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4.1 Chromosomes: 4.1 Chromosomes: 
The carriers of The carriers of 

genesgenes
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 1667 1667 –– Anton van LeeuwenhoekAnton van Leeuwenhoek
 Semen contains Semen contains spermatozoaspermatozoa ((““sperm animalssperm animals””))
 Hypothesized that sperm may enter egg to achieve fertilization.Hypothesized that sperm may enter egg to achieve fertilization.

 18541854--1874 1874 –– confirmation of confirmation of 
fertilization through union of fertilization through union of 
eggs and spermseggs and sperms
 Observed fertilization in frogs Observed fertilization in frogs 

and sea urchins using microscopy.and sea urchins using microscopy.
 The nuclei are the only elements The nuclei are the only elements 

contributed equally by sperms contributed equally by sperms 
and eggs.and eggs.
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Evidence that genes reside in chromosomesEvidence that genes reside in chromosomes

 1880s 1880s –– innovations in microscopy and staining innovations in microscopy and staining 
techniques identified threadtechniques identified thread--like structures: like structures: 
chromosomes chromosomes ((““colored bodiescolored bodies””).).

Fig. 4.8



4-6Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

 Tracking the movement of chromosomes during cell Tracking the movement of chromosomes during cell 
division.division.
 Somatic cells undergo Somatic cells undergo mitosismitosis –– one type of nuclear division one type of nuclear division 

that results in two daughter cells containing same number and that results in two daughter cells containing same number and 
type of chromosomes as parent cells.type of chromosomes as parent cells.

 Germ cells undergo Germ cells undergo meiosismeiosis –– one type of nuclear division that one type of nuclear division that 
results in daughter cells containing half the number of results in daughter cells containing half the number of 
chromosomes as the parents.chromosomes as the parents.
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Haploid Haploid vsvs diploid cellsdiploid cells

 Gamete contains oneGamete contains one--half the half the 
number of chromosomes as the number of chromosomes as the 
zygote.zygote.
 HaploidHaploid –– cells that carry only a cells that carry only a 

single chromosome setsingle chromosome set
 DiploidDiploid –– cells that carry two cells that carry two 

matching chromosome setsmatching chromosome sets
 nn –– the number of chromosomes in the number of chromosomes in 

a haploid cella haploid cell
 2n2n –– the number of chromosomes in the number of chromosomes in 

a diploid cella diploid cell
 At fertilization, haploid gametes At fertilization, haploid gametes 

produce diploid zygotes.produce diploid zygotes.
Fig. 4.2
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The number and shape of chromosomesThe number and shape of chromosomes
vary from species to speciesvary from species to species

46462323HumansHumans
78783939DogsDogs
94944747GoldfishGoldfish
22221111Giant sequoia treesGiant sequoia trees
28281414Macaroni wheatMacaroni wheat
141477PeasPeas
121266Drosophila Drosophila virilusvirilus
101055Drosophila Drosophila obscuraobscura
8844Drosophila melanogasterDrosophila melanogaster

2n2nnnOrganismOrganism
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Anatomy of a chromosomeAnatomy of a chromosome

Fig. 4.3
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Homologous chromosomes (Homologous chromosomes (homologshomologs))

 Each pair matches in size, shape, and banding pattern.Each pair matches in size, shape, and banding pattern.
 Contain the same set of genes.Contain the same set of genes.
 Genes may carry different alleles.Genes may carry different alleles.
 NonhomologousNonhomologous chromosomes carry completely chromosomes carry completely 

unrelated sets of genes.unrelated sets of genes.
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KaryotypeKaryotype: The visual description of the complete set of : The visual description of the complete set of 
chromosomes in one cell of an organism.chromosomes in one cell of an organism.

Karyotype of a 
human male

Fig 4.4
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Autosomes – chromosomes in matching pairs
Sex chromosomes - unmatched chromosomes

KaryotypesKaryotypes can be produced by cutting micrograph can be produced by cutting micrograph 
images of stained chromosomes and arranging them in images of stained chromosomes and arranging them in 
matched pairs of decreasing size.matched pairs of decreasing size.

Fig 4.4



4-13Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

Chromosomes carry information forChromosomes carry information for
determining traitdetermining trait

Walter S. Sutton
(1877-1916)

 In many species, one pair of chromosome determines In many species, one pair of chromosome determines 
an individualan individual’’s sexs sex.

 Walter Sutton studied chromosome dynamics during 
spermatogenesis in great lubber grasshopper.
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 Prior to meiosis, precursor cells in Prior to meiosis, precursor cells in 
the testes contain 24 chromosomes: the testes contain 24 chromosomes: 
11 matched pairs (11 matched pairs (autosomesautosomes) and 2 ) and 2 
unmatched chromosomes X and Y unmatched chromosomes X and Y 
((sex chromosomessex chromosomes).).

 Sperms contain 11 chromosomes and Sperms contain 11 chromosomes and 
X or Y in equal numbers.X or Y in equal numbers.

 After fertilization After fertilization 
 Cells with XX were females.Cells with XX were females.
 Cells with XY were males.Cells with XY were males.

 Conclusion:Conclusion: X and Y chromosomes X and Y chromosomes 
determine sex.determine sex.

12

24
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 Sex chromosomesSex chromosomes
 Provide basis for sex Provide basis for sex 

determinationdetermination
 One sex has matching One sex has matching 

pair.pair.
 The other sex has one of The other sex has one of 

each type of chromosome.each type of chromosome.

Human X and Y chromosome

Fig. 4.6 a
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Sex determination in humans
 Children receive only Children receive only 

an X chromosome from an X chromosome from 
mother but X or Y from mother but X or Y from 
father.father.

 Male: Female ratio is Male: Female ratio is 
1:1.1:1.
 Caucasian 1.06; AfricanCaucasian 1.06; African--

American 1.025; Korea American 1.025; Korea 
1.15 (1969 census data) 1.15 (1969 census data) 
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Role of X and Y chromosomes in human sex 
determination

Y chromosome determines maleness.

XY male

XXY male

X female

XX female

Conclusion:

Have Y

No Y
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X   X
In the absence of a 
Y chromosome, no 
TDF is produced

The lack of  TDF 
allows the cortex of 
the embryonic 
gonads to develop 
into ovaries.

In the absence of 
testosterone, the 
embryo develops 
female characteristics. Female sexual  

characteristics.
Male sexual  
characteristics.

X   Y
The testis-determining 
factor (TDF) is produced 
by a gene on the Y 
chromosome.

SRY gene

↓
TDF

TDF induces the medulla of 
the embryonic gonads to 
develop into testes.

The testes produce 
testosterone, a hormone that 
initiates development of male 
sexual characteristics.

Differentiated 
gonads

Zygote

Embryonic 
gonads

Ovary Testes

Cortex Medulla
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Chromosomes                          Syndrome        Frequency
at birth

People carry 
abnormal 
number of sex 
chromosomes 
are not rare
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Variation between species in how chromosomes Variation between species in how chromosomes 
determine an individualdetermine an individual’’s sexs sex

__________________________________________________

Chromosomes  Females         Males Organism
__________________________________________________

XX-XY XX XY Mammals, Drosophila
XX-XO XX XO Moths, C.elegans
ZZ-ZW ZW ZZ Birds, Butterflies
__________________________________________________

Table 4.2
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In fruit flies, the ratio of X chromosomes to autosomes determines 
sex.
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4.2 Mitosis: Cell division that preserves4.2 Mitosis: Cell division that preserves
chromosome numberchromosome number

 Cell cycleCell cycle –– The repeating pattern of cell growth and The repeating pattern of cell growth and 
division.division.
 Alternates between Alternates between interphaseinterphase and mitosisand mitosis

Fig. 4.7a
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 InterphaseInterphase: Period of cell cycle between divisions. Cells : Period of cell cycle between divisions. Cells 
grow and replicate chromosomesgrow and replicate chromosomes
 G1G1 –– gap phase gap phase –– birth of cell to onset of chromosome birth of cell to onset of chromosome 

replication/cell growthreplication/cell growth
 SS –– synthesis phase synthesis phase –– duplication of DNAduplication of DNA
 G2G2 –– gap phase gap phase –– end of chromosome replication to onset of end of chromosome replication to onset of 

mitosismitosis
 MitosisMitosis: The division of the nucleus.: The division of the nucleus.

 ProphaseProphase
 MetaphaseMetaphase
 AnaphaseAnaphase
 TelophaseTelophase

 CytokinesisCytokinesis: The division of the cytoplasm.: The division of the cytoplasm.
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Cultured fibroblast

S. cerevisiae

S. pombe

Physarum polycephalum
(slime mold)

Fertilized Xenopus egg

24 hr
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12 hr
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Cell cycle duration in various cell types
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 Within nucleusWithin nucleus
 G1, S, and G2 phase G1, S, and G2 phase ––chromosome replicationchromosome replication

 Outside of nucleusOutside of nucleus
 Formation of microtubules Formation of microtubules 

radiating out into cytoplasm radiating out into cytoplasm 
crucial for crucial for interphaseinterphase processesprocesses
 CentrosomeCentrosome –– organizing organizing 

center for microtubules located center for microtubules located 
near nuclear envelopenear nuclear envelope

 CentriolesCentrioles –– pair of small pair of small 
darkly stained bodies at center darkly stained bodies at center 
of of centrosomecentrosome in animals (not in animals (not 
found in plants)found in plants)

InterphaseInterphase
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Chromosome replication during S phaseChromosome replication during S phase

Synthesis of 
chromosomes

Note the 
formation of 
sister chromatids

Fig. 4.7 b
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Mitosis Mitosis –– Sister Sister chromatidschromatids separateseparate
 Prophase Prophase –– chromosomes condensechromosomes condense

 Inside nucleusInside nucleus
 Chromosomes condense into structures suitable for replication.Chromosomes condense into structures suitable for replication.
 Nucleoli begin to break down and disappear.Nucleoli begin to break down and disappear.

 Outside nucleusOutside nucleus
 CentrosomesCentrosomes which replicated during which replicated during interphaseinterphase move apart and migrate to move apart and migrate to 

opposite ends of the nucleus.opposite ends of the nucleus.
 InterphaseInterphase microtubules disappear and are replaced by microtubules that microtubules disappear and are replaced by microtubules that 

rapidly grow from and contract back to rapidly grow from and contract back to centrosomalcentrosomal organizing centers.organizing centers.

Fig. 4.8 a
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 PrometaphasePrometaphase
 Nuclear envelope breaks downNuclear envelope breaks down
 Microtubules invade nucleusMicrotubules invade nucleus
 Chromosomes attach to microtubules through Chromosomes attach to microtubules through kinetochorekinetochore
 Mitotic spindle Mitotic spindle –– composed of three types of microtubulescomposed of three types of microtubules

 KinetochoreKinetochore microtubules microtubules –– centrosomecentrosome to to kinetochorekinetochore
 Polar microtubules Polar microtubules –– centrosomecentrosome to middle of cellto middle of cell
 Astral microtubules Astral microtubules –– centrosomecentrosome to cellto cell’’s peripherys periphery

Fig. 4.8b
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 Metaphase Metaphase –– middle stagemiddle stage
 Chromosomes move towards imaginary equator called Chromosomes move towards imaginary equator called 

metaphase platemetaphase plate

Fig. 4.8 c



4-30Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

 AnaphaseAnaphase
 Separation of sister Separation of sister chromatidschromatids allows each allows each chromatidchromatid to be to be 

pulled towards spindle pole connected to by pulled towards spindle pole connected to by kinetochorekinetochore
microtubule.microtubule.

Fig. 4.8 dFig. 4.8 d
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 TelophaseTelophase
 Spindle fibers disperseSpindle fibers disperse
 Nuclear envelope forms around group of chromosomes at each Nuclear envelope forms around group of chromosomes at each 

polepole
 One or more nucleoli reappearOne or more nucleoli reappear
 Chromosomes Chromosomes decondensedecondense
 Mitosis completeMitosis complete

Fig. 4.8 e
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 CytokinesisCytokinesis -- cytoplasm dividescytoplasm divides
 Starts during anaphase and ends in Starts during anaphase and ends in telophasetelophase

Fig. 4.8 f
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Checkpoints 
ensure correct 
chromosome 
segregation
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4.3 Meiosis: Cell division that halve4.3 Meiosis: Cell division that halve
chromosome numberchromosome number

 Somatic cellsSomatic cells: Cells that divide : Cells that divide mitoticallymitotically and and 
make up vast majority of organismmake up vast majority of organism’’s tissues.s tissues.

 Germ cellsGerm cells: Specialized cells for the production of : Specialized cells for the production of 
gametes.gametes.
 Arise during embryonic development in animals and Arise during embryonic development in animals and 

floral development in plants.floral development in plants.

 Undergo meiosis to produce haploid gametes.Undergo meiosis to produce haploid gametes.

 Gametes unite with gamete from opposite sex to produce Gametes unite with gamete from opposite sex to produce 
diploid offspring.diploid offspring.
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MeiosisMeiosis
Chromosomes replicate once.Chromosomes replicate once.

Nuclei divide twice.Nuclei divide twice.

Fig. 4.12
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Meiosis Meiosis –– Prophase IProphase I

Figure 4.13
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Meiosis Meiosis –– Prophase I continuedProphase I continued

Figure 4.13
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Crossing over during prophase produces Crossing over during prophase produces 
recombined chromosomesrecombined chromosomes

Fig. 4.14 a-c
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How crossing over produces recombined gametes?How crossing over produces recombined gametes?
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Meiosis I Meiosis I –– Metaphase and AnaphaseMetaphase and Anaphase

Figure 4.13
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Meiosis Meiosis –– TelophaseTelophase I and I and InterkinesisInterkinesis

Figure 4.13
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Meiosis Meiosis –– Prophase II and Metaphase IIProphase II and Metaphase II

Figure 4.13
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Meiosis Meiosis –– Anaphase II and Anaphase II and TelophaseTelophase IIII

Figure 4.13
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Meiosis Meiosis -- CytokinesisCytokinesis

Fig. 4.13
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Meiosis contributes to genetic diversity in two waysMeiosis contributes to genetic diversity in two ways

 Independent assortment of Independent assortment of nonhomologousnonhomologous
chromosomes creates different combinations of alleles chromosomes creates different combinations of alleles 
among chromosomes.among chromosomes.

 CrossingCrossing--over between homologous chromosomes over between homologous chromosomes 
creates different combinations of alleles within each creates different combinations of alleles within each 
chromosome.chromosome.
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 OogenesisOogenesis –– egg formation in human egg formation in human 
females.females.
 Diploid germ cells called Diploid germ cells called oogoniaoogonia multiply multiply 

by mitosis to produce primary by mitosis to produce primary oocytesoocytes..
 Primary Primary oocytesoocytes undergo meiosis I to undergo meiosis I to 

produce one secondary produce one secondary oocyteoocyte and one and one 
small polar body (which arrests small polar body (which arrests 
development).development).

 Secondary Secondary oocyteoocyte undergoes meiosis II to undergoes meiosis II to 
produce one ovum and one small polar produce one ovum and one small polar 
body.body.

 Polar bodies disintegrate leaving one large Polar bodies disintegrate leaving one large 
functional gamete.functional gamete.

4.4 4.4 GametogenesisGametogenesis
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 SpermatogenesisSpermatogenesis –– sperm formation sperm formation 
in human males.in human males.
 Begins in male testes in germ cells called Begins in male testes in germ cells called 

spermatogoniaspermatogonia..

 Mitosis produces diploid primary Mitosis produces diploid primary 
spermatocytesspermatocytes..

 Meiosis I produces two secondary Meiosis I produces two secondary 
spermatocytesspermatocytes per cell.per cell.

 Meiosis II produces four equivalent Meiosis II produces four equivalent 
spermatidsspermatids..

 SpermatidsSpermatids mature into functional mature into functional 
sperm.sperm.
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4.5 Validation of the chromosome theory4.5 Validation of the chromosome theory

Walter S. Sutton
(1877-1916)

Theodor Boveri
(1862-1915)

 Also called Also called the the BoveriBoveri--Sutton chromosome theorySutton chromosome theory..
 TheodorTheodor BoveriBoveri described the  segregation of chromosomes in described the  segregation of chromosomes in 

sea urchin in 1902sea urchin in 1902--1904.1904.
 Walter SuttonWalter Sutton reported the behavior of chromosome reported the behavior of chromosome 

segregation in grasshopper in 1902segregation in grasshopper in 1902--1903.1903.
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 ““Chromosome movements parallel the behavior of Chromosome movements parallel the behavior of 
MendelMendel’’s genes. Chromosomes are likely to carry the s genes. Chromosomes are likely to carry the 
genetic materialgenetic material..””

 Confirmed in the following 15 years through studies on Confirmed in the following 15 years through studies on 
the fruit fly the fruit fly Drosophila Drosophila melanogastermelanogaster..

 The theory transformed the concept of a gene from an The theory transformed the concept of a gene from an 
abstract particle to a physical reality.abstract particle to a physical reality.
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The chromosome theory correlates MendelThe chromosome theory correlates Mendel’’s laws s laws 
with chromosome behavior during meiosiswith chromosome behavior during meiosis

Chromosome BehaviorChromosome Behavior
 Each cell contains two copies of each Each cell contains two copies of each 

chromosomechromosome
 Chromosome complements appear Chromosome complements appear 

unchanged during transmission from unchanged during transmission from 
parent to offspring.parent to offspring.

 Homologous chromosomes pair and Homologous chromosomes pair and 
then separate to different gametes.then separate to different gametes.

 Maternal and paternal copies of Maternal and paternal copies of 
chromosome pairs separate without chromosome pairs separate without 
regard to the assortment of other regard to the assortment of other 
homologous chromosome pairs.homologous chromosome pairs.

 At fertilization an eggAt fertilization an egg’’s set of s set of 
chromosomes unite with randomly chromosomes unite with randomly 
encountered spermencountered sperm’’s chromosomes.s chromosomes.

 In all cells derived from a fertilized egg, In all cells derived from a fertilized egg, 
one half of chromosomes are of one half of chromosomes are of 
maternal origin, and half are paternal.maternal origin, and half are paternal.

Behavior of genesBehavior of genes
 Each cell contains two copies of each Each cell contains two copies of each 

gene.gene.
 Genes appear unchanged during Genes appear unchanged during 

transmission from parent to transmission from parent to 
offspring.offspring.

 Alternative alleles segregate to Alternative alleles segregate to 
different gametes.different gametes.

 Alternative alleles of unrelated Alternative alleles of unrelated 
genes assort independentlygenes assort independently..

 Alleles obtained from one parent Alleles obtained from one parent 
unite at random with those from unite at random with those from 
another parent.another parent.

 In all cells derived from a fertilized In all cells derived from a fertilized 
gamete, one half of genes are of gamete, one half of genes are of 
maternal origin, and half are maternal origin, and half are 
paternal.paternal.
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Specific traits are transmitted with specific Specific traits are transmitted with specific 
chromosomeschromosomes

 A test of the chromosome theoryA test of the chromosome theory
 If genes are on specific chromosomes, If genes are on specific chromosomes, 

traits determined by the gene should traits determined by the gene should 
be transmitted with the chromosome.be transmitted with the chromosome.

 Thomas H. MorganThomas H. Morgan’’s experiments s experiments 
demonstrate the transmission of traits demonstrate the transmission of traits 
with chromosomes.with chromosomes.

Human chromosomes
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 In May, 1910, In May, 1910, Thomas H. MorganThomas H. Morgan discovered a discovered a 
whitewhite--eyed male fruit fly eyed male fruit fly Drosophila Drosophila melanogastermelanogaster..
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Crisscross inheritance of the white gene demonstrates Crisscross inheritance of the white gene demonstrates 
XX--linkagelinkage

Fig. 4.19

w+: red eyes, wild-type
w: white eyes
X: X chromosome
Y: Y chromosome
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w+: red eyes, wild-type
w: white eyes
X: X chromosome
Y: Y chromosome

Fig. 4.19
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Conclusion: white eye mutation is on the X chromosome.
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T. H. MorganT. H. Morgan’’s experiments on sexs experiments on sex--linked inheritance of linked inheritance of 
a gene demonstrate the transmission of traits with a gene demonstrate the transmission of traits with 
chromosomes.chromosomes.

Human X chromosome
Human male karyotype
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XX--linked recessive trait in humanslinked recessive trait in humans
Hemophilia:
 Bleeders disease, the 

blood failed to clot 
properly when there is 
a wound.
 Hemophilia A (factor 

VIII deficiency)
 Hemophilia B (factor IX 

deficiency), 1 in 25,000 
males (3,300 people in 
US), less common than 
hemophilia A. 
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Hemophilia in the British royal family
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 8% male, 0.44% female, among Western Europeans in Europe 
and North America.

 In 1911, Edmund B. Wilson believed the gene is on X 
chromosome.

Red-green colorblindness:
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XX--linked dominant trait in humanslinked dominant trait in humans

Fig. 4.22 b
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