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Chapter 1

Part 1: Simple Nomenclature

chromosome chromosome
Figure 1-1
Two chromosomes with the same gene
allele 1 A a  allele 2 but different alleles, A and a.
l (Image used with permission of www.

genome.gov provided it includes the link
http://xoax.net/me

diaGallery/Allele-dat-342)

J,‘IL II
i 1l

Homozygous AA Heterozygous Aa Homozygous aa

INTRODUCTION

lassical genetics requires higher-level thinking and an organized strategy. You have probably encountered

symbols in high school genetics and perhaps in previous chapters assigned to you in this course. Chapter 13
points out that a position on a chromosome is a gene locus, which simply means the location at which a gene is
found. At that position, the gene could be one of several variants that we call alleles. The set of alleles comprise an
organism’s genotype, which might affect the organism’s phenotype through the action of the genotype.

When you are solving genetics problems you have to keep track of different alleles of one or more genes. This
can become confusing, so understanding how a gene works, how alleles vary, how they are expressed, and the
influence they have on phenotype is important. A consistent nomenclature system - a set of rules dictating how
you name alleles - becomes immensely helpful. Online Open Genetics has an activity that demonstrates why a
good nomenclature system is helpful. The icon to the right indicates an online module.

A  WHY USE NOMENCLATURE? O‘ ?z'

Word and practical problems in biology can get confusing in a hurry, particularly if
you're distracted by something like exam stress! When you are manipulating several
ideas, it is good practice to be thoughtful and follow rules that keep you consistent in your interpretation. As an
instructor, I have seen work in which the student clearly got flustered and forgot that the mutation he or she was
working on was dominant. This often leads to an answer that is inconsistent with the data.

http://tinyurl.com/oog-name

There are a few simple rules we can use for nomenclature. Essentially, we use capital letters to indicate an allele
that, in a heterozygote, expresses the proteins from that particular allele. This first appendix uses a simplified sys-
tem to communicate allele characteristics. The next appendix will show a more complicated system that carries
even more information in the gene symbols.


http://www.genome.gov
http://www.genome.gov
http://xoax.net/mediaGallery/Allele
http://xoax.net/mediaGallery/Allele
http://tinyurl.com/oog

B THE BIOCHEMISTRY OF GENE
BEHAVIOUR

B.1 THE MECHANICS OF GENE EXPRESSION

The biochemical action of gene expression is in
Chapter 3. We often think of genes as “made of DNA”
and they reside in the nucleus and endosymbiotic or-
ganelles of eukaryotes or the nucleoid region of pro-
karyotes. They are transcribed into an RNA message by
RNA polymerase then interpreted by ribosomes that as-
semble particular amino acids into a polypeptide strand
(also known as a protein) based on the sequence of nu-
cleotides. In a cell, proteins can act as enzymes, struc-
tural features, pigments, and a host of other functions,
including regulating the expression of other genes. This
expression of genes leads to how an organism looks - its
phenotype.

Chapter 2 points out that organisms usually fall into
the classes of being diploid or haploid. Humans and eu-
karyotic genetic systems usually assume the organism
is diploid, which means that most chromosomes are
represented as pairs. Each pair has homologous loci:
the term homologous means “the same information”
and refers to the gene at each locus. Note that although
the loci, or genes, are the same, the alleles that comprise
them may be different!

B.2 DOMINANT AND RECESSIVE;

HOMOZYGOUS, HETEROZYGOUS, AND
HEMIZYGOUS

Alleles themselves do not directly exert an effect
on the phenotype of an organism. You will recall that
genes are instructions, often for proteins. It is the ef-
fect of the protein that causes an organism to take on
particular traits. In this chapter we will look at how to
design symbols appropriate to communicate the char-
acteristics of alleles you want to investigate, but keep in

AA Aa

Figure 1-2
Relationship between genotype and phenotype for an

allele that is completely dominant to another allele.
(Original-M. Deyholos -CC:AN)

ada

mind that the allele instructs what kind of protein to
make. If an organism is diploid and homozygous for an
allele (Figure 1-2, left and right), the gene at the same
position of the homologous chromosomes is the same
allele. Only one type of protein is made. If an organism
is diploid and heterozygous (Figure 1-2, middle), and
the protein from one allele influences the phenotype
more than the protein from the other allele, we use the
terms dominant and recessive, respectively. Note that
we don't use the terms homozygous or heterozygous in
haploid organisms. If they are haploid, their phenotype
will reflect the genotype of the only allele present. The
proper term for their genotype is hemizygous to reflect
only one copy of each gene.

A mutation is a change in nucleotide sequence.
Chapter 11 goes into more detail of what this means.
What’s important now is that you understand that the
amino acids of a protein can be different if we compare
different alleles of a gene and they may behave different-
ly - often one protein will “work better” than the other.
If the promoter of a “functional” allele of a gene is dam-
aged, the allele that is created might not even create an
mRNA so no protein will be encoded by that allele. This
is called an amorphic or “null” mutant (See Chapter 2).

If one copy of an allele makes enough protein to com-
pensate for the absence of protein from the other allele
in a heterozygote, it will influence the phenotype. If this
phenotype looks identical to that of an organism homo-
zygous for the “functional” allele, we consider the “func-
tional” allele to be dominant to the “null> We could
also say the “null” is recessive to the “functional” allele.

Keep in mind that the alleles them-

selves aren’t doing anything, but it’s

common practice to label the alleles OO.

as dominant or recessive, although

in reality we are talkmghttp://tinyurl.com/oog-biochem
about the expression of
those alleles.

Why this is important is how the proteins from two
alleles interact. If both proteins are identical (from a
homozygous genotype) the phenotype that results will
be that of the action of one “type” of protein, even if
though there are two copies of the gene - they are both
the same allele. There’s no real interaction because the
proteins do the same thing. Its in heterozygotes that
we can see whether a particular allele is dominant over
another or otherwise influences the phenotype in an in-
teresting way.

Here’s another point about the “normal” allele: it was
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honed by natural selection over a long period of time.
Genes are instructions for the protein tools of an organ-
ism’s cells. For this reason we often call the “normal”
allele of a gene the “wild type” allele. This would be the
allele most common in the wild, presumably because it
provides a benefit to the organism. Thus, most muta-
tions are likely to reduce the effectiveness of the wild
type allele, although the process of evolution allows
(and, in fact, requires) an occasional beneficial allele to
permeate a population if it provides a selective advan-
tage.

B.3 THERE ARE MANY KINDS OF ALLELES FOR A
GENE

Keep also in mind that a gene can be mutated in dif-
ferent parts of its sequence to create different alleles. A
diploid organism can have a maximum of two alleles
(aside from gene duplication or abnormal chromosome
structure, but ignore that for now). In a population,
though, there can be many, many different alleles. Per-
haps allele one decreases protein function and allele 2
is even less effective. This describes an allelic series as
follows: wild-type > allele 1 > allele 2 > any null allele.
Wild-type alleles in this case encode the most effective
protein. Null alleles represent catastrophic mutations
that eliminate transcription or produces proteins that
can’t function at all. See section 3.2 on page 4 below for
another example of an allelic series.

B.4 GENDER AND GENE INTERACTIONS

Finally, here are a couple points about other interac-
tions before we move on to gene symbols. Some organ-
isms have a pair of sex chromosomes that dictate gen-
der (see Chapter 4). We'll ignore how we indicate this as
a symbol for now; the second part of this chapter will
show a trick to indicate this.

Incomplete dominance, codominance, and epistasis
are not accommodated in any of the nomenclature sys-
tems we present.

C BASIC NOMENCLATURE

C.1 SINGLE LETTER SYSTEM

Sometimes what you want to do is a little rough work
for investigating your genetic model. A genetic model
is a diagram of the logic that you propose for inheri-
tance. For instance, if you cross a true-breeding purple
plant with a true-breeding white plant (e.g. see Figure
1-2 on page 8; cross the outer two plants) you will
get a heterozygote (the middle plant in Figure 1-2 on

page 8, also shown at left). If we name the gene after
the recessive trait (a is the first letter in albino), we know
that the heterozygote will have one capital letter “A” and
a lower case “a”. The heterozygote is the F, generation
(“first filial”, which means it’s the first child from parents
that are crossed). The F, is purple, which means the
“a” allele is recessive; only one copy of the “A” allele is
needed for enough purple pigment to make it identical
to one true-breeding parent. This is complete domi-

nance.

We can’t know from the information given which al-
lele is wild type or mutant. One hypothesis, though, is
that purple pigments are required to attract pollinators
and therefore would help the plant in the wild. Albi-
no plants could be a mutant and might not generate as
many seeds for lack of pollinators. If the context of your
genetics problem doesn't indicate which allele is wild-
type, it’s good practice to name your allele based on the
recessive trait. Often the recessive allele is the mutation.
We might consider that the “a” allele is null and makes
no pigment at all. One or two “A” alleles make enough
protein to cause the plant to be purple.

Figure 1-2 on page 8 already assumes that the cap-
ital letter (A) stands for an allele that encodes a protein
for purple pigment and the recessive allele (a) doesn’t
make pigment. Thus the Aa heterozygote is sufficient
evidence to adopt upper- and lower-case letter “A”s to
communicate the characteristics of purple and white al-
leles.

A note of caution: When you're writing down gene
symbols for homework or on an exam, be sure to make
the characters distinct. A typewritten “y” is easy to dis-
tinguish from the upper case “Y” but not as easy when
writing it down. Instructors who ask you to show your
work need to be able to follow your logic train. More
important than that is YOU have to be able to follow
your own reasoning. Students often switch symbols
and come up with an answer that is inconsistent with
the data given because of this. Consider underlining
your capitals or putting a line through one of them to
make it distinct (e.g. ¥ for the dominant allele; y for the
recessive).

C.2 NAME THE GENE AFTER THE MUTANT

PHENOTYPE

Some instructors would accept “P” for “purple” for
the previous cross. However, the better answer is to fol-
low an established system. During “exam fog’, it’s easy
to get lost if you are inconsistent with how you devel-
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op your symbols. During your study period and when
youre practicing genetics problems, be thoughtful
about the gene names you choose.

Let’s always choose a letter based on the mutant phe-
notype for our gene symbol. If we are presented with a
ladybug mutant that is small, we might choose “d” for
“dwarf’. Geneticists sometimes set up a research pro-
gram based on unusual phenotypes of the organism
they are studying. The fact that a mutant phenotype
that is heritable exists tells us that there is a genetic con-
trol for the trait and that it might be isolated in the lab.
When you look at your classmates, you don’t necessarily
note that none of them has an arm growing from the
tops of their heads. If one student had this trait, how-
ever, you couldn’t help but notice it. If you found out
it showed up in that student’s ancestry in a predictable
fashion, you might reasonably suggest that there is a ge-
netic basis for that. If it happened to be controlled by a
single gene, you might call the gene “extra arm” or “arm
head”. 1f it happened to be a dominant trait, you might
use the letter “X” (for “Xtra”) or “A” (for “Arm") for the
mutant allele. The wild type allele would be “x” or “a’,
respectively.

C.3 IF YOU DON’T KNOW WHICH IS MUTANT, USE

THE RECESSIVE TRAIT FOR THE GENE NAME

What if you don’t know which allele is mutant? What
if youre presented with two true-breeding frogs: one
that is gold and one that is yellow. If you don't know
what the predominant colour in nature is you can’t
know which one is mutant. If you crossed them and
all the progeny are gold, then you know the dominant
allele encodes a protein to make it gold. The recessive,
therefore, is “yellow” and you should name the gene “y”
after the recessive phenotype. This means the dominant
allele would be “Y”. Your offspring would therefore be
Yy and the gold parent would be YY. The yellow parent

would be yy.
Apply these ideas at the Online Open Genetics exer-

.;Different alleles
Cell Nucleus P
—_— —_— —
N \ a a
Homologous
bene locus Chromosomes
Figure 1-3

A diagram of how chromosomes, loci and alleles look in the cell, and how we depict
them in written form. Note that only one gene is represented in this figure and chromo-
somes have not replicated. (Original-J.Locke- CC BY-NC 3.0)

10

cises.

D LINKED GENES

Mendel was lucky. He
studied a variety of traits
in pea plants and his data
were consistent with his
idea of traits being encoded by pairs of discrete herita-
ble units. He didn’t call these “genes” and had no idea
about their chromosomal origins or chemical makeup.
It turns out that the genes he studied were either on
different chromosomes and so assorted independently
(See Chapter 9), or so far apart on the same chromo-
some that linkage could not be detected (See Chapter
10).

OO

http://tinyurl.com/oog-basic
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Ala; B/b Ac/aC

Figure 1-4

Three gene arrangements for cells of genotype AaBb.
Chromosomes are replicated (shown with sister chroma-
tids). a) demonstrates unlinked genes: A/a; B/b. Linked
genes are shown in b) coupling AC/ac and c) repulsion
Ac/aC. (Modified by T. Nickle from an original by J.Locke-
CC BY-NC 3.0

Symbols for a gene can be drawn on a page to com-
municate their position on a chromosome (Figure 1-3).
To do this, we use a forward slash (/) to demonstrate
what is on each chromosome. Figure 1-4 shows how
we might conceptualize the position of a gene on two
chromosomes by collapsing the chromosomes into a
single line.

There’s no question about where the gene is located
when only one trait is under investigation: it will be
at the same position on each
homolog. Two genes, however,
can be one of three possibilities
(Figure 1-4). Each possibility
has implications for gene map-
ping and predicting ratios from
a dihybrid cross. Figure 1-4
shows the positions of genes for
an unlinked situation as well as
linked genes in coupling and

_ A

= = A/a
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repulsion configurations. If genes are unlinked, put the
allele symbols for one gene on either side of one slash
followed by a semicolon (indicating that it’s unlinked)
and the other gene with the alleles separated by a sec-
ond slash (A/a; B/b). When genes are linked, only one
slash is used: remember, the slash stands for a pair of
homologous chromosomes. Genes in coupling would
have the dominant genes together on one side of the
slash and recessives on the other side (AB/ab). Repul-
sion would represent the other arrangement (Ab/aB).

Practice your skills with identifying linked and
unlinked genes online.

Some examples of different

forms of gene symbols are shown in Table 1-2 on page
14. Keep in mind that sometimes you have flexibility
in which system of nomenclature you use, but some-
times it is dictated to you, for example in publications
or other formal submissions. You are discouraged from
inventing your own system or mixing up different sys-
tems because it will confuse your readers (or graders!).

A more advanced system of nomenclature is outlined
in the next section. New rules are introduced to help
you identify sex linked genes and predict phenotypes

from gene symbols alone.
OO0G

http://tinyurl.com/oog-linked

Part 2: Advanced
Nomenclature

Figure 1-5

Wildtype and mutant “flies” of Sumino-
spauci combibo, an imaginary model
system. These will be used in this
chapter to show how to apply advanced
nomenclature.

(Image created by D. Bird based on
templates generously provided by The
Imaginarium. Used with permission)

In the first part of this chapter, you saw how several nomenclature systems can be used to communicate the
nature of the mutant allele such as the mutant phenotype and whether the mutant allele is dominant or reces-
sive to the wild-type. This appendix extends the toolbox of symbols by introducing a powerful system that will
help you practice thinking about genetics like a professional. It’s a strictly-defined method of naming alleles
and is designed for you to be able to look at a single gene symbol and determine its inheritance automatically.
We will call it the Sumnospauci combibo convention (Séo-me-no spéw-see, a hypothetical organism used for
genetics practice questions). We'll build up to this by working through extensions to the rules.

Many students find this formalized nomenclature scheme cumbersome at first. The rules are straightfor-
ward, but practice makes this system simple. I've had many students report that they hated the it at first, but
when using it they found it easier to track the alleles during complex problem solving.
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A  SUPERSCRIPTS

Sometimes a letter is used as the name of a gene, and
superscripts can modify it to indicate the different al-
leles (Figure 1-6). One common single letter code for
an allelic series is “I". Red blood cells can have their cell
membranes modified by sugar tags that give rise to our
blood type. One allele of I gives rise to blood type A and
is therefore called I*. An enzyme encoded by I* mod-
ifies sugars to create blood type B. A heterozygote I'I®
demonstrates both sugar tags because those alleles are
expressed — they are codominant. People with blood
type O only possess alleles for the I gene that don’t work
and are therefore recessive - they don’t modify the ex-
tracellular sugar tags. Because it is recessive, individu-
als are homozygous for i: they are ii.

Sometimes a superscript “plus sign” is used to denote
the wild type allele. One might use the symbol W* to
indicate a wild-type allele that promotes wing growth.
Note that the generic “wing” gene name isn't a best
practice — name the gene after the mutant phenotype!
A wingless mutant would be W.. You should never use

“+” and shift the case of the letter unless you are deal-
ing w1th a special case such as the codominance in the
blood type example above. The capital “I” letter indi-
cates it is dominant to “i”. The superscript A and B for
the codominant alleles indicate the dominant alleles are
different from each other.

Superscripts can be symbols, a single letter, or many
letters (a few examples are in Table 1-1). They modify
the gene name only in the superscripted symbols: the
regular-sized letters are identical between them (see
Table 1-1). This means that Abc* and abc would be dif-
ferent genes (i.e. not allelic); Abc* and Abc are alleles, as
are abc* and abc. Note that a superscript is not manda-
tory for all alleles of that gene. It's use depends on the
convention being used.

Alleles of bacterial genes are typically indicated with
a superscript + or -. For example, a bacterial allele that
creates an enzyme that makes methionine would be
met*, and a defective allele of that gene is met.

Table 1-1
Examples of genes using a superscript modifier.

e e

AA A8 BB ii
or IAi or IBi
Figure 1-6

Relationship between genotype and phenotype for three
alleles of the human ABO gene. The /* and /? alleles show
co-dominance. The /* allele is completely dominant to the
i allele. The [? allele is completely dominant to the J allele.
(Original-Deholos -CC:AN)

B THREE-LETTER SYMBOLS

It’s perfectly acceptable to use a single letter or even
two letters. Sometimes, though, multiple traits spelled
with the same first letter can get confusing. Using three
letters for a gene symbol can make it easier to remem-
ber what the letters stand for. In fact, for some model
systems those who study them adopt a defined nomen-
clature system. A plant often used for genetic stud-
ies, called Arabidopsis thaliana, has a three-letter code
(https://www.arabidopsis.org/portals/ nomen-
clature/namerule.jsp).

Just as we saw for the one-letter symbols, the dom-
inant allele has the first letter capitalized and the last
two letters are lower-case. Recessive alleles are all low-
er-case. With three letters, you can make gene names
that are easier to keep track of. For example, you might
see a fly with an extra set of wings. Instead of calling
it “w” for “wings” (which is a poor choice because it
doesnt represent the mutant phenotype), you can in-
stead call it “exw” for “extra wings”. Then, when you
see it, you can sound out the abbreviation and remem-
ber that it stands for the mutation. If the wild-type al-
lele for this is dominant, then you would write that one
“Exw”. 'The first letter indicates that it is the dominant
allele. What you can't tell just from these examples is

white®" or whifg®m

An allele of the white gene which has an “apricot” phenotype

Abc* Abc Two alleles for the Abc gene (wild-type and mutant, respectively). Note the mutant allele is dominant.
W W W Three alleles in a series for the w gene. The first is wild type; the second two are different mutant alleles.
bio"; bio” A wild-type allele of a biofin gene and its recessive counterpart. This is likely a bacterial gene due to the convention.
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that wild-type allele is dominant! Hint:
remember in the previous section that
the “+” superscript indicates the wild-
type allele.

00

http://tinyurl.com/oog-advanced

WHY USE THE SuMINOSPAUCI COMBIBO
SYSTEM?

In the first part of the chapter you saw different sys-
tems of expressing gene inheritance. ~ Some rules we
established were:

¢ Alleles are instructions for a protein. It is the
protein that determines the phenotype of a trait.

¢ Traditionally, we call an allele “dominant” or
“recessive’, but these terms actually refer to the
action of the protein the allele encodes. The alleles
are merely “instructions”.

¢ Symbols should be chosen based on the phenotype
of the mutant. If the mutant allele cannot be
identified, the symbol should reflect the recessive
phenotype.

¢ Symbols for “recessive” alleles are in lower case.

¢ Symbols for “dominant” alleles have a capitalized
first letter (if the symbol has more than one letter,
all remaining letters are lower case).

¢ Some mutant alleles act as recessive to wild-type,
and some mutant alleles act as dominant to their
wild-type counterpart.

¢ A “+” superscript indicates that an allele is wild-
type. If this style of nomenclature is chosen,
then all alleles are identical (including the type of
letter: e.g. a/a* reflect a recessive mutation and
the corresponding wild type in a heterozygous
individual; a/A* is incorrect).

We noted that if a mutant allele is recessive to the
wild-type, and the wild-type allele is dominant to the
mutant allele. Conversely, if the mutant allele is “dom-
inant’, the wild-type allele is “recessive”. When writing
these things out fully, the descriptions get complex; and
the more complex, the more likely you are to make a
mistake. Likewise, if youre writing out a description
and start talking about the mutant alleles and switch
to the wild-type allele later on, chances are good you’ll
confuse the reader - and likely yourself!

There is a simple solution: always name gene after the
mutant phenotype. If you can't tell which phenotype is
mutant, name the gene after the recessive. The mutant
allele will have a capitalized first letter if it's dominant.
If it is recessive, it will be all in lower case. Be sure to
italicize or underline the gene symbol. Once the mu-
tant allele is set, use exactly the same letters (including
the upper- or lower-case first letter) and put a super-

script “+” behind it.

The “+” means wild type. Always. But it also means
“not”. Bear with me.

If you see a gene symbol and you know it follows the
S. combibo convention, you can immediately know if it
is dominant or recessive. If you see wht as a gene sym-
bol, you know, without any extra information, that:

1. The mutant allele:

a) Isrecessive (because the symbol is in all lower
case)

b) Probably looks like something that wht would
describe (perhaps “white”?)
2. the wild type allele:
a) Has the symbol wht*

b) Is “not” mutant (because of the “+”, but it
should be obvious because we name the allele
after the mutation)

¢) Is “not” recessive (therefore it is dominant to
wht)

d) Is “not” white (or whatever wht stands for)

That’s a lot of information in just three letters! Note
that we can get the same information from the wild type
symbol alone. Consider Pnk*. It seems like it refers to
something that’s pink when it displays the mutant phe-
notype (but this allele is NOT the mutant; it has the “+”
so it is NOT pink). The capital “P” tells us the mutant
allele is dominant, and so the wild-type allele is NOT
dominant (it is recessive).

Finally, note that were using the term “gene name”.
The gene is named after the mutation. Whether it is wht
or wht*, the “gene name” is wht. For Pnk or Pnk®, the
gene name is Pnk. We use the superscript when it is re-
quired. Try to get into the habit of asking exactly what
the mutant symbol is trying to communicate.

C MORE POWER: X-LINKAGE CHANGES
THE GENE SYMBOL

So far we've dealt with symbols that involve autoso-
mal genes. In earlier courses, you might have encoun-
tered sex-linkage (also known as X-linkage, because
most of these genes are on the X chromosome). More
information about sex-linked genes is in the next chap-
ter (Chapter 4).

Sex chromosomes, by definition, are represented
differently between males and females. In mammali-
an systems - the human system being most familiar to
you - females have two X-chromosomes and males have
one X- and one Y-chromosome. Be aware that this isn't
universal for all organisms!
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Because males in the X/Y system do not have ho-
mologous chromosomes, it's obvious when a gene is
X-linked: the male has only one allele compared to
having two alleles for his autosomes. But how would
you indicate that a female's genotype contains X-linked
genes? The system so far doesn't contain enough infor-
mation to illustrate this.

We'll conform to the three letter system but put these
letters as a superscript after a large"X" for X-linked
genes. Since there are very few Y-linked genes, the Y

chromosome is represented as just a "Y" with no super-
script. Wild type alleles will still have a "+" after the
three letters. For example, a male with an X-linked gene
for a wild-type gene encoding black eyes would be rep-
resented as X**/Y. A female heterozygous for this gene
would be Xb/X".

More examples are in Table 1-2.

Practice writing out genotypes and making gene
symbols at

Table 1-2

\-e
http://opengenetics.net. Oﬁj

http://tinyurl.com/oog-sex

Examples of symbols used to represent genes and alleles.

Examples Interpretation
Aand a Uppercase letters represent dominant alleles and lowercase letters indicate recessive alleles. Mendel invented
this system but it is not commonly used in publications because not all alleles show complete dominance and
many genes have more than two alleles. It's quick and easy for you to use when working out genetics
problems when you are sure each gene involves only two alleles.
g and a Superscripts are used to indicate alleles. For wild type alleles the symbal is a superscript +. The mutant allele

of gene a would be recessive.

met” and met

This is typical of a prokaryote gene symbel. It could be referring to wild-type (functional) and mutant
{nonfunctional) alleles of a gene that makes a protein in the methionine synthesis pathway.

AA or A/A

Sometimes a forward slash is used to indicate that the two symbols are alleles of the same gene, but on
homologous chromosomes. Both representations in this row are identical: it represents a homozygous
dominant.

AalAa or Aasaa

Note that this example shows two alleles of the gene Aa. We know that the gene symbol is two letters because
the slash separates the allele found on each of the homologous chromosomes. We cannot tell if the mutant
phenotype is recessive because there’s no indication which is wild type.

Grm* shr/Grn shr

The three-letter system is used here. "Grn” might mean that the phenotype is "green”, but we can’t be sure.
What we do know is that the mutant allele codes for a protein leading to a dominant phenotype. The wild-type
allele must be recessive to the mutant allele. Maybe "shr® means “shrunken” or “short”, but we know that the
mutant phenotype can only be seen in the homozygous recessive configuration. The phenotype for this
organism is mutant for bath Grn and shr traits. Final note: the genes are on the same chromosome based on
the position of the slash.

bob*/bob,; mia‘mia

This also uses the three-letter system. The organism is heterozygous for bob but shows the wild-type trait in its
phenotype. It is homozygous recessive for mia and therefore shows that mutant phenotype. The genes are
unlinked.

SUMMARY:

¢ Symbols are used to denote the alleles, or genotype, of a locus.

¢ Phenotype depends on the alleles that are present, their dominance relationships, and sometimes also
interactions with the environment and other factors.

¢ Inadiploid organism, the alleles can be homozygous, heterozygous or hemizygous.

¢ Allelic interactions at a locus can be described as dominant vs. recessive, incompletely dominant, or co-

dominant.

¢ Two different genes can be on the same chromosome (linked) or on different ones (unlinked)

¢ Steps:

« Can you identify the mutant? Name the gene after its phenotype

« If you cannot tell which allele is mutant, name the gene after the recessive allele

« Capitalize the first letter for the dominant allele; use lower-case for the recessive allele

o If genes are linked, write the gene symbols together on each side of the slash. If genes are unlinked, they
appear on different sides of a semicolon

14
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Chapter 2

Alleles at a Single Locus

INTRODUCTION

Figure 2-1

A flower called Camellia showing
co-dominance of the red and white al-
leles of flower colour.

(Flickr- darwin cruz-CC BY 2.0)

mutation is any change in the nucleic acid code for an organism. If the change of “letter” does not alter a gene

in a fashion of changing a characteristic, it is called a silent mutation. However, sometimes the change alters a
trait. These variations in traits first lead Gregor Mendel to formulate his theories of inheritance. More background
about this is available in the prerequisite reading and Chapter 1.

A TERMINOLOGY

A specific position along a chromosome is called a
locus. Because each gene occupies a specific locus along
a chromosome, the terms locus and gene are often used
interchangeably. However, the term “gene” is a much
more general term, while “locus” usually is limited to
defining the position along a chromosome. Each locus
will have an allelic form (allele); a specific DNA se-
quence. In a population of individuals there will be se-
quence variation so there will be different alleles. Some
may be defined as wild type, some as variants, others as
mutant.

The complete set of alleles at all loci in an individu-
al is its genotype. Typically, when writing out a geno-
type, only the alleles at the locus (or loci) of interest are

considered and written down - all the others are still
present and assumed to be wild type. So, typically only
the alleles at the few mutant loci appear in the written
genotype. All the many, many others that are wild type
are not.

The visible or detectable effect of alleles on the struc-
ture or function of that individual is called its pheno-
type — what it looks like. The phenotype studied in any
particular genetic experiment may range from simple,
visible traits such as hair color, to more complex pheno-
types including disease susceptibility or behavior. If two
alleles are present in an individual, as is the case with
diploid organisms, then various interactions between
them may influence their expression in the phenotype.



B SOMATICVS. GERMLINE MUTATIONS

A mutation occurs in the DNA of a single cell. It can
be passed on to the cell’s direct descendents through
mitosis, and it also may be passed on to the organism’s
descendants in the process of meiosis. In single-cell or-
ganisms a mutation is passed on directly to its descen-
dants. In multicellular organisms, there is a partitioning
into somatic cells and germline cells that occurs very
early in development of animals. In plants, this separa-
tion occurs later, in the cells that form the flower.

B.1 SOMATIC MUTATIONS

Somatic cells form the tissues of the organism and are
not passed on in reproduction. Any mutations in so-
matic cells will only affect the individual in which they
occur, not its progeny. If mutations occur in somatic
cells, its mutant descendants will exist along side other
non-mutant (wild type) cells. If the mutation occurs at
a very early stage of development the impact of the mu-

tation will involve
more cells. This gives
_rise to an individual
-~ composed of two or
= more types of cells
" that differ in their ge-
. netic  composition.
' Such an individual is
“Z'said to be a mosaic.
An example is shown
in Figure 3-2 and
cancer cells are anoth-
er example.
B.2 GERMLINE MUTATIONS

Germline cells are those that form the eggs or sperm
cells (ovum or pollen in plants), and are passed on to
form the next generation. Therefore, mutations in ger-
mline cells will be passed on to the next generation but
won't affect the individual in which they occur.

Figure 2-2
Patch of brown eye colour in a
green eye. (Wikipedia-Sheila.
lorquiana-CC BY-SA 3.0)

In animals, somatic cells are segregated from germ
line cells. In plants, somatic cells become germline cells;
so somatic mutations can become germline mutations.

B.3 HAPLOID VS. DIPLOID ORGANISM

In haploid organisms, there is only one copy of a gene
so a mutation will directly affect the organism’s pheno-
type. Therefore, one can infer the genotype of the or-
ganism just by looking at its phenotype. However, in
diploid organisms, there are two copies of each gene.
This can result in an interaction between two alleles of

a gene so that a mutation may not have a direct impact
on the organism’s phenotype. The mutated allele can
demonstrate complete dominance, incomplete domi-
nance, co-dominance, or it can be recessive. Therefore,
inferring one’s genotype based upon its phenotype is
not always simple in diploids.

C ALLELES: HETERO-, HOMO-,
HEMIZYGOSITY

Mendel’s First Law (segregation of alleles) is espe-
cially remarkable because he made his observations
and conclusions (1865) without knowing about the re-
lationships between genes, chromosomes, and DNA.
We now know the reason why more than one allele of
a gene can be present in an individual: most eukary-
otic organisms are diploid and have at least two sets of
homologous chromosomes. For organisms that are pre-
dominantly diploid, such as humans or Mendel’s peas,
chromosomes exist as pairs, with one homolog inher-
ited from each parent. Diploid cells therefore can con-
tain two different alleles of each gene, with one allele on
each member of a pair of homologous chromosomes. If
both alleles of a particular gene are the same (indistin-
guishable), the individual is said to be homozygous at
that gene or locus. On the other hand, if the alleles are
different from each other, the genotype is heterozygous.

In cases where there is only one copy of a gene pres-
ent, for example if there is a deletion of the locus on
the homologous chromosome, we use the term hemi-
zygous. Another example is the single X- and Y- chro-
mosomes in X/Y males in which almost all the loci on
those chromosomes are hemizygous. (The exception is
the pseudo-autosomal region which is an evolutionary
holdover before X/Y sex determination — see the chap-
ter on sex chromosomes.)

Although a single diploid individual can have at
most two different alleles of a particular gene, many
more alleles can exist in a population of individuals. In
a natural population the most common allelic form is
usually called the wild-type allele. However, in many
populations there can be multiple variants at the DNA
sequence level that are visibly indistinguishable as all
exhibit a normal, wild type appearance. There can also
be various mutant alleles (in wild populations and in lab
strains) that vary from wild type in their appearance,
each with a different change at the DNA sequence level.
The many different mutations (alleles) at the same locus
are called an allelic series for a locus.
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D PLEIOTROPY AND POLYGENIC
INHERITANCE

There is usually not a one-to-one correspondence be-
tween a gene and a physical characteristic. Often a gene
is responsible for several phenotypic traits and it is said
to be pleiotropic. For example, mutations in the vestigial
gene (vg) in Drosophila results in an easily visible short
wing phenotype. However, mutations in this gene also
affect the number of egg strings, position of the bristles
on scutellum, and lifespan in Drosophila. Therefore, vg
gene is said to be pleiotropic in that it affects many dif-
ferent phenotypic characteristics.

The opposite is also found. Single characteristics can
be affected by mutations in multiple, different genes.
This implies that many genes are needed to make each
characteristic. For example, if we return to the Dro-
sophila wing, there are dozens of genes that when mu-
tant alter the normal shape of the wing, not just the vg
locus. Thus there are many genes that are needed to
make a normal wing; the mutation of any one causes
an abnormal, mutant, phenotype. This type of arrange-
ment is called polygenic inheritance.

E COMPLETE DOMINANCE AND RECESSIVE

Let us return to an example of a simple phenotype:
flower color in Mendel’s peas. We have already said that
one allele as a homozygote produces purple flowers,
while the other allele as a homozygote produces white
flowers (Figure 2). But what about an individual that
has one purple allele and one white allele; what is the
phenotype of an individual whose genotype is hetero-
zygous? This can only be determined by experiment,
such as observation. We know from observation that
individuals heterozygous for the purple and white al-
leles of the flower color gene have purple flowers. Thus,
the allele associated with purple color is therefore said
to be dominant to the allele that produces the white
color. The white allele, whose phenotype is masked by
the purple allele in a heterozygote, is recessive to the
purple allele. The dominant/recessive character is a re-
lationship between proteins formed by each allele and
must be determined by observation of the heterozygote
phenotype.

Sometimes, to represent this relationship, a dominant
allele will be written as a capital letter (e.g. A) while a re-
cessive allele will be written in lower case (e.g. a). How-
ever, this is not the only system. Many different systems
of genetic symbols are in use. The most common are
shown in Table 3-1. Also note that genotypes (alleles)

are usually written in italics and chromosomes and pro-
teins are not. For example, the white gene in Drosophila
melanogaster on the X chromosome encodes a protein
called WHITE, which is a pigment precursor trans-
membrane transporter enzyme.

Table 2-1
Examples of symbols used to represent genes and
alleles.

Examples Interpretation

Uppercase letters represent dominant
alleles and lowercase letters indicate
recessive alleles. Mendel invented this
system but it is not commonly used
because not all alleles show complete
dominance and many genes have more
than two alleles.

Aanda

Superscripts or subscripts are used to
indicate alleles. For wild type alleles the
symbol is a superscript +.

a* and o’

Sometimes a forward slash is used to
indicate that the two symbols are alleles
of the same gene locus, but on
homologous chromosomes.

AA or
A/A

F INCOMPLETE DOMINANCE

Besides the complete dominant and recessive rela-
tionship, other relationships can exist between alleles.
In incomplete dominance (also called semi-dom-
inance), both alleles affect the trait additively, and
the phenotype of the heterozygote shows a typically
intermediate between the homozygotes, which is often
referred to as blended phenotype. For example, alleles
for color in carnation flowers (and many other species)
exhibit incomplete dominance. Plants with an allele for
red petals (A') and an allele for white petals (A*) have
pink petals. We say that the A" and the A? alleles show
incomplete dominance because neither allele is com-
pletely dominant over the other (Figure 3-3 on page
17).

G CODOMINANCE

Codominance is another type of allelic relationship

in which a het-
’

erozygous indi-
vidual expresses

AN AN
Figure 2-3

the phenotype
of both alleles
simultaneously
Relationship between genotype and
phenotype for incompletely dominant al-
is found within |gjes affecting petal colour in carnations.

(Figure 3-3).
the ABO blood (Original-Deyholos- CC BY-NC 3.0)

A%A?

An example of
codominance
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group of humans. The ABO gene has three common
alleles that were named (for historical reasons) I, I%,
and i. People homozygous for I* or I* display only A
or B type antigens, respectively, on the surface of their
blood cells, and therefore have either type A or type B
blood (Figure 3-4). Heterozygous I“I® individuals have
both A and B antigens on their cells, and so have type
AB blood. Note that the heterozygote expresses both
alleles simultaneously, and is not some kind of novel
intermediate between A and B. Codominance is there-
fore distinct from incomplete dominance, although
they are sometimes confused.

e

[ATA A8 1818
or IA or IB
Figure 2-4

Relationship between genotype and phenotype for three
alleles of the human ABO gene. The /* and /? alleles show
co-dominance. The IA allele is completely dominant to the i
allele. The /2 allele is completely dominant to the i allele.

(Original-Deyholos - CC BY-NC 3.0)

It is also important to note that the third allele, i,
does not make either antigen and thus is recessive to
the other alleles. I'/i or I*/i individuals display only
A or B antigens, respectively. People homozygous for
the i allele have type O blood.

This is a useful reminder that different types of
dominance relationships can exist, even for alleles
of the same gene. Many types of molecular markers,
which we will discuss in a later chapter, display a co-
dominant relationship among alleles. Another example
of co-dominance is shown in the first figure of this
chapter — flower colour in Camellia sp.

H BIOCHEMICAL BASIS OF DOMINANCE

Given that a heterozygote’s phenotype cannot simply
be predicted from the phenotype of homozygotes,
what does the type of dominance tell us about the bio-
chemical nature of the gene product? How does domi-
nance work at the biochemical level? There are several
different biochemical mechanisms that may make one
allele dominant to another.

For the majority of genes studied, the normal (i.e.
wild-type) alleles are haplosufficient. So in diploids,

even with a mutation that causes a complete loss of
function in one allele, the other allele, a wild-type al-
lele, will provide sufficient normal biochemical activity
to yield a wild type phenotype and thus be dominant
and dictate the heterozygote phenotype.

On the other hand, in some biochemical pathways,
a single wild-type allele is not enough protein and may
be haploinsufhicient to produce enough biochemical
activity to result in a normal phenotype, when hetero-
zygous with a non-functioning mutant allele. In this
case, the non-functional mutant allele will be domi-
nant (or semidominant) to a wild-type allele.

Mutant alleles may also encode products that have
new and/or different biochemical activities instead of,
or in addition to, the normal ones. These novel activi-
ties could cause a new phenotype that would be domi-
nantly expressed.

I MUTANT CLASSIFICATION
L1 MORPHOLOGICAL

Morphological mutations cause changes in the
visible form of the organism. An example could be a
change in size, shape, colour, number etc.

.2 LETHAL

A lethal mutation causes the premature death to an
organism. For example, in Drosophila lethal mutations
can result in the death during the embryonic, larval,
or pupal period of development. Lethal mutations are
usually recessive, so both copies of a gene have to be
lost for the premature death to occur (homozygous
lethal alleles will not be viable). Heterozygotes which
have one lethal allele and one wild type allele are typi-
cally viable..

.3 BIOCHEMICAL

Biochemical mutations produce auxotrophic mu-
tants from prototrophic parents. This type of mutation
blocks a step in a biochemical pathway as discussed for
the arg- mutants of Beadle and Tatum in the chapter
on biochemical pathways. Biochemical mutations are a
specific type of the conditional mutation class (next).

1.4 CONDITIONAL

This type of mutation relies on the concept of:
phenotype = genotype + environment + interaction.
Organisms with this kind of mutation express mutant
phenotype, but only under specific environmental
conditions. Under restrictive conditions, they express

18 MRU Open Genetics Chapter 2



the mutant phenotype while under permissive condi-
tions, they show a wild type phenotype. One example
of a conditional mutation is the temperature sensi-
tive pigmentation of Siamese cats. Siamese cats have
temperature sensitive fur colour; their fur appears
white (unpigmented) when grown in a normal, warm
temperature environment and appears black (pig-
mented) when under a cooler temperature, such as the
peripheral regions of the feet, snout, and ears (Figure
3-5). This is because in warm temperature, the enzyme
that is needed for melanin pigment synthesis becomes
nonfunctional. However, in cooler temperature, the
enzyme needed for melanin synthesis is functional and
the deposition of melanin makes the fur look dark.

Figure 2-5
Siamese cats have temperature sensitive pigmentation
due to genetic mutation.

(Wikimedia-Telekokopelli-CC BY-SA 3.0)
J MULLER’S MORPHS

Exposure of an organism to a mutagen causes
mutations in essentially random positions along the
chromosomes. Consequently, most of the mutant
phenotypes recovered from a genetic screen are caused
by loss-of-function mutations. These alleles are due to
random changes in the DNA sequence that cause it to
no longer produce the same level of active protein as
the wild-type allele (Figure 3-6). Loss-of-function al-
leles tend to be recessive because the wild-type allele is
haplosufficient. A loss-of-function allele that produces
no active protein is called an amorph, or null. On the
other hand, alleles with only a partial loss-of-function
are called hypomorphic. More rarely, a mutant allele
may have a gain-of-function, producing either more
of the active protein (hypermorph) or producing an
active protein with a new and different function (neo-
morph). Finally, antimorph alleles have an activity
that is dominant and opposite to the wild-type func-
tion; antimorphs are also known as dominant negative
mutations.

Thus, mutations (changes in a gene sequence) can
result in mutant alleles that no longer produce the
same level or type of active product as the wild-type
allele (Figure 3-6). Any mutant allele can be classified
into one of five types: (1) amorph, (2) hypomorph, (3)
hypermorph, (4) neomorph, and (5) antimorph.

(a) Wild type — normal function

.
. LIS -0 nie

10 3 10 %3 10 35 10 %°
——- —=- - ——
- - -, -
0% 0% o 0% &
homoz.}:gote wild’c}pe deletion duglicatiaﬁ
heterazygote with
Figure 2-6

"Normal" function of a gene. This is the situation to
which Muller's morphs are compared to explain their
mechanism of expression.

J.1 AMORPH

Amorphic alleles have a complete loss-of-function.
They make no active product - zero function. They
are known as a “Null” mutation or a “loss-of-function”
mutation (Figure 3-7).

(b) Amorph — null - loss of all function

0 o 0 = 0 = 0 =
—- —.— —_.— -
-m- —_- = ——.-
o * 10 %, 0 20*% =
homozygote wild ?;ﬂpe deletion dugl ic;atio.r:

heterozygote with
Figure 2-7
A mutant allele that produces no product or afunctional
product is considered an amorph.

(Original-Locke- CC BY-NC 3.0)

Molecular explanation - Changes in the DNA base
pair sequence of an amorphic allele may cause one or
more of the following:

(1) Gene deletion - The DNA sequence is removed
from the chromosome.

(2) Gene is present, but is not transcribed due to
gene regulation mutation, such as mutation in the pro-
moter or enhancer/regulatory elements.

(3) Gene is present but the transcript is not pro-
cessed properly. There is normal transcription but base
pair changes cause the mature mRNA to incorrectly
splice introns, therefore the translated amino acid se-
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quence would be altered and nonfunctional.

(4) Gene is present and a transcript is produced
but no translation occurs - changes in the base pair
sequences would preclude the mRNA from binding to
the ribosome for translation.

(5) Gene is present and a transcript is produced
and translated but a nonfunctional protein product
is produced - the mutation alters a key amino acid
in the polypeptide sequence producing a completely
non-functional polypeptide.

Genetic/phenotypic explanation - Amorphic muta-
tions of most genes usually act as recessive to wild type
(Figure 3-8). However, with some genes the amorphic
mutations are dominant to wild type (Table 2-2). For
the Minute gene, we concluded that the organism
needs both copies to have a wild type phenotype. Loss
of one copy (an amorphic mutation) produces a domi-
nant visible mutant phenotype. Deletion of the gene is
an example of classical amorphic mutation.

AA Aa aa

Figure 2-8

An amorph lacking the gene to produce pigment results in
an allele that is expressed as a recessive pattern.

Table 2-2
Phenotypes that arise from cases #1 and #2 in the text.

case #1: white gene in Drosophila

w’/w’ wildtype (red eyed phenotype)
w'/w wildtype (red eyed phenotype)
w/w mutant (white eyed phenotype)

case #2: Minute locus in Drosophila

M /M wildtype (long bristled phenotype)
M /M Mutant (short bristled phenotype)
M /M Phenotype = dead; recessive lethal

J.2  HYPOMORPH

Hypomorphic alleles are only a partial loss-of-func-
tion. These alleles are sometimes referred to as “leaky”
mutations, because they provide some function, but
not complete, normal function (Figure 3-9).

Molecular explanation - Changes in the DNA base
pair sequence of the hypomorphic allele may cause one
or more of the following, with gene still being present:

(c) Hypomorph - less than normal

3 3w 3 3w
-—m- —imi— -+ — — + —
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homozygote wild type deletion duplication

heterozygote with

Figure 2-9

A mutant allele that produces fewer proteins or proteins
that have lower effectivity than wild-type is considered a
hypomorph.

(Original-Locke- CC BY-NC 3.0)

(1) reduced transcription — changed DNA sequence
in the promoter or enhancer/regulatory elements can
reduce the level of transcription.

(2) aberrant processing of the transcript — normal
transcription but base pair changes cause the mature
mRNA to incorrectly splice introns, therefore the
translated protein sequence would be altered and func-
tion at a reduced level.

(3) reduced translation — changes in the base pair
sequences would reduce the efficiency of the mRNA
binding to the ribosome for translation.

(4) reduced-function protein product — normal
transcription, processing, and translation but mutation
changes certain amino acid in the polypeptide se-
quence so its function is reduced.

Genetic/phenotypic explanation - Hypomorphic
mutations of most genes usually act as recessive to wild
type, though hypomorphic mutations theoretically
could be dominant to wildtype.

Both amorphs and hypomorphs tend to be recessive
to wild type in diploids because the wild type allele is
usually able to supply sufficient product to produce a
wild type phenotype (called haplo-sufficient). If the
mutant allele is not able to produce a wild type pheno-
type, then it is haplo-insufficient, and it will be dom-
inant to the wild type allele. Here -/+ heterozygotes
produce a mutant phenotype.

While the first two classes involve a loss-of-function,
the next two involve a gain-of-function — quantity
or quality. Gain-of-function alleles are almost always
dominant to the wild type allele.
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J.3  HYPERMORPH

Hypermorphic alleles produce quantitatively more
of the same, active product (Figure 3-10).

Molecular explanation - Changes in the DNA base
pair sequence of the hypermorphic allele may cause
one or more of the following, with gene still being
present:

(1) increased transcription — changed DNA se-
quence in the promoter or enhancer/regulatory ele-
ments that increase the level of transcription.

(2) increased translation — changes in the base pair
sequences would increase the efficiency of the mRNA
binding to the ribosome for translation.

(3) increased function protein product — normal
transcription, processing, translation but base pair
changes alter certain amino acid in the polypeptide
sequence so its function is normal but increased in
amount.

(d) Hypermorph — more than normal

st e '.E'.:’ ::':o o le
15 ':-- 15 :-‘:u 15 ares 15 Sg2ee
—ank- —nk- —Ank— —ank-
- e .- amem
15 Jeo e 10 Je 0 20,5 3.
Y i see  aee
homozygote wild type deletion duplication
heterozygote with
Figure 2-10

A mutant allele that produces more proteins or proteins
that have increased effectivity than wild-type is considered
a hypermorph.

(Original-Locke- CC BY-NC 3.0)

Genetic/phenotypic explanation - Hypermorphic
mutations of most genes usually act as dominant to
wild type since they are a gain of function, The classic
hypermorph is a gene duplication.

J.4 NEOMORPH

Neomorphic alleles produce a product with a new,
different function, something that the wild type allele
doesn’t do (Figure 3-11).

(e) Neomorph — new, different function
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Figure 2-11

Neomorphic alleles encode proteins that have a function
very different from those from the wild-type allele.

(Original-Locke- CC BY-NC 3.0)

Molecular explanation - Changes in the nucleotide
sequence of the neomorphic allele may cause one or
more of the following (gene is still present):

(1) transcription — new DNA sequence in the regu-
latory elements alters transcription either temporally
or in a tissue specific manner.

(2) protein product with new function — normal
transcription, processing, translation, but encode a
different amino acid(s) so the protein acquires a new
function (e.g. additional substrate or new binding site).

Genetic/phenotypic explanation - Neomorphic
mutations of most genes usually act as a dominant to
wild type since they are a gain-of-function. The clas-
sical neomorphic mutation is usually a translocation
that moves a new regulatory element next to a gene
promoter so it is expressed in a new tissue or at a new
time during development. Such mutations are often
produced when chromosome breaks are rejoined and
the regulatory sequences of one gene are put adjacent
to the transcriptional unit of another, creating a novel,
chimeric gene.

J.5 ANTIMORPH

Antimorphic alleles are relatively rare, and have a
new activity that is dominant and opposes the wild-
type function. These alleles usually have lost their nor-
mal function and they interfere with the function from
the wild type allele (Figure 3-12). This can happen at
the transcriptional, translational, or later level of ex-
pression. Thus, when an antimorph allele is heterozy-
gous with wild type, the wild type allele function is re-
duced or prevented. While at the molecular level there
are many ways this can happen, the simplest model
to explain an antimorph effect is that the product acts
as a dimer (or any multimer) and the inclusion of one
mutant subunit poisons the whole complex, thereby
preventing it from functioning. Antimorphs are also
known as dominant negative mutations because they
are usually dominant and act negatively against the
wild type function.

(f) Antimorph — against normal function
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Figure 2-12

In an antimorph, the protein from the mutant allele binds
the wild-type protein, inactivating it.
(Original-Locke- CC BY-NC 3.0)
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J.6 IDENTIFYING MULLER’S MORPHS

alleles (zero function), (2) wild type alleles (normal
function), and (3) duplication alleles (double normal
function).

All mutations can be sorted into one of the five
morphs base on how they behave when heterozygous
with three other standard alleles (Figure 7): (1) null

SUMMARY:

¢ Symbols are used to denote the alleles, or genotype, of a locus. See Appendix 1 for rules about symbols.

¢ Phenotype depends on the alleles that are present, their dominance relationships, and sometimes also
interactions with the environment and other factors.

¢ In adiploid organism, the alleles can be homozygous, heterozygous or hemizygous.

¢ Somatic mutations affect the individual but not the progeny, whereas germline mutation affect the progeny in
the next generation but not the individual in which they occur.

¢ Allelic interactions at a locus can be described as dominant vs. recessive, incomplete dominance, or co-

dominance.
¢ Muller’s morphs classify all types of mutations including: amorph, hypomorph, hypermorph, neomorph, and
antimorph.
KEY TERMS:
silent mutation phenotype haploinsufficiency
homozygous dominant loss-of-function
heterozygous recessive gain-of-function
hemizygous complete dominance amorph
wild-type incomplete (semi) dominance null
variant co-dominance hypomorph
locus ABO blood group hypermorph
genotype haplosufficiency neomorph
STUDY QUESTIONS:

Table 2-3

1. If your blood type is B, what are the possible geno-  pi4 for Question 2.

types of your parents at the locus that controls the

ABO blood types?
AyAd; A Az
2. In Table 3-3, match the mouse hair color pheno- | ! |l hairs black on the same all hairs white
. . . individual: 50% of
types with the term from the list that best explains hairs are all black and
. 50% of hairs are all
the observed. phenotype, given the genotypes hito
shown. In this case, the allele symbols do not im- |2 | all hairs black all hairs are the same | all hairs white
: : : : shade of grey
ply anything about the dominance relationships |5 all hairs black 50% of individuals
between the alleles. List of terms: haplosufficiency, have all white hairs
. - . . ) and 50% of
haplomsufﬁaency, plelot.ropy, incomplete dom i viduals have all
inance, co-dominance, incomplete penetrance, | black hairs
: s 4 | all hairs black all hairs black mice have no hair
broad (variable) expressivity. 5| all hairs black all hairs white all hairs white
6 | all hairs black all hairs black all hairs white
7 | all hairs black all hairs black hairs are a wide range
of shades of grey




Chapter 3

Part 1: Mendel's First Law
Segregation of Alleles

y Figure 3-1
o Pea plants were used by Gregor Mendel
to discover fundamental laws of genetics.

His first law, the segregation of alleles,
is covered in this chapter. His second
law, independent assortment, is covered
in the next chapter. (Wikimedia com-
mons-B. Ebbesen-CC BY-SA 3.0)

INTRODUCTION

he once prevalent concept of blended inheritance proposed that some undefined essence, in its entirety, con-

tained all of the heritable information for an individual. It was thought that mating combined the essences
from each parent, much like the mixing of two colors of paint. Once blended together, the individual characteris-
tics of the parents could not be separated again. It was just “common sense”.

However, Gregor Mendel (Figure 3-2 on page 24) was one of the first to take a quantitative, scientific ap-
proach to the study of heredity. He started with well-characterized strains, repeated his experiments many times,
and kept careful records of his observations. Working with peas, Mendel showed that white-flowered plants could
be produced by crossing two purple-flowered plants, but only if the purple-flowered plants themselves had at
least one white-flowered parent (Figure 3-3 on page 24). This was evidence that a discrete genetic factor that
produced white-flowers had not blended irreversibly with the factor for purple-flowers. Mendel’s observations
disprove blending inheritance and favor an alternative concept, called particulate inheritance, in which heredity is
the product of discrete factors that control independent traits.

Because of this work, blended inheritance was discredited as a theory of inheritance.

Through careful study of patterns of inheritance, Mendel recognized that a single trait could exist in different
versions, or alleles, even within an individual plant or animal. For example, he found two allelic forms of a gene
for seed color: one allele gave green seeds, and the other gave yellow seeds. Mendel also observed that although
different alleles could influence a single trait, they remained indivisible and could be inherited separately. This is
the basis of Mendel’s First Law, also called The Law of Equal Segregation, which states: during gamete formation,
the two alleles at a gene locus segregate from each other; each gamete has an equal probability of containing either
allele.



A OVERVIEW

Mendel first made his discoveries of inheritance in
the 1850’s. In his 1866 publication he didn’t use the word
“gene” as the fundamental unit of heredity because it
wasn't coined until 1909 by Danish botanist Wilhelm
Johannsen. Thomas Hunt Morgan proposed that genes
resided on chromosomes in 1910, and occupied distinct
regions on those chromosomes. DNA as a substance
was discovered in the 1860’s, but it took until the 1940s
to realize that DNA was the molecule that contained
the genetic information. Then in the 1950’s Watson and
Crick discovered the structure of DNA.

Figure 3-2

Gregor Johann Mendel (1822-1884), an Augustinian
Friar, who lived in Moravia (now part of the Czech Re-
public), published his work in 1866 on what has become
known as the laws of Mendelian Inheritance.
(Wikipedia-Hugo litis- CC BY 4.0)

Nevertheless, Mendel made his discoveries without
any of this information. Today we have overwhelming
knowledge from research allowing us to understand
the molecular mechanism behind Mendel’s laws. To ex-
plain Mendel’s First Law, segregation, we will explain it
through the concept of meiosis.

B DOMINANT AND RECESSIVE ALLELES

The concepts of dominant and recessive alleles were
introduced in Chapter 1. Remember, alleles are differ-
ent versions of a gene. The traits Mendel studied with
his peas were all completely dominant traits, and so will
only be described briefly here.

In a diploid organism, if an allele is dominant only
one copy of that allele is necessary to see the dominant
phenotype. If an allele is recessive, then the gene needs
to have two copies (or be homozygous) to see the re-
cessive phenotype. If an organism is a heterozygote,

or has one copy of each allele type, then it will show
the dominant phenotype. When representing these in
written form, a dominant allele is written as a capital
letter (e.g. A), while a recessive allele will be written in
lower case (e.g. a). If these are alleles of the same gene,
they should be written with the same letter. This is the
most common way of writing genotypes (See Chapter
1), but there are many different systems that often have
deviations from these general rules. Note that genes and
alleles are usually written in italics and chromosomes
and proteins are not, proteins often written in all capi-
tals. For example, the white gene in Drosophila melan-
ogaster on the X chromosome encodes a protein called
WHITE.

C ONE Locus oN A CHROMOSOME -
SEGREGATION - MONOHYBRID

Not only did Mendel solve the mystery of inheritance
as units (genes), he also invented several testing and
analysis techniques still used today. Classical genet-
ics is the science of solving biological questions using
controlled matings of model organisms. It began with
Mendel in 1865 but did not attain wide spread usage
until Mendel’s work was rediscovered in 1903 by four
researchers (E. von Tschermak, H. de Vries, C. Correns,
and W. J. Spillman). Then Thomas Morgan began work-
ing with fruit flies in 1908 and used this work. Later,
starting with Watson and CricK’s structure of DNA in
1953, classical genetics was joined by molecular ge-

P & x L

Figure 3-3

Inheritance of flower color in peas. Mendel observed that
a cross between pure breeding, white and purple peas
(generation P) produced only progeny (generation F1) with
purple flowers. However, white flowered plant reappeared
among the F2 generation progeny of a mating between
two F1 plants. The symbols P, F1 and F2 are abbrevia-
tions for parental, first filial, and second filial generations,
respectively. (Original-Deyholos- CC BY-NC 3.0)
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netics, the science of solving biological questions using
DNA, RNA, and proteins isolated from organisms. The
genetics of DNA cloning began in 1970 with the dis-
covery of restriction enzymes and plasmids as cloning
vectors.

Knowing what we now know of the process of meio-
sis, we can further understand what Mendel’s First Law
means. The Law of Segregation states that every indi-
vidual contains a pair of alleles for each gene, which
segregate during the creation of gametes, and so for ev-
ery gene pair each parent passes on a random allele to
its offspring. The way Mendel decided on his First Law
was through the process of Monohybrid crosses, which
will be described below.

C.1 TERMINOLOGY

A specific position along a chromosome is called a
locus. Each gene occupies a specific locus (so the terms
locus and gene are often used interchangeably). Each
locus will have an allelic form (allele). The complete set
of alleles (at all loci of interest) in an individual is its
genotype. Typically, when writing out a genotype, only
the alleles at the locus (loci) of interest are considered —
all the others are present and assumed to be wild type
but are normally not written in the genotype. The visi-
ble or detectable effect of these alleles on the structure
or function of that individual is called its phenotype -
what the individual looks like. The phenotype studied
in any particular genetic experiment may range from
simple, visible traits such as hair color, to more complex
phenotypes including disease susceptibility or behavior.
If two alleles are present in an individual, then various
interactions between them may influence their expres-
sion in the phenotype.

C.2 TRUE BREEDING LINES

Geneticists make use of true breeding lines just as
Mendel did (Figure 3-4a). These are in-bred popula-
tions of plants or animals in which all parents and their
oftspring (over many generations) have the same phe-
notypes with respect to a particular trait. True breeding
lines are useful, because they are typically assumed to be
homozygous for the alleles that affect the trait of inter-
est. When two individuals that are homozygous for the
same alleles are crossed, all offspring will all also be ho-
mozygous. The continuation of such crosses constitutes
a true breeding line or strain. A large variety of different
strains, each with a different, true breeding character,
can be collected and maintained for genetic research.

C.3 MONOHYBRID CROSSES

A monohybrid cross is one in which both parents are
heterozygous (or a hybrid) for a single (mono) trait. The
trait might be petal colour in pea plants (Figure 3-4b).
Recall from Figure 3-2 on page 24 that the genera-
tions in a cross are named P (parental), F, (first filial), F,
(second filial), and so on.

The monohybrid cross is how Mendel discovered
genes were discrete units that separated in the creation
of offspring. Previous ideas of blending inheritance
would mean that a cross between a white flower and a
purple flower would create a ‘blended’ phenotype. In-
stead what Mendel saw was distinct parental colours in
the hybrids, that when crossed would produce in spe-
cific ratios the purple and white seen in the parents.
These traits weren't blended when the true-breeding
lines were crossed, but instead those parental alleles
were carried on through the offspring. Through the
monohybrid cross he was able to discern the dominant
and recessive alleles of each gene he studied in the pea
plants. In further crosses (F, F,, etc.), these traits were
continuously transmitted and not lost, though they may
be hidden as seen in the F, generation.

A p %}xg °) p QI_T_C}
R eI xE) R & xEY

Figure 3-4
(a) A true-breeding line (b) A monohybrid cross produced

by mating two different pure-breeding lines.
(Original-Deyholos-CC BY-NC 3.0)

D PUNNETT SQUARES - 3:1 RATIO

The specific ratios seen in the monohybrid cross can
be described using a Punnett square, named after R.C.
Punnett who devised this approach.

Given the genotypes of any two parents, we can pre-
dict all of the possible genotypes of the offspring. Fur-
thermore, if we also know the dominance relationships
for all of the alleles, we can predict the phenotypes of
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the offspring. This provides a convenient method for
calculating the expected genotypic and phenotypic ra-
tios from a cross.

A Punnett square is a matrix in which all of the pos-
sible gametes produced by one parent are listed along
one axis, and the gametes from the other parent are
listed along the other axis. Each possible combination
of gametes is listed at the intersection of each row and
column, since we know through the process of meiosis
that the alleles on each chromosome separate to form
the gametes.

The F, cross from Figure 3-4 on page 25 would be
drawn as in Figure 3-5. As you can see, in a Monohy-
brid cross, the offspring ratios will be 3:1 of dominant
phenotype (purple): recessive phenotype (white). Pun-
nett squares can also be used to calculate the frequency
of offspring. The frequency of each offspring is the fre-
quency of the male gametes multiplied by the frequency

of the female gamete. Figure 3-5
A Punnett square showing
Q a monohybrid cross. The

A a

purple boxes represent the
purple colour of the dominant
(A) allele, while the white box
represents the recessive (aa)
allele homozygote.

(Original-L. Canham- CC
BY-NC 3.0)

d
A | AA

Aa

d Aa | aa

Go online to practice working with
monohybrid ratios.

OO0

http://tinyurl.com/oog-monohybrid

SUMMARY:

E SINGLE LOcUS TEST CROSSES

Knowing the genotypes of an individual is an im-
portant part of a genetic experiment. However, geno-
types cannot be observed directly; they must be inferred
based on phenotypes. Because of dominance, it is often
not possible to distinguish between a heterozygote and
a homozygote based on phenotype alone (e.g. see the
purple-flowered F, plants in Figure 3-4 on page 25).
To determine the genotype of a specific individual, a test
cross can be performed, in which the individual with an
uncertain genotype is crossed with an individual that
is homozygous recessive for all of the loci being tested.

For example, if you were given a pea plant with pur-
ple flowers it might be a homozygote (A/A) or a hetero-
zygote (A/a). You could cross this purple-flowered plant
to a white-flowered plant as a tester, since you know the
genotype of the tester is a/a. Depending on the genotype
of the purple-flowered parent (Figure 3-6), you will ob-
serve one of two phenotypic ratios in the F, generation.
If the purple-flowered parent was a homozygote AA, all
of the F, progeny will be purple. If the purple-flowered
parent was a heterozygote A/a, the F, progeny should
segregate purple-flowered and white-flowered plants in
a 1:1 ratio.

’
o

@

A A J

a Aa | Aa a | Aa | aa
a Aa | Aa a | Aa | aa
Figure 3-6

Punnett squares showing the two possible outcomes of a
single locus test cross. (Original-L. Canham- CC BY-NC
3.0)

¢ Mendel demonstrated that heredity involved discrete, heritable factors that affected specific traits.
¢ A gene can be defined abstractly as a unit of inheritance.
¢ Phenotype depends on the alleles that are present, their dominance relationships, and sometimes also

interactions with the environment and other factors.

¢ Classical geneticists make use of true breeding lines, monohybrid crosses, Punnett squares, test crosses,

reciprocal crosses, and the chi-square test.
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Part 2: Mendel's Second Law
Independent Assortment

W i

a
INTRODUCTION

Figure 3-7

Hand pollination of a pumpkin flower. When Mendel was do-
ing his crosses with pea plants, he pollinated each flower by
hand in a similar way in order to be sure he knew the parents
of each cross. (Flickr-S. Hurmerinta- CC BY-NC 2.0

T the principles of genetic analysis that we have described for a single locus in Part 1 will be extended to the study
A of alleles at two loci in Part 2. The analysis of two loci in the same cross provides information for testing gene

interactions (Chapter 9) and genetic mapping (Chapter 10). These techniques are very useful for both basic and
applied research. Before discussing these techniques, we will first revisit Mendel’s classical experiments.

Before Mendel's 1865 publication, blended inher-
itance was the accepted model to explain the trans-
mission of traits. It was Mendel’s work that established
that heritable traits were controlled by discrete factors,
which we now call alleles, in a particulate inheritance
model. At the time it was an important question as to
whether heritable traits, controlled by discrete factors,
were inherited independently of each other? To answer
this, Mendel took two apparently unrelated traits, such
as seed shape and seed color, and studied their inheri-
tance together in one individual. For example, he stud-
ied two variants of each trait: seed color was either green
or yellow, and seed shape was either round or wrinkled.
(He studied seven traits in all, each on a different chro-
mosome.) When either of these traits was studied indi-
vidually, the phenotypes segregated in the classical 3:1
ratio among the progeny of a monohybrid cross (Fig-
ure 3-8), with % of the seeds green and % yellow in one
cross, and % round and % wrinkled in the other cross.
Would this be true when both hybrids were in the same
individual?

Like in the previous chapter, we will first walk through
how a dihybrid cross works on at the DNA level, and
then we will explain the results that Mendel saw that
led him to his law, the Law of Independent Assortment.

e @x@® "r @ x@
o 1

| whw
x@ FOxQ
Wiw | Wiw G/g | Glg
P Q)
1
WIW or Wiw G/G or G/g g/g
Figure 3-8
Monohybrid crosses involving two distinct traits in peas. a)
is W/w and b) is G/g. Note that seeds in a) also contain
a “g” gene that would be homozygous recessive, but this
isn’'t written out. Seeds in b) are have a “w” gene, but they
would be heterozygous or homozygous dominant. By
convention, unless a gene is specifically referenced in the
problem, we don’t write it down — but it’s still there! Mono-

hybrid crosses are detailed in Part 1. (Original-Deyho-
los-CC BY-NC 3.0-Modified-Nickle)

wiw
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A Two LocCl ON DIFFERENT CHROMOSOMES

The separation of gametes through the process of
meiosis has already been introduced. But what does
that mean when you are taking multiple different genes
(or loci) into account?

Remember the main stages of meiosis. The homolo-
gous pairs align during metaphase I, and complete one
round of cell division. Then during metaphase IT in those
two cells the replicated chromosomes align individual-
ly and the sister chromatid separate, so when complete
you have two daughter cells. Let’s say one chromosome
has Gene A on it, and another chromosome has Gene
B on it, and the individual is heterozygous at each gene
(a.k.a. has the genotype A/a ; B/b). There are a variety
of ways that the homologous pairs can align themselves
during metaphase I. The orientation of that alignment
will affect the alleles each gamete receives at the end of
telophase II (Figure 3-9).

Metaphase 1 Telophase 11

a
A a
b

il 0
i+ ()
e

Figure 3-9

Independent assortment as seen on two different chro-
mosomes. Gene A is found on the short chromosome

and Gene B is found on the long chromosome, and both
genes are heterozygotes for the dominant (A and B) and
recessive (a and b) alleles. The orientation that the chro-
mosomes align themselves during metaphase | affect the
alleles found in the 4 gametes produced after telophase IlI.

These are just two of many orientations the chromosomes
can arrange themselves in at metaphase |. The full stages
of meiosis were removed for simplicity. See Chapter 7 for
details. (Original-L.Canham-CC BY-NC 3.0)
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Because the alignment at metaphase I is always ran-
dom you will see a random, equal distribution of alleles
in all the gametes produced. This means that one allele
doesn't affect the distribution of another allele, or in
other words, each allele assorts independently (Inde-
pendent Assortment).

B Two Loci oN ONE CHROMOSOME

Based on the description in the last section, it would
be expected that if the genes were on the same chro-
mosome the alleles would travel together through mei-
osis (Figure 3-10 top). However, when tested this is
not always the case. The recombination of alleles can
be explained through the phenomenon of crossing over,
which occurs during prophase I. Details are described
in Chapter 7. Crossing over is an exchange between
non-sister chromatids that can occur at any position
along the entire chromosome. If the two loci being ob-
served are sufficiently far enough apart on the chromo-
some, crossover events can occur between the two loci.

Metaphase I Telophase II

il

A a

Figure 3-10

Independent assortment as seen on the same chromosome.
Top: no crossover. The dominant alleles of Gene A and Gene
D travel together, not leading to independent assortment.
Bottom: if a crossover occurs between the two genes, then
the alleles will transfer to the other non-sister chromatid,
shuffling the alleles. This allows for independent assortment,
despite being on the same chromosome.

(Original-L.Canham-CC BY-NC 3.0)
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This, coupled with the random orientation that the
chromosomes align during metaphase I, will allow the
other combination of alleles in the gametes (Figure
3-10 bottom).

While not shown in Figure 3-10, if the two loci are
very far apart, multiple crossover events can also take
place, further increasing the shuffling of alleles.

The farther apart on the chromosome the more cross-
over events take place between the two loci. Ultimately,
this will result in similar allele combinations to that ob-
served in independent assortment shown above, even if
they are on the same chromosome.

If the loci are very close together on the same chro-
mosome, fewer or no crossovers will occur between
them. We will not take this situation into account in this
chapter, but will be discussed later in Chapter 9.

C A DIHYBRID CROSS SHOWING
MENDEL'S SECOND LAW (INDEPENDENT
ASSORTMENT)

Mendel found for each locus that there were two al-
leles, which segregated from each other during the cre-
ation of gametes. He wondered if dealing with multiple
traits at a time would affect this segregation, so he creat-
ed a dihybrid cross. The distribution of offspring from
his experiments led him to formulate Mendel’s Sec-
ond Law, the Law of Independent Assortment, which
states that the segregation of alleles as one locus will
not influence the segregation of alleles at another locus
during gamete formation - the alleles segregate inde-
pendently. Next we will walk through how he came to
this understanding, now that it’s already been explained
how independent assortment happens.

C.1 MENDEL'S SECOND LAW

To analyze the segregation of both traits at the same
time in the same individual, he crossed a pure breed-
ing line of green, wrinkled peas with a pure Table 3-1
breeding line of yellow, round peas to pro-
duce F, progeny that were all green and
round. They were called dihybrids in that
they carried two alleles at each of two loci
(Figure 3-11)

If the inheritance of seed color was truly

independent of seed shape, then when the | % round

F, dihybrids were crossed to each other, a :/”O‘f"d

3:1 ratio of one trait should be observed | Wrinkled
% wrinkled

within each phenotypic class of the other

Frequency of phenotypic crosses within separate monohybrid crosses:
seed shape:
seed color:

Frequency of phenotypic crosses within a dihybrid cross:

G/G; W/W g/g; WW G/G; wiw g/g; w/w
G/g; W/W g/g; W/w Gl/g; w/w

G/G; Wiw

G/g; W/w

Figure 3-11

Two pure-breeding lines are crossed to produce dihybrids in the
F, generation. These F, are crossed to produce four phenotypic
classes, which appear in a 9:3:3:1 ratio. (Original-Deyholos-CC
BY-NC 3.0 modified by Nickle)

trait (Figure 3-11). From Figure 3-8 on page 27 we
know that yellow and round are dominant, and green
and wrinkled are recessive. Using the product law, we
would therefore predict that if % of the progeny were
yellow, and % of the progeny were round, then % x %
= 9/16 of the progeny would be both round and yellow
(Table 3-1).

Likewise, % x Y% = 3/16 of the progeny would be both
round and green. And % X % = 3/16 of the progeny
would be both wrinkled and yellow. And % x % = 1/16
of the progeny would be both wrinkled and green. So by
applying the product rule to all of these combinations
of phenotypes, we can predict that if the two loci as-
sort independently in a 9:3:3:1 phenotypic ratio among
the progeny of this dihybrid cross, if certain conditions
are met (see section below). Indeed, 9:3:3:1 is very close
to the ratio Mendel observed in his studies of dihybrid
crosses, leading him to state his Second Law, the Law of
Independent Assortment.

The 9:3:3:1 phenotypic ratio that we calculated using
the product rule could also be obtained using Punnett
Square (Figure 3-12 on page 30). First, we list the

Phenotypic classes expected in monohybrid and dihybrid crosses for
two seed traits in pea.

% wrinkled
Y green

% round
% yellow

X % yellow = 9/16 round & yellow

x % green = 3/16 round & green

X % yellow = 3/16 wrinkled & yellow
x ¥ green = 1/16 wrinkled & green

Part 2: Mendel's Second Law
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W;G W;g w;G w;g

W/W; | W/W; | W/w; | W/w;

Wie |e/c | clg | 6/c | cle
W W/W; | W/W; | W/w; | W/w;
'8 | G/g | gle | G/e | ele
W/w;: | W/w: | w/w; | w/w;

W.G | 6/6 | 6/g | 6/G | /g
W/w; | Wiw; | w/w; | w/w;

Wo8 | G/g | gl | Glg | elg

Figure 3-12

A Punnett Square showing the results of the dihybrid cross
from Figure 3-11 on page 29. Each of the four pheno-

typic classes is represented by a different color of shading.
(Original-Nickle-CC BY-NC 3.0)

genotypes of the possible gametes along each axis of
the Punnett Square. In a diploid with two heterozygous
genes of interest, there are up to four combinations of
alleles in the gametes of each parent. The gametes from
the respective rows and column are then combined in
the each cell of the array. When working with two un-
linked loci, genotypes are written with the symbols for
both alleles of one locus, followed by both alleles of the
next locus (e.g. AaBb, not ABab). Note that the order
in which the loci are written does not imply anything
about the actual position of the loci on the chromo-
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http://tinyurl.com/oog-linked

This is an encore presentation of
the online exercise for writing out
linked and unlinked genes.

To calculate the expected phenotypic ratios, we assign
a phenotype to each of the 16 genotypes in the Punnett
Square, based on our knowledge of the alleles and their
dominance relationships.

In the case of Mendel’s seeds, any genotype with at
least one W allele and one G allele will be round and yel-
low; these genotypes are shown in the nine, green-shad-
ed cells in Figure 3-12.

We can represent all of four of the different geno-
types shown in these cells with the notation (W/-;G/-),
where the dash line (-), means “any allele”. The semico-
lon means that the genes assort independently (Perhaps
they are on different chromosomes). The three offspring
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that have at least one R allele and are homozygous re-
cessive for y (i.e. R/-;y/y) will have a round, green phe-
notype. Conversely the three progeny that are homozy-
gous recessive r, but have at least one Y allele (r/r;Y/-)
will have wrinkled, yellow seeds. Finally, the rarest
phenotypic class of wrinkled, yellow seeds is produced
by the doubly homozygous recessive genotype, r/r;y/y,
which is expected to occur in only one of the sixteen
possible offspring represented in the square.

C.2 ASSUMPTIONS OF THE 9:3:3:1 RATIO

Both the product rule and the Punnett Square ap-
proaches showed that a 9:3:3:1 phenotypic ratio is ex-
pected among the progeny of a dihybrid cross such as
Mendel’s R/r;Y/y x R/r;Y/y. In making these calcula-
tions, we assumed that:

(1) alleles at each locus segregate independently of the
alleles at the other;

(2) one allele at each locus is completely dominant (the
other recessive); and

(3) each of four possible phenotypes can be distin-
guished unambiguously, with no interactions be-
tween the two genes that would interfere with deter-
mining the genotype correctly.

For simplicity, most student examples involve easily
scored phenotypes, such as pigmentation or changes in
visible structures. However, keep in mind that the anal-
ysis of segregation ratios of any two markers can pro-
vide insight into a wide range of biological processes
they may represent.

C.3 DEVIATIONS FROM THE 9:3:3:1 PHENOTYPIC
RATIO

There can be deviations from the 9:3:3:1 phenotypic
ratio. These situations may indicate that one or more of
the above conditions has not been met. Modified ratios
in the progeny of a dihybrid cross can therefore reveal
useful information about the genes involved. One such
example is linkage.

Linkage is one of the most important reasons for dis-
tortion of the ratios expected from independent assort-
ment. Two loci show linkage if they are located close to-
gether on the same chromosome. This close proximity
alters the frequency of allele combinations in the gam-
etes. We will return to the concept of linkage in Chap-
ter 9. Deviations from 9:3:3:1 ratios can also be due to
interactions between genes, such as epistasis, duplicate
gene action and complementary gene action. These in-
teractions are discussed in Chapter 9.
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D THE DIHYBRID TEST CROSS

While the cross of an F, x F| gives a ratio of 9:3:3:1,
there is a better, easier cross to test for independent
assortment: the dihybrid test cross. In a dihybrid test
cross, independent assortment is seen as a ratio of
1:1:1:1, which is easier to score than the 9:3:3:1 ratio.
This test cross will also be easier to use when testing
for linkage (Chapters 9 and 10).

Like in monohybrid crosses (Part1), you can do test
crosses with dihybrids to determine the genotype of
an individual with dominant phenotypes, to see if they
are heterozygous or homozygous dominant. This type
of cross is set up in the same fashion: an individual
with an unknown genotype in two loci is crossed to an
individual that is homozygous recessive for both loci.

Punnett squares should be done ahead of the
crosses, so you know what to expect for any of the
possible outcomes. Using the example from the
rest of this chapter, you cross a double homozygous
recessive pea plant (r/r ; y/y. green and wrinkled)
to an unknown individual that has two dominant
phenotypes (R/-; Y/-. yellow and round). There are
four possible genotypes the unknown individual
could be: R/R; Y/Y or R/R; Y/y or R/r; Y/Y or R/1;
Y/y. The Punnett squares for the first two are listed
below (Figure 3-13). Notice on the left you only get
the dominant phenotype for both, so you know both
genes in the unknown are homozygous recessive. On
the right you get only the dominant phenotype for
round peas, but you get 50% yellow and 50% green
peas, showing that the unknown is homozygous for
round, but heterozygous for colour of the peas. Figure
3-14 is blank for you to fill in the two other gamete and
genotype possibilities.

SUMMARY:

¢ The alleles of loci in different chromosomes are
inherited independently of each other.

¢ The expected phenotypic ratio of a dihybrid cross is
9:3:3:1.

¢ The 9:3:3:1 ratio can be modified if the loci are not
simple Dominant/recessive to each other, or if there
are gene interactions, or if the two loci are linked.

¢ A test cross gives a ratio of 1:1:1:1 for loci that
assort independently.

dQ RY |R;Y |R; Y [R;Y dc‘) R;Y [R;¥ |R;Y |R;y
Fy s;r sfr R/r | R/r Fry R/r [R/r | R/r |R/r
y Yy Yy [YY Y/y |y/y | Yy | Yy

ry sﬁ'r R/r [R/r | R/T ry R/r |R/r | R/r [R/r
y | Yy Yy |Yy Y/Y \YIY Yy | YIY

ry \F};r R/r [R/r | R/r ry R/r |R/r | R/r [R/r
y Yy | Yy Yy Y/y | y/y [ Y'Y | yly

ry R/r |R/r |R/r [ R/T ry R/r |R/r | R/r | R/r
Y/Y Y/ Yy Yy Y/Y \YIY Y'Y | Yy

Figure 3-13

Punnett square for two test crosses. The tester in both cases is
the male with the genotype r/r; y/y . On the left, the unknown
has a genotype of R/R; Y/Y. On the right, the unknown has the
genotype R/R; Y/y. (Original-L.Canham-CC BY-NC 3.0)
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Figure 3-14

Blank Punnett squares to fill in the other two possi-
bilities of the test cross.

Go online to practice working with
dihybrid ratios.

Part 2: Mendel's Second Law
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KEY TERMS:

alleles

blending inheritance
classical genetics
crossing over

dihybrid Iocitlsl(age

dihybrid

DINEIA\ 2|0,$irr(,)gss Mendel’s First Law
dominant Melndell’s Seconq Law
genotype molecular genetics

Gregor Mendel
heritable traits

STUDY QUESTIONS:

1.
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How would the results of the cross in Figure 3-3 on
page 24 have been different if heredity worked
through blending inheritance rather than particu-
late inheritance? If the F, was selfed, how would
successive generations appear? What in particular
did Mendel’'s work demonstrate regarding the na-
ture of whatever particle determined inheritance?

Imagine that astronauts provide you with living
samples of multicellular organisms discovered on
another planet. These organisms reproduce with a
short generation time, but nothing else is known
about their genetics.

a) How could you define laws of heredity for these
organisms?

b) How could you determine what molecules
within these organisms contained genetic in-
formation?

c) Would the mechanisms of genetic inheritance
likely be similar for all organisms from this
planet?

d) Would the mechanisms of genetic inheritance
likely be similar to organisms from Earth?

What is the maximum number of alleles for a given
locus in a normal gamete of a diploid species?

Does equal segregation of alleles into daughter cells
happen during mitosis, meiosis, or both?

independent assortment
Law of Independent Assortment

monohybrid cross

particulate inheritance
phenotype

polar bodies

Punnett square

recessive

test cross

tester

The Law of Equal Segregation
true breeding lines

Wiry hair (W) is dominant to smooth hair (w) in
dogs.

a) If you cross a homozygous, wiry-haired dog
with a smooth-haired dog, what will be the
genotype and phenotype of the F1 generation?

b) If two dogs from the F1 generation mated, what
would be the most likely ratio of hair pheno-
types among their progeny?

c) When two wiry-haired W/w dogs actually mat-
ed, they had a litter of three puppies, which all
had smooth hair. How do you explain this ob-
servation?

d) Someone left a wiry-haired dog on your door-
step. Without extracting DNA, what would be
the easiest way to determine the genotype of
this dog?

e) Based on the information provided in question
1, can you tell which, if either, of the alleles is
wild-type?

An important part of Mendel’s experiments was the
use of homozygous lines as parents for his crosses.
How did he know they were homozygous, and why
was the use of the lines important?

Figure 3-13 on page 31 shows Punnett squares
for two of the four possible test crosses. Fill in the
Punnett squares in Figure 3-14 on page 31 for
the other two possible genotypes of the unknown
that aren’t shown.

Based on meiosis, when dealing with two loci there
will always be four distinct gamete types. But if the
organism is homozygous, like the tester, all those
gametes will look the same. In this situation, when
writing a Punnett square, is it necessary to write
out the four similar gametes? How would you re-
draw the Punnett Square on the right in Figure
3-13 on page 31?
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Chapter 4

Part 1 - Sex Linkage

INTRODUCTION

Figure 4-1

The E/e gene in turkeys is responsible
for bronze or brown feather colour, and
is located on the Z-chromosome (Flickr-
stevevoght- CC BY-SA 2.0).

Previously, Mendel, working with plants, showed patterns of inheritance derived from gene loci on auto-
somal chromosomes. One complication to this model of inheritance in animals is that loci present on
sex chromosomes, called sex-linked loci, don’t follow this pattern. This chapter covers the various patterns of

inheritance for various sex-linked loci.

A AUTOSOMES AND SEX CHROMOSOMES

In diploids, most chromosomes exist in pairs (same
length, centromere location, and banding pattern) with
one set coming from each parent. These chromosomes
are called autosomes. However many species have an
additional pair of chromosomes that do not look alike.
These are sex chromosomes because they differ be-
tween the sexes. In humans, males have one of each
while females have two X chromosomes. Autosomes
are those chromosomes present in the same number in
males and females, while sex chromosomes are those
that are not. When sex chromosomes were first discov-
ered their function was unknown and the name X was
used to indicate this mystery. The next ones were named
Y, then Z, and then W.

The combination of sex chromosomes within a spe-

cies is associated with either male or female individu-
als. In mammals, fruit flies, and some dioecious plants,
those with two X chromosomes are females while those
with an X and a Y are males. In birds, moths, and but-
terflies males are Z/Z and females are Z/W. Because
sex chromosomes have arisen multiple times during
evolution the molecular mechanism(s) through which
they determine sex differs among those organisms. For
example, although humans and Drosophila both have
X and Y sex chromosomes, they have different mecha-
nisms for determining sex (see the next chapter).

How do the sex chromosomes behave during mei-
osis? Well, in those individuals with two of the same
chromosome (i.e. homogametic sexes: X/X females and
Z/Z males) the chromosomes pair and segregate during



meiosis I the same as autosomes do. During meiosis in
X/Y males or Z/W females (heterogametic sexes) the
sex chromosomes pair with each other.

In mammals (X/X, X/Y) the consequence of this is
that all egg cells will carry an X chromosome, while the
sperm cells will carry either an X or a Y chromosome.
Half of the oftspring will receive two

X chromosomes and become female while half will
receive an X and a Y and become male (Figure 4-2).
In species with Z/Z males, all sperm carry a Z chro-
mosome, while in females, Z/W, half will have a Z and
halfa W. Sex Linkage = “An Exception to Mendel’s First

Law”.
-~
- @ <
g& X Chomesome @< A W
%, Y Chosome @ < ERA
Figure 4-2

Meiosis in an X/Y mammal. The stages shown are
anaphase |, anaphase Il, and mature sperm. Note how half
of the sperm contain Y chromosomes and half contain X
chromosomes (Original-Harrington-CC BY-NC 3.0).

Above we introduced sex chromosomes and auto-
somes (non-sex-linked chromosomes). For loci on au-
tosomes, the alleles follow the classic Mendelian pattern
of inheritance. However, for loci on the sex chromo-
somes this doesn’t follow because most (not all) of the
loci on the typical X-chromosome are absent from the
Y-chromosome, even though they act as a homologous
pair during meiosis. Instead, they will follow a sex-
linked pattern of inheritance. An X-linked allele in the
father will always be passed on to his daughters only,
but an X-linked allele in the mother will be passed on to
both daughters and sons equally.

A.1 X-LINKED GENES: THE WHITE GENE IN
DROSOPHILA MELANOGASTER
A well-studied sex-linked gene is the white gene on
the X chromosome of Drosophila melanogaster. Nor-
mally flies have red eyes but flies with a mutant allele

of this gene called white (X" have white eyes because

the red pigments are absent. Because this mutation is

recessive to the wild type X*"™* allele, females that are
heterozygous have normal red eyes. Female flies that
are homozygous for the mutant allele have white eyes.
Because there is no white gene on the Y chromosome,
male flies can only be hemizygous for the wild type al-
lele or the mutant allele, and consequently express that
phenotype.

Note that the symbols X*" and X*"* are explained in
Appendix 2. The letter “X” states that this is a gene on
the X chromosome, and the superscript identifies the
gene as one in which the mutant phenotype is “whi”
(“short for white”). Figure 4-3 and Figure 4-4 on page
35 use the symbols “w” and “w*” to state the same
thing. These symbols don’t inform you that the gene is
on the X-chromosome; you infer it by the presence of a
Y-chromosome in the male.

Genotype: WW" whw ww wY o wiY

Phenotype:
LA I\
¢ 9

Figure 4-3

Relationship between genotype and phenotype for the
white gene on the X-linked gene in Drosophila melanogas-
ter. The Y chromosome is indicated with a capital Y. There
is not white gene on the Y.

(Original-Deyholos/Harrington/Locke-CC BY-NC 3.0)

A researcher may not know beforehand whether a
novel mutation is sex-linked. The definitive method to
test for sex-linkage is reciprocal crosses (Figure 4-4 on
page 35the next page). This means to cross a male
and a female that have different phenotypes, and then
conduct a second set of crosses, in which the pheno-
types are reversed relative to the sex of the parents in the
first cross. For example, if you were to set up reciprocal
crosses with flies from pure-breeding w and w* strains,
the results would be as shown in Figure 4-4 on page
35 on the next page. Whenever reciprocal crosses
give different results in the F1 and F2 and whenever the
male and female offspring have different phenotypes
the usual explanation is sex-linkage. Remember, if the
locus were autosomal the F1 and F2 progeny would be
different from either of these crosses.

A similar pattern of sex-linked inheritance is seen for
X-chromosome loci in other species with an X/X-X/Y
sex chromosome system, including mammals and hu-
mans. The Z/Z-Z/W system is similar, but reversed.
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Figure 4-4 ‘

Reciprocal crosses involving an X-linked gene in Drosoph-
ila melanogaster. In the first cross (left) all of the offspring
have red eyes. In second (reciprocal) cross (right) all of the
female offspring have red eyes and the male offspring all
have white eyes. If the F1 progeny are crossed (to make
the P2), the F2 progeny will be different in each cross.

The first cross has all red-eyed females and half red-eyed
males. The reciprocal cross has half red-eyed males and
females.

Thomas Morgan was awarded the Nobel Prize, in part, for
using these crosses to demonstrate that genes (such as
white) were on chromosomes (in this case the X-chromo-
some).

(Wikipedia- Deyholos/Harrington/Locke -PD)

Part 1 - Sex Linkage

A.2 Y-LINKED GENE

Genes located on the Y-chromosome exhibit Y-link-
age. For examples, the TDF gene that is responsible for
sex determination and hairy ear rim phenotype show
only father-to-son inheritance patterns.

A.3 Z-LINKED GENES IN BIRDS

One last example is a Z-linked gene that influenc-
es feather colour in turkeys. Turkeys are birds, which
use the ZZ-ZW sex chromosome system. The E allele
makes the feathers bronze and the e allele makes the
feathers brown (Figure 5). Only male turkeys can be
heterozygous for this locus, because they have two Z
chromosomes. They are also uniformly bronze because
the E allele is completely dominant to the e allele and
birds use a dosage compensation system similar to Dro-
sophila and not mammals. Reciprocal crosses between
turkeys from pure-breeding bronze and brown breeds
would reveal that this gene is in fact Z-linked.

Genotype:

Phenotype: =

Figure 4-5

Relationship between genotype and phenotype for a
Z-linked gene in turkeys. The W chromosome does not
have an E/e-gene so it is just indicated with a capital W.
(Original-Harrington/Locke-CC BY-NC 3.0)

More on these in the next part!
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PART 2: Sex Chromosomes:
Sex Determination

INTRODUCTION

Figure 4-6

Not all species determine sex using the same
mechanism. There are many factors that can
determine a species’ sex and one of them is
growth temperature. For alligators, the tempera-
ture of the eggs in their nest determines sex.
(Flickr-Florida Fish and Wildlife-CC BY-ND 2.0)

In the previous Part, sex chromosome were described and their inheritance was compared to that of the auto-
somes. The linkage of sex chromosomes to the sex of individuals was presumed. In this chapter we will cover the
mechanisms of sex determination by chromosomes (genes) as well as other, environmental, mechanisms. In the
diversity of animal life, sex is not always determined by genetics (sex chromosomes).

B SEX DETERMINATION MECHANISMS IN
ANIMALS

There are various mechanisms for sex determination
in animals. These include sex chromosomes, chromo-
some dosage, and environmental cues.

B.1

X/Y SYSTEM

SEX CHROMOSOME SYSTEMS:

Different combinations of the X and Y sex chro-
mosomes can determine the sex of an organism. For
example in humans and other mammals X/Y embryos
develop as males while X/X embryos become females.
This difference in development is due to the presence
of only a single gene, the Testis-Determining Factor
(TDF), also known as Sex-determining Region Y (SRY)
gene, on the Y-chromosome. Its presence in the genome
and expression in gonad tissues dictates that the sex of
that individual will be male. Its absence or lack of cor-
rect expression results in a female phenotype for that
individual.

In mammals, the X/Y sex determining system evolved
just after the divergence of the monotreme lineage
(mammals that lay eggs) from the lineage that led to
marsupial mammals (young are carried in a pouch) and
placental mammals. Thus nearly every mammal species
uses the same sex determination system. In this system,
during embryogenesis, the gonads will develop into ei-
ther ovaries or testes (Figure 4-7).

Figure 4-7

Gonad differentiation is
under the control of several
genes including Testis-de-
| termining factor (TDF, SRY)
at Yp11.3. (y chromosome,
p arm, region 1, band 1,

human fetus

" gonad " several TFs_Sub-band 3). (Original-Har-
several TFs \includingTDFrington/Kang-CC BY-NC

O O 3.0)

ovary testis
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Fun fact: monotremes have five pairs of sex chromo-
somes and all the “X” chromosomes segregate together,
as to all the “Y” chromosomes during sperm produc-
tion! So much for independent assortment!

A gene present only on the Y chromosome called
TDF encodes a protein that directs the gonads to ma-
ture into testes. X/X embryos do not have this gene and
their gonads mature into ovaries instead, a default (Fig-
ure 4-7 on page 36).

TDF in therians (placental mammals and marsupi-
als) encodes a DNA-binding transcription factor that,
when combined with other factors, turns on genes that
encode male-specific transcription factors. This begins
a cascade of gene expression that leads to the differenti-
ation of the gonad into testes. Mutations in the TDF-Y
gene lead to a range of sex-related disorders with vary-
ing effects on an individual’s phenotype. In some cases,
the individual will morphologically develop as a female
although both X and Y chromosomes are present.

Once formed the testes produce sex hormones that
direct the rest of the developing embryo to become
male, while the ovaries make different sex hormones
that promote female development. The testes and ova-
ries are also the organs where gametes (sperm or eggs)
are produced.

Z/W SYSTEM

In birds, some fish, some insects (butterflies and
moths) and reptiles, they use different chromosome for
sex determination, Z- and W-chromosomes. Z-chro-
mosome is larger and has more genes than the W-chro-
mosome. Z/Z embryos become male and Z/W embryo
become females. This sex linkage pattern is backwards
of the X and Y sex linkage pattern. It is currently un-
known if the presence of W chromosome induces fe-
male features or two copies of Z chromosome induces
male features. In birds, researches have not yet found a
Z/Z/W or Z/0 individual.

X/0 SYSTEM

The X/O system (XX-female, X/O male), where O is
an absence of a chromosome, is found in insects (e.g.
grasshoppers). The absence of a chromosome means
that there is not a specific gene that determines the sex
of an individual, instead it is usually determined via
chromosome dosage.

B.2 CHROMOSOME DOSAGE
X-AUTOSOME RATIO

This mechanism involves ratios of autosome to sex
chromosomes. This can occur even in species that have
two sex chromosomes For example, although Drosoph-
ila melanogaster has X/X-X/Y sex chromosomes, its
sex determination system uses a chromosome ration
method, that of X:Autosome (X:A) ratio. In this system
it is the ratio of autosome chromosome sets (A) rela-
tive to the number of X-chromosomes (X) that deter-
mines the sex. Individuals with two autosome sets and
two X-chromosomes (2A:2X) develop as females, while
those with only one X-chromosome (2A:1X) develop
as males. The presence/absence of the Y-chromosome
and its genes are not significant for determining sex,
however there are genes on the Y-chromosome that are
needed for male fertility. An X/O fly is phenotypically
male but not fertile. By comparison, X/O mammals are
phenotypically female because they lack the TDF gene.

PLOIDY LEVEL

In other species of animals the number of chromo-
some sets can determine sex. For example the hap-
loid-diploid system is used in bees, ants, and wasps.
Typically haploids are male and diploids are female.

C ENVIRONMENTAL FACTORS

C.1 GROWTH TEMPERATURE

Alligators — Sex is determined by the temperature
during development in the egg and individuals are ful-
ly determined by the time of hatching. Developmental
temperatures of 30°C produce all females (nests con-
structed on levees). Developmental temperatures of
34°C yield all males (wet marsh nests). The natural sex
ratio at hatching is five females to 1 male. Note that such
a mechanism is sensitive to warming environmental
temperatures.

e 1

je< 2

e 3

_ ~e [
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Figure 4-8

The tuatara (left) is a reptile, but not a lizard, although it is
related to lizards (right).

Cladogram: 3=snakes (Left: Flickr-PhillipC- CC
1=Tuatara 4=crocodiles  BY 2.0) (Right: Wikipe-
o-lizards 5-birds dia-Benchill-CC BY 3.0)
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Tuatara (Figure 4-8) — These reptiles look like lizards
but are a distinctly separate Order, which has survived
for over 200 million years. There are currently only
two extant species. Embryo’s development temperature
determines the animal’s sex; low temperatures (below
a threshold) develop into females. High temperatures
(above a threshold) develop into males. Global warm-
ing will affect the sex ratio in the population. By 2080
there will be conditions that produce 100% male

C.2 SOCIAL ORGANIZATION

Sex-ratio in a population determines the sex of a
population. For example, most Reef fish can change
their sex during their lifetime. For example, the Wrasse
family (Figure 4-9) includes many different species of
various sizes and colours. In this family, sex change is
typically female-to-male (male-to-female sex change
has been seen in experimental conditions). The indi-
vidual to change sex is generally the largest female in a
group.

Table 4-1

Figure 4-9
Moon Wrasse (Tha-
lassoma lunare) can
change sex.

(Flickr- Nick Hob-
good- CC BY-NC 2.0)

C.3

PARTHENOGENETIC SPECIES

In parthenogenetic species, females can lay fertile
eggs without requiring males. Examples include walk-
ing stick insects, some fish and lizards, and sharks in
captivity.

A summary table outlining various factors that affect sex determination and its genetic and cell response mechanism.

Determining Factors Genetic Mechanism Cell Response Mechanism

Chromosomal:

o XX/XY * Single gene

o« ZW/ZZ * X-Autosome Ratio
*  XX/XO (gene dosage)

* Haploid/Diploid

Environment:

* Rearing temp.

* Social interactions
* Parthenogenesis

Not genetic

* Hormonal:

directs cells to sex phenotype
* Cell-autonomous

(each cell “knows” what sex it is)

Hormonal?
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Part 3: Sex Chromosomes:

w A

INTRODUCTION

Dosage Compensation
>~ w»

Figure 4-10

A calico cat showing the random inacti-
vation (X-inactivation) of one or the other
X-chromosome giving either an orange

or black fur colour. The inactivation is a

- mechanism of dosage compensation.
(Note: the white colour pattern is due to
another gene.) (Original-J. Locke-CC:AS)

he previous chapters on sex chromosomes dealt with sex linkage and sex determination. Now, there is one last

issue dealing with sex chromosomes, that of dosage compensation. Because the number of X chromosomes
(and Z chromosomes) differs between the sexes, there is a difference in the number of copies for each locus on the
chromosome: females have two, while males only have one (opposite for the Z/Z-Z/W system).

D GENE DOSAGE PROBLEM

For many loci, the different number of chromosomes
is inconsequential. That is, the phenotype is unaffected
whether there are one or two alleles present. However,
for some loci, it is significant and can affect the pheno-
type. These loci need to have the correct gene dosage to
generate a wild type phenotype. The dosage difference
between the sexes is reconciled in one of two ways. Ei-
ther the single X chromosome in males is up-regulated
to produce the expression equivalent of two doses. Or,
one of the two doses in females is inactivated so as to
only have one active dose.

Mammals and Drosophila both have X/X - X/Y sex
determination systems. However, because these sys-
tems evolved independently, and very early in evolu-
tion, they work differently with regard to compensating
for the difference in gene dosage. Remember, in most
cases the sex chromosomes act as a homologous pair
even though the Y-chromosome has lost most of the
loci when compared to the X-chromosome. Typically,
the X and the Y chromosomes were once similar but,
for unclear reasons, the Y chromosomes have degener-

ated, slowly mutating and losing its loci. In modern day
mammals the Y chromosomes have very few genes left
while the X chromosomes remain as they were. This is
a general feature of all organisms that use chromosome
based sex determination systems. Chromosomes found
in both sexes (the X or the Z) have retained their genes
while the chromosome found in only one sex (the Y or
the W) have lost most of their genes. In either case there
is a gene dosage difference between the sexes: e.g. X/X
females have two doses of X-chromosome genes while
XY males only have one. This gene dosage needs to be
compensated in a process called dosage compensation.
There are two major mechanisms.

D.1 DOSAGE COMPENSATION IN DROSOPHILA

In Drosophila and many other insects, dosage com-
pensation takes place in males. To make up for having
only a single X chromosome, the genes on it are tran-
scribed at twice the normal rate. This increased gene
expression restores a balance between proteins encoded
by X-linked genes and those made by autosomal genes.
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D.2 X-CHROMOSOME INACTIVATION IN MAMMALS
BAsICS

In mammals a different mechanism is used, called
X-chromosome inactivation and it operates in females,
not males. In XX embryos one X in each cell is randomly
marked and inactivated. From that point forward most
of the genes on this chromosome will be unexpressed
or “inactive’, hence its name X, _ . (X). The other X
chromosome, the X_ . (X ), is unaffected and genes are
expressed as they normally would be. The inactivation
process is under the control of the X-inactivation cen-
tre (XIC), located at Xq13 on the X-chromosome, which
contains several genes including XIST gene. XIST gene
is transcribed (but not translated into a protein) and is
responsible for the initiation and propagation of inacti-
vation of one X-chromosome in an XX cell. These XIST
RNA transcripts coat the X chromosome so that the
transcription from that X chromosome is prevented
(inactivated).

The X chromosome is replicated during S phase
and transmitted during mitosis the same as any other
chromosome, but most of its genes are not transcribed
(Figure 4-11). The chromosome appears as a condensed
mass within interphase nuclei and is called the Barr body
(Figure 4-12) and does not decondense to be expressed.
(The Barr body is named after Canadian researcher,

Murray Barr, who

along with his grad-

- uate student Ewart

Bertram at Western
University in Lon-
don Ontario dis-
covered it in 1948.)
With the inactiva-
tion of genes on one
X-chromosome,
females have the
same number of function-
ing X-linked genes as males.
However, some genes and
particularily those in the

interphase mitosis
Figure 4-11

X chromosome inactivation during
mitosis and after mitosis. (Origi-

nal-Harrington/Kang-CC BY-NC 3.0)

pseudoautosomal regions
escape inactivation and
Figure 4-12

X chromosomes detected
by FISH method in a female
cell's nucleus. (Wikipe-
dia-Steffen Dietzel-CC BY-
SA 3.0)

the alleles are expressed from both active and inactive
X chromosomes. These genes may explain clinical fea-
tures in sex chromosome aneuploidy as gene products
may be either under or over expressed in relation to
normal females and males.

E X-LINKED GENES — ORANGE GENE IN CATS

A classic X-linked gene that shows X-inactivation
is the Orange gene (O) in cats. The O° allele encodes
an enzyme that results in orange pigment in the fur
hairs. The O° allele results in the hairs being black. The
phenotypes of various genotypes of cats are shown in
Figure 13. Note that the heterozygous females have an
orange and black mottled phenotype known as tortoise-
shell. This is due to patches of skin cells having different
X-chromosomes inactivated. In each orange hair the X,
chromosome carrying the OF allele is inactivated. The
O° allele on the X_ is functional and orange pigments
are made. In black hairs the reverse is true, the X chro-
mosome with the O° allele is inactive and the X_ chro-
mosome with the O° allele is active. Because the inac-
tivation decision happens early during embryogenesis,
the cells continue to divide to make large patches on the
adult cat skin where one or the other X is inactivated.

(én O+j:p€ O/0

Pherchge: T?é:gu

Figure 4-13

Relationship between genotype and phenotype for an
X-linked gene in cats. The O° allele = orange while the O
allele = black. (Original-Harringtion-CC BY-NC 3.0)

The Orange gene in cats is also a good demonstration
of how the mammalian dosage compensation system
affects gene expression. However, most X-linked genes
do not produce such dramatic, easy to see, mosaic phe-
notypes in heterozygous females.

E.1 A TYPICAL X-LINKED GENE — F8 GENE IN

HUMANS

A more typical example of an X-linked gene is the
F8 gene in humans. It makes Factor VIII blood clotting
proteins in liver cells. If a male is hemizygous for a mu-
tant allele (F8/Y) the result is hemophilia type A. Fe-
males homozygous for mutant alleles (F8/F8) will also
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have hemophilia. However, heterozygous females, those

people who are F8/F8’, do not have hemophilia because
even though half of their liver cells do not make Fac-

tor VIII (because the X with the F8" allele is inactive)
the other 50% can (Figure 4-14). Because some of their
liver cells are producing and exporting Factor VIII pro-
teins into the blood stream they have the ability to form
blood clots throughout their bodies. The genetic mosa-
icism in the liver cells of their bodies does not result in
a visible mosaic phenotype.

Figure 4-14

This figure shows the two
types of liver cells in females
heterozygous for an F8 mu-
tation. Because people with
the F8'/F8 genotype have the
same phenotype, normal blood
clotting, as F8'/F8* people the
F8 mutation is classified as
recessive. (Original-Harrington/
Locke-CC BY-NC 3.0)

F MECHANISMS OF SEX DETERMINATION
SYSTEMS

Sex is a phenotype. Typically, in most species, there
are multiple characteristics, in addition to sex organs,
that distinguish male from female individuals (although
some species are normally hermaphrodites where
both sex organs are present in the same individual; e.g.
worms). The morphology and physiology of male and
females is a phenotype just like hair or eye colour or
wing shape. The sex of an organism is part of its phe-
notype and can be genetically (or environmentally) de-
termined.

For each species, the genetic determination relies on
one of several gene or chromosome based mechanisms.
See Figure 15 for a summary. There are, for other spe-
cies, also a variety of environmental mechanisms, too
(rearing temperature, social interactions, parthenogen-
esis).

This is an encore presentation of
the online exercise in assigning
gene names to X-linked loci.

O0G

http://tinyurl.com/oog-sex

Different types of chromosomal
based sex determination

A ?

, )

diploid femal
Iplofd female haploid male

oo

Figure 4-15

Different types of chromosomal (or gene) based sex deter-
mination. From top to bottom, there is the archetypal X/X-
X/Y system found in humans (and most mammals) with
the TDF-Y gene leading to a male phenotype; the Z/W-Z/Z
system found in chickens (birds, moths, and butterflies);
the same X/X-X/Y system in Drosophila (sex is deter-
mined by the X-chromosome:autosome ratio); the X/X-X/O
system as found in grasshoppers; and the diploid/haploid
system as found in bees (and ants, and wasps). Also, the
hormonal mechanism is used in humans, while all the
other examples use the cell-autonomous mechanism for
development of the male or female sex phenotype.

(Wikipedia-original - CFCF with additions and corrections
by J. Locke- CC BY-SA 3.0)
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SUMMARY:

¢ Autosomes and sex chromosomes differ in that the former exist in pairs but the latter depends on the sex of
the chromosome.
¢ Pseudo-autosomal regions are regions on X and Y chromosome that can pair up and recombine.
¢ Sex-linked genes are an exception to standard Mendelian inheritance. The type of sex chromosome system
and the type of dosage compensation system found in the species influence their phenotypes.
¢ Some of the examples of sex-linked genes are: white gene on the Drosophila’s X chromosome, TDF gene on Y
chromosome, E/e gene on Z chromosome.
¢ The sex of an individual can be determined by sex chromosomes
¢ This includes the X/Y, Z/W, and X/O system
¢ Also, differences in the ploidy level (haploid vs diploid) determine sex in some species
¢ Lastly, environmental factors such as rearing temperature or social organization (male vs female ratio) can
determine sex. In order to compensate for under or over dosage of gene products, organisms use various
methods such as expressing genes twice the normal rate or inactiving X chromosome.
¢ X-chromosome inactivation occurs randomly (except for special circumstances), and during interphase the
inactivated chromosome appears as a condensed mass in the nucleus called the Barr body.
¢ Orange gene in cats and F8 gene in humans are examples of X-linked genes.
KEY TERMS:
autosome pseudoautosomal regions heter- Tuatara
autosomal genes omorphic X-chromosome inactivation
Barr body reciprocal cross X-linked genes
dosage compensation sex chromosome X-linked genes
F8 gene Sex-determining Region Y (SRY) X:Autosome (X:A) ratio
haploid-diploid system sex-linked X/O system
heterogametic Sex-ratio XY system
homogametic sexually dimorphic Z-linked genes
Orange gene single gene Z/W system
parthenogenesis Testis-Determining Factor (TDF)
parthenogenetic therians
STUDY QUESTIONS: 5. Another cat hair colour gene is called White Spot-
1. Draw reciprocal crosses that would demonstrate ting. This gene is autosomal. Cats that have the
that the turkey E-gene is on the Z chromosome. dominant S allele have white spots. What are the
2. Mendel’s First Law (as stated in class) does not possible genotypes of cats that are:
apply to alleles of most genes located on sex chro- a) entirely black
mosomes. Does the law apply to the chromosomes b) entirely orange
themselves? ¢) black and white
3. A rare dominant mutation causes a neurological d) orange and white
disease that appears late in life in all people that car- e) orange and black (tortoiseshell)
ry the mutation. If a father has this disease, what is f) orange, black, and white (calico)
the probability that his daughter will also have the ‘ ' .
disease? 6. What is the relationship between the O’ and O al-
leles of the Orange gene in cats?
4. Make Punnett Squares to accompany the crosses

7. Make a diagram similar to Figure 4-14 on page
41 that shows the relationship between geno-
type and phenotype in females and males for the
F8 gene.

shown in Figure 4-4 on page 35.
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Chapter 5

Gene Interactlons

Figure 5-1

Coat color in mammals is an example of a
phenotypic trait that is controlled by more
than one locus and the alleles at these loci can
interact to alter the expected Mendelian ratios.
(Flickr-David Blaikie- CC BY 2.0)

INTRODUCTION

he principles of genetic analysis that we have described for a single locus (dominance/ recessiveness) can be

extended to the study of alleles at two different loci. While the analysis of two loci concurrently is required
for genetic mapping, it can also reveal interactions between genes that affect the phenotype. Understanding these
interactions is very useful for both basic and applied research. Before discussing these interactions, we will first
revisit Mendelian inheritance for two loci.

A MENDELIAN DIHYBRID CROSSES p @ X .
A.1 MENDEL'S SECOND LAW (A QUICK REVIEW) G/G; WwW | 9/g; wiw
To analyze the segregation of two traits (e.g. co- = @ @ Figure 5-2
1

lour, wrinkle) at the same time, in the same individual, Pure-breeding lines
Mendel crossed a pure breeding line of green, wrin- are crossed to pro-

kled peas with a pure breeding line of yellow, round = @ . @ . duce dihybrids in the
2 :

peas to produce F, progeny that were all green and F, generation. The

round, and which were also dihybrids; they carried cross .Of th?se partic-
G/G; wfw 9/g; w.rw GfG wiw gfg,w.vw ular dihybrids produc-

G/g, W/w | G/g; W!w

two alleles at each of two loci (Figure 5-2). G/g; WIW  g/g; Wiw G/g; wiw es four phenotypic
If the inheritance of seed color was truly indepen- gg; Wi classes.
dent of seed shape, then when the F, dihybrids were W;G6 W;g w;G w;g (Original-Deyholos-CC
crossed to each other, a 3:1 ratio of one trait should = | w/w; | w/w; | Wjw; | whw; BY-NC 3.0)
be observed within each phenotypic class of the other ' G/G | /g | G/ | Glg
trait (Figure 5-2). Using the product law, we would Wi W/W; [ W/W; | W/w; | WAw;
therefore predict that if % of the progeny were green, ' G/e | ele | Gle | el
and % of the progeny were round, then % x % = 9/16 o | Wi | W e |l
of the progeny would be both round and green. Like- ' G/G | /e | Gl | Cle
wise, % x Y% = 3/16 of the progeny would be both Wiw; | Wiw; | wiw; | w/w;

round and yellow, and so on. By applying the product Y8 | o/e | els | /s | e




rule to all of these combinations of phenotypes, we can
predict a 9:3:3:1 phenotypic ratio among the progeny of
a dihybrid cross, if certain conditions are met, including
the independent segregation of the alleles at each locus.
Indeed, 9:3:3:1 is very close to the ratio Mendel ob-
served in his studies of dihybrid crosses, leading him to
state his Second Law, the Law of Independent Assort-
ment, which we now express as follows: two loci assort
independently of each other during gamete formation.

A.2 ASSUMPTIONS OF THE 9:3:3:1 RATIO

Both the product rule and the Punnett Square ap-
proaches showed that a 9:3:3:1 phenotypic ratio is ex-
pected among the progeny of a dihybrid cross such as
Mendel’s R/r;Y/y x R/r;Y/y. In making these expecta-
tions, we assumed that:

(1) both loci assort independently (not the semicolon);
(2) one allele at each locus is completely dominant; and

(3) each of four possible phenotypes can be distin-
guished unambiguously, with no interactions be-
tween the two genes that would alter the pheno-
types.

Deviations from the 9:3:3:1 phenotypic ratio may in-
dicate that one or more of the above conditions has not
been met. For example, Linkage of the two loci results
in a distortion of the ratios expected from independent
assortment. Also, if complete dominance is lacking (e.g.
co-dominance or incomplete dominance) then the ra-
tios will also be distorted. Finally, it there is an inter-
action between the two loci such that the four classes
cannot be distinguished (which is the topic under con-
sideration in this chapter) the ratio will also deviate
from 9:3:3:1.

Modified ratios in the progeny of a dihybrid cross
can therefore reveal useful information about the genes
being investigated. Such interactions lead to Modified
Mendelian Ratios.

B EPISTASIS AND OTHER GENE INTERACTIONS

Some dihybrid crosses produce a phenotypic ra-
tio that differs from the typical 9:3:3:1. These include
9:3:4, 12:3:1, 9:7, or 15:1. Note that each of these modi-
fied ratios can be obtained by summing one or more of
the 9:3:3:1 classes expected from our original dihybrid
cross. In the following sections, we will look at some
modified phenotypic ratios obtained from dihybrid
crosses and what they might tell us about the interac-
tions between the genes involved.
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B.1 EPISTASIS

Epistasis (which means “standing upon”) occurs
when the phenotype of one locus masks, or prevents,
the phenotypic expression of another locus. Thus, fol-
lowing a dihybrid cross fewer than the typical four phe-
notypic classes will be observed with epistasis. As we
have already discussed, in the absence of epistasis, there
are four phenotypic classes among the progeny of a di-
hybrid cross. The four phenotypic classes correspond
to the genotypes: A/-;B/-, A/-;b/b, a/a;B/-, and a/a;b/b.
If either of the singly homozygous recessive genotypes
(i.e. A/~b/b or a/a;B/-) has the same phenotype as the
double homozygous recessive (a/a;b/b), then a 9:3:4
phenotypic ratio will be obtained.

For example, in the Labrador Retriever breed of dogs
(Figure 5-3), the B locus encodes a gene for an import-
ant step in the production of melanin. The dominant
allele, B is more efficient at pigment production than the
recessive b allele, thus B/- hair appears black, and b/b
hair appears brown. A second locus, which we will call
Y, controls the deposition of melanin in the hairs. At
least one functional Y allele is required to deposit any

Figure 5-3
Retrievers with different coat colors: (from left to right)
black, chocolate, yellow: an example of recessive epistasis
phenotypes.

(Flickr- Pirate Scott - CC BY-NC 2.0)

y/B
Y/Y:B/B Y/Y;B/b Y/y;B/B Y/y;B/b
Y/Y;8/b Y/y:B/b

y/y;B/b
y/y;b/b

Y/y;8/B Y/y;B/b WIAH: U]

Figure 5-4

Genotypes and phenotypes among the progeny of a
dihybrid cross of Labrador Retrievers heterozygous for two
loci affecting coat color. The phenotypes of the progeny
are indicated by the shading of the cells in the table: black
coat (black, Y/-;B/-); chocolate coat (brown, Y/-b/b); yellow
coat (yellow, y/y;B/- or y/y;b/b).

(Original-Nickle-CC BY-SA 3.0)

MRU Open Genetics Chapter 5



pigment, whether it is black or brown. Thus, all re-
trievers that are y/y fail to deposit any melanin (and so
appear pale yellow-white), regardless of the genotype at
the B locus (Figure 5-3, right side).

The y/y genotype is therefore said to be epistatic to
both the B and b alleles, since the homozygous y/y phe-
notype masks the phenotype of the B locus. The B/b
locus is said to be hypostatic to the y/y genotype. A
graphic showing all the possible progeny genotypes and
their phenotypes is shown in Figure 5-4.

In some cases, a dominant allele at one locus may
mask the phenotype of a second locus. This produces
a segregation ratio of 12:3:1, which can be viewed as
a modification of the 9:3:3:1 ratio in which the A/-
,B/- class is combined with one of the other genotypic
classes (9+3) that contains a dominant allele. One of
the best known examples of a 12:3:1 segregation ratio
is fruit color in some types of squash (Figure 5-5). Al-
leles of a locus that we will call B produce either yellow
(B/-) or green (b/b) fruit. However, in the presence of
a dominant allele at a second locus that we call A, no
pigment is produced at all, and fruit are white. The
dominant A allele is therefore epistatic to both B and
b/b combinations (Figure 5-6). One possible biologi-
cal interpretation of this segregation pattern is that the
function of the A allele somehow blocks an early stage
of pigment synthesis, before either yellow or green pig-
ments are produced.

Figure 5-5

B.2 DUPLICATE GENE ACTION

When a dihybrid cross produces progeny in two phe-
notypic classes in a 15:1 ratio, this can be because the
proteins from each different gene have the same (re-
dundant) functions within the same biological path-
way. With yet another pigmentation pathway example,
wheat shows this form of epistasis. The biosynthesis of
red pigment near the surface of wheat seeds (Figure 5-7)
involves many genes, two of which we will label A and B.
Normal, red coloration of the wheat seeds is maintained
if function of either of these genes is lost in a homozy-
gous mutant (e.g. in either a/a;B/- or A/-;b/b). Only
the doubly recessive mutant (a/a;b/b), which lacks
function of both genes, shows a phenotype that dif-
fers from that produced by any of the other genotypes
(Figure 5-8). A reasonable interpretation of this result
is that both genes encode the same biological function,
and either one alone is sufficient for the normal activity
of that pathway.

Figure 5-7
Red (left) and white (right)
wheat seeds.

(cropwatch.unl.edu)

of squash.
‘ (Flickr-Unknown-CC BY-NC 3.0)

Green, yellow, and white fruits

A/B

A/b a/B a/b
A/B |A/A;B/B A/A;B/b A/a;B/B A/a;B/b
A/b |A/A;B/b | A/A;b/b | A/a;B/b | A/a;b/b
a/B | A/a;B/B A/a;B/b | a/a;B/B | a/a;B/b
a/b |A/a;B/b | A/a;b/b | a/a;B/b a/a;b/b
Figure 5-6

Genotypes and phenotypes among the progeny of a
dihybrid cross of squash plants heterozygous for two loci
affecting fruit color.

(Original-Nickle-CC BY-SA 3.0)

Gene Interactions

A/B A/b a/B a/b
A/B A/A;B/B A/A;B/b A/a;B/B A/a;B/b
A/b A/A;B/b A/A;b/b A/a;B/b | A/a;b/b
a/B A/a;B/B A/a;B/b a/a;B/B | a/a;B/b
a/b |Afa;B/b | A/a;b/b  a/fa;B/b a/a;b/b
Figure 5-8

Genotypes and phenotypes among the progeny of a
dihybrid cross of a wheat plants heterozygous for two loci
affecting seed color.

(Original-Nickle-CC BY-SA 3.0)
B.3 COMPLEMENTARY GENE ACTION

The progeny of a dihybrid cross may produce just two
phenotypic classes, in an approximately 9:7 ratio. An
interpretation of this ratio is that the loss of function of
either A or B gene function has the same phenotype as
the loss of function of both genes. For example, con-
sider a simple biochemical pathway in which a colorless
substrate is converted by the action of gene A to another
colorless product, which is then converted by the action
of gene B to a visible pigment (Figure 5-9 next page).

Loss of function of either A or B, or both, will have
the same result: no pigment production. Thus  A/-;b/b,
45



a)

colorless geneA colorless geneB
compound - compound

#1 #2

purple
pigment

b) Two subunits of one enzyme

wl‘\ w2t
purple

~ end product

white
precursor

c) One transcription factor and one enzyme

w2t

white
precursor

. Ppurple
" end product

Figure 5-9
a) A simplified biochemical pathway showing complementary
gene action of A and B. Note that in this case, the same
phenotypic ratios would be obtained if gene B acted be-
fore gene A in the pathway.

b) biochemical pathway showing two subunits of one enzyme

¢) biochemical pathway showing one transcription factor
and one enzyme

(Original-Deyholos/KangCC BY-NC 3.0)

a/a;B/-, and a/a;b/b will all be colorless, while only
A/-;B/- genotypes will produce pigmented product
(Figure 5-10). The modified 9:7 ratio may therefore be
obtained when two genes act together in the same bio-
chemical pathway, and when their loss of function phe-
notypes are indistinguishable from each other or from
the loss of both genes. There are also other possible bio-
chemical explanations for complementary gene action.

A/B A/b a/B a/b
A/B A/A;B/B A/A;B/b A/a;B/B | A/a;B/b
A/b | A/A;B/b | A/A;b/b | A/a;B/b | A/a;b/b
a/B A/a;B/B A/a;B/b a/a;B/B a/a;B/b
a/b A/a;B/b A/a;b/b a/a;B/b a/a;b/b
Figure 5-10

Genotypes and phenotypes among the progeny of a dihy-
brid cross of a hypothetical plant heterozygous for two loci
affecting flower color.

(Original-Nickle-CC BY-SA 3.0)
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C GENETIC SUPPRESSION: RECESSIVE AND
DOMINANT SUPPRESSION

A Suppressor mutation is a type of mutation that
suppresses the phenotypic expression of another mu-
tation that already exists, which results in a more wild
type (less mutant) phenotype. On the other hand, en-
hancer mutations have the opposite effect of suppres-
sor mutations as they make the phenotype more mutant
(enhance the mutant phenotype).

For example, if a fly has a mottled (whi™) phenotype,
it can be suppressed to look more like whi* phenotype
by a dominant suppressor mutation, or enhanced to
look more like whi- by a dominant enhancer mutation
(whi/ whi- whi™/ whi" whi*/- or whi™/ whi; see
Figure 5-11).

Note that whi” is recessive to whi* but dominant to
whi. This is an example of an allelic series (more than
one allele of a gene can be in play. Another example is
the A/B/O blood type series of alleles).

whi/ whi- whi™/ whi™
Figure 5-11

Mutation in the white gene impacts the pigmentation in
Drosophila eyes. Note that whi™ (for white™¢d) js reces-
sive to whi*and dominant to whi-.

(Original-Locke-CC BY-NC 3.0)

whi*/-

The suppressor mutation can happen within the orig-
inal gene itself (intragenic) or outside the gene, at some
other gene elsewhere in the genome (extragenic). For
example, a frameshift mutation caused by a deletion
in gene A can be reverted by an insertion in the same
gene to regain the reading frame (intragenic suppressor
mutation). On the other hand in extragenic suppressor
mutation, a defect caused by mutation in gene A can
be suppressed by a mutation in gene B. In extragenic
suppressor mutation, there are two types of suppressor
mutations: (1) dominant suppression and (2) recessive
suppression.
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C.1 DOMINANT SUPPRESSION

In dominant suppression, the mutant suppressor al-
lele (Sup) is dominant to the wild type suppressor allele
(Sup*). Therefore, one mutant suppressor allele is suffi-
cient to suppress the mutant phenotype. For example,
in Figure 5-12, the Sup gene represents the suppressor
gene. Flies that have at least one Sup allele, even though
they have a homozygous recessive whi”/whi” geno-
type, will show a wild-type (whi*) phenotype. A fly will
have whi™ phenotype only if it has homozygous reces-
sive Sup*/Sup* genotype. If whi*/whi";Sup*/Sup flies are
crossed together, the ratio of whi*/-( wild type) to whi™
/whi™ (mutant) would be 15:1.

P €D x

C.2 RECESSIVE SUPPRESSION

On the other hand, in recessive suppression, the
mutant suppressor allele (rsp) is recessive to the wild
type suppressor allele (rsp*). Therefore, two of the mu-
tant alleles are needed to suppress the whi™ (mottled)
phenotype. For example, in Figure 5-13, flies that have
at least one whi* allele will show a wild-type phenotype.
Also, flies that homozygous for rsp will have wildtype
phenotype since only two mutant alleles can suppress
the white gene mutation. On the other hand, flies that
have the whi"/whi™ alleles will have mottled phenotype
unless they have homozygous rsp alleles. If whi*/whi™;r-
sp*/rsp flies are crossed, the ratio of whi*/- (wild type) to
whi™/ whi™ (mutant) would be 13:3.

" ><

whi*/ whi*; Sup /Sup whi™/ whi™; Sup* / Sup*

O x 6

whi*/ whi™; Sup* /Sup Whl/whl’“ Sup* / Sup

symbols.
| suppressor,
.
F, @<
-‘—'F

case.

15 1

CONFUSED?

Genetic problems can
get tricky in a hurry. Check
Chapter 1 again to make
sure you understand gene
The dominant

capitalized; the recessive
suppressor rsp is all lower

whi'/ whi*; rsp / rsp

whi*/ whi™; rsp*/ rsp

whi™/ whi™; rsp*/ rsp*

whi*/ whi™; rsp*/ rsp

Sup is i

13

3

whi*/5 - /-or -/ Sup /- whi™/ whi"; Sup* / Sup® whi'/ -;-/ - or whi"/ whi"; rsp/ rsp whi™/ whi; rsp*/ -
b ) whi*/Sup* whi*/ Sup whi™/ Sup* whi™ / Sup b ) whi*/ rsp* whi*/ rsp whi™/ rsp* whi™ [ rsp
whi/ sup™ | whi"/ whi’; Sup*/Sup® | whi'/ whi*; Sup"/ Sup | whi*/ whi™; Sup*/ Sup*® whi'/ whi™; Sup*/ Sup whi*/ rsp* whi*/ whi*; rsp*/ rsp* whi*/ whi; rsp*/ rsp whi*/ whi™; rsp*/ rsp* whi*/ whi™; rsp*/ rsp
whi*/ Sup whi*/ whi'; Sup*/ Sup whi*/ whi'; Sup / Sup whi*/ whi™; Sup*/ Sup whi*/ whi™; Sup / Sup whi*/ rsp whi'/ whi'; rsp*/ rsp whi'/ whi*; rsp / rsp whi*/ whi™; rsp’/ Sup whi*/ whi™; rsp / rsp
whim /Sup* | whi*/ whi™; Sup?/Sup* | whi*/ whi™; Sup*/Sup | whi™/whi™; Sup*/ Sup* | whi™ / whi™; Sup*/ Sup whim frsp* | whi'/ whi"; rsp"/ rsp* | whi'/ whi"; rsp*/rsp | whi™ / whi"; rsp*/ rsp* | whi™ / whi™; rsp*/ rsp
whi™ /Sup | whi*/ whi”; Sup*/ Sup | whi*/ whi; Sup /Sup | whi™ / whi™; Sup”/ Sup | whi™ / whi™; Sup / Sup whi™ / rsp whi*/ whi™; rsp*/rsp | whi*/ whi™; rsp / rsp whi™ / whi"; rsp*/ rsp whi™ / whi™; rsp / rsp
. AB Ab aB ab
Figure 5-12 AB__Ab___aB___ab Figure 5-13 c)

Drosophila cross and its

Punnett square showing
the effects of dominant

suppression of the Sup

Ab

gene on the whi gene.

Note that a dash(-) =

aB

indicates any allele for that

locus.

ab

a) crosses and genotypes;
b) Punnett square with

proper gene names; c¢) simplified Punnett square where
A=whi*, a=whi, B=Sup*, and b=Sup

(Image-Kang, modified by Nickle-CC BY-NC 3.0; Table —
Nickle — CC BY-SA 3.0)

<)
AB

Drosophila cross and its

AB

Punnett square showing

the effects of dominant

Ab

suppression of the rsp

gene on the whi gene.
Note that a dash(-) =

indicates any allele for that

locus.

ab

a) crosses and genotypes;
b) Punnett square with proper gene names; c) simplified
Punnett square where A=whill, a=whi, B=rspl], and b=rsp

(Image-Kang, modified by Nickle-CC BY-NC 3.0; Table — Nickle — CC

BY-SA 3.0)
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You've had an awful lot of interactions to consider!
So far you've seen how the 9:3:3:1 ratios are altered by
having a unique phenotype for each genotype. With no
gene interaction, you should see 2 phenotypes where
n=# genes involved.

Also critical for this section is that the genes must be
independently assorting. Genes that are close enough

Table 5-1

together on the same chromosome are “linked”, and
linkage always shows a shift in the ratios that differs
from unlinked genes. See Chapters 3 (page 28),
9, and 10 for details.

Table 5-1 summarizes the different forms of epista-
sis and the ratios they produce for interacting, unlinked
loci.

Summary showing gene interactions and their genotypic (italic) and phenotypic (bold) ratios. Shading represents com-
bined classes. Letters in italics represent alleles. Bolded letters refer to phenotypes. Where possible, the phenotype is
given the same letter as the allele which is responsible for it. The names of the various forms of epistasis are provided,
but for this course you need not memorize them. Just recognize how the 9:3:3:1 ratios are altered and be able to provide

possible biochemical reasons for the alteration in ratio.

Fraction: 9 3 3 1 Ratio

Genotype: A/-B/- | A/-b/b | afa;B/-  a/a:b/b

None 9 3 3 1 9:3:3:1
A;B A;b a;B a;b

“Recessive” epistasis 9 3 4 9:3:4

a/ainfluences B and b alleles A:B A:b

“Dominant” epistasis 12 3 1 12:3:1

Ainfluences B and b alleles A a;B a:b

Duplicate Genes 15 1 15:1

Dominant alleles either gene A or B creates C C

phenotype C, otherwise ¢

Complementary Genes 9 7 9.7

a/a and b/b are identical (phenotype ¢) but o

distinct from A&B which gives phenotype C

Recessive Suppression 9 3 4 13:3

a/a influences b/b B A;b B

Dominant Suppression 15 1 15:1

A disables expression of b/b B a;b

D EXAMPLE OF MULTIPLE GENES
AFFECTING ONE CHARACTER (POLYGENIC
INHERITANCE)

D.1 CONTINUOUS VARIATION

Most of the phenotypic traits commonly used in in-
troductory genetics are qualitative, meaning that the
phenotype exists in only two (or possibly a few more)
discrete, alternative forms, such as either purple or white
flowers, or red or white eyes. These qualitative traits are
therefore said to exhibit discrete variation. On the oth-

er hand, many interesting and important traits exhibit
continuous variation; these exhibit a continuous range
of phenotypes that are usually measured quantitatively,
such as intelligence, body mass, blood pressure in ani-
mals (including humans), and yield, water use, or vita-
min content in crops. Traits with continuous variation
are often complex, and do not show the simple Men-
delian segregation ratios (e.g. 3:1) observed with some
qualitative traits. The environment also influences
many complex traits. Nevertheless, complex traits can



often be shown to have a component that is heritable,
and which must therefore involve one or more genes.

How can genes, which are inherited (in the case of a
diploid) as at most two variants each, explain the wide
range of continuous variation observed for many traits?
The lack of an immediately obvious explanation to this
question was one of the early objections to Mendels
explanation of the mechanisms of heredity. However,
upon further consideration, it becomes clear that the
more loci that contribute to trait, the more phenotypic
classes may be observed for that trait (Figure 5-14).

If the number of phenotypic classes is sufficiently
large (as with three or more loci), individual classes may
become indistinguishable from each other (particularly

A a AB Ab aB ab

AB

Aabb

AaBb | aaBB | aaBb

Aabb | aaBb | aabb

ABC  ABc AbC Abe aBC aBc abC ahe

RVHE AABBCC AABBCe AABBCC AaBBCC

AABBCe AaBbce

N AABBCC AaBbCe | AabbCC | AabbCe

Adbbee AaBbee | AabbCe | Aabbcc

N AaBBCC aaBbCC | aaBbCe

AaBbee aaBBee | aaBbCc | aabb('c

AabbCC | AabbCe | aaBbCC | aaBbCe | aabhCC | aabh(c

AaBhbce

AabbCe | Aabbee | aaBbCe | aaBbee | aabhCe | aabbee

Figure 5-14

Punnett Squares for one, two, and three loci. We are
using a simplified example of up to three semi-dominant
genes, and in each case the effect on the phenotype is
additive, meaning the more “upper case” alleles present,
the stronger the phenotype. Comparison of the Punnett
Squares and the associated phenotypes shows that under
these conditions, the larger the number of genes that affect
a trait, the more intermediate phenotypic classes that will
be expected.

(Original-Deyholos-CC BY-NC 3.0)

when environmental effects are included), and the phe-
notype appears as a continuous variation (Figure 5-15).
Thus, quantitative traits are sometimes called polygenic
traits, because it is assumed that their phenotypes are
controlled by the combined activity of many genes.
Note that this does not imply that each of the individual
genes has an equal influence on a polygenic trait — some
may have major effect, while others only minor. Fur-
thermore, any single gene may influence more than one
trait, whether these traits are quantitative or qualitative
traits.

1 locus 2 loci 3 loci

many loci

frequency
—

phenotype
Figure 5-15
The more loci that affect a trait, the larger the number of
phenotypic classes that can be expected. For some traits,
the number of contributing loci is so large that the phe-
notypic classes blend together in apparently continuous
variation.

(Original-Deyholos-CC BY-NC 3.0)

D.2 CAT FUR GENETICS — (ADAPTED FROM CHRISTENSEN
(2000) GENETICS 155:999-1004)

Most aspects of the fur phenotypes of common cats
can be explained by the action of just a few genes (Table
2). Other genes, not described here, may further mod-
ify these traits and account for the phenotypes seen in
tabby cats and in more exotic breeds, such as Siamese.

For example, the X-linked Orange gene has two al-
lelic forms. The O° allele produces orange fur, while the
Of alleles produce non-orange (often black) fur. Note
however, that because of X-chromosome inactivation
the result is mosaicism in expression. In O° / O female
heterozygotes patches of black and orange are seen,
which produces the tortoise shell pattern (Figure 5-16
on page 50 A,B). This is a rare example of codomi-
nance since the phenotype of both alleles can be seen.
Note that the cat in part A has short fur compared to the
cat in part B; recessive alleles at an independent locus
(L/1) produce long (I//) rather than short (L/-) fur.

Alleles of the dilute gene affect the intensity of pig-
mentation, regardless of whether that pigmentation is
due to black or orange pigment. Part C shows a black
cat with at least one dominant allele of dilute (D/-), in
contrast to the cat in D, which is grey rather than black,
because it has the d/d genotype.

Epistasis is demonstrated by an allele of only one of
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Tortoise Shell,

Figure 5-16

Pieblad Spotting

Representatives of various fur phenotypes in cats. Tortoise
shell (A,B) pigmentation in cats with short (A) and long

(B) fur; black (C) and grey (D) cats that differ in genotype
at the dilute locus. The pure white pattern (E) is distinct
from piebald spotting (F). A: (Flickr-Bill Kuffrey-CC BY
2.0), B: (Wikipedia-Dieter Simon-PD), C: (Flickr-atilave-
lo-CC BY 2.0), D: (Flickr-Waldo Jaquith-CC BY-SA 2.0), E:
(Wikipedia-Valerius Geng-CC BY-SA 3.0), F: (Flickr-Denni
Schnapp-CC BY-NC-SA 2.0) *Changes: Letters and de-
scriptions were added to the pictures.

Table 5-2

Summary of simplified cat fur phenotypes and genotypes.

the genes in Table 5-2. One dominant allele of white
masking (W) prevents normal development of melano-
cytes (pigment producing cells). Therefore, cats with
genotype (W/-) will have entirely white fur regardless
of the genotype at the Orange or dilute loci (part E).
Although this locus produces a white colour, W/- is not
the same as albinism, which is a much rarer phenotype
caused by mutations in other genes. Albino cats can be
distinguished by having red eyes, while W/- cats have
eyes that are not red.

Piebald spotting is the occurrence of patches of
white fur. These patches vary in size due to many rea-
sons, including genotype. Homozygous cats with geno-
type s/s do not have any patches of white, while cats of
genotype S/s and S/S do have patches of white, and the
homozygotes tend to have a larger proportion of white
fur than heterozygotes (part F). The combination of
piebald spotting and tortoise shell patterning produce a
calico cat, which has separate patches of orange, black,
and white fur.

E ENVIRONMENTAL FACTORS

The phenotypes described thus far have a nearly per-
fect correlation with their associated genotypes; in other
words an individual with a particular genotype always
has the expected phenotype. However, many (most?)
phenotypes are not determined entirely by genotype
alone. Instead, they are determined by an interaction

between genotype and environmental factors and

can be conceptualized in the following relationship:

Genotype + Environment

— Phenotype (G+E = P)
Or:

(e.g. gray rather than
black; cream rather than
orange; light brown
rather than brown)

Trait Phenotype Genotype Comments
fur length short L/Lor L/l L is completely
long Vil dominant
all white fur 100% white fur W/W or W/w If the cat has red eyes
(non-albino) <100% white fur w/w it is albino, not W/-.
W is epistatic to all
other fur color genes; if
cat is W/-, can’t infer
genotypes for any
other fur color genes.
piebald spotting > 50% white patches /S S is incompletely
(but not 100%) dominant and shows
< 50% white patches S/s variable expressivity
no white patches s/s
orange fur all orange fur XO/XC or XO/Y Ois X-linked
tortoise shell XO/XE
variegation
no orange fur (often X8/XE or XB/Y
black)
dilute pigmentation | pigmentation is intense | D/D or D/d Dis completely
pigmentation is dilute d/d dominant

tabby tabby pattern A/A or Afa This is a simplification
solid coloration a/a of the tabby
phenotype, which
involves multiple genes
sex female X/X
male X/Y
50

Genotype + Environment + Interaction

— Phenotype (G+E + I, =P

*GE = Genetics and Environment

This interaction is especially relevant in the study
of economically important phenotypes, such as
human diseases or agricultural productivity. For
example, a particular genotype may predispose an
individual to cancer, but cancer may only develop if
the individual is exposed to certain DNA-damaging
chemicals or carcinogens. Therefore, not all
individuals with the particular genotype will develop
the cancer phenotype, only those who experience a
particular environment.
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The terms penetrance and expressivity are also useful
to describe the relationship between certain genotypes
and their phenotypes.

PENETRANCE AND EXPRESSIVITY

F.1 PENETRANCE

Penetrance is the proportion of individuals with a
particular genotype that display a corresponding phe-
notype (Figure 18). It is usually expressed as a percent-
age of the population. Because all pea plants that are
homozygous for the allele for white flowers (e.g. a/a in
Chapter 2 (page 17)) actually have white flowers,
this genotype is completely (100%) penetrant. In con-
trast, many human genetic diseases are incomplete-
ly penetrant, since not all individuals with the disease
genotype actually develop symptoms associated with
the disease (less than 100%).

F.2 EXPRESSIVITY

Expressivity describes the variability in mutant phe-
notypes observed in individuals with a particular phe-
notype (Figure 5-17 and Figure 5-18). Many human
genetic diseases provide examples of broad expressivi-
ty, since individuals with the same genotypes may vary
greatly in the severity of their symptoms. Incomplete
penetrance and broad expressivity are due to random
chance, non-genetic (environmental), and genetic fac-
tors (mutations in other genes).

.

— -

00000000 (000000

complete penetrance incomplete penetrance X
narrow expressivity narrow expressivity =
Bt
00000000 00000000 -
=
complete penetrance incomplete penetrance \ X
broad expressivity broad expressivity
—

Figure 5-17 —

9 Figure 5-18

Relationship between penetrance and
expressivity in eight individuals that all
have a mutant genotype. Penetrance can
be complete (all eight have the mutant
phenotype) or incomplete (only some
have the mutant phenotype). Amongst
those individuals with the mutant pheno-
type the expressivity can be narrow (very
little variation) to broad (lots of variation).

(Original-Locke-CC BY-NC 3.0)

AN)
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L weak

Mutations in wings of
Drosophila melanogas-
ter showing weak to
strong expressivity.

(Original-J. Locke-CC;

G MENDELIAN PHENOTYPIC RATIOS MAY

NoT BE AS EXPECTED

G.1 OTHER FACTORS

There are other factors that that affects organism’s
phenotype and thus appear to alter Mendelian inher-
itance.

(1) Genetic heterogeneity: There is more than one
gene or genetic mechanism that can produce the
same phenotype.

(2) Polygenic determination: One phenotypic trait is
controlled by multiple genes.

(3) Phenocopy: Organisms that do not have the gen-
otype for trait A can also express trait A due to en-
vironmental conditions; they do not have the same
genotype but the environment simply “copies” the
genetic phenotype.

(4) Incomplete penetrance: even though an organism
possesses the genotype for trait A, it might not be
expressed with 100% effect.

(5) Certain genotypes show a survival rate that is less
than 100%. For example, genotypes that cause
death, recessive lethal mutations, at the embryo or
larval stage will be under-represented when adult
flies are counted.

G.2 THE X?TEST FOR GOODNESS-OF-FIT

For a variety of reasons, the phenotypic ratios
observed from real crosses rarely match the ex-
act ratios expected based on a Punnett Square
or other prediction techniques. There are many
possible explanations for deviations from expect-
ed ratios. Sometimes these deviations are due to
sampling effects, in other words, the random se-
lection of a non-representative subset of individ-
uals for observation.

intermediate

A statistical procedure called the chi-square
(x?) test can be used to help a geneticist decide
whether the deviation between observed and ex-
pected ratios is due to sampling effects, or wheth-
er the difference is so large that some other ex-
planation must be sought by re-examining the
assumptions used to calculate the expected ratio.
The procedure for performing a chi-square test is
shown at http://tinyurl.com/chi2 .

strong
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SUMMARY:

¢

* & & o

Phenotype depends on the alleles that are present, their dominance relationships, and sometimes also
interactions with the environment and other factors.

The alleles of different loci are inherited independently of each other, unless they are genetically linked.
Many important traits show continuous, rather than discrete variation. These are called quantitative traits.
Many quantitative traits are influenced by a combination of environment and genetics.

The expected phenotypic ratio of a dihybrid cross is 9:3:3:1, except in cases of linkage or gene interactions
that modify this ratio.

Modified ratios from 9:3:3:1 are seen in the case of recessive and dominant epistasis, duplicate genes, and
complementary gene action. This usually indicates that the two genes interact within the same biological

pathway.

¢ There are other factors that alter the expected Mendelian ratios.

KEY TERMS:

calico expressivity penetrance
continuous variation independent assortment piebald spotting
dihybrid linkage polygenic traits
dilute masking recessive epistasis

discrete variation

Mendel's Second Law

recessive lethal mutations

duplicate gene action modified Mendelian Ratios redundancy
AiA; A1A2 A2Az
1 | all hairs black | on the same all hairs white

STUDY QUESTIONS:
1.

individual: 50% of hairs are
all black and 50% of hairs
are all white

In the table to the I‘ight, match the mouse hair col- 2 | all hairs black | all hairs are the same all hairs white
or phenotypes with the term from the list that best shade of grey
. . 3 | all hairs black | all hairs black 50% of individuals have all

explains the observed phenotype, given the geno- white hairs and 50% of
types shown. In this case, the allele symbols do not individuals have all black hairs
. . . . . 4 | all hairs black | all hairs black mice have no hair
imply anythin h minance relationshi

ply anyt & about .t edo ance refatio ‘S ps 5 | all hairs black | all hairs white all hairs white
between the alleles. List of terms: haplosufficiency, & | all hairs black | all hairs black 21 hairs white
haplo—insufﬁciency, pleiotropy, incomplete dom- 7 | all hairs black | all hairs black hairs are a wide range of

shades of grey

inance, co-dominance, incomplete penetrance,
broad (variable) expressivity.

3. If 1and 2 and 3 are all colorless, and 4 is red, what
will be the phenotypes associated with the follow-

Answer questions 2-4 using the following bio- ing genotypes?
chemical pathway for fruit color. Assume all muta-
tions (lower case allele symbols) are recessive, and @) ala
that either precursor 1 or precursor 2 can be used b) b/b
to produce precursor 3. If the alleles for a particu- ¢) did
lar gene are not listed in a genotype, you can as- d) ala;b/b
sume that they are wild-type. e) alad/d

1 f) b/bd/d

g) a/a;b/bid/d

i)

A\‘ D h)
>

j)

What will be the phenotypic ratios among the
offspring of a cross A/a;B/b x A/a;B/b?

What will be the phenotypic ratios among the
offspring of a cross B/b;D/d x B/b;D/d?

What will be the phenotypic ratios among the
offspring of a cross A/a;D/d x A/a;D/d?
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4.

10.

11.

If 1 and 2 are both colorless, and 3 is blue and 4 8.
is red, what will be the phenotypes associated with
the following genotypes?
a) ala
b) b/b
c) d/d
d) a/a;b/b
e) a/a;d/d
f) b/bd/d
g) a/a;b/bd/d
h) What will be the phenotypic ratios among the
offspring of a cross A/a;B/b x A/a;B/b?
i)  What will be the phenotypic ratios among the
offspring of a cross B/b;D/d x B/b;D/d?
j)  What will be the phenotypic ratios among the
oftspring of a cross A/a;D/d x A/a;D/d?
If 1 is colorless, 2 is yellow and 3 is blue and 4 is
red, what will be the phenotypes associated with
the following genotypes?
a) ala
b) b/b
c) d/d
d) a/a;b/b
e) alad/d
f)  b/bd/d
g a/ab/bid/d
h) What will be the phenotypic ratios among the
offspring of a cross A/a;B/b x A/a;B/b?
i)  What will be the phenotypic ratios among the
offspring of a cross B/b;D/d x B/b;D/d?
j)  What will be the phenotypic ratios among the
offspring of a cross A/a;D/d x A/a;D/d?
Which of the situations in questions 2 - 4 demon-
strate epistasis?
If the genotypes written within the Punnett Square

are from the F, generation, what would be the phe-
notypes and genotypes of the F, and P generations
for:

a) Figure 5-4
b) Figure 5-6
c¢) Figure5-8
d) Figure 5-10

To better understand how genes control the devel-
opment of three-dimensional structures, you con-
ducted a mutant screen in Arabidopsis and iden-
tified a recessive point mutation allele of a single
gene (g) that causes leaves to develop as narrow
tubes rather than the broad flat surfaces that devel-
op in wild-type (G). Allele g causes a complete loss
of function. Now you want to identify more genes
involved in the same process. Diagram a process
you could use to identify other genes that interact
with gene g. Show all of the possible genotypes that
could arise in the Fi generation.

With reference to question 7, if the recessive allele,
g is mutated again to make allele g¥, what are the
possible phenotypes of a homozygous g* ¢* indi-
vidual?

Again, in reference to question 8, what are the pos-
sible phenotypes of a homozygous a/a;g/g individ-
ual, where a is a recessive allele of a second gene?
In each case, also specify the phenotypic ratios that
would be observed among the Fi progeny of a cross
of A/a;G/gx A/a;G/g

Use the product rule to calculate the phenotypic
ratios expected from a trihybrid cross. Assume in-
dependent assortment and no epistasis/gene inter-
actions.
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Chapter 6

Pedigree Analysis

INTRODUCTION

Figure 6-1
Polydactyly (six fingers in this case) is an example of a human

trait that can be studied by pedigree analysis. (Wikipedia- Drg-
nu23- CC BY-SA 3.0)

he basic concepts of genetics described in the preceding chapters can be applied to almost any eukaryotic or-

ganism. However, some techniques, such as testcrosses, can only be performed with model organisms or oth-
er species that can be experimentally manipulated. To study the inheritance patterns of genes in humans and other
species for which controlled matings are not possible, geneticists use the analysis of pedigrees and populations.

A. PEDIGREE ANALYSIS

A.1. PEDIGREE CHARTS

Pedigree charts are diagrams that show the pheno-
types and/or genotypes for a particular organism, its
ancestors, and descendants. While commonly used in
human families to track genetic diseases, they can be
used for any species and any inherited trait. Geneticists
use a standardized set of symbols to represent an indi-
vidual’s sex, family relationships and phenotype. These
diagrams are used to determine the mode of inheri-
tance of a particular disease or trait, and to predict the
probability of its appearance among offspring. Pedigree

analysis is therefore an important tool in basic research,
agriculture, and genetic counseling.

Each pedigree chart represents all of the available in-
formation about the inheritance of a single trait (most
often a disease) within a family. The pedigree chart is
therefore drawn using factual information, but there is
always some possibility of errors in this information, es-
pecially when relying on family members’ recollections
or even clinical diagnoses. In real pedigrees, further
complications can arise due to incomplete penetrance



(including age of onset) and variable expressivity of
disease alleles, but for the examples presented in this
book, we will presume complete accuracy of the ped-
igrees — that is, the phenotype accurately reflects the
genotype. A pedigree may be drawn when trying to
determine the nature of a newly discovered disease, or
when an individual with a family history of a disease
wants to know the probability of passing the disease
on to their children. In either case, a tree is drawn, as
shown in Figure 6-2, with circles to represent females,
and squares to represent males. Matings are drawn as a
line joining a male and female, while a consanguineous
mating (closely related, such as siblings or first cousins)
is two lines.

female male unknown

<
@
1. relationship line E
+ =
[4]
[ =
=
3- qlh";hlp “"e = — 2 line {)I‘dEHCtT'll '8
g
<—l =
m
4. individual’s line siblings
Figure 6-2

Symbols used in drawing a pedigree.
(Original-Deyholos/Harington-CC BY-
NC 3.0)

The affected individual that brings the family to the
attention of a geneticist is called the proband (or prop-
ositus). If the individual is unaffected, they are called
the consultand. If an individual is known to have symp-
toms of the disease (affected), the symbol is filled in.
Sometimes a half-filled in symbol is used to indicate a
known carrier of a disease; this is someone who does
not have any symptoms of the disease, but who passed
the disease on to subsequent generations because they
are a heterozygote. A circle with a dot in the centre indi-
cates female carriers of X-linked traits. Note that when
a pedigree is constructed, we often don’t know whether
a particular individual is a carrier or not. Not all carri-
ers are always explicitly indicated in a pedigree. If you
don’t know the exact genotype, don't guess. If some-
one can be a homozygote or heterozygote, indicate the
second allele a slash (e.g. A/-). For simplicity, in this

course we will assume that the pedigrees presented
are accurate, and represent fully penetrant traits.

A.2. PEDIGREE CHART CONVENTION SYMBOLS

In pedigree analysis, standardized human pedigree
nomenclature is used. If possible, the male partner
should be left of female partner on relationship line.
Siblings should be listed from left to right in birth or-
der, oldest to youngest.

B. MODES OF INHERITANCE

Given a pedigree of an uncharacterized disease or
trait, one of the first tasks is to determine which modes
of inheritance are possible and then which mode of in-

heritance is most likely. This information

sex s essential in calculating the probability

that the trait will be inherited in any fu-
| ture offspring. We will mostly consider

five major types of inheritance: autoso-
mal dominant (AD), autosomal recessive

om e

mating :

consanguineous

mating Q=

(AR), X-linked dominant (XD), X-linked
recessive (XR), and Y-linked (Y).

Warning: do not use ratios to determine
which allele is dominant or recessive. There
are not enough data points in a pedigree to
validate the assumptions upon which the ra-
tios are based. Try out gene symbols and find
out which are consistent and which are incon-
sistent. Most small pedigrees are consistent
with more than one inheritance pattern.

B.1. AUTOSOMAL DOMINANT (AD)

When a disease is caused by a domi-
nant allele of a gene, every person with
that allele will show symptoms of the disease (assum-
ing complete penetrance), and only one disease allele
needs to be inherited for an individual to be affected
(Figure 6-3). 'Thus, every affected individual must
have an affected parent. A pedigree with affected
individuals in every generation is typical of AD (au-
tosomal dominant) diseases. However, beware that
other modes of
inheritance can

| h th
jliss(;asj ionwever; \j I:h‘ CBTD t’
I’
ercrbed below M@ OO @O

It is also possible Figure 6-3
for an affected A pedigree consistent with AD

individual with nhertance.
an AD disease (Original-Deyholos-CC BY-NC 3.0)
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Table 6-1
Genotype nomenclature consistent
with AD inheritance.

(Original-Nickle-CC BY-NC 3.0)

AD Nomenclature

to have a family
without any af-
fected children, if
the affected par-
ent is a hetero-

A mutant allele zygote: Lhis is
particularly true

a WT allele in small families,
A /a | affected where the prob-
affected to the same or ability of every

AlA (gr;eaa\;c ?)lleer)(te’cggstsive lethal) child  inheriting

the normal, rath-
er than disease allele is not extremely small. Note that
AD diseases are usually rare in populations, therefore
affected individuals with AD diseases tend to be het-
erozygotes (otherwise, both parents would have had to
been affected with the same rare disease). Achondro-
plastic dwarfism, and polydactyly are both examples of
human conditions that may follow an AD mode of in-
heritance. Table 6-1 shows how symbols can be used
for AD expression.

AD EXAMPLE: ACHONDROPLASIA

Achondroplasia (Figure 6-4) is a common form of
dwarfism. FGFR3 gene at 4p16 (chromosome 4, p arm,
region 1, band 6) encodes a receptor protein that nega-
tively regulates bone development. A specific bp substi-
tution in the gene makes an over-active protein and this
results in shortened bones (Figure 6-5). Acondroplasia
is considered autosomal dominant because the defec-
tive proteins made in A/a embryos halt bone growth
prematurely. A/A embryos do not make enough limb
bones to survive. Most, but not all dominant mutations
are also recessive lethal. In achondroplasia, the A allele
shows dominant visible phenotype (shortness) and re-
cessive lethal phenotype.

B.2. X-LINKED DOMINANT (XD)

In X-linked dominant inheritance, the gene respon-
sible for the disease is located on the X-chromosome,
and the allele that causes the disease is dominant to the
normal allele in females. Because
Figure 6-4
Portrait of Sebastidn de Morra by
Diego Veldzquez, a court dwarf and
was painted ~1645. He likely had

achondroplasia, a condition that has
autosomal dominant inheritance.

(Wikimedia Commons-Diego Velazquez-
PD)
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females  have Normal ‘
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than males in e
the population. %
However, not all 1
pedigrees pro- S}?E{:,.'on
vide sufficient Figure 6-5

information to
distinguish XD
and AD. One
definitive indica-
tion that a trait is inherited as AD, and not XD, is that
an affected father passes the disease to a son; this type
of transmission is not possible with XD, since males in-
herit their X chromosome from their mothers.

Diagram showing the mechanism of
achondroplasia.

(Original-Harrington-CC BY-NC 3.0)

Table 6-2 shows how gene symbols work with XD;
Figure 6-6 and Figure 6-7 demonstrate XD syndromes.

-TO Figure 6-6
‘ m Two pedigrees consistent with XD
T

inheritance.
Figure 6-7

(Original-Deyholos-CC BY-NC 3.0)
Some types of rickets may follow an
XD mode of inheritance.
(Wikipedia-Mrish-CC BY-SA 1.0)

XD EXAMPLE: FRAGILE X SYNDROME

The FMR1 gene at Xq21 (X chromosome, q arm, re-
gion 2, band 1) encodes a protein needed for neuron
development. There is
a (CGG), repeat array
in the 5UTR (un-
translated region). If
there is expansion of
the repeat in the germ-
line cell the child will

inherit a non-func-

Table 6-2
Genotype nomenclature consistent
with XD inheritance.

(Original-Nickle-CC BY-NC 3.0)
XA mutant allele
xe WT allele

XA/ Y | affected male tional allele. X* / Y

XA [ XA males have fragile X
ffected femal ¥

XA/ xa attected temales | 1 qntq] retardation
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(IQ < 50) because none of their neurons can make
FMR1 proteins. Fragile X syndrome is considered
X-linked dominant because only some neurons in X*/
X? females can make FMR1 proteins. The severity (IQ
50 - 70) in these females depends upon the number and
location of these cells within in the brain.

B.3. AUTOSOMAL RECESSIVE (AR)

Diseases that are inherited in an autosomal recessive
pattern require that both parents of an affected individ-
ual carry at least one copy of the disease allele. With
AR traits, many individuals in a pedigree can be carri-
ers, probably without knowing it. Compared to ped-
igrees of dominant traits, AR pedigrees tend to show
fewer affected individuals and are more likely than AD
or XD to “skip a generation”. 'Thus, the major feature
that distinguishes AR from AD or XD is that unaffected
individuals can have affected offspring. Attached ear-
lobes is a human condition that may follow an AR mode
of inheritance.

Table 6-3 shows AR gene symbols and Figure 6-8
shows an AR pedigree.

DTO

eole
mlufelnfeln

0]

Figure 6-8
A pedigree consistent with AR inheritance.
(Original-Deyholos-CC BY-NC 3.0)
. : = Figure 6-9
Many inborn errors of
metabolism, such as
phenylketonuria (PKU)
are inherited as AR.
Newborns are often
tested for a few of the
most common metabolic
diseases.

(Wikipedia-U.S. Air Force photo/Staff Sgt. Eric T. Sheler-PD)
Figure 6-10
Mutation in the PAH % ‘ \ . M ,f\j \
gene cannot catalyze p enﬂ alanioe. ——> TSI
the breakdown of J’
phenylalanine into |
tyrosine. This causes Phenjlpﬂmu.'c acid
build up of phen-
ylpyruvic acid, which
would damage the central nervous system.

(Original-Harrington-CC BY-NC 3.0)

Table 6-3

Genotype nomenclature consistent with AR inheritance.

(Original-Nickle-CC BY-NC 3.0)

AR Nomenclature

A WT allele

a mutant allele
a/a | affected
A /a | carrier
A /- | status unknown

AR EXAMPLE: PHENYLKETONURIA (PKU)

Individuals with phenylketonuria (PKU) have a mu-
tation in the PAH gene at 12q24 (chromosome 12, q arm,
region 2, band 4), which encodes an enzyme that breaks
down phenylalanine into tyrosine called phenylalanine
hydrolase (PAH). Without PAH, the accumulation of
phenylalanine and other metabolites, such as phenylpy-
ruvic acid (Figure 6-10), disrupts brain development,
typically within a year after birth, and can lead to intel-
lectual disability. Fortunately, this condition is both easy
to diagnose (Figure 6-9) and can be successfully treated
with a low phenylalanine diet. There are over 450 dif-
ferent mutant alleles of the PAH gene, so most people
with PKU are compound heterozygotes. Compound
heterozygotes have two different mutant alleles (differ-
ent base pair changes) at a given locus, in this case the
PAH gene.

B.4. X-LINKED RECESSIVE (XR)

Because males have only one X-chromosome, any
male that inherits an X-linked recessive disease allele
will be affected by it (assuming complete penetrance).
Therefore, in XR modes of inheritance, males tend to be
affected more frequently than females in a population
(e.g. Figure 6-11, 12). This is in contrast to AR and AD,
where both sexes tend to be affected equally, and XD, in
which females are affected more frequently. Note, how-
ever, in the small sample sizes typical of human fam-
ilies, it is usually not possible to accurately determine

O whether  one
o5T53 sRaE

sex is affect-
ed more fre-

Figure 6-11

A pedigree consistent with XR inheritance.

(Original-Deyholos-CC BY-NC 3.0)

quently than
others.
On the oth-

er hand, ped-
igree that can
be used to de-
finitively  es-
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tablish that an inheritance pattern is not XR is the pres-
ence of an affected daughter from unaffected parents;
because she would have had to inherit one X-chromo-
some from her father, he would also have been affected
in XR. Table 6-4 show XR symbols.

Table 6-4
Genotype nomenclature consistent with XR inheritance.
(Original-Harrington-CC BY-NC 3.0)

XR Nomenclature

XA WT allele

x@ mutant allele
X2/Y | affected
XA/ X? | carrier female

X2/ X2 | affected female

XR EXAMPLE: HEMOPHILIA A

F8 gene at Xq28 (X chromosome, q arm, region 2,
band 8) encodes blood clotting factor VIIIc (Figure
6-13). Without Factor VIIlc, internal and external
bleeding can’t be stopped. Back in the 1900s, X*/ Y male’s
average life expectancy was 1.4 years, but in the 2000s
it has increased to 65 years with the advent of Recom-

Factor VlIIlc.
Hemophilia A Llsa wessel

is recessive be- 4 EIDOC) .
cause X4 / X* C!magg_ COOjUJa‘fvon
females have _.
Figure 6-13

normal blood .

lati F8 gene encodes for blood clotting factor
coagulation, VIIIC which is responsible for blood coagula-
Whlle Xa / Xa tion.
females . .ha"e (Original-Harrington-CC BY-NC 3.0)
hemophilia.

B.5. Y-LINKED

Only males are affected in human Y-linked inheri-
tance (and other species with the X/Y sex determining
system). There is only father-to-son transmission. This

is the easiest mode of inheritance to identify, but it is
one of the rarest because there are so few genes located
only on the Y-chromosome.

An example of Y-linked inheritance is the hairy-ear-
rim phenotype seen in some Indian families. As ex-
pected this trait is passed on from father to all sons and
no daughters. Y-chromosome DNA polymorphisms
can be used to follow the male lineage in large fami-
lies or through ancient ancestral lineages. For example,
the Y-chromosome of Mongolian ruler Genghis Khan
(1162-1227 CE), and his male relatives, accounts for
~8% of the Y-chromosome lineage of men in Asia (0.5%
world wide).

B.6. ORGANELLAR GENOMES

In eukaryotes, DNA and genes also exist outside of
the chromosomes found in the nucleus. Both the chlo-
roplast and mitochondrion have circular chromo-
somes .These organellar genomes are often present in
multiple copies within each organelle. In most sexual-
ly reproducing species, organellar chromosomes are
inherited from only one parent, usually the one that
produces the largest gamete. Thus, in mammals, an-
giosperms, and many other organisms, mitochondria
and chloroplasts are inherited only through the moth-
er (maternally). Therefore, mutations in mitochondrial
DNA (mtDNA) are inherited through the maternal line.
There are some human diseases associated with muta-
tions in mitochondria genes. These mutations can affect
both males and females, but males cannot pass them on
as all mitochondria are inherited via the egg, not the
sperm. Mitochondrial DNA polymorphisms are also
used to investigate evolutionary and historical lineages,
both ancient and recent. Because of the relative similar-
ity of sequence mtDNA is also used in species identifi-
cation in ecology studies. An example of Mitochondrial
inheritance is the Leber hereditary optical neuropathy
(LHON). Mitochondria are very important in retinal
cells for ATP and/or a specialized function. Mutations

in several mtDNA genes result in blindness during early
childhood.

C. SPORADIC AND NON-HERITABLE DISEASES

Not all of the characterized human traits and diseases
are attributed to mutant alleles at a single gene locus.
Many diseases that have a heritable component, have
more complex inheritance patterns due to (1) the in-
volvement of multiple genes, and/or (2) environmental
factors.

On the other hand, some non-genetic diseases may
appear to be heritable because they affect multiple
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members of the same family, but this is due to the fam-
ily members being exposed to the same toxins or other
environmental factors (e.g. in their homes).

Finally, diseases with similar symptoms may have
different causes, some of which
may be genetic while others are not.
One example of this is ALS (amy-
otrophic lateral sclerosis); approxi-
mately 5-10% of cases are inherited
in an AD pattern, while the major-
ity of the remaining cases appear
to be sporadic, in other words,
— not caused by a mutation inherited
Figure 6-14 from a parent. We now know
Stephen Hawking that different genes or proteins
(Wikipedia-NASA-PD) are affected in the inherited and
sporadic forms of ALS. The phys-
icist Stephen Hawking (Figure 6-14)and baseball player
Lou Gehrig both suffered from sporadic ALS.
D. CALCULATING PROBABILITIES
Once the mode of inheritance of a disease or trait
is identified, some inferences about the genotype of
individuals in a pedigree can be made, based on their
phenotypes and where they appear in the family tree.
Given these genotypes, it is possible to calculate the
probability of a particular genotype being inherited in
subsequent generations. This can be useful in genetic
counseling, for example when prospective parents wish
to know the likelihood of their offspring inheriting a
disease for which they have a family history.

o

Probabilities in pedigrees are calculated using knowl-
edge of Mendelian inheritance and the same basic meth-
ods as are used in other fields. The first formula is the
product rule: the joint probability of two independent
events is the product of their individual probabilities;
this is the probability of one event AND another event
occurring. For example, the probability of a rolling a
“five” with a single throw of a single six-sided die is 1/6,
and the probability of rolling “five” in each of three suc-
cessive rolls is 1/6 x 1/6 x 1/6 = 1/216.

The second useful formula is the sum rule, which
states that the combined probability of two independent
events is the sum of their individual probabilities. This
is the probability of one event OR another event occur-
ring. For example, the probability of rolling a five or six
in a single throw of a dice is 1/6 + 1/6 = 1/3.

With these rules in mind, we can calculate the proba-
bility that two carriers (i.e. heterozygotes) of an AR dis-
ease will have a child affected with the disease as %2 x

60

= U, since for each parent, the probability of any gam-
etes carrying the disease allele is %. This is consistent
with what we already know from calculating probabili-
ties using a Punnett Square (e.g. in a monohybrid cross
A/a x A/a, % of the offspring are a/a).

We can likewise calculate probabilities in the more
complex pedigree shown in We can likewise calculate
probabilities in the more complex pedigree shown in
We can likewise calculate probabilities in the more
complex pedigree shown in We can likewise calcu-
late probabilities in the more complex pedigree shown
in We can likewise calculate probabilities in the more
complex pedigree shown in Figure 6-15.

Figure 6-15
Individuals in this pedigree are labeled with
numbers to make discussion easier.

(Original-Deyholos-CC BY-NC 3.0)

Assuming the disease has an AR pattern of inheri-
tance, what is the probability that individual 14 will be
affected? We can assume that individuals #1, #2, #3 and
#4 are heterozygotes (A/a), because they each had at
least one affected (a/a) child, but they are not affected
themselves. This means that there is a 2/3 chance that
individual #6 is also A/a. This is because according to
Mendelian inheritance, when two heterozygotes mate,
there is a 1:2:1 distribution of genotypes A/A:A/a:a/a.
However, because #6 is unaffected, he can’t be a/a, so
he is either A/a or A/A, but the probability of him being
A/a is twice as likely as A/A. By the same reasoning,
there is likewise a 2/3 chance that #9 is a heterozygous
carrier of the disease allele.

If individual 6 is a heterozygous for the disease allele,
then there is a % chance that #12 will also be a hetero-
zygote (i.e. if the mating of #6 and #7 is A/a x A/A,
half of the progeny will be A/a; we are also assuming
that #7, who is unrelated, does not carry any disease
alleles). Therefore, the combined probability that #12
is also a heterozygote is 2/3 x 1/2 = 1/3. 'This reasoning
also applies to individual #13, i.e. there is a 1/3 proba-
bility that he is a heterozygote for the disease. Thus, the
overall probability that both individual #12 and #13 are
heterozygous, and that a particular offspring of theirs
will be homozygous for the disease alleles is 1/3 x 1/3 x
1/4 = 1/36.
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SUMMARY:

Pedigree analysis can be used to determine the mode of inheritance of specific traits such as diseases.
Loci can be X- or Y-linked or autosomal in location and alleles either dominant or recessive with respect
to wild type.

If the mode of inheritance is known, a pedigree can be used to calculate the probability of inheritance of

a particular genotype by an individual.

KEY TERMS:
affected

carrier

autosomal dominant
Achondoplasia
X-linked dominant
Fragile X-syndrome
Phenylketonuria (PKU)

Pedigree charts

mode of inheritance
genetic counseling
incomplete penetrance
variable expressivity
proband

STUDY QUESTIONS:

1) What are some of the modes of inheritance that are
consistent with this pedigree?

1 2 3

2) In this pedigree in question 1, the mode of inheri-
tance cannot be determined unamibguously. What
are some examples of data (e.g. from other genera-
tions) that, if added to the pedigree would help de-
termine the mode of inheritance?

3) For each of the following pedigrees, name the most
likely mode of inheritance (AR=autosomal reces-
sive, AD=autosomal dominant, XR=X-linked re-
cessive, XD=X-linked dominant). (These pedigrees
were obtained from various external sources).

a)
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=0
0w
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b)
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autosomal recessive organellar

X-linked recessive mitochondrial inheritance
Hemophilia A (mtDNA)

Y-linked endopolyplody
hairy-ear-rim sporadic

chloroplast product rule

mitochondrion sum rule

Y

d)

O

4) The following pedigree represents a rare, autoso-
mal recessive disease. What are the genotypes of
the individuals who are indicated by letters?

5) If individual #1 in the following pedigree is a het-
erozygote for a rare, AR disease, what is the proba-
bility that individual #7 will be affected by the dis-
ease? Assume that #2 and the spouses of #3 and #4
are not carriers.

OTEI
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b 50 b b
SoaddEhoLs
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Chapter 7

Cell Cycles

Figure 7-1

Confocal micrograph of human cells
showing the stages of cell division.
DNA is stained blue, microtubules
stained green and kinetochores stained
pink. Starting from the top and going
clockwise you see an interphase cell
with DNA in the nucleus. In the next
cell, the nucleus dissolves and chro-
mosomes condense in prophase. The
next is prometaphase where micro-
tubules are starting to attach, but the
chromosomes haven'’t aligned. Next is
metaphase where the chromosomes
are all attached to microtubules and
aligned on the metaphase plate. The
next two are early and late anaphase,
as the chromosomes start separating
to their respective poles. Finally there
is telophase where the cells are com-
pleting division to be two daughter cells.
(Flickr-M. Daniels; Wellcome Images-
CC BY-NC-ND 2.0)

INTRODUCTION

ell growth and division is essential to asexual reproduction and the development of multicellular organisms.

The transmission of genetic information is accomplished in a cellular process called mitosis. This process
ensures that at cell division, each daughter cell inherits identical genetic material, i.e. exactly one copy of each
chromosome present in the parental cell. An evolutionary adaptation of mitosis lead to a special type of cell di-
vision that reduces the number of chromosomes from diploid to haploid: this is meiosis, and is an essential step
in sexual reproduction to avoid doubling the number of chromosomes each time progeny are generated through
fertilization.

A  BASIC STAGES OF A TYPICAL CELL CYCLE

The life cycle of eukaryotic cells can generally be di-
vided into four stages (and a typical cell cycle is shown
in Figure 7-2). When a cell is produced through fertil-
ization or cell division it normally goes through four
main stages: G1, S, G2, and M. The first stage of inter-
phase is a lag period is called Gap 1 (G1), and is the
first part of interphase. This is where the cell does its
normal cellular functions and it grows in size, particu-
larly after mitosis when the daughters are half the size

of the mother cell. This stage ends with the onset of the
DNA synthesis (S) phase, during which each chro-
mosome is replicated (For more information on DNA
replication, see the chapter on DNA and chromosome
replication.) Though the chromosomes aren’t con-
densed yet, because S phase is still part of interphase,
they are replicated as two sister chromatids attached at
the centromere. Still in interphase and following rep-
lication, there is another lag phase, called Gap 2 (G2).
In G2, the cell is continues to grow and building up the
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Figure 7-2

Stages of the cell cycle. The outer ring identifies when a
cell is in interphase (I) and when it is in mitosis (M). The
inner ring identifies the four major stages. Cells can enter
GO if they are not actively undergoing cell division, and
may re-enter the cell cycle at a later time.

required proteins necessary for cell division to occur,
and continuing to grow. This is a checkpoint stage,
where if there are any problems with replication or
acquiring the needed proteins for cell division doesn't
occur, the cell cycle will arrest until it can fix itself or
choose to die. The final stage is mitosis (M), where the
cell undergoes cell division as is described in the last
section.

Many variants of this generalized cell cycle also
exist. Cells undergoing meiosis do not usually have a
G2 phase. Cells like hematopoietic stem cells, that are
found in the bone marrow and produce all the other
blood cells will consistently go through these phases as
they are constantly replicating. Others, like some cells
in the nervous system will no longer divide in their
lifetime. These cells never leave G1 phase, and are said
to enter a permanent, non-dividing stage called Go.
On the other hand some cells, like the larval tissues in

Interphase

Prophase

Metaphase

Figure 7-3
A cartoon diagram showing the main stages of Mitosis.
(Original-M. Deyholos/L. Canham-CC:AN)

Anaphase

Drosophila, undergo many rounds of DNA synthesis
(S) without any mitosis or cell division, leading to en-
doreduplication (doubling of chromosomes within the
nucleus). Understanding the control of the cell cycle is
an active area of research, particularly because of the
relationship between cell division and cancer.

B MITOSIS

During the S-phase of interphase the chromo-
somes replicate so that each chromosome has two
sister chromatids attached at the centromere. After
S-phase and Gz, the cell enters Mitosis. The first step
in mitosis is prophase where the nucleus dissolves
and the replicated chromosomes condense into the
visible structures we associated with chromosomes.
Next is metaphase, where the microtubules attach to
the kinetochore and the chromosomes align along the
middle of the dividing cell, known as the metaphase
plate. The kinetochore is the region in the chromo-
some where the microtubules attach, which contains
the centromere and proteins that help the microtubules
bind. Then in anaphase, each of the sister chromatids
from each chromosome gets pulled towards opposite
poles of the dividing cell. Finally in telophase, identical
sets of unreplicated chromosomes (single chromatids)
are completely separated from each other into the two
daughter cells, and the nucleus re-forms around each
of the two sets of chromosomes. Following this is the
partitioning of the cytoplasm (cytokinesis) to com-
plete the process and to make two identical daughter
cells. Figure 7-1 on page 63 and Figure 7-3 show
real pictures and a cartoon schematic of the process,
respectively.

You should note that this is a dynamic and ongoing
process, and cells don’t just jump from one stage to the

OO

http://tinyurl.com/oog-mitosis

You can practice
chromosome
movements of
mitosis online.

> ) )

Telophase Cytokinesis
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next. When looking at snapshots of real cells, you will
more often see cells between two stages, like is seen in
some of the images in Figure 7-1.

Meiosis is a process which is just as dynamic as mi-
tosis and shares some similar steps. That said, meiosis
had developed, through evolutionary processes, extra
steps which reduce the number of chromosomes in the
daughter cells without losing any required chromo-
some types altogether. That is, the genetic instructions
go from diploid to haploid in a carefully-controlled
process.

C MEIOSIS

Most eukaryotes reproduce sexually - a cell from
one individual joins with a cell from another to create
offspring. In order for this to be successful, the cells
that fuse must contain half the number of chromo-
somes as in the adult organism. Otherwise, the num-
ber of chromosomes would double with each genera-
tion, an unsustainable mechanism. The chromosome
number is reduced through the process of meiosis.
Meiosis is similar in many ways to (Figure 7-4), as the
chromosomes are lined up along the metaphase plate
and divided to the poles using microtubules. It also
differs in many significant ways. Keep this in mind and
try to note the differences as you read ahead. “N” refers
to whether an organism is haploid or diploid; “C” is
the quantity (mass) of DNA in each cell.

To begin, let’s review what you should already know
about meiosis. Much of this information should be re-
view. It's fundamental to genetics, so keep in mind that
we repeat it because it’s important you understand it!

Meiosis has two main stages, designated by the
roman numerals I and II. In Meiosis I homologous
chromosomes segregate, while in Meiosis II sister
chromatids segregate (Figure 7-4). Most multicellular
organisms use meiosis to produce gametes, the cells
that fuse to make offspring. Some single celled eukary-
otes such as yeast also use meiosis to enter the haploid
part of their life cycle. Cells that will undergo meiosis
are called meiocytes and are diploid (2N)(Figure 7-4).
You will hear of cells that have not yet undergone
meiosis to become egg or sperm cells called oocytes or
spermatocytes respectively.

Meiosis begins similarly to mitosis in that a cell has
grown large enough to divide and has replicated its
chromosomes. It differs in that Meiosis requires two
rounds of division. In the first, known as meiosis I,
the replicated, homologous chromo-somes segregate.

During meiosis II the sister chromatids segregate. Note
how meiosis I and II are both divided into prophase,
metaphase, anaphase, and telophase, with those stages
having similar features to mitosis (Figure 7-4). After
two rounds of cytokinesis, four cells will be produced,
each with a single copy of each chromosome in the set.

C.1 MEIOSIS |

Meiosis I is called a reductional division, because
it reduces the number of chromosomes inherited in
each of the daughter cells - the parent cell is 2N while
the two daughter cells are each 1N. Meiosis I is further
divided into Prophase I, Metaphase I, Anaphase I, and
Telophase I, which are roughly similar to the corre-
sponding stages of mitosis, except that in Prophase
I and Metaphase I, homologous chromosomes pair
up with each other, or synapse, and are called biva-
lents (Figure 7-6), in contrast with mitosis where the
chromosomes line up individually during metaphase.
This is an important difference between mitosis and
meiosis, because it affects the segregation of alleles,
and also allows for recombination to occur through
crossing-over, which will be described later. During
Anaphase I, one member of each pair of homologous
chromosomes migrates to each daughter cell (1N)
(Figure 7-8).

In meiosis I replicated, homologous chromosomes
pair up, or synapse, during prophase I, line up in the
middle of the cell during metaphase I, and separate
during anaphase I. For this to happen the homologous
chromosomes need to be brought together while they
condense during prophase I. During synapsis, proteins
bind to both homologous chromosomes along their
entire length and form the synaptonemal complex
(synapse means junction). These proteins hold the
chromosomes in a transient structure called a bivalent
(Figure 7-6). The proteins are released when the cell
enters anaphase I.

C.2 STAGES OF PROPHASE |

In meiosis, Prophase I is divided up into five visual
stages, that are steps along a continuum of events (Fig-
ure 7-4 on page 66). Leptotene, zygotene, pachytene,
diplotene and diakinesis. From interphase, a cell enters
leptotene as the nuclear material begins to condense
into long thin visible threads (chromosomes). During
zygotene homologous chromosomes begin to pair up
(synapse) and form an elaborate structure called the
synaptonemal complex along their length. During
zygotene the chromosomes are still quite long, but it
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is more apparent that they are distinct now. At pachytene homologous chromosomes are thicker and fully syn-
apsed (two chromosomes and four chromatids) to form bivalents. Crossing over (see section below) takes place
in pachytene. After this, the pairing begins to loosen in diplotene. Remember that these are replicated chromo-
somes, but before this point this isn’t apparent. This is also when the consequences of each crossing over event
can be seen as a cross structure known as a chiasma (plural: chiasmata). Diakinesis follows as the chromosomes
continue to fully condense and individualize. It is at this point that the nuclear membrane dissolves and the mi-
crotubules begin to form. This is followed by metaphase I were the paired chromosomes orient on the metaphase
plate in preparation for segregation (reductional).

Prophase |
-% Leptotene Zygotene Pachytene Diplotene Diakinesis
g
Metaphase| Anaphasel Telophase |l &
Interkinesis
3 @
o
: & QF
Prophase | Metaphasell Anaphase Il Telophase Il Cell division/
Gamete development
&
0
O
=
s
Prophase Metaphase Anaphase Telophase Cell division
Figure 7-4

Stages of Prophase | and Meiosis with comparison to Mitosis. This example uses a diploid animal with 2 chromosome
sets, so 4 chromosomes in total: Red, Maroon, Blue and Teal. Cross over events are shown between the two closest
non-sister chromatids, but in reality can happen between all four chromatids.

Prophase | is divided into stages. Leptotene is defined by the beginning of chromosome condensation, though chromo-
somes are still long. Zygotene chromosomes are still long, but you can readily identify chromosomes as they are start-
ing to pair. Pachytene chromosomes are thickening and fully synapsed. Diplotene you can begin to see the individual
chromatids and chiasmata. Diakinesis, chromosomes are fully condensed and nuclear membrane dissolves. Metaphase
I, the synapsed chromosomes align along the metaphase plate and then the synapse breaks in Anaphase |. Meiosis | is
completed with Telophase | and potentially interkinesis, completing the reductional division. Meiosis Il is an equational
division where the chromosomes align in Metaphase Il similarly to Mitosis, and complete Anaphase Il and Telophase I,
leaving with 4 haploid gametes formed. (Original-L. Canham—-CC BY-NC 3.0)
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C.3 METAPHASE

1N, 1C 2N, 2C I, ANAPHASE | AND
@ 2N,2C  2N,2C  2N,4C 2N, 4C TELOPHASE
Metaphase I is where the

fertilization @—)@—b.—b@ —» mitosis major difference between
mitosis and meiosis occurs.

’)03 @ The homologous pairs, or
Q Y, Q.. O bivalents, orient themselves

Q) along the metaphase plate

@ and the microtubules
attach themselves to each

Figure 7-5 chromosome’s centromere,
Changes in DNA and chromosome content during the cell cycle and mitosis. For simplici- one pole attaching to each
ty, nuclear membranes are not shown, and all chromosomes are represented in a similar .

stage of condensation. (Original-M. Deyholos/L. Canham- CC BY-NC 3.0) res‘pectlve homolog.ous.
Figure 7-6 pair. Contrast to mitosis,

. . Synaptonemal where the chromo-
Diagram of a pair of homologous Complex e e
chromosomes during Prophase |. | Sister somes align individ-

. , . v v Chromatids ually and the micro-
Sister chromatids are chromatids ] ] £
found in one chromosome, so both — tubules from both
blue chromatids are sister chroma- poles attach them to
tids, and both green chromatids are an individual chro-

sister chromatids. Non-sister chro-
matids are between chromosomes,
so the green’s non-sister chromatid
is the blue.

mosome in prepara-
tion of separating the
Bivalent chromatids.

Anaphase I and
Telophase I com-

When a pair of homologous chromo-
somes synapse during Prophase |

they form a bivalent. Proteins known Chiasma plete, separating the
as the synaptonemal complex form homologous pairs
between both chromosomes and join . .
them together. Crossovers form be- — to their respective
tween non-sister chromatids forming L] poles, but keeping

a cross-structure called a chiasma. | S g‘:rr(‘)j:ttlzg the sister chromatids
(Original-L. Canham- CC BY-NC 3.0) Pre-crossover Post-crossover of each chromosome

together. Telophase I
completes with cell division to create
two cells. Different organisms and
cells behave differently after telophase
I. In some, the nuclear membrane
reforms around the chromosomes in
each pole, the chromosomes become
elongated again. These cells may stay
in this state, known as interkinesis
for some time. Other organisms the
chromosomes will stay condensed, no
nuclear membrane will form, and it
Figure 7-7 will go directly into meiosis II.

Meiosis in Arabidopsis (n=5). Panels A-C show different stages of prophase (¢ 4 MEIOSIS II

I, each with an increasing degree of chromosome condensation. Subse-

quent phases are shown: metaphase | (D), telophase | (E), metaphase Il (F), At the completion of meiosis I there
anaphase Il (G), and telophase Il (H). (PLoS Genetics-Chelysheva, L. etal  are two cells, each with one, replicat-

(2008) PLoS Genetics- CC BY 40) ed copy of each chromosome (IN)
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Changes in DNA and chromosome content during the cell cycle. For simplicity,
nuclear membranes are not shown, and all chromosomes are represented in a
similar stage of condensation. (Original-Deyholos- CC BY-NC 3.0)

W, Meiosis |

Because the number of chromosomes per cell has
decreased (2->1), meiosis I is called a reductional cell
division. Meiosis II resembles mitosis, with one sis-

ter chromatid from each chromosome separating to late Meiosis I.

As metaphase II start, the pairs of
sister chromatids align themselves
along the metaphase plate, each
chromatid attached to a microtu-
bule from each pole. Anaphase II
splits the sister chromatids and the
microtubules pull them to the op-
posite poles. Telophase II reforms
the nuclear membrane around the
chromosomes, ending finally with
cytokinesis and producing four
cells with only one unreplicated
chromosome of each type. There
will be allelic differences among
gametes based upon segregation
of heterozygous alleles (Note the
differences in colours of chromo-
somes in each of the gametes in
Figure 7-4).

C.5 CROSSING OVER

(INTRA-CHROMOSOMAL
RECOMBINATION)

During prophase I the homolo-
gous chromosomes pair together
and form a synaptonemal complex.
Within the synaptonemal complex
a second event, crossing over, oc-
curs. These are places where DNA
repair enzymes break the DNA
of two non-sister chromatids in
similar locations and then cova-
lently reattach non-sister chroma-
tids together to create a crossover
between non-sister chromatids.
This reorganization of chromatids
will persist for the remainder of
meiosis and result in recombina-

tion of alleles in the gametes. Crossover events can be
seen as Chiasmata on the synapsed chromosomes in

produce two daughter cells. Because Meiosis 11, like Crossovers function to hold homologous chromo-
mitosis, results in the segregation of sister chromatids,  somes together during meiosis I so they orient correct-
Meiosis I is called an equational division. ly and segregate successfully. They also cause the re-

If, after telophase I, the cells enter interkinesis, then
during prophase II the haploid chromosomes will con-

shuffling of gene/allele combinations to create genetic
diversity, which can then be acted on in evolution.

dense and the nuclear membrane will dissolve again. C.6 GAMETE MATURATION

If interkinesis did not happen, then the cell will con-
tinue with meiosis II (Figure 1). Prophase II ends like
in mitosis with the microtubules beginning to form.

In animals and plants the cells produced by meiosis
need to mature before they become functional gam-
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etes. In male animals the four products of meiosis are
called spermatids. They grow structures, like tails and
become functional sperm cells. In female animals the
gametes are eggs. In order that each egg contains the
maximum amount of nutrients only one of the four
products of meiosis becomes an egg. The other three
cells end up as tiny disposable cells called polar bod-
ies. In plants the products of meiosis reproduce a few
times using mitosis as they develop into functional
male or female gametes.

D MEASURES OF DNA CONTENT AND
CHROMOSOME CONTENT

Figure 7-9

Marbled Lungfish (Pro-
topterus aethiopicus) has a
genome of ~133 x 10° base
pairs, which is 200X that of
a human. It is an example of
the C-value paradox.
(Wikipedia-OpenCage- CC
BY 2.5)

The amount of DNA
within a cell changes
during the following
events: fertilization, DNA
synthesis and mitosis (Figure 7-5). We use “C” to
represent the DNA content in a cell, and “N” to rep-
resent the number of complete sets of chromosomes.
In a gamete (i.e. sperm or egg), the amount of DNA
is 1C, and the number of chromosomes is In. Upon
tertilization, both the DNA content and the number
of chromosomes doubles to 2C and 2N, respectively.
Following DNA replication, the DNA content doubles
again to 4C, but each pair of sister chromatids are still
attached by the centromere, and so is still counted as a
single chromosome (a replicated chromosome), so the
number of chromosomes remains unchanged at 2N.
If the cell undergoes mitosis, each daughter cell will
return to 2C and 2N, because it will receive half of the
DNA, and one of each pair of sister chromatids.

D.1 THE C-VALUE OF THE NUCLEAR GENOME

The complete set of DNA within the nucleus of any
organism is called its nuclear genome and is measured
as the C-value in units of either the number of base
pairs or picograms of DNA. There is a general correla-
tion between the nuclear DNA content of a genome
(i.e. the C-value) and the physical size or complexity
of an organism. Compare the size of E. coli and hu-

mans for example in Table 1. There are, however, many
exceptions to this generalization, such as the human
genome contains only 3.2 x 10° DNA bases, while the
wheat genome contains 17 x 10° DNA bases, almost

6 times as much. The Marbled Lungfish (Protopterus
aethiopicus, Figure 7-9) contains ~133 x 10° DNA bas-
es, (~45 times as much as a human) and a fresh water
amoeboid, Polychaos dubium, which has as much as
670 x 10° bases (200x a human).

D.2 THE C-VALUE PARADOX

This apparent paradox (called the C-value paradox)
can be explained by the fact that not all nuclear DNA
encodes genes — much of the DNA in larger genomes
is non-gene coding. In fact, in many organisms, genes
are separated from each other by long stretches of
DNA that do not code for genes or any other genetic
information. Much of this “non-gene” DNA consists
of transposable elements of various types, which are
an interesting class of self-replicating DNA elements
discussed later in this textbook. Other non-gene DNA
includes short, highly repetitive sequences of various
types. Together, this non-functional DNA is often
referred to as “Junk DNA”.

D.3 THE “ONION TEST”.

This “test” deals with any proposed explanation for
the function(s) of non-coding (junk) DNA. For any
proposed function for the excess of DNA in eukaryote
genomes (C-value paradox) can it “explain why an on-
ion needs about five times more non-coding DNA for
this function than a human?” The onion Allium cepa
has a haploid genome size of ~17 pg, while humans
have only ~3.5 pg. Why? Also, onion species range
from 7 to 31.5 pg, so why is there this range of genome
size in organisms of similar complexity?

See: (http://www.genomicron.evolver-
zone.com/2007/04/onion-test/) for details.

You can practice
chromosome positions
during phases of
meiosis online.

OO0G

http://tinyurl.com/oog-meiosis
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SUMMARY:

The asexual transmission of genetic information is accomplished in a process called Mitosis.

The process of mitosis can be divided into Prophase, Metaphase, Anaphase, and Telophase.

Mitosis reduces the C-number, but not the N-number of the daughter cells.

Not all the DNA in an organism codes for genes. In most higher eukaryotes most DNA is non-gene coding
and appears to have no specific function and is called “junk’ DNA.

Homologous chromosomes contain the same series of genes along their length, but not necessarily the same
alleles. Sister chromatids initially contain the same alleles.

Homologous chromosomes pair (synapse) with each other during meiosis, but not mitosis.

A diploid can have up to two different alleles at a single locus. The alleles segregate equally between gametes

during meiosis.

The c-value paradox refers to the observation that the amount of DNA is not necessarily related to the com-

plexity of the organism.

KEY TERMS:
mitosis metaphase meiosis |l Chiagma/ telophase ||
interphase microtubules gametes _ chlasmata N-value
G1 Phase kinetochore meiocytes diakinesis C-value
S Phase metaphase plate reductional metaphase | replicated chro-
G2 Phase anaphase synapse anaphase | mosome
M Phase telophase bivalent leptotene telophase | nuclear genome
unreplicated chromosome zygotene interkinesis  C-value paradox
GO Phase
chromatids synaptongmal complex pachytene prophase I
cytokinesis crossing over metaphase Il
prophase meiosis | diplotene anaphase ||

STUDY QUESTIONS:

1.

70

Species A has N=4 chromosomes and Species B has
N=6 chromosomes. Can you tell from this infor-
mation which species has more DNA? Can you tell
which species has more genes?

The answer to question 2 implies that not all DNA

within a chromosome encodes genes. Can you name

any examples of chromosomal regions that contain

relatively few genes?

Consider the following:

a) How many centromeres does a typical chromo-
some have?

b) What would happen if there was more than one
centromere per chromosome?

c¢) What if a chromosome had zero centromeres?

For a diploid with 2n=16 chromosomes, how many
chromosomes and chromatids are per cell present in
the gamete, the zygote, and immediately following
a) G, o G,
b) S, d) Mitosis

4. Refer to Table 7-1 on page 71.

a) What is the relationship between DNA content
of a genome, number of genes, gene density, and
chromosome number?What feature of genomes
explains the c-value paradox?

b) Do any of the numbers in this Table show a cor-
relation with organismal complexity?

You are working with a cell that has a genome of
2N=4 and is undergoing meiosis. Draw three large
circles to represent the cell. The first circle should
demonstrate the cell as a diploid in the G1 phase.
The second circle should have the same cell after it
reaches G2. The final circle should show the cell at
prophase II (just draw one cell). Shade the chromo-
somes so that homologous chromosomes are differ-
ent from each other, and be sure to draw nonhomol-
ogous chromosomes so they are also distinct from
each other (you can make the chromosome arms
larger or smaller, and move about the position of the
centromere, for example. Assume no crossovers.
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Does equal segregation of alleles into daughter cells

happen during mitosis, meiosis, or both?

What is the maximum number of alleles for a given

locus in a normal gamete of a diploid species?

Table 7-1

8. A simple mnemonic for leptotene, zygotene, pachy-

tene, diplotene, & diakinesis is Lame Zebras Pee

Down Drains. Make another one yourself.

Measures of genome size in selected organisms. The DNA content (1C) is shown in millions of basepairs
(Mb). For eukaryotes, the chromosome number is the chromosomes counted in a gamete (1N) from each
organism. The average gene density is the mean number of non-coding bases (in bp) between genes in

the genome.
DMA content = Estimated | Average gene | Chromosome
{Mb,1€]  gemenumber |  density | number [1N)
Hamp sapiens 3,200 25,000 100,000 23
Mg muscu ol 2,600 25,000 100,000 0
Drasophila meloncgoster 140 15,000 4 000 4
 Archidopsis thafisns | 130 25,000 4,000 5
| Caenarhabditis elegons 100 19,000 5,000 3
Soccharampces cerevisior | 12 &,000 2,000 16
Exgherichio col 3 3,200 1400 1
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Chapter 8

Human Chromosomes
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umans, like all other species, store their genetic

H

Figure 8-10

Human metaphase chromosome

spread. To make these figures white

blood cells in metaphase are dropped
AR onto a slide. The cells burst open and
the chromosomes can then be stained
a purple colour. This image shows chro-
mosomes from three cells that hit the
slide close to one another.

(Original-Alexander Smith - CC BY-
NC 3.0)

information in cells as large DNA molecules called

chromosomes. Within each nucleus are 23 pairs of chromosomes, half from mother and half from father. In

addition, our mitochondria have their own smaller chromosome that encodes some of the proteins found in this

organelle.

A METAPHASE CHROMOSOME SPREADS

A.1 THE SHAPE OF THE CHROMOSOMES

Figure 8-10 shows chromosomes from three cells.
Each of the cells was in metaphase stage of mitosis,
which is why the chromosomes appear replicated and
condensed. We refer to chromosomes as being repli-
cated when they consist of two sister chromatids held
together at the centromeres. DNA replication occurs
during S phase. These chromosomes are also condensed.
Chromosomes are compacted at the start of mitosis in
prophase. Cytogeneticists can observe chromosomes
at any stage of the cell cycle but those from metaphase
cells provide the most detail and clarity.

Figure 8-11 shows a more magnified view of a pair of
chromosomes. On average a condensed human meta-
phase chromosome is 5 um long and each chromatid
is 700 nm wide. In contrast, a decondensed interphase
chromosome is 2 mm long and only 30 nm wide, yet

still fits into a single nucleus.

{\..

Figure 8-11
A pair of unreplicated metacentric
human chromosome #1.

(Wikipedia- National Human Genome
Research Institute-PD)



A.2 THE AMOUNT OF DNA IN A CELL (C-VALUE)

To calculate how much DNA is seen in the nuclei in
Figure 8-10, consider that a human gamete has about
3000 million base pairs. We can shorten this statement
to 1c¢ = 3000 Mb where c is the C-value, the DNA con-
tent in a gamete. When an egg and sperm join the re-
sulting zygote is 2C = 6000 Mb. Before the zygote can
divide and become two cells it must undergo DNA
replication. This doubles the DNA content to 4C = 12
000 Mb. When the zygote does divide, each daughter
cell inherits half the DNA and is therefore back to 2C
= 6000 Mb. Then each cell will become 4C again (repli-
cation) before dividing themselves to become 2C each.
From this point forwards, every cell in the embryo will
be 2C = 6000 Mb before its S phase and 4C = 12 000
Mb afterwards. The same is true for the cells of fetuses,
children, and adults. Because the cells used to prepare
this chromosome spread were adult cells in metaphase
each is 4C = 12 000 Mb. Note, there are some rare ex-
ceptions, such as some stages of meiocytes that make
germ cells and other rare situations like the polyploidy
of terminally differentiated liver cells. This is summa-
rized in Table 8-1.

Table 8-1
DNA content in human cells at various phases.

Human cell DNA content
gamete (egg or sperm) 1C = 3000 Mb
regular cell before S phase 2C = 6000 Mb

regular cell after S phase 4C =12 000 Mb

A.3 THE NUMBER OF CHROMOSOMES (N-VALUE)

Human gametes contain 23 chromosomes. We can
summarize this statement as N = 23 where N is the
N-value, the number of chromosomes in a gamete.
When an N = 23 sperm fertilizes a N = 23 egg, the
zygote will be 2N = 46. But, unlike DNA content (C)
the number of chromosomes (N) does not change with
DNA replication. One replicated chromosome is still
just one chromosome. Thus the zygote stays 2N = 46
after S phase. When the zygote divides into two cells
both contain 46 chromosomes and are still 2N = 46.
Every cell in the embryo, fetus, child, and adult is also
2N = 46 (with the exceptions noted above).

Table 8-2 at right summarizes this.

Note that in the regular cell they are 2N before and
2N after chromosome replication. The N-value doesn’t
change although the C-value does.

B HuUMAN KARYOTYPES

B.1 KARYOTYPES

Human cytogenetists use metaphase chromosome
spreads as a standard representation of the chromo-
somes in a cell, organism, or species. Comparisons
permit them to identify chromosome abnormalities.
Because it can be hard to distinguish individual chro-
mosomes, cytogeneticists sort the photo to put the
chromosomes into a standard pattern. The result is a
karyotype (“nucleus picture”; Figure 8-12). In the past
it was necessary to print a photograph of the metaphase
spread, cut out each chromosome with scissors, and
then glue each to a piece of cardboard to show the pat-
tern. Now, computer software does much of this for us,
but a qualified cytogeneticist usually reviews the karyo-
type assembly. But either way, the random collection of
chromosomes seen in Figure 8-10 is converted to the
organized pattern in Figure 8-12.

CP L AN

10 1 12

13 14 15 16 17 18

" a0 5}!

Figure 8-12
A normal human karyotype.

(Wikipedia- National Human Genome Research Institute-PD)

Table 8-2

Ploidy levels of a normal human cell. Note that if you use
the rule “count the centromeres”, replicated and unrepli-
cated chromosomes each count as a single chromosome.

Human cell Chromosome
number
gamete (egg or sperm) IN=23
regular cell before S phase | 2N = 46
regular cell after S phase 2N =46
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B.2 HUMAN CHROMOSOMES —

AUTOSOMES

The chromosomes are numbered
to distinguish them. Chromosomes 1
through 22 are autosomes, which are
present in two copies in both males and
females. Because human chromosomes

Table 8-3

Table of terms describing different types and parts of chromosomes.

homologous chromosomes

the maternal and paternal copies of a
chromosome

maternal chromosome 1 and paternal
chromosome 1

non-homologous chromosomes

two different chromosomes within the
same cell/organism

a chromosome 1 and a chromosome 8

sister chromatids

the identical chromatids within a single
replicated chromosome

the two chromatids within maternal
chromosome 1

vary in size this was the easiest way to

non-sister chromatids

the similar but not identical chromatids
from homologous chromosomes

a chromatid in maternal chromosome
1 and a chromatid in paternal
chromosome 1

label them. Our largest chromosome
is number 1, our next longest is 2, and so on. The
karyotype above shows two copies of each of the
autosomes. A karyotype from a normal female would
also show these 22 pairs. There are also the sex-
chromosomes, X and Y (see below). Normal females
have two X-chromosomes, while normal males have
an X and a Y each. They act as a homologous pair,
similar to the autosomes. During meiosis only one of
each autosome pair and one of the sex-chromosomes
makes it into the gamete. This is how 2N = 46 adults
can produce N =23 eggs or sperm.

In addition to their length, Cytogenetists can
distinguish chromosomes using their centromere
position and banding pattern. Note that at the
resolution in Figure 3 both chromosome 1s look
identical even though at the base pair level there are
small and often significant differences in the sequence
that correspond to allelic differences between these
homologous chromosomes.

Remember that in each karyotype there are
maternal chromosomes, those inherited from their
mother, and their paternal chromosomes, those from
their father. For example, everyone has one maternal
chromosome 1 and one paternal chromosome 1. In a
typical karyotype it usually isn’t possible to tell which
is which is which. In some cases, however, there are
visible differences between homologous chromosomes
that do permit the distinction to be made.

homologous

chromsomes Figure 8-13

sister %, The relationships be-
chromatids !

: tween chromosomes

,/ and chromatids.
% /," (Original Deyholos-
non-sister \ P CC BY-NC 3.0)
chromatids

non-homologous
chromosomes

~
-~
”

B.3 RELATIONSHIPS BETWEEN CHROMOSOMES AND
CHROMATIDS

Figure 8-13 summarizes the terms we've covered so
far, karyotypes depict replicated chromosomes and two
copies of each chromosome because we usually mod-
el diploid cells. So how do we refer to all the pieces of
DNA present?

B.4 HUMAN SEX CHROMOSOMES

Figure 8-12 shows that most of our chromosomes are
present in two copies. Each copy has the same length,
centromere location, and banding pattern. As men-
tioned before, these are called autosomes. However
note that two of the chromosomes, the X and the Y, do
not look alike. These are sex chromosomes. In mam-
mals, males have one of each while females have two X
chromosomes.

Autosomes are those chromosomes present in
the same number in males and females while sex
chromosomes are those that are not. When sex
chromosomes were first discovered their function was
unknown and the name X was used to indicate this
mystery. The next one was named Y.

It is a popular misconception that the X and Y
chromosomes were named based upon their shapes;
physically each looks like any other chromosome. A
Y-chromosome doesn’t look like a Y any more than a
chromosome 4 looks like a 4.

The combination of sex chromosomes for a species
is associated with either male or female individuals.
In mammals, fruit flies, and some flowering plants, XX
individuals are females while XY individuals are males.

How do the sex chromosome behave during mei-
osis? Well, in those individuals with two of the same
chromosome (i.e. XX females) the chromosomes pair
and segregate during meiosis I the same as autosomes
do. During meiosis in XY males the sex chromosomes
pair with each other (Figure 8-14 on the next page). In
mammals the consequence of this is that all egg cells
will carry an X chromosome while the sperm cells will
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& Y Chmasome

Figure 8-14

Meiosis in an XY mammal. The stages shown are
anaphase |, anaphase Il, and mature sperm. Note how half
of the sperm contain Y chromosomes and half contain X
chromosomes.

(Original - Harrington - CC BY-NC 3.0)

carry either an X or a Y chromosome. Half of the off-
spring will receive two X chromosomes and become fe-
male while half will receive an X and a Y and become
male.

B.5 HUMAN KARYOTYPES

We can summarize the information shown in a
karyotype such as Figure 8-12 with a written statement
known as a karyotype (“nucleus features”). By conven-
tion we list (i) the total number of chromosomes, (ii)
the sex chromosomes, and (iii) any abnormalities. The
karyotype in Figure 8-12 would be 46,XY, which is typ-
ical for human males. Most human females are 46,XX.

If a cytogeneticist sees an abnormality, it may not be
harmful or detrimental. For example many people in
the world have a chromosome 9 with an inversion in
the middle. They are therefore 46,XY,inv(9) or 46,XX-
,inv(9). Other chromosomal abnormalities do have an
effect on a person’s health and well being. An example
is 47,X/Y,+21 or 47,X/X,+21. These people have an ex-
tra copy of chromosome 21, a condition also known as
trisomy-21 and Down Syndrome. These and other ex-
amples are described in the chapters on chromosome
structure changes and chromosome number changes.

C PARTS OF A TYPICAL NUCLEAR
CHROMOSOME

A functional chromosome requires four features.
These are shown in Figure 8-15.

C.1 THOUSANDS OF GENES

In the previous sections we mentioned human chro-
mosome 1, but what exactly is it? Well, each chromo-
some is long molecule of double stranded DNA with one
purpose. They contain genes in the cell. Chromosome

1, being our largest chromosome has the most genes,
about 4778 in total. Many of these genes are transcribed
into mRNAs, which encode proteins. Other genes are
transcribed into tRNAs, rRNA, and other non-coding
RNA molecules.

C.2 ONE CENTROMERE

A centromere (“middle part”) is a place where pro-
teins attach to the chromosome as required during the
cell cycle. Cohesin proteins hold the sister chromatids
together beginning in S phase. Kinetochore proteins
form attachment points for microtubules during mito-
sis. The metaphase chromosomes shown in the karyo-
type in Figure 8-12 have both Cohesin and Kinetochore
proteins at their centromeres. There are no genes within
the centromere region DNA; all that is present is a sim-
ple repeated DNA sequence.

While all human chromosomes have a centromere it
isn’t necessarily in the middle of the chromosome. If it is
in the centre the chromosome it is called a metacentric
chromosome. If it is offset a bit it is submetacentric,
and if it is towards one end the chromosome is acro-
centric. In humans an example of each is chromosome
1, 5, and 21, respectively. Humans do not have any telo-
centric chromosomes, those with the centromere at one
end, but mice and some other mammals do.

C.3 TwO TELOMERES

The ends of a chromosome are called telomeres
(“end parts”). Part of the DNA replication is unusual
here, it is done with a dedicated DNA polymerase
known as a Telomerase. Chapter 2 on DNA replication
goes into more detail. As with the centromere region
there are no genes in the telomeres, just simple,
repeated DNA sequences.

91-:"5 centromere

2\ |

&M 71l @
\ N
telomere denes +e|omere

Figure 8-15

Parts of a typical human nuclear chromosome (not to
scale). The ORIs and genes are distributed everywhere
along the chromosome, except for the telomeres and
centromere.

(Original-Harrington- CC BY-NC 3.0)

76 MRU Open Genetics Chapter 8



C.4 THOUSANDS OF ORIGINS OF REPLICATION

At the beginning of S phase DNA polymerases begin
the process of chromosome replication. The sites where
this begins are called origins of replication (ori’s).
They are found distributed along the chromosome,
about 40 kb apart. S phase begins at each ori as two
replication forks leave travelling in opposite directions.
Replication continues and replication forks travelling
from one ori will collide with forks travelling towards
it from the neighboring ori. When all the forks meet,
DNA replication will be complete.

D APPEARANCE OF A TYPICAL NUCLEAR
CHROMOSOME DURING THE CELL CYCLE

If we follow a typical chromosome in a typical hu-
man cell it alternates between unreplicated and replicat-
ed and between relatively uncondensed and condensed.
The replication is easy to explain, if a cell has made the
commitment to divide it first needs to replicate its DNA.
This occurs during S phase. Before S phase chromo-
somes consist of a single piece of double stranded DNA
and after they consist of two identical double stranded
DNAs.

The condensation is a more complex story because
eukaryote DNA is always wrapped around some pro-
teins.

Figure 8-16 shows the different levels possible.
During interphase a chromosome is mostly 30 nm fi-
bre. This allows it to fit inside the nucleus and still have
the DNA be accessible for enzymes performing RNA
synthesis, DNA replication, and DNA repair. At the
start of mitosis these processes halt and the chromo-
some becomes even more condensed. This is necessary
so that the chromosomes are compact enough to move
to the opposite ends within the cell. When mitosis is
complete the chromosome returns to its 30 nm fibre

"beads on

DNA  nucleosome a string”

30nm fiber

structure. Recall that each of our cells has a maternal
and a paternal chromosome 1.

Figure 8-17 shows what these chromosomes look
like during the cell cycle.

E DNA IS PACKAGED INTO CHROMATIN

E.1 DNA CAN BE HIGHLY COMPACTED

If stretched to its full length, the DNA molecule of

nucleu s
—
Gy Gz

unreplicated cnd unompact  replicted and uncompact

Anaphase Metaphase
unreplicated and Compact replicated and compact
Figure 8-17

What maternal and paternal chromosomes 1 look like
during the cell cycle. The other 44 chromosomes are
not shown. Note that they are independent during both
interphase (top) and mitosis (bottom). After anaphase
there will be two cells in G,.

(Original-Harrington- CC BY-NC 3.0)

interphase metaphase

1 1 1 1 1 1 ]
add H1 histones
—

add core histones
—

Figure 8-16

1 1 1 1 1

add scaffold proteins  more scaffold proteins

=\

Successive stages of chromosome condensation depend on the introduction of additional proteins.

(Wikipedia-R. Wheeler- CC BY-SA 3.0)
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the largest human chromosome would be 85mm. Yet
during mitosis and meiosis, this DNA molecule is com-
pacted into a chromosome approximately 5um long.
Although this compaction makes it easier to transport
DNA within a dividing cell, it also makes DNA less ac-
cessible for other cellular functions such as DNA syn-
thesis and transcription. Thus, chromosomes vary in
how tightly DNA is packaged, depending on the stage
of the cell cycle and also depending on the level of gene
activity required in any particular region of the chro-
mosome.

E.2 LEVELS OF COMPACTION

There are several different levels of structural organi-
zation in eukaryotic chromosomes, with each successive
level contributing to the further compaction of DNA
(Figure 8-16). For more loosely compacted DNA, only
the first few levels of organization may apply. Each lev-
el involves a specific set of proteins that associate with
the DNA to compact it. First, proteins called the core
histones act as spool around which DNA is coiled twice
to form a structure called the nucleosome. Nucleo-
somes are formed at regular intervals along the DNA
strand, giving the molecule the appearance of “beads on
a string”. At the next level of organization, histone H,
helps to compact the DNA strand and its nucleosomes
into a 30nm fibre. Subsequent levels of organization
involve the addition of scaffold proteins that wind the
30nm fibre into coils, which are in turn wound around
other scaffold proteins.

E.3 CHROMATIN PACKAGING VARIES INSIDE
THE NUCLEUS: EUCHROMATIN AND
HETEROCHROMATIN

Chromosomes stain with some types of dyes, which
is how they got their name (chromosome means “col-
ored body”). Certain dyes stain some regions along a
chromosome more intensely than others, giving some
chromosomes a banded appearance. The material that
makes up chromosomes, which we now know to be
proteins and DNA, is called chromatin. Classically,
there are two major types of chromatin, but these are
more the ends of a continous and varied spectrum. Eu-
chromatin is more loosely packed, and tends to contain
genes that are being transcribed, when compared to the
more densely compacted heterochromatin, which is
rich in repetitive sequences and tends not to be tran-
scribed. Heterochromatin sequences include short,
highly-repetitive sequences called satellite DNA, which
acquired their name because their bouyant density is
distictly different from the main band of DNA follow-

ing ultracentrifugation.

F PARTS AND APPEARANCE OF A
MITOCHONDRIAL CHROMOSOME

While most of our chromosomes are within the
nucleus there is also DNA within the mitochondria.
The human mtDNA is small, only 16.6 kb, and circular,
althoughitis double stranded like most DNA molecules.
It has only 37 genes, 13 of these make mitochondrial
proteins and the rest encode tRNAs and rRNAs.

Each mtDNA has a single origin of replication.
During DNA replication two replication forks leave the
ori and halt when they bump into each other on the
opposite side of the circle. DNA replication inside the
mitochondria happens throughout interphase, not once
during S phase as with the nuclear chromosomes. The
consequence is that each mitochondrion has between
2 to 10 identical copies of each mitochondrial chromo-
some (Figure 8-18).

There are other differences compared with nuclear
chromosomes. Organelles such as mitochrondria or

&
©
(L @
%EHES
cell ~ |00 1000 + 2-10 mtDNA
mitochendne per al) per mitechondrion
Figure 8-18

The relationship between cells, mitochondria, and mito-
chondrial DNA.

(Original-Harrington- CC BY-NC 3.0)

chloroplasts are likely the remnants of prokaryotic en-
dosymbionts that entered the cytoplasm of ancient pro-
genitors of today’s eukaryotes (endosymbiont theory).
These endosymbionts had their own, circular chromo-
somes (Figure 8-19), like most bacteria that exist today.
Mitochondria typically have circular chromosomes that
behave more like bacterial chromosomes than eukary-
otic chromosomes, (i.e. mitochondrial genomes do not
undergo mitosis or meiosis). Also, it lacks Histones or
other proteins that compact it. It also lacks a centromere
because mitochondrial replication is simpler than nu-
clear chromosome replication. The mitochondria just
grow larger and splits in two, like the cells of its pro-
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karyote origin. Because there are multiple mtDNAs and
they are randomly distributed in the matrix both new
mitochondria will end up inheriting some mtDNAs.
And lastly because the mtDNA is circular there are no
ends and thus no telomere regions.

Table 8-4 compares nuclear and mitochondrial chro-
mosomes.

Table 8-4
Comparison of nuclear and mitochondrial
chromosomes.
Nuclear Mitochondrial
Feature
chromosomes chromosome
DNA linear double circular double
stranded DNA stranded DNA
genes thousands 37
centromeres 1 0
telomeres 2 0
orlg_lns.of thousands 1
replication
Mitosis/ Yes No
Meiosis

HVR
D-Loop
tRNA-Pro

tRNA-Thr _
“—
oviB \ /—l /

tRNA-Phe

12SrRNA
tRNA-Val

p 16SrRNA

tRNA-Glu & z

tRNA-Leu
nos {4 o1
ND5 | = tRNAHIe
RNALeu || MAMMOTH mtDNA || tRNAGIN
tRNA-Ser 16842 bp 1 tRNA-Met
1RNAHs g £ w2
ND4 0 IRNATrp
NDAL " 4 tRNA-Ala
tRNA-Arg o/ » N SN tRNA-Asn
ND3 T Replication Origin
RNA-Gly tRNA-Cys
cox3 RNA-Tyr
ATPG coxt
ATPS tRNA-Ser
tRNA-Lys
) coxz tRNA-Asp
Figure 8-19

A map of the complete mitochondrial chromosome of the
woolly mammoth (Mammuthus primigenius). The mtDNA
that was used to produce this map was obtained from tis-
sue of a mammoth that lived approximately 32,000 years
ago. Circular organellar chromosomes such one as this
are typical of almost all eukaryotes. (From Rogaev et al,
2006). Recent (Rohland et al, 2010) mtDNA work indi-
cates that mammoths are more closely related to Indian
elephants than to either of the African species.

G EXAMPLE GENES

G.1 LCT - AN AUTOSOMAL GENE

The LCT gene encodes the enzyme Lactase (see
Chapter 9). This enzyme allows people to digest the
milk sugar lactose. The LCT gene is on chromosome 2.
Because this is an autosome everyone has a maternal
and a paternal LCT gene. Genes come in different
versions called alleles. The allele of the LCT gene you
inherited from your mother will probably be slightly
different from the allele you received from your father.
So most people have two different alleles of this gene.
If we consider a cell in G, there will be two pieces of
DNA inside the nucleus with this gene. When this cell
completes DNA replication there will be four of these
genes. But because the chromatids on your maternal
chromosome 2 are identical as are the chromatids on
your paternal chromosome 2 this cell will still have just
two different alleles. Because of this we simplify things
by saying that humans have two copies of LCT. Because
most genes are on autosomes you have two copies of
most of your genes.

G.2 HEMA - AN X CHROMOSOME GENE

The HEMA gene makes a blood-clotting protein called
Coagulation Factor VIII (F8) (see Chapter 22). Without
F8 a person is unable to stop bleeding if injured. The
HEMA gene is on the X chromosome. Females, with
two X chromosomes, have two copies of the HEMA
gene. Males only have one X chromosome and thus a
single HEMA gene. This has an impact on male health,
a topic discussed in Chapter 23 on pedigree analysis.

G.3 SRY-AY CHROMOSOME GENE

The SRY gene is only on the Y chromosome (see
Chapter 22). This means that males have this gene
and females do not. In fact it is the presence or
absence of this gene that leads to humans being
male or female. It all begins during embryogenesis.
A pair of organs called the gonads can develop into
either ovaries or testes. In XY embryos the SRY gene
makes a protein that causes the gonads to mature into
testes. Conversely, XX embryos do not have this gene
and their gonads mature into ovaries instead. Once
formed the testes produce sex hormones that direct
the rest of the developing embryo to become male,
while the ovaries make different sex hormones that
promote female development. The testes and ovaries
are also the organs where gametes (sperm or eggs)
are produced. Whether a person is male or female is
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decided at the moment of conception, if the sperm
carries a Y chromosome the result is a male and if the
sperm carries an X the result is a female.

G.4 MT-CO1 - A MITOCHONDRIAL GENE

The MT-CO1 gene makes a protein in Complex IV
of the mitochondrial electron transport chain. For

reasons that aren’t clear this
protein must be made within
the mitochondria. It can’t be
synthesized in the cytosol of
the cell and then imported
into the mitochondria
afterwards like with most
mitochondrial proteins. The
MT-CO1 gene is found on
the mtDNA chromosome.
Because humans get all of

SUMMARY:

Table 8-5

their mitochondria from their mother everyone has
only one MT-CO1 gene. It is the same one their mother
(and her mother) possessed. (Technically speaking we
have only one MT-CO1 allele, it will be identical on all
of the mtDNA molecules in all of the mitochondria in

all of the cells.)

Gene copy number is summarized in Table 8-5.

Gene copy number for various human chromosomes.

Location of a gene

Number of this gene in

Number of this gene in

males females
autosome chromosome 2 2
X chromosome 1 2
Y chromosome 1 0
mitochondria chromosome 1 1

¢ The C-value is the amount of DNA in a gamete. Humans are 1c = 3000 Mb.
¢ The N-value is the number of chromosomes in a gamete. Humans are N = 23.
¢ A typical cell in your body is 2C = 6000 Mb and 2N = 46 before DNA replication and 4C = 12 000 Mb and

2N = 46 after.

¢ A picture of metaphase chromosomes can be organized into a karyotype figure and described with a

karyotype statement.

¢ Humans have two copies of each autosome chromosome. Females have two X chromosomes while males
have one X and one Y chromosome.
¢ A typical nuclear chromosome has thousands of genes, one centromere, two telomeres, and thousands of

origins of replication.

¢ A typical nuclear chromosome is replicated during S phase and consists of two chromatids up until the start
of anaphase. It is condensed during prophase and remains condensed until the start of telophase. During
metaphase a chromosome is both replicated and condensed for these reasons.

¢ The human mitochondrial chromosome has 37 genes, a single origin of replication, and no centromeres or

telomeres.

¢ Humans have ~29 436 genes, most of which are on autosomal chromosomes.
¢ A typical human cell has two copies of each autosomal gene and one of each mitochondrial gene. Genes on
sex chromosomes are different: females have two of each X chromosome gene while males have one; males
have Y chromosome genes while females do not.
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KEY TERMS:

30 nm ﬁbre histone H1 origin of replication
acrocentric histones paternal chromosome
autosome i
Coval homologous chromosome replicated chromosome

—vz: ue karyotype satellite DNA
centromere [

. karvotvpe scaffold proteins

chromatin YOrp ;

sex chromosome
sister chromatids

maternal chromosome

condensed chromosome .
metacentric

cytogeneticist

d biont th mtDNA submetacentric
endosymbiont theor i
h y G y n-value telocentric
euchromatin
. non-homologous chomosome telomere
fibre . .
non-sister chromatids

gene

. nucleosome
heterochromatin

QUESTIONS:

1. Cytogeneticists use white blood cells in metaphase 7.
to make chromosome spread figures

Have a look at Figure 8-17 on page 77. Which of
these chromosomes would be associated with:

a) Why don't they use red blood cells? a) Histone proteins (see Figure 8-16 on page 77)
b) Why dont they use white blood cells in b) Condensin proteins (important scaffold pro-
anaphase? teins)
2. The human Y chromosome is smaller than the X c) Cohesin proteins (proteins which hold sister
chromosome. Does this mean that males have less chromatids together)
DNA than females? d) Kinetochore proteins (proteins which connect

3. Are these statements true or false? For the false
statements explain why. 3

centromere DNA to Microtubules)

Where would you find these enzymes in a typical

a) Everyone has a paternal chromosome 1.
b) Everyone has a maternal chromosome 1.
c) Everyone has a paternal X chromosome.
d) Everyone has a maternal X chromosome.
e) Everyone has a paternal Y chromosome.

f) Everyone has a maternal Y chromosome.

human cell?
a) DNA polymerases
b) RNA polymerases
¢) Ribosomes

Could the following genes continue to perform
their function if they were moved next to the LCT
gene on Chromosome 2?

g) Everyone has a paternal mitochondrial
chromosome. a) HEMA
h) Everyone has a maternal mitochondrial b) SRY
chromosome. ¢) MT-CO1

Explain why centromeres do not have to be in the
centre of a chromosome to function.

Why do nuclear chromosomes have to have multi-
ple origins of replication?

Define chromatin. What is the difference between
DNA, chromatin and chromosomes?
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Chapter 9

Gene Interactions

Figure 9-20

The coat colour on this juvenile horse is
called Bay Roan Tobiano. Bay is the brown
base coat colour; Roan is the mixture of
white hairs with the base coat, making a ‘fog-
gy’ colour; and Tobiano is the white patches.
The genes causing the Roan and Tobiano coat
colours, respectfully, are found on the same
chromosome and are linked. Knowing this,
we can predict which coat colour genes are
from which parents, and how those genes
will be inherited in this horse’s offspring.

(Wikimedia Commons-Kumana @ Wild
Equines- CC BY 2.0)

As we learned in Chapter 3, Mendel reported that the pairs of loci he observed segregated independently
of each other; for example, the segregation of seed color alleles was independent from the segregation of
alleles for seed shape. This observation was the basis for his Second Law (Independent Assortment), and contrib-
uted greatly to our understanding of heredity as single units. However, further research showed that Mendel’s
Second Law did not apply to every pair of genes that could be studied. In fact, we now know that alleles of loci
that are located close together on the same chromosome tend to be inherited together. This phenomenon is
called linkage, and is a major exception to Mendel’s Second Law of Independent Assortment. Researchers use
linkage to determine the location of genes along chromosomes in a process called genetic mapping. The concept
of gene linkage is important to the natural processes of heredity and evolution, as well as to our genetic manip-
ulation of crops and livestock.

A  GENETIC NOMENCLATURE & SYMBOLS (alleles). A genotype is the specific allelic composition
of a cell or organism. Normally only the genes under
consideration are listed in a genotype and the alleles at
the remaining gene loci are considered to be wild type.
A phenotype is the detectable outward manifestation of
A gene is a hereditary unit that occupies a specific 3 specific genotype. In describing a phenotype usually

position (locus) within the genome or chromosome only the characteristics under consideration are listed
and has one or more specific effects upon the phenotype  vhile the remaining characters are assumed to be wild
of the organism and can mutate into various forms type (normal).

Nomenclature and symbols have been covered in
previous chapters. This will be a brief review to recover
the topics.




A.1 GENE NAMES AND SYMBOLS

Usually, gene names are unique and their corre-
sponding symbols are unique letters or combinations of
letters. So, for example, the “vermillion” gene in Dro-
sophila is represented by the letter “v”, while “vg” is the
symbol for the “vestigial” gene and “vvI” is the symbol
for the “ventral veins lacking” gene locus. Note howev-
er that the same letter symbols may represent a differ-
ent gene in another organism. Gene symbols and gene
names are typically shown in italics text. In lectures we

may not always use italics for gene names and symbols.

The normal, or wild type, form of a gene is usually
symbolized by superscript plus sign, “+”. e.g. “a**, “ b* ",
etc. or it is sometimes abbreviated to just “+”. A forward
slash is occasionally used to indicate that the two sym-
bols are alleles of the same gene, but on homologous
chromosomes (see Figure 9-21).

A typical mutant form of the gene, of which there can
be many, can be symbolized by a superscript minus sign,
“"eg “af “bf etc, or sometimes abbreviated to just
“a”, “b’, etc (no superscript). Therefore if the genotype of
a diploid organism is given as a*/a’, it means there is a
wild type allele and mutant allele of the “a” gene at the

a” locus. This may also be abbreviated to +/a.

In some species of diploids, the dominant allele is
typically designated with the upper case letter(s), while
the recessive allele is given the lower case letter(s). For
example, in Mendel’s peas the dominant Rough allele is

“R”, while the recessive smooth allele is “7”,

B RECOMBINATION
Cell

Different alleles

Nucleus

a

Homologous
Chromosomes

'
Gene locus

Figure 9-21

A diagram of how chromosomes, loci and alleles look in the cell, and how we depict

them written.
(Original-J.Locke- CC BY-NC 3.0)

The process of meiosis leading to a separation of
chromosomes, and crossing over is necessary for the
understanding of this chapter. Refer to Chapter 7 for a
review of these concepts.

The term “recombination” is used in several different
contexts in genetics. In reference to heredity, recombi-
nation is defined as a process that results in gametes

84

A

with combinations of alleles that were not present in the
gametes from the parental generation (Figure 9-22).
Recombination is important because it contributes to
the genetic variation that may be observed between
individuals within a population and that may be acted
upon by selection for evolution.

CEoEa)me
3
Lo = ~2
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Figure 9-22

When two loci are on non-homologous chromosomes, their al-
leles will segregate in combinations identical to those present in
the parental gametes (A;b, a;B), and in recombinant genotypes
(A;B, a;b) that are different from the parental gametes.

(Original-Deyholos- CC BY-NC 3.0)

B.1 INTER- AND INTRACHROMOSOMAL

RECOMBINATION

Interchromosomal recombination occurs either
through independent assortment of alleles whose loci
are on different chromosomes (Chapter 3). Intrach-
romosomal recombination
occurs through crossovers
between loci on the same
chromosomes. It is important
to remember that in both of
these cases, recombination is
a process that occurs during
meiosis (mitotic recombina-
tion may also occur in some
species, but it is relatively
rare).

A
= A/a

As an example of interchromosomal recombination,
consider loci on two different chromosomes as shown
in Figure 9-22.

We know that if these loci are on different chromo-
somes there is no physical connection between them, so
they are unlinked and will segregate independently as
did Mendels traits. The segregation depends on the rel-
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ative orientation of each pair of chromosomes at meta-
phase. Since the orientation is random and independent
of other chromosomes, each of the arrangements (and
their meiotic products) is equally possible for two un-
linked loci as shown in Figure 9-22 on page 84.

Intrachromosomal recombination occurs through
crossovers. Crossovers occur during prophase I of mei-
osis, when pairs of homologous chromosomes have
aligned with each other in a process called synapsis.
Crossing over begins with the breakage of DNA of a
pair of non-sister chromatids. The breaks occur at cor-
responding positions on two non-sister chromatids,
and then the ends of non-sister chromatids are connect-
ed to each other resulting in a reciprocal exchange of
double-stranded DNA. Generally every pair of chromo-
somes has at least one crossover during meiosis, but of-
ten multiple crossovers occur in each chromatid during
prophase L.

Because interchromosomal recombination happens
through independent assortment, genes in this situa-
tion are always unlinked. Intrachromosomal recombi-
nation has instances of linked genes, and so they will be
the focus of this chapter.

B.2 INHERITING PARENTAL AND RECOMBINANT

GAMETES

If we consider only two loci and the products of mei-
osis results in recombination, then the meiotic prod-
ucts (gametes) are said to have a recombinant geno-
type. On the other hand, if no recombination occurs
between the two loci during meiosis, then the products
retain their original combinations and are said to have
a non-recombinant, or parental genotype. The ability
to properly identify parental and recombinant gametes
is essential to apply recombination to experimental ex-

amples.

To properly identify recombinant and parental gam-
etes, you need to know the genotype of the parents (the
P generation) of the individual in question. This is most
easily demonstrated in a dihybrid. If, for two genes, one
parent has the genotype AABB, they can only produce
one type of gamete: AB (Figure 9-23 left). Note: the
absence of slashes and semicolons indicate that we don’t
know whether the genes are linked or not. 'The same is
true for the other parent. Ifitis aabb, then it canalso only

produce
one typeThisis an encore presentation of =

£ the online exercise for writing out : ﬁ" *.
OL 83aM-jinked and unlinked genes. u‘ Lyrgf
ete:  ab

http://tinyurl.com/ocog-linked

Gene Interactions

~= ~== ~~ ~
A b a B a 3 A B
A b a B b b A B
AAbb aaBB aabb AABB

Ab aB AB ab
Figure 9-23
The genotype of gametes can be inferred unambiguously
if the gametes are produced by homozygotes. However,
recombination frequencies can only be measured among
the progeny of heterozygotes (i.e. dihybrids). Note that
the dihybrid on the left contains a different configuration of
alleles (Ab/aB) than the dihybrid on the right (AB/ab) due
to differences in the genotypes of their respective parents.
Therefore, different gametes are defined as recombinant
and parental among the progeny of the two dihybrids. In
the cross at left, the recombinant gametes will be genotype
AB and ab, and in the cross on the right, the recombinant
gametes will be Ab and aB.

(Original-Deyholos-CC BY-NC 3.0)

ab AB Ab aB

(Figure 9-23 right). When those two gametes combine,
they create an individual (F,) that has a genotype writ-
ten as AaBb.

Only the F, dihybrid individual produces four differ-
ent gametes: AB, ab, Ab and aB. The parental gametes
are those that the F, obtained from its parents, in this
case AB and ab. Ab and aB are recombinant gametes
and are evidence of a recombination event happening,
resulting in a different combination of alleles (Figure
9-23).

This idea also applies for independently assorting
genes (which would be A/a; B/b). The frequency of
each type of gamete from the dihybrid would be equal.
Each would account for about % each of the whole set of
gametes. If the genes are linked (ie. on the same chro-
mosome), the recombinants will be much less frequent
than the parental arrangement.

For the above example, the P generation has one
parent homozygous for both dominant alleles, and the
other homozygous for both recessive alleles. It is very
important to note that this will not always be the case.
In some instances one parent will be homozygous with
one gene dominant and the other gene recessive (AAbb)
and the other parent will be the opposite (aaBB). This
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situation will change which is the parental and recom-
binant gametes (compare left and right in Figure 9-23).

B.3 COUPLING AND REPULSION CONFIGURATION

When looking at an organism that is heterozygous at
two loci, just by looking at them you cannot tell how
the mutant and wild type alleles are arranged. Both mu-
tant alleles could be on one homologous chromosome,
and both wild type alleles could be on the other (e.g. ab/
a*b*). This is known as a coupling (or cis) configura-
tion (See Figure 9-24) When one wild type allele and
one mutant allele are on one homologous chromosome,
and the opposite is on the other, this is known as a re-
pulsion (or trans) configuration (e.g. a*b/ab*). The way
to determine the orientation is to look at the parents (or
P generation) of that cross if you know the genotypes
of them. If the parents are homozygous in both genes,
and one shows both dominant phenotypes and the oth-
er shows both recessive phenotypes, then you know that
the individual you are looking at is in coupling config-
uration. If one parent has one dominant and one reces-
sive phenotype, and the other has the opposite, then

A B A b
_— _——
A B A b
a b a B

b B
a a

Figure 9-24
Alleles in coupling configuration (AB/ab,left) or repulsion

configuration (Ab/aB right).
(Original-Deyholos-CC BY-NC 3.0)

you know the individual is in repulsion configuration.
B.4 RECOMBINATION FREQUENCY

Recombination frequency represents distance be-
tween genes (d). Itisa calculation to define the number
# Recombinant gametes

d= X 100%
(Total # gametes) °

of parental and recombinant gametes. The equation is
as follows:

The total number of gametes is, of course, the sum of
both parental and recombinant gametes.

Through identifying and defining parental and re-
combinant gametes, you can calculate d and from there
decide the degree of linkage.

Based upon the equation and independent assort-
ment, you can see that the recombination frequency
cannot be higher than 50%. The unit for this distance is
more formally known as a centiMorgan (cM - note the
capital M!). If alleles are assorting independently, there
will a random distribution of the alleles in the progeny,
and so 50% will be recombinant gametes and 50% will
be parental gametes, making d approximately 50 cM. If
a gene is linked you will see a higher percentage of pa-
rental gametes, making d < 50 cM. You will never see
more recombinant gametes than parental, and so in no
situation will recombination frequency be higher than
50 cM, except slightly with regards to standard experi-
mental error. If you calculate a recombination frequen-
cy higher than 50 cM, you need to make sure you accu-
rately defined parental and recombinant gametes.

C UNLINKED GENES AND COMPLETE AND
PARTIAL LINKAGE

When comparing any two genes, they can be vary-
ing distances apart. Their d allows us to categorize them
into the degree of linkage. The amount of linkage can be
placed on a sliding scale.

Table 9-2 shows generally how we categorize the de-
gree linkage using recombination frequency. Because d
is based upon experimental results that will have some
experimental error, these should be treated as guide-
lines and not hard rules in determining the distance
between genes.

C.1 UNLINKED GENES

Unlinked genes are genes that appear to segregate
and show independent assortment. There will be a ran-

Table 9-1

The linkage description is listed corresponding to its recombi-
nation frequency. Note: values between 0.30 and 0.50 may be par-
tially linked, or many not be linked at all. It is often difficult to dis-
tinguish between these two possibilities because of experimental
error.

Linkage Description Distance

Unlinked ~50 cM (~50%)

Partial linkage <30cM or 30%

Complete linkage 0.00 cM or 0%

>>50cM

You messed up!
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dom and even distribution of gamete types, and a d of
50 cM is the expectation. This situation is describes two
instances, either the genes are on completely different
chromosomes, or they are far enough apart on a sin-
gle chromosome that the crossovers are so numerous
so as to randomly assort the alleles (Figure 9-22 on
page 84). Either way, because the alleles are assorting
independently you should see an equal number of re-
combinant and parental gametes, so d will be ~50 cM.
Note, because of real life variability this value can be
anywhere from ~40 cM to ~60 cM.

C.2 COMPLETE LINKAGE

Having considered unlinked loci, let us turn to the
opposite situation, in which two loci are so close togeth-
er on a chromosome that the parental combinations of
alleles always segregate together (Figure 9-25). This is
because during meiosis they are so close that there are
no crossover events between the two loci and the alleles
at the two loci are physically attached on the same chro-
matid and so they always segregate together into the
same gamete. In this case, no recombinants will be pres-
ent following meiosis, and the recombination frequency
will be 0.00. This is complete (or absolute) linkage and
is rare, as the loci must be so close together that cross-
overs are never detected between them.
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Figure 9-25

If two loci are completely linked, their alleles will segregate
in combinations identical to those present in the parental
gametes (Ab, aB). No recombinants will be observed.

(Original-Deyholos-CC BY-NC 3.0)

C.3 PARTIAL LINKAGE

It is also possible to obtain recombination frequen-
cies between 0% and 50%, which is a situation we call
incomplete (or partial) linkage. Incomplete linkage
occurs when two loci are located on the same chromo-
some but the loci are far enough apart so that crossovers
occur between them during some, but not all, meioses
(Figure 9-26). Genes that are on the same chromosome
are said to be syntenic regardless of whether they are
completely or incompletely linked or unlinked. All

Ab
Ab
L2 - AB
T )-(3%
A b A\fD
a B a /\B
a B a B ab
aB
aB

Figure 9-26

A crossover between two linked loci can generate
recombinant genotypes (AB, ab), from the chromatids
involved in the crossover. Remember that multiple,
independent meioses occur in each organism, so this
particular pattern of recombination will not be observed
among all the meioses from this individual.

(Original-Deyholos-CC BY-NC 3.0)

linked genes are syntenic, but not all syntenic genes are
linked (they may be so far apart that the proportion of
gametes resemble independent assortment).

Because the location of crossovers is essentially ran-
dom along the chromosome, the greater the distance
between two loci, the more likely a crossover will occur
between them. Furthermore, loci that are on the same
chromosome, but are sufficiently far apart from each
other, will on average have multiple crossovers between
them and they will behave as though they are complete-
ly unlinked. A recombination frequency of 50% (d = 50
cM) is therefore the maximum recombination frequen-
cy that can be observed, and is indicative of loci that
are either on separate chromosomes, or are located very
far apart on the same chromosome (ie syntenic, but not
linked!)

D EXPERIMENTALLY DETERMINING
RECOMBINATION FREQUENCY

Let us now con-
sider a complete ex-p

[ T dSe

periment in which aaB5 | AAbb
our objective is to et
OF XT3
measure  recombi- p =
aBb I aabb
nation  frequency T

(Figure 9-27). WeF2'~Ir~

need at least two al- aaBb Aabh AaBb aabb
leles for each of two Figure 9-27

genes, and we must An experiment to measure recom-

know which com- pination frequency between two
binations of alleles loci. The loci affect coat color (B/b)

were present in the and tail length (A/a).
parental  gametes. (Wikipedia Mod by Deyholos-CC

The simplest way BY-NC3.0)
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to do this is to start with pure-breeding lines that have
contrasting alleles at two loci. For example, we could
cross short-tailed mice, brown mice (aaBB) with long-
tailed, white mice (AAbb) (Figure 8, P cross). Based on
the genotypes of the parents, we know that the parental
gametes will be aB or Ab (but not ab or AB), and all of
the progeny will be dihybrids, AaBb. We do not know at
this point whether the two loci are on different chromo-
somes, or whether they are on the same chromosome,
and if so, how close together they are. That is why the
genotype in this paragraph does not contain slashes or
semicolons.

The recombination events that may be detected will
occur during meiosis in the dihybrid individual. If the
loci are completely or partially linked, then prior to
meiosis, alleles aB will be located on one chromosome,
and alleles Ab will be on the other chromosome. These
are the parental gametes based on our knowledge of the
genotypes of the gametes that produced the dihybrid.
Thus, recombinant gametes produced by the dihybrid
will have the genotypes ab or AB.

Now that we have identified the parental and recom-
binant gametes, how do we determine the genotype of
the gametes produced by the dihybrid individual? The
most practical method is to use a testcross (Figure 8
shows F, crossed with a tester), in other words to mate
AaBb to an individual that has only recessive alleles at
both loci (aabb). This will give a different phenotype
in the second generation for each of the four possible
combinations of alleles in the gametes of the dihybrid
(Figure 9-28).

We can then infer unambiguously the genotype of
the gametes produced by the dihybrid individual, and
therefore calculate the recombination frequency be-
tween these two loci. For example, if only two pheno-
typic classes were observed in the F, (i.e. short tails and
brown fur (aaBb), and white fur with long tails (Aabb))

Table 9-2

X AB | Ab [ aB | ab
b Aa | Aa |aa | aa
A% 1 Bp [ bb |Bb | bb
o-c\Q Long |[Long [Short |Short
_§<‘§ Brown | White | Brown| White
"o paranta R P P R
Figure 9-28

An experiment to measure recombination frequency
between two loci. The loci affect coat color (B/b) and tail
length (A/a).

(Wikipedia-Modified Deyholos-CC BY-NC 3.0)

we would know that the only gametes produced follow-
ing meiosis of the dihybrid individual were of the paren-
tal type: aB and Ab, and the recombination frequency
would therefore be 0%. Alternatively, we may observe
multiple classes of phenotypes in the F, in ratios such as
shown in Table 9-2. Given the data in this table, the cal-
culation of recombination frequency is straightforward:

d = #recombinant offspring x 100
Total offspring
d = 13+17 X 100 cM
48+42+13+17
= 25cM

Because the recombination frequency is below 30%,
we can say that the tail length gene and the fur colour
gene are partially linked.

Note: The use of linkage and recombination
frequency, will be extended to Genetic Mapping in the
next chapter.

An example of quantitative data that may be observed in a genetic mapping experiment involving two loci. The data cor-
respond to the F, generation in the cross shown in Figure 9-27 on page 87.

. fur number of gamete from | genotype of F, from (P)arental or
tail phenotype ) . .
phenotype progeny dihybrid test cross (R)ecombinant
short brown 48 aB aaBb P
long white 42 Ab Aabb P
short white 13 ab aabb R
long brown 17 AB AaBb R
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SUMMARY:

¢ Recombination is defined as any process that results in gametes with combinations of alleles that were not
present in the gametes of a previous generation.

¢ The recombination frequency between any two loci depends on their relative chromosomal locations.

¢ Unlinked loci show a maximum 50% recombination frequency (a distance of 50 cM).

¢ Loci that are close together on a chromosome are linked and tend to segregate with the same combinations of
alleles that were present in their parents.

¢ Crossovers are a normal part of most meioses, and allow for recombination between linked loci.

¢ Measuring recombination frequency is easiest when starting with pure-breeding lines with two alleles for
each locus, and with suitable lines for test crossing.

KEY TERMS:

allele independent assortment

complete (absolute) linkage
coupling (cis) configuration

interchromosomal recombination
intrachromosomal recombination

recombination frequency
(see distance)
repulsion (trans) configuration

crossover linkage Second Law of

distance locus Independent Assortment
(d = #recomb/#total*100) parental genotype (and gametes) synapsis

gene phenotype syntenic

genotype recombinant genotype (and gametes) unlinked

incomplete (partial) linkage

recombination

STUDY QUESTIONS:

1.

Compare recombination and crossover. How are
these similar? How are they different?

Explain why it usually necessary to start with
pure-breeding lines when measuring genetic link-
age by the methods presented in this chapter.

If you knew that a locus that affected earlobe shape

was tightly linked to a locus that affected suscepti-
bility to cardiovascular disease human, under what
circumstances would this information be clinically
useful?

In a previous chapter, we said a 9:3:3:1 phenotypic
ratio was expected among the progeny of a dihy-
brid cross, in absence of gene interaction.

a) What does this ratio assume about the linkage
between the two loci in the dihybrid cross?

b) What ratio would be expected if the loci were
completely linked? Be sure to consider every
possible configuration of alleles in the dihy-
brids.

Given a dihybrid with the genotype CcEe:

a) Ifthe alleles are in coupling (cis) configuration,
what will be the genotypes of the parental and
recombinant progeny from a test cross?

b) If the alleles are in repulsion (trans) configura-
tion, what will be the genotypes of the parental
and recombinant progeny from a test cross?

In this question, white flowers (w) are recessive
to purple flowers (W), and yellow seeds (y) are
recessive to green seeds (Y). If a green-seeded,
purple-flowered dihybrid is testcrossed, and half
of the progeny have yellow seeds:

a) What can you conclude about

between these loci?

linkage

b) What do you need to know about the
progeny in this case?
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If the progeny of the cross aaBB x AAbD is test-
crossed, and the following genotypes are observed
among the progeny of the testcross, what is the fre-
quency of recombination between these loci?

a) AaBb 135
b) Aabb 430
¢) aaBb 390
d) aabb 120

Draw the cell in metaphase I of the cell cycle in a
case where crossover did not occur in prophase I,
and in a case where it did.

What is meant by the sentence “All linked genes are
syntenic, but not all syntenic genes are linked.”?
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Chapter 10

Eukaryotic Gene Mapping

Figure 10-1

Two chromosomes with the same gene
Thomas Hunt Morgan and his under-
graduate Alfred Henry Sturtevant used
fruit fly mutations like the ones in this
figure to create the first recombination
map.

Eye colors (clockwise): brown, cinnabar,
sepia, vermilion, white, wild. Also, the
white-eyed fly has a yellow body, the
sepia-eyed fly has a black body, and the
brown-eyed fly has an ebony body.

(Wikimedia-Ktbn-Public Domain)

Introduction

In previous chapters the relative location of two loci has been examined. We have used the frequency of
recombinants vs parentals to determine the recombinant frequency (RF). Two loci could show independent
assortment (unlinked, RF~ 0.5 or 50%) or were linked (RF<< 0.35 or 35%). If linked, the two must be located on
the same chromosome (syntenic), but if unlinked they could be far apart on the same chromosome or on different
chromosomes (non-syntenic). In this chapter we will learn how to construct genetic maps using 3-point crosses.

A. GENETIC MAPPING

A genetic map (or recombination map) is a  A.1.CALCULATING MAP DISTANCE
representation of the linear order of genes (or loci),

and their relative distances determined by crossover
frequency, along a chromosome. The fact that such
linear maps can be constructed supports the concept
of genes being arranged in a fixed, linear order along
a single duplex of DNA for each chromosome. We can
use recombination frequencies to produce genetic maps
of all the loci along each chromosome and ultimately in
the whole genome.

The units of genetic distance are called centiMorgans
(cM) in honor of Thomas Hunt Morgan by his
undergraduate student, Alfred Sturtevant, who
developed the concept of genetic maps. Thus, the
recombination frequency in percent is the same as
the map distance in cM. For example, if two loci have
a recombination frequency of 25% they are said to be
~25cM apart on a chromosome (Figure 10-2 on page
92).



B A

Figure 10-2

Two genetic maps consistent with a recombination fre-
quency of 25% between A and B. Note the location of the
centromere.

(Original-Deyholos-CC BY-NC 3.0)

Note, however, this approximation works well only
for small distances (d < 30 cM) but progressively fails
at longer distances. This is because as the two loci get
farther apart the RF reaches a maximum at 50%, like it
would for two loci assorting independently (not linked).
In fact, most chromosomes are >100 cM long but such
loci at the tips only have an RF of 50%.

You might think that with a large enough distance,
you would guarantee that a crossover
would occur between them, thus making

A.2.MAP DISTANCE OVER LONG CHROMOSOMES

Map distances are always calculated for one pair of loci
at a time. However, by combining the results of multiple
pairwise calculations, a genetic map of many loci on a
chromosome can be produced (Figure 10-3). A genetic
map shows the map distance, in cM, that separates any
two loci, and the position of these loci relative to all
other mapped loci. The genetic map distance is roughly
proportional to the physical distance, i.e. the amount
of DNA between two loci. For example, in Arabidopsis,
1.0 cM corresponds to approximately 150,000bp and
contains approximately 50 genes. The exact number
of DNA base pairs in a cM depends on the organism,
and on the particular position in the chromosome;
some parts of chromosomes (“crossover hot spots”)
have higher rates of recombination than others, while
other regions have reduced crossing over and often
correspond to large regions of heterochromatin.

When a novel gene or locus is identified by mutation
or polymorphism, crossing it with previously mapped

Bmori LG5 Bany invLG5 Bmori LG10 Bany LG10
the number of recombinants larger thanf® F- 03882307585 — [T BaC32
the parentals. What youd be missingé_?n 823352§§§952,°°r""""’-"_ e Eggiéé’?géél%?
is that you can have second, third, and: C1183.2529.100 4 BaC6755 BaC7827 |
even more crossovers that will restore: s "\ 7T 22%0 - C4293.2855.44 (- BaC4293
(even # crossovers) or remove (odd # ‘ /TR G480 7955 100 Swott
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Each subsequent crossover is less probable,
thus causing a plateau of measurable:
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50cM comes from mapping of multiple:
loci dispersed along the chromosome, each : ®
with a value of less than 50%, with their: ™

total adding up to the value over SOCM::
(e.g. >100 cM as above). The method for | 10
mapping of these long chromosomes is 10s

described next.

Note that the map distance of two

C6137.2528.100 - ‘
C5850.2529.53

C6322.2674.47 7 |

C6114.2674.69
G25.2674.18

cster267470 )/ / /
7487267456 -
C1393267482 '/

C966.2674.100 /

= C4926.2838.65
C4114.2838.34 |

G20.2855.24 BaC6248

C1140.2855.100 \\\,
C6044.28557 .\
C2586.2859.71 )\ \
€7313.2859.100 \ 0N
C5726.2859 32

.~ BaC6114
/ /T~ BaC6322
I~ BaC1140
— BaC3197

BaC2480
BaC2211
BaC3769

BaG20[EcR]
BaG20[EcR]
BaG19[EcR]
BaC6044
BaC2586.20.7
BaC5726
BaC7313

L BaC1393
BaC7487
BaC4926
~|aca114
BaC966

C3237.2860.100 -,

- C7937.257557 -
BaC3237

BaC7937
BaC3680
BaC1259

C1258.257542 -
» BaG24|nkd]

\ BaC1364 BaC1422 C1460.257546 .~
| BaC1451 BaC1992 C3149.2575100 BaC1460

| ‘ —_— BaC2081
“ BaC2696 BaC3011 €2081.2575.100 BaC3149
\ BaC3384 BaC3394

\ BaC5101 BaC7640

—— BaC1864

L ' M- C1864.257573

q

— BaC697.10.100

Figure 10-3

loci alone does not tell us anything about Genetic maps for regions of two chromosomes from two species of

the orientation of these loci relative to other
features, such as centromeres or telomeres,
the chromosome.

the moth, Bombyx. The scale at left shows distance in cM, and the
position of various loci is indicated on each chromosome. Diagonal
On jines connecting loci on different chromosomes show the position of
corresponding loci in different species. This is referred to as regions

of conserved synteny.

(NCBI-NIH-PD)
92 MRU Open Genetics Chapter 10



genes and then calculating the recombination
frequency can determine its approximate position on a
chromosome.

If the novel gene and the previously mapped genes
show complete or partial linkage with an existing
locus, the recombination frequency will indicate the
approximate position of the novel gene within the
genetic map. This information is useful in isolating (i.e.
cloning) the specific fragment of DNA that encodes the
novel gene. This process called map-based cloning.

Genetic maps are also useful to (1) track genes/alleles
when breeding crops and animals, (2) in studying
evolutionary relationships between species, and (3) in
determining the causes and individual susceptibility of
some human diseases.

A.3.GENETIC MAPS ARE AN APPROXIMATION

Genetic maps are useful for showing the order of
loci along a chromosome, but the distances are only an
approximation. The correlation between recombination
frequency and actual chromosomal distance is more
accurate for shorter distances (low RF values) than long
distances. As the distance between two genes you are
mapping increases, the actual number of crossovers
is underestimated. As mentioned near the end of
section A.1, this is because as the distance between loci
increases, so does the possibility of having a second
(third, or more) crossovers occur between the loci.
This is a problem for geneticists, because with respect
to the loci being studied, these double-crossovers
produce gametes with the same genotypes as if no
recombination events had occurred (Figure 10-4), so
they have parental genotypes. Thus a double crossover
will appear to be a parental type and not be counted as a
recombinant, despite having two (or more) crossovers.
Geneticists will sometimes use specific mathematical
formulae to adjust large recombination frequencies to

Figure 10-4

A double crossover between two loci will appear as a
non-crossover in the progeny because the chromosomes
contain parental arrangements of the genes being ana-
lyzed.

(Deyholos-CC BY-NC 3.0)

account for the possibility of multiple crossovers and
thus get a better estimate of the actual distance between
two loci.

B. MAPPING WITH THREE-POINT CROSSES
B.1.SOLVING GENE ORDER WITHOUT MATH

It is critical to get both the parental genotypes and the
gene order correct; many students muff the mapping if
they assume the genes are in alphabetical order or the
order printed on the page.

The largest two classes of offspring represent the
parentals; absence of crossover is the most common
event. If you look ahead to Table 1 (Section B.2. An
Example), note that rows 2 and 5 have the most common
offspring (38 and 42, respectively). Because this is a
testcross, the phenotype will resemble whatever the
F, trihybrid created through recombination (or not!).
Parentals are most common because recombination is
rare. The two largest classes indicate the genotype of the
P generation, which is often true-breeding. In Figure 5,
you are shown what the parents look like. (This is not
always going to be done for you.) If you have a table with
all the progeny and their frequencies, you have the tools
to elucidate the parental gene combinations yourself.
Try it out on Table 1. You should notice that the largest
numbers reflected the original parents shown in Figure
5. In rows 2 and 5, alleles A and C (and also a and c) are
in coupling. Likewise, A and b (also a and B) as well as
Band ¢ (and b and C) are in repulsion. Thus must it be
in the parentals: AbC/AbC x aBc/aBc!

Next, you need to verify the gene order. While the
strategy of mapping all three genes and figuring out the
order works well (see section 2.2), for some reason this
seems to not work out well for many students under
exam conditions.

Let’s start with an easy example where all the genes
are in coupling (but note that is not always the case,
as in section 2.2 and the example above). The largest
classes of offspring reveal the parental genotypes (as
you saw), but the smallest classes of offspring will tell
us the order of the genes. Because double crossovers
are the most rare, they have to be the smallest classes.
In Table 1, these are in rows 3 and 8 (having only one
member each).

Let’s take a step back and use a simple example here.
We'll use the superscript notation and start with two
true-breeding parents with three linked genes: a*, b*
and ¢, all in coupling, and in that order (this would be
written as a*b*c*/a*b*c* x abc/abc). Let’s put them on
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homologous chromosomes that are aligned as shown:
a‘bct abc
X
a‘b*ct

abc
The resulting F, trihybrid would therefore look like:

abtct

abc
A double crossover is identified when one crossover

occurs between a and b as well as b and c. There are two
kinds of gametes produced this way:

atbct a‘brct
S =2
abc abc

The double crossover gametes created will be ab*c or
a‘bc*.

If we do a testcross, one chromosome of each offspring
must contain all recessive alleles. It would look like this
(the homozygous tester’s chromosome is light blue):

abct abtc
or

abc abc

Phenotypically, the offspring would be a*bc* and ab*c.
If that matches the phenotype of your least-populated
rows, you have the order!

Try doing this with a different gene order that is
wrong:

arctb* acbh arctb*
X >
a‘ctb* ach acb
a C+b+ a C+b+
acb

Note the outcome for this gene order would be
different. Double crossovers would be ac*b and a*cb*.

B.2. AN EXAMPLE

A genetic map consists of multiple loci distributed
along a chromosome. An efficient method of mapping
three genes at once is the three-point testcross, which
allows the order and distance between three potentially
linked genes to be determined in a single cross
experiment ().

g S

aaBBcc AAbbCC
F >< [
S W
AaBbCc aabbcc
| ~ | |
‘E 'ﬁ' £y
F2 s s D
- - S u ~ S
aaBbCc AabbCc AaBbCc aabbCc
Dy S 7 v
5 N
S W AR
aaBbcc Aabbcc AaBbcc aabbcc
Figure 10-5

A three point cross for loci affecting tail length, fur color,
and whisker length.
(Original-Modified Deyholos-CC BY-NC 3.0)

This is particularly useful when mapping a new
mutation whose location is unknown relative to
two previously mapped loci with known locations.
The basic strategy is the same as for the dihybrid
mapping experiment described previously, except pure
breeding lines with contrasting genotypes are crossed
to produce an individual heterozygous at three loci (a
trihybrid), which is then testcrossed to a tester, which is
homozygous recessive for all three genes, to determine
the recombination frequency between each pair of
genes, among the three loci. A Punnett square can be

These are different than what we found above. ®
Only three orders are possible - try each gene in J aBC |AbC | abC |ABC| aBc | Abc | abc | ABc
turn as the “middle”. Only one can fit your data.
If the dl ith the | ¢ ber of aa | Aa | aa [ Aa |aa | Aa [ aa | Aa
e class wi e lowest number of progeny|gbe | Bb | bb | bb | Bb | Bb | bb | bb | Bb
resembles the phenotype you created using the Cc [Cc | Cc | Cc | cc ccC cC cC
parental genotypes match, you have the correct $5 Short tail |Long tail |Short tail |Long tail |Short tail |Long tail |Short tail |Long tail
. 5 . 0‘ Brown White White Brown Brown White White Brown
order. If it doesnt WOI'k, try a different order. QOQ Long whis | Long whis | Long whis | Long whis |Short whis|Short whis|Short whis|Short whis
o Ters Q
There are only three possibilities. Figure 10-6

Check http://universitygenetics-mapping.
blogspot.ca/2012/02/determining-gene-

order.html for a tutorial on this.

Punnett square of the test cross for Figure 5 showing the predicted
gametes possible from this cross, and their phenotypes.

(Original-L. Canham-CC BY-NC 3.0)
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used to predict all the possible outcomes of the test cross (Figure 10-6). The progeny produced from the testcross

is shown in Table 10-1 on page 95.
Table 10-1

An example of data that might be obtained from the F,generation of the three-point cross is shown in Figure 5. The rarest
phenotypic classes correspond to double recombinant gametes ABc and abC. Each phenotypic class and the gamete

from the trihybrid that produced it can also be classified as
parental (P) or recombinant (R) with respect to each pair of
loci (A,B), (A,C), (B,C) analyzed in the experiment.

tail fur whisker # of g?mete ier;otyp: of loci loci loci
phenotype phenotype phenotype progeny tril:;)lI)I; id 2 Z?:;s e A, B A, C B,C
1 Short tail | Brown fur | Long whiskers 5 aBC aBC/abc p R R
2 Long tail White fur | Long whiskers 38 AbC AbC/abc P P P
3 Short tail White fur | Long whiskers 1 abC abC/abc R R P
4 | Longtail | Brownfur | Long whiskers 16 ABC ABC/abc R p R
5 Short tail Brown fur | Short whiskers 42 aBc aBc/abc p P P
6 | Longtail | Whitefur | Short whiskers 5 Abc Abc/abc p R R
7 Short tail White fur | Short whiskers 12 abc abc/abc R P R
8 | Longtail | Brown fur | Short whiskers 1 ABe | ABc/dbcl6] R R L, P
e 120
i i 5+1+45+1
The trihybrid, when crossed to a tester, should be RF, .= =15%
able to make eight different gametes, to make eight 120
possible different phenotype combinations in the RE - 5+16+5+12 — 300
offspring (2" combinations, n = #traits). The next step BC 120 Toen

would be to identify if the alleles are recombinant
or parental gametes, comparing only two loci at one
time to the parental combinations. In this example,
the parents of the trihybrid are aBc/aBc and AbC/
AbC, so the parental gametes would be aBc and AbC
respectively. Now, by comparing two loci at once, you
can determine if they are recombinant or parental. For
example, the offspring in the first row in Table 10-1
came from gamete aBC. Comparing loci A and B we see
that it matches one of the parental gametes and so it
is parental. Comparing A and C we see that it matches
neither parental, so it is recombinant. The same can be
said for comparing B and C.

Once each class of progeny has been identified as
being parental or recombinant for each gene (right three
columns of Table 10-1), recombination frequencies may
be calculated for each pair of loci individually, as we did
before for one pair of loci in our dihybrid We can then
use these numbers to build the map, placing the loci
with the largest RF on the ends.
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(not corrected for double crossovers)

B.3. DOUBLE CROSSOVER CORRECTION

Note that in the three-point cross, the sum of the
distances between A-B and A-C (35%) is less than
the distance calculated for B-C (32%). This is because
of double crossovers between B and C, which were
undetected when we considered only pairwise data for

Figure 10-7

Two maps based on
the data in Table 1
(without correction
for double cross-
overs). Both are
equivalent.

B A C

1 1 ]
25¢cM

10cM
32cM

(Original-Deyho-
los-CC BY-NC 3.0)

B and C. We can
easily account for some of these double crossovers, and
include them in calculating the map distance between B
and C, as follows (Figure 10-7).
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We already deduced that the map order must be
BAC (or CAB). However, these double recomb-inants,
ABc and abC, were not included in our calculations of
recombination frequency between loci B and C. If we
included these double recombinant classes (multiplied
by 2, since they each represent two recombination
events), the calculation of recombination frequency
between B and C is as follows, and the result is now
more consistent with the sum of map distances between
A-Band A-C.

_ 5+16+5+12+2(1)+2(1)
Be 120

(corrected for double crossovers)

RF =35%

Thus, the three-point cross was useful for:
(1) determining the order of three loci relative to each
other,

(2) calculating map distances between the loci, and
(3) detecting some of the double crossover events that
would otherwise lead to an underestimation of

map distance.

However, it is possible that other double crossovers
events remain undetected. Double crossovers between
loci Aé»B or between loci AeC cannot be detected.
Geneticists have developed a variety of mathematical
procedures to try to correct for such double crossovers
during large-scale mapping experiments. This, by the
way, is also why the recombination frequency caps out
at 50% as explained earlier in Chapter 9, sections B&C.

As more and more genes are mapped a better genetic
map can be constructed. Then, when a new gene is
discovered, it can be mapped relative to other genes
of known location to determine its location. All that is
needed to map a gene is two alleles: a wild type allele,
and a mutant allele.

C. ANALYSIS OF RECOMBINATION

FREQUENCIES IN A THREE POINT TEST
CROSS

Now that we know what the map looks like, the
frequency of each offspring type can be explained.
Parental gametes (AbC and aBc) are the result of no
crossovers, or double crossovers between two alleles.
Because we know all three loci are linked, it is expected
for this frequency to be relatively high, much like what
we see in the example above.

There are recombinant gametes that are the result
of one crossover between two alleles (aBC, Abc, ABC
and abc) single crossover events are more common,

but are more likely to happen between loci B and A,
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because they are 25 cM and so are farther apart than A
and C, which are only 10 cM. So we expect to see more
recombinant gametes with the former.

And lastly there are recombinant gametes that are a
result of double crossover events (ABc and abC). Double
crossovers between three linked genes like this is rare,
so we don’t expect to see many offspring from these
recombinant gametes.

In the example given above, all the genes present are
linked, with one pair more strongly linked than the
other (A and C have stronger linkage than A and B).
When choosing three genes to map, this will not always
be the case. Sometimes you will have all genes linked,
sometimes you may have two genes linked and one
gene unlinked, and sometimes they all may be unlinked

A B C
ceeeesd ssssasd slss———g

o ® o
a b C
A B
- — - - ® Unlinked
P — ap—
a b [¢
A B C

®
a .b C
A B ] Two
el @u— el .
- ° % One
a b c Unlinked
A B C " Three
a b C ¢ Linked
Figure 10-8

Three ways genes can be associated with each other
based. All have the same genotype but linkage changes
arrangements. Genes far apart are considered “unlinked”.

(Original-J. Locke/L. Canham-CC BY-NC 3.0)

(Figure 10-8 on page 96). Much like what we did
above, by comparing the ratios of offspring you should
be able to predict if the genes in the trihybrid are linked
or not.

The frequencies we see from this cross agree with our
expectations. Figure 10-9 (next page) shows a diagram
of the crossover events that took place in regards to
recombinant gametes and the number of offspring seen
with that gamete type.

If all three genes are unlinked, then we expect
independent assortment and an equal number of all
progeny types. Like in the example, if all are linked,
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B a Cc B a C
| | | I ) |
b A C b A C
# of # of
gamete gamete
progeny progeny
aBC 5 Abc 5
B a C B a C
| | ] l ] ]
| | | | | |
b A C b A C
# of # of
gamete gamete
progeny progeny
ABC 16 abc 12
B a o) B a C
| | ] | | |
| | | | | |
b A C b A C
# of # of
gamete gamete
progeny progeny
ABc 1 abC 1
Figure 10-9

Diagram of the crossover events to create the different
recombinant gametes from the cross in Figure 10-5 on
page 94. The parental alleles are seen on the black
chromosomes. The coloured lines indicate show where

the crossover event took place and underlines the alleles
for that recombinant gamete. Below each diagram is the
recombinant gamete and the number of progeny seen in
that cross.

you expect there to be many parental genotypes, some

recombinant genotypes if they are a result of a single
recombination events. Recombinant genotypes that
are a result of two recombination events will be rare.
The actual numbers of each will differ depending if all
the linked genes are equal distances from each other,
or if one pair is more linked than the other. We used
the largest and smallest classes to figure out what's
happening earlier in this chapter.

In the case of having two genes linked and one
gene unlinked the data will look different. Let’s use
the example as it was before, with the same parental

gametes (AC;b and ac;B), but let’s assume the genes A
and C are linked and B is unlinked (as shown using
the semicolon). In this case, because linkage causes a
higher prevalence of parental gametes, we expect there
to be more parental organizations of A and C (ie. AC or
ac), and less recombinant organizations of A and C (ie.
Ac and aC). The presence and or absence of parental B
is not important here, because it is unlinked and will
assort independently. Your data will show an equal
number of B or b for each AC combination. If A and C
are still 10 cM apart, your data may look like that shown
in Table 10-2.

Table 10-2

Progeny ratios seen after a trihybrid test cross depending
on whether they are all linked, only two are linked or if all
are unlinked. The “All Linked” column is based upon the
cross shown in Figure 10-5 on page 94 as an example.

AbC p more many
aBc P more many
ABC R more some (big)
abc R more some (big)
aBC R less some (few)
Abc R less some (few)
abC R less rare
ABc R less rare

Note how there are FOUR large classes and FOUR
small classes instead of two (with two intermediates).
This is your clue that there might be an unlinked gene.

D. WHERE DO CROSSOVERS OCCUR ON a
CHROMOSOME?

A crossover involves the reciprocal exchange between
non-sister chromatids when synapsed at prophase I of
meiosis. While this exchange can theoretically occur
anywhere along the synapsed homologs, observations
show us that some regions along a chromosome have
higher rates of crossing over, while others are lower. In
addition, the frequency of crossing over varies from
species to species, and even from male to female within
a species. For example, in Drosophila melanogaster there
is no crossing over in males.

From Drosophila recombination data we know that
the likelihood of a crossover is greatest in the middle
of a chromosome arm and lower at the telomere and
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Crossing over Frequency
High

Low

Figure 10-10

Diagram of the frequency of crossing over along a chromo-
some (bottom). The Y-axis shows the relative rate of cross-
ing over. The two peaks are present in the middle of each
chromosome arm, while the telomeres and centromeres
have lower frequencies of exchanges.

(Original-J. Locke-CC BY-NC 3.0)

centromere regions (Figure 10-10 on page 98). This
distribution would be expected if one of the functions
of a crossover event were to hold the two synapsed
chromosomes together so that they segregate correctly
in metaphase I of Meiosis 1.

E. INTERFERENCE

Now we come to one last thing that we can determine
from a three-point testcross: whether the incidence of
one crossover influences the occurrence of a nearby one.

The product rule tells us that the probability of a
double crossover is easily determined by multiplying
the distances together. In Figure 10-7 on page 95, B
and A are 25 cM apart and A and C are 10 cM apart.
Each distance reflects the percentage of recombinants
between the regions: 25% and 10%, respectively. The
chance of getting a double crossover between both loci
is 0.25 x 0.10 = 0.025, or 2.5%. For every 100 gametes,
you expect 2-3 to be a result because of double crossover.

But recall that crossover is a physical event between
chromosomes. Chapter 7 (Figure 7-4 on page 66)
shows how homologous chromosomes approach each
other (synapse) during the zygotene part of Prophase
I. Physical connections between homologues occur
during the diplotene phase, and chiasmata (“bridges”)
form between them. Figure 7-6 on page 67 in Chapter
7 shows that the chromosomes are bound together with

98

the synaptonemal complex. What’s not shown is that
there are protein complexes at the site of chiasma that
cause extremely precise cutting and splicing of DNA
between nonsister chromatids. These cuts and splices
are so precise that the genetic sequence exactly matches
atom to atom at the crossover region.

This relates to crossover for this reason: connecting
nonsister chromatids of homologous chromosomes
involves enzymes and cellular tools that occupy
space. This means that the machinery directing one
crossover might influence an adjacent event. This is
called interference. Positive interference means that
the number of double crossover events is less than you
expect: you have fewer than the number of predicted
double crossover progeny. Perhaps the enzymes
involved in one crossover event prevent another nearby
event from happening.

Less common is negative interference. The presence
of one crossover might actually increase another nearby
event.

The exact molecular reasons for interference are
still being worked out. You can, however, calculate the
amount of interference with a simple formula:

#observed

I=100% —
#expected

The number of observed double crossovers (dco)
is simply all the double crossover progeny you found
in your data. The expected number is calculated
by multiplying the total number of progeny by the
probability of a double crossover occurring. In the
earlier example, we found that 2.5% of progeny should
be double crossovers. In Table 1 there are 120 progeny
in total. Therefore, you expect 0.025 x 120 = 3 double
crossovers. You observed 2.

Ignoring that the number of progeny is very, very
small and so the observed number is probably not
statistically accurate, we could calculate interference
as [ = 100% - (2/3) = 33.3%. This means that 1/3 of
expected double crossovers were interfered with: they
did not occur.
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SUMMARY:

¢

A genetic map (or recombination map) is a representation of the linear order of genes (or loci), and their
relative distances determined by crossover frequency, along a chromosome.
Recombination frequency is usually proportional to the distance between loci, so recombination frequencies
can be used to create genetic maps.
Recombination frequencies tend to underestimate map distances, especially over long distances, since double
crossovers may be indistinguishable from non-recombinants.
Loci that are syntenic may appear to be unlinked. However, no genes can be mapped as farther than 50 cM
apart.
Three-point crosses can determine the order and map distance among three loci.
In three-point crosses, a correction for the distance of the outside markers can be made to account for double
crossovers between the two outer loci.
Crossovers are not equally frequent all along a chromosome. In some regions, crossovers are more frequent
while others are less.
The resolution of genetic maps depends on the number of markers and the number of progeny.
Interference between crossover events may occur. This can be calculated. Positive interference is when less
crossovers occur than expected. Negative interference is when more crossovers appear than anticipated.
KEY TERMS:
centimorgans (cM) interference non-syntenic synapse
conserved synteny linked parentals three-point cross
double-crossover map units (mu) recombinants unlinked
genetic map map-based cloning Sturtevant, Alfred

independent assortment Morgan, Thomas Hunt syntenic

STUDY QUESTIONS:

1)

2)

In corn (i.e. maize, a diploid species), imagine that  3) Imagine that methionine heterotrophy, chlorosis
alleles for resistance to a particular pathogen are (loss of chlorophyll), and absence of leaf hairs (tri-
recessive and are linked to a locus that affects tassel chomes) are each caused by recessive mutations at
length (short tassels are recessive to long tassels). three different loci in Arabidopsis. Given a triple
Design a series of crosses to determine the map mutant, and assuming the loci are on the same
distance between these two loci. You can start with chromosome, explain how you would determine
any genotypes you want, but be sure to specify the the order of the loci relative to each other.

phenotypes of individuals at each stage of the pro-

cess and specify which progeny will be considered

recombinant. You do not need to calculate recom- 4) Threeloci are linked in the order B-C-A. If the A-B
bination frequency. map distance is 1cM, and the B-C map distance is
0.6cM, given the lines AaBbCc and aabbcc, what
will be the frequency of Aabb genotypes among
their progeny if one of the parents of the dihybrid
had the genotypes AABBCC?

In a mutant screen in Drosophila, you identified a
gene related to memory, as evidenced by the inabil-
ity of recessive homozygotes to learn to associate a
particular scent with the availability of food. Given
another line of flies with an autosomal mutation
that produces orange eyes, design a series of crosses
to determine the map distance between these two
loci and specify which progeny will be considered
recombinant. You do not need to calculate recom-
bination frequency.
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8) Youdiscover an alien species that displays the same
type of inheritance that is commonplace with dip-
loid animals on Earth. You cross two true-breeding
individuals and the F, displays these traits: pear-
shaped head, gray skin, and normal fingers. The F,

is testcrossed to give the following data:
91 pear-shaped head, glowing fingertip, and green skin

5) Genes for body color (B black dominant to b
yellow) and wing shape (C straight dominant to ¢
curved) are located on the same chromosome in
flies. If single mutants for each of these traits are
crossed (i.e. a yellow fly crossed to a curved-wing
fly), and their progeny is testcrossed, the following

phenotypic ratios are observed among their 6  pear-shaped head, glowing fingertip, and gray skin

progeny. 1 pear-shaped head, normal fingertip, and green skin
1 round head, glowing fingertip, and gray skin
black, straight 17 7 round head, normal fingertip, and green skin
yellow, curved 12 506 pear-shaped head, normal fingertip, and gray skin
black, curved 337 85 round head, normal fingertip, and gray skin
yellow, straight 364 491 round head, glowing fingertip, and green skin

Define gene symbols and create a genetic map that
shows how these traits are arranged on the chromo-
b) Why are the frequencies of the two smallest somes. Be sure to mathematically correct for double

classes not exactly the same? crossover events. Calculate interference.

a) Calculate the map distance between B and C.

(Solution is at http://universitygenetics-map-

6) Given the map distance you calculated between p_ing -blogspot.ca/2011/11/alien-gene-map-
B-C in question 12, if you crossed a double mutant ping.html)
(i.e. yellow body and curved wing) with a wild-type 9) Two true-breeding lizards were crossed. Three

fly, and testcrossed the progeny, what phenotypes mutant traits were found in the parents: bent tail,
in what proportions would you expect to observe missing thumb, and curled claws. The F1 lizards
among the F, generation? were all wild-type in appearance. The F1 females

were testcrossed, and the offspring were sorted to
obtain these data:

7) Wild-type mice have brown fur and short tails. wild type 182

Loss of function of a particular gene produces
white fur, while loss of function of another gene
produces long tails, and loss of function at a third bent tail, missing thumb 5
locus produces agitated behaviour. Each of these

bent tail, missing thumb, curled claws 176

missing thumb, curled claws 52
loss of function alleles is recessive. If a wild-type g
mouse is crossed with a triple mutant, and their F, bent tail 55
progeny is test-crossed, the following recombina- bent tail, curled claws 2261
tion frequencies are observed among their proge- missing thumb 279

ny. Produce a genetic map for these loci.

a) Diagram the arrangement of alleles on the two

Fllllr T}? il B ehavilour Frig’ homologous chromosomes for both parents (P
white short norma ;

brown short agitated 0 generation) and the F,

brown short normal 955 b) Draw a genetic map based on these data. Be
white short agitated 36 sure to mathematically correct for double-
white long normal 0 crossovers,

Eigxg igﬁi i’ilﬁﬁz? 411;1 c) Calculate interference. Explain what this value
white long agitated 933 means.

(Solution is at http://universitygenetics-map-
ping.blogspot.ca/2011/11/question-1b.html)
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10) Two true-breeding minks were crossed. Between
them there were three loci that were being ana-
lyzed: drawn jowls, club foot, and a behaviour of
being easily startled. The F1 minks were all wild-
type in appearance. The F1 females were test-
crossed and the progeny sorted. The following data
were obtained:

drawn jowls, normal foot, easily startled 157
normal jowls, club foot, calm 165
normal jowls, club foot, easily startled 15
drawn jowls, club foot, calm 139
drawn jowls, club foot, easily startled 14
normal jowls, normal foot, calm 21
drawn jowls, normal foot, calm 18
normal jowls, normal foot, easily startled 163

a) Define appropriate gene and allele symbols ac-
cording to standard conventions.

b) Draw a genetic map based on these data.
¢) What can you infer about these loci?

(Solution is at http://universitygenetics-map-
ping.blogspot.ca/2011/11/question—-4.html)
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CHAPTER 11 — DNA IS THE GENETIC MATERIAL

INTRODUCTION

Genetics is the scientific study of heredity and the
variation of inherited characteristics. It includes the
study of genes, themselves, how they function,
interact, and produce the visible and measurable
characteristics we see in individuals and
populations of species as they change from one
generation to the next, over time, and in different
environments.

Heredity is the concept that the characteristics of
an individual plant or animal in a population could
be passed down through the generations. Offspring
look more like their parents (Figure 1). People
learned that some heritable characteristics (such as
the size or colour of fruit) varied between
individuals, and that they could select or breed
crops and animals for the most favorable traits.
Knowledge of these hereditary properties has been
of significant value in the history of human
development. In the past, humans could only
manipulate and select from naturally existing
combinations of genes. More recently, with the
discovery of the substance and nature of genetic
material, DNA, we can now identify, clone, and
create novel, better combinations of genes that will
serve our goals. Understanding the mechanisms of
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Figure 1.
Parent and offspring Wolf's Monkey.
(Flickr- Eric Heupel - CC BY-NC-ND 2.0)

genetics is fundamental to using it wisely and for
the betterment of all.

Prior to Mendel (1865) heredity was considered to
be of a “blended inheritance” but his work
demonstrated that inheritance was particulate in
nature (particulate inheritance). We now call these
“particles” genes and their different forms, alleles.
By the early 1900’s, biochemists had isolated
hundreds of different chemicals from living cells,
but which of these was the genetic material?
Proteins seemed like promising candidates, since
they were abundant, diverse, and complex
molecules. However, a few key experiments
demonstrated that DNA, rather than protein, is the
genetic material.

1. GRIFFITH'S TRANSFORMATION EXPERIMENT
(1928)

Microbiologists identified two strains of the
bacterium Streptococcus pneumoniae. The R-strain
produced rough colonies on a bacterial plate, while
the other S-strain was smooth (Figure 2). More
importantly, the S-strain bacteria caused fatal
infections when injected into mice, while the R-
strain did not (Figure 3). Neither did “heat-treated”
S-strain cells. Griffith in 1929 noticed that upon
mixing “heat-treated” S-strain cells together with
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some R-type bacteria (neither should kill the mice),
the mice died and there were S-strain, pathogenic
cells  recoverable. Thus, some non-living
component from the S-type strains contained
genetic information that could be transferred to
and transform the living R-type strain cells into S-
type cells.

Figure 2.

Colonies of Rough (top) and Smooth (bottom) strains of S.
pneumoniae.

(J. Exp.Med.98:21, 1953-R. Austrian-Pending)
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Figure 3.

Experiments of Griffith and of Avery, MacLeod and McCarty.
R strains of S. pneumoniae do not cause lethality. However,
DNA-containing extracts from pathogenic S strains are
sufficient to make R strains pathogenic.

(Original-Deyholos- CC BY-NC 3.0)

PAGE 2

2. AVERY, MAcLEoD AND MCcCARTY’S
EXPERIMENT (1944)

What kind of molecule from within the S-type cells
was responsible for the transformation? To answer
this, researchers named Avery, MaclLeod and
McCarty separated the S-type cells into various
components, such as proteins, polysaccharides,
lipids, and nucleic acids. Only the nucleic acids from
S-type cells were able to make the R-strains
smooth and fatal. Furthermore, when cellular
extracts of S-type cells were treated with DNase
(an enzyme that digests DNA), the transformation
ability was lost. The researchers therefore
concluded that DNA was the genetic material,
which in this case controlled the appearance
(smooth or rough) and pathogenicity of the
bacteria.

3. HERSHEY AND CHASE’S EXPERIMENT (1952)

Further evidence that DNA is the genetic material
came from experiments conducted by Hershey and
Chase. These researchers studied the transmission
of genetic information in a virus called the T2
bacteriophage, which used Escherichia coli as its
host bacterium (Figure 4).

Figure 4.
Electronmicrograph of T2
bacteriophage on surface of
E. coli.

(Wikipedia- Dr  Graham
Beards- CC BY-SA 3.0)

Like all viruses, T2 hijacks the cellular machinery of
its host to manufacture more viruses. The T2 phage
itself only contains both protein and DNA, but no
other class of potential genetic material. To
determine which of these two types of molecules
contained the genetic blueprint for the virus,
Hershey and Chase grew viral cultures in the
presence of radioactive isotopes of either
phosphorus (3P) or sulphur (*S). The phage
incorporated these isotopes into their DNA and
proteins, respectively (Figure 5). The researchers
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then infected E. coli with the radiolabeled viruses,
and looked to see whether *P or *S entered the
bacteria. After ensuring that all viruses had been
removed from the surface of the cells, the
researchers observed that infection with 3°P
labeled viruses (but not the *S labeled viruses)
resulted in radioactive bacteria. This demonstrated
that DNA was the material that contained genetic
instructions.

32P i ’/

@ @ radioactivity

in bacteria

»'J :
355 ‘ radioactivity
in supernatant
Figure 5.

When **P-labeled phage infects E. coli, radioactivity is found
only in the bacteria, after the phage are removed by
agitation and centrifugation. In contrast, after infection
with **S-labeled phage, radioactivity is found only in the
supernatant that remains after the bacteria are removed.
(Original-Deyholos- CC BY-NC 3.0)
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4. RNA AND PROTEIN

While DNA is the genetic material for the vast
majority of organisms, there are some viruses that
use RNA as their genetic material. These viruses
can be either single or double stranded. Examples
include SARS, influenza, hepatitis C and polio, as
well as the retroviruses like HIV-AIDS. Typically
there is DNA used at some stage in their life cycle
to replicate their RNA genome.

Also, the prion protein is an infectious agent that
transmits characteristics via only a protein (no
nucleic acid present). Prions infect by transmitting
a mis-folded protein state from one aberrant
protein molecule to a normally folded molecule.
These agents are responsible for Bovine
Spongiform Encephalopathy (BSE, also known as
"mad cow disease") in cattle, Chronic Wasting
Disease in deer, Scrapie is sheep and Creutzfeldt—
Jakob disease (CJD) in humans. All known prion
diseases act by altering the structure of the brain
or other neural tissue and all are currently
untreatable and ultimately fatal.
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SUMMARY:

* Genetics is the scientific study of heredity and the variation of inherted characteristics.

* Heredity is the concept that a trait of an individual can br passed down through generations

* Agene can be defined abstractly as a unit of inheritance.

* The experiments done by Griffitish and Hershey and Chase showed the ability of DNA from bacteria
and viruses to transfer genetic information into bacteria demonstrates that DNA is the genetic material

and that its universal.

* Some viruses use RNA as their genetic material and can be either single or double stranded.

* Prionis a misfolding protein that transmits its misfolding property to a normal one.

Key WORDS:

genetics

heredity

Mendel

blending inheritance
particulate inheritance
gene

allele

Griffith

STuDY QUESTIONS:

1)

2)

Imagine that astronauts provide you with living
samples of multicellular organisms discovered
on another planet. These organisms reproduce
with a short generation time, but nothing else
is known about their genetics.

a) How could you define laws of heredity for
these organisms?

b) How could you determine what molecules
within these organisms contained genetic
information?

c) Would the mechanisms of genetic
inheritance likely be similar for all
organisms from this planet?

d) Would the mechanisms of genetic
inheritance likely be similar to organisms
from earth?

It is relatively easy to extract DNA and protein

from cells; biochemists had been doing this

since at least the 1800’s. Why then did Hershey
and Chase need to use radioactivity to label

DNA and proteins in their experiments?

PAGE 4

transform

Avery, MaclLeod, & McCarty
DNase

Hershey and Chase
bacteriophage

3SS

32P

prion

3) Starting with mice and R and S strains of S.
pneumoniae, what experiments in addition to
those shown in Figure 3 to demonstrate that
DNA is the genetic material?
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CHAPTER 12 — DNA STRUCTURE AND REPLICATION

INTRODUCTION

One of the fundamental things to know when
studying genetics is the basic structure of DNA and
how it is replicated. DNA is the “blueprint” that
contains all the instructions for making the proteins
that each cell needs, whether it is a single celled
bacterium or a multicellular organism like humans.
J. Watson, F. Crick, and M. Wilkins received the
Nobel Prize (1962) for discovering the structure of
DNA. (R. Franklin might have also received the prize
for this discovery, but she died in 1958.)

The basic structure of DNA provides insight into its
function. The main features of its structure are that
it can reliably: (1) reproduce exact copies of this
information to pass on to descendant cells, and (2)
use the information to create proteins that
produce and regulate the biochemistry of the cell.
Remember however, DNA within the cell is more
than just a loose strand within the nucleus. DNA
interacts with proteins and is packaged into higher
order structures (chromosomes) that will be
discussed later in the textbook in Chapter 7. These
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Figure 1.

The scientists responsible for
determining the structure of
DNA are Rosalind Franklin,
Maurice Wilkins, Francis Crick
and James Watson (left to
right). Although the work was
published in 1953, Wilkins,
Crick, and Watson received the
Nobel Prize in Physiology or
Medicine in 1962, after
Franklin had died in 1958 of
ovarian cancer.

From left to right
(Wikipedia-Unknown-PD)
(Wikipedia-Unknown-PD)
(Wikiepdia-Marc Lieberman-CC BY
2.5)

(Wikipeida-Cold Spring Harbor
Laborator-PD)

Bottom:

(Wikipedia-Michael Strock-CC BY-
SA 3.0)

proteins also regulate the expression of genes
(information in the DNA).

This chapter will be going through the components
of the DNA molecule, how the double helix
structure was discovered, and how the method of
replication was discovered.

1. DNA STRUCTURE - DOUBLE HELIX

1.1. NUCLEIC ACIDS AND PHOSPHATE SUGAR BACKBONE

In 1869 Johannes Friedrich Miesher, a Swiss
physician and biologist, first isolated a substance
he called ‘nuclein’” from the nuclei of a human
white blood cell. He identified this substance to be
weakly acidic with a high amount of phosphorus.
This substance, after being further purified and
studied was later called deoxyribonucleic acid, or
DNA. Its name describes the three characteristics
of the molecule, namely it has a ribose sugar with
only one hydroxyl group called deoxyribose (Figure
2), it is found in the nucleus of a cell, and it is
acidic.
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After purifying the ‘nuclein’ to DNA they found it
contained four different subunits that are linked in
a chain. Those subunits were identified as
nucleotides. A nucleotide contains three
components, a phosphate group (PO.), a
deoxyribose sugar, and one of four nitrogenous
bases. Those bases fit into two groups based upon
their structure. Purines have a double ring
structure and include adenine and guanine.
Pyrimidines have a single ring structure and
include cytosine and thymine (Figure 2). The
nature of the phosphate group and the single
oxygen containing group of the deoxyribose sugar
allows each nucleotide to chain together, forming
the long DNA strand.

If you notice in Figure 2, one of the nucleotides has
each carbon of the ribose labeled with a number
followed by a prime, 1’-5’. The 1’ position is where
the base is attached. The 2’ position is where the
ribose is missing a hydroxyl group. The 5’ position is
attached to the phosphate group. When linked in a
chain, that phosphate group can then link to the 3’
oxygen of the next nucleotide wusing a
phosphodiester bond. When a chain is formed,
there will always be two termini, the free 5’
phosphate and the free 3’ oxygen on the ribose.
These are known as the 5 and 3’ ends,
respectively, of the DNA strand.

Ribonucleic acid (RNA) is like DNA, in that it forms
chains similarly, and has the bases attached to the
same carbon. The extra hydroxyl group at the 2’
position causes it to form a different conformation
than DNA, becoming a more flexible molecule
(DNA’s conformation will be described later in this
chapter). There are also dideoxynucleotides that
are missing the hydroxyl group at both the 2’ and 3’
position. Because of this, a chain cannot form at
the 3’ carbon, terminating the chain. This feature of
dideoxynucleotides is used in Sanger sequencing,
which will be described in Chapter 33.
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Figure 2.

Molecular models of the components of DNA. The top
shows the three different types of ribose sugar found in
nucleic acids. The bottom shows the purine and pyrimidine
nucleotide monophosphates. Carbon numbers (1’-5’) are
labeled on the sugars and dAMP. (Original- L.Canham - CC
BY-NC 3.0)

1.2. CHARGAFF’S RULES

When Watson and Crick set out in the 1940’s to
determine the structure of DNA, they already knew
that DNA is made up of a series nucleotides with
four different bases: adenine (A), cytosine (C),
thymine (T), guanine (G). For DNA, the nucleotides
are abbreviated as dNTPs (deoxyribonucleotide
triphosphates), which include dATP, dCTP, dGTP,
and dTTP. For RNA they are abbreviated as NTPs,
which include ATP, CTP, GTP, and UTP. Watson and
Crick also knew of Chargaff’s Rules, which were a
set of observations about the relative amount of
each nucleotide that was present in almost any
extract of DNA. Chargaff had observed that for any
given species, the abundance of A was the same as
T, and G was the same as C. This was essential to
Watson & Crick’s model.
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Figure 3.

Chemical structure of two pairs of nucleotides in a
fragment of double-stranded DNA. Sugar, phosphate, and
bases A,C,G,T are labeled. Hydrogen bonds between bases
on opposite strands are shown by dashed lines. Note that
the G-C pair has more hydrogen bonds than A-T. The
polarity of each strand is indicated by the labels 5’ and 3.
(Wikipedia- Madeleine Price Ball - CCO 1.0)

1.3. THE DOUBLE HELIX

Using proportional metal models of the individual
nucleotides, Watson and Crick deduced a structure
for DNA that was consistent with Chargaff’s Rules
and with x-ray crystallography data that was
obtained (with some controversy) from another
researcher named Rosalind Franklin. In Watson and
Crick’s famous double helix, each of the two
strands contains DNA bases connected through
covalent bonds to a sugar-phosphate backbone
(Figure 1 and Figure 3) Because one side of each
sugar molecule is always connected to the opposite
side of the next sugar molecule, each strand of
DNA has polarity: these are called the 5’ (5-prime)
end and the 3’ (3-prime) end. The two strands of
the double helix run in anti-parallel (i.e. opposite)
directions, with the 5’ end of one strand adjacent
to the 3’ end of the other strand. The double helix
has a right-handed twist, (rather than the left-
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handed twist that is often represented incorrectly
in popular media). The DNA bases extend from the
backbone towards the center of the helix, with a
pair of bases from each strand forming hydrogen
bonds that help to hold the two strands together.
Because of the structure of the bases, A can only
form hydrogen bonds with T, and G can only form
hydrogen bonds with C (remember Chargaff’s
Rules). Each strand is therefore said to be
complementary to the other, and so each strand
also contains enough information to act as a
template for the synthesis of the other. This
complementary redundancy is important in DNA
replication and repair.

Under most conditions, the two strands in the
double helix are slightly offset, which creates a
major groove on one face, and a minor groove on
the other. In Figure 1, notice how if you look along
the bottom edge of the figure you it makes a wave
pattern, with a large dip followed by a small dip,
followed by a large dip. That is where you can see
the major and minor grooves. These grooves
provide access for transcription regulating proteins
(transcription factors), which bind to specific
sequences of bases along the DNA.

2. SEMI-CONSERVATIVE REPLICATION (Vs.
CONSERVATIVE, DISPERSIVE)

From the complementary strands model of DNA,
proposed by Watson and Crick in 1953, there were
three straightforward possible mechanisms for
DNA replication: (1) semi-conservative, (2)
conservative, and (3) dispersive (Figure 4).

The semi-conservative model proposes the two
strands of a DNA molecule separate during
replication and then strand acts as a template for
synthesis of a new, complementary strand.

The conservative model proposes that the entire
DNA duplex acts as a single template for the
synthesis of an entirely new duplex.

The dispersive model has the two strands of the
double helix breaking into units that which are then
replicated and reassembled, with the new duplexes
containing alternating segments from one strand to
the other.
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Three postulated methods of DNA Replication

Semi-Conservative

W@Q}@w<x®@®@ﬂ}@ﬂw

Conservative*

Dispersive*
Newly, synthesized strand
. Original template strand * not found to be
biologically significant
Figure 4.

The three models of DNA replication possible from the
double helix model of DNA structure.
(Wikipedia-Adenosine- CC BY-SA 2.5)

Each of these three models makes a different
prediction about the how DNA strands should be
distributed following two rounds of replication.
These predictions can be tested in the following
experiment by following the nitrogen component
in DNA in E. coli as it goes through several rounds
of replication. Two scientists, Meselson and Stahl
in 1958, used different isotopes of Nitrogen, which
is a major component in DNA. Nitrogen-14 (**N) is
the most abundant natural isotope, while
Nitrogen-15 (*>N) is rare, but also denser. Neither is
radioactive; each can be followed by a difference in
density — “light” 14 vs “heavy” 15 atomic weight in
a CsCl density gradient ultra-centrifugation of DNA.

The experiment starts with E. coli grown for several
generations on medium containing only >N. It will
have denser DNA. When extracted and separated
in a CsCl density gradient tube, this “heavy” DNA
will move to a position nearer the bottom of the
tube in the more dense solution of CsCl (left side in
Figure 5). DNA extracted from E. coli grown on
normal, **N containing medium will migrate more
towards the less dense top of the tube.

If these E. coli cells are transferred to a medium
containing only *N, the “light” isotope, and grown
for one generation, then their DNA will be
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composed of one-half >N and one-half *N. If the
this DNA is extracted and applied to a CsCl
gradient, the observed result is that one band
appears at the point midway between the locations
predicted for wholly >N DNA and wholly **N DNA
(Figure 5). This “single-band” observation is
inconsistent with the predicted outcome from the
conservative model of DNA replication (disproves
this model), but is consistent with both that
expected for the semi-conservative and dispersive
models.

If the E. coli is permitted to go through another
round of replication in the N medium, and the
DNA extracted and separated on a CsCl gradient
tube, then two bands were seen by Meselson and
Shahl: one at the **N-'°N intermediate position and
one at the wholly *N position (Figure 5). This result
is inconsistent with the dispersive model (a single
band between the *N-"N position and the wholly
YN position) and thus disproves this model. The
two band observation is consistent with the semi-
conservative model which predicts one wholly N
duplex and one *N-"N duplex. Additional rounds
of replication also support the semi-conservative
model/hypothesis of DNA replication. Thus, the
semi-conservative model is the currently accepted
mechanism for DNA replication. Note however,
that we now also know from more recent
experiments that whole chromosomes, which can
be millions of bases in length, are also semi-
conservatively replicated.

These experiments, published in 1958, are a
wonderful example of how science works.
Researchers start with three clearly defined models
(hypotheses). These models were tested, and two
(conservative and dispersive) were found to be
inconsistent with the observations and thus
disproven. The third hypothesis, semi-conservative,
was consistent with the observations and thereby
supported and accepted as mechanism of DNA
replication. Note, however, this is not “proof” of
the model, just strong evidence for it; hypotheses
are not “proven”, only disproven or supported
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Figure 5.

The positions of the “N and N
containing DNA in the density
gradient tube on the left.
(Wikipedia-LadyofHats-PD)

Semi-
conservative
CsCL Replication
0 1 2 3 4 Generation
oy
e ©
§ o 25% 12% @
5|1
+ ] o 20 40 60 80  Time (min.)

3. CHROMOSOME REPLICATION (E. coLi) - CAIRNS
EXPERIMENT

If the results of Meselson and Stahl were true and
there was semi-conservative replication, then the
two strands of DNA have to separate to provide the
template for copying. This should be seen as a
‘fork’ in a linear model if you manage to see the
DNA just as it's replicating. John Cairns in 1963
chose to test this.

To do this he took E. coli cells growing in a normal
environment, and then allowed them to grow and
replicate in the presence of radioactive >H-
thymidine. The hypothesis is that if the E. coli’s
DNA or chromosome is semi-conservatively
replicated then after the first round of replication
there should be one newly made strand that is
radioactive, or “hot”, and the other strand that is
the parental template strand with no radioactivity,
so is “cold”. The original parental DNA will have
two strands, each not radioactive. After replication
the daughter DNA will have two strands, one that is
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radioactive and one that is not. After a third round
of replication there will be a two types of daughter
DNA, one that has a non-radioactive strand and a
radioactive strand, and one that has two
radioactive strands.

After growth in the *H-thymidine, Cairns lysed the
bacteria and collected the contents onto a
microscope slide. He then covered the slide with a
photographic emulsion and allowed exposure to
film for 2 months. As the *H-thymidine decays it
emits an electron with a lot of energy and speed,
known as a beta particle. The emulsion reacts with
the beta particle creating a black silver grain on the
film. The density of grains should be indicative of
whether one or two strands are radioactive.

After the first replication cycle, the film had a thin
circular ring of grains (Figure 6). This was
interpreted to be a daughter chromosome with
one strand that is hot and one strand cold. This also
provided physical evidence that the E. coli
chromosome is circular, something that has only
previously been shown genetically.
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In the second replication cycle the replication fork
was seen. Here Cairns saw the typical thin ring of
grains much like the first replication cycle, but with
a branch in the middle that had a thicker strand
(Figure 6). This means that the branch seen was an
actively replicating chromosome, using the
radioactive strand of DNA as a template, and
adding more radioactive thymidine as the DNA is
being synthesized. Because of the shape these
created on the film this replicating structure was
called a theta (©) structure. Cairns observed many
different molecules corresponding to the
progression from starting replication to the
completion of replication.

Two rounds of
replication

One round of
replication

Autoradiograph :

Interpretation

Figure 6.

In his experiment, Cairns looked at DNA with radioactive
thymidine on an autoradiograph film, with the radioactive
thymidine leaving dots on the film. This figure shows what
the autoradiograph film would look like, and below what
the interpretation of what the autoradiograph shows. The
blue line represents the ‘cold” DNA that has no
radioactivity, while the red shows the ‘hot’ radioactive
DNA. The density of the dots on the autoradiograph imply
whether there is one strand or both strands of hot DNA.
During the second round of replication, a theta structure
can be seen, as the circular E. coli DNA is in the process of
being replicated. (Original-L.Canham- CC BY-NC 3.0)

Here Cairns’ results were able to further support
the semi-conservative replication theory, showing
the existence of replication forks, as well as the
hypothesis that E. coli has a circular chromosome.
What Cairns did not realize is that replication goes
in both directions at the replication fork, where he
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thought one fork was static while the other strand
went around the chromosome replicating.
Scientists later went on to show that replication is
in-fact bidirectional.

4. ORIGINS OF REPLICATION (PROKARYOTE -
SINGLE ORGIN), REPLICATION FORK

When the cell enters S-phase in the cell cycle (See
Chapter 14) the entire chromosomal DNA is
replicated. This is done by enzymes called DNA
polymerases. All DNA polymerases synthesize new
strands by adding nucleotides to the 3'OH group
present on the previous nucleotide. For this reason
they are said to work in a 5' to 3' direction. DNA
polymerases use a single strand of DNA as a
template upon which it will synthesize the
complementary sequence. This works fine for the
middle of chromosomes. DNA-directed DNA
polymerases travel along the original DNA strands
making complementary strands (Figure 7a).

new DVA shrund new DNA shancl
[ =
5... ’ 5.
3/.-- e 5 31 51
@ SSDVA templite (b sSRNA fempldte
Figure 7.

DNA polymerases make new strands in a 5' to 3' direction.
(a) Regular DNA polymerases are proteins or protein
complexes that use a single strand of DNA as a template.
For example, the main human DNA polymerase, Pol aq, is
large protein complex made of four polypeptides. (b)
Telomerases use their own RNA as a template. The human
telomerase is a complex made of one polypeptide and one
RNA molecule.(Original-Harrington- CC BY-NC 3.0)

DNA replication in both prokaryotes and
eukaryotes begins at an Origin of Replication (Ori).
Origins are specific sequences on specific positions
on the chromosome. In E. coli, the OriC origin is
~245 bp in size. Chromosome replication begins
with the binding of the DnaA initiator protein to an
AT-rich 9-mer in OriC and melts the two strands.
Then DnaC loader protein helps DnaB helicase
protein extend the single stranded regions such
that the DnaG primase can initiate the synthesis of
an RNA primer, from which the DNA polymerases
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can begin DNA synthesis at the two replication
forks. The forks continue in opposite directions
until they meet another fork or the end of the
chromosome (Figure 8).

Origin

L T

RNA primers

thun ragging

Figure 8.

An origin of replication. The sequence specific DNA duplex
is melted then the primase synthesizes RNA primers from
which bidirectional DNA replication begins as the two
replication forks head off in opposite directions. The
leading and lagging strands are shown along with Okazaki
fragments. Note the 5’ and 3’ orientation of all strands.
(Original-Locke- CC BY-NC 3.0)

5. EUKARYOTE CHROMOSOME REPLICATION -
MUuLTIPLE ORIGINS

In prokaryotes, with a small, simple, circular
chromosome, only one origin of replication is
needed to replicate the whole genome. For
example, E. coli has a ~45 Mb genome
(chromosome) that can be duplicated in ~40
minutes assuming a single origin, bi-directional
replication, and a speed of ~1000
bases/second/fork for the polymerase.

However, in larger, more complicated eukaryotes,
with multiple linear chromosomes, more than one
origin of replication is required per chromosome to
duplicate the whole chromosome set in the 8-
hours of the replicative phase (S-phase) of the cell
cycle. For example, the human diploid genome has
46 chromosomes (6 x 10° basepairs). The shortest
chromosomes are ~50 Mbp long and so could not
possibly be replicated from one origin. Additionally,
the rate of replication fork movement is slower,
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only ~100 base/second. Thus, eukaryotes contain
multiple origins of replication distributed over the
length of each chromosome to enable the
duplication of each chromosome within the
observed time of S-phase (Figure 9).

Replicon 1 Replicon 2 Replicon 3

Originl ! Origin 2 ! Origin3
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Black Represents Parental DNA Strands
Red Represents Newly Synthesized DNA Strands

Figure 9.

Part of a eukaryote chromosome showing multiple Origins
(1, 2, 3) of Replication, each defining a replicon (1, 2, 3).
Replication may start at different times in S-phase. Here #1
and #2 begin first then #3. As the replication forks proceed
bi-directionally, they create what are referred to as
“replication bubbles” that meet and form larger bubbles.
The end result is two semi-conservatively replicated duplex
DNA strands.

(Original-Locke- CC BY-NC 3.0)

6. TELOMERES

The ends of linear chromosomes present a problem
— at each end one strand cannot be completely
replicated because there is no primer to extend.
Although the loss of such a small sequence would
not be a problem, the continued rounds of
replication would result in the continued loss of
sequence from the chromosome end to a point
were it would begin to loose essential gene
sequences. Thus, this DNA must be replicated.
Most eukaryotes solve the problem of synthesizing
this unreplicated DNA with a specialized DNA
polymerase called telomerase, in combination with
a regular polymerase. Telomerases are RNA-
directed DNA polymerases. They are a riboprotein,
as they are composed of both protein and RNA. As
Figure 7b shows, these enzymes contain a small
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piece of RNA that serves as a portable and reusable
template from which the complementary DNA is
synthesized. The RNA in human telomerases uses
the sequence 3-AAUCCC-5' as the template, and
thus our telomere DNA has the complementary
sequence 5'-TTAGGG-3' repeated over and over
1000’s of times. After the telomerase has made the
first strand a primase synthesizes an RNA primer
and a regular DNA polymerase can then make a
complementary strand so that the telomere DNA
will ultimately be double stranded to the original
length (Figure 10). Note: the number of repeats,
and thus the size of the telomere, is not set. It
fluctuates after each round of the cell cycle.
Because there are many repeats at the end, this
fluctuation maintains a length buffer — sometimes

telomere

| ﬂ 3
IIIIIIIIIIIIIIIIIImIIIIIIIII

Black Represents Parental DNA Strands

Red Represents Newly Synthesized DNA Strands

Green represents RNA primer

Figure 10.
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it’s longer, sometimes it’'s shorter — but the average
length will be maintained over the generations of
cell replication.

In the absence of telomerase, as is the case in
human somatic cells, repeated cell division leads to
the “Hayflick limit”, where the telomeres shorten
to a critical limit and then the cells enter a
senescence phase of non-growth. The activation of
telomerase expression permits a cell and its
descendants to become immortal and bypass the
Hayflick limit. This happens in cancer cells, which
can form tumours as well as in cells in culture, such
as Hela cells, which can be propagated essentially
indefinitely. Hela cells have been kept in culture
since 1951 (See Chapter 41).

’g: x

M

e telomerase

3 C D

RNA templaﬁ7 a

Telomere replication showing the completion of the leading strand and incomplete replication of the lagging strand. The gap is
replicated by the extension of the 3’ end by telomerase and then filled in by extension of an RNA primer.

(Original-Locke- CC BY-NC 3.0)
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SUMMARY:

* DNAis a double helix made of two anti-parallel strands of bases on a sugar-phosphate backbone.

* Specific bases on opposite strands pair through hydrogen bonding (A=T and G=C), ensuring
complementarity of the strands.

* The hereditary information is present as the sequence of bases along the DNA strand.

* Chromosome replication begins at an origin and proceeds by DNA polymerases at a replication fork.

* Replication proceeds bi-directionally.

* Typically eukaryotes have multiple origins along each chromosome, while prokaryotes have only one.

* Eukaryotes have telomerase to complete the replication of the ends of chromosomes.

KEY TERMS:

deoxyribonucleic acid
nucleotides
purine

adenine

guanine
pyrimidine
cytosine

thymine
phosphodiester bond
ribonucleic acid
dideoxynucleotide
Watson and Crick
Chargaff’s Rules
double helix
anti-parallel
right-handed
major groove
minor groove
semi-conservative
conservative
dispersive
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E. coli

Meselson and Stahl
Nitrogen-14
Nitrogen-15

light
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CsCl gradient

John Cairns
3H-thymidine
photographic emulsion
silver grain

theta structure
bidirectional

DNA polymerases
Origin of replication
replicon

replication bubble
telomerase
riboprotein
Hayflick limit

Hela cells
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STuDY QUESTIONS:

1)

2)

3)

Compare Watson and Crick’s discovery with

Avery, MaclLeod and McCarty’s discovery.

a) What did each discover, and what was the

impact of these discoveries on biology?

b) How did Watson and Crick’s approach

generally differ from Avery, Macleod and

McCarty’s?

c) Briefly research Rosalind Franklin on the

internet. Why is her contribution to the

structure of DNA controversial?

List the information that Watson and Crick used

to deduce the structure of DNA.

Refer to Watson and Crick’

a) List the defining characteristics of the
structure of a DNA molecule.

b) Which of these characteristics are most
important to replication?

Pace 10

4)

¢) Which characteristics are most important to
the Central Dogma?

Refer to Figure 3.

a) ldentify the part of the DNA molecule that

would be radioactively labeled in the manner

used by Hershey & Chase

b) DNA helices that are rich in G-C base pairs

are harder to separate (e.g. by heating) than A-

T rich helices. Why?
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CHAPTER 12B — POLYMERASE CHAIN REACTION (PCR)

INTRODUCTION

While, genetics is the study of the inheritance and
variation of biological traits, today, classical
genetics is often complemented by molecular
biology, to give molecular genetics, which involves
the study of DNA and other macromolecules that
have been isolated from an organism. Usually,
molecular genetics experiments involve some
combination of techniques to isolate, analyze, and
characterize the DNA, RNA, and/or protein
transcribed and translated from a particular gene. In
some cases, the DNA may be subsequently
manipulated by mutation or by recombination with
other DNA fragments. Techniques of molecular
genetics have wide application in many fields of
biology, as well as forensics, biotechnology, and
medicine. Polymerase Chain Reaction (PCR) is a
widely used technique to amplify and isolate specific
DNA sequences. It requires a “template” DNA, which
is often genomic DNA. From this template, specific
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Figure 1.

Plastic disposable tips for a micro-pipettor
are used to accurately distribute microliter
volumes of liquid in molecular biology.
(Flickr-estherase- CC BY-NC-SA 2.0)

sequences can be amplified and many copies can be
produced for analysis or manipulation.

1. IsoLATING GENOMIC DNA

DNA purification strategies rely on the chemical
properties of DNA that distinguish it from other
molecules in the cell, namely that it is a very long,
negatively charged molecule. To extract purified
DNA from a tissue sample, cells are broken open by
grinding or lysing in a solution that contains
chemicals that protect the DNA while disrupting
other components of the cell (Figure 2). These
chemicals may include detergents, which dissolve
lipid membranes and denature proteins. A cation
such as Na"* helps to stabilize the negatively charged
DNA and separate it from proteins, such as histones.
A chelating agent, such as EDTA, is added to protect
DNA by sequestering Mg2+ ions, which can
otherwise serve as a necessary co-factor for
nucleases (enzymes that digest DNA). As a result,
free, double-stranded DNA molecules are released
from the cell and from chromatin into the extraction
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buffer, which also contains proteins and all other
cellular components. (The basics of this procedure
are simple enough that it can be done with
household chemicals as presented on YouTube.)

The free DNA molecules are subsequently isolated
by one of several methods. Commonly, proteins are
removed by adjusting the salt concentration so they
precipitate. The supernatant, which contains DNA
and other, smaller metabolites, is then mixed with
ethanol, which causes the DNA to precipitate. A
small pellet of DNA can be collected by
centrifugation, and after removal of the ethanol, the
DNA pellet can be dissolved in water (usually with a
small amount of EDTA and a pH buffer) for the use
in other reactions. Note that this process has
purified all of the DNA from a tissue sample
(genomic and mitochondrial DNA); if we want to
isolate a specific gene or DNA fragment, we must
use additional techniques, such as PCR.

Figure 2.

Extraction of DNA from a mixture of solubilized cellular
components by successive precipitations. Proteins are
precipitated, then DNA (in the supernatant) is precipitated
with ethanol, leaving a pellet of DNA.
(Original-Deyholos-CC BY-NC 3.0)

2. ISOLATING OR DETECTING A SPECIFIC SEQUENCE
BY PCR

2.1. CoMPONENTS OF THE PCR REACTION

The Polymerase Chain Reaction (PCR) is a method
of DNA amplification that is performed in a test tube
(i.e. in vitro). Here “polymerase” refers to a DNA
polymerase enzyme extracted and purified from
bacteria. The “chain reaction” refers to the ability of
this technique produce billions of copies of a specific
DNA molecule, by using each newly replicated
double helix as a template to synthesize two new
DNA double helices. PCR is therefore a very efficient
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method of amplifying a specific sequence of DNA
from a small sample of a large, complex genome.

Besides its ability to make large amounts of DNA,
there is a second characteristic of PCR that makes it
extremely useful. Recall that most DNA polymerases
can only add nucleotides to the end of an existing
strand of DNA, and therefore require a primer to
initiate the process of replication. For PCR,
chemically synthesized primers of about 20
nucleotides are used. In an ideal PCR, primers only
hybridize to their exact complementary sequence
on the template strand (Figure 3).
C‘IIATGGTCI‘-\']".‘I‘-\GCAT

I Il
------ GTCAGTACCAGTATCGTAAATGCTGTGAA

CACGACTATACCAT
------ GTCAGTACCAGTATCGTAAATGCTGTGARA

Figure 3.

The primer-template duplex at the top part of the figure is
perfectly matched, and will be stable at a higher
temperature than the duplex in the bottom part of the
figure, which contains many mismatches and therefore
fewer hydrogen bonds. If the annealing temperature is
sufficiently high, only the perfectly matched primer will be
able to initiate extension (grey arrow) from this site on the
template.

(Original-Deyholos-CC BY-NC 3.0)

The experimenter can therefore control exactly
what region of a DNA template is amplified by
specifying the sequence of the primers used in the
reaction.

To conduct a PCR amplification, an experimenter
combines in a small, thin-walled tube (Figure 4), all
of the necessary components for DNA replication,
including:

(1) DNA polymerase and solutions containing
(2) nucleotides (dATP, dCTP, dGTP, dTTP),

(3) a DNA template,

(4) DNA primers,

(5) a pH buffer, and

(6) ions (e.g. Mg**) required by the polymerase.

Successful PCR reactions have been conducted using
only a single DNA molecule as a template, but in
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practice, most successful PCR reactions contain
many thousands of template molecules. The
template DNA (e.g. total genomic DNA) has usually
already been purified from cells or tissues using the
techniques described above. However, in some
situations it is possible to put whole cells directly in
a PCR reaction for use as a template.

Figure 4.
A strip of PCR tubes
(Wikipedia-madprime- CC BY-SA 3.0)

Figure 5.

Example of a thermal-cycle, in which the annealing
temperature is 55°C.
(Original-Deyholos-CC BY-NC 3.0)

95° 95°

72° 725

55° 55°

Figure 6.
A temperature vs. time graph showing two cycles of PCR.
(Original-Harrington-CC BY-NC 3.0)

OPEN GENETICS LECTURES — FALL 2015

PoLYMERASE CHAIN REACTION — CHAPTER 12B

An essential aspect of PCR is thermal-cycling,
meaning the exposure of the reaction to a series of
precisely defined temperatures (Figure 5). The
reaction mixture is first heated to 95°C. This causes
the hydrogen bonds between the strands of the
template DNA molecules to melt, or denature. This
produces two single-stranded DNA molecules from
each double helix (Figure 7). In the next step
(annealing), the mixture is cooled to 45-65°C. The
exact temperature depends on the primer sequence
used and the objectives of the experiment. This
allows the formation of double stranded helices
between complementary DNA molecules, including
the annealing of primers to the template. In the
final step (extension) the mixture is heated to 72°C.
This is the temperature at which the particular DNA
polymerase used in PCR is most active. During
extension, the new DNA strand is synthesized,
starting from the 3' end of the primer, along the
length of the template strand. The entire PCR
process is very quick, with each temperature phase
usually lasting ~30 seconds or less. Each cycle of
three temperatures (denaturation, annealing,
extension) is usually repeated about 30 times,
amplifying the target region approximately 2°°-fold.
The amount of DNA product reaches a plateau at 20-
40 cycles, usually because the nucleotide precursors
have been exhausted. Notice from the figure that
most of the newly synthesized strands in PCR begin
and end with sequences either identical to or
complementary to the primer sequences; although
a few strands are longer than this, they are in such a
small minority that they can almost always be
ignored.

PAGE 3



CHAPTER 12B — POLYMERASE CHAIN REACTION

After completion of the thermalcycling
(amplification), an aliquot from the PCR reaction is
usually loaded onto an electrophoretic agarose gel
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Figure 7.

PCR with the three phases of the thermal cycle numbered.
The template strand (blue) is replicated using primers
(red), to prime the newly synthesized strands (green). The
green strands, which are flanked by the two primer sites,
will increase in abundance exponentially through
successive PCR cycles.

(Wikipedia-madprime- CCO 1.0)

PAGE 4

(described in chapter 28) to determine whether a
DNA fragment of the expected length was
successfully amplified or not. Usually, the original
template DNA will be so dilute that it will not be
visible on the gel, only the amplified PCR product.
The presence of a sharp band of the expected length
indicates that PCR was able to amplify its target. If
the purpose of the PCR was to test for the presence
of a particular template sequence, this is the end of
the experiment. Otherwise, the remaining PCR
product can be used as starting material for a variety
of other techniques such as sequencing or cloning.

2.2. ReAL TiME PCR /QUANTITATIVE PCR (QPCR)

In a standard PCR reaction, the DNA molecule of
interest is amplified and then the products are
typically visualized at the end of the reaction on an
electrophoresis gel. On the other hand, a procedure
known as real-time PCR or quantitative PCR (qPCR)
detects the replicated DNA molecules during the
amplification process. qPCR uses florescent
molecules and relies on the fluorescence of the
amplified product measured over a number of
cycles. However, the procedure of amplifying the
DNA molecule is identical to the standard PCR
procedures. There are two ways of processing qPCR.

(1) Using florescent chemical molecules known as
fluorochrome that binds to all double stranded DNA
molecule (Nonspecific).

In the first method, the florescent dye molecule
binds to any double stranded DNA molecule. After
each cycle of amplification, the amount of ds-DNA
molecules synthesized can be quantified by
measuring the florescence. The intensity of the
florescence would indicate the amount of DNA
molecule present.

(2) Using florescent reporter probe (Specific).

The second method is using a florescent reporter
probe that hybridizes with the DNA sequence of
interest. When the taq polymerase replicates the
DNA molecule, it degrades the probe and the
florescent molecule is released to the solution. This
increases the intensity of florescence. The
florescence is measured by the real-time PCR
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machine and quantifies the DNA molecules being
synthesized.

2.3. REVERSE TRANSCRIPTASE PCR (RT-PCR)

Reverse Transcriptase PCR (RT-PCR) can detect both
the quality and quantity of mRNA molecules (gene
transcription). As a result, we are able to find out the
spatial (where the gene is expressed) and temporal
(when the gene is expressed) level of gene
expression.

Here is how it works (Figure 8):

(1) mRNA is extracted from the cell, tissue, or
organism.

(2) An enzyme called reverse transcriptase
(obtained from a retrovirus — see Chapter 30) is
added, along with oligo-DT, which anneals to the
poly-A tail and acts as a primer, to synthesize
complementary DNA (cDNA) to the mRNA.

(3) mRNA template is degraded, and cDNA is added
to a PCR reaction to amplify a specific gene
sequence. If amplification occurs, the mRNA is
present; if not, then it is absent. This permits the
guantitation of a specific mMRNA (gene) sequence.

The amplified products visualized on a gel verify the
existence and the quantity of the gene of interest.
By extracting mRNA at different stages, we can
figure out the temporal level of gene expression. If
we extract mRNAs from different cell types, we can
figure out the spatial level of gene expression.

2.4. AN APPLICATION OF PCR: THE STARLINK AFFAIR
PCR is very sensitive (meaning it can detect very
small starting amounts of DNA), and specific
(meaning it can amplify only the target sequence
from a mixture of many DNA sequences). Due to
these characteristicc PCR has many practical
applications. For example, PCR can detect trace DNA
contaminants in food, air, water or cells. The
presence or absence and the type or species of the
contaminant can be identified.

As an example, PCR was used as a tool to test
whether genetically modified corn was present in
consumer products on supermarket shelves.
Although currently (2013) 85% of corn in the
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organism

|
0

mRNA
l oligo-dT primer

: AAAAAAA-3
3 -TTTTTTT-5
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transcriptase
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5, TrrrrrrrrrrrrrrrrrrrAAAAAAA- 3,
3 nunnuu o TTTTTTT-5

l Remove RNA
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Forward
L TTTTTTT-5
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Figure 8.

The process of RT-PCR. Isolated mRNA can be reverse
transcribed, and then used as a template in a PCR reaction
to amplify one, or more, gene specific primers.

(Original-J. Locke-CC BY-NC 3.0)

United States is genetically modified, and contains
genes that government regulators have approved
for human consumption, back in 2000,
environmental groups showed that a strain of
genetically modified corn, which had only been
approved for use as animal feed, had been mixed in
with corn used in producing human food, like taco
shells. To do this, the groups purchased taco shells
from stores in the Washington DC area, extracted
DNA from the taco shells and used it as a template
in a PCR reaction with primers specific for the
unauthorized gene (Cry9C). Their suspicions were
confirmed when they ran this PCR product on an
agarose gel and saw a band of size expected for
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Cry9C. The PCR test was sensitive enough to detect
one transgenic kernel in a whole bushel of corn (1
per 100,000). The company (Aventis) that sold the
transgenic seed to farmers had to pay for the
destruction of large amounts of corn, and was the
target of a class action law-suit by angry consumers
who claimed they had been made sick by the taco
shells. While no legitimate cases of harm were ever
proven, and the plaintiffs were awarded $9 million,
of which $3 million went to the legal fees, and the
remainder of the judgment went to the consumers
in the form of coupons for taco shells. The affair
damaged the company, and exposed a weakness in
the way the genetically modified crops were
handled in the United States at the time.

PCR can be also used in medical diagnostic tests for
detection of pathogens in blood, tissues and body
fluids. More recently PCR has been used in the
genotyping of patients to match their care with
specific treatments for better outcomes.

PCR is also used for DNA genotyping of biological
samples in forensic or criminal investigations. .
People can be genotyped for identification purposes,
so as to match with samples present at a crime
scene or to establish family relationships in
paternity/maternity cases. Genotypes also establish
identity of people for future comparisons, much like
taking fingerprints.

PAGE 6
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SUMMARY:

Molecular biology involves the isolation and analysis of DNA and other macromolecules

Isolation of total genomic DNA involves separating DNA from protein and other cellular components, for
example by ethanol precipitation of DNA.

PCR can be used as part of a sensitive method to detect the presence of a particular DNA sequence

PCR can also be used as part of a method to isolate and prepare large quantities of a particular DNA
sequence

gPCR methodology allows the quantity of DNA product to be measured.

RT-PCR methodology detects the quantity and quality of the mRNA, which indicates the spatial and
temporal level gene expression.

KEY TERMS:

classical genetics thermalcycle

molecular biology denature

molecular genetics anneal

macromolecules extention

lysis thermostable

detergent Tag DNApol

chelating agent electropheretic agarose gel
EDTA fluorochrome

nuclease Reverse Transcriptase PCR (RT-PCR)
supernatant Temporal level

pellet Spacial level

PCR StarLink affair

primer Cry9C gene
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STUDY QUESTIONS:

1) Whatinformation, and what reagents would you
need to use PCR to detect HIV in a blood sample?

2) If you started with 10 molecules of double
stranded DNA template, what is the maximum
number of molecules you would you have after
10 PCR cycles?

3) What is present in a PCR tube at the end of a
successful amplification reaction? With this in
mind, why do you usually only see a single, sharp
band on a gel when it is analyzed by
electrophoresis?
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CHAPTER 13 — DNA SEQUENCING

TACTATTGC TTGGACTCAGTGAGGTC TGA

160 170 180

INTRODUCTION

DNA sequencing determines the order of
nucleotide bases for a DNA molecule. These DNA
molecules could be as small as a single restriction
fragment, an entire gene, or as large as an
organism's entire genome. Most DNA sequencing
at the University of Alberta is done by the
Molecular Biology Service Unit (MBSU). They use
three machines: (1) an Applied Biosystems ABI
3730, (2) an lllumina MiSeq, and (3) an Illumina
NextSeq 500, each has its own advantages and
purposes. The 3730 uses an older technology called
automated Sanger sequencing, while the lllumina
machines perform next-generation DNA
sequencing. This chapter will cover how these
machines work and what they are used for.

1. AUTOMATED SANGER DNA SEQUENCING

1.1. HISTORICAL CONTEXT

DNA sequencing has had a long history. Beginning
in the 1970s there have been many methods and
improvements. Some dates that stand out are:

e 1977 - Frederick Sanger invents a popular
method, later called manual Sanger
sequencing.

* 1986 - Leroy Hood improves upon this method
to invent automated Sanger sequencing.

OPEN GENETICS LECTURES — FALL 2015

Figure 1.
Output from an automated Sanger DNA sequencer.
(Original-Harrington- CC BY-NC 3.0)

e 1987 - Applied Biosystems begins selling a
machine to perform automated Sanger
sequencing, their ABI 370.

* 1995 to 2003 - Using ABI 370s, ABI 377s, and
similar machines scientists in the US, UK, and
other countries sequenced the human genome.

* 2002 - Applied Biosystems begins selling the
ABI 3730 (Figure 2) which became the most
popular way to do automated Sanger
sequencing and remains so to this day.

Figure 2.

The Applied Biosytems ABI 3730 in the MBSU (Molecular
Biology Service Unit, Biological Sciences Department, U.
of Alberta).

(Original-Harrington- CC BY-NC 3.0)
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1.2. How AUTOMATED SANGER DNA SEQUENCING
WORKS

Recall that DNA Polymerases incorporate

nucleotides (dANTPs) into a growing strand of DNA,

based on the sequence of a template strand. DNA

Polymerases add a new base only to the 3’-OH

group of an existing strand of

DNA; this is why primers are required in natural
DNA synthesis and in techniques such as PCR.
Automated Sanger sequencing relies on the
random incorporation of modified nucleotides
called dideoxy nucleotides (ddNTPs, Figure 3).

These lack a 3’-OH group and therefore cannot
serve as an attachment site for the addition of the
next nucleotide. After a ddNTP is incorporated into
a strand of DNA, no further elongation can occur.
The ddNTPs are labelled with one of four
fluorescent dyes, each specific for one the four
nucleotide bases (Figure 4).

To sequence a DNA fragment, you need many
copies of that fragment (Figure 5). Unlike PCR,
Automated Sanger sequencing does not amplify
the target sequence and only one primer is used.
This primer is hybridized to the denatured template
DNA, and determines where on the template
strand the sequencing reaction will begin. A
mixture of regular dNTPs, fluorescently-labelled
ddNTPs, and DNA Polymerase is added to a tube
containing the primer-template hybrid. The DNA
Polymerase will then synthesize a new strand of
DNA until a fluorescently-labelled ddNTP
nucleotide is incorporated, at which point
extension is terminated. Because the reaction
contains millions of template molecules,

PAGE 2

Figure 3.

An automated Sanger
sequencing reaction. The regular
dNTPs are shown here as black
while the ddNTPs are in colour.
(Original-Deyholos- CC BY-NC
3.0)

oy ey o)
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OH H no 3'OH =pH H
dNTP JONTP

Figure 4.

ddNTPs are synthetic DNA nucleotides that lack a 3'
hydroxyl group. If a DNA Polymerase uses one it can't
continue.

(Original-Harrington- CC BY-NC 3.0)

H H

ddATP---GREEN ddGTP---YELLOW

ddCTP---BLUE ddTTP---RED

Figure 5.

Each ddNTP used in a sequencing reaction is attached to a
different fluorescent molecule using a long chain of
carbons. Note that black ink is used to represent yellow
fluorescence.

(Original-Harrington- CC BY-NC 3.0)

a sufficient number of shorter molecules is
synthesized, each ending in a fluorescent label that
corresponds to the last base incorporated. The
newly synthesized strands can be denatured from
the template, and then separated
electrophoretically based on their length (number
of bases). The ABI machine is used for this
electrophoresis step. While the original, old ABI
370 used a slab gel similar to the ones used in
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Figure 6.

Fluorescently labeled products can be separated by
capillary electrophoresis, generating a chromatogram
from which the sequence can be read.
(Wikimedia-Abizar-PD)

undergraduate labs, the newer ABI 3730 uses
capillary tube electrophoresis (Figure 6). In this
machine each sample travels through its own tube.
Near the end of the tube is a laser, which excites
any fluorescent dyes moving past and a detector
that collects any emitted light. As each DNA
molecule moves past the laser/detector it emits a
specific colour. Because there will be several
molecules with the same length and same colour
the result appears as a peak of colour. A computer
monitoring the results can add the sequence
information to the colours since red = T and so on.
In this way the DNA sequence can be read simply
from the order of the colors in successive peaks.

The results from a sequencing reaction are
presented as a chromatograph. While Figure 6 only
shows 9 peaks, a successful sequencing reaction
will generate about 700 nucleotides worth of data.
The figure shows the results from a single tube but
in fact there can be 48 or 96 tubes in total. Thus in
a single 'run' an ABI 3730 machine can sequence up
to 67 000 bp of DNA.

1.3. UsING AUTOMATED SANGER DNA SEQUENCING TO
SEQUENCE A PLASMID

Making a new recombinant plasmid takes time and
money. You will want to confirm that it has the
DNA sequence it should before you use it for
important experiments. A simple way to find out is
to sequence it. Let's say you have put a 3.0 kb
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insert into a pBluescript Il plasmid and right now
the recombinant plasmid is in E. coli cells (Figure 7).
The first step is to isolate plasmid DNA from some
of the cells with a mini-prep protocol. This will be
the template DNA. The primer will be
oligonucleotides complementary to the pBluescript
Il vector adjacent to the insert. The sequencing
reaction will tell you the sequence of the insert
DNA within the plasmid.

1.4. UsING AUTOMATED SANGER DNA SEQUENCING TO
SEQUENCE A GENE

If you suspect that an organism has a mutation in a
specific gene you can use automated Sanger
sequencing to find out (Figure 8). Let's say you
have a mouse strain and you think it has a
mutation in a gene you are studying. As before, the
first step is to isolate DNA. However, we can't
sequence this DNA directly. Amongst all of the
genomic DNA there just aren't enough copies of
the gene to serve as the template DNA. To
overcome this limitation a PCR reaction is used to
amplify the gene sequence in question. Then we
sequence the PCR product. Depending upon how
large the gene is it may take several PCR products
and several sequencing reactions to get the whole
sequence.
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2. NEXT-GENERATION DNA SEQUENCING

2.1. HISTORICAL CONTEXT

Sequencing a single gene or plasmid with an ABI
3730 is quick and inexpensive. But sequencing a
whole genome this way would be very slow and
very expensive. There are two reasons for this.

The first is that automated Sanger sequencing
requires many copies of the template DNA. A
sample of purified plasmid DNA or purified PCR
product has millions of copies of the target region.
But a sample of genomic DNA has only a few copies
of a specific target region. For many years the only
way to sequence an organism was to isolate its
genomic DNA, break the DNA into large pieces, and
then clone these pieces into BAC (bacteria artificial
chromosome) vectors. The BAC clones would then
have to be sequenced one by one. Most of the 13
years and millions of dollars it took to sequence the
human genome was spent making and organizing
these BAC clones.

The second limitation of automated Sanger
sequencing is that each reaction can only generate
700 nucleotides worth of data. It took literally
millions of independent sequencing reactions to
sequence the human genome.

Beginning in the late 1990s scientists realized that
there was a need for a machine that could
sequence genomic DNA directly and with a single
reaction. In several instances a technology was
invented in a university lab, developed in a small
biotechnology company, and then purchased by a
larger biotech company. An example of this is:

* 1996 - Swedish scientists invent a completely
new way to sequence DNA called
pyrosequencing. It is clever but very labour
intensive.

* 2000 - An American inventor and entrepreneur,
Jonathan Rothberg, refines their technique into
automated pyrosequencing.

* 2004 - His company, 454 Life Sciences, markets
the first so called next-generation sequencing
machine.

PAGE 4

* 2007 - The largest biotech company in the
world, Roche, buys 454 Life Sciences.

e 2015 - 454, now a subsidiary of Roche,
continues to develop and sell next-generation
machines.

In 2015 there are several choices for next-
generation sequencing. For a few hundred
thousand dollars you can purchase a GS FLX (made
by 454/Roche), an ABI 5500 (Applied Biosystems),
or an lon Proton (Life Technologies). Each is a fancy
looking machine that uses a unique and proprietary
technology.

2.2. How NEXT GENERATION DNA SEQUENCING
WORKS

As mentioned in the introduction to this chapter,

the MBSU recently purchased two next generation

machines: an lllumina MiSeq and an Illumina

NextSeq 500 (Figure 9).

Both use a similar workflow (Figure 10). The
scientist has to isolate genomic DNA from an
organism (step 1) and then use a kit to break it into
small fragments (step 2). The scientist then loads
the fragments into the machine and turns it on.
Once inside, the DNA fragments are isolated from
each other (step 3), amplified in place (step 4), and
finally sequenced (step 5). The technology is called
sequencing by synthesis. Illumina has made
animated movies of what happens within their
machines:
www.youtube.com/watch?v=HMyCqWhwBS8E

Figure 9.

The Illumina MiSeq in the MBSU (Biological Sciences
Department, U. of Alberta). The door has been opened to
show where the DNA sample and reaction mixtures are
loaded. (Original-Harrington- CC BY-NC 3.0)
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Figure 10.

Next generation DNA sequencing using Illumina's
sequencing by synthesis technology. Steps 1 and 2 are
done by the researcher and steps 3, 4, and 5 occur within
the machine. (Original —Harrington- CC BY-NC 3.0)

Table 1. Comparison between different sequencing machines.

. lllumina Illumina
Machine ABI 3730 Miseq NextSeq 500
DNA plasmid or genomic DNA genomic DNA

PCR product

el automated sequencmg by sequencmg by
Sanger synthesis synthesis
Data 540 Mb to 15 16 Gb to 120
generated 700bp Gb Gb
. $1,250 - $2,050 -
Price $4.75 $1,850 $5,150

Large DNA molecule
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The output is just raw sequence data, there are no
chromatograms. Powerful software is needed for
sequence assembly, the process of joining these
small pieces of sequence data into a continuous
sequence (Figure 11). Ultimately there will be one
sequence for each of the organism's chromosomes.

2.3. COMPARISON BETWEEN DNA SEQUENCING
METHODS

Scientists all over the world now have a choice

between automated Sanger sequencing and next-

generation sequencing. For example, at the

University of Alberta your choices at the MBSU are

shown in Table 1.

Recall that DNA is measured in base pairs where:

1 kilobase (kb) = 1 000 base pairs (bp)
1 Megabase (Mb) = 1 000 000 bp
1 Gigabase (Gb) = 1 000 000 000 bp

Let's say you wanted to sequence a 2,000 bp long
PCR product. You could do this with three
sequencing reactions in the ABI 3730 or a single run
in the Illumina MiSeq. The first method would cost
S15 and the second would cost $1,250. Even
though one machine is a decade older it is still the
way to go! If you did use the MiSeq you'd end up
sequencing the same PCR product over and over. It
wouldn't produce any more data.

Figure 11.

J fragmentation
- g b 5 [
N

J sequenced

Assembling the DNA sequence of
a chromosome from many
smaller sequences.

(NHGRI-Darryl Leja-PD)

CATAICACGTAGCTATACG
Assembly of
overlapping
DNA spioncing GCTATCAGGCTAGGTTA)
4
Assembled GCTATCAGGCTAGGTTAICAGTGCATGCATACACGTAGCTATACG

sequence
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On the other hand let's say you wanted to
sequence your own DNA. Even if you don't consider
the time and cost of making the BAC clones it
would still cost millions of dollars to do all of the
sequencing reactions in the ABI 3730. Conversely
the MBSU could use their NextSeq 500 and have
everything done in two days for about $4 000. Each
of your 46 chromosomes would be sequenced
about 30 times each. A more expensive machine,
the lllumina HiSeq, can sequence human DNA for
about $1 000 a person.

Table 2. Using next-generation sequencing to sequence humans.

2.4. UsING NEXT-GENERATION DNA SEQUENCING TO
SEQUENCE HUMANS

Even though we know the average human DNA

sequence, each of us is unique. There are two

reasons why human DNA continues to be

sequenced. (Table 2)

2.5. UsING NEXT-GENERATION DNA SEQUENCING TO
SEQUENCE OTHER ORGANISMS

Next-generation sequencing has made it feasible to

sequence anything. Here are just a few examples.

(Table 3)

Use of next-generation sequencing

Description

Personalized genomics

If we sequence a person's DNA it can reveal information about
their susceptibility to disease and their response to various
medical treatments.

Tumour cell sequencing

place.

If a person has cancer it is now possible to sequence individual
cancer cells. This has revolutionized how physicians help their
patients. Instead of treatments based upon the location of
tumours, treatments can now be designed around the genetic
defects that lead to the cells becoming cancerous in the first

Table 3. Using next-generation sequencing to sequence other organisms.

Use of next-generation sequencing

Description

De novo sequencing

This is when an organism is sequenced for the first time. For
example in 2014 researchers in Sierra Leone sequenced 99 Ebola
virus genomes from 78 patients. They identified changes in the
virus that caused the recent outbreak.

Metagenomics

This is when the entire collection of DNA in an environment is
sequenced to determine which species are present. This
technique has been used to show that a person's gut microbes
vary with their diet.

RNA Seq

This is when RNAs from a tissue or organ are isolated, copied into
DNA molecules, and then sequenced. This reveals which genes
were active in the cell, tissue, or organ.

PAGE 6
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SUMMARY:

* Automated Sanger sequencing became commonplace in 1987 and is still used today. It is used to
sequence plasmids and PCR products. The most popular machines are Applied Biosystem's ABI 3730s.

* Next-generation sequencing began in 2004 as a better way to sequence whole genomes. There are
several competing technologies, for example lllumina's MiSeq machine and its sequencing by synthesis
technology.

* Sequencing centres offer both types of sequencing today.

* Sequencing any DNA molecules, large or small, is now fast and inexpensive.

KEY TERMS:

automated Sanger sequencing [lumina MiSeq

Applied Biosystems ABI 3730 [llumina NextSeq 500
DNA Polymerases sequencing by synthesis
primer sequence assembly
regular dNTPs personalized genomics
fluorescently-labelled ddNTPs tumour cell sequencing
capillary tube electrophoresis de novo sequencing
chromatogram metagenomics
next-generation sequencing RNA Seq
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STUDY QUESTIONS:

1)

2)

3)

4)

5)

6)

What would the chromatogram look like if you
set up an automated Sanger sequencing
reaction with only template, primers,
polymerase, and fluorescent ddNTPs?

How could you use DNA sequencing to identify
new species of marine microorganisms?

An alternative name for automated Sanger
sequencing is dye-terminator sequencing. Why
is this term appropriate?

Ten years ago it would have cost $100,000,000
to sequence your DNA. Today it would cost as
little as $1,000. Why did the cost go down so
much?

Why haven't next-generation machines
completely replaced the first generation of
automated DNA sequencers?

True or false: Automated pyrosequencing and
sequencing by synthesis are both considered
next-generation DNA sequencing technologies.

Notes:

PAGE 8
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CHAPTER 14 — PROKARYOTE GENES: E. coLl LAc OPERON

INTRODUCTION

With most organisms, every cell contains essentially
the same genomic sequence. How then do cells
develop and function differently from each other?
The answer lies in the regulation of gene
expression. Only a subset of all the genes is
expressed (i.e. are functionally active) in any given
cell participating in a particular biological process.
Gene expression is regulated at many different steps
along the process that converts DNA information
into active proteins. In the first stage, transcript
abundance can be controlled by regulating the rate
of transcription initiation and processing, as well as
the degradation of transcripts. In many cases,
higher abundance of a gene’s transcripts is
correlated with its increased expression. We will
focus on transcriptional regulation in E. coli (Figure
1). Be aware, however, that cells also regulate the
overall activity of genes in other ways. For example,
by controlling the rate of mRNA translation,
processing, and degradation, as well as the post-
translational modification of proteins and protein
complexes.
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Figure 1.

Electron micrograph of growing E. coli.
Some show the constriction at the location
where daughter cells separate. The
colouring is false.

(Flickr-NIAID-CC BY 2.0)

1. THE LAc OPERON — A MODEL PROKARYOTE
GENE

Early insights into mechanisms of transcriptional
regulation came from studies of E. coli by
researchers Francois Jacob & Jacques Monod (see
Section 4 on page 4). In E. coli, and many other
bacteria, genes encoding several different
polypeptides may be located in a single transcription
unit called an operon. The genes in an operon share
the same transcriptional regulation, but are
translated individually into separate polypeptides.
Most prokaryote genes are not organized as
operons, but are transcribed as single polypeptide
units.

Eukaryotes do not group genes together as operons
(an exception is C. elegans and a few other species).

1.1. BASIC LAC OPERON STRUCTURE

E. coli encounters many different sugars in its
environment. These sugars, such as lactose and
glucose, require different enzymes for their
metabolism. Three of the enzymes for lactose
metabolism are grouped in the lac operon: lacZ,
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lacY, and lacA (Figure 2). LacZ encodes an enzyme
called B-galactosidase, which digests lactose into its
two constituent sugars: glucose and galactose. lacY
is a permease that helps to transfer lactose into the

lac operon
(N |
lact 08 P O lacZ lacY lacA
I . I I

Figure 2.

Diagram of a segment of an E. coli chromosome containing
the lac operon, as well as the lacl coding region. The various
genes and cis-elements are not drawn to scale. (Original-
Deyholos-CC BY-NC 3.0)

cell. Finally, lacA is a trans-acetylase; the relevance
of which in lactose metabolism is not entirely clear.
Transcription of the lac operon normally occurs only
when lactose is available for it to digest.
Presumably, this avoids wasting energy in the
synthesis of enzymes for which no substrate is
present. In the lac operon, there is a single mRNA
transcript that includes coding sequences for all
three enzymes and is called a polycistronic mRNA. A
cistron in this context is equivalent to a gene.

1.2. Cis- AND TRANS- REGULATORS

In addition to these three protein-coding genes, the
lac operon contains several short DNA sequences
that do not encode proteins, but instead act as
binding sites for proteins involved in transcriptional
regulation of the operon. In the /lac operon, these
sequences are called P (promoter), O (operator),
and CBS (CAP-binding site). Collectively, sequence
elements such as these are called cis-elements
because they must be located adjacently to the
same piece of DNA in order to perform correctly. On
the other hand, elements outside from the target
DNA (such as the proteins that bind to these cis-
elements) are called trans-regulators because (as
diffusible molecules) they do not necessarily need to
be encoded on the same piece of DNA as the genes
they regulate.
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2. NEGATIVE REGULATION — INDUCERS AND
REPRESSORS

2.1. lacl ENCODES AN ALLOSTERICALLY REGULATED
REPRESSOR

One of the major trans-regulators of the lac operon
is encoded by lacl, a gene located just upstream
from the lac operon (Figure 2). Four identical
molecules of lacl proteins assemble together to
form a homotetramer called a repressor (Figure 3).
This repressor is trans-acting and binds to two cis-
acting operator sequences adjacent to the promoter
of the lac operon. Binding of the repressor prevents
RNA polymerase from binding to the promoter
(Figure 2, Figure 5.). Therefore, the operon is not
transcribed when the operator sequence is
occupied by a repressor.

Figure 3.
Structure of lac/ homotetramer bound to DNA.
(Original-Deyholos- CC BY-NC 3.0)

2.2. THE REPRESSOR ALSO BINDS LACTOSE

(ALLOLACTOSE)
Besides its ability to bind to specific DNA sequences at the
at the operator, another important property of the lacl protein
lacl protein is its ability to bind to allolactose. If lactose is
lactose is present, B-galactosidase (B-gal) enzymes convert a
convert a few of the lactose molecules into allolactose (

Figure 4.).

This allolactose can then bind to the /acl/ protein.
This alters the shape of the protein in a way that
prevents it from binding to the operator. Proteins
which change their shape and functional properties
after binding to a ligand are said to be regulated
through an allosteric mechanism.

Therefore, in the presence of lactose (which B-gal
converts to allolatose), the repressor doesn’t bind
the operator sequence and thus RNA polymerase is
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Figure 4.

B-galactosidase catalyzes two reactions: one converts
lactose to allolactose; the other splits lactose into galactose
and glucose. (Original-Nickle-CC BY-NC 4.0)

able to bind to the promoter and transcribe the /ac
operon. This leads to a moderate level of expression
of the mRNA encoding the lacZ, lacY, and lacA
genes. This kind of secondary molecule that binds to
either activator or repressor and induces the
production of specific enzyme is called an inducer.
The role of lacl in regulating the lac operon is
summarized in Figure 5.

lacl lacZ lacY lacA
— —

low [Lac] ‘ '

lacI P O lacZ lacY lacA
— —_— —— —
RNApol

high [Lac]

@
® 9

® O b
Figure 5.

When the concentration of lactose [Lac] is low, lacl/
tetramers bind to operator sequences (O), thereby blocking
binding of RNApol (green) to the promoter (P).
Alternatively, when [Lac] is high, lactose binds to lacl,
preventing the repressor from binding to O, and allowing
transcription by RNApol.

(Original-Deyholos-CC BY-NC 3.0)
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3. PosITIVE REGULATION — CAP, cAMP &
POLYMERASE

A second aspect of lac operon regulation is
conferred by a trans-acting factor called cAMP
binding protein (CAP, Figure 6). CAP is another
example of an allosterically regulated trans-factor.
Only when the CAP protein is bound to cAMP can
another part of the protein bind to a specific cis-
element within the /ac promoter called the CAP
binding sequence (CBS). CBS is immediately in front
of the promoter (P), and thus is a cis-acting element.
When CAP is bound to at the CBS, RNA polymerase
is better able to bind to the promoter and initiate
transcription. Thus, the presence of cAMP
ultimately leads to a further increase in lac operon
transcription.

low [GIc] adenylate high [Glc] adenylate
cyclase .
o) O © o ( ) cyclase

o
ATP =® SAVP o0 ATP X  cAWP

O O
CAP X CAP
P P
® —
RNApol RNApol

Figure 6.

CAP, when bound to cAMP, increases RNApol binding to
the lac operon promoter. cAMP is produced only when
glucose [Glc] is low. (Original-Deyholos-CC BY-NC 3.0)

The physiological significance of regulation by cAMP
becomes more obvious in the context of the
following information. The concentration of cAMP is
inversely proportional to the abundance of glucose.
When glucose concentrations are low, an enzyme
called adenylate cyclase is able to produce cAMP
from ATP. Evidently, E. coli prefers glucose over
lactose, and so expresses the lac operon at high
levels only when glucose is absent and lactose is
present. This provides another layer of adaptive
control of lac operon expression: only in the
presence of lactose and in the absence of glucose is
the operon expressed at its highest levels.
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4. THE Use oF MUTANTS TO STUDY THE LAC
OPERON

4.1. SINGLE MUTANTS OF THE LAC OPERON

The lac operon and its regulators were first
characterized by studying mutants of E. coli that
exhibited various abnormalities in lactose
metabolism. Mutations can occur in any of the lacZ,
lacY, and lacA genes. Such mutations result in
altered protein sequences, and cause non-
functional products. These are mutations in the
protein coding sequences (non-regulatory).

Other mutants can cause the lac operon to be
expressed constitutively, meaning the operon was
transcribed whether or not lactose was present in
the medium. Remember that normally the operon is
only transcribed if lactose is present. Such mutants
are called constitutive mutants. Constitutive
mutants are always on and are unregulated by
inducers. These include lacO and lacl genes.

4.2. OPERATOR MUTATIONS
The operator locus (/lacO) - One example is O, in
which a mutation in an operator sequence reduces

lacl and lac O mutation

O+
[ Y+ [ A+ |

Genomic

‘ +o -

F factor

Genomic
LM)%

I- ¥ * F-factor

Figure 7.

Both E. coli strands with genotypes I'0'ZY'A'/F I'OZ'Y A"
and IPO'Z'Y*A*/F TOZ'Y'A" will induce all the lac genes
because repressor cannot bind to the O" sequence on the
F-factor and cannot prevent transcription.
(Original-Locke-CC BY-NC 3.0)
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or precludes the repressor (the lacl gene product)
from recognizing and binding to the operator
sequence. Thus, in O mutants, lacZ, lacY, and lacA
are expressed whether or not lactose is present.
Note that this mutation is cis dominant (only affects
the genes on the same chromosome) but not in
trans (other DNA molecule). Another common name
for a defective operator is O° to refer to its
constitutive expression. O and O are synonymes.

Note that constitutively expressed O" mutants may
not be maximally expressed, and the extent of the
mutation can also affect the level of expression.
(Table 1)

Table 1. Constitutively expressed O° mutants may not be
maximally expressed and have various levels of expression.

Level | Genotype Explanation
100% lacI'O° no repressor
10-20% lac 1" O° repressor fails to bind tightly
~1% P" O, high basal transcription, constitutive
glucose
0% PorZ no transcription

4.3. INDUCER MUTATIONS (/acl Locus)

The lacl locus has two types of mutations: I'and P.

One class of mutant allele for lacl (called I') either (1)
prevents the production of a repressor polypeptide,
or (2) produces a polypeptide that cannot bind to
the operator sequence. Note that these two alleles
would have different genetic sequences, but the
phenotype is the same. Theoretically, we should
have better locus names to properly identify specific
alleles, but for now we’ll group them under one
name. With this form of mutation, the repressor
cannot bind and transcription can occur without the
presence of inducer (allolactose). This can also be
referred to as a “constitutive expresser” of the lac
operon: the absence of repressor binding permits
transcription.

Note that /" is dominant over /. For example, in E.
coli strain with I'ZY'A*/F IZ'Y A", the lac genes will
not be inducible because the [’ allele will still
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produce functional repressors that bind to operator
sequence, preventing transcription. (Figure 8)

O+

i l Genomic

I

= +® ==
repressor f inducer
I+ F-factor

O+

Figure 8.

E. coli strain with genotype I'ZY'A’/F I'Z'YA" will not
produce lac Z, lac Y and lac A products.

(Original-Locke-CC BY-NC 3.0)

The other class of mutant alleles for lacl are called
F. The altered amino sequence of their proteins
remove the “allosteric site”. This means the
repressor polypeptide cannot bind allolactose —and
therefore it cannot change its shape. Even in the
presence of lactose, it remains attached to the
operator, so the lac Z, lacY and lac A genes cannot
be expressed (no RNA polymerase, no protein). This
mutant constitutively represses the lac operon
whether lactose is present or not. The lac operon is
not expressed at all and this mutant is called a
“super-repressor”. I’ is therefore dominant to both

O+

Genomic

=
I+ = =.‘ F-factor
O+
O+
/5 L e
.
_ % F-factor
/ YE ]
O+

Figure 9.

E. coli strains with genotypes 1) I’Z'Y*A"/F I'Z'YA* and 2)
PZ'Y*A*/F 1'Z°Y*A" will not produce lac Z, lac Y and lac A
products. (Original-Locke-CC BY-NC 3.0)
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I"and I"in trans. Therefore, E. coli strains with the
genotypes 1) IFZ'Y'A'/F I'Z'Y'A" and 2) IPZ'Y'A*/F I
Z'Y'A’, the lac Z, lac Y and lac A genes will not be
inducible (Figure 9).

The repressor protein encoded by /ac/ gene has at
least two independent functional domains. This is
the reason why it different mutations can give
different classes of mutant phenotypes. (Figure 10)

+

%

Homo-tetramer

Figure 10.

Because the repressor encoded by lac | gene has
independent domains, mutations can also occur
independently.

(Original-Deyholos/Locke-CC BY-NC 3.0)

4.4. THE F-FACTOR AND TWO /ac OPERONS IN A SINGLE
CELL — PARTIAL DIPLOID IN E. coLI

More can be learned about the regulation of the lac
operon when two different copies (each containing
mutations) are present in one cell. This can be
accomplished by using an F-factor (also known as a
plasmid) to carry one copy, while the other is on the
genomic E. coli chromosome. This results in a partial
diploid in E. coli that contains two independent
copies (alleles) of the lac operon and /acl.

An F-factor (named so because it creates “fertility”
in the cell which contains it) is an episome. This is a
self-replicating extrachromosomal piece of DNA: it
is outside of the large, circular bacterial
chromosome but has its own origin of replication.
Jacob and Monod explored the regulation of the lac
operon by introducing different genotypes into
bacterial cells and noting how they responded in the
presence of absence of sugars, namely glucose and
lactose using the mutant classes discussed above.
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For example, the genotype of a host bacterium that
has a lacl gene that is supplied with F factor
containing lacl” can be written as lacl /Flacl’. In fact,
it doesn’t matter which piece of DNA (genomic or
episome) has which operon, so we can leave off the
“F” altogether — equivalent notation is lacl/lacl”.

Thus, cells with two copies of a gene sequence are
partial diploids, called merozygotes (Figure 11).
These allow researchers to test the regulation with
different combinations of mutations in one cell. For
example, the F-factor copy may have a I° mutation
while the genomic copy might have an O mutation.
How would this cell respond to the
presence/absence of lactose (or glucose)? This
partial diploid can be used to determine that F° is
dominant to I’, which in turn is dominant to I". It can
also be used to show the O mutation only acts in
cis- while the lacl mutation can act in trans- .

Figure 11.

A diagram showing a merozygote. This is a form of bacterial cell
where a plasmid (blue) has a normal operon but a lacl’ allele for
the repressor. Not all bacterial cells have plasmids. The
chromosome (red) has a normal repressor and the operon has a
lacYy” allele. The super-repressor will inactivate both operons
because it will bind to both operators (a trans-acting effect). Note
that both the plasmid and chromosome have their own origins of
replication. (Original-Nickle-CC BY-NC 4.0)

5. SUMMARY

In positive regulation, low levels of glucose (inducer)
allow adenylate cyclase to produce cAMP from ATP,
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which binds to CAP protein. CAP protein can bind to
DNA and increase the level of transcription. High
glucose level halts adenylate cyclase from producing
cAMP from ATP. Hence, cAMP will not bind to CAP
protein and in turn, CAP will not bind to DNA and the
level of transcription would be low.

In negative regulation, the repressor protein acts to
prevent transcription. Inducer binds to repressor to
alter conformation so it no longer binds to the
operator sequence and transcription can take place.
High levels of lactose (inducer) would allosterically
inhibit repressor and therefore would not prevent
transcription. Low levels of lactose would not cause
inhibition to the repressor, so transcription would
be prevented. Various forms of regulation in the lac
operon are found in Figure 12.

high [Glc] adenylate
o O cyclase
0 — @
o2 AP X cAmP
O
>< CAP
laci O P O lacZ lacY lacA
— - I ——
RNApol
high [Lac]
@
® e © U
@
low [Glc] adenylate
o ) cyclase

ATP OO <:;:AM P

CAP

laci O P O lacZ lacY lacA
e —— — —
RNApol

high [Lac]

R < ! @
o e

Figure 12.

When glucose [Glc] and lactose [Lac] are both high, the lac
operon is transcribed at a moderate level, because CAP (in
the absence of CAMP) is unable to bind to its corresponding
cis-element (yellow) and therefore cannot help to stabilize
binding of RNApol at the promoter. Alternatively, when
[Glc] is low, and [Lac] is high, CAP and cAMP can bind near
the promoter and increase further the transcription of the
lac operon. (Original-Deyholos-CC BY-NC 3.0)
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SUMMARY:

Regulation of gene expression is essential to the normal development and efficient functioning
of cells

Gene expression may be regulated by many mechanisms, including those affecting transcript
abundance, protein abundance, and post-translational modifications

Regulation of transcript abundance may involve controlling the rate of initiation and elongation
of transcription, as well as transcript splicing, stability, and turnover

The rate of initiation of transcription is related to the presence of RNA polymerase and
associated proteins at the promoter.

RNApol may be blocked from the promoter by repressors, or may be recruited or stabilized at
the promoter by other proteins including transcription factors

The lac operon is a classic, fundamental paradigm demonstrating both positive and negative
regulation through allosteric effects on trans-factors.

KEY TERMS:

gene expression
transcriptional regulation
operon

lactose

glucose

lac operon

lacZ

lacY

lacA
B-galactosidase
permease
trans-acetylase
P / promoter
O / operator
CBS
CAP-binding site
cis-elements
trans-regulators
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lacl

homotetramer
repressor

inducer

allosteric

cAMP binding protein
CAP

CAP binding sequence
CBS

adenylate cyclase
constitutive

o/r /| rF

cis dominant
cis-acting factors
trans dominant
trans-acting factors
F-factor / episome
merozygotes

PaGe 7



CHAPTER 14 — PROKARYOTE GENES: E. coLl LAc OPERON
STUDY QUESTIONS:

1) List all points in the “central dogma” of gene
action the mechanisms that can be used to
regulate gene expression.

2) With respect to the expression of PB-
galactosidase, what would be the phenotype
of each of the following strains of E. coli?

Use the symbols:

+++ Lots of B-galactosidase activity (100%)
+ Moderate B-galactosidase activity (10-20%)
- No B-galactosidase activity (0-1%)

a) I',0%,Z, Y (noglucose, no lactose)

b) I, 0%, Z, Y’ (no glucose, high lactose)
c) I',0%,Z, Y (high glucose, no lactose)
d) I, 0%, Z, Y (high glucose, high lactose)
e) I',0%,Z, Y (noglucose, no lactose)

f) 1, 0%, Z, Y (high glucose, high lactose)
g) I', 0%, Z, Y (high glucose, high lactose)
h)y r',0%Z7Z, Y+ (no glucose, no lactose)

i) I, 0%Z°, Y (no glucose, high lactose)

i) I, 05Z, Y (high glucose, no lactose)
k) I, 0%Z, Y (high glucose, high lactose)
) 1,0, 7, Y (noglucose, no lactose)

m) I, 0", Z, Y (no glucose, high lactose)
n) 1,0, Z, Y (high glucose, no lactose)
o) I, 0% Z, Y (high glucose, high lactose)
p) F, 0%, Z, Y (noglucose, no lactose)

q) F, 0,7, Y (noglucose, high lactose)
r) F, 0% Z, Y (high glucose, no lactose)
s) F, 0%, Z, Y (high glucose, high lactose)
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3) In the E. coli strains listed below, some genes

4)

5)

6)

are present on both the chromosome, and the
extrachromosomal Ffactor episome. The
genotypes of the chromosome and episome are
separated by a slash. What will be the B
galactosidase phenotype of these strains? All of
the strains are grown in media that lacks
glucose.
Use the symbols:
+++ Lots of B-galactosidase activity (100%)

+ Moderate B-galactosidase activity (10-20%)

- No B-galactosidase activity (0-1%)

a) I'o,Z,Y'/I,O,Z, Y (highlactose)
b) I',0,Z,Y/I',O,Z,Y (nolactose)
c) I',0,Z, Y /ILO,Z,Y (highlactose)
d) I,0',Z,Y' /I, 0,Z, Y (nolactose)

e) IO, Z,Y'/I,0,Z,Y (high lactose)
f) I,0,Z,Y/IL0,Z,Y (nolactose)
g) [,0,Z,Y /IO, Z, Y (high lactose)
hy 1,0°,Z,Y /I',O,Z, Y (nolactose)
i) I,0,Z,Y/I,0%,Z, Y (highlactose)
iy I,05Z,Y /0%, Z, Y (nolactose)
k) I',0,Z,Y /IO, Z,Y (highlactose)
) I,0,z,Y/I'O,Z,Y (nolactose)
m) I, 0,Z,Y/F 0,Z,Y (highlactose)
n) I'o,z, Y /F 0,Z,Y (nolactose)
o) ,,0,Z,Y /IO, Z, Y (highlactose)
p) F,0,Z,Y /I,LO0",Z, Y (nolactose)

What genotypes of E. coli would be most useful
in demonstrating that the /acO operator is a cis-
acting regulatory factor?

What genotypes of E. coli would be useful in
demonstrating that the /lacl repressor is a trans-
acting regulatory factor?

What would be the effect of the following loss-

of-function mutations on the expression of the

lac operon?

a) loss-of-function of adenylate cyclase

b) loss of DNA binding ability of CAP

c) loss of cAMP binding ability of CAP

d) mutation of CAP binding site (CBS)
cis-element so that CAP could not bind
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CHAPTER 15 — RECOMBINANT DNA

Figure 1.

The manipulation of DNA often
involves small quantities of liquids
that are accurately dispensed using
micro-pipettors into small plastic
microfuge tubes. Volumes as small
as 0.5 ul are routinely dispensed
for some reactions. The use of
clean, sterile plastic tubes and tips
ensures the reactions work
correctly and are reproducible.
(Flickr-  University of Michigan
School of Natural Resources and
Environment-CC BY 2.0)

INTRODUCTION

Recombinant DNA is a general term to describe
DNA that has been manipulated (recombined)
somehow in vivo. It typically involves the breakage
of DNA into fragments, using restriction enzymes,
and the rejoining (ligation) of these fragments into
various arrangements and into vectors, such as
plasmids, to propagate the new arrangement for
further analysis, like sequencing, or for insertion
into other hosts, such as model organism as
transgenes.

1. BaAsic TERMINOLOGY

Before proceeding any further, there are some basic
terminologies that students should know regarding
recombinant DNA technology.

in vivo (in life) experiments done within a living
cell/organism

in situ (in place) experiments done on cells and
structures removed intact from an organism. (ex.
Inserting RNA into a frog egg cell on a petri dish)

in vitro (in glass) experiments done on individual
molecules removed from an organism (ex. DNA in a
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test tube). These days most experiments are done in
plastico (in plastic). See Figure 1.

in silico (in silicon) Experiments done within a
computer simulation.

Recombinant DNA: a composite DNA molecule
created in vitro by joining a foreign DNA with a
vector DNA  molecule. (Note; technically
recombinant DNA can be also made in vivo during
meiosis in an organism, but this is usually not the
typical meaning of these words.)

2. RecomBINANT DNA TECHNIQUES:

There are many techniques for joining DNA
molecules in vitro and introducing them into cells
(usually bacteria) where the molecules are then
replicated along with the host genomic DNA.

2.1. PLASMIDS ARE NATURALLY PRESENT IN SOME
BACTERIA

Many bacteria contain extra-chromosomal DNA
elements called plasmids. These are usually small (a
few 1000 bp), circular, double stranded molecules
that replicate independently of the chromosome
and can be present in multiple copies within a cell.
In the wild, plasmids can be transferred between
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individuals during bacterial mating and are
sometimes even transferred between different
species. Plasmids are particularly important in
medicine because they often carry genes for
pathogenicity (making the bacteria more
detrimental) and drug-resistance (able to survive
various antibiotics). In the lab, plasmids are inserted
into bacterial hosts in a process called
transformation. These plasmids can be modified by
the addition of foreign DNA so that both the plasmid
vector and the target foreign DNA is replicated.

There are 3 main features of a plasmid (Figure 2):
(1) Origin of replication (Ori) which is similar in
function to oriCin E. coli chromosome.

(2) Selectable marker gene that helps to screen the
desired and undesired strains, which is usually an
antibiotic resistance gene like ampR, tetR, or kanR.
Cells with R6K are resistant to penicillin, ampicillin,
etc.

(3) Multiple cloning site (MCS) that has many
restriction enzyme sites in a short sequence.

Origin of
replication mcs

Selectable marker gene

Figure 2.

Basic structure of a double stranded bacterial plasmid,
represented by a circle.

(Original-Locke-CC BY-NC 3.0)

3. UsING CLONING VECTORS

3.1. PLASMIDS VECTORS

There are multiple steps to using plasmids as cloning
vectors. To insert a DNA fragment into a plasmid,
both the fragment and the circular plasmid are cut
using a restriction enzyme that produces compatible
ends. Given the large number of restriction enzymes
that are currently available, it is usually not too
difficult to find an enzyme for which corresponding
recognition sequences are present in both the
plasmid and the DNA fragment, particularly because
most plasmid vectors used in molecular biology
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have been engineered to contain recognition sites
for a large number of restriction endonucleases in a
segment called the Multiple Cloning Site (MCS).

EcoRI

EcoRI EcoRI

cut with EcoR/ gt;‘%‘/‘h

ligate

EcoRI

EcoRI

Figure 3.

Cloning of a DNA fragment (red) into a plasmid vector.
The vector already contains a selectable marker gene
(blue) such as an antibiotic resistance gene.
(Original-Deyholos-CC BY-NC 3.0)

After restriction digestion, the desired fragments
may be further purified or selected before they are
mixed together with ligase to join them together.
Following a short incubation, the newly ligated
plasmids, containing the gene of interest are
transformed into E. coli.

Transformation is accomplished by mixing the
ligated DNA with E. coli cells that have been specially
prepared (i.e. made competent) to uptake DNA.
Bacterial cells can be made competent by exposure
to compounds such as CaCl, or to electrical fields
(electroporation). Because only a small fraction of
cells that are mixed with DNA will actually be
transformed, a selectable marker, such as a gene for
antibiotic resistance, is usually also present on the
plasmid and used to select those few cells that have
taken up the DNA. The rate of DNA uptake varies
each time and is called transformation efficiency.
This can range from ~10°-10' colonies per ug of
DNA.

After transformation (combining DNA with
competent cells), bacteria are spread on a bacterial
agar plate containing an appropriate antibiotic so
that only those cells that have actually incorporated
the plasmid will be able to grow and form colonies.
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Colonies (clone) can then be picked and used for
further study.

Molecular biologists use plasmids as vectors to
contain, amplify, transfer, and sometimes express
genes of interest that are present in the cloned DNA.
Often, the first step in a molecular biology
experiment is to “clone a gene” (i.e. make a copy)
into a plasmid, then transform this recombinant
plasmid into bacteria so that essentially unlimited
copies of the gene (and the plasmid that carries it)
can be made as the bacteria reproduce. This is a
practical necessity for further manipulations of the
DNA, since most techniques of molecular biology
require many copies of DNA to work. Even though
small amounts are needed they are not sensitive
enough to work with just a single molecule at a time.

Many molecular cloning and recombination
experiments are therefore iterative (repetitive)
processes. For example:

1. a DNA fragment (usually isolated by PCR and/or
restriction enzyme digestion) is cloned into a
plasmid cut with a compatible restriction
enzyme

2. the recombinant plasmid is transformed into
bacteria

3. the bacteria are allowed to multiply, usually in
liquid culture

4. alarge quantity of the recombinant plasmid DNA
is isolated from the bacterial culture

5. further manipulations (such as site directed
mutagenesis or the introduction of another
piece of DNA) are conducted on the
recombinant plasmid

6. the modified plasmid is again transformed into
bacteria, prior to further manipulations, or for
expression

3.2. OTHER VECTORS

Lambda phage is a bacteriophage that infects E. coli
and can be used as a vector. Lambda phage is a
linear DNA vector molecule that can typically hold a
15-20 kb fragment in each clone.
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Cosmids are a hybrid vector system composed of
part plasmid and part phage DNA. It can clone 30-
45Kb fragments in each clone. The lambda phage
packaging system (stuffs the recombinant DNA into
the lambda bacteriophage heads) is used for higher
transformation efficiency, but it also has the plasmid
origin of replication so clones can be replicated in
the host like plasmids.

BACs (Bacterial Artificial Chromosomes) is a circular
DNA vector that uses a plasmid origin of replication
to propagate. The insert DNA can be 100’s of Kb so
it has a very large cloned regions, but such large
recombinant DNA molecules are difficult to
transform so they are difficult to make.

4. DNA LIGATION

The process of DNA ligation occurs when DNA
strands are covalently joined, end-to-end through
the action of an enzyme called DNA ligase.
Molecules with complementary overhanging
sequences are said to have “sticky” or compatible
ends, which facilitate their joining to form
recombinant DNA. Likewise, two blunt-ended
sequences are also considered compatible to join
together, although they do not ligate together as
efficiently as sticky-ends. Note: sticky-ended
molecules with non-complementary sequences will
not ligate together with DNA ligase.

The process of ligation is central to the production
of recombinant DNA, including the insertion of a
double stranded DNA fragment into a plasmid
vector.

5. AN ApPPLICATION OF MOLECULAR CLONING:
RECOMBINANT INSULIN

Purified insulin protein is critical to the treatment of
diabetes. Prior to ~1980, insulin for clinical use was
isolated from human cadavers or from slaughtered
animals such as pigs. Human-derived insulin
generally had better pharmacological properties,
but was in limited supply and carried risks of disease
transmission. By cloning the human insulin gene and
expressing it in E. coli, large quantities of the insulin
protein and identical to the human hormone
sequence could be produced in fermenters, safely
and efficiently. Production of recombinant insulin
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also allows specialized variants of the protein to be
produced: for example, by changing a few amino
acids, longer-acting forms of the hormone can be
made. The active insulin hormone contains two
peptide fragments of 21 and 30 amino acids,
respectively. Today, essentially all insulin s
produced from recombinant sources (Figure 4), i.e.
human genes and their derivatives expressed in
bacteria or yeast.

PAGE 4

Figure 4.

A vial of insulin. Note that the label lists
the origin as “rDNA”, which stands for
recombinant DNA.
(Flickr-DeathByBokeh- CC BY-NC 2.0)
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SUMMARY:

* DNA fragments can be cloned into vectors.

* Transformation of recombinant DNA is the transfer of DNA (usually recombinant plasmids) into bacteria.

* Cloning of genes into E. coli is a common technique that allows large quantities of a DNA for gene to

made

* This allows further analysis or manipulation of the cloned sequences.

* Genomic DNA libraries contain fragments of genomic DNA.

* cDNA libraries contain shorter segments of DNA that correspond to the mRNA for each gene.

* Gene of interest can be identified using DNA probes to screen genomic or cDNA libraries.

* Cloning can also be used to produce useful proteins, such as insulin, in microbes.

KEY TERMS:

in vivo

in situ

in vitro

in plastico

in silico
Recombinant DNA
plasmid
transformation
Ori

selectable marker
Multiple cloning site (MCS)
competent

STUDY QUESTIONS:

1) A coat protein from a particular virus can be
used to immunize children against further
infection. However, inoculation of children with
proteins extracted from natural viruses
sometimes causes a fatal disease, due to
contamination with live viruses. How could you
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electroporation

vector

clone

Lambda phage

cosmid

lambda phage packaging system
BACs

DNA ligation

DNA ligase

sticky / compatible end
genomic library

cDNA library

use molecular biology to produce an optimal
vaccine?

2) How would cloning be different if there were no
selectable markers?
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telomeric sequence

CHIMPANZEE
CHROMOSOME
2p
centromeric sequence
telomeric sequence
telomeric sequence telomeric sequence
centromeric sequence
HUMAN
CHROMOSOME CHIMPANZEE
2 CHROMOSOME
2q

telomeric sequence

INTRODUCTION

Previous chapters described chromosomes as
simple linear DNA molecules on which genes are
located. For example, your largest chromosome,
chromosome 1, has about 3536 genes. To ensure
that each of your cells possesses these genes, the
typical linear eukaryotic chromosome has three
critical features that allow it to be passed on during
cell division. (1) Origins of replication found along
its length provide places for DNA replication to start,
(2) telomeres protect each end of the chromosome,
and (3) a single centromere near the middle
provides a place for microtubules to attach and
move the chromosome during mitosis and meiosis.

However, at various locations both strands of the
double stranded DNA in a chromosome can break
and the subsequent daughter cell(s) may not retain
all the DNA and thus all the genes. For example, if a
segment of the chromosome has been lost (a
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Figure 1.

Comparing an ideogram of the human chromosome 2 to the
equivalent chromosomes in chimpanzees, we notice that the
human chromosome 2 likely came from a fusion event that
occurred since their common ancestor. This is supported by
evidence finding telomeric and centromeric sequences in the
middle of human chromosome 2 similar to that of the ends and
middle of the chimpanzee chromosomes.

(Flickr- T. Michael Keesey- CC BY 2.0)

deletion), the cell may be missing many genes. The
causes of chromosome structural abnormalities and
the consequences they have for the cell and the
organism are described below. They involve double
stranded breaks in the DNA, meiotic crossover
events, and rejoining of the broken ends. Human
examples will be used to show the phenotypic
consequences and methods for detection.

1. DNA DouBLE STRAND BREAKS AND INCORRECT
MEioTic CROSSOVERS CAUSE CHROMOSOMAL
REARRANGEMENTS

1.1. DOUBLE STRAND BREAKS AND THEIR REPAIR

A chromosome is a very long but very thin molecule.
In the phosphodiester backbone there are only two
covalent bonds holding each base pair to the next. If
one of these covalent bonds is
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Figure 2.

Repair of single strand nicks and double strand breaks in
DNA. (Original-Harrington-CC BY-NC 3.0)

broken the chromosome will still remain intact,
although a DNA Ligase will be needed to repair the
nick (Figure 2a). Problems arise when both strands
are broken at or near the same location. This double
strand break will cleave the chromosome into two
independent pieces (Figure 2b). Because these
events do occur in cells there is a repair system
called the non-homologous end joining (NHEJ)
system to fix them. Proteins bind to each broken
end of the DNA and reattach them with new
covalent bonds. This system is not perfect and
sometimes leads to chromosome rearrangements
(see next section).

The NHEJ system proteins only function if required.
If the chromosomes within an interphase nucleus
are all intact the system is not active. The telomeres
at the natural ends of chromosomes prevent the
NHEJ system from attempting to join the normal
ends of chromosomes together. If there is one
double strand break the two broken ends can be
recognized and joined. But if there are two double
strand breaks at the same time there will be four
broken ends in total. The NHEJ system proteins may
join the ends together correctly, but if they fail, the
result is a chromosome rearrangement (Figure 3).

PAGE 2

Figure 3.

Errors during DNA repair can cause a chromosome
deletion. In this diagram A, B, and C are genes on the same
chromosome. As in Figure 2 there has been breaks in the
DNA, recruitment of NHEJ proteins, and repair. After the
repairs are completed the small piece of DNA with gene B
is lost and the chromosome now only has genes A and C.
(Original-Harrington-CC BY-NC 3.0)

1.2. INCORRECT MEIOTIC CROSSOVERS

Meiotic crossovers occur at the beginning of
meiosis for two reasons. They help hold the
homologous  chromosomes  together  until
separation occurs during anaphase | (see Chapter 7).
They also allow recombination to occur between
linked genes (see Chapter 9). The event itself takes
place during prophase | when a double strand break
on one piece of DNA is joined with a double strand
break on another piece of DNA and the ends are put
together (Figure 4a). Most of the time the breaks are
on non-sister chromatids and most of the time the
breaks are at the same relative locations.

Problems occur when the wrong pieces of DNA are
matched up along the chromosomes during
crossover events. This can happen if the same or
similar DNA sequence is found at multiple sites on
the chromosomes (Figure 4b). For example, if there
are two Alu transposable elements on a
chromosome. When the homologous chromosomes
pair during prophase | the wrong Alu sequences
might line up. A crossover may occur in this region.
If so, when the chromosomes separate during
anaphase | one of the chromatids will have a
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Errors during meiotic crossovers can cause duplications
and deletions. This diagram shows homologous
chromosomes pairing in prophase | and then separating in
anaphase |. The shaded boxes are Alu transposable
elements. a) The homologous chromosomes pair properly,
a crossover occurs, and all four chromatids in anaphase |
are normal. b) The pairing is incorrect, a crossover occurs
in the mispaired region, and in anaphase | one chromatid
has a duplication and another has a deletion.
(Original-Harrington/L. Canham-CC BY-NC 3.0)

duplication and one will have a deletion. Ultimately,
of the four cells produced by this meiosis, two will
be normal, one will have a chromosome with extra
genes, and one will have a chromosome missing
some genes. Errors of this type can also cause
inversions and translocations.

Errors during the repair of multiple double strand
breaks or incorrect meiotic crossovers can cause
four types of chromosome rearrangements:
deletion, inversion, duplication or translocation. The
type of chromosome rearrangement is either
dependent upon where the two breaks were
originally and how they are rejoined, or on the
location of the homology during meiosis. Figure 3
shows some possibilities but more are shown in the
following sections. The first part of each section
shows a double strand DNA break between the B
and C genes (shown here as a red X). A second DNA
break occurs and the NHEJ proteins mend the
damage incorrectly by joining the ends (shown with
the blue arrows). The chromosomes are drawn as
unreplicated as they are in G; phase but these
events can happen anytime during interphase. The
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second part shows how meiosis can cause the
rearrangements.

2. DELETIONS

There are two forms of deletions: Terminal and
Interstitial. Terminal deletions are deletions off of
the end of a chromosome. Interstitial deletions are
deletions of a region in the middle of the
chromosome, while the arms on each side remain
normal. For example, with a chromosome that has
the genes ABCDEF, an example of a terminal
deletion will be CDEF. An example of an interstitial
deletion will be ABCF.

2.1. DELETIONS FROM DOUBLE STRAND BREAK REPAIR
Deletions arise from double strand breaks when
both breaks are on one chromosome. If the ends are
joined in this way the piece of DNA with the B gene
on it does not have a centromere and will be lost
during the next cell division.

Figure 5.

Deletion can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)

2.2. DELETIONS FROM INCORRECT MEIOSIS

If meiotic rearrangement is the cause, Deletion
chromosomes will pair up with a normal homolog
along the shared regions and at the missing
segment, the normal homolog will loop out (nothing
to pair with) to form a deletion loop. This can be
used to locate the deletion cytologically. The
deleted region is also pseudo-dominant, in that it
permits the mutant expression of recessive alleles
on the normal homolog. Deletion mutations don’t
revert - nothing to replace the missing DNA.

3. INVERSIONS

3.1. INVERSIONS FROM DOUBLE STRAND BREAKS

Inversions also occur when both double strand
breaks are on one chromosome. If the ends are
joined in this way, part of the chromosome is
inverted. This example shows a paracentric
inversion, named because the inverted section does
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not include the centromere (para = beside). If the
breaks occur on different chromosome arms the
inverted section includes the centromere and the
result is a pericentric inversion (peri = around).

A€

= -d

N
1
I

Figure 6.
Inversion can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)

3.2. INVERSIONS FROM INCORRECT MEIOSIS

In meiosis, when an inversion chromosome is paired
up there is an inversion loop formed. If there is a
crossover within the loop then abnormal products
will result and abnormal, unbalanced gametes will
be produced. For example, a crossover event within
the loop of a paracentric inversion will lead to a di-
centric product that will break into deletion
products and produce unbalanced gametes (Figure
7). Similarly, with a pericentric inversion, a
crossover event leads to duplicate/deletion
products that are unbalanced (Figure 8).

Paracentric Inversion Pairing at Meiosis
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A B
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3
4

c

D
|

A D C B E
Paracentric Inversion
4
A B C D E 2
1O | I | I A—
A Normal | |
2P0 5 ¢ p 0
| mnjmmjumm Deletion c
products
A, D
4 .
Inversion A

D S N T
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If joined with a normal gamete, they will result in an
unbalanced zygote, which are usually lethal. The
consequence for this is that crossover products
(recombinants) are lost and thus inversions appear
to suppress crossovers within the inverted region.

Note: with both types of inversions, crossovers
outside the loop are possible and fully viable, as they
don’t alter the gene balance.

4. DUPLICATIONS

There are two major forms of duplications: tandem
and inverse duplications. Tandem duplications are
when the duplicated genes are in the same order,
and inverse duplications are where the duplicated
genes are in the reverse order. For example if you
have a chromosome that has the genes ABCDEFGH,
and a duplication occurs in the BCD genes, then a
tandem duplication would look like: ABCDBCDEFGH.
An inverse duplication would look like:
ABCDDCBEFGH.

Insertional duplications are also seen, where the
duplicated region is inserted to a more distant
location. e.g. ABCDEFBCDGH

Cross over Figure 7. o .
within A paracentric  inversion
pairing at  meiosis. A

Di-centric
bridge

crossover within the loop
causes the production of an
acentric and a dicentric
chromatids, which leads to
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3.0)
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Pericentric Inversion Pairing at Meiosis
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4.1. DUPLICATIONS FROM DOUBLE STRAND BREAKS
Duplications can occur from two DNA breaks at
different places in sister chromatids (in a replicated
chromosome). The ends are joined together
incorrectly to create a chromosome with a
duplication (two “B” regions as shown). Note: the
reciprocal product has a deletion.
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oI

N8 e

A B C A C
Figure 9.

Duplication can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)

4.2. DUPLICATIONS FROM INCORRECT MEIOSIS
Duplications also produce a cytologically visible
loop at meiotic pairing. Duplications can revert at a
relatively high frequency by unequal crossing over.
Duplicated genes offer new possibilities for
mutational divergence followed by natural selection
in the course of evolution.
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Figure 8.
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5. TRANSLOCATIONS

5.1. TRANSLOCATIONS FROM DOUBLE STRAND BREAKS
Translocations result from two breaks on different
chromosomes (not homologs) and incorrect
rejoining. This example shows a reciprocal
translocation - two chromosomes have 'swapped'
arms, the E gene is now part of the white
chromosome and the C gene is now part of the
shaded chromosome. Robertsonian translocations
are those rare situations in which all of the genes
end up together on one chromosome and the other
chromosome is so small that it is typically lost.

) A B E
= e e e N0\
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mmmpsxmp SESSTTEST—T
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Figure 10.
Translocation can result from double strand break repair.
(Original-Harrington- CC BY-NC 3.0)
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Figure 11.

Translocation Pairing at Meiosis
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5.2. TRANSLOCATIONS FROM INCORRECT MEIOSIS

For translocations during meiosis, a consequence
for the two chromosomes involved is that when
they pair both replicated chromosome pairs will be
together, which can be seen cytologically as a
tetrad. This tetrad can segregate in three ways.

This set of paired, replicated chromosomes can
segregate as Alternate (balanced) where both
normal (N1 and N2) and both translocated
chromosomes (T1 and T2) go to the same polls,
respectively. The chromosomes can segregate as
Adjacent-1 (unbalanced) where the normal and
translocation chromosomes segregate, with N2 and
T1 segregate from N1 and T2. Alternate and
Adjacent 1 both occur in approximate equal
frequency and thus only about half the time do the
gametes end up unbalanced (Figure 11.). Note how
each daughter cell in Alternate has equal amounts
of blue and black chromosomes, while in Adjacent-
1 one daughter has extra black chromosomes, and
the other has extra blue.
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The third segregation possibility is known as
Adjacent-2, where N1 and T1 go to one pole, while
N2 and T2 go to the other. This way of segregating is
extremely rare, and so will not be described in any
further detail.

6. CONSEQUENCES OF CHROMOSOMAL
REARRANGEMENTS

6.1. DECREASED VIABILITY

All of the chromosome rearrangements shown
above produce functional chromosomes. Each has
one centromere, two telomeres, and thousands of
origins of replication. Because inversions and
translocations do not change the number of genes
in a cell or organism they are said to be balanced
rearrangements. Unless one of the breakpoints
occurred in the middle of a gene the cells will not be
affected. On the other hand, deletions and
duplications are unbalanced rearrangements. The
larger they are (more genes involved) the more
disruption they cause to the proper functioning of
the cell or organism. Having too much or too little
gene action for a large number of genes can disrupt
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the cellular metabolism to generate a phenotype or
reduce viability.

6.2. DECREASED FERTILITY

Recall that during meiosis | homologous
chromosomes pair up. If a cell has a chromosome
with a rearrangement this chromosome will have to
pair with its normal homolog.

Cells heterozygous for balanced rearrangements
actually have more difficulties in prophase |I.
Consider the chromosomes shown in Figure 12.
There are different ways they might pair during
prophase | - one is shown in Figure 13. But if a
crossover occurs in the inverted region the result
will be unbalanced gametes. Embryos made with
unbalanced gametes rarely survive. The
consequence is that the heterozygous organism will
have reduced fertility.

Note that an organism homozygous for this
inversion chromosome will not be affected in this
way because no loops are formed. The
chromosomes can pair along their entire length and
crossovers will not produce any unbalanced
gametes. This is a general property of inversions and
translocations.

A - - A A -- A
Bee A B c D
- C C || o o——(—
. [} [ ]
A BX ¢ D
D B cC A
| oempm |
- BEE° SDE L A
c A
Figure 12. Figure 13.
A normally arranged chromosome (left)
and a homolog with a pericentric
inversion (right).
(Original-Harrington/Canham-CC  BY-
NC 3.0
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In heterozygotes there are problems during meiosis
resulting in a lot of the gametes being unbalanced
and an overall reduction in fertility. In homozygotes
the rearranged chromosomes pair with one another
just fine and there is no effect on fertility.

6.3. CANCER

Some chromosome  rearrangements  have
breakpoints within genes leading to the creation of
hybrid genes —the first part of one gene with the last
part of another. If the hybrid gene inappropriately
promotes cell replication, the cell can become
cancerous.

6.4. EvVOLUTION

Those chromosome changes that duplicate genes
are important for evolution. If an organism has an
extra copy of important genes, one gene can be
retained for their original function while others can
mutate and potentially acquire new functions
(Figure 14.). An example of this is the multiple
copies of the globin genes found in mammals.

A B c D
1) (O e—ete—
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I g —
11— 7
o —
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| —e—— )
L R ]
| —
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Meiosis in a cell heterozygous for the chromosomes shown in Figure 12. Note that of the
four gametes one has a deletion of the A gene and a duplication of the D gene while
another gamete has a duplication of A and a deletion of D.
(Original-Harrington/Canham-CC BY-NC 3.0)
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Figure 14.

Duplicated genes can mutate without compromising the
viability of the organism. Occasionally the result is a new
gene. (Original-Harrington-CC BY-NC 3.0)

Chromosome rearrangements that decrease fertility
are also important for the origin of new species. If a
rearrangement, such as the inversion shown in
Figure 12, becomes common in a small isolated
population, that population has 100% fertility if they
mate within their group, but a reduced fertility if
they mate with members of the larger population.
As rearrangements accumulate the small population
will become more and more reproductively isolated.
When members are incapable of forming viable,
fertile offspring with the original population the
group will have become a new species.

Another example is shown in Figure 1, where the
human chromosome 2 is a fusion of two
chromosomes present in the common ancestor of
humans and other great apes (chimpanzee, gorilla,
orangutan). We do not know exactly when in human
history (evolution) this fusion event occurred,
except that, because it is absent in all other apes and
present in all current humans, it must have occurred
after the split between chimpanzee and humans.

7. CHROMOSOMAL REARRANGEMENTS IN
HuMANS

The problems described above can affect all
eukaryotes, unicellular and multicellular. To better
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understand the consequences let us consider those
that affect people. The convention when describing
a person's karyotype (chromosome composition) is
to list the total number of chromosomes, then the
sex chromosomes, and then anything out of the
ordinary. Most of us are 46,XX or 46,XY. What
follows are some examples of chromosome number
and chromosome structure abnormalities.

7.1. CRrI-DU-CHAT SYNDROME

Cri-du-chat syndrome occurs when a child inherits a
defective chromosome 5 from one parent (Figure
15). This condition is rare - it is present in only 1 in
20 000 to 1 in 50 000 births but it does account for
1% of cases of profound intellectual disability. The
specific defect is a deletion that removes 2 Mb or
more from the tip of the short arm of the
chromosome. In most cases the deletion is the result
of a chromosomal rearrangement in one of the
parent's germ line cells. People with cri-du-chat
have a karyotype of 46,sex,deletion(5).

Figure 15.

A boy with cri-du-chat syndrome. The pictures were taken
at 8 months (A), 2 years (B), 4 years (C), and 9 years (D).
(Wikipedia-Paola Cerruti Mainardi/ changes: horizontally
aligned the photos- CC BY 2.0)

As with Down syndrome this condition is associated
with intellectual disability and other health
problems. These problems include an improperly
formed larynx which leads to infants making high
pitched cat-like crying sounds (hence the name "cry
of the cat"). It is suspected that at least some of the
intellectual disability phenotype is due to having
only a single copy of the CTNND2 gene. This gene is
active during embryogenesis and makes a protein
essential for neuron migration. Down syndrome and
cri-du-chat syndrome are two examples of the need
for genomes to contain the proper number of genes.
Having too many copies of key genes (Down
syndrome) or too few (cri-du-chat syndrome) can
lead to substantial developmental problems.
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7.2. INVERSION

The most common chromosome rearrangements in
humans are inversions of chromosome 9. About 2%
of the world's population is heterozygous or
homozygous for inversion. This rearrangement does
not affect a person's health because the genes on
the chromosome are all present - all that has
changed is their relative locations. Inversion is
different from deletion in two main respects. As
mentioned above because it is a balanced
rearrangement it does not cause harm. And because
of this nearly everyone with an inversion
chromosome has inherited it from a parent who had
inherited it from one of his or her parents and so on.
In contrast, most cases of deletion are due to new
mutations occurring in a parent.

7.3. DIAGNOSING HUMAN CHROMOSOME
ABNORMALITIES

How can we confirm that a person has a specific
chromosomal abnormality? The first method was
simply to obtain a sample of their cells, stain the
chromosomes with Giemsa dye, and examine the
results with a light microscope (Figure 16). Each
chromosome can be recognized by its length, the
location of its centromere, and the characteristic
pattern of purple bands produced by the Giemsa.
Bright field microscopy has its limitations though - it
only works with mitotic chromosomes and many
chromosome rearrangements are either too subtle
or too complex for even a skilled cytogeneticist to
discern.

The solution to these problems was fluorescence in
situ hybridization (FISH). A single stranded
fluorescent DNA probe is allowed to hybridize to
denatured target DNA. Because there are several
fluorescent colours available it is common to use
more than one probe at the same time.
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Figure 16.

Human chromosomes. One way to obtain chromosomes is
to take a blood sample, culture the cells for three days in
the presence of a T-cell growth factor, arrest the cells in
metaphase with a microtubule inhibitor, and then drop the
cells onto a slide. The cells burst and the chromosomes
stick to the slide. The chromosomes can then be stained or
probed. Because the cells are in metaphase it is possible to
see 46 replicated chromosomes here. There will be dozens
of collections of chromosomes like this over the entire
slide.

(Wikipedia-Steffen Dietzel- CC BY-SA 3.0)

A physician may suspect that a patient has a specific
genetic condition based upon the patient's physical
appearance, mental abilities, health problems, and
other factors. FISH can be used to confirm the
diagnosis. For example, Figure 17 shows a positive
result for cri-du-chat syndrome. The probes are
binding to two long arms of chromosome 5 but only
one short arm. One of the chromosome 5s must
therefore be missing part of its short arm.

FISH is an elegant technique that produces dramatic
images of our chromosomes. Unfortunately, FISH is
also expensive, time consuming, and requires a high
degree of skill. For these reasons, FISH is slowly
being replaced with PCR and DNA chip based
methods. Versions of these techniques have been
developed that can accurately quantify a person's
DNA. For example DNA from a person with cri-du-
chat syndrome will contain 50% less DNA from the
end of chromosome 5. These techniques are very
useful if the suspected abnormality is a deletion, a
duplication, or a change in chromosome number.
They are less useful for diagnosing chromosome
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inversions and translocations because these
rearrangements often involve no net loss or gain of
genes.

In the future all of these techniques will likely be
replaced with DNA sequencing. Each new
generation of genome sequencing machines can
sequence more DNA in less time. Eventually it will
be cheaper just to sequence a patient's entire
genome than to use FISH or PCR to test for specific
chromosome defects.
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Figure 17.

A positive result for cri-du-chat syndrome. This diagram is
based upon actual results. Cells from a patient's blood
were prepared to show an interphase nucleus (a) and
mitotic chromosomes (b). The DNA has been coloured blue
with DAPI. The green fluorescent probe is binding to the
tip of the short arm of chromosome 5 (shown here as open
circles). This is the region absent in cri-du-chat. The red
fluorescent probe is binding to the middle of the long arm
of the same chromosome (filled circles). This probe is used
as a control.

(Original-Harrington- CC BY-NC 3.0)
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SUMMARY:

* Adeletion in chromosome 5 causes a serious condition (cri-du-chat syndrome).

* Deletions are unbalanced chromosome rearrangements.

* Inversions tend to cause fewer health consequences than deletions because inversions are balanced

chromosome rearrangements.

* Bright field microscopy can be used to detect chromosome number abnormalities and some

chromosome rearrangements.

* Fluorescence in situ hybridization (FISH) can be used to detect all types of chromosome abnormalities.

* PCR and DNA chip based techniques can be used to detect chromosome number abnormalities,

deletions, and duplications.
KEY TERMS:

origin of replication
telomere

centromere

double strand break
non-homologous end joining
chromosome rearrangement
meiotic crossover

Alu transposable elements
terminal deletion

interstitial deletion

deletion

deletion loop
pseudo-dominant

inversion

paracentric inversion
pericentric inversion

STuDY QUESTIONS:

1) Make diagrams showing how an improper
crossover event during meiosis can lead to:
a) aninversion
b) atranslocation.

2) If Drosophila geneticists want to generate
mutant strains with deletions they expose flies
to gamma rays. What does this imply about
gamma rays?

3) Design a FISH based experiment to find out if
your lab partner is a 47,XXX female or a 47 XYY
male.

OPEN GENETICS LECTURES — FALL 2015

inversion loop

tandem duplication
inverse duplication
insertional duplication
duplication

translocation

reciprocal translocation
Robertsonian translocation
tetrad

reduced fertility

karyotype

bright field microscopy
Giemsa stain

fluorescence in situ hybridization (FISH)
fluorescent DNA probe
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CHAPTER 17 — ANSWERS

1)
a) As in Figure 4 homologous chromosomes pair during prophase |. The shaded boxes are regions of

sequence similarity, for example Alu transposable elements. A crossover occurs between two of the Alu
elements on the same chromatid leading to a chromosomal inversion.

2 @
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b) A crossover occurs between Alu elements on different chromosomes leading to a chromosomal
translocation. Note that the homologous chromosomes are not shown in this figure for simplicity.
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2) Gamma rays are efficient at causing double strand DNA breaks, which are then more likely to rejoin and
produce a deletion.

3) Obtain permission from the person (and ethical approval from the university), isolate some white blood
cells, place the cells on a slide, denature the DNA, hybridize with fluorescent nucleic acid probes specific for
the centromeres of the X chromosome and the Y chromosome, observe the results with a fluorescence

microscope. If they are XXX there should be three X signals, if XXY, there should be two X signals and one Y
in each cell nucleus.
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