	of	E	.	coli.	Cosmids	such	as	this	can	function	properly,	provided	that	two	cos	sites	are	present	and	the	cos	sites	are	separated	by	no	less	than	38	kb	and	no	more	than	54	kb.	Cleavage	of	ColEl	and	foreign	DNA	by	the	restriction	enzyme	Hind111can	be	used	to	produce	linear,	chimeric,	recombinant	molecules	(Fig.	13-10).	Transducing	phage
particles	can	be	formed	if	the	insert	between	the	two	cos	sites	is	38-54	kb	in	length.	No	particles	are	produced	if	no	insert	is	made	or	if	the	insert	is	larger	or	smaller	than	that	range.	In	vitro	packaging	(adding	heads	and	tails)	forms	transducing	particles	containing	cosmids	with	cohesive	termini.	Upon	infection	of	a	rifampicin-sensitive	(Rif-s)	cell	with
a	transducing	phage	particle,	the	linear	chimera	becomes	circularized	and	replicates	using	the	ColE	1	replication	system.	Plating	cells	on	medium	containing	rifampicin	selects	for	those	cells	containing	the	rif-r	gene,	the	ColEl	region,	and	a	foreign	insert.	6.	Polymerase	Chain	Reaction.	Cloning	DNA	segments	for	the	purpose	of	nucleotide	sequencing
used	to	be	a	relatively	laborious	process.	However,	in	1985,	an	in	vitro	technique,	called	the	polymerase	chain	reaction	(PCR),	was	developed	for	making	large	amounts	of	any	DNA	sequence	without	the	need	for	cloning.	The	PCR	(Fig.	13-11)	requires	a	pair	of	“primers”	that	are	usually	short	pieces	of	chemically	synthesized	DNA	(oligonucleotides),
having	nucleotide	sequences	specifically	complementary	to	those	in	opposite	strands	flanking	the	target	region.	These	primers	thus	define	the	ends	of	the	DNA	segment	that	will	be	duplicated.	The	original	template	source	of	DNA	does	not	have	to	be	highly	purified,	and	even	a	very	small	amount	of	template	can	serve	as	the	initiator	for	the	PCR.	The
DNA	sample	is	heated,	allowing	the	complementary	DNA	chains	to	separate.	The	primers	are	then	added	together	with	a	DNA-polymerizing	enzyme.	The	primers	bind	to	the	single-stranded	chains	during	the	cooling	phase,	and	the	polymerizing	enzyme	extends	367	MOLECULAR	GENETICS	CHAP.	131	Cosmid	ColE	1	HindIII	sites	Mammal	DNA	UOS
ColE	1	I	I	ColE	1	cleaved	with	HindIII	-I	enzyme	ColEl	cos	rif	cos	H	rif	I	ColE	1	1	cos	++	In	titro	packaging	No	phage	formed	because	the	two	cos	sites	are	either	too	close	or	too	far	apart	rif	,	+	+	Heads	Tails	Fragments	I	Fragments	38-54	kb	annealed	with	cosmid	fragments	Annealed	with	other	HindIII	fragments	ColEl	Cleaved	with	HindIII	enzyme	f
ColEl	cos	1	rif	I	n	vitro	packaging	Cohesive	\\	c	i	n	i	)>	ColE	1	rif	,	I	f	Fig.	13-10.	Formation	of	transducing	phage	via	a	cosmid.	Thick	lines	represent	mammal	DNA;	thin	lines,	cosmid	DNA.	the	primer	through	the	rest	of	the	fragment,	creating	double-stranded	DNA	molecules.	The	process	is	then	repeated;	i.e.,	the	mixture	is	reheated,	and	during	the
ensuing	cooling	phase	the	excess	primers	(or	newly	added	primers)	bind	to	template	strands	and	become	extended	by	the	polymerizing	enzyme	to	produce	more	double-stranded	molecules.	About	20-30	cycles	of	heating	plus	DNA	synthesis	are	normally	run	during	gene	amplification	by	the	PCR.	After	20	cycles,	a	single	DNA	molecule	can	theoretically
be	amplified	to	about	one	million	copies,	and	after	30	cycles	to	about	one	billion	copies.	With	this	quantity	of	DNA,	nucleotide	sequencing	can	be	done	easily.	Probes	can	also	be	used	to	locate	genes	or	DNA	segments	of	interest.	Because	of	the	large	quantity	of	DNA	generated	by	the	PCR,	highly	radioactive	probes	are	not	required,	and	the	target



segments	can	be	detected	by	using	nonradioactive	probes	or	stains.	Example	13.8.	Human	immunodeficiency	virus	type	1	(HIV-1)	is	the	cause	of	acquired	immunodeficiency	syndrome	(AIDS).	Only	about	1	in	10,OOO	susceptible	cells	actually	harbors	the	virus	in	an	infected	person.	It	is	estimated	that	1-10	copies	of	viral	DNA	per	million	cells	can	be
detected	through	the	use	of	the	PCR	and	suitable	probes.	368	MOLECULAR	GENETICS	[CHAP.	13	Target	sequence	I	I	I	I	I	I	I	IIIIII	I	Denaturation	to	single	strands	begins	cycle	1	I	I	l	l	I	Add	primers	3'1	1	5'	I	I	5'	I	13'	Add	DNA	polymerase	I	I	I	I	I	I1	f	Extension	from	primer	I	Denaturation	to	begin	second	cycle	of	replication	Fig.	13-11.	The	polymerase
chain	reaction.	7.	Site-Specific	Mutagenesis.	It	is	possible,	by	several	techniques,	to	introduce	one	or	more	nucleotide	alterations	of	known	composition	and	location	into	specific	genes	or	regulatory	sequences.	For	example	(Fig.	13-12),	a	plasmid	carrying	a	gene	of	interest	can	be	nicked	at	one	position	with	an	endonuclease.	The	plasmid	DNA	is	then
denatured	and	intact	single-stranded	circles	are	isolated.	Short	(	13-30	bases)	oligonucleotides	of	known	complementary	structure	(either	synthesized	de	novo	or	from	cleavage	by	a	restriction	enzyme)	can	be	made	to	have	a	mutant	base	at	a	desired	site	in	the	gene.	This	oligonucleotide	is	then	renatured	with	the	intact	single-stranded	circles	to	serve
as	a	primer	for	in	vitro	replication	of	a	strand	that	is	not	completely	complementary	to	that	of	the	plasmid	strand.	The	replicated	circles	are	sealed	with	DNA	ligase.	The	covalently	closed	circles	are	isolated	and	used	to	transform	bacteria.	During	in	vivo	replication,	each	strand	of	the	plasmid	serves	as	a	template	for	producing	a	progeny	strand.	Thus
some	plasmids	are	produced	with	wild-type	gene	sequences	and	some	with	a	single	base	pair	mutation	at	a	known	site.	After	isolation,	these	mutants	can	be	evaluated	for	their	effects	on	the	functioning	of	the	gene	or	regulatory	sequence.	MOLECULAR	GENETICS	CHAP.	131	369	G-C	pair	to	be	converted	to	A-T	Wild	type	Mutant	type	Fig.	13-12.	Site-
specific	mutagenesis.	8.	Polymorphisms.	A	polymorphism	is	the	existence	of	two	or	more	contrasting	genetic	elements	in	a	population	at	frequencies	greater	than	can	be	accounted	for	by	recurrent	mutation.	Conventionally,	a	polymorphic	element	or	locus	is	one	at	which	the	frequency	of	the	most	common	allele	is	less	than	0.99.	Polymorphisms	may
exist	minimally	at	three	levels:	(1)	chromosome,	(2)	gene,	and	(3)	restriction	fragment	length.	Chromosomal	polymorphisms	that	are	large	enough	to	be	detected	in	the	light	microscope	may	involve	euploidy	,	aneuploidy,	translocations,	inversions,	duplications,	or	deficiencies.	A	polymorphic	gene	locus	has	2	or	more	alleles	that	produce	different
phenotypes	(e.g.,	blood	groups).	A	restriction	fragment	length	polymorphism	(RFLP)	exists	if	the	DNAs	of	different	individuals	in	a	population	produce	different	fragment	length	profiles	when	their	DNAs	are	cut	by	the	same	restriction	endonuclease.	Variation	in	the	spacing	of	restriction	enzyme	recognition	sites	may	be	due	to	a	base	change	that
either	creates	or	removes	such	a	site	near	a	probed	region.	Alternatively,	the	addition	or	deletion	of	one	or	more	DNA	segments	can	change	the	spacing	of	recognition	sites	without	creation	or	abolition	of	such	sites.	There	two	major	uses	for	RFLPs:	in	medical	genetics	and	in	forensic	genetics.	Medical	Genetics.	The	technique	used	to	analyze	RFLPs	is
Southern	blotting,	named	after	E.	M.	Southern,	who	first	developed	it.	A	restriction	enzyme	digest	of	an	individual's	DNA	is	electrophoresed	on	an	agarose	gel	and	then	denatured	to	single	strands.	The	single-stranded	fragments	are	then	transferred	from	the	gel	to	nitrocellulose	paper	in	the	following	manner.	The	gel	is	placed	on	normal	filter	paper
that	has	been	soaked	in	concentrated	salt	solution.	The	nitrocellulose	paper	is	placed	on	top	of	the	gel,	with	dry	blotting	paper	and	a	weight	on	top	of	that.	The	salt	solution	moves	through	370	MOLECULAR	GENETICS	[CHAP.	13	the	gel,	carrying	the	DNA	fragments	with	it	onto	the	nitrocellulose	paper	where	they	become	trapped.	The	fragment
pattern	on	the	gel	is	thereby	faithfully	transferred	onto	the	nitrocellulose.	The	fragment(s)	of	interest	can	then	be	located	on	the	nitrocellulose	by	in	situ	hybridization	with	a	radioactive	probe,	followed	by	autoradiography.	A	similar	technique,	referred	to	as	northern	blotting,	is	used	to	identify	RNAs.	Transfer	of	a	protein	electrophoresis	pattern	from
a	gel	to	a	paper	is	called	western	blotting.	In	this	case,	the	probe	is	usually	a	radioactive-labeled	antibody	against	the	protein	of	interest.	(No	people	named	“northern”	or	“western”	developed	these	techniques;	hence	these	names	are	not	capitalized.	)	Example	13.9.	The	normal	gene	for	the	P-globin	chain	of	human	hemoglobin	has	a	GAG	codon	for
glutamic	acid	as	the	sixth	amino	acid	from	the	N	terminus.	Individuals	with	sickle-cell	anemia	have	a	mutant	GTG	for	valine	at	that	same	position.	It	is	difficult	to	obtain	fetal	hemoglobin	for	prenatal	analysis	of	this	genetic	disease.	However,	fibroblasts	(which	normally	do	not	make	hemoglobin)	contain	the	gene	for	the	P-chain	of	hemoglobin,	and
these	cells	can	be	retrieved	by	amniocentesis.	The	total	DNA	from	fibroblast	cells	is	digested	with	the	restriction	endonuclease	MstII	and	the	fragments	are	separated	by	electrophoresis	on	an	agarose	gel.	The	DNA	is	then	transferred	onto	nitrocellulose	paper	by	Southern	blotting,	denatured	to	single	strands,	incubated	with	a	radioactive	P-globin
gene	probe,	and	autoradiographed.	Only	one	band	of	1300bp	appears	on	the	autoradiograph	for	normal	hemoglobin	(HbA),	whereas	two	bands	of	lengths	200	and	1100	bp	appear	for	sickle-cell	hemoglobin	(HbS).	Hence,	the	GAG	codon	in	the	beta-chain	gene	of	HbA	is	not	part	of	a	recognition	site	for	MstII,	but	the	mutation	to	GTG	in	HbS	creates	a
new	MstII	site.	(	b	)	Forensic	Genetics.	Forensic	genetics	can	be	used	to	determine	the	identity	or	nonidentity	of	DNA	from	cells	(e.g.,	blood,	hair,	semen)	left	at	the	scene	of	a	crime	with	those	of	any	suspect.	It	can	also	be	used	in	cases	of	disputed	parentage	or	for	identifying	the	parentage	of	missing	children.	This	branch	of	genetics	utilizes	a
technique	known	as	DNA	fingerprinting	to	distinguish	the	DNA	of	a	human	from	that	of	any	other	person.	It	depends	on	the	fact	that	there	are	tandem	repetitive	DNA	sequences	scattered	throughout	the	human	genome.	Any	DNA	sequence	(locus)	that	exists	in	multiple	copies	strung	together	in	various	lengths	one	after	another	in	tandem	order	is
referred	to	as	a	variable	number	of	tandem	repeats	locus	(VNTR	locus).	The	number,	the	pattern,	and	the	length	of	these	repeats	are	unique	for	each	individual.	Regardless	of	its	length,	each	repeat	contains	a	common	(usually	10-15	bp)	core	sequence	that	can	be	recognized	by	an	appropriate	radioactive	probe.	The	DNA	of	an	individual	is	extracted
from	a	convenient	sample	of	that	person’s	cells	(e.g.,	from	white	blood	cells)	and	subjected	to	cleavage	by	one	or	more	restriction	endonucleases.	The	fragments	are	separated	on	an	agarose	gel,	denatured	to	single	strands,	transferred	to	a	nitrocellulose	filter	by	Southern	blotting,	exposed	to	the	probe,	and	then	autoradiographed.	The	bands	that
develop	on	the	autoradiograph	are	unique	for	each	individual.	DNA	SEQUENCING	A	relatively	large	quantity	of	identical	single-stranded	DNA	fragments	is	required	for	any	sequencing	method.	These	fragments	can	be	prepared	by	either	an	in	vivo	cloning	procedure	or	by	the	in	vitro	polymerase	chain	reaction	procedure.	The	DNA	must	then	be
purified	of	all	proteins	by	phenol	extraction	before	sequencing	can	commence.	1.	Enzyme	Method.	The	first	rapid	method	for	determining	the	nucleotide	sequences	of	DNA	fragments	was	developed	in	1975	by	F.	Sanger	and	A.	R.	Coulson	(Fig.	13-13).	This	procedure,	referred	to	as	the	enzyme	method,	is	also	known	as	a	primed	synthesis	method	or
the	plus	and	minus	methods.	The	following	preliminary	steps	are	common	to	both	the	plus	and	minus	systems.	A	primer	must	be	annealed	to	the	single-stranded	DNA	template.	Such	a	primer	can	be	obtained	by	digestion	of	the	fragment	with	a	different	restriction	37	I	MOLECULAR	GENETICS	CHAP.	131	Template	strand	3‘	Unlabled	primer	5’	I	DNA
polymerase	+	4	dNTP,	one	of	which	is	radioactively	labeled	Template	3’-	ATGCTG	5’	Radioactive	extension	products	etc.	(	a	)	Plus	system	e.g.,	+A	1	-TACGA	-TACGA	-TA	-TA	-TA	-TA	etc.	\	-TACGAC	-TACGAC	-TACG	-TACG	-TACG	-T	etc.	/	Electrophoresis	and	autoradiography	Fig.	13-13.	Primed	synthesis	methods	of	DNA	sequencing.	An	autoradiograph
for	the	sequence	illustrated	here	is	Supplementary	Problem	1	3.22.	endonuclease	or	by	chemical	synthesis	of	a	short	oligonucleotide	sequence.	The	primers	undergo	limited	extension	by	E	.	coli	DNA	polymerase	I	when	given	a	restricted	supply	of	all	four	deoxyribonucleoside	triphosphates	(dntp),	one	of	which	is	radioactively	labeled.	Different	primed
complexes	are	extended	in	a	random	manner,	so	ideally,	every	chain	length	over	the	region	to	be	sequenced	should	be	present.	The	unincorporated	labeled	nucleotides	and	DNA	polymerase	I	are	then	removed.	The	labeled	strand,	which	remains	attached	to	the	template,	is	then	treated	by	either	the	“plus	method”	or	the	“minus	method.”	(	a	)	Plus
Technique.	In	the	plus	technique	[Fig.	13-13(a)]one	aliquot	of	the	reaction	mixture	is	exposed	to	only	one	of	the	four	dNTP’s	(unlabeled).	A	DNA	polymerase	is	added	that	lacks	the	normal	5‘	exonuclease	activity	of	DNA	polymerase	I	(e.g.,	a	mutant	DNA	polymerase	I	,	or	a	protease-treated	DNA	polymerase	I	known	as	“Klenow”	fragment,	or	T4	DNA
polymerase).	The	exonuclease	activity	of	these	enzymes	removes	one	base	at	a	time	from	the	3‘	end.	Four	separate	reaction	systems	are	set	up,	one	for	each	type	of	dntp	(A,	T,	G,	C).	If	an	adenine	dntp	is	the	base	added	(	+	A	)	,	the	enzyme	will	chew	away	the	3’	end	until	it	encounters	an	A	on	the	“extension	strand.”	As	long	as	the	added	dntp	remains
in	excess,	the	synthetic	activity	of	DNA	polymerase	predominates	over	its	exonuclease	activity.	Thus,	the	A	will	be	maintained	at	the	end	of	that	strand.	Each	length	of	primed	chain	will	therefore	terminate	at	its	3’	end	with	an	A.	The	same	process	is	repeated	in	the	three	other	systems,	adding	a	different	dntp	in	each	case.	The	extension	products	are
separated	from	the	template	(e.g.,	by	heating	in	formamide),	followed	by	simultaneous	electrophoresis	of	all	four	systems	on	372	MOLECULAR	GENETICS	[CHAP.	13	the	same	acrylamide	gel	under	denaturing	conditions.	The	smaller	the	fragments,	the	faster	they	travel	along	the	gel	during	electrophoresis.	Autoradiography	of	the	gel	allows
visualization	of	the	bands	formed	by	extended	chains	of	various	lengths.	Fragments	differing	in	length	by	a	single	nucleotide	can	thus	be	differentiated.	Minus	Technique.	In	the	minus	technique	[Fig.	13-13(b)]	four	separate	minus	reactions	are	carried	out,	each	missing	a	different	one	of	the	four	dNTP’s.	They	are	treated	in	all	other	respects	the	same
as	in	the	plus	technique.	The	enzyme	extends	the	labeled	strand	until	the	missing	dntp	is	required,	at	which	point	extension	stops.	For	example,	if	adenine	is	missing	(	-	A),	the	random	length	extension	products	will	have	their	3’	ends	terminating	immediately	before	an	A	residue.	Chain-Terminating	Analogues.	A	popular	variation	of	the	enzyme	method
involves	use	of	chainterminating	analogues	of	the	standard	dntp’s.	Two	kinds	of	chain	extension	inhibitors	are	available	(Fig.	13-14).	One	type	consists	of	2’3’-dideoxyribonucleosidetriphosphates	(e.g.,	dideoxyguanosine	triphosphate,	symbolized	ddGTP)	having	no	3’	hydroxyl	group	with	which	to	form	internucleotide	3’-5’	phosphodiester	linkages.	The
other	type	contains	arabinose	instead	of	ribose	as	the	sugar	component.	Arabinose	is	a	sterioisomer	of	ribose	at	the	3’	position,	thus	making	its	hydroxyl	group	unavailable	for	forming	phosphodiester	linkages.	No	preliminary	extension	of	the	primer	is	required.	Instead,	all	four	dntp’s	(one	of	which	is	radioactively	labeled)	plus	one	of	the	four	specific
chainterminating	analogues	are	added	together.	A	ratio	of	analogue	(e.g.,	ddGTP)	to	normal	dntp	(e.g.,	dGTP)	is	chosen	so	that	only	partial	incorporation	of	the	analogue	occurs	during	extension.	A	different	chain-terminating	analogue	is	used	in	each	of	the	four	systems.	5’	Fig.	13-14.	Structure	of	chain	extension	inhibitors.	(a)	Normal
deoxyribonucleoside-5’triphosphate.	(b)	Dideoxynucleoside-5’-triphosphate.(c)	Arabinonucleoside5’-triphosphate.	Chemical	Method.	A	second	method	for	rapidly	sequencing	DNA	fragments	was	developed	in	1977	by	A.	M.	Maxam	and	W.	Gilbert	(Fig.	13-15).	The	sequence	may	be	determined	separately	in	both	strands	of	a	fragment	of	interest	for	the
purpose	of	checking	the	accuracy	of	the	data	(according	to	the	rules	of	base	pairing)	or	for	extending	the	length	of	the	sequence	capable	of	being	analyzed.	(1)	In	the	first	major	step,	the	5’-phosphate	group	is	removed	from	both	ends	of	a	double-stranded	DNA	fragment	by	treatment	with	alkaline	phosphatase	and	replaced	with	a	radioactive
phosphate	from	radioactive	ATP	using	the	enzyme	polynucleotide	kinase.	(	2	)	The	two	5’-labeled	ends	are	then	separated	by	one	of	two	methods.	The	DNA	fragment	can	be	denatured	in	alkali	and	the	two	strands	isolated	by	electrophoresis.	Alternatively,	the	DNA	fragment	can	be	cleaved	with	a	different	restriction	enzyme	(RE)	than	that	used	to
generate	the	fragment.	This	second	RE	must	cut	at	one	position,	producing	two	fragments,	each	labeled	at	only	one	end;	these	doublestranded	fragments	are	then	separated	by	gel	electrophoresis.	(3)	The	two	sets	of	5’-labeled	products	(either	single-stranded	or	double-stranded)	are	then	independently	subjected	to	attack	by	chemical	reagents	that
cause	modification	and	removal	of	one	or	two	specific	bases	from	the	DNA.	One	treatment	cleaves	G	bases	alone;	another	treatment	cleaves	both	G	and	A	bases;	a	third	removes	T	and	C	bases;	a	fourth	removes	only	C	bases.	Reaction	conditions	are	chosen	such	that	usually	only	one	base-specific	reaction	occurs	randomly	per	DNA	strand	in	the	region
to	be	sequenced,	thus	generating	a	series	of	labeled	fragments	of	all	possible	lengths.	Similar	breaks	CHAP.	131	373	MOLECULAR	GENETICS	Radioactive	labeling	at	5	‘	ends	of	each	strand	of	a	restriction	fragment.	@	A	G	T	C	G	C	T	G	A	A.	TCAGCGACTT.	Separation	and	isolation	of	the	two	strands.	Sequence	analysis	can	be	performed	separately	on
each	strand	up	to	about	50	nucleotides.	l	~	l	~	l	~	l	~	l	~	l	~	l	~	l	~	l	~	l	~	~	Chemical	treatments	cleave	the	strand	at	specific	bases.	For	example,	a	strand	with	three	Gs	would	be	cut	randomly	at	one	of	three	places	(arrows),	producing	radioactive	fragments	of	three	lengths.	@I	AI	G	IT	IC	IGI	C	IT	[	G	IA	IA]	4	4	4	=	-	The	shorter	fragments	move
faster	during	electrophoresis.	Only	the	fragments	bearing	the	radioactive	tag	will	be	revealed	by	autoradiography.	G	Base(s)	destroyed	AorG	TorC	C	@IAIGIT(CIGICIT	lGl	AI	@lAIGIT	IClGlC	IT	IG]	@IAIGIT	C	IGl	C	IT	]	I	1-	.IAIGITICIGICI	M	I	.LA(61T[CIGI1	-	1	0	1	-	.ml	I	G	I	c	IT	1	GI	AI	AI	l	~	l	~	l	~	l	~	l	~	l	~	l	~	l	[T	I	C	IG	I	C	I	T	IG	1	A	]A	I	[GlT	IC
lGlC	[	T	]	G	(AI	A]	Autoradiograph	Fig.	13-15.	Major	steps	in	DNA	sequence	analysis	by	the	chemical	method.	occur	in	both	the	labeled	and	unlabeled	strands	of	double-stranded	fragments	(if	this	mode	of	separation	was	chosen),	but	the	unlabeled	strand	can	be	ignored	because	it	will	not	be	detected	by	autoradiography.	If	the	5’-labeled	double-
stranded	fragments	were	separated	by	cleavage	with	a	second	RE,	the	labeled	strands	are	separated	from	the	unlabeled	strands	by	heating	in	fonnamide.	(4)	Simultaneous	electrophoresis	of	all	four	treatment	groups	is	performed	on	the	same	20%	acrylamide	gel	containing	7M	urea	(denaturing	conditions).	Autoradiography	is	carried	out	at	-20°C	to
minimize	diffusion	of	very	small	products.	3.	Automated	DNA	Sequencing.	The	currently	most	promising	methods	for	automated	DNA	sequencing	use	fluorescent	labels	instead	of	radioactive	labels.	Computerized	analysis	of	the	autoradiographic	sequence	data	is	made	difficult,	in	part,	by	the	lane-to-lane	variations	of	the	electrophoretic	mobilities	of
the	DNA	fragments.	This	problem	374	MOLECULAR	GENETICS	[CHAP.	13	can	be	overcome	(and	productivity	can	be	increased	fourfold)	by	electrophoresing	all	of	the	reactants	in	one	lane.	To	do	this,	a	different	fluorophore	is	attached	to	each	of	the	four	dideoxyribonucleoside	triphosphates	used	in	the	chain-termination	technique.	The	distinctive
emission	spectrum	of	each	fluorophore	is	identified	as	it	migrates	past	a	stationary	fluorescence	detector	during	electrophoresis.	The	data	acquired	by	the	detector	are	stored	and	analyzed	by	microcomputer	to	yield	the	DNA	sequence.	The	theoretical	throughput	capability	of	such	an	instrument	is	about	10,OOO	bases	of	raw	sequence	data	per	day,
but	the	realized	capability	is	probably	only	3040%	of	that.	Undoubtedly	further	technological	developments	of	such	instrumentation	and	new	techniques	will	enhance	the	realized	capability	in	the	future.	4.	The	Human	Genome	Project.	During	1989,	the	administrative	machinery	was	initiated	to	oversee	the	sequencing	of	the	entire	human	genome-
some	3	billion	bp.	Early	estimates	indicated	that	this	may	take	15	years	at	a	cost	of	3	billion	dollars.	Two	new	mapping	techniques	have	brightened	the	prospects.	(	a	)	In	Situ	Hybridization.	One	of	these	is	a	kind	of	in	situ	hybridization	technique.	A	small	biotinlabeled	probe	of	single-stranded	DNA	is	hybridized	to	a	denatured	metaphase	chromosome
spread.	Any	unhybridized	probe	is	washed	away.	The	spread	is	then	exposed	to	the	protein	avidin	that	has	been	tagged	with	a	fluorescent	dye.	Avidin	binds	tightly	and	specifically	to	biotin.	Any	unbound,	labeled	avidin	is	then	washed	away.	The	location	of	the	hybridized	probe	is	revealed	under	a	fluorescent	microscope.	In	this	way,	the	order	of
numerous	chromosomal	fragments	can	be	established.	(	b	)	Radiation	Hybrid	Mapping,	Instead	of	looking	at	the	frequency	of	recombination	between	linked	genes,	or	markers,	this	new	technique	is	based	on	the	frequency	with	which	linked	markers	are	separated	after	the	chromosome	is	fragmented	by	X-rays.	By	these	two	new	techniques,	it	is	hoped
that	mapping	of	5000-7000	probes	will	be	possible,	creating	landmarks	spaced	an	average	of	one	million	base	pairs	apart	over	the	entire	human	genome.	Specific	clones	of	these	probes	would	then	be	assigned	to	the	various	participating	laboratories	throughout	the	world	for	sequencing.	Solved	Problems	13.1.	In	1953,	Watson	and	Crick	proposed	that
DNA	replicates	semiconservatively;	i	.e.,	both	strands	of	the	double	helix	become	templates	against	which	new	complementary	strands	are	made	so	that	a	replicated	molecule	would	contain	one	original	strand	and	one	newly	synthesized	strand.	A	different	hypothesis	proposes	that	DNA	replicates	conservatively,	i.e.,	the	original	double	helix	remains
intact	so	that	a	replicated	molecule	would	contain	two	newly	synthesized	strands.	Bacterial	DNA	can	be	“labeled”	with	a	heavy	isotope	of	nitrogen	(”N)	by	growing	cells	for	several	generations	in	a	medium	that	has	”NH4C1	as	its	only	nitrogen	source.	The	common	“light”	form	of	nitrogen	is	I4N.	Light	and	heavy	DNA	molecules	can	be	separated	by
high-speed	centrifugation	(50,000rpm	=	105	X	gravity)	in	a	6	M	(molar)	CsCl	(cesium	chloride)	solution,	the	density	of	which	is	1.7	gradcentimete9	(very	close	to	that	of	DNA).	After	several	hours	of	spinning,	the	CsCl	forms	a	density	gradient,	being	heavier	at	the	bottom	and	lighter	at	the	top.	In	1957,	Matthew	Meselson	and	Franklin	W.	Stahl
performed	a	density-gradient	experiment	to	clarify	which	of	the	two	replication	hypotheses	was	correct.	How	could	this	be	done,	and	what	results	are	expected	after	the	first,	second,	and	third	generations	of	bacterial	replication	according	to	each	of	these	hypotheses?	CHAP.	131	375	MOLECULAR	GENETICS	Solution:	Bacteria	from	“N-labeled
culture	are	transferred	into	medium	containing	I4N	as	the	only	source	of	nitrogen.	A	sample	is	immediately	taken	and	its	DNA	is	extracted	and	subjected	to	density-gradient	equilibrium	centrifugation.	The	DNA	forms	a	single	band	relatively	low	in	the	tube	where	its	density	matches	that	of	the	CaCl	in	that	region	of	the	gradient.	After	each	generation
of	growth	and	replication	of	all	DNA	molecules,	DNA	is	again	extracted	and	measured	for	its	density.	According	to	the	semiconservative	theory,	the	first	generation	of	DNA	progeny	molecules	should	all	be	“hybrid”	(one	strand	containing	only	I4N	and	the	other	strand	only	”N).	Hybrid	molecules	would	form	a	band	at	a	density	intermediate	between
fully	heavy	and	fully	light	molecules.	The	second	generations	of	DNA	molecules	should	be	50%	hybrids	and	50%	totally	light,	the	latter	forming	a	band	relatively	high	in	the	tube	where	the	density	is	lighter.	After	three	generations,	the	ratio	of	light	:hybrid	molecules	should	be	3	:	1,	respectively.	The	amount	of	hybrid	molecules	should	be	decreased	by
50%	in	each	subsequent	generation.	According	to	the	conservative	replication	scheme,	the	first	generation	of	DNA	molecules	should	be	50%	heavy	:	50%	light.	The	second	generation	should	be	25%	heavy	:	75%	light.	The	third	generation	should	be	124%	heavy	:	874%	light.	No	hybrid	molecules	should	be	detected.	The	results	of	the	Meselson	and
Stahl	experiment	supported	the	semiconservative	theory	of	DNA	replication.	Original	parent	molecule	daughter	molecules	daughter	molecules	Semiconservative	Conservative	13.2.	The	Meselson-Stahl	density-gradient	experiment	(Problem	13.1)	demonstrated	that	some	elementary	DNA	unit	replicates	conservatively,	but	it	could	be	argued	that	it
failed	to	prove	conclusively	that	this	unit	applied	to	the	entire	DNA	molecule.	For	example,	at	least	two	other	models	of	DNA	replication	could	have	produced	the	same	first-generation	results	as	those	observed	by	MeselsonStahl:	(1)	dispersive	and	(2)	end-to-end	conservative.	In	both	of	these	models,	about	half	of	each	strand	is	newly	synthesized	and
half	is	old	parental	material.	376	MOLECULAR	GENETICS	Dispersive	[CHAP.	13	End-to-end	conservative	Using	the	first-generation	hybrid	double	helices,	devise	a	method	for	confirming	that	semiconservative	replication	applies	to	the	entire	DNA	molecule,	not	just	to	certain	segments	of	the	molecule.	Solution:	Denature	14N-''N	hybrid	DNA	(strand
separation)	and	subject	the	isolated	strands	to	density-gradient	equilibrium	analysis.	If	semiconservative	replication	applies	to	the	entire	DNA	molecule,	half	of	the	strands	should	find	equilibrium	at	a	density	identical	to	that	of	isolated	15N	strands	and	the	other	half	should	form	a	band	at	the	same	position	as	isolated	I4N	strands.	If	the	DNA
replicates	according	to	either	the	dispersive	or	end-to-end	conservative	models,	all	single	strands	would	seek	an	intermediate	density	equilibrium	between	those	for	totally	light	and	totally	heavy	single	strands.	The	actual	results	of	such	an	experiment	confirmed	that	the	theory	of	semiconservative	replication	applies	to	the	entire	DNA	molecule.	13.3.
A	DNA	restriction	endonuclease	fragment	is	treated	by	the	method	of	Maxam	and	Gilbert.	From	the	autoradiograph	shown	below,	determine	the	double-stranded	DNA	sequence	of	this	fragment	including	polarity	of	the	strands.	G	Bases	Destroyed	TorC	AorG	C	!2	Y	CHAP.	131	377	MOLECULAR	GENETICS	Sohtion:	Since	the	distance	of	movement	of
fragments	from	the	origin	on	the	gel	increases	with	decreasing	fragment	size,	the	fragment	at	the	bottom	of	the	gel	is	the	smallest	one	containing	the	radioactive	label	at	its	5	‘	end.	Any	band	appearing	only	in	the	T	or	C	column	indicates	that	the	corresponding	fragment	must	have	been	derived	by	cleaving	at	T.	Any	fragment	in	the	C	column	was
cleaved	at	C.	Similarly,	a	fragment	that	appears	only	in	the	A	or	G	column	must	have	been	cut	at	A	.	Any	fragment	in	the	G	column	must	have	been	cut	at	G.	Therefore,	the	nucleotides	in	this	strand	of	DNA	can	be	read	sequentially	from	the	5	’	end	starting	at	the	bottom	of	the	gel.	”	T	G	G	A	G	G	A	C	C	C	G	G	A	A	T3‘	The	complementary	strand	runs	in
an	antiparallel	direction	and	its	base	sequence	is	determined	by	the	conventional	base	pairing	rules	(A	with	T;	G	with	C).	”T	G	G	A	G	G	A	C	C	C	G	G	A	A	T3’	3’A	C	C	T	C	C	T	G	G	G	C	C	T	T	A”	13.4.	The	relative	position	of	recognition	sites	for	various	restriction	endonucleases	can	be	determined	by	a	procedure	known	as	restriction-enzyme	mapping,	the
3’	ends	of	a	DNA	molecule	are	labeled	with	radioactive	32P.	The	DNA	is	then	completely	digested	in	separate	experiments	with	two	restriction	endonucleases	(X	and	Y),	the	resulting	fragments	are	separated	by	polyacrylamide	gel	electrophoresis	(PAGE),	and	the	labeled	end	fragments	are	identified	by	autoradiography	.	The	mobilities	of	nucleic	acid
fragments	in	PAGE	are	inversely	proportional	to	the	logarithms	of	their	lengths.	Treatment	with	enzyme	X	produced	fragments	A*,	B,	and	C*	(	*	=	radioactively	labeled);	treatment	with	enzyme	Y	produced	fragments	D*,	E,	and	F*.	Fragments	A-C	were	then	digested	by	enzyme	Y	into	subfragments	1-5;	fragments	D-F	were	digested	by	enzyme	X	into
subfragments,	some	of	which	overlap	with	those	of	Y	.	These	subfragments	can	be	homologized	between	the	two	enzyme	digests	because	they	occupy	similar	positions	after	PAGE.	Fragment	A	contains	a	single	subfragment	1;	fragment	F	contains	only	subfragment	5.	B	was	digested	into	subfragments	2	and	3;	likewise	C	into	4	and	5,	D	into	1	and	2,
and	E	into	3	and	4.	Reconstruct	the	order	of	subfragments	in	this	DNA	molecule	and	show	where	the	recognition	sites	for	enzymes	X	and	Y	reside	.	Solution:	Since	three	fragments	were	generated	by	each	enzyme,	there	must	be	two	recognition	sites	for	each	enzyme	(cut	a	string	twice	and	three	pieces	are	produced).	Fragment	B	was	unlabeled,
indicating	it	must	be	between	labeled	end	fragments	A	and	C;	similarly	E	must	be	between	end	fragments	D	and	F.	Fragment	B	contains	a	site	for	enzyme	Y	because	treatment	with	Y	produced	subfragments	2	and	3.	Likewise	C	also	contains	a	site	for	Y.	But	A	does	not	contain	a	site	for	Y	because	Y	could	not	digest	A	(contains	only	subfragment	1).
Similarly	D	and	E	each	have	a	site	for	enzyme	X,	but	F	does	not.	Because	subfragment	4	is	produced	by	digestion	of	C	and	E,	they	must	overlap.	By	the	same	token,	B	and	E	must	overlap	(both	contain	subfragment	3),	C	and	F	must	overlap	(both	contain	5	)	,	B	and	D	must	overlap	(both	contain	2).	and	A	and	D	must	overlap	(both	contain	1).	These	facts
can	now	be	used	to	reconstruct	the	original	DNA	molecule.	Restriction	Enzyme	Sites	X	A	Y	1	1	CAD	g	B	%E	U	Y	X	2	2	3	3	4	4	E	C	F	5	5	Subfragmen	t	s	*	X	1	1	2	Y	1	3	X	1	Y	4	1	5	*	378	MOLECULAR	GENETICS	[CHAP.	13	13.5.	Suppose	that	a	circular	plasmid	contains	1OOO	bp.	It	is	cut	by	three	different	restriction	endonucleases,	both	singly	and	in
pairs,	with	the	results	as	shown	below.	Enzyme(s)	Fragment	Length(s)	A	B	C	A+B	A+C	loo0	100,	300,600	200,800	50,	100,	300,	550	200,	375,	425	75,	100,	125,	225,	475	B+C	Reconstruct	the	plasmid,	indicating	where	each	enzyme	cuts	and	the	distances	between	all	cuts.	Solution:	Enzyme	A	cuts	the	circular	plasmid	at	only	one	position,	producing	a
linear	molecule	loo0	base	pairs	(bp)	in	length.	A	Enzyme	B	cuts	the	plasmid	at	three	positions,	producing	fragments	100,	300,	and	600	bp	in	length.	Let	us	label	these	fragments	B1,	B2,	and	B3,	respectively.	B	100	600	300	B	Enzyme	C	cuts	the	plasmid	at	two	places,	giving	fragments	200	and	800	bp	in	length.	Let	us	label	them	Cl	and	C2,	respectively.
Qc	200	800	c1	c2	C	Digestion	by	both	enzymes	A	and	B	produced	four	fragments	of	lengths	50,	100,	300,	and	550	bp.	Since	the	100-	and	300-bp	fragments	generated	by	enzyme	B	are	still	intact,	enzyme	A	must	have	cut	fragment	B3	(600	bp)	into	two	fragments	of	50	and	550	bp.	The	location	of	this	cut	could	be	either	closer	to	or	farther	from	B2.	319
MOLECULAR	GENETICS	CHAP.	131	B	100	B	B1	300	50	-	B2	L	550	-	A	1	v	B3	or	B	100	300	B1	B2	550	\	50	-	v	B3	Digestion	with	both	enzymes	A	and	C	produced	three	fragments	of	lengths	200,375,	and	425	bp.	Obviously,	the	single	cut	by	enzyme	A	must	have	been	in	fragment	C2	(800	bp).	The	smaller	425	bp	fragment	could	be	either	to	the	left	or
right	of	C1	in	the	circular	map.	A	200	4	425	375	c1	Y	c2	or	C	A	200	375	f	425	V	c2	A	Double	digestion	with	enzymes	B	and	C	yields	five	pieces:	75,	100,	125,	225,	and	475	bp	in	length.	Fragment	B	1	(100	bp)	is	still	intact,	but	B2	(300	bp)	and	B3	(600	bp)	have	been	degraded.	Therefore,	one	cut	by	enzyme	C	occurs	in	B2	and	the	other	cut	occurs	in	B3.
The	sum	of	the	75-	and	225-bp	fragments	is	300	bp,	corresponding	to	the	length	of	B2.	Thus,	one	cut	by	enzyme	C	is	75	bp	from	one	end	of	B2.	Likewise,	the	other	cut	by	enzyme	C	is	125	bp	from	one	end	of	B3.	Recall	that	the	single	digest	with	enzyme	C	produced	fragments	of	200	bp	(Cl)	and	800	bp	(C2).	Therefore,	the	only	way	the	double	digest	of
B	and	C	can	make	sense	is	to	have	the	75	bp	and	125	bp	fragments	adjacent	to	one	another	so	that	they	total	200	bp	as	in	C1.	380	MOLECULAR	GENETICS	[CHAP.	13	B	C1	12s	7s	--	47s	\	--	22s	100	-	'V	BI	V	B3	B2	C	The	results	of	all	three	double	digests	can	only	be	combined	in	one	meaningful	way.	Since	the	cut	made	by	enzyme	A	is	in	fragment	B3,
50	bp	from	a	B	cut,	and	far	from	either	C	cut,	A	must	map	as	follows:	B	C	Supplementary	Problems	13.6.	The	buoyant	density	(p)	of	DNA	molecules	in	6M	CsCl	solution	increases	with	the.	molar	content	of	G	C	nucleotides	according	to	the	following	formula:	p	=	1.660	+	+	+	0.00098	(G	+	C)	Find	the	molar	percentage	of	(G	C)	in	DNA	from	the
following	sources:	(	a	)Escherichia	coli:	p	=	1.710,	(	b	)Streptococcus	pneumoniae:	p	=	1.700,	(	c	)Mycobacterium	phlei:	p	=	I	.732.	13.7.	Given	two	DNA	molecules,	the	overall	composition	of	which	is	represented	by	the	segments	shown	below,	determine	which	molecule	would	have	the	highest	melting	temperature.	Explain.	(a)	T	T	C	A	G	A	G	A	A	C	T	T
AAGTCTCTTGAA	(b)	C	C	T	G	A	G	A	G	G	T	C	C	GGACTCTCCAGG	+	13.8.	Two	DNA	molecules	having	identical	(G	C)/(A	+	T)	ratios	are	shown	below.	If	these	molecules	are	melted	and	subsequently	annealed,	which	one	would	require	a	lower	temperature	for	renaturation	of	double	helices'?	Explain.	Hint:	Consider	the	effects	of	intrastrand	interactions.
(a)	A	A	T	A	G	C	C	C	C	A	T	G	G	G	G	C	T	A	TTATCGGGGTACCCCGAT	(6)	C	T	G	C	A	T	C	T	G	A	T	G	C	A	G	C	T	C	GACGTAGACTACGTCGAG	13.9.	The	primary	mRNA	transcript	for	chicken	ovalbumin	contains	seven	introns	(light,	A-G)	and	eight	exons	(dark)	as	shown	below.	A	E	F	G	CHAP.	131	MOLECULAR	GENETICS	38	1	If	the	DNA	for	ovalbumin	is
isolated,	denatured	to	single	strands	and	hybridized	with	cytoplasmic	mRNA	for	ovalbumin,	how	would	the	hybrid	structure	generally	be	expected	to	appear	in	an	electron	micrograph?	Note:	Double-stranded	regions	appear	thicker	than	single-stranded	regions.	13.10.	RNA	can	be	translated	into	protein	only	when	it	is	single-stranded;	if	DNA
hybridizes	with	RNA,	no	translation	occurs.	This	fact	suggests	a	way	by	which	one	can	identify	those	recombinant	bacterial	clones	that	are	synthesizing	rat	insulin.	Bacterial	DNA	is	first	isolated	from	the	clones	being	tested	and	then	denatured	to	single	strands.	Unpurified	RNA	(the	same	source	used	to	make	insulin	cDNA)	is	added	to	the	single-
stranded	DNA	under	conditions	that	promote	annealing	between	the	RNAs	and	any	homologous	DNA.	A	“translation	system”	containing	radioactive	amino	acids,	ribosomes,	tRNAs,	enzymes,	energy	sources,	etc.,	is	added	to	the	mixture.	Small	plastic	beads	(coated	with	antibodies	specifically	reactive	with	rat	insulin)	are	later	introduced	into	the
system.	The	tube	is	centrifuged	and	the	supernatant	fluid	is	discarded	leaving	the	antibody-coated	beads	in	the	tube.	The	tubes	are	then	assayed	for	radioactivity.	Rat	insulin	was	detected	in	some	of	the	tests;	it	was	not	detected	in	other	tests.	How	does	one	know	which	clones	contained	the	insulin	gene?	13.11.	The	E	.	coli	genome	contains	about	4000
kilobase	pairs	(kb;	kilo	=	1OOO);	there	are	about	1.5	kb	in	16s	rRNA.	If	0.14%	of	the	genome	forms	hybrid	double	helices	with	RNA	complementary	to	one	strand	of	DNA,	estimate	the	number	of	genetic	loci	encoding	16s	rRNA.	13.12.	About	half	the	weight	of	RNA	synthesized	at	any	given	time	within	a	bacterial	cell	is	rRNA.	The	30s	subunit	of
bacterial	ribosomes	contains	one	16s	rRNA	molecule	(1.5	kb);	the	50s	subunit	contains	one	23s	rRNA	(3	kb)	and	one	small	5s	rRNA	(0.1	kb).	Hybridization	tests	of	16s	and	23s	rRNAs	with	complementary	single	strands	of	DNA	reveal	that	about	0.14%	of	DNA	is	coding	for	16s	rRNA	and	about	0.18%	for	23s	rRNA.	Estimate	the	relative	activity	of	rRNA
genes	as	transcription	templates	compared	to	the	average	gene	of	the	bacterial	genome	that	gives	rise	to	mRNA.	Note:	Assume	that	the	amount	of	DNA	allocated	to	5s	rRNA	synthesis	is	negligible;	likewise	for	all	kinds	of	tRNAs.	13.13.	Some	bacterial	proteins	are	normally	secreted	from	the	cell.	If	insulin	could	be	attached	by	genetic	engineering	to
such	a	bacterial	protein,	it	too	might	be	secreted	from	the	cell.	Suppose	that	you	are	given	an	agar	plate	containing	several	recombinant	bacterial	clones	known	to	contain	the	gene	for	rat	insulin.	Propose	an	autoradiographic	method	for	identifying	those	clones	that	are	secreting	rat	insulin.	Hint:	Antibodies	can	be	attached	to	certain	kinds	of	plastic	in
a	way	that	leaves	their	antigen-combining	sites	free	to	react.	13.14.	Restriction	endonuclease	EcoRI	makes	staggered	cuts	in	a	6-nucleotide	DNA	palindrome;	restriction	endonuclease	HaeIII	cleaves	at	one	point	in	the	middle	of	a	4-nucleotide	palindrome.	If	different	aliquots	of	a	purified	DNA	preparation	are	treated	with	these	enzymes,	which	one
would	be	expected	to	contain	more	restriction	fragments?	Explain	(give	the	rationale	for)	your	choice.	13.15.	Only	about	200	molecules	of	lambda	repressor	are	made	by	lysogenic	bacteria	when	lambda	is	normally	integrated	at	its	specific	attachment	site	between	E	.	coli	genes	gal	and	bio.	Some	bacterial	genes	such	as	lac	can	be	induced	to	produce
more	than	20,000	molecules	of	an	enzyme	per	cell.	If	you	could	cut	and	splice	structural	and	regulatory	genes	at	your	discretion,	how	would	you	design	a	bacterial	cell	for	maximum	synthesis	of	lambda	repressor	protein?	13.16.	Suppose	that	we	are	trying	to	clone	a	specific	human	gene.	After	human	DNA	fragments	have	been	spliced	into	plasmid
vectors	(shotgun	method)	and	the	plasmids	have	been	exposed	to	recipient	bacterial	cells,	how	many	kinds	of	cells	exist?	List	their	characteristics.	13.17.	The	polymerase	chain	reaction	(PCR)	was	originally	performed	with	a	DNA	polymerase	from	the	bacterium	E.	coli,	a	common	inhabitant	of	the	human	gut	(37°C).	Each	cycle	of	heating	denatured
the	enzyme	added	during	the	previous	cycle.	In	order	to	reduce	costs	and	automate	the	PCR,	another	source	of	the	enzyme	had	to	be	found.	Where	is	the	most	likely	place	to	find	this	alternative	source?	13.18.	Protein	P	is	synthesized	in	relatively	high	amounts	in	the	human	pancreas.	This	protein	has	been	isolated	and	purified,	but	its	amino	acid
sequence	has	not	been	determined.	We	wish	to	clone	the	gene	for	protein	P.	382	MOLECULAR	GENETICS	[CHAP.	13	How	can	a	probe	be	prepared	to	identify	the	gene	for	protein	P?	If	we	have	prepared	a	radioactive	messenger	RNA	as	our	probe	in	part	(	a	)	,	how	could	we	verify	that	it	is	the	mRNA	for	protein	P?	If	we	wish	to	make	a	gene	library
from	the	DNA	of	human	pancreatic	cells,	we	proceed	by	digesting	the	DNA	with	the	restriction	enzyme	BamHI	and	then	separating	the	fragments	by	agarose	gel	electrophoresis.	The	fragments	are	transferred	(by	Southern	blotting)	onto	a	nitrocellulose	filter	and	flooded	with	the	radioactive	probe.	Following	incubation,	the	filter	is	washed	to	remove
any	probe	that	has	not	specifically	bound	to	one	or	more	DNA	fragments.	Autoradiography	of	the	filter	reveals	two	bands	of	sizes	300	and	700	bp.	When	the	experiment	is	repeated	using	restriction	enzyme	PstI,	only	one	band	of	loo0	bp	appears.	If	it	is	already	known	that	pancreatic	cells	contain	a	single	copy	of	the	gene	for	protein	P,	which	of	these
enzymes	should	be	used	to	construct	our	gene	library?	We	can	construct	our	gene	library	by	cloning	the	PstI	fragments	into	either	plasmid	pBR322	or	phage	lambda.	Which	one	should	we	choose	and	why?	Suppose	that	we	want	to	insert	the	PstI	fragments	into	the	BamHI	site	within	the	gene	for	tetracycline	resistance	(tet')	in	the	plasmid	pBR322.	If
both	of	these	restriction	enzymes	produce	cohesive	ends,	how	can	this	be	done?	After	transforming	E.	coli	with	the	plasmids,	how	can	we	identify	the	cells	that	contain	a	chimeric	plasmid	(containing	a	DNA	insert)?	If	a	million	tetracycline-sensitive,	ampicillin-resistant	clones	are	grown	on	nutrient	agar	plates,	how	are	we	going	to	detect	the	rare	clone
or	clones	that	carry	the	gene	for	protein	P?	After	selecting	a	clone	carrying	the	gene	for	protein	P,	its	cells	are	propagated	to	high	density	in	nutrient	broth.	The	chimeric	plasmid	(with	an	insert	of	the	gene	for	protein	P)	is	then	extracted	and	purified	from	the	rest	of	the	cellular	DNA.	How	can	we	now	isolate	the	gene	from	the	plasmid?	How	can	we
demonstrate	that	the	gene	we	have	isolated	is	indeed	the	one	for	protein	P?	The	ampicillin-resistance	gene	of	plasmid	pBR322	contains	a	single	PstI	restriction	site.	Genes	that	are	inserted	into	an	amp-r	region	are	highly	expressed.	If	an	antibody	specific	for	protein	P	is	available,	how	would	we	now	construct	our	gene	library	and	detect	the	clones	of
interest?	After	we	have	cloned	the	gene	for	protein	P	into	the	ump-"region	of	pBR322,	suppose	that	we	had	to	rely	only	on	the	drug-resistance	properties	of	the	plasmid	to	select	from	the	gene	library	those	cells	carrying	the	plasmid	plus	the	gene	for	protein	P.	What	drug-resistance	characteristics	would	the	desired	cells	exhibit?	How	would	we	select
for	tet-',	amp"	cells?	Suppose	that	the	base	sequence	of	the	gene	for	protein	P	is	known.	A	defective	protein	P	has	been	discovered,	and	its	gene	has	also	been	cloned	and	sequenced.	Both	genes	are	loo0	bp	in	length	and	are	flanked	on	either	side	by	a	site	(+AATTC-)	for	the	restriction	enzyme	EcoRI.	A	base	sequence	-4CAl"Cexists	300	bp	from	one	end
of	the	normal	gene	for	protein	P,	but	the	sequence	-GAATTC-	exists	at	that	same	position	in	the	abnormal	gene.	We	want	to	find	out	if	fetal	cells	contain	the	normal	gene.	So	we	cleave	DNA	from	fetal	cells	with	EcoRI	and	separate	the	fragments	on	an	agarose	gel.	A	probe	for	the	normal	gene	will	also	hybridize	with	the	abnormal	gene	if	it	differs	by
only	a	few	bases	from	the	normal	gene.	The	size	of	the	fetal	DNA	fragments	can	be	estimated	by	running	DNA	fragments	of	known	sizes	on	the	same	gel.	What	band	pattern	is	expected	if	the	fetal	cells	contain	the	abnormal	gene?	13.19.	A	purified	segment	of	DNA	if	labeled	at	its	5'	ends	with	32P	and	partially	digested	with	the	restriction	enzyme	Alu
(from	Arthrobacter	futeus).	The	concentration	is	adjusted	so	that	only	about	one	of	every	fifty	sites	is	recognized	by	the	enzyme	and	cleaved.	Therefore,	each	DNA	molecule,	if	broken,	is	only	broken	once.	This	creates	five	fragments	of	various	sizes.	The	fragments	were	electrophoresed,	autoradiographed	and	the	longest	one	(slowest	migrating	band)
is	selected	for	partial	digestion	(in	separate	experiments)	with	Alu	and	with	another	restriction	endonuclease	HaeIII	(from	Haemophilus	aegyptius)	.	These	new	fragments	are	separated	by	electrophoresis	and	located	on	the	gel	by	autoradiography.	The	bands	appear	as	shown	below.	Alu	HaeIII	4	[	D	H	E	F	Electrophoresis	1	G	I	b	CHAP.	131	383
MOLECULAR	GENETICS	(	a	)	Determine	the	sequence	of	restriction	sites	in	this	DNA	segment.	(6)	How	can	the	relative	distances	between	cleavage	sites	be	determined?	13.20.	Diagram	the	electrophoretic	pattern	expected	from	a	triple	digest	of	the	plasmid	in	Solved	Problem	13.5	by	restriction	enzymes	A	+	B	+	C.	13.21.	Given	the	following
information	regarding	digestion	of	a	circular	plasmid	by	three	different	restriction	endonucleases,	diagram	the	restriction	map	showing	the	distances	between	each	cut.	Restriction	Endonuclease	A	B	C	A+B	A+C	B+C	Fragment	Length(s)	(bd	1o00	50,	375,	575	400,600	50,	175,	200,	575	225,	375,400	25,	50,	150,	375,	400	13.22.	(a)	Th	followin
diagram	represents	six	b	ds	an	electrophoretic	gel.	The	plus	tech	ique	of	the	enzyme	method	was	used	for	sequencing	the	DNA	fragment.	Determine	the	base	sequence	of	the	fragment	and	specify	its	polarity.	7	+C	+T	+A	+G	(b)	If	the	minus	technique	had	been	performed	on	the	same	fragment	as	in	part	(a),	diagram	the	expected	location	of	the	six
bands	in	four	columns	adjacent	to	those	in	part	(a).	(	c	)	When	more	than	one	identical	nucleotide	is	adjacent	in	a	DNA	sequence	(e.g.,	AA	or	CCC),	one	or	more	bands	will	be	missing	from	the	plus	and	minus	columns.	Only	the	first	(	5	'	)	nucleotide	of	the	run	is	present	in	the	minus	system,	and	only	the	last	(3')	nucleotide	is	represented	in	the	plus
system.	The	total	number	of	residues	in	a	sequence	is	revealed	by	running	an	aliquot	of	the	initial	extension	reactions	alongside	the	plus	and	minus	reactions	on	the	same	gel	as	a	control.	Diagram	the	bands	expected	by	sequencing	the	DNA	segment	"TAACGGGATCCCC3'	with	both	the	plus	and	minus	techniques.	13.23.	(a)	From	the	following
electrophoretic	banding	pattern,	representing	a	fragment	sequenced	by	the	dideoxy	(chain-termination)	technique,	determine	the	base	sequence	and	orientation	of	the	fragment.	1.;	7	6	G	A	T	1	(	b	)	List	all	possible	extension	chains	in	each	of	the	four	reaction	systems.	C	384	MOLECULAR	GENETICS	[CHAP.	13	Review	Questions	Vocabulary	For	each
of	the	following	definitions,	give	the	appropriate	term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated	otherwise.	1.	A	technique	that	separates	molecules	according	to	their	net	charge	in	an	electric	field,	usually	on	solid	or	semisolid	support	media	such	as	paper	or	agarose.	2.	Separation	of	complementary	chains	of	a	DNA	molecule,
usually	by	heating.	3.	Reassociation	of	complementary	single-stranded	regions	of	DNA	with	DNA	or	DNA	with	RNA.	4.	Exposure	of	a	photographic	film	to	DNA	labeled	with	a	radioactive	isotope.	5.	Symmetrical	sequences	of	nucleotide	base	pairs	in	double-stranded	DNA	that	read	the	same	on	each	strand	from	5‘	to	3	’	.	6.	Bacterial	enzymes	that	break
phosphodiester	bonds	in	DNA	at	specific	base	sequences.	(Two	words.)	7.	The	random	collection	of	a	sufficiently	large	sample	of	cloned	fragments	of	the	DNA	of	an	organism	to	ensure	that	all	of	that	organism’s	DNA	is	represented	in	the	collection.	(Two	words.)	8.	An	enzyme	used	to	add	deoxyribonucleotides	to	the	3’	ends	of	DNA	chains	without	a
template.	(Two	or	three	words.	)	9.	An	in	vitro	technique	for	copying	the	complementary	strands	of	a	target	DNA	sequence	simultaneously	for	a	series	of	cycles	until	the	desired	amount	is	obtained.	(Three	words.)	10.	The	name	of	the	product	produced	by	reverse	transcriptase	enzyme	from	an	mRNA	template.	(One	or	two	words.)	True-False	Questions
Answer	each	of	the	following	statements	either	true	(T)	or	false	(F).	1.	The	unit	of	sedimentation	(S)	during	ultracentrifugation	was	adopted	in	honor	of	its	inventor,	Sanger.	2.	Double-stranded	DNA	molecules	that	are	rich	in	G-C	base	pairs	have	a	higher	melting	temperature	than	those	that	are	rich	in	A-T	base	pairs.	3.	The	most	common	method	for
destroying	RNA	in	the	purification	of	DNA	is	exposure	of	the	mixture	to	alkali.	4.	Chargaff‘s	rule	states	that	in	double-stranded	DNA	the	molar	amount	of	adenine	is	equivalent	to	that	of	thymine,	and	guanine	is	equivalent	to	that	of	cytosine.	5.	The	longer	the	half-life	of	a	radioisotope,	the	higher	its	specific	activity.	6.	Single-stranded	DNA	binds	to
nitrocellulose;	RNA	does	not.	7.	Thymine	is	never	found	as	a	normal	base	in	RNA	molecules.	8.	Euphenics	is	the	science	of	improving	the	genetic	constitution	of	the	human	gene	pool.	9.	DNA	molecules	that	code	for	biologically	active	polypeptide	chains	are	too	large	to	be	chemically	synthesized	(i.e.,	without	biological	synthesis).	10.	During
electrophoresis	for	nucleotide	sequencing,	the	smaller	the	fragment	the	faster	it	moves.	CHAP.	131	385	MOLECULAR	GENETICS	Multiple-Choice	Questions	Choose	the	one	best	answer.	1.	A	radioisotope	used	to	label	proteins	differentially	from	nucleic	acids	is	(	d	)	35S	(e)	15N	(	a	)	32P	(6)	14C	(c)	tritium	2.	Which	of	the	following	single	strands	would
be	part	of	a	palindrome	in	double-stranded	DNA?	(	a	)	GAATTC	(6)	ATGATG	(c)	CTAATC	(d)	CCC'ITT	(e)	none	of	the	above	3.	Which	of	the	following	is	an	enzyme	used	to	form	a	phosphodiester	bond	in	a	nick	between	a	3'	end	of	one	DNA	chain	and	a	5'	end	of	another?	(	a	)	DNA	polymerase	(6)	restriction	endonuclease	(c)	DNA	ligase	(	d	)	S	1	nuclease
(e)	phosphodiesterase	4.	Bacterial	cells	are	rendered	more	permeable	to	uptake	of	plasmids	by	treatment	with	chloride	(c)	alkali	(	d	)	blender	(e)	ultrasound	5.	The	melting	temperature	of	a	DNA	molecule	is	determined	by	using	(a)	electrophoresis	(6)	change	in	electrical	conductivity	(c)	column	chromatography	(	d	)	density-gradient	ultracentrifugation
(	e	)	change	in	optical	density	6.	Which	of	the	following	is	a	desirable	characteristic	for	a	cloning	plasmid?	(	a	)	a	site	at	which	replication	can	be	initiated	(6)	a	single	restriction	endonuclease	site	(c)	one	or	more	antibiotic-resistance	or	drugresistance	genes	(	d	)	one	or	more	highly	active	promoters	(e)	all	of	the	above	7.	(a)	viral	Among	the	products	of
genetic	engineering	are	the	interferons.	These	substances	are	involved	in	replication	(6)	blood	clotting	(c)	neuron	function	(d)	pain	suppression	(e)	tissue	transplantation	(	a	)heat	(6)	calcium	8.	Many	of	the	genes	in	lambda	phage	are	clustered	according	to	similarity	of	function.	Which	of	these	gene	clusters	could	most	likely	be	deleted	and	replaced
with	foreign	DNA,	making	the	recombinant	phage	a	useful	cloning	vector?	(a)	nucleases	to	destroy	host	DNA	(6)	head	capsomeres	(c)	phage-specific	RNA	polymerase	(	d	)	establishment	and	maintenance	of	lysogeny	(e)	tail	proteins	9.	Eucaryotic	genes	may	not	function	properly	when	cloned	into	bacteria	because	of	(	a	)	inability	to	excise	introns	(6)
destruction	by	native	endonucleases	(c)	failure	of	promoter	to	be	recognized	by	bacterial	RNA	polymerase	(	d	)	different	ribosome	binding	sites	(e)	all	of	the	above	10.	In	the	chemical	method	of	DNA	sequencing,	four	chemical	treatments	remove	nucleotides	as	follows:	(a)A,T,G,C	(b)G,GorC,A,AorT	(c)AorG,TorC,G,C	(d)AorC,GorT,C,G	(e)	T,	C,	A,	A	or	G
Answers	to	Supplementary	Problems	13.6.	(	a	)	51.02	(6)	40.82	(c)	73.47	13.7.	(6).	because	it	has	a	higher	(G	+	C)/(A	+	T)	ratio.	13.8.	(6)	would	renature	at	a	lower	temperature	because	the	long	stretches	of	G-C	pairs	in	(	a	)	will	tend	to	form	intrastrand	hydrogen	bonds	during	cooling	and	therefore	will	require	a	higher	temperature	to	disrupt	these
intrastrand	interactions.	386	MOLECULAR	GENETICS	13.9.	n	[CHAP.	13	A	13.10.	The	fact	that	insulin	was	detected	in	some	tests	indicates	that	the	RNA	source	contained	the	necessary	information	for	in	vitro	insulin	synthesis.	Those	clones	that	did	not	possess	the	insulin	gene	allowed	singlestranded	insulin	mRNAs	to	make	insulin;	insulin	was	then
specifically	bound	to	the	antibody-coated	beads.	Tubes	that	contain	insulin	are	radioactive.	However,	if	a	clone	contains	rat	insulin	cDNA	homologous	with	insulin	mRNAs	in	the	unpurified	mixture,	hybrid	DNA-RNA	molecules	form,	preventing	such	RNAs	from	making	insulin.	If	no	insulin	is	made,	radioactive	amino	acids	will	not	be	bound	by	the
antibody-coated	beads.	Little	or	no	radioactivity	should	be	detected	in	the	tube	after	decantation	of	the	supernate.	13.11.	(0.0014)(4000)/1.5	=	4	13.12.	Of	all	the	RNAs	that	hybridize	with	DNA,	the	16s	and	23s	rRNAs	account	for	only	0.0014	+	0.0018	=	0.0032	or	0.32%.Since	these	rRNAs	and	mRNAs	are	about	equally	represented	in	a	cell,	the	ratio
1/0.0032	=	312.5	expressed	how	much	more	active	in	transcription	are	the	genes	for	the	rRNAs.	13.13.	Attach	anti-rat	insulin	antibodies	to	a	plastic	disc	about	the	size	of	an	agar	plate.	Impress	the	disc	onto	the	plate	and	allow	any	secreted	insulin	to	be	specifically	bound	by	the	antibodies.	Remove	the	plastic	disc	and	expose	it	to	radioactive	anti-
insulin	antibodies,	forming	an	“immunological	sandwich”	with	the	antigen	(insulin)	between	two	antibody	molecules.	Wash	away	any	unattached	radioactive	antibodies	and	then	make	an	autoradiograph	of	the	disc.	Images	on	the	film	can	be	used	to	identify	the	locations	of	insulin-secreting	clones	on	the	agar	plate.	13.14.	More	fragments	are	expected
from	HaeIII	because	the	probability	of	a	specific	four-base	sequence	is	greater	than	the	probability	of	a	specific	six-base	sequence	if	the	nucleotides	are	distributed	along	a	chain	in	essentially	a	random	order.	13.15.	Insert	the	gene	for	lambda	repressor	protein	immediately	adjacent	to	the	lac	promoter	in	a	plasmid.	With	no	operator	locus	between
these	two	genes,	thousands	of	repressor	molecules	should	be	made	per	cell	constitutively.	13.16.	Five	kinds	of	cells:	(1)	Bacteria	that	do	not	contain	any	plasmid	DNA.	(2)	Bacteria	that	took	up	the	plasmid	DNA,	but	do	not	contain	any	human	DNA.	(3)	Bacteria	that	contain	the	plasmid	DNA	with	human	DNA	spliced	in,	but	not	the	desired	human	gene
sequence.	(4)	Bacteria	that	contain	plasmid	DNA	and	a	portion	of	the	desired	human	gene,	but	not	all	of	it.	(	5	)	Bacteria	that	contain	plasmid	DNA	and	all	of	the	desired	human	gene.	CHAP.	131	387	MOLECULAR	GENETICS	13.17.	Organisms	that	live	in	hot	springs	must	have	heat-stable	enzymes.	A	DNA	polymerase	was	isolated	for	use	in	automating
the	PCR	from	the	bacterium	Thermus	aquaticus	that	normally	lives	in	hot	springs	at	a	temperature	of	70-80°C.	13.18.	(	a	)	It	should	be	possible	to	purify	a	major	species	of	messenger	RNA	from	pancreatic	cells	that	codes	for	protein	P.	It	can	then	be	tagged	with	a	radioactive	label	for	use	as	a	probe.	Alternatively,	if	a	gene	for	protein	P	has	already
been	isolated	from	some	other	mammal,	it	could	also	be	made	radioactive	and	used	as	a	probe.	Use	the	mRNA	in	an	in	vitro	(cell-free)	translational	system	that	allows	it	to	direct	the	synthesis	of	its	protein.	Isolate	the	protein	and	compare	its	amino	acid	sequence	with	that	of	protein	P.	PstI,	because	it	does	not	cut	the	gene	for	protein	P.	Since	the	gene
for	protein	P	is	loo0	bp	or	less	in	length,	it	is	too	small	to	clone	into	phage	lambda,	which	requires	fragments	of	approximately	15,000	bp.	Thus	we	should	choose	plasmid	pBR322.	By	attaching	BamHI	linkers	to	the	PstI	fragments,	they	can	be	inserted	by	hybridization	between	their	complementary	single-stranded	tails	into	the	BamHI	site	on	the
plasmid.	By	employing	the	replica	plating	technique,	we	can	select	cells	that	are	tetracycline-sensitive	and	ampicillin-resistant.	Only	those	cells	that	have	incorporated	the	plasmid	are	ampicillin-resistant,	and	of	these	only	the	cells	with	an	insert	in	the	tet-r	gene	are	tetracycline-sensitive.	Blot	each	Petri	plate	with	a	nitrocellulose	filter	paper,	thereby
transferring	some	cells	of	each	clone	onto	the	filter	for	in	situ	hybridization.	Lyse	the	cells	and	denature	the	DNA	with	a	dilute	sodium	hydroxide	solution.	Single	strands	of	the	denatured	DNA	thus	will	stick	to	the	filter.	Flood	the	filter	with	the	radioactive	probe.	After	washing	to	remove	any	of	the	unhybridized	probe,	subject	the	filter	to
autoradiography.	Select	cells	from	the	plate	that	correspond	in	position	to	the	radioactive	loci	on	the	filter.	By	cutting	the	chimeric	plasmid	with	BamHI,	the	gene	can	be	released.	It	can	then	be	isolated	from	the	plasmid	by	electrophoresis	on	an	agarose	gel.	The	gene	for	protein	P	should	hybridize	specifically	with	the	probe	made	from	protein	P
mRNA.	It	might	be	possible	in	an	in	vitro	system	to	synthesize	both	the	mRNA	and	the	protein	it	codes	for	from	the	gene.	By	sequencing	both	the	gene	and	the	protein,	it	would	be	possible	to	ascertain	by	the	genetic	code	if	the	2	molecules	were	compatible	(allowing	for	removal	of	any	introns).	The	biological	activity	of	the	protein	thus	produced	might
also	be	demonstrable	in	an	in	vivo	system.	Cleave	human	pancreatic	cell	DNA	with	PstI	and	insert	the	DNA	fragments	into	the	PstI	site	in	the	amp-r	region	of	the	plasmid.	Clones	that	contain	the	plasmid	bearing	the	gene	for	protein	P	might	produce	large	amounts	of	protein	P	that	could	then	be	detected	by	an	appropriate	immunoassay.	They	would	be
ampicillin-sensitive	and	tetracycline-resistant	because	the	tet-r	gene	is	still	functional,	but	the	gene	for	protein	P	has	been	inserted	into	the	amp-r	gene	and	thereby	has	inactivated	it.	Expose	the	cells	to	a	medium	containing	tetracycline.	Cells	that	do	not	harbor	plasmid	pBR322	will	not	grow.	Then,	by	replica	plating,	identify	those	tetracycline-
resistant	clones	that	do	not	grow	in	the	presence	of	ampicillin.	The	normal	gene	for	protein	P	should	produce	one	band,	loo0	bp	long.	The	mutant	gene	for	an	abnormal	protein	P	should	produce	a	band	of	300	bp	and	another	band	of	700	bp	in	length	because	a	single	base	mutation	has	created	a	new	EcoRI	site.	13.19.	(	a	)	Original	digest	-A	-	Alu	sites
BLost	end	W-C*	0	1	1	2	3	4	5	6	7	8	9	-	LL	l+GW	F-	E-	HaeIII	sites	388	MOLECULAR	GENETICS	[CHAP.	13	(b)	Since	the	distances	the	various	fragments	travel	in	the	gel	are	related	(by	a	log	function)	to	their	sizes,	the	relative	distances	between	cleavage	sites	can	be	determined.	13.20.	Note:	The	migration	distance	is	not	linear	with	increasing
fragment	length,	but	more	like	a	log	function.	origin	425	225	125	100	so	75	I	I	I	I	Direction	of	migration	L	13.21.	13.22.	(a)	s’TACGAC3’	+C	(b)	+A	+T	+G	-C	-T	-A	-G	Notice	that	the	“negative	bands”	are	shifted	one	step	lower	than	the	“positive	bands.”	For	example,	bands	at	positions	3	and	6	in	the	-	C	column	indicate	that	these	fragments	were
terminated	just	prior	to	C,	hence	bands	should	appear	at	positions	4	and	7	in	the	+	C	columns.	DNA	base	sequencing	can	be	done	by	either	the	plus	or	minus	system,	but	they	are	usually	analyzed	together	on	the	same	gel	to	provide	mutual	confirmation	of	the	sequence.	(c)	Control	14	13	12	11	10	98-	7-	-C	-T	-A	-G	+C	-	-	-	-	+T	+A	+G	CHAP.	131	389
MOLECULAR	GENETICS	13.23.	(a)	"CGACGGT3'	(b)	ddGTP-terminated	fragments	(d)	"CGACGGT	CGACGd	CGACd	Cd	ddATP-terminated	fragments	(d)	"CGACGGT	CGd	ddTTP-terminated	fragments	(d)	"CGACGGT	CGACGGd	ddCTP-terminated	fragments	(d)	"CGACGGT	CGAd	d	Answers	to	Review	Questions	Vocabulary	I	.	electrophoresis	2.
denaturation	or	melting	3.	renaturation	or	annealing	4.	autoradiography	5	.	palindrome	6.	7.	8.	9.	10.	restriction	endonucleases	gene	(DNA)	library	or	genomic	library	terminal	(deoxyribonucleotidal)	transferase	polymerase	chain	reaction	complementary	DNA	(cDNA)	True-False	Questions	1.	F	(Svedberg)	2.	T	3.	T	4.	T	5.	F	(lower)	9	.	F	(e.g.,
somatostatin,	interferon)	10.	T	genics)	6.	T	7.	F	(in	some	tRNAs)	Multiple-Choice	Questions	l.d	2.a	3.c	4.b	5.e	6.e	7.a	8.d	9	.	e	1O.c	8.	F	(eu-	Chapter	14	The	Molecular	Biology	of	Eucaryotic	Cells	and	Their	Viruses	The	cells	of	fungi,	plants,	and	animals	contain	a	double-membraned	organelle	called	the	nucleus.	The	term	eucaryote	(eukaroyte	is	a
variant	spelling)	refers	to	cells	that	contain	such	an	organelle.	The	protoplasm	between	the	nucleus	and	the	plasma	membrane	constitutes	the	cell’s	cytoplasm.	Other	doublemembraned	organelles	exist	in	the	cytoplasm,	including	mitochondria	in	both	plants	and	animals,	and	chloroplasts	in	plants.	Bacteria	do	not	have	double-membraned	organelles,
but	some	may	contain	singlemembraned	organelles	such	as	the	chlorobium	vesicles	involved	in	photosynthesis.	The	term	procaryote	refers	to	cells	that	do	not	have	a	nucleus.	Bacterial	cells	are	much	smaller	than	most	eucaryotic	cells	and	have	smaller	DNA	genomes.	Most	of	what	we	know	about	molecular	genetics	has	been	discovered	by	studying
these	simpler	bacterial	systems	and	their	viruses.	It	was	hoped	that	much	of	what	we	learned	about	procaryotes	would	be	directly	applicable	to	eucaryotes.	Unfortunately,	that	has	not	proved	to	be	true.	Greater	fundamental	differences	exist	between	a	simple	single-celled	eucaryote	(such	as	a	yeast	or	an	algal	cell)	and	a	bacterium	than	between	a
yeast	cell	and	a	human	cell.	In	this	chapter,	we	shall	investigate	some	of	the	most	striking	differences	between	these	two	major	forms	of	life.	QUANTITY	OF	DNA	The	amount	of	DNA	present	in	a	typical	mammalian	cell	is	approximately	800	times	that	found	in	a	bacterium	such	as	E.	coli.	While	a	eucaryotic	cell	might	possibly	be	50	or	100	times	more
genetically	complex	than	a	bacterium,	it	could	hardly	be	800	times	more	complex.	So	a	paradox	exists	as	to	why	eucaryotes	have	so	much	DNA.	A	roughly	similar	number	of	genes	is	probably	required	to	carry	out	housekeeping	functions	(such	as	coding	for	the	enzymes	of	metabolism)	in	both	procaryotes	and	eucaryotes.	Most	eucaryotic	genes	coding
for	proteins	are	present	in	only	one	or	a	few	copies	in	each	genome;	however,	some	genes	(e.g.,	genes	for	rRNAs,	tRNAs,	and	histones)	exist	in	tens,	hundreds	or	thousands	of	copies;	and	a	few	short	DNA	segments	may	be	repeated	over	105times	per	genome	(Table	14.1).	Table	14.1.	Frequency	Classes	of	Eucaryotic	DNA	Sequences	DNA	Frequency
Class	Number	of	Copies	per	Genome	Percentage	of	the	Genorne	1	10-80	10’-	105	>	105	10-40	0-50	Examples	~~	Unique	Middle	repetitive	Highly	repetitive	Structural	genes	for	ovalbumin,	silk	fibroin,	hemoglobin	Genes	for	tRNA,	rRNA,	histones	Satellite	sequences	(5-300	nucleotides)	By	contrast,	procaryotes	almost	exclusively	have	unique	DNA
sequences.	Undoubtedly	many	eucaryotic	DNA	sequences	are	needed	to	code	for	tissue-specific	proteins,	to	regulate	the	activation	and	deactivation	(“silencing”)	of	large	batteries	of	genes	at	appropriate	times,	and	to	control	the	quantity	of	proteins	synthesized	during	cellular	differentiation.	Even	so,	the	eucaryotic	cell	is	estimated	to	contain	at	least
an	order	of	magnitude	more	DNA	than	it	needs.	Estimates	of	“unnecessary”	DNA	in	humans	run	as	high	as	95%	of	the	genome.	The	question	of	what	all	this	DNA	is	doing	has	not	been	answered	satisfactorily.	Perhaps	it	is	“junk”	or	“selfish”	DNA	with	no	function	other	than	to	make	more	copies	of	itself,	as	some	have	suggested.	In	any	event,	this
massive	amount	of	DNA	(e.g.,	3	X	109	bp	in	the	haploid	human	genome)	is	packaged	into	the	linear	chromosomes	found	in	the	cell’s	nucleus.	390	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	391	CHROMOSOME	STRUCTURE	Eucaryotic	DNA	is	primarily	associated	with	a	basic	class	of	proteins	known	as
histones.	Together,	the	DNA	and	histones	form	nucleoprotein,	or	chromatin.	In	the	first	level	of	packaging	(Fig.	14-1),	about	150	bp	of	the	double-stranded	DNA	molecule	are	wrapped	around	an	octomer	of	four	pairs	of	different	histone	proteins	to	form	a	nucleosome	core	particle.	A	fifth	kind	of	histone	protein	occupies	the	linker	DNA	that	connects
one	core	particle	with	another	(analogous	to	beads	on	a	string).	This	“string”	first	coils	up	into	a	solenoid	of	30-nanometer	diameter	and	then	into	a	filament	of	300-nanometer	diameter.	Even	higher	levels	of	compaction	occur	during	cell	division	when	the	chromatin	material	appears	in	the	light	microscope	to	condense	from	an	amorphous	chromatin
mass	into	distinctive	chromosomes.	Nonhistone	proteins	(including	various	DNA	and	RNA	polymerases,	regulatory	proteins,	etc	.)	can	also	be	found	associated	with	chromatin,	but	they	are	not	responsible	for	the	basic	structure	of	chromatin.	The	highly	compacted	chromatin	that	can	be	seen	in	the	light	microscope	during	interphase	is	called
heterochromatin;	the	much	more	open	form	of	chromatin	that	is	difficult	to	see	is	called	euchromatin.	Eucaryotic	genes	cannot	be	expressed	(i.e.,	cannot	serve	as	templates	for	RNA	sythesis)	if	they	are	tightly	bound	to	histones.	So	the	first	step	in	gene	activation	requires	a	dissociation	of	the	DNA	from	the	histones.	Thus,	euchromatic	regions	are
thought	to	contain	active	genes	whereas	heterochromatic	regions	are	thought	to	contain	silenced	genes.	Various	mechanisms	exist	to	regulate	which	regions	become	heterochromatic.	Double-stranded	DNA	I	1	7	Histone	monomers	Nucleosomes	Solenoid	Filament	Supercoiled	filament	Metaphase	chromosome	Fig.	14-1.	Structural	levels	of	organization
hypothesized	to	occur	during	the	condensation	of	a	chromosome.	(After	J	.	D.	Watson	et	al.,	1987,	Molecular	Biology	of	the	Gene,	4th	ed.,	BenjamidCummings	Publishing	Company,	Inc.).	392	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	Example	14.1.	In	female	mammals,	one	of	the	two	X	chromosomes	in
each	somatic	cell	appears	highly	condensed	(heterochromatic),	indicating	that	it	is	genetically	inactive.	In	some	cells	one	of	the	X	chromosomes	is	inactive,	and	in	other	cells	the	other	X	chromosome	is	inactive.	Thus	the	female	is	a	mosaic	consisting	of	a	mixture	of	two	cell	types	with	regard	to	X	gene	activity.	Example	14.2.	The	stained	giant	polytene
chromosomes	of	Drosophilu	(Fig.	8-	1)	consist	of	alternating	dark	and	light	bands.	The	dark	bands	are	heterochromatin;	the	light	bands	are	euchromatin.	At	various	stages	during	larval	development,	specific	regions	appear	to	decondense	and	form	fluffy	puffs	of	open	chromatin	material.	At	least	some	of	the	genes	in	these	puffs	are	actively
synthesizing	RNA.	Furthermore,	the	pattern	of	these	puffed	regions	changes	during	larval	development,	indicating	that	different	groups	of	genes	are	being	activated	and	silenced	as	cellular	differentiation	proceeds.	Example	14.3.	The	regions	around	the	centromeres	of	chromosomes	are	normally	heterochromatic.	They	contain	highly	repetitive	DNA
sequences	that	are	so	different	from	the	rest	of	chromatin	that	they	can	be	easily	separated	by	differential	centrifugation.	Such	sequences	are	referred	to	as	satellite	sequences.	The	exact	function	of	these	regions	is	presently	unknown.	The	DNA	in	a	metaphase	chromosome	appears	to	be	attached	to	a	protein	scaffold	constructed	from	two	high-
molecular-weight	proteins.	This	association	persists	in	metaphase	chromosomes	that	have	had	their	histones	and	most	of	their	nonhistones	removed.	How	this	elegent	scaffold	becomes	assembled	and	its	role	in	the	induction	of	superhelicity	of	the	DNA	is	not	known.	CHROMOSOME	REPLICATION	Three	elements	are	essential	for	replication	of
eucaryotic	chromosomes:	(	1)	origins	of	replication,	(2)	telomeres,	and	(3)	centromeres.	Each	chromatid	(or	unreplicated	chromosome)	is	thought	to	contain	a	single,	linear	DNA	molecule.	DNA	replication	can	occur	simultaneously	at	numerous	places	in	each	such	chromosome.	Each	of	these	independent	“replication	units’’	is	called	a	replicon.	The
origins	of	replication	in	adjacent	replicons	are	usually	50-250	kbp	apart.	Replicons	may	correspond	to	the	independently	supercoiled	domains	that	lie	between	the	points	of	DNA	attachment	to	the	metaphase	scaffold.	(0)	/	Leading	strand	ori	I	-	(h)	ori	I	-	I	‘Lagging	strand	(4	ori	‘Leading	strand	(4)	Lagging	strand	YY	Replicon	Replicon	Fig.	14-2.
Bidirectional	DNA	replication.	(a)	From	any	origin	of	replication	site	(ori)	a	leading	strand	is	synthesized.	(b)	Initiation	of	lagging	strand	synthesis.	(c)	The	first	precursor	(Okazaki)	fragment	has	passed	the	ori	site	and	has	become	the	rightward	leading	strand.	(	6	)	Initiation	of	leftward	lagging	strand	begins	with	establishment	of	a	second	complete
replication	fork.	(e)	Two	replication	bubbles	about	to	coalesce.	Each	independently	replicating	unit	is	a	replicon.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	393	Within	each	replicon,	a	special	RNA	polymerase	(primase)	synthesizes	an	RNA	primer	(called	an	initiator)	that	binds	to	the	3’	end	of	each
template	DNA	strand	to	be	replicated.	DNA	polymerase	then	extends	the	primer	in	the	5’	+	3‘	direction.	Replication	is	normally	bidirectional.	Numerous	“replication	bubbles’’	appear	during	DNA	replication	(Fig.	14-2);	each	bubble	grows	in	length,	and	eventually	fuses	with	flanking	bubbles	to	complete	the	process.	Since	RNA	primers	for	DNA
replication	are	normally	excised,	the	ends	of	eucaryotic	chromosomes	(called	telomeres)	are	maintained	by	special	ribonucleoprotein	enzymes	(called	telomerases)	that	add	new	terminal	DNA	sequences	to	replace	those	lost	during	each	replication	cycle.	Example	14.4.	The	ends	of	the	linear	chromosomes	in	the	macronucleus	of	the	ciliated	protozoan
Tetruhymenu	have	30-70	tandemly	repeated	blocks	of	the	sequence	3’-AACCCC-5’	5	’-TTGGGG-3’	A	special	enzyme	adds	5’-’ITGGGG-3’	to	the	3’	end	of	any	such	sequence	in	singlestranded	DNA.	After	the	enzyme	has	extended	the	3’	end	of	the	telomere,	synthesis	of	the	repeats	in	the	complementary	DNA	strand	could	be	primed	by	a	primase.
Similarly,	the	ends	of	all	yeast	chromosomes	end	with	approximately	100	bp	of	the	irregularly	repeated	sequence	5’-C1-3A	.	.	.	3’-C1-3T	.	.	.	The	mechanism	that	determines	the	length	of	such	telomeres	is	not	known.	In	the	ciliate	Euplotes	crussus,	the	RNA	component	of	the	telomerase	serves	a	template	function	for	synthesis	of	telomeric	T4G4repeats.
Thus,	at	least	some	portions	of	certain	eucaryotic	DNA	molecules	are	known	to	be	replicated	from	RNA	templates.	Enzymes	that	make	DNA	from	RNA	templates	are	called	reverse	transcriptases;	this	kind	of	telomerase	represents	a	specialized	kind	of	reverse	transcriptase.	Little	is	presently	known	about	the	centromeric	regions	where	sister
chromatids	are	joined.	The	centromeric	sequences	in	yeast	are	about	130	bp	long	and	very	rich	in	A-T.	It	is	thought	that	the	chromatin	material	is	not	organized	into	nucleosomes	in	the	centromeric	region	either	because	the	histones	have	become	modified	or	because	a	complex	of	proteins	other	than	the	normal	histones	are	specifically	bound	to	the
centromeric	sequences.	This	proteinaceous	region	of	the	centromere	(called	the	kinetochore)	somehow	attaches	to	microtubule	bundles	of	the	spindle.	Each	sister	chromatid	has	its	own	kinetochore.	The	centromeric	sequence	is	generally	bordered	(flanked)	by	heterochromatin	containing	repetitive	DNA	sequences	(see	Example	14.3).	The
centromeric	sequences	replicate	during	the	contracted	metaphase	state,	and	thus	are	the	last	DNA	segments	to	do	so	in	eucaryotic	cells	prior	to	normal	cell	division.	ORGANIZATION	OF	THE	NUCLEAR	GENOME	Functionally	related	bacterial	genes	are	often	clustered	together	in	operons	that	produce	polycistronic	mRNAs.	Eucaryotes	have	only
monocistronic	cytoplasmic	mRNAs	and	their	genes	are	not	organized	into	operons.	Many	eucaryotic	reiterated	genes	that	exist	in	multiple	identical	copies	(e.g.,	genes	for	rRNAs,	tRNAs,	and	histones)	are	clustered	together	on	specific	chromosomes,	as	components	of	multigene	families.	Other	multiple-gene	families	may	consist	of	a	set	of	genes
descended	by	duplication	and	mutation	from	one	ancestral	gene;	they	may	be	clustered	together	on	the	same	chromosome	or	dispersed	on	different	chromosomes.	Such	genes	are	usually	coordinately	controlled.	Example	14.5.	In	humans,	there	are	two	families	of	hemoglobin	genes.	The	alpha	(a)family	consists	of	a	cluster	of	genes	(including	zeta	[5],
a2,and	a,)on	chromosome	16.	The	beta	(p)	family	cluster	on	chromosome	11	includes	epsilon	(E),	gammas	(yG,	yA),	delta	(6).	and	p.	In	addition,	each	family	has	one	or	more	nonfunctional	DNA	sequences	that	are	very	similar	to	those	of	normal	globin	genes.	These	nonfunctional	DNA	gene-like	sequences	are	referred	to	as	pseudogenes.	During	the
embryonic	stage	(less	than	8	weeks)	of	development,	the	5-	and	E-chains	are	synthesized.	During	the	fetal	period	(	8	4	1	weeks)	the	y-	and	a-chains	replace	the	embryonic	chains.	Beginning	around	birth	and	continuing	394	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	for	life,	P-chains	replace	the	gammas.	A
small	fraction	of	adult	hemoglobin	has	&-chains	in	place	of	P-chains.	The	signals	that	control	this	switching	on	or	off	of	the	various	hemoglobin	genes	is	not	known.	The	similarity	in	nucleotide	structure	of	all	these	genes,	however,	suggests	that	early	in	evolution	(perhaps	800	million	years	ago)	a	single	ancestral	globin	gene	began	a	series	of
duplications,	followed	by	mutations	and	transpositions,	to	produce	the	two	families	and	their	multiple	constituent	genes	and	pseudogenes	that	exist	today.	GENOMIC	STABILITY	Each	gene	normally	resides	at	a	specific	location	on	a	particular	chromosome,	thus	allowing	the	construction	of	gene	maps.	However,	multiple	chromosomal	breaks	can	be
repaired	in	abnormal	ways	to	produce	translocations	and	inversions	that	rearrange	the	genetic	architecture.	This	type	of	genetic	relocation	is	not	self-generated	by	the	segments	moved.	As	in	bacteria,	however,	there	are	some	chromosomal	segments	that	encode	proteins	responsible	for	their	own	movement;	they	are	called	transposons	or
transposable	elements.	Example	14.6.	Movable	controlling	elements	(“jumping	genes”)	were	first	discovered	in	maize	by	Barbara	McClintock	in	the	1950s.	Insertion	of	the	controlling	element	Ds	into	or	adjacent	to	a	locus	governing	kernel	color	inhibits	the	production	of	color	and	results	in	a	colorless	phenotype.	Excision	of	Ds	reverses	the	effect	and
produces	colored	spots	on	a	colorless	background.	The	Ds	elements	occur	in	different	sizes	as	deleted	forms	of	a	larger	complete	gene	called	Ac.	The	Ds	elements	are	nonautonomous	because	they	remain	stationary	unless	an	Ac	element	is	also	present,	whereas	Ac	elements	are	autonomous	because	they	can	move	independently.	Both	Ac	and	Ds
elements	have	perfect	inverted	repeats	of	1	1	bp	at	their	termini,	flanked	by	6-	to	8-bp	direct	repeats	of	the	target	site.	Thus,	Ac	and	Ds	are	transposons.	Ac	need	not	be	adjacent	to	Ds	or	even	on	the	same	chromosome	in	order	to	activate	Ds.	When	Ds	is	so	activated,	it	can	alter	the	level	of	expression	of	neighboring	genes,	the	structure	of	the	gene
product,	or	the	time	of	development	when	the	gene	expresses	itself,	as	a	consequence	of	nucleotide	changes	inside	or	outside	a	given	cistron.	An	activated	Ds	element	can	also	cause	chromosomal	breakage,	which	can	yield	deletions	or	generate	a	bridge-breakage-fusion-bridgecycle.	Several	other	systems	like	the	Ac/Ds	system	are	now	known	in
maize.	Each	has	a	target	gene	that	is	inactivated	by	insertion	of	a	receptor	element	into	it,	and	a	distant	regulator	element	that	is	responsible	for	the	mutational	instability	of	the	locus.	The	receptor	and	regulator	elements	are	both	considered	to	be	controlling	elements	of	the	target	gene.	In	bacteria,	the	number	of	copies	of	a	transposon	appears	to	be
regulated,	seldom	exceeding	20	copies	per	genome.	In	eucaryotes,	however,	the	copy	number	can	be	very	high.	Example	14.7.	In	a	human	genome,	there	exist	about	300,000	members	of	a	sequence	(approximately	300	bp)	that	is	cut	by	a	base-specific	DNase	called	AM.	Members	of	this	Alu	family	are	related,	but	not	identical	in	base	sequence.	Each
member	is	flanked	by	direct	repeats.	Although	transposition	has	not	been	observed	for	any	member,	the	Alu	family	is	thought	to	have	evolved	from	a	DNA	copy	of	an	RNA	molecule	that	plays	a	role	in	protein	synthesis.	Since	no	function,	essential	or	otherwise,	has	been	attributed	to	this	family,	it	may	represent	an	example	of	“selfish	DNA”	whose	only
function	is	to	make	copies	of	itself.	As	a	generalization,	however,	the	genetic	architecture	of	eucaryotic	cells	usually	remains	quite	stable	even	during	the	differentiation	of	various	cell	and	tissue	types	during	embryological	development.	Only	a	couple	of	exceptions	to	this	rule	have	been	found,	and	they	are	limited	to	the	immune	system	(see	Example
14.23).	GENE	EXPRESSION	1.	Transcription.	The	synthesis	and	processing	of	ribosomal	RNA	(rRNA)	occurs	in	one	or	more	specialized	regions	of	the	genome	called	nucleoli.	Multiple	copies	of	rRNA	genes	in	tandem	array	are	found	in	each	nucleolus.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	395	In
contrast	to	the	single	RNA	polymerase	of	procaryotes,	there	are	three	such	enzymes	in	eucaryotes,	one	for	each	major	class	of	RNA.	The	enzyme	that	synthesizes	rRNA	is	RNA	polymerase	I	(pol	I).	The	promoter	regions	for	pol	I	lie	upstream	from	the	start	site’of	transcription.	A	Hogness	box	(TATA	box)	lies	within	the	promoter	as	the	eucaryote
analogue	of	the	Pribnow	box	in	procaryotes.	The	initiation	of	rRNA	synthesis	is	highly	species-specific;	within	a	species,	one	or	more	proteins	(essential	for	the	transcription	process)	recognize	promoters	only	in	the	rDNA	of	the	same	species.	RNA	polymerase	I1	(pol11)	has	its	own	specific	initiation	factors	for	sythesis	of	all	eucaryotic	mRNAs.	Its
promoters	lie	upstream	from	the	start	site	of	each	gene,	but	the	activity	of	the	promoters	may	be	increased	by	physically	linked	(i.e.,	in	cis	position)	DNA	sequences	called	enhancers.	Enhancers	may	function	in	either	orientation,	and	may	reside	either	within	or	upstream	or	downstream	from	their	target	genes	(sometimes	at	great	distances).	The
enhancing	effect	is	mediated	through	sequence-specific	DNAbinding	proteins.	It	is	hypothesized	that	once	the	DNA-binding	protein	attaches	to	the	enhancer	sequence,	it	causes	the	intervening	nucleotides	between	the	enhancer	and	the	promoter	to	loop	out	and	bring	the	enhancer	into	physical	contact	with	the	promoter	of	the	gene	it	enhances.	This
loop	structure	then	facilitates	the	attachment	of	RNA	polymerase	I1	molecules	to	the	promoter	of	the	transcribing	gene.	The	transcription	termination	signals	for	eucaryotic	mRNA	molecules	is	not	known.	RNA	polymerase	I1	continues	elongating	mRNA	chains	beyond	the	sequences	found	in	mature	mRNAs	before	termination	occurs	by	an	unknown
mechanism.	The	transcript	is	then	somehow	specifically	cleaved	to	form	the	correct	3‘	end.	Complex	mechanisms	(too	involved	to	be	presented	here)	ensure	that	the	introns	are	removed	from	the	pre-mRNA	(primary	transcript)	and	that	the	exons	are	spliced	together	in	the	proper	order.	Thereafter,	the	pre-mRNAs	of	eucaryotes	undergo	a	number	of



covalent	modifications	before	they	are	released	from	the	nucleus	as	mature	messenger	molecules.	The	enzyme	poly-A	polymerase	adds	(without	a	template)	a	long	stretch	of	adenine	nucleotides	to	the	3‘	end	of	each	pre-mRNA,	forming	a	poly-A	tail.	Since	only	mRNA	molecules	(not	rRNAs	or	tRNAs)	have	these	tails,	it	might	be	suggested	that	they
have	something	to	do	with	translation.	In	contrast	to	most	mRNAs,	however,	those	for	histone	proteins	in	most	species	do	not	acquire	poly-A	tails.	So	the	function	of	these	tails	remains	a	mystery.	The	5’	ends	become	“capped”	with	an	unusual	guanine	nucleotide	(3’-G-5’pppS’-N-3’~).A	methyl	group	is	subsequently	added	to	this	backward	guanine	cap.
Thus,	both	the	5’	and	3’	ends	of	most	eucaryotic	mRNAs	possess	free	2‘-	and	3’-OH	groups	on	their	terminal	ribose	sugars.	Bacterial	mRNAs	contain	specific	ribosomebinding	sites	in	their	leader	sequences;	eucaryotic	mRNAs	do	not	have	these	sites.	Instead,	a	eucaryotic	ribosome	usually	binds	to	the	mRNA	cap	and	then	moves	downstream	along	the
mRNA	until	it	encounters	the	first	AUG	initiation	codon,	and	begins	translation	there.	Eucaryotic	ribosomes,	like	their	bacterial	counterparts,	consist	of	two	major	subunits,	but	they	are	more	complex,	existing	as	40s	and	60s	subunits	that	together	form	an	SOS	complex.	The	rRNA	components	in	more	evolutionarily	advanced	(‘	‘higher”)	eucaryotes
having	sedimentation	coefficients	of	1SS,	5.SS,	and	28s	are	transcribed	from	50	to	5000	identical	genes	tandemly	arranged	in	that	order	into	massive	clusters	located	on	one	or	more	chromosomes	as	nucleolar	organizing	regions	(NORs).	When	active,	these	rRNA	repeat	units	extend	out	from	the	main	chromosome	fiber	as	elongated	threads.	When
complexed	with	specific	proteins	involved	in	rRNA	synthesis	and	processing,	these	clusters	become	visible	in	the	light	microscope	as	nucleoli	where	the	assembly	of	ribosomes	begins.	The	number	of	NORs	per	haploid	genome	varies	with	the	species	from	one	to	several.	In	E.	coli,	there	are	only	seven	copies	of	the	rRNA	genes.	Very	few	bacterial	genes
exist	in	multiple	copies,	and	even	then	the	copy	number	is	very	small.	As	much	as	half	of	the	eucaryotic	primary	rRNA	transcript	may	be	lost	during	processing	of	the	mature	rRNA	molecule.	Some	of	this	loss	is	due	to	the	removal	of	introns.	In	the	protozoan	ciliate	Tetrahymena	thermophila,	the	rRNA	transcripts	appear	to	be	self-splicing.	RNA
molecules	with	autocatalytic	properties	are	called	ribozymes.	The	eucaryotic	genes	encoding	tRNAs	generally	also	exist	in	multiple	copies,	from	10	to	several	hundred	for	each	tRNA	species	per	haploid	genome.	The	identical	genes	within	each	tRNA	family	tend	to	be	widely	dispersed	in	species	with	relatively	low	numbers	of	tRNA	gene	copies.	In
organisms	with	more	highly	reiterated	tRNA	genes,	they	may	form	heteroclusters	containing	several	kinds	of	tRNA	genes.	RNA	polymerase	I11	(pol	111)	is	responsible	for	synthesizing	not	only	all	of	the	tRNAs	but	also	5s	ribosomal	RNA	and	other	small	RNAs.	These	transcripts	are	usually	short	(less	than	300	nucleotides),	with	complementary	end
sequences	that	may	allow	formation	of	a	stable	base-paired	stem.	Sequences	396	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	within	the	tRNA	genes	are	required	for	transcription	by	pol	111.	Internal	control	regions	(located	inside	the	genes	themselves)	also	direct	termination	of	transcription	by	pol	111.
Thus,	the	same	region	can	function	both	biosynthetically	(in	the	gene)	and	structurally	(in	the	RNA	product).	2.	Translation.	The	process	of	translating	an	mRNA	into	a	polypeptide	chain	in	eucaryotes	is	essentially	the	same	as	that	in	bacteria,	but	differs	in	several	important	ways.	Whereas	only	three	well-defined	initiation	factors	are	required	for
translation	of	E	.	coli	mRNAs,	many	more	are	needed	in	eucaryotes.	Eucaryotic	initiation	factors	are	designated	eIFs	to	distinguish	them	from	their	bacterial	counterparts.	Other	examples	follow.	Example	14.8.	Example	14.9.	A	tRNAMe'(symbolized	Met-tRNA'"	when	activated)	brings	an	unformylated	methionine	into	the	first	position	on	the	ribosome.
Hydrolysis	of	ATP	to	ADP	is	required	for	mRNA	binding.	The	40s	ribosomal	subunit	is	then	thought	to	attach	to	the	mRNA	at	its	capped	5'	terminus,	and	then	it	slides	along	(consuming	ATP)	until	it	reaches	the	first	AUG	codon.	Normally	only	AUG	is	an	efficient	initiator	codon	in	eucaryotes,	whereas	UUG,	GUG,	and	AUU	may	also	be	used	in	E	.	coli.
Three	different	elongation	factors	(EFs)	in	eucaryotes	replace	those	found	in	bacteria.	However,	a	single	termination	factor	(RF)	replace2RF1	and	RF2	of	bacteria.	RF	recognizes	all	three	stop	codons	(UAC,	UAA,	and	UGA).	3.	Post-translation	Modifications.	A	nascent	polypeptide	chain	may	not	become	biologically	active	until	after	it	has	been	modified
in	one	or	more	specific	ways,	such	as	being	enzymatically	phosphorylated,	glucosylated,	or	partly	digested.	Protein	kinases	are	enzymes	that	transfer	terminal	phosphate	groups	from	ATP	to	specific	amino	acids	on	target	proteins.	Phosphorylation	of	these	proteins	may	either	raise	or	lower	their	biological	activities.	For	example,	the	skeletal	muscle
enzyme	glycogen	synthetase	is	inactivated	after	phosphorylation,	whereas	phosphorylation	of	the	enzyme	glycogen	phosphorylase	increases	its	activity.	Example	14.11.	The	hormone	insulin	is	synthesized	as	a	single-chain	precursor	(proinsulin)	with	little	or	no	hormonal	activity.	Two	internal	cuts	remove	3	1	amino	acids	from	proinsulin,	producing	the
two	polypeptide	chains	of	the	functional	dimer.	Likewise,	human	growth	hormone	that	circulates	in	blood	is	a	"clipped"	version	of	the	pituitary	form	of	that	hormone.	Example	14.10.	REGULATION	OF	GENE	EXPRESSION	Much	less	is	known	about	gene	regulation	in	eucaryotes	than	in	procaryotes.	In	contrast	to	bacteria,	most	eucaryotic	cells	(some
algae,	yeast,	and	protozoa	are	a	few	notable	exceptions)	are	not	free-living	single	cells.	Multicellular	eucaryotes	usually	show	cellular	differentiation.	Differentiation	allows	cells	to	become	specialized	for	certain	tasks;	e.g.,	liver	cells	are	highly	metabolic,	muscle	cells	contract,	nerve	cells	conduct	impulses,	red	blood	cells	carry	oxygen.	The	signals	that
cause	eucaryotic	cells	to	differentiate	is	largely	endogenous	(within	the	multicellular	body).	Eucaryotic	cells	cooperate	with	one	another	to	maintain	a	fairly	uniform	internal	environment	despite	variation	in	environmental	conditions	exterior	to	the	organism;	this	regulatory	phenomenon	is	known	as	homeostasis.	Bacteria	can	turn	their	genes	on	or	off
repeatedly	in	response	to	various	nutrients	such	as	glucose	or	lactose	in	their	environment.	Switching	genes	on	or	off	during	development	of	eucaryotic	cells,	however,	is	usually	a	permanent	change.	Once	a	cell	has	started	to	differentiate,	it	can	seldom	be	diverted	to	another	developmental	pathway.	Because	eucaryotic	cytoplasmic	mRNAs	are
monocistronic,	operons	that	coordinately	control	multiple	structural	genes	(as	in	bacteria)	are	not	found	in	plants	and	animals.	Furthermore,	the	somatic	cells	of	eucaryotes	are	produced	by	mitosis	and	sexual	cells,	by	meiosis;	neither	of	these	processes	is	found	in	bacteria.	Thus,	the	regulatory	systems	of	eucaryotes	must	be	far	more	complex	than
those	of	prokaryotes.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	397	1.	Six	Points	of	Control.	Gene	expression	in	eucaryotes	involves	six	major	steps:	(1)	Uncoiling	of	nucleosomes	(2)	Transcription	of	DNA	into	RNA	(3)	Processing	of	the	nuclear	RNA	(nRNA)	or	pre-mRNA	(4)	Transport	of	mRNA	from
nucleus	to	cytoplasm	(5)	Translation	of	mRNA	into	a	polypeptide	chain	(	6	)	Processing	of	the	polypeptide	chain	into	functional	proteins	Each	of	these	steps	represents	a	potential	point	at	which	the	expression	of	eucaryotic	gene	may	be	turned	on	or	off.	2.	Genetic	Regulation	by	Altering	the	Structure	or	Genomic	Content	of	DNA.	Evolution	progresses
by	sequential	modifications	of	preexisting	developmental	patterns.	Whatever	mechanism	that	works	initially	to	solve	a	biological	problem	tends	to	become	so	integrated	into	the	overall	developmental	program	with	the	passage	of	many	generations	that	it	cannot	be	changed	thereafter.	Thus	it	is	not	surprising	that	different	organisms	may	use	quite
different	mechanisms	to	solve	common	biological	problems.	The	abundance	of	a	species	of	RNA	molecules	may	be	regulated	at	the	gene	level	by	several	mechanisms.	In	order	to	understand	some	processes	of	selective	gene	amplification,	a	distinction	must	be	made	between	germ-line	genes	(those	that	are	passed	on	to	offspring)	and	somatic	genes
(not	hereditary).	Example	14.12.	In	the	ciliate	protozoans,	there	are	two	kinds	of	nuclei:	a	polyploid	somatic	macronucleus	(controlling	all	transcription	during	vegetative	growth	and	asexual	reproduction)	and	a	haploid	micronucleus	containing	the	germ	line.	Fusion	of	haploid	nuclei	from	conjugation	of	opposite	mating	types	produces	a	diploid	zygotic
nucleus.	The	old	macronucleus	then	degenerates	and	the	zygotic	nucleus	divides	to	produce	a	new	haploid	micronucleus	and	an	immature	macronucleus.	The	macronuclear	genome	then	becomes	polyploid	like	the	polytene	chromosomes	of	Drosophila.	The	macronuclear	chromosomes,	however,	become	highly	fragmented,	and	most	of	the	fragments
(up	to	95%	in	some	species)	are	degraded.	The	surviving	fragments	contain	the	genes	required	for	vegetative	growth	and	asexual	reproduction.	The	mechanisms	controlling	this	selective	degradation	and	the	distribution	of	surviving	fragments	into	progeny	cells	during	cell	division	are	essentially	unknown.	Example	14.13.	Amphibian	oocytes	contain	a
hundred	to	a	thousand	times	more	rRNA	genes	than	are	found	in	somatic	cells,	almost	all	of	the	increase	being	due	to	large	numbers	of	extrachromosomal	nucleoli.	Each	nucleolus	contains	one	or	more	circular	DNA	molecules	having	1-20	tandemly	arranged	rRNA	genes	coding	for	the	45s	rRNA	precursor.	Most	of	these	nucleolar	circles	are	produced
by	the	rolling-circle	mechanism	(as	discussed	in	Chapter	12).	These	circles	contain	somatic	genes	and	cannot	replicate	themselves.	Extrachromosomal	rRNA	genes	must	be	derived	from	the	tandemly	repeated	rRNA	germline	genes.	Unlike	the	amphibian	rRNA	genes	in	Example	14.13,	the	chorion	(eggshell)	genes	of	Drosophila	can	be	amplified
without	extrachromosomal	replication.	A	large	number	of	follicle	cells	surround	the	egg	and	produce	the	chorion.	The	genes	encoding	the	chorionic	proteins	exist	in	two	clusters	(one	on	the	X	chromosome	and	one	on	an	autosome).	Only	a	single	copy	of	each	somatic	gene	is	present.	A	developmentally	controlled	origin	of	replication,	located	within
each	gene	cluster,	is	programmed	to	fire	3-6	times	during	interphase	within	the	5	hours	of	choriogenesis.	The	process	shown	in	Fig.	14-3	usually	produces	a	32-	to	64-fold	amplification	of	the	chorion	genes.	398	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	Fig.	14-3.	Gene	amplification	of	chorion	genes	(dark
segments)	in	Drosophila.	Three	rounds	of	replication	from	a	single	replication	origin	near	the	chorion	genes	has	occurred.	3.	Transcription	Regulation.	In	procaryotic	operons,	regulatory	genes	and	the	promoters	that	they	control	are	adjacent,	but	in	eucaryotes	the	regulatory	genes	are	rarely	adjacent	to	the	promoters	that	they	control.	As	previously
noted,	a	class	of	regulatory	sites	called	“enhancers”	may	be	several	hundred	base	pairs	either	upstream	or	downstream	from	the	promoters	they	stimulate.	Also	difficult	to	understand	is	how	sets	of	genes	on	different	chromosomes	are	coordinately	regulated.	Some	models	of	gene4	regulation	in	eucaryotes	have	proposed	that	each	gene	in	a
coordinated	set	is	preceded	by	the	same	regulatory	sequence	so	that	they	will	all	respond	to	the	same	signal,	but	perhaps	not	to	the	same	extent.	It	is	also	possible	that	a	set	of	genes	might	respond	to	more	than	one	signal	or	combinations	of	signals.	In	a	model,	these	possibilities	could	be	accommodated	by	proposing	that	some	genes	are	adjacent	to
multiple	receptor	sequences,	only	one	of	which	needs	to	receive	a	signal	for	activation,	or	by	having	single	receptors	and	multicomponent	signal	molecules.	(	a	)	Exogenous	Signals.	Gene	regulation	in	procaryotes	occurs	mainly	in	response	to	exogenous	signals	such	as	the	presence	or	absence	of	nutrients	(e.g.,	glucose	or	lactose).	Most	gene
regulation	in	eucaryotes	occurs	in	response	to	endogenous	signals,	but	not	exclusively	so.	Example	14.14.	When	plants	are	grown	in	darkness	for	several	days	they	start	to	lose	their	green	color	(etiolation)	because	of	loss	of	the	enzymes	that	catalyze	chlorophyll	synthesis.	Within	a	few	hours	after	exposure	of	an	etiolated	plant	to	sunlight,	more	than
60	photosynthetic	enzymes,	chloroplast	rRNA,	and	chlorophyll	synthesis	occurs.	A	protein	called	phytochrome	is	covalently	bound	to	a	light-absorbing	pigment.	In	&hedark,	phytochrome	is	inactive;	in	sunlight,	it	becomes	activated	and	is	thought	to	become	a	transcription	factor	for	production	of	an	unknown	number	of	photosynthetic	enzymes.	(	b	)
Endogenous	Signals.	The	best-known	endogenous	regulators	of	gene	activity	in	eucaryotes	are	the	hormones.	These	are	substances	produced	by	one	cell	type	that	have	effects	on	other	cell	types.	Hormones	are	usually	transported	throughout	the	organism	(e	.g	.	,	via	the	bloodstream	in	animals)	but	interact	only	with	those	cells	that	have	the
corresponding	receptors.	These	receptors	would	have	to	be	on	the	cell	surface	to	react	with	large	hormones	such	as	proteins.	For	small	hydrophobic	molecules	such	as	steroids	that	may	pass	freely	through	the	cell	membrane,	the	hormone	receptor	could	be	in	the	cytoplasm	or	in	the	nucleus.	The	interaction	of	hormone	and	receptor	eventually	would
cause	a	signal	to	be	transmitted	to	the	DNA	at	one	or	more	specific	sites	to	activate	the	appropriate	gene	or	set	of	genes.	Example	14.15.	Only	the	oviduct	cells	of	the	chicken	respond	to	an	injection	of	the	steroid	hormone	estrogen	by	synthesizing	ovalbumin	mRNA.	Other	cell	types	fail	to	respond	to	estrogen	because	they	lack	the	corresponding
receptor.	It	is	proposed	that	estrogen	enters	the	cell	by	diffusion	and	binds	to	a	cytoplasmic	protein	receptor.	The	hormone-receptor	complex	then	migrates	into	the	nucleus	and	initiates	transcription	of	the	ovalbumin	gene.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	399	A	family	of	membrane	proteins
called	G	proteins	are	interposed	between	some	signal	molecules	(e.g.,	hormones	or	neurotransmitters)	and	an	“amplifier	enzyme.”	If	the	hormone	binds	to	a	cell	surface	receptor,	it	induces	a	conformational	change	in	the	receptor.	This	change	is	transmitted	through	the	cell	membrane	to	a	G	protein,	making	it	able	to	bind	guanosine	triphosphate
(GTP);	hence	the	G	in	the	name	for	these	proteins.	Binding	of	GTP	causes	a	conformational	change	in	the	G	protein	that	enables	it	to	activate	an	amplifier	enzyme.	If	the	amplifier	enzyme	is	adenyl	cyclase,	its	activation	results	in	the	production	of	cyclic	AMP	(the	second	messenger).	The	CAMP	can	then	regulate	the	activity	of	one	or	more	genes
coordinately.	Hormones	might	promote	transcription	by	any	of	the	following	mechanisms:	(1)	The	hormone	could	cause	DNA	to	become	uncoupled	from	histones	(dissolution	from	nucleosomes)	and	thereby	allow	RNA	polymerase	to	begin	transcription.	(2)	The	hormone	might	act	as	an	inducer	by	inactivating	a	repressor	molecule.	(3)	The	hormone
may	bind	directly	to	specific	DNA	sequences	to	facilitate	binding	of	RNA	polymerase	or	of	a	protein	transcription	factor.	(4)	The	hormone	may	activate	an	effector	protein	(comparable	to	the	CRP	protein	of	the	bacterial	lac	operon)	so	that	the	complex	can	bind	to	a	site	on	the	DNA	and	thereby	stimulate	binding	of	RNA	polymerase.	(5)	The	hormone
could	become	attached	to	a	protein	already	bound	to	DNA	and	thereby	form	an	active	complex	that	stimulates	binding	of	RNA	polymerase.	Luxury	genes	are	those	whose	products	are	usually	synthesized	only	in	particular	cell	types	(e.g.,	hemoglobin	in	erythrocytes;	immunoglobulins	in	plasma	cells).	These	genes	appear	to	be	heavily	methylated	in
cells	that	do	not	express	the	corresponding	gene	products	and	unmethylated	in	cells	where	those	genes	are	expressed.	The	genes	involved	in	general	metabolism	common	to	all	cells	(called	housekeeping	genes)	are	rarely	methylated	in	or	near	their	initiation	regions.	Methylation	is	rare	in	invertebrates	and	nonexistent	in	insects,	and	in	mammals
many	examples	are	known	in	which	methylation	seems	to	have	no	effect	on	transcription.	The	regulatory	role	of	methylation	thus	remains	controversial.	4.	Regulation	of	mRNA	Processing.	Eucaryotic	genes	contain	introns	(noncoding	regions)	interspersed	among	the	coding	regions	(exons).	Part	of	the	process	that	converts	primary	transcripts	to
complete	mRNA	molecules	involves	removal	of	the	introns	and	splicing	the	exons	together.	Variations	in	the	excision	and	splicing	jobs	can	lead	to	different	mRNAs	and,	following	translation,	to	different	protein	products.	Example	14.16.	Immunoglobulins	of	class	IgM	have	p-type	heavy	chains	that	are	produced	in	two	varieties	as	a	consequence	of
differences	in	intron/exon	excisiordsplicing	events.	When	processed	in	one	way,	the	p-chains	are	longer,	ending	with	a	group	of	hydrophobic	amino	acids	at	their	carboxyl	ends.	This	“water-fearing”	tail	tends	to	lodge	in	the	lipid	membrane	and	extends	into	the	cytoplasm.	The	amino	terminus	extends	outside	the	cell	where	it	participates	with	an	L
chain	to	form	an	antigen-combining	site	(see	Example	14.23).	Thus	it	becomes	a	cell	receptor	for	a	specific	antigen.	An	alternative	processing	step	removes	from	the	primary	transcript	the	sequence	responsible	for	the	hydrophobic	tail.	This	shorter	version	of	the	p-chain	readily	passes	out	of	the	cell	and	becomes	part	of	the	secretory	antibody
population	found	in	the	blood	and	other	body	fluids.	5.	Regulation	of	Translation.	There	are	three	major	methods	by	which	eucaryotic	cells	are	known	to	regulate	translation:	(1)	by	altering	the	life	of	the	mRNA,	(2)	by	controlling	the	initiation	of	translation,	and	(3)	by	changing	the	overall	rate	of	translation.	A	typical	eucaryotic	mature	mRNA	consists
of	four	major	regions:	(1)	a	5’	400	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	noncoding	region	(leader),	(2)	a	coding	region,	(3)	a	3’	noncoding	region	(trailer),	and	(4)	a	poly-A	tail.	Each	of	the	four	segments	may	affect	the	half-life	of	mRNA	molecules.	Example	14.17.	The	mRNA	transcribed	from	a	normal
human	gene	c-myc	is	relatively	unstable,	with	a	half-life	of	about	10	minutes.	A	mutant	form	of	c-myc	that	is	missing	some	of	the	5’	noncoding	region	of	the	normal	c	-	m	y	produces	an	mRNA	3-5	times	more	stable	than	full-length	mRNA.	Within	the	coding	region	of	a	histone	gene,	repositioning	of	the	stop	codon	closer	to	the	5’	end	of	its	transcript	not
only	produces	abnormally	short	histone	proteins	but	also	at	least	doubles	the	half-life	of	such	mutant	mRNAs.	The	mRNAs	for	human	P-globin	and	6-globin	(Example	14.5)	differ	mainly	in	their	3’	noncoding	segments,	yet	6-globin	mRNA	is	degraded	4	times	faster	than	P-globin	mRNA.	Mature	mRNA	molecules	do	not	normally	exist	as	naked	mRNAs
but	as	ribonucleoprotein.	One	of	the	proteins	normally	bound	to	mRNAs	is	a	poly(A)-binding	protein	(PABP).	Experimental	removal	of	PABP	from	normal	mRNAs	decreases	their	half-lives.	Removal	of	poly-A	tails	from	otherwise	normal	mRNAs	greatly	reduces	their	half-lives.	Just	how	these	changes	in	mRNA	molecules	influence	their	susceptibility	to
digestion	by	ribonuclease	enzymes	is	not	presently	known.	Example	14.18.	Unfertilized	sea	urchin	eggs	store	large	quantities	of	mRNA	complexed	with	proteins	as	ribonucleoprotein	particles.	In	this	inactive	form	it	is	called	masked	mRNA.	Within	minutes	after	fertilization,	the	mRNA	somehow	becomes	“unmasked”	and	translation	begins.	6.	Post-
Translation	Controls.	In	procaryotes,	the	synthesis	of	several	gene	products	can	be	coordinately	controlled	by	the	production	of	a	polycistronic	mRNA.	Eucaryotes	synthesize	only	monocistronic	mRNAs,	but	the	resulting	single	polypeptide	chains	may	be	cleaved	into	two	or	more	functional	protein	components.	A	multicomponent	protein	such	as	this	is
termed	a	polyprotein.	Example	14.19.	A	polyprotein	called	pro-opiomelanocortin	is	synthesized	by	the	anterior	lobe	of	the	pituitary	gland.	A	cut	near	the	C	(carboxy)	terminus	first	produces	P-lipotropin.	Then	a	cut	near	the	N	terminus	produces	adrenocorticotropic	hormone	(ACTH).In	the	intermediate	lobe	of	the	pituitary,	P-lipotropin	is	further
digested,	releasing	the	C-terminal	peptide	Pendorphin;	the	ACTH	is	also	cleaved	to	release	a-melanotropin.	Polypeptides	that	are	destined	to	be	released	(after	being	processed	in	the	Golgi	apparatus)	from	the	cell	possess	a	signal	peptide.	This	peptide	usually	consists	of	about	20	amino	acids	at	or	near	the	N	terminus	of	a	polypeptide	chain.	It	serves
to	anchor	the	nascent	polypeptide	(as	it	is	being	synthesized)	and	its	ribosome	to	the	endoplasmic	reticulum.	DEVELOPMENT	The	term	ontogeny	represents	the	development	of	an	individual	from	zygote	to	maturity;	embryology	is	the	study	of	early	ontogenic	events.	Epigenesis	is	the	modern	concept	that	development	of	differentiated	cells,	tissues,
and	organs	proceeds	by	building	upon	the	relatively	small	amount	of	organization	in	the	fertilized	egg,	as	opposed	to	the	now	discredited	notion	that	an	organism	develops	simply	by	growth	of	tiny	entities	that	are	essentially	fully	formed	in	the	fertilized	egg	(preformation	theory).	Epigenetics	is	the	study	of	the	mechanisms	by	which	genes	bring	about
their	phenotypic	effects.	The	series	of	interrelated	developmental	pathways	through	which	the	adult	is	formed	is	referred	to	as	the	epigenotype.	Undifferentiated	cells	of	the	embryo	develop	epigenetically	into	morphologically	and	physiologically	different	types	(e.g.,	muscle	cells	that	contract,	neurons	that	transmit	impulses,	fibroblast	cells	that
manufacture	extracellular	collagen	or	elastic	fibers).	Cells	become	committed,	or	determined,	to	differentiate	along	certain	lines	before	changes	in	their	morphology	can	be	detected.	It	is	thought	that	relatively	few	master	control	switches	exist,	and	that	they	are	arranged	in	a	hierarchy,	with	early-acting	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF
EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	40	1	genes	controlling	the	expression	of	other	genes	that	act	at	later	times	in	development.	The	products	of	these	master	control	genes	that	determine	specific	developmental	pathways	are	called	morphogens.	Induction	is	the	determination	of	the	developmental	fate	of	one	cell	mass	by	another.	This
morphogenetic	effect	is	brought	about	by	a	living	part	of	an	embryo	(called	an	inducer	or	organizer)	acting	upon	another	part	(competent	tissue)	via	one	or	more	morphogens.	An	undifferentiated	cell	may,	under	the	influence	of	a	mutant	master	control	gene,	follow	a	developmental	pathway	different	from	that	which	it	normally	would	pursue
(transdetermination),usually	with	bizarre	(if	not	lethal)	consequences.	Example	14.20.	In	the	fruit	fly	Drosophila,	the	genes	that	control	development	of	its	body	plan	can	be	grouped	into	three	classes.	Maternal	effect	genes	are	those	genes	of	the	mother	that	establish	the	organization	of	the	egg	(e.g.,	gradients	of	chemicals	from	the	anterior	pole	to
the	posterior	pole).	The	embryo	contains	segmentation	genes	that	establish	the	segmentation	pattern	of	the	fly.	The	embryo’s	homeotic	genes	(homoeotic	is	an	alternative	spelling)	switch	on	after	the	segmentation	genes	and	establish	the	kind	of	structure	that	will	develop	in	each	body	segment.	A	common	conserved	DNA	sequence	of	about	180	bp
(called	a	homeobox)	is	shared	by	most	of	the	known	homeotic	genes	and	with	at	least	some	of	the	segmentation	genes.-A	homeobox	constitutes	only	part	of	a	gene	and	hence	codes	for	only	one	domain	of	its	protein	product.	That	very	basic	domain,	however,	has	a	helix-turn-helix	motif	that	characterizes	several	well-known	procaryotic	DNA-binding
proteins	(e.g.,	CAP	and	lambda	phage	repressor).	Although	the	precise	functions	of	homeoboxes	are	not	yet	known,	they	are	thought	to	form	a	network	of	master	control	genes	that	switch	on	batteries	of	other	genes	whose	activities	specify	the	kind	of	body	structure	that	will	develop.	Similar	homeoboxes	have	been	found	in	other	invertebrates	as	well
as	in	some	vertebrates,	including	mammals.	But	at	present	it	is	not	known	if	they	function	in	the	same	way	as	in	Drosophila.	Maternal	effect	genes	may	provide	certain	substances	or	organize	the	egg	cytoplasm	in	such	a	way	that	development	of	certain	progeny	phenotypes	is	essentially	totally	controlled	by	the	maternal	genotype	rather	than	by	the
genotype	of	the	embryo.	Such	effects	may	be	ephemeral	or	may	persist	throughout	the	life	of	an	individual.	The	substances	that	produce	maternal	effects	are	not	self-perpetuating,	and	therefore	must	be	synthesized	anew	for	each	generation	of	progeny	by	the	appropriate	maternal	genotype.	Example	14.21.	A	dominant	gene	K	in	the	meal	moth
Ephestia	produces	a	hormonelike	substance	called	kynurenine	that	is	involved	in	pigment	synthesis.	The	recessive	genotype	kk	is	devoid	of	kynurenine	and	cannot	synthesize	pigment.	Females	of	genotype	Kk	can	produce	k-bearing	eggs	containing	a	small	amount	of	kynurenine.	For	a	short	time	during	early	development.	a	larva	may	use	this	supply	of
kynurenine	to	develop	pigment	even	though	its	own	genotype	might	be	kk.	The	color	fades	as	the	larva	grows	older	because	the	maternally	supplied	kynurenine	becomes	depleted.	Example	14.22.	The	direction	in	which	the	shell	coils	in	the	snail	Limnaea	can	be	dextrul	like	a	righthand	screw	or	sinistral	like	a	left-hand	screw.	The	maternal	genotype
organizes	the	cytoplasm	of	the	egg	in	such	a	way	that	cleavage	of	the	zygote	will	follow	either	of	these	two	patterns	regardless	of	the	genotype	of	the	zygote.	If	the	mother	has	the	dominant	gene	s	+	,	all	her	progeny	will	coil	dextrally;	if	she	is	of	the	genotype	s	s	,	all	her	progeny	will	coil	sinistrally.	This	coiling	pattern	persists	for	the	life	of	the
individual.	Depending	on	the	signals	it	receives,	the	cell	type	and	the	species,	a	differentiated	cell	may	or	may	not	be	able	to	dedifferentiate	(revert	to	an	unspecialized	state).	Differentiation	is	usually	reversible	at	the	nuclear	level,	as	evidenced	from	nuclear	transplantation	experiments.	However,	fully	differentiated	cells	often	are	incapable	of
replication.	For	example,	spinal	nerve	cells,	mature	red	blood	cells	(erythrocytes)	that	carry	oxygen,	and	plasma	cells	that	make	antibodies	can	no	longer	divide.	The	undifferentiated	stem	cells	from	which	mature	blood	cells	are	derived	retain	the	capacity	to	replicate	and	differentiate	into	various	blood	cell	types.	Differentiation	is	seldom	due	to	gain
or	loss	of	chromosomes	or	of	genetic	material	(lymphocytes	are	a	notable	exception).	Example	14.23.	Antibodies	are	made	by	white	blood	cells	(lymphocytes)	known	as	plasma	cells.	Lymphoid	stem	cells	in	the	bone	marrow	differentiate	into	B	cells	that	can	complete	their	maturation	into	antibody-secreting	plasma	cells	after	making	specific	contact
with	an	antigen	via	their	membrane	receptor	(an	antibody	molecule).	An	immunoglobulin	(antibody)	molecule	is	402	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	a	tetramer	composed	of	two	identical	heavy	(H)	polypeptide	chains	and	two	identical	light	(L)	chains.	There	are	five	classes	of	immunoglobulin
molecules	(IgG,	IgM,	IgA,	IgE,	and	IgD)	based	upon	the	structure	of	their	heavy	chains	(y,	p,	a,	E,	and	6,	respectively).	There	are	only	two	types	of	L	chains	(K	and	h).	The	carboxy	ends	of	heavy	and	light	chains	possess	amino	acid	sequences	(called	constant	regions,	designated	“C”)	that	are	invariate	within	each	H	chain	class	and	L	chain	type.	The
free	amino	ends	of	each	chain	differ	in	amino	acid	sequence	and	are	referred	to	as	variable	(“V”)	regions.	The	V	regions	of	an	L	chain	and	an	H	chain	together	form	an	antigen-binding	site.	The	CH	region	consists	of	three	or	four	similar	segments,	presumably	evolved	by	duplication	of	an	ancestral	gene,	followed	by	subsequent	mutational
modifications;	these	similar	segments	are	called	“domains”	and	are	labeled	CHI,CH2,CH3,and	so	on.	A	mature	plasma	cell	produces	antibodies	bearing	a	single	class	of	H	chain	and	a	single	class	of	L	chain,	hence	also	a	single	antigen-binding	specificity.	Although	an	individual	may	inherit	different	genes	for	the	H	and	L	chains,	an	unknown	mechanism
allows	expression	of	only	one	gene	for	each	of	these	chains,	a	phenomenon	known	as	allelic	exclusion.	The	first	antibodies	produced	by	a	plasma	cell	are	usually	of	class	IgM.	Later	in	that	same	cell,	the	same	antigen-binding	specificity	may	be	associated	with	H	chains	of	a	different	class	(e.g.,	IgG	or	IgA).	At	any	given	time,	however,	a	plasma	cell	is
thought	to	synthesize	primary	mRNA	H-chain	transcripts	of	a	single	kind.	There	are	three	immunoglobulin	gene	families:	two	for	the	light	chain	types	(K	and	h	)	and	one	for	the	heavy	chains,	each	on	a	different	human	autosome.	Within	each	gene	family,	there	usually	are	multiple	DNA	sequences	(sometimes	hundreds)	coding	for	the	V	region	of	an
immunoglobulin	chain.	There	are	also	one	or	more	sequences	coding	for	the	C	region	of	that	same	chain.	In	embryonic	lymphoid	cells,	the	V	and	C	segments	of	a	gene	family	that	ultimately	code	for	a	given	immunoglobulin	chain	are	not	adjacent	to	one	another,	but	are	only	loosely	linked.	As	the	cell	matures	into	an	antibody-secreting	plasma	cell,	the
V	and	C	sequences	become	more	tightly	linked.	The	V	and	C	sequences	are	“exons”	that	code	for	portions	of	the	immunoglobulin	polypeptide	chain.	An	apparently	random	choice	is	made	to	connect	one	of	the	V	exons	to	one	of	the	C	exons,	and	all	unnecessary	intervening	material	(exons	or	introns)	is	deleted	(sometimes	at	the	DNA	level).	Between	the
V	and	C	regions	there	are	a	few	J	(for	“joining”)	exons	in	both	L-	and	H-chain	families;	the	H-chain	family	also	contains	a	few	additional	D	(for	“diversity”)	exons.	These	J	and	D	segments	contribute	to	hypervariable	regions	(also	known	as	complementarity	determining	regions,	CDRs)	that	form	part	of	an	antigen-binding	cavity	CHAP.	141	THE
MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	403	in	an	immunoglobulin	molecule.	A	light-chain	V	exon	is	joined	to	a	J	exon	by	a	single	recombination	event.	The	V-J	complex	is	then	connected	to	a	C	exon	at	the	level	of	mRNA	by	the	standard	RNA-splicing	mechanism.	Two	recombination	events	are	required	to	assemble	a
heavy-chain	gene.	The	first	event	joins	the	J	and	D	exons;	the	second	event	joins	the	V	exon	with	the	D-J	complex	to	form	a	V-D-J	complex.	Since	the	joining	of	V-J	or	V-D-J	is	imprecise,	this	produces	the	phenomenon	termed	junctional	diversity	in	the	possible	kinds	of	immunoglobulinchains.	As	a	heavy-chain	gene	is	being	assembled,	extra	nucleotides
(called	N	regions)	can	be	inserted	in	a	template-free	fashion	between	the	V-D	or	D-J	segments.	The	random	association	of	any	V	exon	with	any	J	or	J-D	complex	is	called	combinatorial	translocation.	A	V-D-J	complex	can	be	coupled	to	a	C	exon	by	either	of	two	mechanisms.	RNA	splicing	can	connect	the	V-D-J	group	with	one	of	the	nearest	C	exons	(either
~	1or	.	6).	Alternatively,	the	V-D-J	group	can	be	connected	to	more	remote	C	exons	(y,	a,or	E)	by	a	third	DNA	recombination;	this	latter	mechanism	is	known	as	class	switching.	A	high	level	of	point	mutations	in	fully	assembled	antibody	genes	is	another	source	of	diversity	called	somatic	hypermutation.	In	the	formation	of	a	tetrameric	immunoglobulin
molecule,	any	L	chain	can	be	associated	with	any	H	chain,	an	option	known	as	combinatorial	association.	Estimates	of	the	number	of	immunoglobulin	components	in	the	mouse	are	as	follows.	L	chains	(K	type	only)	have	250	V	and	4	J	regions,	and	3	sites	for	junctional	diversity;	total	number	of	K	L	chains	=	250	X	4	X	3	=	3000.	H	chains	have	250	V,	10
D	and	4	J	regions,	and	plus	3	sites	for	junctional	diversity	at	both	V-D	and	D-J	joints;	total	number	of	H	chains	=	250	X	10	X	4	X	3	x	3	=	90,000.	Combinatorial	association	of	3000	L	chains	with	90,000	H	chains	=	2.7	X	108possible	antibody	molecules.	This	is	an	underestimate	because	it	does	not	consider	lambda	L	chains,	N	regions,	somatic
hypermutation,	or	the	five	classes	(C	exons)	of	the	heavy	chains.	Moreover,	in	humans	there	are	four	different	CH	exons	for	the	four	subclasses	(unrelated	to	the	number	of	CH	domains)	of	IgG,	two	each	for	IgM	and	IgA,	and	one	each	for	IgD	and	IgE;	for	L	chains	there	are	four	CL	exons	for	the	four	subtypes	of	the	lambda	family	and	one	in	the	kappa
family.	Different	CHclasses	endow	the	immunoglobulin	molecules	with	special	effector	functions	such	as	complement	binding	(IgG	and	IgM),	placental	passage	(IgG),	secretion	into	body	fluids	(IgA),	and	binding	to	mast	cells	(IgE).	Thus	the	union	of	one	kind	of	variable	region	with	one	kind	of	constant	region	in	H	chains	contributes	to	an
antibodycombining	site	that	specifically	binds	antigen	and	also	allows	the	immunoglobulin	molecule	to	become	biologically	active.	ORGANELLES	Both	mitochondria	and	chloroplasts	share	several	characteristics	with	modern	procaryotic	cells.	All	three	generally	have	a	circular	double-stranded	DNA	genome	(exceptions	include	some	protozoans	such
as	Paramecium	and	Tetrahymena	that	have	linear	mitochondrial	DNA	molecules).	Their	genomes	are	neither	enclosed	within	a	nuclear	membrane	nor	associated	with	histone	proteins	(hence	no	nucleosomal	organization).	They	each	code	for	part	of	their	own	protein-synthesizing	systems	(all	rRNAs,	tRNAs,	and	at	least	some	of	the	ribosomal	proteins).
Many	of	the	enzymes	and	other	proteins	that	function	in	these	organelles,	however,	are	encoded	by	nuclear	genes,	synthesized	on	80s	ribosomes,	and	transported	into	these	organelles.	Their	ribosomes	are	usually	70s	or	smaller	and	are	sensitive	to	antibiotics	and	other	substances	that	have	no	effect	on	the	80s	eucaryotic	cytoplasmic	ribosomes.
Protein	synthesis	is	initiated	by	formyl-methionyl-tRNA.	The	nucleus,	mitochondrion,	and	chloroplast	are	bounded	by	a	double-membrane	envelope,	but	only	the	nuclear	membrane	contains	pores.	Mitochondria	and	chloroplasts	grow	in	size	and	then	seem	to	split	in	two,	in	a	process	akin	to	binary	fission	in	bacteria.	1.	Mitochondria.	Mitochondria	are
organelles	found	in	the	cytoplasm	of	both	plants	and	animals.	They	contain	the	enzymes	of	the	electron-transport	chain	that	cany	out	oxidative	phosphorylation	in	the	production	of	adenosine	triphosphate	(ATP,	the	main	source	for	energy-requiring	biochemical	reactions).	Unlike	chlo-	404	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND
THEIR	VIRUSES	[CHAP.	14	roplasts,	the	mitochondrial	genome	(mtDNA)	varies	markedly	in	length	between	species.	For	example,	it	is	about	20	micrometers	in	Neurosporu,	25	micrometers	in	yeast,	30	micrometers	in	higher	plants,	but	only	5	micrometers	in	some	metazoan	(multicellular)	animals.	Most	of	the	mtDNA	of	fungi	and	plants	is	thought	to
be	noncoding	(perhaps	“junk”	or	“selfish”	DNA).	One	or	more	mitochondrial	DNA	molecules	reside	within	each	of	the	several	nucleoid	regions	within	the	mitochondrion.	If	a	cell	contained	250	mitochondria,	each	with	5	mtDNA	molecules,	there	would	be	1250	mtDNA	copies	in	that	cell.	Mitochondrial	ribosomes	are	also	highly	variable	between	species
(e.g.,	5	5	s	in	animals,	73s	in	yeast).	There	is	also	some	interspecific	variation	in	mitochondrial	tRNAs.	Some	codons	are	read	differently	by	mitochondrial	tRNAs	than	by	nuclear-encoded	tRNAs.	For	example,	AUA	codes	for	methionine	(not	isoleucine)	and	UGA	codes	for	tryptophan	(not	translation	termination)	in	mammalian	mitochondria.
Mitochondrial	mRNAs	of	fungi	and	higher	plants	contain	introns,	but	those	of	animals	lack	introns	and	are	transcribed	as	polycistronic	mRNAs	that	become	cut	into	monocistronic	mRNAs	before	translation.	Mitochondria	have	no	DNA	repair	systems.	Hence	the	mutation	rate	of	mictochondrial	DNA	is	much	higher	than	that	of	nuclear	DNA.	2.
Chloroplasts.	Chloroplasts	contain	the	enzymes	for	photosynthesis	and	are	thus	characteristic	only	of	plant	cells.	Most	plant	cells	contain	numerous	chloroplasts.	A	few	plants	such	as	the	unicellular	alga	Chlamydomonas	(Fig.	5-1)	contain	a	single	chloroplast.	In	most	plants,	however,	each	chloroplast	genome	is	usually	present	in	multiple	copies.	For
example,	a	typical	leaf	cell	of	Euglenu	may	contain	40-50	chloroplasts.	Every	chloroplast	usually	contains	several	nucleoid	regions,	each	containing	8-	10	DNA	molecules;	thus	the	entire	cell	may	contain	over	500	copies	of	the	chloroplast	genome	(ctDNA).	The	length	of	the	Euglena	ctDNA	is	estimated	to	be	capable	of	coding	well	over	100	proteins.
Evidence	indicates	that	ctDNA	from	liverworts	to	the	higher	plants	have	essentially	the	same	genome	(highly	conserved).	Some	of	the	ctDNA	genes	(both	for	tRNAs	and	mRNAs)	are	known	to	contain	introns.	The	RNA	polymerase	of	the	liverwort	Marchantia	polymorpha	contains	a-	and	P-subunits	that	are	homologous	in	amino	acid	sequences	to	those
found	in	the	bacterium	E	.	coli.	3.	Origin	of	Organelles.	According	to	one	classification	scheme,	all	organisms	fall	into	one	of	two	superkingdoms:	Procaryotes	and	Eucaryotes.	Cells	of	the	former	lack	a	nucleus	or	any	other	double-membraned	organelles.	Cells	of	the	latter	possess	a	nucleus	and	other	double-membraned	organelles.	Within	the
Procaryotes	there	are	two	subkingdoms.	Most	bacteria	belong	to	the	subkingdom	Eubacteria.	The	subkingdom	Archaebacteria	contains	less	familiar	bacteria	that	lead	unusual	life-styles;	e	.g	.	,	salt-loving	halophiles,	anaerobic	(without	oxygen)	“marsh-gas”-producing	bacteria	called	“methanogens,”	sulfur-metabolizing	forms,	and	some	that	require
high	temperatures	(>80°C)	and	acidic	environments	(pH	<	3	)	known	as	‘	‘thermoacidophiles.	’	’	However,	the	archaebacteria	and	the	eubacteria	seem	to	be	as	distinct	from	each	other	as	they	are	from	the	eucaryotes.	Hence,	it	is	hypothesized	that	all	three	groups	may	have	arisen	from	a	common	ancestor,	or	progenote,	that	is	now	extinct.	There	are
no	clues	in	extant	organisms	as	to	the	evolution	of	the	nucleus.	It	is	thought	that	the	eucaryotic	nuclear	membrane	probably	evolved	independently	of	the	procaryotes,	possibly	by	invaginations	and	coalescences	of	the	cell	membrane.	The	nucleus	is	a	double-membraned	organelle	like	mitochondria	and	chloroplasts,	so	any	theory	regarding	the	origins
of	these	organelles	would	have	to	take	this	into	consideration.	On	the	other	hand,	several	lines	of	evidence	support	the	theory	that	mitochondria	evolved	from	eubacteria.	According	to	the	endosymbiosis	theory,	a	primitive	anaerobic-phagocytic	type	of	nucleated	cell	(called	the	urcaryote)	engulfed	aerobic	bacteria	that	were	able	to	generate	energy	by
oxidative	phosphorylation.	The	engulfed	bacteria	somehow	escaped	digestion	by	the	feeder	cell	and	replicated	within	the	cytoplasm.	These	early	symbiotic	relationships	gradually	evolved	into	a	mutualism	whereby	they	could	not	survive	apart	from	one	another.	During	the	evolution	of	this	organelle,	the	bacteria	gave	up	many	of	its	genes	to	the
nucleus,	so	that	now	many	of	the	proteins	needed	for	mitochondrial	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	405	functions	are	specified	by	nuclear	genes,	made	on	cytoplasmic	ribosomes,	and	transported	into	the	mitochondria.	This	is	how	fully	aerobic,	nucleated	cells	(like	modem	eucaryotic	cells)	are
proposed	to	have	evolved.	At	some	later	time,	some	of	these	fully	aerobic,	nucleated,	feeder	cells	may	have	engulfed	photosynthetic	cyanobacteria	(blue-green	“algae”).	A	mutualism	gradually	developed	between	these	two	entities	in	the	evolution	of	the	chloroplasts	that	characterize	the	plant	kingdom.	Although	the	shape	of	mitochondria	is	different
from	that	of	the	purple,	nonsulfur	bacteria	from	which	they	presumably	were	derived,	the	mitochondria	resemble	bacteria	in	many	ways.	Both	of	their	genomes	are	circular	and	histone-free.	Their	transcription	and	translation	systems	are	also	similar.	On	the	other	hand,	some	archaebacterial	genes	(like	those	in	the	eucaryote	nucleus)	have	introns.
But	introns	are	unknown	in	modem	eubacteria.	Hence	it	has	been	suggested	that	the	progenote	may	have	had	introns	but	they	became	lost	during	the	evolution	of	the	eubacteria.	Interestingly,	the	mitochondrial	DNA	of	mammalian	cells	does	not	contain	introns,	but	many	mitochondrial	genomes	of	more	primitive	eucaryotes	do.	In	addition,	eubacteria
and	eucaryotes	contain	ester-linked,	unbranched	lipids	containing	L-glycerophosphate,	whereas	the	branched	lipids	of	archaebacteria	are	ether-linked,	containing	D-glycerophosphate.	4.	Inheritance	of	Organelles.	In	most	plants	and	animals,	mitochondria	and	chloroplasts	are	strictly	inherited	only	from	the	female	parent	(maternal	transmission)
because	the	male	gamete	(or	that	part	that	enters	into	fertilization)	is	essentially	devoid	of	these	organelles.	It	is	estimated	that	in	about	two-thirds	of	plant	species	the	inheritance	of	chloroplasts	is	strictly	maternal.	The	smallest	heritable	extranuclear	(extrachromosomal,	cytoplasmic)	element	is	called	a	plasmagene.	All	of	the	plasmagenes	of	a	cell
constitute	the	plasmon.	Traits	with	an	extranuclear	basis	may	be	identified	on	the	basis	of	several	diagnostic	criteria.	(1)	Differences	in	reciprocal	crosses	that	cannot	be	attributed	to	sex	linkage	or	some	other	chromosomal	basis	tend	to	implicate	cytoplasmic	factors.	(	a	)	If	progeny	show	only	the	characteristics	of	the	female	parent	that	can	be
attributed	to	unequal	cytoplasmic	contributions	of	male	and	female	parents,	then	plasmagene	inheritance	is	suspect	(Example	14.24).	(	6	)	If	the	uniparental	inheritance	of	a	trait	cannot	be	attributed	to	unequal	cytoplasmic	contributions	from	the	parents,	this	does	not	necessarily	rule	out	cytoplasmic	factors	(Example	14.25).	(2)	Extranuclear	factors
may	be	detected	by	either	the	absence	of	segregation	at	meiosis	(Example	14.26)	or	by	segregation	that	fails	to	follow	Mendelian	laws	(Example	14.27).	(3)	Repeated	backcrossing	of	progeny	to	one	of	the	parental	types	for	several	generations	causes	their	chromosomal	endowment	to	rapidly	approach	100%that	of	the	recurrent	parental	line.	The
persistence	of	a	trait	in	the	progeny,	when	the	backcross	parent	exhibits	an	alternative	character,	may	be	considered	evidence	for	plasmagene	inheritance	(Example	14.28).	Example	14.24.	In	higher	plants,	pollen	usually	contributes	very	little,	if	any,	cytoplasm	to	the	zygote.	Most	of	the	cytoplasmic	elements	are	transmitted	through	the	maternal
parent.	In	the	plant	called	“four-o’clock’’	(Mirabilis	jalapa),	there	may	be	normal	green,	pale	green,	and	variegated	branches	due	to	two	types	of	chloroplasts.	Plants	grown	from	seeds	that	developed	on	normal	green	branches	(with	all	normal	chloroplasts)	will	all	be	normal	green;	those	that	developed	on	pale-green	branches	(with	abnormal
chloroplasts)	will	all	be	pale	green;	those	on	variegated	branches	(with	both	normal	and	abnormal	chloroplasts)	will	segregate	green,	pale	green,	and	variegated	in	irregular	ratios.	The	type	of	pollen	used	has	no	effect	in	this	system.	The	irregularity	of	transmission	from	variegated	branches	is	understandable	if	plasmagenes	exist	in	the	chloroplasts,
because	there	is	no	mechanism	to	ensure	the	regular	distribution	of	chloroplasts	to	daughter	cells	as	there	is	for	chromosomes.	406	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	Example	14.25.	The	uniting	gametes	of	the	single	celled	alga	Chlamydomonas	reinhardi	(Fig.	5-1)	are	morphologically
indistinguishable.	One	strain	of	the	alga	that	is	streptomycin-resistant	(sr)	and	of	the	“plus”	mating	type	(mt’)	is	crossed	to	a	cell	of	“negative”	mating	type	(	m	t	-	)	that	is	streptomycin-sensitive	(ss).	All	progeny	are	resistant,	but	the	nuclear	genes	for	mating	type	segregate	as	expected:	fmt’	,	f	m	t	-	.	The	reciprocal	cross	ss	mt+	x	sr	m	t	-	,	again	shows
the	expected	segregation	for	mating	type,	but	all	progeny	are	sensitive.	Repeated	backcrossings	of	sr	mt+	to	ss	mt-	fail	to	show	segregation	for	resistance.	It	appears	as	though	the	plasmagenes	of	the	mt-	strain	become	lost	in	a	zygote	of	mt	.	The	mechanism	which	inactivates	the	plasmagenes	of	mt-	in	the	zygote	is	unknown.	Example	14.26.	Slow-
growing	yeast	cells	called	petites	lack	normal	activity	of	the	respiratory	enzyme	cytochrome	oxidase	associated	with	the	mitochondria.	Petites	can	be	maintained	indefinitely	in	vegetative	cultures	through	budding,	but	can	sporulate	only	if	crossed	to	wild	type.	When	a	haploid	neutral	petite	cell	fuses	with	a	haploid	wild-type	cell	of	opposite	mating
type,	a	fertile	wild-type	diploid	cell	is	produced.	Under	appropriate	conditions,	the	diploid	cell	reproduces	sexually	(sporulates).	The	four	ascospores	of	the	ascus	(Fig.	6-2)	germinate	into	cells	with	a	1	:	1	mating	type	ratio	(as	expected	for	nuclear	genes),	but	they	are	all	wild	type.	The	petite	trait	never	appears	again,	even	after	repeated	backcrossings
of	both	mating	types	to	petite.	The	mitochrondrial	factors	for	petite	are	able	to	perpetuate	themselves	vegetatively	,	but	are	“swamped,”	lost	or	permanently	altered	in	the	presence	of	wild-type	factors.	Neutral	petite	behaves	the	same	in	reciprocal	crosses	regardless	of	mating	type,	and	in	this	respect	is	different	from	the	streptomycin	resistance
factors	in	Chlamydomonas	(Example	14.25).	Example	14.27.	Another	type	of	petite	in	yeast	called	suppressive	may	segregate,	but	in	a	manner	different	from	chromosomal	genes.	When	haploid	suppressive	petites	are	crossed	to	wild	types	and	each	zygote	is	grown	vegetatively	as	a	diploid	strain,	both	petites	and	wild	types	may	appear,	but	in
frequencies	that	are	hardly	Mendelian,	varying	from	1	to	99%	petites.	Diploid	wild	type	cells	may	sporulate	producing	only	wild-type	ascospores.	By	special	treatment,	all	diploid	zygotes	can	be	made	to	sporulate.	The	majority	of	the	ascospores	thus	induced	germinates	into	petite	clones.	Some	asci	have	4	,	3	,	2	,	1,	or	0	petite	ascospores,	suggesting
that	environmental	factors	may	alter	their	segregation	pattern.	Nuclear	genes,	such	as	mating	type,	maintain	a	1	:	1	ratio	in	all	asci.	Example	14.28.	The	protoperithecial	parent	in	Neurospora	(Fig.	6-3)	supplies	the	bulk	of	the	extrachromosomal	material	of	the	sexually	produced	ascospores.	Very	slow	spore	germination	characterizes	one	strain	of	this
fungus.	The	trait	exhibits	differences	in	reciprocal	crosses,	maternal	inheritance,	and	fails	to	segregate	at	meiosis.	When	the	slow	strain	acts	as	protoperithecial	parent	and	the	conidial	strain	has	normal	spore	germination,	all	the	progeny	are	slow,	but	possess	50%	of	the	nuclear	genes	of	the	conidial	parent.	Each	generation	is	then	backcrossed	to	the
conidial	parent,	so	that	the	F2contains	75%,	F3	contains	87.5%,	etc.,	of	nuclear	genes	of	the	conidial	parent.	After	the	fifth	or	sixth	backcross,	the	nuclear	genes	are	almost	wholly	those	of	the	conidial	parent,	but	the	slow	germination	trait	persists	in	all	of	the	progeny.	+	Exceptions	are	known	to	the	generalization	that	cytoplasmic	factors	are
maternally	inherited.	Example	14.29.	When	a	green	strain	of	geranium	(Pelargonium)is	crossed	to	a	strain	with	white-margined	leaves,	the	progeny	may	have	green,	white,	or	white-margined	leaves.	Since	the	results	of	reciprocal	crosses	are	the	same	it	has	been	hypothesized	that	plastids	can	be	transmitted	to	offspring	by	both	the	male	and	female
gametes.	Cells	that	contain	a	mixture	of	plastid	genomes	are	said	to	be	heteroplasmic;	those	that	contain	only	one	type	of	plastid	genome	are	called	homoplasmic.	EUCARYOTIC	VIRUSES	Eucaryotic	viruses	differ	in	many	respects	from	virulent	bacteriophages;	some	of	the	more	obvious	differences	are	outlined	in	Table	14.2.	CHAP.	141	THE
MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	407	Table	14.2.	Some	Differences	between	Virulent	Bacteriophages	and	Eucaryotic	Viruses	~	~~	Bacteriophage	Eucaryotic	Viruses	20-60-minute	life	cycle	DNA	virus	=	50-1000	burst	size	Fraction	of	burst	size	capable	of	infection	is	very	high	(at	or	near	1.0)	Life	cycle	terminates
in	cell	death	(M	13	is	an	exception);	all	phage	simultaneously	released	Cessation	of	synthesis	of	host	DNA,	mRNA,	and	protein	is	an	early	event	after	infection	Tailed	forms	inject	DNA	into	host	cells	Typically	648-hour	life	cycle	5	W	1	0	5	virions	per	cell	per	generation	Fraction	of	progeny	virions	capable	of	infection	is	very	low	(	1	0	-	~	to	I	O	-	’	)	Some
infected	cells	die;	others	continue	to	grow	and	release	progeny	viruses	continuously	Impairment	of	host	functions	usually	occurs	in	late	states	of	infection	No	tailed	forms;	viral	DNA	is	never	injected	into	host	cells	Some	single-stranded	RNA	viruses	have	segmented	genomes;	double-stranded	RNA	viruses	always	have	segmented	genomes	and	are
isocapsidic	5‘	end	of	each	ssRNA	virion	(	+	)	strand	or	viral	mRNA	is	capped	3’	end	of	ssRNA	animal	viruses	have	poly-A	tail	Viral	proteins	commonly	enter	the	cell;	removal	of	the	capsid	(uncoating)	is	an	early	event	in	infection	Replicative	intermediate	required	for	ssRNA	virions	Genetic	recombination	between	viral	genomes	rare	~	No	segmented
genomes	No	5’	capping	No	ply-A	tails	Phage	proteins	rarely	penetrate	the	host	cell	(phage	M13	is	an	exception)	No	replicative	intermediate	Many	rounds	of	recombination	common	with	multiple	infections	No	known	highly	mutable	forms	Restriction	sites	specifically	methylated	Some	highly	mutable	forms;	e.g.,	HIV-	1,	influenza	virus	No	RE	sites
specifically	methylated	1.	Animal	Viruses.	Some	animal	viruses	cause	relatively	mild	diseases	such	as	the	common	cold;	others	cause	more	severe	problems	or	even	life-threatening	conditions	such	as	rabies,	acquired	immune	deficiency	syndrome	(AIDS),	and	cancer.	Much	of	what	is	known	about	the	molecular	biology	of	eucaryotic	cells	has	come	from
studying	their	viruses.	Viral	capsids	are	usually	constructed	from	only	one	or	a	few	types	of	proteins	and	thus	do	not	require	much	coding	information.	The	viruses	that	infect	animal	cells	have	been	classified	into	four	morphological	types:	(1)	naked	icosahedral	(20	faces),	(2)	naked	helical,	(3)	enveloped	icosahedral,	and	(4)	enveloped	helical.	Naked
viruses	have	a	protein	capsid	but	no	lipid	envelope.	An	envelope	is	a	portion	of	the	host-cell	membrane	acquired	as	the	virus	leaves	the	cell	by	a	budding	process.	The	envelope	is	derived	from	the	cell	membrane	in	two	steps.	First,	glycoproteins	specified	by	the	viral	genome	are	inserted	into	the	membrane.	Then	the	virion	capsid	attaches	to	the
cytoplasmic	ends	of	the	glycoproteins,	causing	the	membrane	to	adhere	to	the	capsid.	The	enveloped	virus	pinches	off	from	the	cell	surface	without	creating	a	hole	in	the	cell	membrane.	To	infect	another	cell,	an	infective	virus	particle	(virion)	attaches	to	a	specific	receptor	on	the	host	animal	cell	membrane,	either	by	capsid	proteins	of	a	naked	virion
or	by	the	viral	glycoproteins	extending	from	the	surface	of	an	enveloped	virion.	The	attached	virion	is	then	engulfed	by	the	host	cell	and	the	viral	genome	becomes	uncoated	(removal	of	the	capsid)	inside	the	cell.	The	genomes	of	animal	viruses	may	be	DNA	or	RNA,	single-stranded	or	double-stranded.	Doublestranded	DNA	viral	genomes	may	be	either
linear	or	circular.	Circular	double-stranded	DNA	may	be	covalently	closed	on	one	or	both	strands.	All	known	double-stranded	RNA	viral	genomes	are	segmented	(i.e.,	consisting	of	multiple	RNA	molecules,	each	carrying	a	different	set	of	genes).	Some	single-stranded	RNA	genomes	are	also	known	to	be	segmented.	There	are	no	known	segmented	DNA
viruses	or	circular	RNA	genomes.	Most	DNA	viruses	replicate	in	the	nucleus,	using	the	host’s	RNA	polymerase	and	other	408	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	enzymes	for	capping,	splicing,	and	adding	poly-A	tails	in	processing	their	transcripts.	Most	RNA	viruses	(except	influenza	virus)	replicate
in	the	cytoplasm.	The	great	diversity	of	animal	viruses	has	been	classified	into	15-20	viral	families	based	on	characteristics	such	as	type	and	structure	of	nucleic	acid,	virion	morphology,	and	common	antigenic	determinants.	Because	of	the	dependent	relationship	of	the	viral	genome	on	its	mRNAs	for	replication,	animal	viruses	have	been	recognized	as
falling	into	seven	groups	as	summarized	in	Fig.	14-4.	Example	14.30.	All	adenoviruses	have	a	double-stranded	DNA	genome	of	about	36	kbp	and	a	naked	icosahedral	capsid	of	252	subunits	with	prominent	spikes	at	the	vertices.	Their	mRNAs	are	transcribed	directly	from	their	genomes	and	their	genomes	replicate	directly	from	their	double-stranded
DNA	templates.	Although	the	nucleotide	sequences	vary	considerably	among	the	members	of	this	family,	they	all	have	the	above	characteristics	in	common	regardless	of	the	host	species	from	which	they	are	isolated.	There	are	three	major	types	of	viral	infection.	The	most	common	type	is	a	lytic	infection	that	causes	death	of	the	host	cell	when	it
ruptures	to	release	progeny	virions.	The	second	type	involves	lysogeny	similar	to	that	of	bacterial	viruses	(phages)	as	discussed	in	Chapter	12.	The	third	type	involves	virions	Fig.	14-4.	A	classification	of	animal	viruses	based	on	replication	mechanism	and	the	origin	of	mRNA.	Arrows	within	each	box	indicate	flow	of	information	during	replication.
Arrows	to	mRNA	originate	at	the	template	for	mRNA	synthesis.	(After	J.	D.	Watson	et	al.,	1987,	Molecular	Biology	of	the	Gene,	4th	ed.,	BenjamidCummings	Publishing	Company,	Inc.	)	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	409	that	bud	from	the	cell	surface	without	lysing	or	killing	the	host	cell.	As	it
buds	from	the	cell,	the	virion	acquires	a	lipid	envelope	of	host	membrane.	Prior	to	becoming	encapsulated,	certain	viral	proteins	have	been	synthesized	and	become	incorporated	into	the	host	cell	membrane.	Thus	the	viral	envelope	contains	viral	proteins	that	enable	the	virion	to	attach	to	another	host	cell	and	spread	the	infection.	(	a	)	DNA	Viruses.	A
typical	double-stranded	DNA	(dsDNA)	virus	attaches	to	a	cell	receptor	and	then	is	taken	into	the	cell,	where	its	capsid	is	removed	(uncoated).	The	viral	DNA	is	replicated	using	host-cell	enzymes.	The	viral	DNA	is	also	transcribed	by	host	enzymes	into	mRNAs,	which	in	turn	are	translated	(by	the	host’s	ribosomes	and	enzymes)	into	viral	capsid	proteins
or	(in	some	cases)	into	enzymes	that	favor	viral	DNA	replication	over	that	of	host	DNA.	The	capsomeres	become	organized	into	a	capsid	around	the	viral	DNA	to	form	progeny	virions.	The	virions	are	released	from	the	host	cell	by	lysis	or	by	budding.	Deviations	from	this	generalized	life	cycle	exist	in	the	dsDNA	hepatitis	B	virus	and	in	the	ssDNA
parvoviruses.	(	b	)	RNA	Viruses.	Few	host	cells	contain	the	enzymes	necessary	to	replicate	or	repair	RNA	(rare	exceptions	are	mentioned	with	viroids	later	in	this	chapter).	Thus,	the	genes	of	RNA	viruses	have	much	higher	mutation	rates	(e.g.,	10-3	to	l	O	P	4	)	than	DNA	viruses,	and	they	must	either	code	for	these	enzymes	or	carry	these	enzymes	with
them	when	they	infect	a	host	cell.	RNA	viruses	with	single-stranded	genomes	that	function	as	mRNAs	are	said	to	have	positive	or	plus	(	+	)	strand	genomes	specifying	(minimally)	the	coat	proteins	and	the	enzyme(s)	needed	for	replication.	RNA	viruses	with	negative	or	minus	(	-	)	strand	genomes	have	DNA	that	is	complementary	to	the	genomic	or
mRNA	strand,	and	so	cannot	be	translated	into	an	mRNA	transcriptase.	Such	viruses	must,	therefore,	encode	a	transcriptase	that	can	synthesize	a	+	RNA	strand	from	a	-	RNA	template,	and	this	enzyme	must	be	packaged	in	the	virion	together	with	the	viral	RNA	genome.	For	all	RNA	viruses	except	the	retroviruses,	double-stranded	RNA	is	always	an
intermediate	in	viral	RNA	replication	even	if	the	infective	virion	contains	only	single-stranded	RNA	(ssRNA).	Doublestranded	RNA	is	replicated	in	the	same	manner	as	DNA;	i.e.,	each	RNA	strand	serves	as	a	template	for	making	a	complementary	RNA	strand.	The	viral	enzyme	that	replicates	viral	RNA	in	this	way	is	an	RNA-dependent	RNA	polymerase
called	RNA	replicase.	Four	model	life	cycles	for	the	RNA	viruses	are	easily	recognized.	Model	1.	If	the	viral	RNA	is	double-stranded	(dsRNA),	the	strand	is	transcribed	to	produce	RNA	replicase.	This	enzyme	not	only	replicates	viral	dsRNA	(using	both	+	and	-	strands	as	templates)	to	form	dsRNA	progeny	genomes,	but	also	makes	many	+	copies	using
the	-	strands	as	templates.	These	extra	+	strands	are	required	as	mRNA	templates	for	translating	viral	proteins	in	a	relatively	short	period	of	time.	Model	2.	If	the	viral	RNA	is	a	single	+	strand,	the	virion	enters	the	host	cell,	becomes	uncoated,	and	the	+	strand	RNA	is	translated	to	produce	an	RNA	replicase.	The	replicase	then	synthesizes	a
complementary	-	RNA	strand	using	the	+	strand	as	a	template,	thereby	forming	a	double-stranded	RNA	replicative	intermediate.	The	-	strands	are	needed	as	templates	for	the	synthesis	of	+	genomic	strands	of	progeny	virions.	Some	of	the	+	strands	are	translated	by	the	host	cell’s	machinery	into	capsid	proteins,	membrane	proteins,	etc.	Model	3.	If
the	viral	RNA	is	a	single	-	strand,	it	cannot	serve	as	a	translational	template	(mRNA)	for	making	RNA	replicase.	Hence	this	enzyme	must	be	brought	into	the	host	cell	along	with	the	viral	RNA.	The	RNA	replicase	uses	the	-	strand	as	a	template	to	produce	a	complementary	+	strand.	More	-	strands	are	produced	using	the	plus	strand(s)	as	templates	and
more	+	strands	are	produced	using	the	minus	strand(s)	as	templates.	The	+	strands	serve	as	mRNAs	for	making	viral	proteins.	The	-	strands	then	associate	with	the	capsid	proteins	and	RNA	replicase	to	be	packaged	into	progeny	virions.	Model	4.	None	of	the	above	three	model	RNA	virus	life	cycles	involve	DNA	as	a	replicative	intermediate.	However,
the	single	+	strands	of	RNA	viruses	known	as	retroviruses	require	a	DNA	replicative	intermediate.	Retroviruses	are	discussed	later	in	this	chapter	under	the	subject	of	cancer.	+	(	c	)	Prions.	Two	degenerative	brain	diseases	in	humans	(kuru	and	Creutzfeldt-Jakob	disease)	and	a	similar	disease	in	sheep	(scrapie)	seem	to	be	caused	by	a	proteinaceous
infectious	particle	(prion)	devoid	of	nucleic	acid.	Little	else	is	presently	known	about	prions.	410	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	2.	Plant	Viruses.	Plant	viruses	also	exist	in	rod	and	polyhedral	shapes.	Most	plant	viruses	have	genomes	consisting	of	a	single	RNA	strand	of	the	(	+	)	type.	The	best-
known	plant	virus	is	the	rod-shaped	tobacco	mosaic	virus	(TMV;	Fig.	14-5),	having	a	single-stranded	(	+	)	RNA	genome	of	6395	nucleotides.	Some	viruses	with	+	genomes,	however,	cannot	replicate	unless	the	host	cell	is	infected	with	two	different	virions.	Such	viruses	are	said	to	have	segmented	genomes.	If	the	genomic	fragments	reside	in	different
capsids,	the	virus	is	said	to	be	heterocapsidic;	if	the	fragments	reside	in	the	same	capsid,	the	virus	is	said	to	be	isocapsidic.	1808,	7	RNA	Capsomeres	n	100A	Fig.	14-5.	Example	14.31.	Section	of	tobacco	mosaic	virus	(3000	8,	long)	showing	its	single-stranded	RNA	genome	and	its	associated	capsomers.	The	heterocapsidic	genome	of	the	cowpea
mosaic	virus	consists	of	two	RNA	chains,	each	encoding	different	proteins	essential	for	replication.	Each	of	these	RNA	chains	is	encapsulated	into	separate	virions.	The	virus	can	only	replicate	in	a	host	cell	that	has	been	infected	by	both	kinds	of	virions.	Relatively	few	plant	viruses	have	DNA	genomes.	There	are	only	two	classes	of	DNA	plant	viruses.
The	cauliflower	mosaic	virus	belongs	to	the	first	class,	which	contains	a	double-stranded	DNA	genome	in	a	polyhedral	capsule.	The	second	class	of	DNA	plant	viruses	contains	the	geminiviruses	(gemini	=	twins),	characterized	by	a	connected	pair	of	capsids,	each	containing	a	circular,	single-stranded	DNA	molecule	of	about	2500	nucleotides.	The
paired	genomes	may	be	identical	in	some	viruses	and	markedly	different	in	others.	Plant	viroids	have	a	very	small	RNA	genome	of	240-350	nucleotides	in	a	single-stranded	circle	that	can	form	extensive	internal	base	pairing.	This	gives	it	essentially	a	stiff,	double-helical	structure	and	renders	it	resistant	to	digestion	by	ribonuclease	enzymes	that
usually	cut	only	at	unpaired	ribonucleotides.	The	genome	is	too	small	to	code	for	any	proteins.	In	the	potato	spindle	tuber	viroid	there	are	no	AUG	initiation	codons,	and	frequent	stop	codons	occur	in	all	reading	frames.	At	least	some	plant	cells	(unlike	animal	cells)	are	known	to	contain	enzymes	capable	of	replicating	RNA.	Viroids	are	not	encapsulated
in	a	protein	coat.	They	do	not	pass	through	a	DNA	stage	in	their	life	cycle	and	are	not	integrated	into	the	host	chromosomes.	Little	else	is	known	of	their	life	cycles.	The	variations	within	each	class	of	plant	and	animal	virus	are	too	numerous	to	even	mention	here.	Details	of	the	life	cycles	of	specific	viruses	can	be	found	in	more	comprehensive
volumes.	CANCER	A	tumor	is	a	swelling	or	enlargement	of	a	body	part	due	to	abnormal	cell	proliferation.	Tumors	are	not	necessarily	life-threatening	(e.g.,	warts	or	galls)	and	may	occur	in	both	plants	and	animals.	Cancers,	however,	are	animal	diseases	characterized	by	uncontrolled	cellular	proliferation	and	spread	(metastasis)	CHAP.	141	THE
MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	41	1	of	the	abnormal	cells	into	other	tissues.	Plants	do	not	have	cancers	because	their	cell	walls	prevent	metastasis	of	tumor	cells.	Oncogenesis	is	the	process	by	which	a	normal	cell	becomes	cancerous;	oncology	is	the	study	of	cancers.	It	is	not	that	cancer	cells	grow	faster	than
normal	cells;	their	growth	is	simply	unregulated,	and	they	“forget	where	they	belong”	and	go	wandering	off	to	other	body	parts.	A	neoplasm	is	a	population	of	potentially	cancerous	cells	growing	out	of	control.	If	the	neoplasm	is	confined	to	its	place	of	origin	and	has	no	tendency	to	recur	after	removal,	it	is	a	benign	neoplasm.	If	it	metastasizes	from	its
site	of	origin,	it	becomes	a	life-threatening	malignant	neoplasm.	A	carcinogen	is	any	agent	(e.g.,	mutagenic	chemicals,	ionizing	radiations,	and	certain	viruses)	that	can	induce	cancer.	Aside	from	the	irritant	fibers	of	asbestos,	all	carcinogens	are	thought	to	be	mutagenic	(causing	damage	to	DNA),	but	not	all	mutagens	are	carcinogenic.	Example	14.32.
Xeroderma	pigmentosum	is	a	genetic	syndrome	characterized	by	extreme	sensitivity	to	ultraviolet	light	and	the	tendency	to	develop	multiple	skin	cancers.	It	is	inherited	as	an	autosomal	recessive	trait	that	produces	a	defective	enzyme.	Individuals	with	this	genotype	are	unable	to	repair	ultraviolet-induced	DNA	damage.	This	disease	provides	strong
evidence	that	cancer	originates	in	cells	that	have	sustained	permanent	damage	to	DNA.	Cancer	is	generally	conceded	to	involve	at	least	two	major	steps.	The	first	step,	termed	initiation,	results	from	a	single	exposure	to	a	carcinogen.	The	second	step,	called	promotion,	involves	one	or	more	exposures	to	the	same	initiator	or	even	to	unrelated
substances	called	promoters	that	complete	the	conversion	of	a	cell	to	the	neoplastic	state.	In	general,	the	time	interval	between	the	exposure	to	an	initiator	and	a	promoter	is	not	critical.	However,	the	order	of	application	is	critical;	the	individual	must	be	exposed	to	the	initiator	first,	followed	by	the	promoter.	The	promotion	stage	is	a	gradual	process,
often	requiring	many	weeks	in	rodents	and	years	in	humans.	Phorbol	esters	are	among	the	most	wellknown	promoters.	Further	heritable	changes	of	an	unknown	nature	are	thought	to	be	experienced	during	the	promotion	phase.	Some	substances	[e.g.,	benzo(a)pyrene	and	polycyclic	hydrocarbons,	at	relatively	high	doses]	can	both	initiate	and	promote
tumor	formation.	Many	carcinogens	must	undergo	chemical	alteration	within	the	exposed	individual	before	they	are	capable	of	becoming	an	initiator	or	a	promoter.	This	process	is	called	metabolic	activation.	Enzymes	in	various	tissues,	especially	those	in	the	liver,	are	responsible	for	converting	the	inactive	precarcinogens	into	active	carcinogens	(see
Problem	12.24).	Not	all	species	have	the	enzymes	necessary	to	convert	a	given	precarcinogen	into	a	carcinogen;	hence,	such	a	species	would	not	be	susceptible	to	induction	of	cancer	by	that	substance.	Most	chemical	carcinogens	are	electrophilic	and	tend	to	react	with	negatively	charged	substances	such	as	DNA.	1.	In	Vitro	Phenomena.	Cancer	can
be	studied	either	in	vivo	or	in	vitro,	the	latter	being	in	cell	cultures	or	tissue	cultures.	Fibroblast	cells	(responsible	for	the	formation	of	extracellular	fibers	such	as	collagen	in	connective	tissue)	are	the	easiest	cell	type	to	grow	in	tissue	culture;	other	cell	types	grow	poorly	or	not	at	all.	After	placing	some	cells	into	a	glass	or	treated	plastic	flat-bottomed
vial	containing	a	nutrient-rich	medium,	the	cells	settle	and	attach	to	the	bottom	of	the	container	and	begin	to	grow.	This	is	called	a	primary	culture.	The	cells	may	divide	a	few	times,	but	they	eventually	reach	a	crisis	period	in	which	most	of	them	die.	After	maintaining	the	few	survivors	for	many	months	in	fresh	medium,	some	cells	may	start	to	grow
again,	producing	an	established	cell	line.	Cells	of	an	established	line	have	become	immortalized	and	can	(given	fresh	nutrients	and	removal	of	waste	products)	continue	to	divide	indefinitely.	However,	if	they	are	not	continually	subcultured,	most	of	the	cells	stop	growing	when	they	have	formed	a	confluent	monolayer	on	the	bottom	of	the	container.
Their	growth	is	arrested	by	contact	inhibition	or	densitydependent	growth.	If	forced	to	grow	for	many	generations	at	high	density,	or	if	treated	with	carcinogens,	some	of	the	cells	undergo	neoplastic	transformation	and	lose	contact	inhibition.	Such	transformed	cells	are	thought	to	resemble	or	be	identical	with	a	tumorigenic	condition	in	vivo.	Growth
of	transformed	cells	causes	them	to	break	out	of	a	cultured	monolayer	and	pile	up	on	each	other,	forming	a	focus	(foci,	plural),	Neoplastically	transformed	cells	have	several	other	important	properties	that	distinguish	them	from	normal	cells:	412	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	(1)	They	can
grow	in	cell	suspension;	they	no	longer	require	surface	contact	for	growth	and	may	lose	their	affinity	for	attachment	to	substrates.	In	vivo	this	property	fosters	metastasis.	(2)	They	require	less	supplementation	in	the	nutrient	medium.	(3)	They	have	disorganized	microfilaments	(part	of	the	cytoskeleton),	and	therefore	have	a	tendency	to	take	on	a
spherical	shape.	(4)	They	may	concentrate	certain	molecules	to	high	levels.	(5)	Tumor	antigens	may	appear	on	the	cell	surface.	(6)	They	often	form	tumors	when	injected	into	an	animal	of	the	same	species	from	which	they	were	derived.	(7)	Their	chromosome	number	always	exceeds	the	normal	diploid	number	(euploidy	or	aneuploidy).	(8)	If
neoplastically	transformed	by	either	a	DNA	or	RNA	virus,	the	cell	always	contains	integrated	viral	DNA.	One	of	the	most	important	uses	of	established	cell	lines	has	been	in	the	production	of	monoclonal	antibodies	(MA)	by	use	of	the	somatic	cell	hybridization	technique	discussed	in	Chapter	6.	A	myeloma	is	a	plasma	cell	tumor	that	grows	well	in	vitro.
Plasma	cells	are	mature	lymphocytes	that	secrete	a	single	kind	of	antibody	(Example	14.23).	It	is	possible	to	fuse	a	mouse	myeloma	cell	(defective	in	its	ability	to	make	antibodies)	with	a	mouse	plasma	cell	to	produce	a	hybridoma	able	to	multiply	indefinitely	in	cell	culture	and	also	able	to	secrete	a	single	kind	of	antibody	(monospecific).	Commonly	the
plasma	cells	are	derived	from	spleens	of	mice	that	have	been	immunized	with	a	specific	antigen.	If	the	myeloma	cells	are	mutant	with	regard	to	their	ability	to	make	the	enzyme	HGPRT,	they	cannot	grow	in	HAT	medium,	but	they	can	grow	if	fused	with	normal	plasma	cells	that	can	make	this	enzyme.	The	plasma	cells,	however,	usually	grow	so	poorly
in	HAT	medium	that	they	either	die	or	are	rapidly	outgrown	by	the	hybrid	cells.	The	hybridoma	clones	that	survive	in	HAT	medium	can	then	be	assayed	for	antibodies	reactive	with	the	immunizing	antigen.	Once	the	desired	clones	are	found,	they	can	be	frozen	for	later	use	or	propagated	indefinitely	in	cell	culture	or	by	injection	into	syngeneic	mice
(genetically	identical	to	the	plasma	cell	source)	to	produce	MA-secreting	tumors.	Many	different	plasma	cell	clones	are	usually	stimulated	to	respond	to	the	same	antigen,	each	clone	producing	an	antibody	that	is	reactive	to	a	different	component	or	determinant	of	the	antigen	(e.g.,	to	different	parts	of	the	same	antigenic	protein	molecule).	Even
antibodies	of	different	clones	that	recognize	the	same	antigenic	determinant	may	differ	in	their	antigen-binding	strengths	and	in	the	degree	to	which	they	cross-react	with	related	determinants.	The	monoclonal	antibodies	produced	by	a	given	hybridoma	are	identical	in	all	respects	and	can	be	economically	made	in	virtually	unlimited	quantities.	They
are	in	great	demand	for	a	variety	of	diagnostic,	medical,	industrial,	and	research	purposes.	2.	In	Vivo	Phenomena.	To	become	malignant,	a	transformed	cell	must	undergo	several	further	changes	in	order	to	metastasize	in	vivo.	Some	cells	of	a	tumor	must	burrow	their	way	into	a	blood	vessel	or	into	a	vessel	of	the	lymphatic	system	and	then	at	some
other	location	must	reverse	the	process	and	burrow	out	into	a	tissue	again.	Basement	membranes	underlie	the	epithelia1	cells	from	which	the	common	cancers	are	derived,	and	consist	of	a	complex	of	proteins,	including	collagen	IV,	laminin,	and	fibronectin.	They	also	surround	the	smooth	muscles	in	blood	vessel	walls.	Metastatic	cells	must	produce
new	protease	enzymes	to	digest	the	basement	membrane	(e.g.,	type	IV	collagenase,	transin).	Solid	tumors	must	recruit	a	rich	network	of	blood	vessels	to	supply	them	with	nutrients	for	their	growth.	The	process	that	stimulates	formation	of	these	blood	vessels	is	called	angiogenesis.	Tumor	cells	are	known	to	produce	angiogenic	factors	that	enhance
the	growth	of	blood	vessels	toward	the	tumor.	To	form	a	new	tumor,	the	replicated	metastasized	cells	must	regain	the	ability	to	clump	together.	This	has	been	attributed	in	some	tumors	to	the	presence	of	large	amounts	of	a	sugar-binding	protein	on	the	surface	of	the	tumor	cells.	During	all	of	this	movement	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF
EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	413	and	tumor	reestablishment,	cancer	cells	have	had	to	undergo	additional	mutations	that	allow	them	to	avoid	being	destroyed	by	the	killer	cells	and/or	antibodies	of	the	immune	system	(e.g.,	a	mutation	might	alter	the	proteins	in	the	cell	membrane	that	normally	mark	the	cell	for	destruction	by	the
immune	system).	Cell	division	(mitosis)	is	a	very	complicated	process	that	is	likely	to	be	controlled	by	many	different	genes	(some	stimulatory;	others	inhibitory).	Interference	with	the	timing	at	which	these	genes	act,	the	amount	of	gene	product	produced,	or	the	activity	of	the	gene	product	could	lead	to	cancer.	Thus,	normal	cells	have	genes	(called
protooncogenes)	that,	if	mutated,	could	change	into	oncogenes	that	predispose	the	cells	to	neoplastic	transformation.	Example	14.33.	A	particular	human	protooncogene	that	was	mutated	at	one	base	by	the	carcinogen	nitrosomethylurea	became	an	oncogene	responsible	for	a	human	bladder	cancer.	A	different	mutation	at	that	same	position	in	an
otherwise	identical	rat	protooncogene	created	an	oncogene	responsible	for	mammary	carcinomas	in	the	rat.	Example	14.34.	A	type	of	blood	cell	cancer	known	as	chronic	myelogenous	leukemia	is	associated	with	a	reciprocal	translocation	involving	the	tip	of	the	long	arm	of	chromosome	9	and	a	portion	of	the	long	arm	of	chromosome	22.	The
chromosome	22	bearing	a	piece	of	chromosome	9	is	called	a	Philadelphia	chromosome	(Example	8.22).	A	cellular	protooncogene	called	c-abl	(normally	located	on	chromosome	9)	becomes	activated	to	oncogenic	status	when	translocated	to	chromosome	22.	A	homologus	gene	(v-abl)exists	in	the	highly	oncogenic	Abelson	murine	(mouse)	leukemia	virus.
Oncogenes	can	be	grouped	into	five	classes	based	on	the	nature	of	their	protein	products:	(1)	altered	peptide	hormones,	(2)	altered	cell	receptors,	(3)	altered	G-proteins,	(4)	altered	protein	kinases,	and	(5)	altered	DNA	regulatory	proteins.	An	oncogene	that	produces	cancer	by	an	altered	protein	or	by	overproduction	of	a	normal	protein	would	be
dominant	to	its	homologous	protooncogene;	i.e.,	only	one	altered	gene	is	required	to	induce	cancer.	Cancer	suppressor	genes,	on	the	other	hand,	must	have	both	gene	copies	mutated	(recessive	genotype)	in	order	to	lose	control	over	cellular	proliferation.	A	genetic	locus	on	human	chromosome	17	is	usually	associated	with	colorectal	cancer;	most	of
these	cancer	cells	lose	one	copy	of	the	gene	and	the	other	copy	has	a	single	base	pair	mutation.	Cancers	like	this	that	are	associated	with	the	absence	of	at	least	one	normal	gene	copy	are	hypothesized	to	develop	because	the	normal	gene	encodes	a	tumor	suppression	factor.	3.	Oncogenic	Viruses.	Some	viruses	are	involved	in	neoplastic
transformation;	they	are	called	oncogenic	viruses.	Among	the	vertebrates,	about	50	oncogenic	viruses	have	been	found	to	contain	DNA	and	about	150	contain	RNA.	Several	families	of	DNA	viruses	contain	oncogenic	viruses,	but	among	the	RNA	viruses	only	some	of	the	retroviruses	produce	tumors.	Retroviruses	are	so	named	because	they	contain	an
enzyme	that	synthesizes	DNA	from	an	RNA	template,	thus	reversing	the	cellular	dogma	that	all	cellular	DNA	is	made	from	DNA	templates.	Table	14.3	displays	some	of	the	major	differences	between	DNA	and	RNA	oncogenic	viruses.	Example	14.35.	The	Rous	sarcoma	virus	(RSV)	is	the	best	understood	retrovirus.	Upon	entry	into	a	host	cell,	reverse
transcriptase,	contained	within	the	RSV	virion,	produces	a	double-stranded	DNA	(dsDNA)	from	the	single-stranded	virion	RNA.	This	molecule	then	circularizes	and	becomes	integrated	into	the	host	chromosome	as	a	provirus.	Progeny	virion	RNA	is	synthesized	from	the	provirus	by	host-cell	RNA	polymerase	11.	The	provirus	is	rarely	excised.	Its



presence	does	not	seem	to	inhibit	cell	division,	so	daughter	cells	inherit	the	provirus	and	continue	to	produce	active	virions.	In	contrast	to	a	lambda	phage	lysogen,	the	RSV	provirus	does	not	make	a	repressor,	and	progeny	virions	are	produced	continuously	without	the	necessity	of	deintegration	of	the	provirus.	Unlike	bacterial	lysogeny,	where	all
phage	genes	except	the	one	responsible	for	repressor	of	lytic	functions	are	silenced,	genes	of	the	proretrovirus	(viral	DNA	integrated	into	the	host	chromosome)	are	transcribed	to	produce	proteins,	some	of	which	are	involved	in	the	induction	of	cancer,	and	others	of	which	are	involved	in	replication	of	viral	RNA	genomes.	The	integration	of	viral
dsDNA	into	a	host	chromosome	is	an	essential	step	in	the	life	cycle	of	all	oncogenic	viruses.	The	retroviruses	are	enveloped	414	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	Table	14.3.	A	Comparison	of	the	Two	Major	Classes	of	Oncogenic	Viruses	~	~	DNA	Tumor	Viruses	Oncogenic	Retroviruses	Some	of
these	viruses	cause	a	productive	infection	(producing	progeny	virions)	in	cells	of	one	species	(permissive	cells)	and	a	tumor	in	another	species	(nonpermissive	cells)	Infection	of	most	nonpermissive	cells	by	these	viruses	is	abortive;	very	few	of	these	cells	become	cancerous	Prophage	integration	involves	loss	of	viral	genes;	progeny	virions	cannot	then
be	produced	Some	of	these	viruses	contain	oncogenes	that	encode	essential	early	proteins	for	viral	replication	No	virus-induced	protein	kinases	are	known	in	DNA	tumor	viruses	Usually	cause	tumors	in	most	species	in	which	they	can	cause	a	productive	infection	Most	infected	permissive	cells	are	tumor	cells	Integration	of	viral	DNA	is	obligatory	for
the	production	of	virions	All	oncogenes	of	these	viruses	are	nonessential	for	production	of	progeny	virions	Some	of	these	viruses	produce	virus-induced	protein	kinases	+	(membrane-bound)	virions	containing	a	single	strand	RNA	genome	and	an	RNA-dependent	DNA	polymerase	called	reverse	transcriptuse.	This	enzyme	synthesizes	a	-	DNA	strand
using	the	+	viral	RNA	genomic	strand	as	a	template.	The	same	enzyme	then	degrades	the	viral	RNA	and	synthesizes	a	complementary	+	DNA	strand	using	the	-	DNA	strand	as	a	template,	thereby	forming	a	dsDNA	replicative	intermediate.	The	viral	dsDNA	is	then	integrated	into	a	host	chromosome	in	the	same	manner	as	DNA	oncogenic	viruses.
Oncogenic	viruses	cause	cancer	by	two	general	mechanisms:	(1)	insertional	inactivation	and	(2)	oncogenes.	In	insertional	mutagenesis,	the	viral	DNA	causes	a	mutation	simply	by	becoming	integrated	into	the	host's	DNA.	Some	of	these	mutations	might	inactivate	cancer-suppressor	genes.	Alternatively,	by	inserting	near	a	host	gene	involved	in
initiation	of	the	normal	cell	cycle,	the	activity	of	that	gene	might	be	stimulated	to	overproduction	of	its	product	(e.g.,	a	growth	factor).	Many	retroviruses	contain	oncogenes	that	are	identical	or	very	similar	(perhaps	differing	by	only	one	or	a	few	nucleotides)	to	normal	cellular	genes	involved	in	control	of	the	cell	cycle	(protooncogenes).	It	is	generally
believed	that	retroviruses	have,	in	the	course	of	their	evolution,	acquired	their	oncogenes	from	normal	(probably	essential)	cellular	counterparts	called	protooncogenes.	These	former	cellular	protooncogenes	may	become	viral	oncogenes	by	integrating	into	the	viral	genome	in	such	a	way	as	to	be	regulated	by	a	powerful	viral	promoter,	causing
overproduction	of	a	normal	or	near-normal	growth	factor,	and	resulting	in	excessive	cell	proliferation.	Alternatively,	some	of	these	retroviral	oncogenes	code	for	kinase	enzymes	that	phosphorylate	specific	amino	acids	in	proteins.	Normal	host-cell	kinases	phosphorylate	proteins	at	their	serine	or	threonine	residues.	Retroviral	kinases,	however,
phosphorylate	tyrosine	residues.	Some	host-cell	growth	factors	normally	stimulate	cell	division	by	causing	the	phosphorylation	of	tyrosine	in	the	same	proteins	activated	by	retroviral	kinases.	Other	oncogenes	code	for	DNA-binding	proteins	and	growth	factor	receptors,	the	overproduction	or	untimely	production	of	which	may	lead	to	uncontrolled	cell
division.	Example	14.36.	Rous	sarcoma	virus	(RSV)	is	a	retrovirus	containing	an	oncogene	t'-.src(for	virus,	sarcomaproducing)	that	can	transform	cells.	All	vertebrates	possess	DNA	sequences	similar	to	tv-src,	and	these	are	called	c-src	(cellular	origin).	The	product	of	t'-.src'is	a	phosphoprotein	(pp)	enzyme,	namely,	phosphokinase	called	pp60-v-src	(60
=	60,000	daltons	molecular	weight).	Most	cellular	protein	kinases	phosphorylate	the	amino	acid	serine	or	threonine,	but	p	p	6	O	-	t	~	cis	tyrosine-specific.	Phosphorylation	can	activate	some	proteins	and	inactivate	others.	Thus,	one	kinase	may	affect	several	proteins	in	different	ways.	The	number	of	such	proteins	affected	by	pp-60-\--.src.and	their
normal	functions	in	control	of	cell	division	are	not	yet	known.	Example	14.37.	The	oncogene	v-sis,	carried	by	simian	sarcoma	virus,	encodes	a	protein	similar	to	the	platelet-derived	growth	factor	(PDGF)	made	by	the	cellular	protooncogene	c-sis.	It	is	believed	that	the	excess	PDGF	produced	by	the	virus	overwhelms	the	normal	controls	on	cell	division.
CHAP.	14)	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	415	4.	Interferons.	Interferons	are	host-cell	proteins	that	nonspecifically	enhance	the	resistance	of	animal	cells	to	many	kinds	of	viruses.	Host	cells	are	stimulated	by	viral	infection	to	synthesize	and	secrete	interferons.	Interferons	stimulate	the	production	of	three
enzymes:	a	kinase,	an	oligonucleotide	synthetase,	and	an	endonuclease.	The	kinase	phosphorylates	and	inactivates	an	initiation	factor	for	viral	protein	translation.	The	oligonucleotide	synthetase	forms	a	compound	called	2,5	A	from	ATP;	the	2,5	A	activates	the	endonuclease	that	degrades	viral	mRNA.	This	inhibition	of	viral	protein	synthesis	by
interferons	prevents	efficient	viral	replication	with	little	effect	on	nondividing	host	cells.	Unfortunately,	the	early	hopes	that	interferons	might	be	used	to	prevent	or	treat	cancers	have	not	been	realized	to	date.	Solved	Problems	14.1.	There	are	approximately	6.4	x	109nucleotide	pairs	per	diploid	human	cell.	If	the	average	length	of	a	human
chromosome	at	metaphase	is	about	6	micrometers,	what	is	the	average	packing	ratio	(i.e.,	the	ratio	of	extended	DNA	to	condensed	DNA	lengths)?	Solution	:	Each	nucleotide	pair	occupies	3.4	angstroms	of	the	DNA	double	helix.	Therefore	the	total	extended	length	of	DNA	per	cell	is	(3.4	angstroms/nucleotide	pair)	x	(6.4	x	10’	nucleotide	pairs)	=	2.2	x
10”’	angstroms	Since	1	angstrom	unit	=	10-’0	meter,	and	100	centimeters	=	1	meter,	(2.2	x	10”	angstroms)	x	(10-’O	meter/angstrom)	=	2.2	meters	or	220	centimeters	Because	there	are	23	chromosome	pairs	in	a	human	diploid	cell,	the	average	extended	length	of	DNA	per	chromosome	is	220	centimeterd46	chromosomes	=	4.8
centimeters/chromosome.	A	micrometer	is	onemillionth	of	a	meter	(10-‘	meter)	or	I	O	p	4	centimeters.	Thus,	the	packing	ratio	of	an	average	human	chromosome	is	(Extended	DNA	length)/(condensed	DNA	length)	=	4.8	centimeted(6	x	1OP4	centimeter)	=	8	.	0	x	10’	or	8000	times	longer	when	extended	than	when	condensed	in	metaphase.	14.2.
Chironomus	is	a	genus	of	fly,	having	about	4.3	X	10-”	gram	of	DNA	per	diploid	cell	and	3.4	X	10-9gram	per	polytene	nucleus.	(a)	Determine	the	average	number	of	DNA	molecules	contained	in	a	polytene	chromosome	of	these	files.	(6)	Estimate	the	number	of	replications	that	a	single	DNA	molecule	(or	chromatid)	must	undergo	to	attain	the	copy
number	in	a	polytene	chromosome.	Sohtion	:	(	a	)	If	each	chromatid	contains	a	single	DNA	molecule,	the	number	of	DNA	replicas	per	chromosome	in	a	polytene	nucleus	is	(3.4	x	lO-’	gram)/(4.3	X	10-13gram)	=	0.79	x	10‘	However,	each	polytene	“chromosome”	actually	is	formed	by	pairing	of	homologues,	followed	by	replication	of	chromatids.	Thus,
each	polytene	“chromosome”	contains	twice	the	number	of	chromatids	in	one	homologue.	2(0.79	X	10‘)	=	1.6	X	104	(6)	At	every	replication,	the	number	of	chromatids	doubles	in	a	chromosome	of	a	polytene	nucleus.	If	we	let	n	represent	the	number	of	replications	(or	doublings)	required	to	generate	such	a	chromosome,	then	416	THE	MOLECULAR
BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	2"	[CHAP.	14	0.79	X	104	3.897	n=-	log	7900	-	-=	12.947	log	2	0.301	ri	=	13	(to	the	nearest	whole	number)	=	14.3.	A	single	cell,	the	fertilized	egg,	is	totipotent,	i.e.,	it	has	the	capacity	to	produce	a	complete,	normal	adult	individual.	Repetitive	mitotic	divisions	convert	the	zygote	into	the
multicelled	organism.	During	this	cellular	proliferation,	many	cells	differentiate	into	types	with	different	morphologies	and	physiological	functions.	These	differences	are	associated	with	the	different	kinds	of	proteins	made	by	these	cells.	For	example,	the	protein	hormone	insulin	is	made	only	by	the	beta	cells	in	the	islets	of	Langerhans	in	the	pancreas,
whereas	hemoglobin	is	made	only	by	erythropoietic	cells.	(	U	)	Explain	the	two	major	hypotheses	that	historically	have	been	offered	to	explain	the	observation	that	different	proteins	are	made	by	different	cell	types.	(	b	)	Devise	an	experiment	to	test	the	validity	of	the	above	two	hypotheses.	(c.)	Are	differentiated	cells	totipotent'?	Devise	an	experiment
that	might	provide	a	positive	answer	to	this	question.	(d)In	an	experiment	of	the	kind	described	in	part	(c),	if	the	egg	nucleus	is	exposed	to	ultraviolet	light,	a	positive	result	might	be	due	to	failure	of	the	radiation	to	destroy	the	native	egg	nucleus.	Propose	an	experiment	that	might	prove	this	was	not	the	cause	of	the	positive	result.	Solution:	According
to	one	hypothesis,	the	cells	of	a	developing	embryo	become	genetically	differentiated	by	the	loss	of	all	the	genes	except	those	producing	the	proteins	characteristic	of	a	given	cell	type.	This	is	termed	mosaic	development.	Thus,	the	genes	for	hemoglobin	would	not	be	present	in	a	fully	differentiated	cell	of	the	pancreas	and	the	gene	for	insulin	would	be
absent	in	the	stem	cells	that	produce	erythrocytes.	An	alternative	hypothesis	proposes	that	cells	do	not	lose	any	genetic	material	during	differentiation.	Rather,	different	groups	of	genes	are	silenced	or	activated	in	each	cell	type.	This	is	termed	regulative	development.	Extract	DNA	from	pancreatic	cells	and	probe	it	with	labeled	hemoglobin	mRNA.	If
the	hemoglobin	gene	is	present,	the	probe	should	hybridize	with	it	and	reveal	itself	by	autoradiography.	Remove	(by	micropipette)	or	destroy	(e.g.,	by	radiation)	the	nucleus	of	a	fertilized	egg.	Then	transplant	a	diploid	nucleus	from	a	differentiated	cell	of	the	same	species	into	the	enucleated	egg.	If	a	complete,	normal	adult	organism	can	develop	from
such	an	egg,	then	development	in	this	species	must	bc	totipotent.	We	cannot	generalize	these	results	to	all	species	because	different	species	may	not	give	similar	results	in	such	transplant	experiments.	Transplant	a	conspecific	(same	species)	nucleus	containing	a	genetic	marker	that	differs	from	that	of	the	recipient	individual.	If	all	cells	of	the
resulting	adult	organism	contain	only	the	marker	o	f	the	transplant,	the	native	egg	nucleus	must	have	been	destroyed	by	the	ultraviolet	light	treatment.	14.4.	The	direction	in	which	the	shell	coils	in	the	snail	Limrzuea	p	e	r	q	r	u	can	be	desterctl	like	a	righthand	screw	or	sinistrul	like	a	left-hand	screw.	The	maternal	genotype	organizes	the	cytoplasm	of
the	egg	in	such	a	way	that	embryological	cleavage	divisions	of	the	zygote	will	follow	either	of	these	two	patterns	regardless	of	the	genotype	of	the	zygote.	If	the	mother	has	the	dominant	gene	s	+	,	all	her	progeny	will	coil	dextrally;	if	she	is	of	genotype	s	s	,	all	her	progeny	will	coil	sinistrally.	This	coiling	pattern	persists	for	the	life	of	the	individual.
Limrzaen	is	a	hermaphoditic	snail	that	can	reproduce	either	by	crossing	or	by	self-fertilization.	A	homozygous	dextral	snail	is	fertilized	with	sperm	from	a	homozygous	sinistral	snail.	The	heterozygous	F,	undergoes	two	generations	of	self-fertilization,	(	U	)	What	are	the	phenotypes	of	the	parental	individuals?	(	h	)	Diagram	the	parents,	F	1	,	and	two
selfing	generations,	showing	phenotypes	and	genotypes	and	their	expected	ratios.	Solution:	(	a	)	Although	we	know	the	genotypes	of	the	parents,	we	have	no	information	concerning	the	genotype	of	the	immediate	maternal	ancestor	that	was	responsible	for	the	organization	of	the	egg	cytoplasm	from	417	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF
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sinistrally	organized	cytoplasm.	Parents:	X	sinistral	sperm	parent	dextral	egg	parent	dextral	I	5	dextral	dextral	1	5	dextral	I	2	dextral	1	4	sinistral	Notice	that	the	F1	is	coiled	dextrally,	not	because	its	own	genotype	is	s+/s,	but	because	the	maternal	parent	possessed	the	dominant	dextral	gene	s	+	.	Likewise	in	the	first	selfing	generation,	all	are
phenotypically	dextral	regardless	of	their	own	genotype	because	the	F,	was	s+/s.	In	the	second	selfing	generation,	we	expect	the	following:	First	Selfing	Generation	Second	Selfing	Generation	Summary	Genotypes	Phenotypes	14.5.	Slow-growing	yeast	cells	called	neutral	petites	lack	normal	activity	of	the	respiratory	enzyme	cytochrome	oxidase
associated	with	the	mitochrondria.	Petites	can	be	maintained	indefinitely	in	vegetative	cultures	through	budding,	but	can	sporulate	only	if	crossed	to	wild	type.	When	a	haploid	neutral	petite	cell	fuses	with	a	haploid	wild-type	cell	of	opposite	mating	type,	a	fertile	wild-type	diploid	cell	is	produced.	Under	appropriate	conditions,	the	diploid	cell
reproduces	sexually	(sporulates).	The	four	ascospores	of	the	ascus	(Fig.	6-2)	germinate	into	cells	with	a	1	:	1	mating	type	ratio	(as	expected	for	nuclear	genes),	but	they	are	all	wild	type.	The	petite	trait	never	appears	again,	even	after	repeated	backcrossings	of	both	mating	types	to	petite.	The	mitochondrial	factors	for	petite	are	able	to	perpetuate
themselves	vegetatively,	but	are	“swamped,”	lost	or	permanently	418	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	altered	in	the	presence	of	wild-type	factors.	Neutral	petite	behaves	the	same	in	reciprocal	crosses	regardless	of	mating	type.	Assume	that	a	neutral	petite	yeast	has	the	chromosomal	genes	for
normally	functioning	mitochondria,	but	has	structurally	defective	mitochondria.	Another	kind	of	yeast	is	known,	called	segregational	petite,	which	has	structurally	normal	mitochondria	that	cannot	function	because	of	inhibition	due	to	a	recessive	mutant	chromosomal	gene.	What	results	would	be	expected	among	the	sexual	progeny	when	the	neutral
petite	crosses	with	the	segregational	petite?	Solution:	The	diploid	zygote	receives	structurally	normal	mitochondria	from	the	segregational	petite	parent	which	should	be	able	to	function	normally	in	the	presence	of	the	dominant	nuclear	gene	from	the	neutral	petite	parent.	Sporulation	would	probably	distribute	at	least	some	structurally	normal
mitochondria	to	each	ascospore.	The	nuclear	genes	would	segregate	1	normal	:	1	segregational	petite.	Let	shaded	cytoplasm	contain	defective	mitochondria.	14.6.	A	condition	called	“poky”	in	Neurosporu	is	characterized	by	slow	growth	due	to	an	abnormal	respiratory	enzyme	system	similar	to	that	of	petite	yeast.	The	poky	trait	is	transmitted	through
the	maternal	(protoperithecial)	parent.	A	chromosomal	gene	F	interacts	with	poky	cytoplasm	to	produce	a	faster	growing	culture	called	“fast-poky”	even	though	the	enzyme	system	is	still	abnormal.	Poky	cytoplasm	is	not	permanently	modified	by	transient	contact	with	an	F	genotype	in	the	zygote.	It	returns	to	the	poky	state	when	the	genotype	bears
the	alternative	allele	F’.	Gene	F	has	no	phenotypic	expression	in	the	presence	of	a	normal	cytoplasm.	If	the	maternal	parent	is	fast-poky	and	the	paternal	(conidial)	parent	is	normal,	predict	the	genotypes	and	phenotypes	of	the	resulting	ascospores.	Solution:	Let	shaded	cytoplasm	contain	poky	mitochondria.	The	chromosomal	alleles	segregate	in	a	1	:
1	ratio,	but	poky	cytoplasm	follows	the	maternal	(protoperithecial)	line.	The	recovery	of	poky	progeny	indicates	that	poky	cytoplasm	has	not	been	altered	by	its	exposure	to	the	F	gene	in	the	diploid	zygotic	stage.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	419	14.7.	Commercial	corn	results	from	a	“double-
cross.”	Starting	with	four	inbred	lines	(A,	B,	C,	D),	a	single	cross	is	made	between	A	and	B	by	growing	the	two	lines	together	and	removing	the	tassels	from	line	A	so	that	A	cannot	self-fertilize,	and	thus	receives	only	B	pollen.	In	another	locality	the	same	procedure	is	followed	for	lines	C	and	D.	The	yield	of	single-cross	hybrid	seed	is	usually	low
because	the	inbred	parent	lacks	vigor	and	produces	small	cobs.	Plants	that	germinate	from	single-cross	seed	are	usually	vigorous	hybrids	with	large	cobs	and	many	kernels.	It	is	undesirable	for	the	single-cross	hybrid	to	self-fertilize,	as	this	inbreeding	process	commonly	produces	less	vigorous	progeny.	Therefore	a	double	cross	is	made	by	using	only
pollen	from	the	CD	hybrid	on	the	AB	hybrid.	Detasseling	is	a	laborious	and	expensive	process.	A	cytoplasmic	factor	that	prevents	the	production	of	pollen	(male-sterile)	is	known.	There	also	exists	a	dominant	nuclear	gene	R	that	can	restore	fertility	in	a	plant	with	male-sterile	cytoplasm.	Propose	a	method	for	eliminating	hand	detasseling	in	the
production	of	double-cross	hybrid	commercial	seed.	Solution:	Let	S	=	male	sterile	cytoplasm,	F	=	male	fertile	cytoplasm.	The	ABCD	double-cross	hybrid	seed	develops	on	the	large	ears	of	the	vigorous	AB	hybrid.	When	these	seeds	are	planted	they	will	grow	into	plants,	half	of	which	carry	the	gene	for	restoring	fertility	so	that	ample	pollen	will	be	shed
to	fertilize	every	plant.	A	female;	male	sterile	B	male;	male	fertile	C	female;	male	sterile	D	male;	male	fertile	CD	hybrid;	male	fertile	male	sterile	ABCD	hybrid;	male	fertile	420	--	THE	MOLECULAR	BIOLOGY	O	F	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	Supplementary	Problems	14.8.	The	following	figure	contains	the	approximate
haploid	DNA	content	in	cells	of	some	selected	organisms	relative	to	that	found	in	E.	coli	(4	x	1	O	-	I	2	milligram	=	2.4	x	109	daltons).	Higher	Plants:	Liliirm	longiflorum	Tradescantia	ohioensis	Vicia	grandijlora	Anemone	hlanda	Anemone	lqir-giniana	Zea	mays	Lupinirs	alhus	Aqitilegia	(hybrid)	Fungi	(haploid):	Ustilago	maydis	Neiirospora	c’rassa
Aspergillus	nidulans	Saccharomy~escer-e\isiae	(yeast)	Vertebrates:	Amphiuma	(“Congoeel”)	P	rotopterus	(lungfish)	Triturus	(newt)	Necturus	(“mud	puppy”)	Rana	(frog)	Bufo	(toad)	Carcharias	(shark)	Homo	(man)	Canis	(dog)	Equus	(horse)	Mus	(mouse)	Alligator	Cyprinus	(carp)	Gallus	(fowl)	Eucinostomus	(shad)	-	Invertebrates:	P	lagiisia	(crab)
Echitiometra	(sea	urchin)	Tectarius	(snail)	Cassiopeia	(jelly	fish)	Drosophila	(fruit	fly)	Bacteria:	/-Escherichia	coli	Data	from	R.	Holliday,	Symp.	Soc.	Microbiol.	20(	1970):362	(	a	)	How	many	times	more	DNA	is	found	in	human	cells	than	in	E.	coli?	(6)	What	is	the	approximate	molecular	weight	(daltons)	of	DNA	in	a	human	cell?	(c)	Approximately	how
many	milligrams	of	DNA	are	in	a	human	cell?	(6)	What	is	the	milligram	equivalent	of	loo0	daltons	of	DNA?	(	e	)	One	might	expect	that	the	more	complex	organisms	would	have	more	DNA	than	more	primitive	forms	of	life.	For	example,	some	people	believe	that	humans	are	the	pinnacle	of	evolution.	Evaluate	this	notion	in	terms	of	DNA	content.	(	f	)
Approximately	how	many	times	more	DNA	is	in	the	“Congo	eel”	(Amphiuma)	than	in	humans?	(g)	Of	the	organisms	represented	in	the	figure,	what	generalization	can	be	made	regarding	vertebrates	vs.	invertebrates?	(	h	)	From	the	data	in	the	figure,	which	eucaryotic	phylum	(or	division)	has	the	lowest	DNA	content?	(i)	Do	the	data	in	the	table	support
the	contention	that	the	amount	of	selfish	DNA	tends	to	accumulate	in	ancient	(less	evolved)	species?	Give	examples	to	support	your	response.	14.9.	About	10l2	ribosomes	are	stored	in	an	amphibian	egg	in	preparation	for	the	extraordinarily	high	rate	of	protein	synthesis	needed	to	sustain	the	rapid	cell	divisions	during	early	embryological	development.
The	rate	of	ribosome	production	in	the	oocyte	is	increased	primarily	by	an	approximately	103-fold	rRNA	gene	amplification.	These	genes	are	also	transcribed	in	oocytes	at	nearly	maximum	rate,	whereas	in	somatic	cells	they	are	transcribed	at	only	a	fraction	of	the	maximum	rate.	Approximately	how	many	years	would	be	required	to	synthesize
10l2ribosomes	at	an	average	somatic	cell	rate	of	3	X	106	ribosomes	per	day?	14.10.	The	haploid	genome	of	Drosophila	melanogaster	contains	approximately	1.4	X	108nucleotide	pairs.	The	chromosomes	of	a	polytene	nucleus	collectively	have	about	5000	bands.	Assuming	that	95%	of	the	DNA	is	located	in	these	bands	and	5%	is	in	the	interband	regions
(a)	determine	the	average	number	of	nucleotide	pairs	in	each	band	and	interband	region	and	(6)	estimate	the	average	number	of	genes	per	band	and	interband	if	an	average	gene	contains	103nucleotide	pairs.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	42	1	14.11.	The	puffing	pattern	of	Drosophila
polytene	chromosomes	seems	to	change	in	a	predictable	pattern	during	larva	development.	(	a	)	It	has	been	suggested	that	these	puffs	are	the	sites	of	active	genes.	How	could	this	hypothesis	be	tested	experimentally?	(b)The	synthesis	of	a	particular	protein	coincides	with	the	appearance	of	a	specific	puff	in	one	of	the	polytene	chromosomes.	What
inference	can	be	made	from	this	observation‘?	14.12.	A	sex-linked	mutation	results	in	deficiency	of	the	enzyme	glucose-6-phosphate	dehydrogenase	(G6PD).	Some	individuals	with	this	enzyme	defect	are	more	resistant	to	malaria	than	are	those	without	this	enzyme	defect.	Among	those	parasitized,	approximately	half	of	the	blood	cells	of	the	resistant
females	contain	the	causative	parasite;	the	cells	of	G6PD-deficient	males	are	not	parasitized.	How	can	these	observations	be	explained?	14.13.	The	red	blood	cells	of	some	women	contain	two	forms	of	the	enzyme	G6PD	that	are	easily	identified	by	electrophoresis.	The	gene	locus	for	G6PD	is	on	the	X	chromosome.	Could	this	information	be	used	to
determine	whether	chronic	myelocytic	leukemia	(a	cancer	of	erythropoietic	stem	cells)	has	a	single-cell	origin	in	such	women?	14.14.	Different	mRNA	molecules	have	characteristic	half-lives.	Propose	a	method	for	estimating	the	half-life	of	a	specific	mRNA.	14.15.	If	a	certain	protein	is	found	in	the	Golgi	apparatus,	how	can	you	explain	the	fact	that	its
cytoplasmic	mRNA	transcript	contains	24	codons	at	its	5’	end	that	are	not	represented	by	corresponding	amino	acids	at	the	amino	terminus	of	the	protein?	14.16.	The	gonads	of	Drosophila	develop	from	material	in	the	posterior	end	of	the	oocyte	cortex	(outer	layer)	that	contains	densely	staining	polar	granules.	An	autosomal	recessive	mutation
(8s)when	homozygous	causes	adult	females	to	produce	oocytes	without	polar	granules;	progeny	that	develop	from	such	eggs	do	not	develop	gonads.	If	parents	are	of	genotype	gs’lgs,	predict	the	results	for	the	next	two	generations.	14.17.	Identical	human	twins	develop	from	a	single	fertilized	egg	by	the	separation	of	embryonic	cells	at	an	early	stage.
Completely	normal	identical	quintuplets	have	been	produced.	Through	how	many	cleavage	(mitotic)	divisions	after	fertilization	is	the	human	genetic	information	thus	known	to	have	been	faithfully	reproduced‘?	14.18.	A	mutant	gene	in	Drosophila	called	antennapedia	causes	legs	to	develop	on	the	head	where	antennae	normally	appear.	To	what	class
of	developmental	control	genes	does	antennapedia	belong?	Offer	an	explanation	as	to	how	this	mutation	might	cause	abnormal	development.	14.19.	Why	are	translation	controls	optional	for	all	eucaryotic	genes,	but	essential	for	many	procaryotic	genes?	14.20.	The	N	terminus	of	a	polypeptide	destined	to	cross	a	membrane	contains	a	signal	sequence
or	signal	peptide	that	is	removed	by	a	signal	peptidase	enzyme	sometime	during	the	passage	of	the	rest	of	the	polypeptide	through	the	membrane.	(	a	)	What	kinds	of	amino	acids	would	be	expected	to	predominate	in	the	signal	peptide?	(	b	)	Why	is	protein	translocation	through	the	mitochondrial	or	chloroplast	membranes	potentially	more	complex
than	that	through	the	endoplasmic	reticulum?	(c)	In	what	major	respect	does	the	nuclear	membrane	differ	from	the	membranes	of	other	organelles?	14.21.	If	the	concentration	of	cytoplasmic	mRNA	is	higher	after	than	before	activation	of	its	gene,	does	this	observation	indicate	that	transcription	control	of	that	gene	is	operative?	Explain.	14.22.
Pseudogenes	are	nontranscribed	DNA	sequences	that	are	highly	homologous	in	nucleotide	sequence	to	functional	genes	found	elsewhere	in	the	same	genome.	One	class	of	pseudogenes,	known	as	“processed	pseudogenes,	”	is	characterized	by	absence	of	introns	and	upstream	promoter	sequences	and	presence	of	3’	terminal	poly-A	tracts.	(	a	)Propose
a	mechanism	that	might	account	for	the	origin	of	processed	pseudogenes.	(	b	)	What	major	problem	exists	with	the	mechanism	proposed	in	part	(a)?	14.23.	The	diagram	below	represents	a	spread	of	nucleolar	chromatin,	showing	a	segment	from	a	tandemly	arranged	series	of	nucleolar	rRNA	genes.	They	give	the	appearance	of	a	linear	series	of
Christmas-tree-like	structures,	first	identified	by	0.	L.	Miller	and	B.	R.	Beatty,	and	have	been	subsequently	referred	to	as	“Miller	trees.”	Identify	the	following	structures	or	regions.	(	a	)	The	limits	of	an	rRNA	gene	for	the	38s	rRNA	precursor	422	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	molecule.	(6)	A
nontranscribed	spacer	DNA	region	between	the	rDNA	repeats.	(	c	)	Promoter	or	initiator	region.	(4Terminator	of	an	rDNA	gene.	(	e	)R	N	A	polymerase	molecules.	(f)	5	’	end	of	an	rRNA	transcript.	14.24.	A	recessive	chromosomal	gene	produces	green	and	white	stripes	in	the	leaves	of	maize,	a	condition	called	“japonica.”	This	gene	behaves	normally	in
monohybrid	crosses	giving	a	3	green	:	1	striped	ratio.	Another	striped	phenotype	was	discovered	in	Iowa,	named	“iojap”	(a	contraction	of	Iowa	and	japonica).	which	is	produced	by	a	recessive	gene	ij	when	homozygous.	If	a	plant	with	iojap	striping	serves	as	the	seed	parent.	then	the	progeny	will	segregate	green,	striped,	and	white	in	irregular	ratios
regardless	of	the	genotype	of	the	pollen	parent.	Backcrossing	striped	progeny	of	genotype	Ijiij	to	a	green	pollinator	of	genotype	iJ/iJ	produces	progeny	that	continue	to	segregate	green,	striped,	and	white	in	irregular	ratios.	White	plants	die	due	to	lack	of	functional	chloroplasts.	Green	plants	produce	only	green	progeny	except	when	the	genotype	of
the	progeny	is	ijiij;	striping	then	reappears.	Interpret	this	information	to	explain	the	inheritance	of	iojap.	14.25.	If	a	woman	contracts	German	measles	during	the	first	trimester	of	pregnancy,	the	child	may	be	seriously	affected	even	though	the	mother	herself	suffers	no	permanent	physical	effects.	Such	anomalies	as	heart	and	liver	defects,	deafness.
cataracts.	and	blindness	often	occur	in	the	affected	children	at	birth.	Can	these	phenotypic	results	be	considered	hereditary	abnormalities?	14.26.	A	snail	produced	by	a	cross	between	two	individuals	has	a	shell	with	right-hand	twist	(dextral).	This	snail	produces	only	left-hand	(sinistral)	progeny	by	selfing.	Determine	the	genotype	of	this	snail	and	its
parents.	See	Problem	14.4.	14.27.	Most	strains	of	Chlurnydomonas	(Fig.	5-1)	are	sensitive	to	streptomycin.	A	strain	is	found	that	requires	streptomycin	in	the	culture	medium	for	its	survival.	How	could	it	be	determined	whether	streptomycindependence	is	due	to	a	chromosomal	gene	or	to	a	cytoplasmic	element‘?	14.28.	A	yeast	(Fig.	6-2)	culture,	when
grown	on	medium	containing	acriflavine.	produces	numerous	minute	cells	that	grow	very	slowly.	How	could	it	be	determined	whether	the	slow	growth	was	due	to	a	cytoplasmic	factor	or	to	a	nuclear	gene’?	14.29.	The	nuclear	gene	F	in	the	presence	of	“poky”	cytoplasm	produces	a	fast-poky	phenotype	(Problem	14.3).	In	the	presence	of	normal
cytoplasm	it	has	no	phenotypic	expression.	How	could	a	strain	of	Neurosporu	with	normal	growth	be	tested	for	the	presence	of	F	or	its	allele,	F	’	?	14.30.	Determine	the	genotypes	and	phenotypes	of	sexual	progeny	in	Neurosporu	from	the	following	crosses:	(	U	)	fast-poky	male	X	normal	female	of	genotype	F	’	,(	h	)	poky	female	x	fast-poky	male,	(	c	)
fast-poky	female	x	poky	male.	14.31.	The	cells	of	a	Neurosporu	mycelium	are	usually	multinucleate.	Fusion	of	hyphae	from	different	strains	results	in	the	exchange	of	nuclei.	A	mycelium	which	has	genetically	different	nuclei	in	a	common	cytoplasm	is	called	a	izererokur~on.Moreover,	the	union	results	in	a	mixture	of	two	different	cytoplasmic	systems
called	a	hereroplusnioti	or	a	tzeteroc:\~to,sorne.The	mycelia	of	two	slow-growing	strains,	each	with	an	aberrant	cytochrome	spectrum,	fuse	to	form	a	heteroplasmon	that	exhibits	normal	growth.	Abnormal	cytochromes	U	and	h	are	still	produced	by	the	heteroplasmon.	Offer	an	explanation	for	this	phenomenon.	14.32.	Male	sterile	plants	(Problem	14.7)
in	corn	may	be	produced	either	by	a	chromosomal	gene	or	by	a	cytoplasmic	factor.	(	U	)	At	least	20	different	male-sterile	genes	are	known	in	maize,	all	of	which	are	recessive.	Why‘?	Predict	the	FI	and	F7	results	of	pollinating	(	h	)	a	genetic	male	sterile	by	a	normal,	and	(c)	a	cytoplasmic	male	sterile	by	a	normal.	14.33.	Given	seed	from	a	male	sterile
line	of	corn.	how	would	you	determine	if	the	sterility	was	genic	or	cytoplasmic‘?	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	423	14.34.	A	bacterial	spirochaete	that	is	passed	to	the	progeny	only	from	the	maternal	parent	has	been	found	in	Drosophila	Hillisforzi.	This	microorganism	usually	kills	males	during
embryonic	development	but	not	females.	The	trait	is	called	“sex	ratio”	(SR)	for	obvious	reasons.	Occasionally.	a	son	of	an	SR	female	will	survive.	This	allows	reciprocal	crosses	to	be	made.	The	SR	condition	can	be	transferred	between	D	.	cquirioxialis	and	D	.	willisfoni.The	spirochaete	is	sensitive	to	high	temperatures,	which	inactivates	them.	forming
“cured”	strains	with	a	normal	sex	ratio.	(	a	)What	would	you	anticipate	to	be	the	consequence	of	repeated	backcrossing	of	SR	females	to	normal	males‘?(6)A	“cured”	female	is	crossed	to	a	rare	male	from	an	SR	culture.	Would	the	sex	ratio	be	normal?	Explain.	14.35.	Devise	a	plan	for	detecting	those	cells	in	a	Drosophila	embryo	where	a	specific	gene	is
being	expressed.	14.36.	The	evolution	of	mitochondrial	DNA	occurs	at	a	rate	much	faster	than	that	of	nuclear	DNA.	Hence	there	is	much	greater	variation	from	one	person	to	another	in	mitochondrial	DNA	sequences	than	in	nuclear	DNA	sequences.	Of	all	the	existing	human	populations,	there	appears	to	be	greater	variation	in	those	of	Africa	than	any
other	place	on	earth.	Furthermore,	all	the	human	mitochondrial	DNA	sequences	can	be	arranged	into	a	single	phylogenetic	tree.	Assuming	that	the	mitochondrial	DNA	of	our	most	ancient	ancestors	had	the	same	amount	of	individual	variation	as	that	of	modern	mitochondrial	DNA,	what	are	the	evolutionary	implications	of	these	facts‘?	14.37.	Give	at
least	two	mechanisms	whereby	RNA	viruses	produce	mRNA.	14.38.	With	regard	to	retroviruses:	(	U	)	specify	their	defining	characteristic,	(	h	)name	the	enzyme	contained	in	their	virions	and	list	three	biochemical	activities	of	that	enzyme,	(	c	)identify	the	template	for	synthesis	of	retroviral	mRNA.	(d)identify	the	cellular	location	of	their	replication,	(	c
)specify	those	attributes	suggesting	that	their	DNA-insertion	mechanism	is	related	to	transposition.	14.39.	The	life	cycles	of	eucaryotic	viruses	and	bacteriophages	have	many	similarities,	including	the	establishment	of	new	replication	and	transcription	systems,	regulation	of	gene	action	(e.g.,	early	vs.	late	transcription),	and	synthesis	of	large
quantities	of	structural	proteins.	There	are	certain	aspects	of	viral	life	cycles,	however.	that	are	not	(or	only	rarely)	found	in	the	life	cycles	of	phage.	Specify	some	of	these	unique	aspects.	14.40.	Some	viruses	contain	an	enzyme	as	part	of	the	infective	virion	and	introduce	it	into	its	host	cell	upon	infection.	(	a	)	Give	an	example	of	a	virus	that	carries	an
enzyme	for	DNA	synthesis.	(	h	)Give	an	example	of	a	virus	that	carries	an	enzyme	for	mRNA	synthesis.	14.41.	The	single-stranded	phage	+X	174	of	E	.	coli	contains	5386	nucleotides	coding	for	1	1	proteins	with	a	combined	molecular	weight	of	262,000.	(	a	)	If	an	average	amino	acid	has	a	molecular	weight	of	110,	by	how	many	amino	acids	is	the	coding
capacity	of	the	phage	exceeded‘?(	b	)How	can	+X174	code	for	more	proteins	than	it	has	coding	triplets?	(	c	)Several	animal	viruses	make	more	proteins	than	for	which	they	seem	to	have	coding	triplets.	Suggest	some	ways	by	which	they	might	accomplish	this	feat	if	a	single	reading	frame	is	used.	14.42.	All	tests	of	the	oncogenic	potential	of	viruses
have	been	made	with	an	established	mouse	cell	line	called	NIH	3T3	because	it	had	been	used	for	many	years	to	study	viral	transformation	and	chemical	carcinogens.	If	cancer	is	a	multistep	process,	how	can	the	introduction	of	a	single	active	viral	oncogene	transform	these	cells	into	cancerous	cells‘?	14.43.	Some	slow-transforming	viruses	(such	as
avian	leukemia	virus)	do	not	contain	oncogenes.	Offer	an	explanation	as	to	how	they	might	transform	cells.	14.44.	Cellular	protooncogenes	usually	contain	introns;	viral	oncogenes	do	not.	(	a	)	Propose	a	scenario	for	the	origin	of	a	viral	oncogene.	(6)	Why	is	it	more	probable	that	oncogenes	originate	in	cells	rather	than	in	viruses‘?	14.45.	Suppose	that	a
hypothetical	cellular	protooncogene	(c-pro)	has	a	viral	oncogene	counterpart	(1yn-o).It	is	hypothesized	that	c-pro	is	amplified	in	colon	cancer	cells.	(	U	)	Devise	a	plan	for	testing	this	hypothesis.	(	h	)It	is	thought	that	c-pro	is	excessively	transcribed	in	colon	cancer	cells.	Propose	an	experimental	test	of	this	hypothesis.	424	THE	MOLECULAR	BIOLOGY
OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	14.46.	A	virus	is	suspected	to	be	involved	in	the	development	of	breast	cancer	in	certain	strains	of	mice.	The	virus	is	transmitted	through	the	milk	to	the	offspring.	In	crosses	where	the	female	carries	the	“milk	factor”	and	the	male	is	from	a	strain	free	of	the	factor,	about	90%	of	the	female
progeny	develop	breast	cancer	prior	to	18	months	of	age.	The	virus	usually	does	not	initiate	cancer	development	in	the	infected	mouse	until	she	enters	the	nursing	stage,	and	then	only	in	conjunction	with	a	hormone	(estrone)	from	the	ovaries.	Males	from	a	virus	infected	strain	are	crossed	with	females	from	a	virus-free	strain.	(	a	)	Predict	the
proportion	of	the	offspring	from	this	cross	that,	if	individually	isolated	from	weaning	to	18	months	of	age,	will	probably	exhibit	breast	cancer.	(b)Predict	the	proportion	of	offspring	from	this	cross	that	will	probably	exhibit	breast	cancer	if	housed	in	a	group	from	weaning	to	18	months	of	age.	(c)	Answer	part	(	a	)	when	the	reciprocal	14.47.	Another	case
in	which	a	disease	is	acquired	through	the	milk	(see	Problem	14.46)	is	hemolytic	anemia	in	newborn	horses.	A	mare	may	produce	two	or	three	normal	offspring	by	the	same	stallion	and	the	next	foal	may	develop	severe	jaundice	within	about	96	hours	after	birth	and	die.	Subsequent	matings	to	the	same	stallion	often	produces	the	same	effect.
Subsequent	matings	to	another	stallion	could	produce	normal	offspring.	It	has	been	found	that	if	nursed	for	the	first	few	days	on	a	foster	mother	the	foal	will	not	become	ill	and	develops	normally.	Evidently	something	is	in	the	early	milk	(colostrum)	that	is	responsible	for	this	syndrome.	If	the	foal	should	become	ill,	and	subsequently	recovers,	the
incompatibility	is	not	transmitted	to	later	generations.	(	a	)	How	might	this	disease	be	generated?	(	h	)	How	is	the	acquisition	of	this	disease	different	from	that	of	breast	cancer	in	mice‘?	Review	Questions	Vocabulary	For	each	of	the	following	definitions,	give	the	appropriate	term	and	spell	it	correctly.	Terms	are	single	words	unless	indicated
otherwise.	1.	DNA	regions	so	different	from	the	rest	of	chromatin	that	they	are	easily	separated	by	differential	centrifugation.	2.	The	product	of	the	first	level	of	DNA	packaging,	involving	histone	octomers	3.	A	mobile	genetic	element,	characterized	by	inverted	terminal	repeats.	4.	A	DNA	sequence	in	cis	position	with	a	structural	gene	that	potentiates
the	transcriptional	activity	of	a	gene	on	that	same	DNA	molecule	even	though	it	may	be	Par	distant	upstream	or	downstream	from	thc	gcne	it	influences.	5.	A	genelike	DNA	sequence	bearing	close	resemblance	to	a	functional	gene	at	a	different	locus.	but	rendered	nonfunctional	by	additions	or	deletions	in	its	structure	that	prevents	its	transcription
and/or	translation.	6.	The	conversion	of	cultured	eucaryotic	cells	to	a	state	of	unregulated	growth.	(One	or	two	words.)	7.	An	eucaryotic	gene	that	functions	in	controlling	the	normal	proliferation	of	cells,	but	that	can	bc	altered	to	become	a	gene	that	promotes	cancer.	8.	A	stimulus	(usually	chemical)	that,	while	not	carcinogenic	by	itself,	enhances	the
production	of	malignant	tumors	in	cells	that	have	been	exposed	to	a	carcinogen.	9.	Descriptive	of	genes	that	cause	a	normal	body	part	to	develop	in	an	abnormal	location.	10.	The	name	of	a	theory	that	explains	the	origin	of	mitochondria	and	chloroplasts	in	eucaryotic	cells.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR
VIRUSES	425	True-False	Questions	Answer	each	of	the	following	statements	either	true	(T)	or	false	(F).	1.	Histones	are	highly	heterogeneous,	acidic	chromosomal	proteins.	2,	Proteins	are	synthesized	on	the	puffs	of	polytene	chromosomes.	3.	A	given	puff	on	a	polytene	chromosome	may	represent	the	activity	of	more	than	one	gene.	4.	Middle
repetitive	DNA	sequences	are	produced	by	multiple-gene	families	of	homologous	DNA	sequences.	5.	In	both	procaryotes	and	eucaryotes,	most	proteins	are	coded	by	unique	DNA	sequences.	6.	The	genetic	systems	of	chloroplasts	and	mitochondria	contain	all	the	genes	for	proteins	found	within	these	organelles.	7.	Cells	that	have	experienced	neoplastic
transformation	usually	undergo	a	finite	number	of	cell	divisions	in	the	best-tended	cultures.	8.	Most	eucaryotic	genes	are	transcribed	by	their	own	specific	RNA	polymerases.	9.	All	cells	that	respond	to	a	given	hormone	have	specific	receptors	for	that	hormone	on	the	outer	surface	of	their	plasma	membranes.	10.	A	large	amplification	of	a	hormonal
signal	can	be	produced	by	using	CAMP	as	a	second	messenger.	Multiple-Choice	Questions	Choose	the	one	best	answer	1.	Which	of	the	following	is	not	characteristic	of	heterochromatin?	(a)	associated	with	active	genes	(6)	usually	found	in	centromeric	regions	(c)	identifiable	in	at	least	some	interphase	chromosomes	(d)	located	in	the	dark	bands	of
polytene	chromosomes	(e)	more	than	one	of	the	above	2.	Which	of	the	following	statements	about	mitochondria	is	incorrect?	(a)	Mitochondrial	DNA	has	a	higher	mutation	rate	than	nuclear	DNA.	(6)	Replication	of	mitochondrial	DNA	is	synchronized	with	that	of	chromosomal	DNA.	(c)	The	size	of	mitochondrial	DNA	varies	considerably	from	one	species
to	another.	(d)	Mitochondria	contain	a	protein-synthesizing	system	of	their	own.	(e)	Mitochondria	usually	follow	a	maternal	inheritance	pattern.	3.	Differentiation	of	most	somatic	cells	does	not	appear	to	involve	the	loss	of	genes	or	recombination	of	DNA	segments.	The	most	striking	exception	to	this	rule	is	found	in	(a)	histone	genes	(6)	rDNA	(c)
mitochondrial	DNA	(d)	immunoglobulin	genes	(e)	hemoglobin	genes	4.	(a)	maturation	of	red	blood	cells	(6)	mitochondrial	reproSpecific	gene	amplification	is	associated	with	duction	(c)	oogenesis	(d)	spermatogenesis	(e)	antibody	production	5.	Hormones	are	thought	to	regulate	gene	activity	primarily	at	the	level	of	(a)	transcription	(6)	mRNA
processing	(c)	transport	of	RNA	from	nucleus	to	cytoplasm	(d)	translation	(e)	post-translation	processing	of	protein	(a)	addition	of	a	6.	Which	of	the	following	is	not	characteristic	of	most	mRNA	processing	in	eucaryotes?	poly-A	tail	at	the	3'	end	(6)	addition	of	an	unusual	guanine	to	the	5'	end	(c)	removal	of	exons	and	splicing	together	of	introns	(d)
removal	of	leader	and	trailer	sequences	(e)	more	than	one	of	the	above	7.	There	are	three	kinds	of	RNA	polymerases	(I,	11,	111)	in	eucaryotic	cells,	each	specific	for	one	class	of	RNA	molecule	(mRNA,	tRNA,	rRNA).	Which	of	the	following	is	a	correct	match?	(a)	I	=	rRNA,	I1	=	426	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR
VIRUSES	tRNA	(6)	I1	=	mRNA,	111	=	rRNA	(	e	)	none	of	the	above	(	c	)	I	=	tRNA.	111	=	rRNA	[CHAP.	14	(	d	)	I	=	rRNA,	I1	=	mRNA	8.	Which	of	the	following	is	not	characteristic	of	eucaryotic	viruses?	(	a	)	Tailed	forms	are	unknown.	(b)Genetic	recombination	between	viral	genomes	is	common.	(	c	)	All	known	double-stranded	RNA	viral	genomes	are
segmented.	(	d	)	All	known	restriction	endonuclease	sites	are	nonmethylated.	(	e	)	3’	ends	of	ssRNA	animal	viruses	have	poly-A	tails.	9.	Cells	that	have	been	transformed	into	tumor	cells	exhibit	the	following	characteristic(s).	(	a	)	If	transformed	by	an	oncogenic	virus,	the	virus	may	or	may	not	be	integrated	into	host	DNA.	(	6	)Tumor-specific	antigens
always	appear	on	the	cell	surface.	(c‘)	They	always	form	tumors	when	injected	into	an	animal	of	the	same	species	from	which	they	were	derived.	(	d	)	Their	chromosome	number	always	exceeds	the	normal	diploid	number.	(	e	)	More	than	one	of	the	above.	10.	Which	of	the	following	statements	regarding	oncogenic	retroviruses	is	incorrect?	(	a	)They
usually	cause	tumors	in	most	species	in	which	they	can	cause	a	productive	infection.	(	b	)	Most	infected	permissive	cells	become	tumor	cells,	(	c	)	Integration	of	viral	DNA	into	host	DNA	is	obligatory	for	the	production	of	progeny	viruses.	(	d	)	All	oncogenes	of	these	viruses	are	nonessential	for	the	production	of	progeny	virions.	(	e	)	None	of	the	above.
Answers	to	Supplementary	Problems	14.8.	(	a	)	loo0	times	more	(	6	)	2.4	X	10’	molecular	weight	in	E	.	coli	X	103	=	2.4	x	10”	molecular	weight	(	c	)	4	x	10-	milligram	x	1	0	~=	4	x	1	0	-	~milligram	(cl)	4	x	10-”	miIIigram	x	milligram	10’	molecular	weight’	2.4	x	10’	molecular	weight	.r	=	1.67	x	10-	“	milligram	per	1000	molecular	weight	(	e	)	There	are
several	“lower”	species	(especially	lily,	amphibians,	and	lungfish)	that	have	much	more	DNA	than	humans.	DNA	content	is	therefore	not	a	reliable	index	of	organismal	“complexity”	or	position	on	the	phylogenetic	(evolutionary)	scale.	(f)	(2.5	x	10J)/IO’	=	25	times	more.	(	g	)	Most	invertebrates	have	lower	DNA	contents	than	vertebrates.	(	h	)	Fungi	(i)
The	data	are	inconclusive.	For	example,	alligators	have	remained	relatively	unchanged	since	the	Mesozoic	era	(age	of	dinosaurs)	and	yet	they	have	less	DNA	than	the	more	rapidly	evolving	mammals.	On	the	other	hand,	amphibians	(as	a	group)	are	more	ancient	than	alligators	and	yet	amphibians	have	more	DNA.	I	14.9.	10”	ribosomesl(3	X
106ribosomes/day)	=	3.3	X	105days:	3.3	X	105days	=	913	years	365	dayslyear	14.10.	(	a	)	(1.4	x	108	nucleotide	pairs	X	0.95)/(5	x	10’	bands)	=	3	x	104	nucleotide	pairs	per	band.	(1.4	X	108	nucleotide	pairs	X	0.05)/(5	X	103bands)	=	I	X	103nucleotide	pairs	per	interband.	(	6	)	(	3	X	104	nucleotide	pairs	per	band)/(	10’	nucleotide	pairs	per	gene)	=	30
genes	per	band;	(	1	X	103	nucleotide	pairs	per	interband)/(10’	nucleotide	pairs	per	gene)	=	1	gene	per	interband.	14.11.	(U)	Affix	the	cells	containing	the	polytene	chromosomes	to	a	slide	and	expose	them	to	radioactive	uracils.	Active	genes	will	synthesize	RNAs	containing	the	labeled	uracils.	Then	wash	the	slide	to	remove	any	unincorporated	label
and	cover	it	with	photographic	film	sensitive	to	the	radiation	(autoradiography).	If	dots	on	the	developed	film	are	concentrated	in	the	puffed	areas,	the	hypothesis	would	be	confirmed.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	427	(6)	It	might	be	tempting	to	speculate	that	one	or	more	genes	in	the	puffed
regions	is	actively	synthesizing	the	protein.	However,	it	is	also	possible	that	the	protein	itself	might	be	responsible	for	the	change	in	the	puff	pattern;	or	perhaps	some	other	protein	synthesized	at	the	same	time	might	be	responsible.	Thus,	cause	and	effect	cannot	be	established	from	this	observation.	14.12.	In	most	female	mammals,	including	humans,
one	of	the	X	chromosomes	is	inactivated.	In	females	that	are	heterozygous	for	the	mutation,	about	half	of	the	cells	would	be	expected	to	have	an	inactive	X	chromosome	containing	the	normal	G6PD	gene	and	an	active	X	chromosome	containing	the	mutant	gene;	these	cells	would	have	a	deficiency	of	G6PD	and	would	not	be	parasitized.	In	the
remainder	of	these	female	cells,	the	other	X	chromosome	bearing	the	normal	gene	would	be	active,	would	not	be	G6PD	deficient,	and	therefore	would	be	parasitized.	Males	do	not	inactivate	their	single	X	chromosome.	Males	hemizygous	for	G6PD	deficiency	would	therefore	not	be	parasitized.	14.13.	One	of	the	X	chromosomes	in	each	female	mammal
is	inactivated	early	in	embryological	development.	Once	an	X	chromosome	has	been	inactivated	in	a	cell,	all	the	descendant	cells	will	also	inactivate	the	same	X	chromosome.	Thus,	if	the	leukemic	cells	contain	both	forms	of	G6PD	the	cancer	must	have	arisen	in	at	least	two	cells.	If	the	cancer	arose	in	only	one	cell,	then	all	leukemic	cells	of	that
individual	would	have	only	one	form	of	the	enzyme.	However,	it	is	possible	that	the	same	G6PD	gene	might	be	inactivated	in	different	stem	cells.	If	cancer	developed	in	2	or	more	of	such	cells,	only	one	form	of	the	enzyme	would	be	present	in	the	leukemic	cells.	In	other	words,	two	enzyme	forms	would	be	diagnostic	of	a	multicellular	origin	of	the
cancer,	whereas	a	single	enzyme	form	would	not	be	diagnostic	of	a	single-cell	origin.	14.14.	Expose	cells	to	one	or	more	radioactive	ribonucleotides	for	a	defined	short	period	of	time	(a	pulse)	followed	by	large	amounts	of	unlabeled	ribonucleotides	(the	chase).	After	various	lengths	of	chase,	expose	all	of	the	labeled	mRNAs	to	a	single-stranded	cDNA
that	is	of	a	nucleotide	sequence	complementary	to	that	of	the	mRNA	species	under	consideration.	Measure	the	amount	of	radioactivity	in	the	mRNA-cDNA	hybrids	trapped	on	a	nitrocellulose	filter.	For	any	given	chase	time,	the	relative	stability	of	an	mRNA	should	be	directly	related	to	the	amount	of	radioactivity	detected	in	the	hybrids.	14.15.
Proteins	that	are	destined	to	cross	the	endoplasmic	reticulum	(which	contributes	to	the	Golgi	apparatus)	contain	an	N-terminal	leader	sequence	called	the	signal	peptide.	This	peptide	is	cleaved	after	it	has	performed	its	job	of	aiding	the	polypeptide	in	passing	through	the	ER	membrane.	14.16.	Offspring	bearing	the	normal	gene	gs+	are	fertile	and	can
produce	a	second	generation.	F,	females	of	genotype	gdgs	produce	offspring	(regardless	of	the	genotype	of	their	mates)	that	will	be	sterile;	hence	those	F,	females	cannot	have	“grandchildren.”	The	name	of	this	mutation	is	“grandchildless.”	14.17.	Through	at	least	three	cleavage	divisions.	The	first	cleavage	division	produces	2	cells,	the	second
produces	4	cells,	the	third	produces	8	cells	(3	cells	more	than	necessary	for	identical	quintuplets).	14.18.	Antennapedia	is	a	homeotic	(also	spelled	homoeotic)	gene	in	which	mutation	causes	transformation	of	one	body	part	into	another.	In	other	words,	it	makes	the	right	structure	in	the	wrong	place.	Homeotic	genes	contain	a	regulatory	sequence	that
responds	to	signals	from	other	control	genes.	In	embryonic	cells	of	the	imaginal	(imago	=	adult	insect)	leg	disks,	the	wild-type	antennapedia	gene	is	normally	active;	in	cells	of	the	imaginal	antennae	disks,	the	gene	is	normally	inactive	(silenced).	A	mutant	antennupediu	gene	might	fail	to	respond	to	the	signals	that	normally	turn	off	its	normal	allele	in
the	antennae	discs,	and	thus	it	is	somehow	able	to	direct	development	of	legs	instead	of	antennae.	14.19.	All	eucaryotic	cytoplasmic	mRNAs	are	monocistronic,	whereas	many	procaryotic	mRNAs	are	polycistronic.	Thus,	within	a	bacterial	operon,	if	the	product	of	one	structural	gene	is	needed	and	another	is	not,	then	gene	expression	must	be
controlled	at	the	translation	level	(or	perhaps	posttranslationally).	14.20.	(a)	Hydrophobic	amino	acids	are	expected	in	the	signal	peptide	so	that	it	can	easily	be	inserted	into	the	hydrophobic	lipid	membrane	bilayer	to	initiate	transport	of	the	attached	protein.	(6)	Because	these	organelles	are	surrounded	by	a	double	membrane	system,	whereas	the
endoplasmic	reticulum	membrane	consists	of	a	single	membrane.	(c)	There	are	pores	in	the	nuclear	membrane.	428	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	[CHAP.	14	14.21.	Transcriptional	control	may	be	operative.	However,	posttranscription	regulation	may	be	solely	responsible	or	in	conjunction	with
transcription	control.	Primary	eucaryotic	mRNA	transcripts	are	subject	to	5'	capping,	3'	polyadenylation,	intron	removal	and	splicing	of	exons,	RNA	degradation,	and	transport	across	the	nuclear	envelope;	each	operation	presents	a	potential	control	point.	14.22.	(	a	)	If	cytoplasmic	mRNA	could	be	copied	into	DNA,	it	would	have	the	characteristics
described	for	processed	pseudogenes.	The	retroviral	enzyme	reverse	transcriptase	can	make	DNA	from	viral	RNA,	and	this	cDNA	can	then	become	integrated	into	the	host's	genome,	thus	providing	a	model	for	the	origin	of	processed	pseudogenes.	(b)	Recall	that	DNA	synthesis	occurs	by	extension	from	an	RNA	primer.	It	is	difficult	to	understand	why
a	full-length	cDNA	copy	of	a	polyadenylated	mRNA	would	be	primed	on	the	3'	poly-A	tract	rather	than	internally.	14.23.	aA	f	b	e	Y	c	d	14.24.	It	appears	that	the	chromosomal	gene	ij	when	homozygous	induces	irreversible	changes	in	normal	plastids.	The	plastids	exhibit	autonomy	in	subsequent	generations,	being	insensitive	to	the	presence	of	lj	in
single	or	double	dose.	Random	distribution	of	plastids	to	daughter	cells	could	give	all	normal	plastids	to	some,	all	defective	plastids	to	others,	and	a	mixture	of	normal	and	defective	plastids	to	still	others.	All	plastids	are	not	rendered	defective	in	the	presence	of	ij/ij	as	this	would	produce	only	white	(lethal)	seedlings.	14.25.	It	is	important	to	distinguish
between	congenital	defects	(recognizable	at	birth)	that	are	acquired	from	the	environment	during	embryonic	development	and	genetic	defects	that	are	produced	in	response	to	the	baby's	own	genotype.	The	former	may	be	produced	by	infective	agents	such	as	the	virus	of	German	measles,	which	is	not	really	a	part	of	the	baby's	genotype	but	is
acquired	through	agents	external	to	the	developing	individual.	An	active	case	of	this	disease	usually	produces	immunity	so	that	subsequent	children	of	this	mother	should	not	be	susceptible	to	the	crippling	influences	of	this	virus.	A	hereditary	disease	is	one	produced	in	response	to	instructions	of	an	abnormal	gene	belonging	to	the	diseased	individual
and	that	can	be	transmitted	in	Mendelian	fashion	from	generation	to	generation.	14.26.	Parents:	s	+	s	Q	X	s/?d;	F,:	ss	14.27.	Cross	ss	mt-	(male)	x	sd	rnt'	(female);	if	chromosomal,	25%	of	the	sexual	progeny	should	be	ss	m	t	-	,	25%	ss	mt+	,	25%	sd	mt-	,	25%	sd	mt'	;if	cytoplasmic,	almost	all	of	the	progeny	should	follow	the	maternal	line	(streptomycin-
dependent)	as	in	Example	14.25,	while	mating	type	segregates	1	mt-	:	1	m	t	+	.	14.28.	From	a	cross	of	minute	X	normal,	a	nuclear	gene	will	segregate	in	the	spores	in	a	1	:	1	ratio	(e.g	.	,	segregational	petite	in	Problem	14.5).	If	an	extranuclear	gene	is	involved,	segregation	will	not	be	evident	and	all	spores	will	be	normal	(e.g.,	neutral	petite	in	Example
14.26).	14.29.	Use	the	unknown	as	conidial	parent	on	a	standard	poky	strain.	If	the	unknown	carries	F	,	half	of	the	ascospores	will	be	poky	and	half	fast-poky.	If	the	unknown	carries	F',	all	of	the	sexual	progeny	will	be	poky.	14.30.	(	a	)	All	phenotypically	normal;	J	F	'	(normal	cytoplasm)	:	1F	(normal	cytoplasm).	(b)	and	(c)	!j	fast-poky;	F	(poky
cytoplasm)	:	1	poky;	F'	(poky	cytoplasm)	14.31.	One	strain	may	have	an	abnormal	cytochrome	a	but	a	normal	cytochrome	b.	The	other	strain	might	have	an	abnormal	cytochrome	b	but	a	normal	cytochrome	a	.	The	normal	cytochromes	in	the	heteroplasmon	complement	each	other	to	produce	rapid	growth.	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF
EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	429	14.32.	(a)	A	plant	in	which	a	dominant	genic	male	sterile	gene	arose	by	mutation	of	a	normal	gene	would	be	unable	to	fertilize	itself	and	would	be	lost	unless	cross-pollinated	by	a	fertile	plant.	The	gene	would	be	rapidly	eliminated	from	heterozygotes	within	a	few	generations	by	continuous	back
crossing	to	normal	pollen	parents.	(6)	FI:	+lms,	fertile;	F2:	$	+	/	+	,	$+/ms,fmslms;	8	fertile,	f	male	sterile.	(c)	Male	sterile	cytoplasm	is	transmitted	to	all	FI	progeny;	a	selfed	F2	cannot	be	produced	because	none	of	the	F1	plants	can	make	fertile	pollen.	14.33.	Plant	the	seeds	and	pollinate	the	resulting	plants	with	normal	pollen	from	a	strain	devoid	of
male	sterility.	If	the	FI	is	sterile,	then	it	is	cytoplasmic;	if	the	F1	is	fertile,	it	is	genic.	14.34.	(a)	If	interspecific	crosses	can	transmit	the	spirochaete,	it	is	probably	relatively	insensitive	to	the	chromosomal	gene	complement.	Backcrossing	would	cause	no	change	in	the	SR	trait;	indeed,	this	is	how	the	culture	is	maintained.	(6)The	sex	ratio	would
probably	be	normal.	It	is	unlikely	that	the	spirochaete	would	be	included	in	the	minute	amount	of	cytoplasm	that	surrounds	the	sperm	nucleus.	14.35.	Expose	thin	slices	of	the	embryo	to	a	radioactive	probe	(single-stranded	cDNA	of	complementary	nucleotide	sequence	to	the	mRNA	of	interest).	Any	cells	containing	the	specific	mRNA	gene	product
should	hybridize	with	the	probe	(in	situ	hybridization),	and	the	hybrids	can	then	be	detected	by	autoradiography.	14.36.	Africa	was	probably	the	place	where	humans	first	evolved,	and	our	ancestors	emigrated	from	there	to	populate	the	world.	Mitochondria	are	maternally	inherited.	From	this	fact	and	the	single	family	tree	for	mitochondrial	DNA,	it
has	been	inferred	that	there	probably	was	a	single	ancestral	woman	(our	“mitochondrial	Eve”)	from	which	all	humans	derived	their	mitochondrial	DNA.	14.37.	(1)	Minus-strand	RNA	viruses	transport	into	the	cell	a	replicase	enzyme	that	synthesizes	mRNA	from	the	(	-	)	strand	template.	(2)	Plus-strand	RNA	viruses	(other	than	retroviruses)	use	their
infective	strand	as	a	template	for	synthesizing	mRNA	using	host	RNA	polymerase.	(3)	Retroviruses	use	their	(	+	)	strand	as	a	template	for	DNA	synthesis,	which	is	then	transcribed	into	mRNA.	(4)	Double-stranded	RNA	viruses	bring	a	replicase	into	the	host	cell	that	copies	double-stranded	RNA	and	synthesizes	a	(	)	strand	that	functions	as	mRNA.	+
14.38.	(a)	They	replicate	from	a	DNA	intermediate.	(6)	RNA-dependent	DNA	polymerase	(reverse	transcriptase).	Enzyme	functions:	(	1	)	converting	the	singlestranded	viral	RNA	to	a	DNA-RNA	hybrid,	(2)	digesting	RNA	from	a	DNA-RNA	hybrid,	and	(3)	copying	a	primed	single-stranded	DNA	to	form	a	double-stranded	DNA.	(c)	The	double-stranded
DNA	that	is	formed	by	reverse	transcription	from	retroviral	RNA.	(d)	The	DNA-RNA	hybrid	is	made	in	the	cytoplasm.	The	hybrid	is	converted	to	double-stranded	DNA	and	becomes	inserted	into	a	host	chromosome.	Messenger	RNA	is	made	from	the	proviral	DNA	in	the	nucleus	by	host	RNA	polymerase.	(e)	Their	integrated	proviral	DNA	is	terminated
at	each	end	by	a	long	terminal	repeat	and	a	short	inverted	repeat	(like	a	composite	transposon),	which	in	turn	is	flanked	by	a	short,	direct	repeat	(like	a	target	sequence).	14.39.	(	I	)	Viral	proteins	usually	enter	the	infected	cell	along	with	the	viral	genome.	(2)	The	RNA	of	some	viruses	is	converted	to	DNA.	(3)	The	mRNA	of	viruses	is	processed	just	like
the	cellular	mRNA	of	their	eucaryotic	hosts.	(4)	Polyproteins	are	produced	by	some	viruses.	14.40.	(a)	Retroviruses	(such	as	human	immunodeficiency	virus,	HIV)	that	make	DNA	from	an	RNA	genome;	vaccinia	virus	that	replicates	its	genome	in	the	cytoplasm	where	no	host	DNA	polymerases	reside.	(6)	Any	virus	whose	genetic	material	cannot	be
translated	by	cellular	enzymes.	For	example,	(	-	)	strand	RNA	viruses	such	as	influenza	virus,	and	double-stranded	RNA	viruses	like	rheovirus.	14.41.	(a)	(262,000	molecular	weight/llO	molecular	weight	per	amino	acid)	-	(5386	bases13	bases	per	codon)	=	586.5	amino	acids.	430	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR
VIRUSES	[CHAP.	14	(6)	Some	phage	genes	are	overlapping;	i.e.,	the	same	sequence	can	be	transcribed	in	different	reading	frames.	The	only	structural	feature	responsible	for	gene	overlap	is	the	location	of	each	AUG	start	codon.	(c)	By	alternative	intron	cleavage	sites	from	the	same	primary	transcript,	two	proteins	could	be	produced	having	the	same
N	terminus	but	different	C	termini.	A	polyprotein	could	also	be	enzymatically	cleaved	in	more	than	one	way	to	produce	different	products.	14.42.	An	established	cell	line	has	already	experienced	one	or	more	early	steps	(e.g.,	immortalization)	in	the	induction	of	neoplastic	transformation	before	exposure	to	the	effects	of	the	oncogene.	14.43.	These
viruses	might	become	integrated	into	the	host	DNA	near	a	cellular	protooncogene	and	activate	it,	via	a	viral	enhancer	sequence,	to	become	an	oncogene.	14.44.	(a)	A	retrovirus	becomes	integrated	as	a	provirus	adjacent	to	a	cellular	protooncogene.	The	provirus	and	the	adjacent	protooncogene	are	transcribed	into	a	single	transcript.	The	RNA
transcript	is	processed	to	remove	introns	and	becomes	packaged	into	a	viral	capsid.	The	infective	virus	is	released	from	the	host	cell	and	infects	another	cell.	(6)	Each	of	the	steps	in	part	(	a	)	involves	known	genetic	mechanisms.	There	is	no	known	mechanism	by	which	introns	from	viruses	can	be	inserted	into	cellular	protooncogenes.	14.45.	(a)
Extract	the	DNA	from	colon	cancer	cells	and	from	normal	human	cells.	Cut	them	into	fragments	with	a	restriction	endonuclease	and	then	electrophorese	the	fragments.	Transfer	the	fragments	from	the	gel	to	nitrocellulose	paper	by	the	Southern	blotting	technique.	Probe	the	blot	with	radioactive	v-pro	DNA	from	the	virus.	After	radiography,	if	the
emission	intensities	of	bands	from	the	colon	cancer	cells	are	greater	than	those	from	normal	cells,	we	infer	that	the	c-pro	oncogene	has	been	amplified	in	the	cancer	cells.	(6)	Extract	RNAs	from	the	colon	cancer	cells	and	from	normal	cells.	Separate	these	molecules	by	electrophoresis	and	then	transfer	them	from	gel	to	paper	by	the	northern	blotting
technique.	Probe	the	blot	with	radioactive	v-pro	DNA.	Following	autoradiography,	if	the	cancer	cell	RNA	bands	are	more	intense	than	those	from	normal	cells,	we	infer	that	the	c-pro	oncogene	has	been	excessively	transcribed	in	cancer	cells.	14.46.	(a)	(6)	None	of	the	progeny	is	expected	to	develop	breast	cancer	because	noninfected	females	have
nursed	them.	(c)	None	of	the	progeny	is	expected	to	develop	breast	cancer	because	in	isolation	the	infected	females	could	never	produce	a	litter	and	subsequently	enter	a	lactation	period,	a	prerequisite	for	expression	of	the	milk	factor.	(d)	50%	females	X	90%	of	females	develop	breast	cancer	=	approximately	45%.	14.47.	(a)	This	disease	is	similar	to
the	Rh	blood	group	system	incompatibility	between	a	human	mother	and	her	baby.	In	this	case,	antibodies	are	transferred	to	the	offspring	through	the	milk	rather	than	across	the	placenta.	(6)	The	particular	stallion	that	is	used	has	an	immediate	effect	on	the	character.	This	is	not	true	in	the	acquisition	of	breast	cancer	in	mice.	The	incompatibility
disease	in	horses	cannot	be	transmitted	to	later	generations,	so	there	is	no	evidence	of	a	specifically	self-duplicating	particle	like	the	infective	agent	that	causes	cancer	in	mice.	Answers	to	Review	Questions	Vocabulary	1.	satellites	or	satellite	DNA	2.	nucleosomes	3.	transposon	or	transposable	element	4.	enhancer	5.	pseudogene	6.	7.	8.	9.	10.
neoplastic	transformation	protooncogene	promoter	homeotic	(hornoeotic)	endosymbiosis	CHAP.	141	THE	MOLECULAR	BIOLOGY	OF	EUCARYOTIC	CELLS	AND	THEIR	VIRUSES	43	1	True-False	Questions	1	.	F	(Nonhistone	chromosomal	proteins	have	these	characteristics.)	2.	F	(Chromosomal	puffs	synthesize	RNA;	proteins	are	synthesized	from
mRNA	in	the	cytoplasm.)	3.	T	4.	T	5.	T	6.	F	(The	genomes	of	these	organelles	are	too	small	to	code	for	all	their	proteins;	most	of	their	proteins	are	encoded	by	nuclear	genes	and	synthesized	on	cytoplasmic	ribosomes.)	7.	F	(Transformed	cells	can	divide	indefinitely;	they	have	become	“immortalized.”)	8.	F	(There	are	only	3	R	N	A	polymerases;	they	are
neither	gene-	nor	tissue-specific.)	9.	F	(For	example,	steroid	hormone	receptors	are	in	the	cytoplasm.)	10.	T	Multiple-Choice	Questions	l.a	2.b	3.d	4.c	5.a	6.e(candd)	7.d	8.b	9.d	10.e	Index	AB0	blood	groups,	28,	37-38,	259,	264	Abortive	transduction,	33	1	Abzymes,	275	Acentric	chromosome,	183	Acridines,	285,	292	Acrocentric	chromosome,	4
Activator,	3	19	Adapters,	36	1	Additions	(see	Duplications)	Additive	gene	effects,	210,	215	Adenine,	270	Adenosine	triphosphate,	3	Adenylate	cyclase,	3	19	AIDS,	367	Albinism,	25	Aleurone,	14	(See	also	Corn)	Alleles:	codominant,	26	defined,	I	dominant,	25	frequency,	249	heteroalleles,	288	homoalleles,	288	isoalleles,	286	lethal,	26	multiple,	27
recessive,	25	self-incompatible,	40,	96	wild	type,	25	Allelic	exclusion,	402	Allelomorphs	(see	Alleles)	Allolactose,	3	16	Allopolyploidy	(amphiploidy),	177-1	78	Allosteric	transformation,	3	16	Allotetraploidy,	177	Alpha	helix,	273	Alternation	of	generations,	15	Ames	test,	343	Amino	acids,	272,	275	codon	table,	277	Aminoacyl	synthetase,	278
Amniocentesis,	188	Amnion,	188	Amphidiploidy	,	177	Amplification,	358,	397	Anaphase:	meiotic,	9	mitotic,	6	Androtermone,	102	Anemia,	40,	283,	424	Aneuploidy	,	178-	179	Angiogenesis,	4	12	Angiosperm,	13,	15	Annealing,	355	Anther,	13	pin-thrum,	103	Antibiotics:	ampicillin,	363	cycloserine,	363	mode	of	action,	345	penicillin,	303	rifampicin,	366
streptomycin,	302	tetracycline,	363	Antibodies	(See	also	Blood	types,	Immunoglobulins)	structure,	4	0	1	4	3	monoclonal,	4	I2	Anticoding	strand	of	DNA,	277	Anticodon,	278	Antipodal	nucleus,	I3	Antirrhinum	(see	Snapdragon)	Antisense	strand	of	DNA,	277	Antitermination,	318	Ape,	187	Aporepressor,	3	17	Arabinose,	372	Archaebacteria,	404
Arrhenotoky	(see	Parthenogenesis)	Ascomycetes,	126	Ascospore,	126	Ascus,	126	Asexual	reproduction,	307	(See	also	Mitosis)	bacteria,	301,	307	Neurospora,	127	yeast,	83	Asparagus,	80,	102	Ass	(see	Horse	hybrids)	Assortative	mating:	negative,	228-230	positive,	225-228	Atavism,	132	ATP	(see	Adenosine	triphosphate)	Attached-X	chromosome,	185,
293	Attenuation,	3	18	Autopolyploidy,	177	Autoradiography	,	356	Autoregulation,	3	17	Autosome,	4	Autotetraploidy,	177	Auxotrophy	,	302	Average	(see	Mean)	433	434	Backcross,	3	1	Backmutation,	286	Bacteria,	1	(See	also	Procaryotes)	archaebacteria,	404	characteristics,	301	culture	techniques,	30	1,	303	cyanobacteria	,	405	dilutions,	167,	171
eubacteria,	404	lawn,	302	males	vs.	females,	3	1	1	phage	resistance,	167	reproduction	rate,	335	ribosome	structure,	309	Bacterial	genetics,	301-353:	conjugation,	3	1	1-3	13,	32	1	gene	regulation,	3	14-3	19	mapping,	321-325	mutations,	303	phenotypes,	302	plasmids,	3	1	1	recombination,	3	10-3	13	replication,	303-306	transcription,	306-309
transduction,	3	13	transformation,	3	10-3	1	1	translation,	309-3	10	trophic	categories,	302	Bacteriophage,	325-333,	345-346	cloning	vectors,	365-366	defined,	326	ghost,	327	host	restriction,	326	in	vitro	packaging,	366	lambda,	293,	329-330,	365-366	life	cycles,	326-330	lysogeny,	329-330	M13,	327,	328	MS2,	340	Mu,	329	P1,	329,	331	prophage,	329
rII	mutants,	332	T	phages,	293,	327,	332,	333,	337,	345-346,	355	temperate	(nonvirulent),	326	transduction,	330-33	1	virulent,	326	4x174,	303,	340,	423	Balanced	lethals,	125,	141	Balanced	translocation,	202	Baldness	(see	Human	genetics)	Barley,	230	Barr	body,	187	(See	also	Sex	chromatin)	Base	(nucleotide):	analogues,	285	molecular	structure,
270	mutation,	285	INDEX	Base	(nucleotide)	(Cont.):	pairing	rules,	270	sequencing,	357	unusual	(rare),	278	Beans,	241	Bees	(see	Hymenoptera)	Benzer,	S.,	33	1,	332	Beta-galactosidase,	3	14	Binary	fission,	307	Binomial	distribution,	159-160,	210	Biosynthetic	pathways,	6	1	Birds	(see	Chickens,	Ducks,	Pigeons,	Turkeys,	Owls)	Bivalent,	8	Blending
inheritance,	26	Blood	types:	AB0	system,	28,	37-38,	259,	264	Lewis	system,	69	M-N	system,	26,	38,	263	Rh	system,	146,	263	Blotting,	369-370	Blunt-end	ligation,	361	Bombyx	mori	(see	Silkworm)	Bp,	357	Bracon	hebetor,	82,	99,	135	Branch	migration,	282,	310	Bread	mold	(see	Neurospora)	Breakage-fusion-bridge	cycles,	185-	186	Breed,	24	Breeding
principles:	mating	methods,	224-230	selection	methods,	222-224	Breeding	true,	24	Breeding	value,	224	Bridge	and	fragment,	183	Bridge-breakage-fusion,	bridge	cycles,	185-	I86	Broth,	301	Budding:	virus,	407	yeast,	126	Buffering,	229	Butterflies,	81,	100	CAMP,	319	Cancer,	4	10-414	myeloma,	412	Cap	(guanine),	277,	395	Canalization,	229	CAP,
319,	401	Cupseffa(see	Shepherd’s	purse)	Capsid,	326	Capsomere,	326	Carcinogen,	41	1	Ames	test,	343	testing	in	mice,	239	Carrier,	25	Caryo-	(see	Karyo-)	INDEX	Castor	bean,	102	Catabolite	gene	activator	protein,	3	I9	Catabolite	repression,	3	I9	Cat,	97,	260,	253	Cattle:	amputated,	35-36	Ayrshire	breed,	41,	99	Brahman	breed,	230	bulldog	calves,
53	butterfat	production,	237,	242	chromosome	number,	4	coat	colors,	34-35,	56	Dexter	breed,	53	Dutch-belted	breed,	41	Hereford-type	spotting,	41	Holstein	breed,	39,	41	horns,	53,	56	Kerry	breed,	53	lethal	allele,	35-36,	53	milk	production,	241	notch	ear,	41	polled,	53,	56	rate	of	gain,	236	man,	34-36	Shorthorn	breed,	34-35,	56,	255,	264	cDNA,	360
Cell,	1-3	culture,	41	1	cycle,	7	daughter	(progeny),	7	defined,	1	differentiation	(see	Development)	division	5-10,	(See	also	Meiosis,	Mitosis)	eucaryote,	1	established	line,	41	1,	423	immortalized,	4	1	1	membrane	(see	Plasma	membrane)	organelles,	1-3	plasma,	401	plate,	6	polar	regions,	6	procaryote,	1	progeny,	7	reproductive	cycle,	7	sex	(germ),	4
somatic,	4	stem,	401	wall,	3	Cellulose,	3	Centimorgan,	113	Central	dogma,	275	Centriole,	2-3,	6	Centromere,	4-6	gene-centromere	distance,	128	Chain-terminating	analogues,	372	Character,	1	(See	also	Phenotype)	Chargaff,	E.,	354	Checkerboard	(genetic),	30,	48	Chiasma,	9,	1	1	1,	145-146	interference,	1	17-	1	18	Chickens:	Barred	Plymouth	Rock
breed,	88,	100	barred	pattern,	88,	98	Black	Langshan	breed,	71	Blue	Andalusian	breed,	39	body	weight,	241	Brahman	breed,	71	Brown	Leghorn	breed,	149	Buff	Rock	breed,	71	cock-feathering,	86,	93,	100	comb	shape,	55,	71	Cornish	breed,	230	creeper,	40,	57,	98,	172	crested,	55	feather	color,	39,	55-57,	74-75,	88,	98,	100,	148-149,	171,	264	feather
morphology,	56,	260	Hamburg	breed,	100,	23	1	leg	feathers,	55,	71,	98	Malay	breed,	71	Seabright	Bantam	breed,	100,	231	sex	determination,	8	1-82	sex	reversal,	86,	94,	101	Silver	Penciled	Rock	breed,	149	slow	feather	growth,	97,	101,	148	White	Leghorn	breed,	71,	75,	100,	230	White	Plymouth	Rock	breed,	171	White	Silkie	breed,	75	White
Wyandotte	breed,	7	1,	75	Chimera,	202	DNA,	358	Chimpanzee,	187	Chironomus,	4	15	Chi-square	test,	162-	164	table	of	values,	163	Chlamydomonas	reinhardi	cytoplasmic	inheritance,	406,	422	life	cycle,	83	mating	type,	83,	98	Chlorophyll,	27	Chloroplasts,	3,	404	Chromatid,	5	assortment,	191	crossover	(recombinant)	type,	9	noncrossover	(parental)
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