
In Chapter 2 , we considered some patterns of inheritance that 
explain the passage of traits from parent to offspring. In this chap-
ter, we will survey reproduction at the cellular level and pay close 
attention to the inheritance of chromosomes. An examination of 
chromosomes at the microscopic level provides us with insights 
into understanding the inheritance patterns of traits. To appreci-
ate this relationship, we will first consider how cells distribute 
their chromosomes during the process of cell division. We will see 
that in bacteria and most unicellular eukaryotes, simple cell divi-
sion provides a way to reproduce asexually. Then we will explore a 
form of cell division called meiosis, which produces cells with half 
the number of chromosomes. By closely examining this process, 
we will see how the transmission of chromosomes accounts for the 
inheritance patterns that were observed by Mendel.

3.1 GENERAL FEATURES  
OF CHROMOSOMES
The chromosomes are structures within living cells that contain 
the genetic material. Genes are physically located within chromo-
somes. Biochemically, each chromosome contains a very long seg-
ment of DNA, which is the genetic material, and proteins, which 
are bound to the DNA and provide it with an organized structure. 

In eukaryotic cells, this complex between DNA and proteins is 
called chromatin. In this chapter, we will focus on the cellular 
mechanics of chromosome transmission to better understand the 
patterns of gene transmission that we considered in Chapter 2 . 
In particular, we will examine how chromosomes are copied and 
sorted into newly made cells. In later chapters, particularly Chap-
ters 8, 10, and 11 , we will examine the molecular features of chro-
mosomes in greater detail.
 Before we begin a description of chromosome transmis-
sion, we need to consider the distinctive cellular differences 
between bacterial and eukaryotic species. Bacteria and archaea 
are referred to as prokaryotes, from the Greek meaning pre-
nucleus, because their chromosomes are not contained within a 
membrane-bound  nucleus of the cell. Prokaryotes usually have a 
single type of circular chromosome in a region of the cytoplasm 
called the nucleoid (Figure 3.1a)  . The cytoplasm is enclosed by 
a plasma membrane that regulates the uptake of nutrients and 
the excretion of waste products. Outside the plasma membrane is 
a rigid cell wall that protects the cell from breakage. Certain spe-
cies of bacteria also have an outer membrane located beyond the 
cell wall.
 Eukaryotes, from the Greek meaning true nucleus, include 
some simple species, such as single-celled protists and some 
fungi (such as yeast), and more complex multicellular species, 
such as plants, animals, and other fungi. The cells of eukaryotic 
species have internal membranes that enclose highly special-
ized compartments (Figure 3.1b). These compartments form 

3
Chromosome sorting during cell division.  When eukaryotic cells 
divide, they replicate and sort their chromosomes (shown in blue), so 
that each cell receives the correct amount. 
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membrane-bound organelles with specific functions. For exam-
ple, the lysosomes play a role in the degradation of macromol-
ecules. The endoplasmic reticulum and Golgi body play a role in 
protein modification and trafficking. A particularly conspicuous 
organelle is the nucleus, which is bounded by two membranes 
that constitute the nuclear envelope. Most of the genetic mate-
rial is found within chromosomes that are located in the nucleus. 
In addition to the nucleus, certain organelles in eukaryotic cells 
contain a small amount of their own DNA. These include the 
mitochondrion, which functions in ATP synthesis, and, in plant 
cells, the chloroplast, which functions in photosynthesis. The 
DNA found in these organelles is referred to as extranuclear or 
extrachromosomal DNA to distinguish it from the DNA that is 
found in the cell nucleus. We will examine the role of mitochon-
drial and chloroplast DNA in Chapter 5 .

 In this section, we will focus on the composition of chro-
mosomes found in the nucleus of eukaryotic cells. As you will 
learn, eukaryotic species contain genetic material that comes in 
sets of linear chromosomes.

Eukaryotic Chromosomes Are Examined 
Cytologically to Yield a Karyotype
Insights into inheritance patterns have been gained by observ-
ing chromosomes under the microscope. Cytogenetics is the 
field of genetics that involves the microscopic examination of 
chromosomes. The most basic observation that a cytogeneticist 
can make is to examine the chromosomal composition of a par-
ticular cell. For eukaryotic species, this is usually accomplished 
by observing the chromosomes as they are found in actively 

 F IGU RE  3 .1  The basic organization of cells. (a)  A bacterial cell. The example shown here is typical of a bacterium such as Escherichia coli, 
which has an outer membrane. (b) A eukaryotic cell. The example shown here is a typical animal cell.
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cells to swell.
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dividing cells. When a cell is preparing to divide, the chromo-
somes become more tightly coiled, which shortens them and 
thereby increases their diameter. The consequence of this short-
ening is that distinctive shapes and numbers of chromosomes 
become visible with a light microscope. Each species has a par-
ticular chromosome composition. For example, most human 
cells contain 23 pairs of chromosomes, for a total of 46. On rare 
occasions, some individuals may inherit an abnormal number 

of chromosomes or a chromosome with an abnormal struc-
ture. Such abnormalities can often be detected by a microscopic 
examination of the chromosomes within actively dividing cells. 
In addition, a cytogeneticist may examine chromosomes as a 
way to distinguish between two closely related species.
  Figure 3.2a  shows the general procedure for prepar-
ing human chromosomes to be viewed by microscopy. In this 
example, the cells were obtained from a sample of human blood; 

F IGURE 3 .2   The procedure for making a human karyotype. 
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more specifically, the chromosomes within lymphocytes (a type 
of white blood cell) were examined. Blood cells are a type of 
somatic cell. This term refers to any cell of the body that is not a 
gamete or a precursor to a gamete. The gametes (sperm and egg 
cells or their precursors) are also called germ cells.
 After the blood cells have been removed from the body, 
they are treated with drugs that stimulate them to begin cell divi-
sion and cause cell division to be halted during mitosis, which 
is described later in this chapter. As shown in Figure 3.2a, these 
actively dividing cells are subjected to centrifugation to concen-
trate them. The concentrated preparation is then mixed with 
a hypotonic solution that makes the cells swell. This swelling 
causes the chromosomes to spread out within the cell, thereby 
making it easier to see each individual chromosome. Next, the 
cells are treated with a fixative that chemically freezes them so 
that the chromosomes will no longer move around. The cells are 
then treated with a chemical dye that binds to the chromosomes 
and stains them. As discussed in greater detail in Chapter 8 , this 
gives chromosomes a distinctive banding pattern that greatly 
enhances their visualization and ability to be uniquely identified 
(also see Figure 8.1c, d). The cells are then placed on a slide and 
viewed with a light microscope.
 In a cytogenetics laboratory, the microscopes are equipped 
with a camera that can photograph the chromosomes. In recent 
years, advances in technology have allowed cytogeneticists to view 
microscopic images on a computer screen (Figure 3.2b). On the 
computer screen, the chromosomes can be organized in a stan-
dard way, usually from largest to smallest. As seen in Figure 3.2c, 
the human chromosomes have been lined up, and a number is 
given to designate each type of chromosome. An exception would 
be the sex chromosomes, which are designated with the letters X 
and Y. An organized representation of the chromosomes within a 
cell is called a karyotype. A karyotype reveals how many chro-
mosomes are found within an actively dividing somatic cell.

Eukaryotic Chromosomes Are Inherited in Sets
Most eukaryotic species are diploid or have a diploid phase to 
their life cycle,  which means that each type of chromosome is a 
member of a pair. A diploid cell has two sets of chromosomes. In 
humans, most somatic cells have 46 chromosomes—two sets of 23 
each. Other diploid species, however, have different numbers of 
chromosomes in their somatic cells. For example, the dog has 39 
chromosomes per set (78 total), the fruit fly has 4 chromosomes 
per set (8 total), and the tomato has 12 per set (24 total).
 When a species is diploid, the members of a pair of 
chromosomes are called homologs; each type of chromosome 
is found in a homologous pair. As shown in Figure 3.2c, for 
example, a human somatic cell has two copies of chromosome 
1, two copies of chromosome 2, and so forth. Within each pair, 
the chromosome on the left is a homolog to the one on the 
right, and vice versa. In each pair, one chromosome was inher-
ited from the mother and its homolog was inherited from the 
father. The two chromosomes in a homologous pair are nearly 
identical in size, have the same banding pattern, and contain 
a similar composition of genetic material. If a particular gene 

is found on one copy of a chromosome, it is also found on the 
other homolog. However, the two homologs may carry differ-
ent alleles of a given gene. As an example, let’s consider a gene 
in humans, called OCA2, which is one of a few different genes 
that affect eye color. The OCA2 gene is located on chromosome 
15 and comes in variants that result in brown, green, or blue 
eyes. In a person with brown eyes, one copy of chromosome 
15 might carry a dominant brown allele, whereas its homolog 
could carry a recessive blue allele.
 At the molecular level, how similar are homologous chro-
mosomes? The answer is that the sequence of bases of one homo-
log would usually differ by less than 1% compared to the sequence 
of the other homolog. For example, the DNA sequence of chro-
mosome 1 that you inherited from your mother would be greater 
than 99% identical to the sequence of chromosome 1 that you 
inherited from your father. Nevertheless, it should be emphasized 
that the sequences are not identical. The slight differences in 
DNA sequences provide the allelic differences in genes. Again, if 
we use the eye color gene as an example, a slight difference in 
DNA sequence distinguishes the brown, green, and blue alleles. It 
should also be noted that the striking similarities between homol-
ogous chromosomes do not apply to the pair of sex chromo-
somes—X and Y. These chromosomes differ in size and genetic 
composition. Certain genes that are found on the X chromosome 
are not found on the Y chromosome, and vice versa. The X and Y 
chromosomes are not considered homologous chromosomes even 
though they do have short regions of homology.
 Figure 3.3  considers two homologous chromosomes that 
are labeled with three different genes. An individual carrying 
these two chromosomes would be homozygous for the dominant 
allele of gene A. The individual would be heterozygous, Bb, for 
the second gene. For the third gene, the individual is homozy-
gous for a recessive allele, c. The physical location of a gene is 
called its locus (plural: loci). As seen in Figure 3.3, for exam-
ple, the locus of gene C is toward one end of this chromosome, 
whereas the locus of gene B is more in the middle.

FIGU R E 3 .3  A comparison of homologous chromosomes. 
Each pair of homologous chromosomes carries the same types of genes, 
but, as shown here, the alleles may or may not be different.
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3.2 CELL DIVISION
Now that we have an appreciation for the chromosomal composi-
tion of living cells, we can consider how chromosomes are copied 
and transmitted when cells divide. One purpose of cell division is 
asexual reproduction. In this process, a preexisting cell divides 
to produce two new cells. By convention, the original cell is usu-
ally called the mother cell, and the new cells are the two daughter 
cells. When species are unicellular, the mother cell is judged to 
be one individual, and the two daughter cells are two new sepa-
rate organisms. Asexual reproduction is how bacterial cells pro-
liferate. In addition, certain unicellular eukaryotes, such as the 
amoeba and baker’s yeast (Saccharomyces cerevisiae), can repro-
duce  asexually.
 A second important reason for cell division is multicellu-
larity. Species such as plants, animals, most fungi, and some pro-
tists are derived from a single cell that has undergone repeated 
cellular divisions. Humans, for example, begin as a single fertil-
ized egg; repeated cellular divisions produce an adult with tril-
lions of cells. The precise transmission of chromosomes dur-
ing every cell division is critical so that all the cells of the body 
receive the correct amount of genetic material.
 In this section, we will consider how the process of cell 
division requires the duplication, organization, and distribu-
tion of the chromosomes. In bacteria, which have a single circu-
lar chromosome, the division process is relatively simple. Prior 
to cell division, bacteria duplicate their circular chromosome; 
they then distribute a copy into each of the two daughter cells. 
This process, known as binary fission, is described first. Eukary-
otes have multiple numbers of chromosomes that occur as sets. 
Compared with bacteria, this added complexity requires a more 
complicated sorting process to ensure that each newly made cell 
receives the correct number and types of chromosomes. A mech-
anism known as mitosis entails the organization and distribution 
of eukaryotic chromosomes during cell division.

Bacteria Reproduce Asexually by Binary Fission
As discussed earlier (see Figure 3.1a), bacterial species are typi-
cally unicellular, although individual bacteria may associate with 
each other to form pairs, chains, or clumps. Unlike eukaryotes, 
which have their chromosomes in a separate nucleus, the circu-
lar chromosomes of bacteria are in direct contact with the cyto-
plasm. In Chapter 10 , we will consider the molecular structure of 
bacterial chromosomes in greater detail.
 The capacity of bacteria to divide is really quite astound-
ing. Some species, such as Escherichia coli, a common bacterium 
of the intestine, can divide every 20 to 30 minutes. Prior to cell 
division, bacterial cells copy, or replicate, their chromosomal 
DNA. This produces two identical copies of the genetic material, 
as shown at the top of Figure 3.4 . Following DNA replication, a 
bacterial cell divides into two daughter cells by a process known 
as binary fission. During this event, the two daughter cells 
become separated from each other by the formation of a septum. 
As seen in the figure, each cell receives a copy of the chromo-
somal genetic material. Except when rare mutations occur, the 

daughter cells are usually genetically identical because they con-
tain exact copies of the genetic material from the mother cell.
 Recent evidence has shown that bacterial species produce a 
protein called FtsZ, which is important in cell division. This pro-
tein assembles into a ring at the future site of the septum. FtsZ is 
thought to be the first protein to move to this division site, and 
it recruits other proteins that produce a new cell wall between 
the daughter cells. FtsZ is evolutionarily related to a eukaryotic 
protein called tubulin. As discussed later in this chapter, tubulin 
is the main component of microtubules, which play a key role in 
chromosome sorting in eukaryotes. Both FtsZ and tubulin form 
structures that provide cells with organization and play key roles 
in cell division.
 Binary fission is an asexual form of reproduction because 
it does not involve genetic contributions from two different gam-
etes. On occasion, bacteria can exchange small pieces of genetic 
material with each other. We will consider some interesting 
mechanisms of genetic exchange in Chapter 7 .

Eukaryotic Cells Progress Through a Cell Cycle 
to Produce Genetically Identical Daughter Cells
The common outcome of eukaryotic cell division is to produce 
two daughter cells that have the same number and types of chro-
mosomes as the original mother cell. This requires a replication 
and division process that is more complicated than simple binary 

FIGURE 3.4  Binary fission: The process by which bacterial 
cells divide. Prior to division, the chromosome replicates to produce 
two identical copies. These two copies segregate from each other, with 
one copy going to each daughter cell.
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fission. Eukaryotic cells that are destined to divide pro gress 
through a series of phases known as the cell cycle (Figure 3.5) . 
These phases are named G for gap, S for synthesis (of the genetic 
material), and M for mitosis. There are two G phases: G1 and G2. 
The term “gap” originally described the gaps between S phase 
and mitosis in which it was not microscopically apparent that 
significant changes were occurring in the cell. However, we now 
know that both gap phases are critical periods in the cell cycle 
that involve many molecular changes. In actively dividing cells, 
the G1, S, and G2 phases are collectively known as interphase. 
In addition, cells may remain permanently, or for long periods of 
time, in a phase of the cell cycle called G0. A cell in the G0 phase 
is either temporarily not progressing through the cell cycle or, 
in the case of terminally differentiated cells, such as most nerve 
cells in an adult mammal, will never divide again.
 During the G1 phase, a cell may prepare to divide. Depend-
ing on the cell type and the conditions that it encounters, a cell in 
the G1 phase may accumulate molecular changes (e.g., synthesis 

of proteins) that cause it to progress through the rest of the cell 
cycle. When this occurs, cell biologists say that a cell has reached 
a restriction point and is committed on a pathway that leads to 
cell division. Once past the restriction point, the cell will then 
advance to the S phase, during which the chromosomes are rep-
licated. After replication, the two copies are called chromatids. 
They are joined to each other at a region of DNA called the cen-
tromere to form a unit known as a pair of sister chromatids (Fig-
ure 3.6) . The kinetochore is a group of proteins that are bound to 
the centromere. These proteins help to hold the sister chromatids 
together and also play a role in chromosome sorting, as discussed 
later. When S phase is completed, a cell actually has twice as many 
chromatids as chromosomes  in the G1 phase. For example, a 
human cell in the G1 phase has 46 distinct chromosomes, whereas 
in G2, it would have 46 pairs of sister chromatids, for a total of 
92 chromatids. The term chromosome—meaning colored body—
can be a bit confusing because it originally meant a distinct struc-
ture that is observable with the microscope. Therefore, the term 

F IGU RE  3 .5  The eukaryotic cell cycle. Dividing cells progress through a series of phases, denoted G1, S, G2, and M phases. This diagram 
shows the progression of a cell through mitosis to produce two daughter cells. The original diploid cell had three pairs of chromosomes, for a total of 
six individual chromosomes. During S phase, these have replicated to yield 12 chromatids found in six pairs of sister chromatids. After mitosis and 
cytokinesis are completed, each of the two daughter cells contains six individual chromosomes, just like the mother cell. Note: The chromosomes in 
G0, G1, S, and G2 phases are not condensed. In this drawing, they are shown partially condensed so they can be easily counted.
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chromosome can refer to either a pair of sister chromatids during 
the G2 and early stages of M phase or to the structures that are 
observed at the end of M phase and those during G1 that contain 
the equivalent of one chromatid (refer back to Figure 3.5).
 During the G2 phase, the cell accumulates the materials that 
are necessary for nuclear and cell division. It then progresses into 
the M phase of the cell cycle, when mitosis occurs. The primary 
purpose of mitosis is to distribute the replicated chromosomes, 
dividing one cell nucleus into two nuclei, so that each daughter 
cell receives the same complement of chromosomes. For example, 
a human cell in the G2 phase has 92 chromatids, which are found 
in 46 pairs. During mitosis, these pairs of chromatids are separated 
and sorted so that each daughter cell receives 46 chromosomes.
 Mitosis was first observed microscopically in the 1870s by 
the German biologist Walter Flemming, who coined the term 
mitosis  (from the Greek mitos, meaning thread). He studied the 
dividing epithelial cells of salamander larvae and noticed that 
chromosomes were constructed of two parallel “threads.” These 
threads separated and moved apart, one going to each of the 
two daughter nuclei. By this mechanism, Flemming pointed out 
that the two daughter cells received an identical group of 
threads, of a quantity comparable to the number of threads in 
the parent cell.

The Mitotic Spindle Apparatus Organizes 
and Sorts Eukaryotic Chromosomes
Before we discuss the events of mitosis, let’s first consider the 
structure of the mitotic spindle apparatus (also known simply as 
the mitotic spindle), which is involved in the organization and 
sorting of chromosomes (Figure 3.7) . The spindle apparatus is 
formed from  microtubule-organizing centers (MTOCs) , which 
are structures found in eukaryotic cells from which microtubules 
grow. Microtubules are produced from the rapid polymerization of 
tubulin proteins. In animal cells, the mitotic spindle is formed 
from two MTOCs called centrosomes. Each centrosome is located 
at a spindle pole . A pair of centrioles  at right angles to each other 
is found within each centrosome of animal cells. However, centro-
somes and centrioles are not always found in eukaryotic species. 
For example, plant cells do not have centrosomes. Instead, the 
nuclear envelope functions as a MTOC for spindle formation.
 The mitotic spindle of a typical animal cell has three types 
of microtubules (see Figure 3.7). The aster microtubules emanate 
outward from the centrosome toward the plasma membrane. 
They are important for the positioning of the spindle apparatus 
within the cell and later in the process of cell division. The polar 
microtubules project toward the region where the chromosomes 

F IGURE 3 .6  Chromosomes following DNA replication. (a) The photomicrograph on the right shows a chromosome in a form called a pair 
of sister chromatids. This chromosome is in the metaphase stage of mitosis, which is described later in the chapter. Note: Each of the 46 chromosomes 
that are viewed in a human karyotype (upper left) is actually a pair of sister chromatids. Look closely at the white rectangular boxes in the two insets. 
(b) A schematic drawing of sister chromatids. This structure has two chromatids that lie side by side. As seen here, each chromatid is a distinct unit. 
The two chromatids are held together by kinetochore proteins that bind to each other and to the centromeres of each chromatid.
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will be found during mitosis—the region between the two spin-
dle poles. Polar microtubules that overlap with each other play 
a role in the separation of the two poles. They help to “push” 
the poles away from each other. Finally, the kinetochore micro-
tubules have attachments to a kinetochore, which is a complex 
of proteins that is bound to the centromere of individual chro-
mosomes. As seen in the inset to Figure 3.7, the kinetochore 
proteins form three layers. The proteins of the inner plate make 
direct contact with the centromeric DNA, whereas the outer 
plate contacts the kinetochore microtubules. The role of the 
middle layer is to connect these two regions.
 The mitotic spindle allows cells to organize and separate 
chromosomes so that each daughter cell receives the same com-
plement of chromosomes. This sorting process, known as mito-
sis, is described next.

The Transmission of Chromosomes During 
the Division of Eukaryotic Cells Requires 
a Process Known as Mitosis
In Figure 3.8, the process of mitosis is shown for a diploid ani-
mal cell. In the simplified diagrams shown along the bottom of 
this figure, the original mother cell contains six chromosomes; 
it is diploid (2n) and contains three chromosomes per set (n = 
3). One set is shown in blue, and the homologous set is shown 
in red. As discussed next, mitosis is subdivided into phases 
known as prophase, prometaphase, metaphase, anaphase,  and 
telophase.

 Prophase Prior to mitosis, the cells are in interphase, dur-
ing which the chromosomes are decondensed—less tightly 

F IGU RE  3 .7  The structure of the mitotic spindle in a typical animal cell. A single centrosome duplicates during S phase and the two 
centrosomes separate at the beginning of M phase. The mitotic spindle is formed from microtubules that are rooted in the centrosomes. Each 
centrosome is located at a spindle pole. The aster microtubules emanate away from the region between the poles. They help to position the spindle 
within the cell and are used as reference points for cell division. However, astral microtubules are not found in many species, such as plants. The polar 
microtubules project into the region between the two poles; they play a role in pole separation. The kinetochore microtubules are attached to the 
kinetochore of sister chromatids. As seen in the inset, the kinetochore is composed of a group of proteins that form three layers: the inner plate, which 
recognizes the centromere; the outer plate, which recognizes a kinetochore microtubule; and the middle layer, which connects the inner and outer 
plates.
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  FIG URE 3.8  The process of mitosis in an animal cell. The top panels illustrate cells of a fish embryo progressing through mito-
sis. The chromosomes are stained in blue and the spindle is green. The bottom panels are schematic drawings that emphasize the sorting 
and separation of the chromosomes. In this case, the original diploid cell had six chromosomes (three in each set). At the start of mitosis, 
these have already replicated into 12 chromatids. The final result is two daughter cells each containing six chromosomes.
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compacted—and found in the nucleus (Figure 3.8a) . At the 
start of mitosis, in prophase, the chromosomes have already 
replicated to produce 12 chromatids, joined as six pairs of sis-
ter  chro matids (Figure 3.8b). As prophase proceeds, the nuclear 
membrane begins to dissociate into small vesicles. At the same 
time, the chromatids condense into more compact structures 
that are readily visible by light microscopy. The mitotic spindle 
also begins to form and the nucleolus disappears.

Prometaphase  As mitosis progresses from prophase to pro-
metaphase, the centrosomes move to opposite ends of the cell 
and demarcate two spindle poles, one within each of the future 
daughter cells. Once the nuclear membrane has dissociated into 
vesicles, the spindle fibers can interact with the sister chroma-
tids. This interaction occurs in a phase of mitosis called pro-
met aphase (Figure 3.8c). How do sister chromatids become 
attached to the spindle? Initially, microtubules are rapidly formed 
and can be seen growing out from the two poles. As it grows, if 
the end of a microtubule happens to make contact with a kineto-
chore, its end is said to be “captured” and remains firmly attached 
to the kinetochore. This random process is how sister chroma-
tids become attached to kinetochore microtubules. Alternatively, 
if the end of a microtubule does not collide with a kinetochore, 
the microtubule eventually depolymerizes and retracts to the 
centrosome. As the end of prometaphase nears, the kinetochore 
on a pair of sister chromatids is attached to kinetochore micro-
tubules from opposite poles. As these events are occurring, the 
sister chromatids are seen to undergo jerky movements as they 
are tugged, back and forth, between the two poles. By the end of 
prometaphase, the mitotic spindle is completely formed.

Metaphase  Eventually, the pairs of sister chromatids align 
themselves along a plane called the metaphase plate. As shown 
in Figure 3.8d, when this alignment is complete, the cell is in 
metaphase of mitosis. At this point, each pair of chromatids is 
attached to both poles by kinetochore microtubules. The pairs of 
sister chromatids have become organized into a single row along 
the metaphase plate. When this organizational process is finished, 
the chromatids can be equally distributed into two daughter cells.

Anaphase  The next step in the division process occurs during 
anaphase (Figure 3.8e). At this stage, the connection that is respon-
sible for holding the pairs of chromatids together is broken. (We 
will examine the process of sister chromatid cohesion and separa-
tion in more detail in Chapter 10 .) Each chromatid, now an indi-
vidual chromosome, is linked to only one of the two poles. As ana-
phase proceeds, the chromosomes move toward the pole to which 
they are attached. This involves a shortening of the kinetochore 
micro tubules. In addition, the two poles themselves move farther 
apart due to the elongation of the polar microtubules, which slide 
in opposite directions due to the actions of motor proteins.

Telophase  During telophase, the chromosomes reach their 
respective poles and decondense. The nuclear membrane now 
re-forms to produce two separate nuclei. In Figure 3.8f, this has 

produced two nuclei that contain six chromosomes each. The 
nucleoli will also reappear.

Cytokinesis  In most cases, mitosis is quickly followed by cyto-
kinesis, in which the two nuclei are segregated into separate 
daughter cells. Likewise, cytokinesis also segregates cell organ-
elles such as mitochondria and chloroplasts into daughter cells. 
In animal cells, cytokinesis begins shortly after anaphase . A 
contractile ring, composed of myosin motor proteins and actin 
filaments, assembles adjacent to the plasma membrane. Myosin 
hydrolyzes ATP, which shortens the ring and thereby constricts 
the plasma membrane to form a cleavage furrow that ingresses, 
or moves inward (Figure 3.9a) . Ingression continues until a 
midbody structure is formed that physically pinches one cell 
into two.
 In plants, the two daughter cells are separated by the for-
mation of a cell plate (Figure 3.9b). At the end of anaphase, 
Golgi-derived vesicles carrying cell wall materials are transported 

FIGU R E 3 .9   Cytokinesis in an animal and plant cell. (a) In 
an animal cell, cytokinesis involves the formation of a cleavage furrow. 
(b) In a plant cell, cytokinesis occurs via the formation of a cell plate 
between the two daughter cells.
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to the equator of a dividing cell. These vesicles are directed to 
their location via the phragmoplast, which is composed of paral-
lel aligned microtubules and actin filaments that serve as tracks 
for vesicle movement. The fusion of these vesicles gives rise to 
the cell plate, which is a membrane-bound compartment. The 
cell plate begins in the middle of the cell and expands until it 
attaches to the mother cell wall. Once this attachment has taken 
place, the cell plate undergoes a process of maturation and even-
tually separates the mother cell into two daughter cells.

Outcome of mitotic cell division  Mitosis and cytokinesis 
ultimately produce two daughter cells having the same number 
of chromosomes as the mother cell. Barring rare mutations, the 
two daughter cells are genetically identical to each other and to 
the mother cell from which they were derived. The critical con-
sequence of this sorting process is to ensure genetic consistency 
from one somatic cell to the next. The development of multicel-
lularity relies on the repeated process of mitosis and cytokinesis. 
For diploid organisms that are multicellular, most of the somatic 
cells are diploid and genetically identical to each other.

3.3 SEXUAL REPRODUCTION
In the previous section, we considered how a cell divides to pro-
duce two new cells with identical complements of genetic mate-
rial. Now we will turn our attention to sexual reproduction, a 
common way for eukaryotic organisms to produce offspring. 
During sexual reproduction, gametes are made that contain 
half the amount of genetic material. These gametes fuse with 
each other in the process of fertilization to begin the life of a 
new organism. Gametes are highly specialized cells. The process 
whereby gametes form is called gametogenesis.
 Some simple eukaryotic species are isogamous, which 
means that the gametes are morphologically similar. Examples of 
isogamous organisms include many species of fungi and algae. 
Most eukaryotic species, however, are heterogamous—they pro-
duce two morphologically different types of gametes. Male gam-
etes, or sperm cells, are relatively small and usually travel far 
distances to reach the female gamete. The mobility of the male 
gamete is an important characteristic, making it likely that it 
will come in close proximity to the female gamete. The sperm of 
most animal species contain a single flagellum that enables them 
to swim. The sperm of ferns and nonvascular plants such as 
bryophytes may have multiple flagella. In flowering plants, how-
ever, the sperm are contained within pollen grains. Pollen is a 
small mobile structure that can be carried by the wind or on the 
feet or hairs of insects. In flowering plants, sperm are delivered 
to egg cells via pollen tubes. Compared to sperm cells, the female 
gamete, known as the egg cell, or ovum, is usually very large and 
nonmotile. In animal species, the egg stores a large amount of 
nutrients that will be available to nourish the growing embryo.
 Gametes are typically haploid, which means they contain 
half the number of chromosomes as diploid cells. Haploid cells are 
represented by 1n and diploid cells by 2n, where n refers to a set 

of chromosomes. A haploid gamete contains half as many chro-
mosomes (i.e., a single set) as a diploid cell . For example, a diploid 
human cell contains 46 chromosomes, but a gamete (sperm or egg 
cell) contains only 23 chromosomes.
 During the process known as meiosis (from the Greek 
meaning less), haploid cells are produced from a cell that was 
originally diploid. For this to occur, the chromosomes must be 
correctly sorted and distributed in a way that reduces the chro-
mosome number to half its original value. In the case of humans, 
for example, each gamete must receive half the total number of 
chromosomes, but not just any 23 chromosomes will do. A gam-
ete must receive one chromosome from each of the 23 pairs. In 
this section, we will examine the cellular events of gamete devel-
opment in animal and plant species and how the stages of meio-
sis lead to the formation of cells with a haploid complement of 
chromosomes.

Meiosis Produces Cells That Are Haploid
The process of meiosis bears striking similarities to mitosis. Like 
mitosis, meiosis begins after a cell has progressed through the 
G1, S, and G2 phases of the cell cycle. However, meiosis involves 
two successive divisions rather than one (as in mitosis). Prior to 
meiosis, the chromosomes are replicated in S phase to produce 
pairs of sister chromatids. This single replication event is then 
followed by two sequential cell divisions called meiosis I and II. 
As in mitosis, each of these is subdivided into prophase, pro-
metaphase, metaphase, anaphase, and telophase.
 
Prophase of meiosis I Figure 3.10  emphasizes some of the 
important events that occur during prophase of meiosis I, which 
is further subdivided into stages known as leptotene, zygotene, 
pachytene, diplotene, and diakinesis. During the leptotene stage, 
the replicated chromosomes begin to condense and become vis-
ible with a light microscope. Unlike mitosis, the zygotene stage 
of prophase of meiosis I involves a recognition process known 
as synapsis, in which the homologous chromosomes recognize 
each other and begin to align themselves. At pachytene, the 
homologs have become completely aligned. The associated chro-
matids are known as bivalents. Each bivalent contains two pairs 
of sister chromatids, or a total of four chromatids.
 In most eukaryotic species, a synaptonemal complex is 
formed between the homologous chromosomes. As shown in 
Figure 3.11 , this complex is composed of parallel lateral ele-
ments, which are bound to the chromosomal DNA, and a cen-
tral element, which promotes the binding of the lateral elements 
to each other via transverse filaments. The synaptonemal com-
plex may not be required for the pairing of homologous chro-
mosomes, because some species, such as Aspergillus nidulans and 
Schizosaccharomyces pombe, completely lack such a complex, yet 
their chromosomes synapse correctly. At present, the precise role 
of the synaptonemal complex is not clearly understood, and it 
remains the subject of intense research. It may play more than 
one role. First, although it may not be required for synapsis, 
the synaptonemal complex could help to maintain homologous 
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F IGU RE  3 .1 0  The events that occur during prophase of meiosis I.

FIGU R E 3 .1 1  The synaptonemal complex formed during pro-
phase of meiosis I. The left side is a transmission electron micrograph 
of a synaptonemal complex. Lateral elements are bound to the chromo-
somal DNA of homologous chromatids. A central element provides a 
link between the lateral elements via transverse filaments.
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pairing in situations where the normal process has failed. Sec-
ond, the complex may play a role in meiotic chromosome struc-
ture. And third, the synaptonemal complex may serve to regulate 
the process of crossing over, which is described next.
 Prior to the pachytene  stage, when synapsis is complete, 
an event known as crossing over  usually occurs. Crossing over 
involves a physical exchange of chromosome pieces. Depend-
ing on the size of the chromosome and the species, an average 
eukaryotic chromosome incurs a couple to a couple dozen cross-
overs. During spermatogenesis in humans, for example, an aver-
age chromosome undergoes slightly more than two crossovers, 
whereas chromosomes in certain plant species may undergo 20 
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or more crossovers.  Recent research has shown that crossing over 
is usually critical for the proper segregation of chromosomes. In 
fact, abnormalities in chromosome segregation may be related 
to a defect in crossing over. In a high percentage of people with 
Down syndrome, in which an individual has three copies of 
chromosome 21 instead of two, research has shown that the pres-
ence of the extra chromosome is associated with a lack of cross-
ing over between homologous chromosomes.
 In Figure 3.10, crossing over has occurred at a single site 
between two of the larger chromatids. The connection that 
results from crossing over is called a chiasma (plural: chias-
mata), because it physically resembles the Greek letter chi, χ. We 
will consider the genetic consequences of crossing over in Chap-
ter 6  and the molecular process of crossing over in Chapter 17 . 
By the end of the diplotene stage, the synaptonemal complex has 
largely disappeared. The bivalent pulls apart slightly, and micro-
scopically it becomes easier to see that it is actually composed of 
four chromatids. A bivalent is also called a tetrad (from the pre-
fix “tetra-,” meaning four) because it is composed of four chro-
matids. In the last stage of prophase of meiosis I, diakinesis, the 
synaptonemal complex completely disappears.

Prometaphase of meiosis I Figure 3.10 has emphasized the pair-
ing and crossing over that occurs during prophase of meiosis  I. 
In Figure 3.12 , we turn our attention to the general events in 
meiosis. Prophase of meiosis I is followed by prometaphase, in 
which the spindle apparatus is complete, and the chromatids are 
attached via kinetochore microtubules.

Metaphase of meiosis I At metaphase of meiosis I, the bivalents 
are organized along the metaphase plate. However, their pattern of 
alignment is strikingly different from that observed during mitosis 
(refer back to Figure 3.8d). Before we consider the rest of meio-
sis I, a particularly critical feature for you to appreciate is how the 
bivalents  are aligned along the metaphase plate. In particular, the 
pairs of sister chromatids are aligned in a double row rather than a 
single row, as occurs in mitosis. Furthermore, the arrangement of 
sister chromatids within this double row is random with regard to 
the blue and red homologs. In Figure 3.12, one of the blue homo-
logs is above the metaphase plate and the other two are below, 
whereas one of the red homologs is below the metaphase plate and 
other two are above.
 In an organism that produces many gametes, meiosis in 
other cells could produce a different arrangement of homologs—
three blues above and none below, or none above and three 
below, and so on. As discussed later in this chapter, the random 
arrangement of homologs is consistent with Mendel’s law of 
independent assortment. Because most eukaryotic species have 
several chromosomes per set, the sister chromatids can be ran-
domly aligned along the metaphase plate in many possible ways. 
For example, consider humans, who have 23 chromosomes per 
set. The possible number of different, random alignments equals 
2n, where n equals the number of chromosomes per set. Thus, 
in humans, this would equal 223, or over 8 million, possibilities! 

Because the homologs are genetically similar but not identi-
cal, we see from this calculation that the random alignment of 
homologous chromosomes provides a mechanism to promote a 
vast amount of genetic diversity.
 In addition to the random arrangement of homologs 
within a double row, a second distinctive feature of metaphase 
of meiosis I is the attachment of kinetochore microtubules to the 
sister chromatids (Figure 3.13) . One pair of sister chromatids is 
linked to one of the poles, and the homologous pair is linked to 
the opposite pole. This arrangement is quite different from the 
kinetochore attachment sites during mitosis in which a pair of 
sister chromatids is linked to both poles (see Figure 3.8).

Anaphase of meiosis I During anaphase of meiosis I, the two 
pairs of sister chromatids within a bivalent separate from each 
other (see Figure 3.12). However, the connection that holds sis-
ter chromatids together does not break. Instead, each joined pair 
of chromatids migrates to one pole, and the homologous pair of 
chromatids moves to the opposite pole.

Telophase of meiosis I Finally, at telophase of meiosis I, the sis-
ter chromatids have reached their respective poles, and decon-
densation occurs in many, but not all, species. The nuclear 
membrane may re-form to produce two separate nuclei. The 
end result of meiosis I is two cells, each with three pairs of 
sister chromatids. It is thus a reduction division. The original 
diploid cell had its chromosomes in homologous pairs, but the 
two cells produced at the end of meiosis I are considered to be 
haploid; they do not have pairs of homologous chromosomes.

Meiosis II The sorting events that occur during meiosis II 
are similar to those that occur during mitosis, but the starting 
point is different. For a diploid organism with six chromosomes, 
mitosis begins with 12 chromatids that are joined as six pairs of 
sister chromatids (refer back to Figure 3.8). By comparison, the 
two cells that begin meiosis II each have six chromatids that are 
joined as three pairs of sister chromatids. Otherwise, the steps 
that occur during prophase, prometaphase, metaphase, anaphase, 
and telophase of meiosis II are analogous to a mitotic division.

Meiosis versus mitosis  If we compare the outcome of meiosis 
(see Figure 3.12) to that of mitosis (see Figure 3.8), the results are 
quite different. (A comparison is also made in solved problem S3 
at the end of this chapter.) In these examples, mitosis produced 
two diploid daughter cells with six chromosomes each, whereas 
meiosis produced four haploid daughter cells with three chromo-
somes each. In other words, meiosis has halved the number of 
chromosomes per cell. With regard to alleles, the results of mito-
sis and meiosis are also different. The daughter cells produced 
by mitosis are genetically identical. However, the haploid cells 
produced by meiosis are not genetically identical to each other 
because they contain only one homologous chromosome from 
each pair. Later, we will consider how the gametes may differ in 
the alleles that they carry on their homologous chromosomes.
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In Animals, Spermatogenesis Produces Four 
Haploid Sperm Cells and Oogenesis Produces 
a Single Haploid Egg Cell
In male animals, spermatogenesis, the production of sperm, 
occurs within glands known as the testes. The testes contain 
spermatogonial cells that divide by mitosis to produce two cells. 
One of these remains a spermatogonial cell, and the other cell 
becomes a primary spermatocyte. As shown in Figure 3.14a , the 
spermatocyte progresses through meiosis I and meiosis II to pro-
duce four haploid cells, which are known as spermatids. These 
cells then mature into sperm cells. The structure of a sperm cell 
includes a long flagellum and a head. The head of the sperm 
contains little more than a haploid nucleus and an organelle at 
its tip, known as an acrosome. The acrosome contains digestive 
enzymes that are released when a sperm meets an egg cell. These 
enzymes enable the sperm to penetrate the outer protective lay-
ers of the egg and gain entry into the egg cell’s cytosol. In animal 
species without a mating season, sperm production is a continu-
ous process in mature males. A mature human male, for exam-
ple, produces several hundred million sperm each day.

F IGURE 3 .1 3  Attachment of the kinetochore microtubules 
to replicated chromosomes during meiosis. The kinetochore micro-
tubules from a given pole are attached to one pair of chromatids in 
a bivalent, but not both. Therefore, each pair of sister chromatids is 
attached to only one pole.

F IGURE 3 .1 4  Gametogenesis in animals. (a) Spermatogenesis. A diploid spermatocyte undergoes meiosis to produce four haploid (n) sperma-
tids. These differentiate during spermatogenesis to become mature sperm. (b)  Oogenesis. A diploid oocyte undergoes meiosis to produce one ha ploid egg 
cell and two or three polar bodies. For some species, the first polar body divides; in other species, it does not. Because of asymmetrical cytokinesis, the 
amount of cytoplasm the egg receives is maximized. The polar bodies degenerate.
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 In female animals, oogenesis, the production of egg cells, 
occurs within specialized diploid cells of the ovary known as 
oogonia. Quite early in the development of the ovary, the oogo-
nia initiate meiosis to produce primary oocytes. For example, 
in humans, approximately 1 million primary oocytes per ovary 
are produced before birth. These primary oocytes are arrested—
enter a dormant phase—at prophase of meiosis I, remaining at 
this stage until the female becomes sexually mature. Beginning at 
this stage, primary oocytes are periodically activated to progress 
through the remaining stages of oocyte development.
 During oocyte maturation, meiosis produces only one 
cell that is destined to become an egg, as opposed to the four 
gametes produced from each primary spermatocyte during sper-
matogenesis. How does this occur? As shown in Figure 3.14b, 
the first meiotic division is asymmetrical and produces a second-
ary oocyte and a much smaller cell, known as a polar body. Most 
of the cytoplasm is retained by the secondary oocyte and very 
little by the polar body, allowing the oocyte to become a larger 
cell with more stored nutrients. The secondary oocyte then 
begins meiosis II. In mammals, the secondary oocyte is released 
from the ovary—an event called ovulation—and travels down 
the oviduct toward the uterus. During this journey, if a sperm 
cell penetrates the secondary oocyte, it is stimulated to complete 
meiosis II; the secondary oocyte produces a haploid egg and a 
second polar body. The haploid egg and sperm nuclei then unite 
to create the diploid nucleus of a new individual.

Plant Species Alternate Between Haploid 
(Gametophyte) and Diploid (Sporophyte) 
Generations
Most species of animals are diploid, and their haploid gametes 
are considered to be a specialized type of cell. By comparison, the 
life cycles of plant species alternate between haploid and diploid 
generations. The haploid generation is called the gametophyte, 
whereas the diploid generation is called the sporophyte. Meio-
sis produces haploid cells called spores, which divide by mitosis 
to produce the gametophyte. In simpler plants, such as mosses, 
a haploid spore can produce a large multicellular gametophyte 
by repeated mitoses and cellular divisions. In flowering plants, 
however, spores develop into gametophytes that contain only a 
few cells. In this case, the organism that we think of as a “plant” 
is the sporophyte, whereas the gametophyte is very inconspicu-
ous. In fact, the gametophytes of most plant species are small 
structures produced within the much larger sporophyte. Certain 
cells within the haploid gametophytes then become specialized as 
haploid gametes.
 Figure 3.15  provides an overview of gametophyte devel-
opment and gametogenesis in flowering plants. Meiosis occurs 
within two different structures of the sporophyte: the anthers 
and the ovaries, which produce male and female gametophytes, 
respectively. This diagram depicts a flower from an angiosperm, 
which is a plant that produces seeds within an ovary.
 In the anther, diploid cells called microsporocytes undergo 
meiosis to produce four haploid microspores. These separate into 
individual microspores. In many angiosperms, each microspore 

undergoes mitosis to produce a two-celled structure containing one 
tube cell and one generative cell, both of which are haploid. This 
structure differentiates into a pollen grain, which is the male game-
tophyte with a thick cell wall. Later, the generative cell undergoes 
mitosis to produce two haploid sperm cells. In most plant species, 
this mitosis occurs only if the pollen grain germinates—if it lands 
on a stigma and forms a pollen tube (refer back to Figure 2.2c).
 By comparison, female gametophytes are produced within 
ovules found in the plant ovaries. A type of cell known as a 

FIGU R E 3 .1 5  The formation of male and female gametes by 
the gametophytes of angiosperms (flowering plants). 
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megasporocyte undergoes meiosis to produce four haploid mega-
spores. Three of the four megaspores degenerate. The remaining 
haploid megaspore then undergoes three successive mitotic divi-
sions accompanied by asymmetrical cytokinesis to produce seven 
individual cells—one egg, two synergids, three antipodals, and 
one central cell. This seven-celled structure, also known as the 
embryo sac, is the mature female gametophyte. Each embryo sac 
is contained within an ovule.
 For fertilization to occur, specialized cells within the male 
and female gametophytes must meet. The steps of plant fertiliza-
tion were described in Chapter 2 . To begin this process, a pollen 
grain lands on a stigma (refer back to Figure 2.2c). This stimu-
lates the tube cell to sprout a tube that grows through the style 
and eventually makes contact with an ovule. As this is occur-
ring, the generative cell undergoes mitosis to produce two hap-
loid sperm cells. The sperm cells migrate through the pollen tube 
and eventually reach the ovule. One of the sperm enters the cen-
tral cell, which contains the two polar nuclei. This results in a 
cell that is triploid (3n). This cell divides mitotically to produce 
endosperm, which acts as a food-storing tissue. The other sperm 
enters the egg cell. The egg and sperm nuclei fuse to create a dip-
loid cell, the zygote, which becomes a plant embryo. Therefore, 
fertilization in flowering plants is actually a double fertilization. 
The result is that the endosperm, which uses a large amount of 
plant resources, will develop only when an egg cell has been fer-
tilized. After fertilization is complete, the ovule develops into a 
seed, and the surrounding ovary develops into the fruit, which 
encloses one or more seeds.
 When comparing animals and plants, it’s interesting to 
consider how gametes are made. Animals produce gametes by 
meiosis. In contrast, plants produce reproductive cells by mitosis. 
The gametophyte of plants is a haploid multicellular organism 
that is produced by mitotic cellular divisions of a haploid spore. 
Within the multicellular gametophyte, certain cells become spe-
cialized as gametes.

3.4 THE CHROMOSOME THEORY 
OF INHERITANCE AND SEX 
CHROMOSOMES
Thus far, we have considered how chromosomes are transmitted 
during cell division and gamete formation. In this section, we 
will first examine how chromosomal transmission is related to 
the patterns of inheritance observed by Mendel. This relation-
ship, known as the chromosome theory of inheritance, was a 
major breakthrough in our understanding of genetics because 
it established the framework for understanding how chromo-
somes carry and transmit the genetic determinants that govern 
the outcome of traits. This theory dramatically unfolded as a 
result of three lines of scientific inquiry (Table 3.1) . One ave-
nue concerned Mendel’s breeding studies, in which he analyzed 
the transmission of traits from parent to offspring. A second 
line of inquiry involved the material basis for heredity. A Swiss 
botanist, Carl Nägeli, and a German biologist, August Weis-
mann, championed the idea that a substance found in living 
cells is responsible for the transmission of traits from parents 

TABLE 3.1
Chronology for the Development and Proof 
of the Chromosome Theory of Inheritance

1866  Gregor Mendel: Analyzed the transmission of traits from parents to 
offspring and showed that it follows a pattern of segregation and 
independent assortment.

1876–77  Oscar Hertwig and Hermann Fol: Observed that the nucleus of the 
sperm enters the egg during animal cell fertilization.

1877  Eduard Strasburger: Observed that the sperm nucleus of plants (and 
no detectable cytoplasm) enters the egg during plant fertilization.

1878 Walter Flemming: Described mitosis in careful detail.

1883  Carl Nägeli and August Weismann: Proposed the existence of a 
genetic material, which Nägeli called idioplasm and Weismann 
called germ plasm.

1883  Wilhelm Roux: Proposed that the most important event of mitosis is 
the equal partitioning of “nuclear qualities” to the daughter cells.

1883  Edouard van Beneden: showed that gametes contain half the 
number of chromosomes and that fertilization restores the normal 
diploid number.

1884–85  Hertwig, Strasburger and August Weismann: Proposed that 
chromosomes are carriers of the genetic material.

1889  Theodore Boveri: Showed that enucleated sea urchin eggs that are 
fertilized by sperm from a different species develop into larva that 
have characteristics that coincide with the sperm’s species.

1900  Hugo de Vries, Carl Correns, and Erich von Tschermak: Rediscovered 
Mendel’s work.

1901  Thomas Montgomery: Determined that maternal and paternal 
chromosomes pair with each other during meiosis.

1901  C. E. McClung: Discovered that sex determination in insects is 
related to differences in chromosome composition.

1902  Theodor Boveri: Showed that when sea urchin eggs were fertilized 
by two sperm, the abnormal development of the embryo was 
related to an abnormal number of chromosomes.

1903  Walter Sutton: Showed that even though the chromosomes seem 
to disappear during interphase, they do not actually disintegrate. 
Instead, he argued that chromosomes must retain their continuity 
and individuality from one cell division to the next.

1902–03  Theodor Boveri and Walter Sutton: Independently proposed tenets 
of the chromosome theory of inheritance. Some historians primarily 
credit this theory to Sutton.

1910  Thomas Hunt Morgan: Showed that a genetic trait (i.e., white-eyed 
phenotype in Drosophila) was linked to a particular chromosome.

1913  E. Eleanor Carothers: Demonstrated that homologous pairs of 
chromosomes show independent assortment.

1916  Calvin Bridges: Studied chromosomal abnormalities as a way to 
confirm the chromosome theory of inheritance.

For a description of these experiments, the student is encouraged to read Voeller, B. R. (1968), 
The chromosome theory of inheritance. Classic Papers in Development and Heredity. New York: 
Appleton-Century-Crofts.

to offspring. Nägeli also suggested that both parents contribute 
equal amounts of this substance to their offspring. Several scien-
tists, including Oscar Hertwig, Eduard Strasburger, and Walter 
Flemming, conducted studies suggesting that the chromosomes 
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are the carriers of the genetic material. We now know the DNA 
within the chromosomes is the genetic material.
 Finally, the third line of evidence involved the microscopic 
examination of the processes of fertilization, mitosis, and meio-
sis. Researchers became increasingly aware that the characteris-
tics of organisms are rooted in the continuity of cells during the 
life of an organism and from one generation to the next. When 
the work of Mendel was rediscovered, several scientists noted 
striking parallels between the segregation and assortment of 
traits noted by Mendel and the behavior of chromosomes during 
meiosis. Among them were Theodore Boveri, a German biolo-
gist, and Walter Sutton at Columbia University. They indepen-
dently proposed the chromosome theory of inheritance, which 
was a milestone in our understanding of genetics. The principles 
of this theory are described at the beginning of this section.
 The remainder of this section focuses on sex chromo-
somes. The experimental connection between the chromosome 
theory of inheritance and sex chromosomes is profound. Even 
though an examination of meiosis provided compelling evidence 
that  Mendel’s laws could be explained by chromosome sorting, 
researchers still needed to correlate chromosome behavior with 
the inheritance of particular traits. Because sex chromosomes, 
such as the X and Y chromosome, look very different under the 
microscope, and because many genes on the X chromosome are 
not on the Y chromosome, geneticists were able to correlate the 
inheritance of certain traits with the transmission of specific sex 
chromosomes. In particular, early studies identified genes on the 
X chromosome that govern eye color in fruit flies. This phenom-
enon, which is called X-linked inheritance, confirmed the idea 
that genes are found on chromosomes. In addition, X-linked 
inheritance showed us that not all traits follow simple Mendelian 
rules. In later chapters, we will examine a variety of traits that are 
governed by chromosomal genes yet follow inheritance patterns 
that are more complex than those observed by Mendel.

The Chromosome Theory of Inheritance Relates 
the Behavior of Chromosomes to the Mendelian 
Inheritance of Traits
According to the chromosome theory of inheritance, the 
inheritance patterns of traits can be explained by the transmis-
sion patterns of chromosomes during meiosis and fertilization. 
This theory is based on a few fundamental principles.

 1.  Chromosomes contain the genetic material that is 
transmitted from parent to offspring and from cell to cell.

 2. Chromosomes are replicated and passed along, generation 
after generation, from parent to offspring. They are also 
passed from cell to cell during the development of a 
multicellular organism. Each type of chromosome retains its 
individuality during cell division and gamete formation.

 3. The nuclei of most eukaryotic cells contain chromosomes 
that are found in homologous pairs—they are diploid. One 
member of each pair is inherited from the mother, the 
other from the father. At meiosis, one of the two members 
of each pair segregates into one daughter nucleus, and the 
homolog segregates into the other daughter nucleus. 
Gametes contain one set of chromosomes—they are haploid.

 4. During the formation of haploid cells, different types of 
(nonhomologous) chromosomes segregate independently 
of each other.

 5. Each parent contributes one set of chromosomes to its 
offspring. The maternal and paternal sets of homologous 
chromosomes are functionally equivalent; each set carries 
a full complement of genes.

 The chromosome theory of inheritance allows us to see the 
relationship between Mendel’s laws and chromosomal transmis-
sion. As shown in Figure 3.16 , Mendel’s law of segregation can be 

FIGU R E 3 .1 6  Mendel’s law of segregation can be explained 
by the segregation of homologs during meiosis. The two copies of 
a gene are contained on homologous chromosomes. In this example 
using pea seed color, the two alleles are Y (yellow) and y (green). Dur-
ing meiosis, the homologous chromosomes segregate from each other, 
leading to segregation of the two alleles into separate gametes.
Genes→Traits The gene for seed color exists in two alleles, Y (yellow) and y 
(green). During meiosis, the homologous chromosomes that carry these alleles 
segregate from each other. The resulting cells receive the Y or y allele but not both. 
When two gametes unite during fertilization, the alleles that they carry determine 
the traits of the resulting offspring.
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explained by the homologous pairing and segregation of chromo-
somes during meiosis. This figure depicts the behavior of a pair of 
homologous chromosomes that carry a gene for seed color. One of 
the chromosomes carries a dominant allele that confers yellow seed 
color, whereas the homologous chromosome carries a recessive 
allele that confers green color. A heterozygous individual would pass 
only one of these alleles to each offspring. In other words, a gam-
ete may contain the yellow allele or the green allele but not both. 
Because homologous chromosomes segregate from each other, a 
gamete will contain only one copy of each type of chromosome.
 How is the law of independent assortment explained by the 
behavior of chromosomes? Figure 3.17  considers the segregation 
of two types of chromosomes, each carrying a different gene. 
One pair of chromosomes carries the gene for seed color: the yel-
low (Y) allele is on one chromosome, and the green (y) allele is 
on the homolog. The other pair of (smaller) chromosomes car-
ries the gene for seed shape: one copy has the round (R) allele, 

and the homolog carries the wrinkled (r) allele. At metaphase 
of meiosis I, the different types of chromosomes have randomly 
aligned along the metaphase plate. As shown in Figure 3.17, this 
can occur in more than one way. On the left, the R allele has 
sorted with the y allele, whereas the r allele has sorted with the Y 
allele. On the right, the opposite situation has occurred. There-
fore, the random alignment of chromatid pairs during meiosis I 
can lead to an independent assortment of genes that are found 
on nonhomologous chromosomes. As we will see in Chapter 6 , 
this law is violated if two different genes are located close to one 
another on the same chromosome. 

Sex Differences Often Correlate 
with the Presence of Sex Chromosomes
According to the chromosome theory of inheritance, chromo-
somes carry the genes that determine an organism’s traits and are 

FIGURE 3 .1 7  Mendel’s law of independent assortment can be explained by the random alignment of bivalents during metaphase of 
meiosis I. This figure shows the assortment of two genes located on two different chromosomes, using pea seed color and shape as an example (YyRr). 
During metaphase of meiosis I, different possible arrangements of the homologs within bivalents can lead to different combinations of the alleles in the 
resulting gametes. For example, on the left, the dominant R allele has sorted with the recessive y allele; on the right, the dominant R allele has sorted 
with the dominant Y allele.
Genes→Traits Most species have several different chromosomes that carry many different genes. In this example, the gene for seed color exists in two alleles, Y (yellow) and 
y (green), and the gene for seed shape is found as R (round) and r (wrinkled) alleles. The two genes are found on different (nonhomologous) chromosomes. During meiosis, 
the homologous chromosomes that carry these alleles segregate from each other. In addition, the chromosomes carrying the Y or y alleles will independently assort from the 
chromosomes carrying the R or r alleles. As shown here, this provides a reassortment of alleles, potentially creating combinations of alleles that are different from the parental 
combinations. When two gametes unite during fertilization, the alleles they carry affect the traits of the resulting offspring.
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the basis of Mendel’s law of segregation and independent assort-
ment. Some early evidence supporting this theory involved the 
determination of sex. Many species are divided into male and 
female sexes. In 1901, Clarence McClung, who studied grasshop-
pers, was the first to suggest that male and female sexes are due 
to the inheritance of particular chromosomes. Since McClung’s 
initial observations, we now know that a pair of chromosomes, 
called the sex chromosomes, determines sex in many different 
species. Some examples are described in Figure 3.18 .
 In the X-Y system of sex determination, which operates 
in mammals, the male contains one X chromosome and one Y 
chromosome, whereas the female contains two X chromosomes 
(Figure 3.18a). In this case, the male is called the heterogametic 
sex. Two types of sperm are produced: one that carries only the X 
chromosome, and another type that carries the Y. In contrast, the 
female is the homogametic sex because all eggs carry a single 
X chromosome. The 46 chromosomes carried by humans con-
sist of 1 pair of sex chromosomes and 22 pairs of autosomes—
chromosomes that are not sex chromosomes. In the human male, 
each of the four sperm produced during gametogenesis contains 
23 chromosomes. Two sperm contain an X chromosome, and 
the other two have a Y chromosome. The sex of the offspring is 
determined by whether the sperm that fertilizes the egg carries 
an X or a Y chromosome.
 What causes an offspring to develop into a male or female? 
One possibility is that two X chromosomes are required for 
female development. A second possibility is that the Y chromo-
some promotes male development. In the case of mammals, the 
second possibility is correct. This is known from the analysis 
of rare individuals who carry chromosomal abnormalities. For 
example, mistakes that occasionally occur during meiosis may 
produce an individual who carries two X chromosomes and one 
Y chromosome. Such an individual develops into a male.
 Other mechanisms of sex determination include the  X-0, 
Z-W, and  haplodiploid  systems. The X-0 system of sex determi-
nation operates in many insects (Figure 3.18b). In such species, 
the male has one sex chromosome (the X) and is designated X0, 
whereas the female has a pair (two Xs). In other insect species, 
such as Drosophila melanogaster, the male is XY. For both types 
of insect species (i.e., X0 or XY males, and XX females), the ratio 
between X chromosomes and the number of autosomal sets 
determines sex. If a fly has one X chromosome and is diploid for 
the autosomes (2n), the ratio is 1/2, or 0.5. This fly will become 
a male even if it does not receive a Y chromosome. In contrast to 
mammals, the Y chromosome in the X-0 system does not deter-
mine maleness. If a fly receives two X chromosomes and is dip-
loid, the ratio is 2/2, or 1.0, and the fly becomes a female.
 For the Z-W system, which determines sex in birds and 
some fish, the male is ZZ and the female is ZW (Figure 3.18c). 
The letters Z and W are used to distinguish these types of sex 
chromosomes from those found in the X-Y pattern of sex deter-
mination of other species. In the Z-W system, the male is the 
homogametic sex, and the female is heterogametic.
 Another interesting mechanism of sex determination, 
known as the haplodiploid system, is found in bees (Figure 3.18d). 
The male bee, called the drone, is produced from unfertilized hap-

loid eggs. Female bees, both worker bees and queen bees, are pro-
duced from fertilized eggs and therefore are diploid.
 The chromosomal basis for sex determination is rooted in 
the location of particular genes on the sex chromosomes. The 
molecular basis for sex determination is described in Chapter 23 .
 Although sex in many species of animals is determined 
by chromosomes, other mechanisms are also known. In certain 
reptiles and fish, sex is controlled by environmental factors such 
as temperature. For example, in the American alligator (Alligator 
mississippiensis), temperature controls sex development. When 
fertilized eggs of this alligator are incubated at 33°C, nearly 100% 

FIGU R E 3 .1 8  Different mechanisms of sex determination in 
animals. See text for a description.
Genes→Traits  Certain genes that are found on the sex chromosomes play a key 
role in the development of sex (male vs. female). For example, in mammals, genes 
on the Y chromosome initiate male development. In the X-0 system, the ratio of X 
chromosomes to the sets of autosomes plays a key role in governing the pathway of 
development toward male or female.
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of them produce male individuals. When the eggs are incubated 
at a temperature a few degrees below 33°C, they produce nearly 

all females, whereas at a temperature a few degrees above 33°C, 
they produce 95% females.

Morgan’s Experiments Showed a Connection 
Between a Genetic Trait and the Inheritance 
of a Sex Chromosome in Drosophila
In the early 1900s, Thomas Hunt Morgan carried out a particu-
larly influential study that confirmed the chromosome theory of 
inheritance. Morgan was trained as an embryologist, and much 
of his early research involved descriptive and experimental work 
in that field. He was particularly interested in ways that organ-
isms change. He wrote, “The most distinctive problem of zoo-
logical work is the change in form that animals undergo, both in 
the course of their development from the egg (embryology) and 
in their development in time (evolution).” Throughout his life, 
he usually had dozens of different experiments going on simul-
taneously, many of them unrelated to each other. He jokingly 
said there are three kinds of experiments—those that are foolish, 
those that are damn foolish, and those that are worse than that!
 In one of his most famous studies, Morgan engaged one of 
his graduate students to rear the fruit fly Drosophila melanogaster 
in the dark, hoping to produce flies whose eyes would atrophy 
from disuse and disappear in future generations. Even after many 
consecutive generations, however, the flies appeared to have no 
noticeable changes despite repeated attempts at inducing muta-

tions by treatments with agents such as X-rays and radium. After 
two years, Morgan finally obtained an interesting result when a 
true-breeding line of Drosophila produced a male fruit fly with 
white eyes rather than the normal red eyes. Because this had 
been a true-breeding line of flies, this white-eyed male must 
have arisen from a new mutation that converted a red-eye allele 
(denoted w+) into a white-eye allele (denoted w). Morgan is said 
to have carried this fly home with him in a jar, put it by his bed-
side at night while he slept, and then taken it back to the labora-
tory during the day.
 Much like Mendel, Morgan studied the inheritance of this 
white-eye trait by making crosses and quantitatively analyzing 
their outcome. In the experiment described in Figure 3.19 , he 
began with his white-eyed male and crossed it to a true-breeding 
red-eyed female. All of the F1 offspring had red eyes, indicating 
that red is dominant to white. The F1 offspring were then mated 
to each other to obtain an F2 generation.

T H E  G O A L

This is an example of discovery-based science rather than hypoth-
esis testing. In this case, a quantitative analysis of genetic crosses 
may reveal the inheritance pattern for the white-eye allele.

A C H I E V I N G  T H E  G O A L  —  F I G U R E  3 . 1 9  Inheritance pattern of an X-linked trait in fruit flies.

Starting material: A true-breeding line of red-eyed fruit flies plus one white-eyed male fly that was discovered in the culture.

(continued)

E X P E R I M E N T  3 A
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Cross Results
Original white-eyed  F1 generation: All red-eyed flies
male to red-eyed 
female 

F1 male to F1 female F2 generation: 2459 red-eyed females
  1011 red-eyed males
     0 white-eyed females
   782 white-eyed males

White-eyed male  Testcross:  129 red-eyed females
to F1 female   132 red-eyed males
       88 white-eyed females
    86 white-eyed males

Data from T.H. Morgan (1910) Sex limited inheritance in Drosophila. Science 32, 
120–122. 

I N T E R P R E T I N G  T H E  D A T A

As seen in the data table, the F2 generation consisted of 2459 red-
eyed females, 1011 red-eyed males, and 782 white-eyed males. 
Most notably, no white-eyed female offspring were observed in 
the F2 generation. These results suggested that the pattern of 
transmission from parent to offspring depends on the sex of the 
offspring and on the alleles that they carry. As shown in the Pun-
nett square below , the data are consistent with the idea that the 
eye color alleles are located on the X chromosome. 

 The Punnett square predicts that the F2 generation will 
not have any white-eyed females. This prediction was confirmed 
experimentally. These results indicated that the eye color alleles 
are located on the X chromosome. Genes that are physically 
located within the X chromosome are called X-linked genes, or 
X-linked alleles. However, it should also be pointed out that the 
experimental ratio in the F2 generation of red eyes to white eyes is 
(2459 + 1011):782, which equals 4.4:1. This ratio deviates signifi-
cantly from the predicted ratio of 3:1. How can this discrepancy 
be explained? Later work revealed that the lower-than-expected 
number of white-eyed flies is due to their decreased survival rate.
 Morgan also conducted a testcross (see step 4, Figure 3.19) 
in which an individual with a dominant phenotype and unknown 
genotype is crossed to an individual with a recessive pheno-
type. In this case, he mated an F1 red-eyed female to a white-
eyed male. This cross produced red-eyed males and females, and 
white-eyed males and females, in approximately equal numbers. 
The testcross data are also consistent with an X-linked pattern of 
inheritance. As shown in the following Punnett square, the test-
cross predicts a 1:1:1:1 ratio: 

 The observed data are 129:132:88:86, which is a ratio of 
1.5:1.5:1:1. Again, the lower-than-expected numbers of white-
eyed males and females can be explained by a lower survival rate 
for white-eyed flies. In his own interpretation, Morgan concluded 
that R (red eye color) and X (a sex factor that is present in two 
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copies in the female) are combined and have never existed apart. 
In other words, this gene for eye color is on the X chromosome. 
Morgan was the first geneticist to receive the Nobel Prize.
 Calvin Bridges, a graduate student in the laboratory of 
Morgan, also examined the transmission of X-linked traits. 
Bridges conducted hundreds of crosses involving several different 
types of X-linked alleles. In his crosses, he occasionally obtained 
offspring that had unexpected phenotypes and abnormalities in 
sex chromosome composition. For example, in a cross between a 
white-eyed female and a red-eyed male, he occasionally observed 
a male offspring with red eyes. This event can be explained by 
nondisjunction, which is described in Chapter 8  (see Figure 
8.22). In this example, the rare male offspring with red eyes was 
produced by a sperm carrying the X-linked red allele and by an 
egg that underwent nondisjunction and did not receive an X 
chromosome. The resulting offspring would be a male without a 
Y chromosome. (As shown earlier in Figure 3.18, the number of 

X chromosomes determines sex in fruit flies). Bridges observed 
a parallel between the cytological presence of sex chromosome 
abnormalities and the occurrence of unexpected traits, which 
confirmed the idea that the sex chromosomes carry X-linked 
genes. Together, the work of Morgan and Bridges provided an 
impressive body of evidence confirming the idea that traits fol-
lowing an X-linked pattern of inheritance are governed by genes 
that are physically located on the X chromosome. Bridges wrote, 
“There can be no doubt that the complete parallelism between 
the unique behavior of chromosomes and the behavior of sex-
linked genes and sex in this case means that the sex-linked genes 
are located in and borne by the X chromosomes.” An example of 
Bridges’s work is described in solved problem S5 at the end of 
this chapter.

A self-help quiz involving this experiment can be found at 
www.mhhe.com/brookergenetics4e.
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 3.1 General Features of Chromosomes
• Chromosomes are structures that contain the genetic material, 

which is DNA.
• Prokaryotic cells are simple and lack cell compartmentaliza-

tion, whereas eukaryotic cells contain a cell nucleus and other 
compartments (see Figure 3.1).

• Chromosomes can be examined under the microscope. An 
organized representation of the chromosomes from a single 
cell is called a karyotype (see Figure 3.2).

• In eukaryotic species, the chromosomes are found in sets. 
Eukaryotic cells are often diploid, which means that each type 
of chromosome occurs in a homologous pair (see Figure 3.3).

3.2 Cell Division
• Bacteria divide by binary fission (see Figure 3.4).
• To divide, eukaryotic cells progress through a cell cycle (see 

Figure 3.5).

• Prior to cell division, eukaryotic chromosomes are replicated 
to form sister chromatids (see Figure 3.6).

• Chromosome sorting in eukaryotes is achieved via a spindle 
apparatus (see Figure 3.7).

• A common way for eukaryotic cells to divide is by mitosis and 
cytokinesis. Mitosis is divided into prophase, prometaphase, 
metaphase, anaphase, and telophase (see Figures 3.8, 3.9).

3.3 Sexual Reproduction
• Another way for eukaryotic cells to divide is via meiosis, 

which produces four haploid cells. During prophase of meio-
sis I, homologs synapse and crossing over may occur (see Fig-
ures 3.10–3.13).

• Animals produce gametes via spermatogenesis and oogenesis 
(see Figure 3.14).

• Plants exhibit alternation of generations between a diploid 
sporophyte and a haploid gametophyte. The gametophyte pro-
duces gametes (see Figure 3.15).

C H A P T E R  S U M M A R Y   
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Solved Problems
S1.  A diploid cell has eight chromosomes, four per set. For the 

following diagram, in what phase of mitosis, meiosis I or 
meiosis II, is this cell? 

 A. There are four possible children, one of whom is an unaffected 
son. Therefore, the probability of an unaffected son is 1/4.

 B. Use the sum rule: 1/4 + 1/2 = 3/4.
 C. You could use the product rule because there would be three 

offspring in a row with the disorder: (1/4)(1/4)(1/4) = 1/64 = 
0.016 = 1.6%.

S3.  What are the major differences between prophase, metaphase, and 
anaphase when comparing mitosis, meiosis I, and meiosis II?

Answer: The table summarizes key differences.

A Comparison of Mitosis, Meiosis I, and Meiosis II

 Phase Event Mitosis Meiosis I Meiosis II

Prophase Synapsis: No Yes No

Prophase Crossing Rarely Commonly Rarely
 over:

Metaphase Alignment Sister Bivalents Sister
 along the chro-  chro-
 metaphase matids  matids
 plate:

Anaphase Separation  Sister Bivalents Sister 
 of: chro-  chro-
  matids  matids

S4.  Among different plant species, both male and female gametophytes 
can be produced by single individuals or by separate sexes. In some 
species, such as the garden pea, a single individual can produce 
both male and female gametophytes. Fertilization takes place via 
self-fertilization or cross-fertilization. A plant species that has a 
single type of flower producing both pollen and eggs is termed a 
monoclinous plant. In other plant species, two different types of 
flowers produce either pollen or eggs. When both flower types are 
on a single individual, such a species is termed monoecious. It is 
most common for the “male flowers” to be produced near the top 
of the plant and the “female flowers” toward the bottom. Though 
less common, some species of plants are dioecious. For dioecious 
species, one individual makes either male flowers or female flowers, 
but not both.

  Based on your personal observations of plants, try to give exam-
ples of monoclinous, monoecious, and dioecious plants. What 
would be the advantages and disadvantages of each?

Answer: Monoclinous plants—pea plant, tulip, and roses. The same 
flower produces pollen on the anthers and egg cells within the ovary.

Answer: The cell is in metaphase of meiosis II. You can tell because the 
chromosomes are lined up in a single row along the metaphase plate, 
and the cell has only four pairs of sister chromatids. If it were mitosis, 
the cell would have eight pairs of sister chromatids.
S2.  An unaffected woman (i.e., without disease symptoms) who is 

heterozygous for the X-linked allele causing Duchenne muscular 
dystrophy has children with a man with a normal allele. What are 
the probabilities of the following combinations of offspring?

 A. An unaffected son
 B. An unaffected son or daughter
 C. A family of three children, all of whom are affected
Answer: The first thing we must do is construct a Punnett square to 
determine the outcome of the cross. N represents the normal allele, n 
the recessive allele causing Duchenne muscular dystrophy. The mother 
is heterozygous, and the father has the normal allele. 
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3.4 The Chromosome Theory of Inheritance 
and Sex Chromosomes
• The chromosome theory of inheritance explains how the 

transmission of chromosomes can explain Mendel’s laws.
• Mendel’s law of segregation is explained by the separation of 

homologs during meiosis (see Figure 3.16).
• Mendel’s law of independent assortment is explained by the 

random alignment of different chromosomes during meta-
phase of meiosis I (see Figure 3.17).

• Mechanisms of sex determination in animals may involve dif-
ferences in chromosome composition (see Figure 3.18).

• Morgan’s work provided strong evidence for the chromosome 
theory of inheritance by showing that a gene affecting eye 
color in fruit flies is inherited on the X chromosome (see Fig-
ure 3.19).
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 Monoecious plants—corn and pine trees. In corn, the tassels are 
the male flowers and the ears result from fertilization within the female 
flowers. In pine trees, pollen is produced in cones near the top of the 
tree, and eggs cells are found in larger cones nearer the bottom.
 Dioecious plants—holly and ginkgo trees. Certain individuals 
produce only pollen; others produce only eggs.
 An advantage of being monoclinous or monoecious is that fertil-
ization is relatively easy because the pollen and egg cells are produced 
on the same individual. This is particularly true for monoclinous plants. 
The proximity of the pollen to the egg cells makes it more likely for 
self-fertilization to occur. This is advantageous if the plant population is 
relatively sparse. On the other hand, a dioecious species can reproduce 
only via cross-fertilization. The advantage of cross-fertilization is that it 
enhances genetic variation. Over the long run, this can be an advantage 
because cross-fertilization is more likely to produce a varied population 
of individuals, some of which may possess combinations of traits that 
promote survival.

S5.  To test the chromosome theory of inheritance, Calvin Bridges 
made crosses involving the inheritance of X-linked traits. One of 
his experiments concerned two different X-linked genes affecting 
eye color and wing size. For the eye color gene, the red-eye allele 
(w+) is dominant to the white-eye allele (w). A second X-linked 
trait is wing size; the allele called miniature is recessive to the 
normal allele. In this case, m represents the miniature allele and 
m+ the normal allele. A male fly carrying a miniature allele on its 
single X chromosome has small (miniature) wings. A female must 
be homozygous, mm, in order to have miniature wings.

  Bridges made a cross between Xw,m+ Xw,m+ female flies (white 
eyes and normal wings) to Xw+,m Y male flies (red eyes and 
miniature wings). He then examined the eyes, wings, and sexes of 
thousands of offspring. Most of the offspring were females with 
red eyes and normal wings, and males with white eyes and normal 
wings. On rare occasions (approximately 1 out of 1700 flies), how-
ever, he also obtained female offspring with white eyes or males 
with red eyes. He also noted the wing shape in these flies and then 

cytologically examined their chromosome composition using a 
microscope. The following results were obtained:

 Eye Wing Sex
Offspring Color Size Chromosomes

Expected females Red Normal XX

Expected males White Normal XY

Unexpected females (rare) White Normal XXY

Unexpected males (rare) Red Miniature X0

Data from: Bridges, C. B. (1916) “Non-disjunction as proof of the chromosome theory of 
heredity,” Genetics 1, 1–52, 107–163.

Explain these data.
Answer: Remember that in fruit flies, the number of X chromosomes 
(not the presence of the Y chromosome) determines sex. As seen in the 
data, the flies with unexpected phenotypes were abnormal in their sex 
chromosome composition. The white-eyed female flies were due to the 
union between an abnormal XX female gamete and a normal Y male 
gamete. Likewise, the unexpected male offspring contained only one 
X chromosome and no Y. These male offspring were due to the union 
between an abnormal egg without any X chromosome and a normal 
sperm containing one X chromosome. The wing size of the unexpected 
males was a particularly significant result. The red-eyed males showed 
a miniature wing size. As noted by Bridges, this means they inherited 
their X chromosome from their father rather than their mother. This 
observation provided compelling evidence that the inheritance of the X 
chromosome correlates with the inheritance of particular traits.
 At the time of his work, Bridges’s results were particularly strik-
ing because chromosomal abnormalities had been rarely observed in 
Drosophila. Nevertheless, Bridges first predicted how chromosomal 
abnormalities would cause certain unexpected phenotypes, and then 
he actually observed the abnormal number of chromosomes using a 
microscope. Together, his work provided evidence confirming the idea 
that traits that follow an X-linked pattern of inheritance are governed 
by genes physically located on the X chromosome.

Conceptual Questions
C1. The process of binary fission begins with a single mother cell and 

ends with two daughter cells. Would you expect the mother and 
daughter cells to be genetically identical? Explain why or why not.

C2. What is a homolog? With regard to genes and alleles, how are 
homologs similar to and different from each other?

C3. What is a sister chromatid? Are sister chromatids genetically simi-
lar or identical? Explain.

C4. With regard to sister chromatids, which phase of mitosis is the 
organization phase, and which is the separation phase?

C5. A species is diploid containing three chromosomes per set. Draw 
what the chromosomes would look like in the G1 and G2 phases of 
the cell cycle.

C6. How does the attachment of kinetochore microtubules to the 
kinetochore differ in metaphase of meiosis I from metaphase of 
mitosis? Discuss what you think would happen if a sister chroma-
tid was not attached to a kinetochore microtubule.

C7. For the following events, specify whether they occur during mito-
sis, meiosis I, or meiosis II:

 A. Separation of conjoined chromatids within a pair of sister 
chromatids

 B. Pairing of homologous chromosomes
 C. Alignment of chromatids along the metaphase plate
 D. Attachment of sister chromatids to both poles
C8. Describe the key events during meiosis that result in a 50% reduc-

tion in the amount of genetic material per cell.
C9. A cell is diploid and contains three chromosomes per set. Draw 

the arrangement of chromosomes during metaphase of mitosis and 
metaphase of meiosis I and II. In your drawing, make one set dark 
and the other lighter.

C10 . The arrangement of homologs during metaphase of meiosis I is a 
random process. In your own words, explain what this means.

C11. A eukaryotic cell is diploid containing 10 chromosomes (5 in each 
set). For mitosis and meiosis, how many daughter cells would be 
produced, and how many chromosomes would each one contain?

C12. If a diploid cell contains six chromosomes (i.e., three per set), how 
many possible random arrangements of homologs could occur 
during metaphase of meiosis I?

C13. A cell has four pairs of chromosomes. Assuming that crossing 
over does not occur, what is the probability that a gamete will 
contain all of the paternal chromosomes? If n equals the number 
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of chromosomes in a set, which of the following expressions can 
be used to calculate the probability that a gamete will receive all of 
the paternal chromosomes: (1/2)n, (1/2)n-1, or n1/2?

C14. With regard to question C13, how would the phenomenon of 
crossing over affect the results? In other words, would the proba-
bility of a gamete inheriting only paternal chromosomes be higher 
or lower? Explain your answer.

C15. Eukaryotic cells must sort their chromosomes during mitosis so that 
each daughter cell receives the correct number of chromosomes. 
Why don’t bacteria need to sort their chromosomes?

C16. Why is it necessary that the chromosomes condense during mito-
sis and meiosis? What do you think might happen if the chromo-
somes were not condensed?

C17. Nine-banded armadillos almost always give birth to four offspring 
that are genetically identical quadruplets. Explain how you think 
this happens.

C18. A diploid species contains four chromosomes per set for a total of 
eight chromosomes in its somatic cells. Draw the cell as it would 
look in late prophase of meiosis II and prophase of mitosis. Dis-
cuss how prophase of meiosis II and prophase of mitosis differ 
from each other, and explain how the difference originates.

C19. Explain why the products of meiosis may not be genetically identi-
cal whereas the products of mitosis are.

C20. The period between meiosis I and meiosis II is called 
interphase II. Does DNA replication take place during 
interphase II? Explain your answer.

C21. List several ways in which telophase appears to be the reverse of 
prophase and prometaphase.

C22. Corn has 10 chromosomes per set, and the sporophyte of the 
species is diploid. If you performed a karyotype, what is the total 
number of chromosomes you would expect to see in the following 
types of cells?

 A. A leaf cell
 B. The sperm nucleus of a pollen grain
 C. An endosperm cell after fertilization
 D. A root cell
C23. The arctic fox has 50 chromosomes (25 per set), and the common 

red fox has 38 chromosomes (19 per set). These species can inter-
breed to produce viable but infertile offspring. How many chromo-
somes would the offspring have? What problems do you think may 
occur during meiosis that would explain the offspring’s infertility?

C24. Let’s suppose that a gene affecting pigmentation is found on the X 
chromosome (in mammals or insects) or the Z chromosome (in 
birds) but not on the Y or W chromosome. It is found on an auto-
some in bees. This gene is found in two alleles, D (dark), which 
is dominant to d (light). What would be the phenotypic results of 

crosses between a true-breeding dark female and true-breeding 
light male, and the reciprocal crosses involving a true-breeding 
light female and true-breeding dark male, in the following species? 
Refer back to Figure 3.18 for the mechanism of sex determination 
in these species.

 A. Birds
 B. Drosophila
 C. Bees
 D. Humans
C25. Describe the cellular differences between male and female gametes.
C26. At puberty, the testes contain a finite number of cells and produce 

an enormous number of sperm cells during the life span of a male. 
Explain why testes do not run out of spermatogonial cells.

C27. Describe the timing of meiosis I and II during human oogenesis.
C28. Three genes (A, B, and C) are found on three different chromo-

somes. For the following diploid genotypes, describe all of the pos-
sible gamete combinations.

 A. Aa Bb Cc
 B. AA Bb CC
 C. Aa BB Cc
 D. Aa bb cc
C29. A phenotypically normal woman with an abnormally long chromo-

some 13 (and a normal homolog of chromosome 13) marries a phe-
notypically normal man with an abnormally short chromosome 11 
(and a normal homolog of chromosome 11). What is the probability 
of producing an offspring that will have both a long chromosome 
13 and a short chromosome 11? If such a child is produced, what is 
the probability that this child would eventually pass both abnormal 
chromosomes to one of his or her offspring?

C30. Assuming that such a fly would be viable, what would be the sex of 
a fruit fly with the following chromosomal composition?

 A. One X chromosome and two sets of autosomes
 B. Two X chromosomes, one Y chromosome, and two sets of 

autosomes
 C. Two X chromosomes and four sets of autosomes
 D. Four X chromosomes, two Y chromosomes, and four sets of 

autosomes
C31. What would be the sex of a human with the following numbers of 

sex chromosomes?
 A. XXX
 B. X (also described as X0)
 C. XYY
 D. XXY

Experimental Questions
E1.  When studying living cells in a laboratory, researchers sometimes 

use drugs as a way to make cells remain at a particular stage of 
the cell cycle. For example, aphidicolin inhibits DNA synthesis 
in eukaryotic cells and causes them to remain in the G1 phase 
because they cannot replicate their DNA. In what phase of the cell 
cycle—G1, S, G2, prophase, metaphase, anaphase, or telophase—
would you expect somatic cells to stay if the following types of 
drug were added?

 A. A drug that inhibits microtubule formation
 B. A drug that allows microtubules to form but prevents them 

from shortening
 C. A drug that inhibits cytokinesis
 D. A drug that prevents chromosomal condensation
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E2.  In Morgan’s experiments, which result do you think is the most 
convincing piece of evidence pointing to X-linkage of the eye color 
gene? Explain your answer.

E3.  In his original studies of Figure 3.19, Morgan first suggested that the 
original white-eyed male had two copies of the white-eye allele. In 
this problem, let’s assume that he meant the fly was XwYw instead 
of XwY. Are his data in Figure 3.19 consistent with this hypothesis? 
What crosses would need to be made to rule out the possibility that 
the Y chromosome carries a copy of the eye color gene?

E4.  How would you set up crosses to determine if a gene was Y linked 
versus X linked?

E5.  Occasionally during meiosis, a mistake can happen whereby a 
gamete may receive zero or two sex chromosomes rather than one. 
Calvin Bridges made a cross between white-eyed female flies and 
red-eyed male flies. As you would expect, most of the offspring 
were red-eyed females and white-eyed males. On rare occasions, 
however, he found a white-eyed female or a red-eyed male. These 
rare flies were not due to new gene mutations but instead were due 
to mistakes during meiosis in the parent flies. Consider the mecha-
nism of sex determination in fruit flies and propose how this could 
happen. In your answer, describe the sex chromosome composi-
tion of these rare flies.

E6.  Let’s suppose that you have karyotyped a female fruit fly with red 
eyes and found that it has three X chromosomes instead of the 
normal two. Although you do not know its parents, you do know 
that this fly came from a mixed culture of flies in which some had 
red eyes, some had white eyes, and some had eosin eyes. Eosin is 
an allele of the same gene that has white and red alleles. Eosin is a 
pale orange color. The red allele is dominant and the white allele is 
recessive. The expression of the eosin allele, however, depends on 
the number of copies of the allele. When females have two copies 
of this allele, they have eosin eyes. When females are heterozygous 
for the eosin allele and white allele, they have light-eosin eyes. 
When females are heterozygous for the red allele and the eosin 
allele, they have red eyes. Males that have a single copy of eosin 
allele have light-eosin eyes.

  You cross this female with a white-eyed male and count the number 
of offspring. You may assume that this unusual female makes half 
of its gametes with one X chromosome and half of its gametes with 
two X chromosomes. The following results were obtained:

   Females* Males

 Red eyes 50 11
 White eyes  0  0
 Eosin 20  0
 Light-eosin 21 20
 *A female offspring can be XXX, XX, or XXY.
  Explain the 3:1 ratio between female and male offspring. What was 

the genotype of the original mother, which had red eyes and three 
X chromosomes? Construct a Punnett square that is consistent 
with these data.

E7.  With regard to thickness and length, what do you think the chro-
mosomes would look like if you microscopically examined them 
during interphase? How would that compare with their appearance 
during metaphase?

E8.  White-eyed flies have a lower survival rate than red-eyed flies. 
Based on the data in Figure 3.19, what percentage of white-eyed 
flies survived compared with red-eyed flies, assuming 100% sur-
vival of red-eyed flies?

E9.  A rare form of dwarfism that also included hearing loss was found 
to run in a particular family. It is inherited in a dominant manner. 
It was discovered that an affected individual had one normal copy 
of chromosome 15 and one abnormal copy of chromosome 15 that 
was unusually long. How would you determine if the unusually 
long chromosome 15 was causing this disorder?

E10. Discuss why crosses (i.e., the experiments of Mendel) and the 
microscopic observations of chromosomes during mitosis and 
meiosis were both needed to deduce the chromosome theory of 
inheritance.

E11. A cross was made between female flies with white eyes and min-
iature wings (both X-linked recessive traits) to male flies with red 
eyes and normal wings. On rare occasions, female offspring were 
produced with white eyes. If we assume these females are due to 
errors in meiosis, what would be the most likely chromosomal 
composition of such flies? What would be their wing shape?

E12. Experimentally, how do you think researchers were able to deter-
mine that the Y chromosome causes maleness in mammals, 
whereas the ratio of X chromosomes to the sets of autosomes 
causes sex determination in fruit flies?

Questions for Student Discussion/Collaboration
 1. In Figure 3.19, Morgan obtained a white-eyed male fly in a 

population containing many red-eyed flies that he thought were 
true-breeding. As mentioned in the experiment, he crossed this 
fly with several red-eyed sisters, and all the offspring had red eyes. 
But actually this is not quite true. Morgan observed 1237 red-eyed 
flies and 3 white-eyed males. Provide two or more explanations 
why he obtained 3 white-eyed males in the F1 generation.

 2. A diploid eukaryotic cell has 10 chromosomes (5 per set). As a 
group, take turns having one student draw the cell as it would look 

during a phase of mitosis, meiosis I, or meiosis II; then have the 
other students guess which phase it is.

 3. Discuss the principles of the chromosome theory of inheritance. 
Which principles were deduced via light microscopy, and which 
were deduced from crosses? What modern techniques could be 
used to support the chromosome theory of inheritance?

Note: All answers appear at the website for this textbook; the answers to 
even-numbered questions are in the back of the textbook.

www.mhhe.com/brookergenetics4e
Visit the website for practice tests, answer keys, and other learning aids for this chapter. Enhance your understanding of genetics with our interactive 
exercises, quizzes, animations, and much more.

bro25286_c03_044_070.indd   70bro25286_c03_044_070.indd   70 12/8/10   2:25 PM12/8/10   2:25 PM

www.mhhe.com/brookergenetics4e

