Linkage, genetic maps
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Macular degeneration is a group of
diseases characterized by a breakdown of
the macula. The macula is the center
portion of the retina that makes central
vision and visual acuity possible.

“Age-related maculopathy (ARM), also
known as age-related macular
degeneration (AMD), is the leading cause
of irreversible vision loss in the elderly
population in the USA and the Western
world and a major public health issue.
Affecting nearly 9% of the population over
the age of 65, ARM becomes increasingly
prevalent with age such that by age 75
and older nearly 28% of individuals are
affected (1-6). As the proportion of the
elderly in our population increases, the
public health impact of ARM will become
even more severe. Currently there is little
that can be done to prevent or slow the Beociior Dogetny
progression of ARM (7).” [Sim. dl
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Hmmmmm

“It was not long from the time that Mendel's work was
rediscovered that new anomalous ratio began appearing.
One such experiment was performed by Bateson and
Punnett with sweet peas. They performed a typical
dihybrid cross between one pure line with purple flowers
and long pollen grains and a second pure line with red
flowers and round pollen grains. Because they knew that
purple flowers and long pollen grains were both
dominant, they expected a typical 9:3:3:1 ratio when the
F1 plants were crossed. The table shows the ratios that
they observed. Specifically, the two parental classes,
purple, long and red, round, were overrepresented in the
progeny.”

http://www.ndsu.edu/instruct/mcclean/plsc431/linkage/linkage1.htm

MCB1409-1008 3

“Coupling” and “repulsion”

Observed Expected

Purple, long (P_L_) 284 215
Purple, round (P_lI) 21 71
Red, long (ppL_) 21 71
Red, round (ppll) 55 24
Total 381 381

http://www.ndsu.edu/instruct/mcclean/plsc431/linkage/linkage1.htm
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The facts on which Bateson bases his inter-
pretation may be briefly stated in his own
words, namely : “ that if A, a and B, b are two
allelomorphic pairs subject to coupling and
repulsion, the factors A and B will repel each
other in the gametogenesis of the double
heterozygote resulting from the union Ab X
aB, but will be coupled in the gametogenesis
of the double heterozygote resulting from the
union AB > ab,” and further, “ We have as
yet no probable surmise to offer as to the
essential nature of  this distinction, and all
that can yet be said is that in these special
cases the distribution of the characters in the
heterozygote is affected by the distribution in
the original pure parvents.” Bateson further
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Tests of significance

The x? test of
“goodness of fit”
(Karl Pearson)




Classical problem

“No one can tell which way a penny will fall,
but we expect the proportions of heads
and tails after a large number of spins to
be nearly equal. An experiment to
demonstrate this point was performed by
Kerrich while he was interned in Denmark
during the last war. He tossed a coin
10,000 times and obtained altogether
5,067 heads and 4,933 tails.”

MG Bulmer Principles of Statistics
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Hypothesis vs. observation

Hypothesis: the probability of getting a tail is 0.5.
Observation: 4,933 out of 10,000.

Well?!!

How can we meaningfully — quantitatively — construct a test that would
tell us, whether the hypothesis is, most likely, correct, and the
deviation is due to chance — or (alternatively) — the hypothesis is
incorrect, and the coin dislikes showing its “head” side for some
mysterious reason?

Sampling errors are inevitable, and deviations from perfection are
observed all the time.

The goodness of fit test has been devised to tell us, how often the
deviation we have observed could have taken place solely due to
chance.
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The procedure

Come up with an explanation for the data (“the null
hypothesis”).

Ask yourself — if that explanation were correct, what should
the data have been? E.g., if the hypothesis is that the
probability of getting “tails” is 50%, then there should
have been 5,000 tails and 5,000 heads. This set of
numbers forms the “expected data.”

Take the actual — observed — data (critical point: take the
primary numbers, not the frequencies or percentages —
this is because the “goodness of fit” is a function of the
absolute values under study).

] . . 2
Plug them into the following formula: - z (Q — E)
r= E
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TABLE 5.1 Critical Chi Square Vishses

P Values
Cannot ‘the Null Null tvesis Ry ted
o Reject Hypothesks Hypotl et
Frosciom 099 0.90 0.50 010 0.0s om 0.001
¥ caloutalions
1 0.02 A5 n 384 e 10.83

Calculate p value.

If it's .05 or below, the hypothesis is incorrect — the deviation you see in the data
is unlikely to be due to chance.

If it's above .05, the hypothesis stands.
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SMI?

Take a pure-breeding agouti mouse and
cross it to a pure-breeding white mouse.
Get 16 children: all agouti (8 males, 8
females). Cross each male with one
female (randomly).

Get 240 children in F2: 175 agouti and 65
white (ratio: 2.692).

MCB140 9-10.08 12




Calculating the chi square value

Let’'s hypothesize that we are dealing with simple Mendelian
inheritance (the null hypothesis). If this were true, then we would
expect that the 240 children would have split: 180 agouti : 60 white.

For agouti mice:
(175-180)2/180=0.139
For white mice:
(65-60)?/60=0.417
sum (x) of agouti and white = 0.139 + 0.417 = 0.556
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Evaluating the null hypothesis

There are only two classes here, so we must use the “1 degree of
freedom” line in the table. For 32=0.556, the p lies between 0.1 and
0.5.

Our data deviate from the 3 :1 ratio. Statistics tells us, however, that
the deviation we saw (not 60, but 65, and not 180, but 175) is
observed simply based on chance betwen 10% and 50% of the time.
This is acceptable: only those deviations that are expected to occur
5% of the time (once every 20 times we do the experiment) or less
can force us to say that the deviation is not due to chance >

simple Mendelian inheritance for these two alleles |

MCB1409-10-08 14

“End of Drug Trial Is a Big Loss for
Pfizer” Dec. 4 2006

The news came to Pfizer's chief scientist, Dr. John L. LaMattina, as he was showering at
7 a.m. Saturday: the company's most promising experimental drug, intended to treat
heart disease, actually caused an increase in deaths and heart problems. Eighty-two
people had died so far in a clinical trial, versus 51 people in the same trial who had
not taken it.

Within hours, Pfizer, the world’s largest drug maker, told more than 100 trial investigators
to stop giving patients the drug, called torcetrapib. Shortly after 9 p.m. Saturday,
Pfizer announced that it had pulled the plug on the medicine entirely, turning the
company's nearly $1 billion investment in it into a total loss.

The abrupt decision to discontinue torcetrapib was a shocking disappointment for Pfizer
and for people who suffer from heart disease. The drug, which has been in
development since the early 1990s, raises so-called good cholesterol, and
cardiologists had hoped it would reduce the buildup of plaques in blood vessels that
can cause heart attacks. Just last Thursday, Pfizer’s chief executive, Jeffrey B.
Kindler, said publicly that the drug could be among the most important new
developments for heart disease in decades and that the company hoped to get Food
and Drug Administration approval for it in 2007.

“I'm terribly disappointed,” said Dr. Steven E. Nissen, chairman of cardiovascular
medicine at the Cleveland Clinic and lead investigator of an earlier torcetrapib clinical
trial. “This drug, if it worked, would probably have been the largest-selling
pharmaceutical in history.”
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Expected (if (0-Ey2 Chi
Sample Observed drug is (O-E)*2 - square
divby E
harmless) value
Torcetrapib + lipitor 82 66.5 240.3 3.6 7.23
Lipitor alone 51 66.5] 240.3) 3.6]

Null hypothesis: torcetrapib is safe (as far as death from cardiovascular events are concerned).
What is the likelihood that the observed difference is due solely to chance?

Somewhere between 0.1 and 1%

The null hypothesis is rejected.

TABLE 5.1 Critical Chi Square Vs
P Values
the ull N Hypotheu Reected
., __Cannot Rejct the Null Hypothesis Mypotheshs Repec
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Back to Bateson and Punnett

. Chi
Expected (if A (O-E)*2
Sample Observed SMI) (O-E)"2 div by E qu;iree
Purple, long (P_L ) 284 215 4761.0 22.1]  132.61
Purple, round (P_II) 21 7 2500.0 35.2
Red, long (ppL_) 21 71 2500.0 35.2
Red, round (ppll) 55 24 961.0 40.0

Null hypothesis: the genes exhibit SMI.

What is the likelihood that the observed difference is due solely to chance?
Well below 0.1%.

The null hypothesis is rejected.

What is going on? What can explain this “repulsion and coupling”?
Why are these two genes disobeying Mendel’s second law?
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Morgan’s observation of linkage

One of these genes affects eye color (pr,
purple, and pr*, red), and the other affects
wing length (vg, vestigial, and vg*,
normal). The wild-type alleles of both
genes are dominant. Morgan crossed pr/pr
- vg/vg flies with pr/pr* - vg*/vg* and then
testcrossed the doubly heterozygous F,
females: prt/pr - vg*/vg x pr/pr - vg/vg .

1CB140 9-10.08 18
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The data

1339
1195

151
154
2839

1:1:1:1?21 ©
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Expected (if e .
Sample | Observed drug is (O-E)*2 ((.) £)*2 Chi
divby E | square
harmless)
AA 1339 710 395641 557.2] 1764.1
ab 1195 710 235225 331.3]
Ab 151 710 312481 440.1
aB 154 710[ 309136 435.4

Null hypothesis: genes not linked.

What is the likelihood that the observed difference is due solely to chance?
Ummmmm. Yeah ....

--> null hypothesis, shmull hypothesis.
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In place of attractions, repulsions and or-
ders of precedence, and the claborate systems
of coupling, I venture to suggest a compara-
tively simple explanation based on results of
inheritance of eye color, body ecolor, wing
mutations and the sex factor for femaleness in

side. In consequence, we find coupling in
certain characters, and little or no evidence

hil If the ials that rep:

thesa factors are contained in the chromo-
somes, and if those factors that “couple” be
near together in a linear series, then when
the parental pairs (in the heterozygote) con-
jugate like regions will stand opposed. There|
is good evidemce to support the view that
during the strepsi stage 1

chromosomes twist around each other, but
when the chromosomes separate (split) the
split is in a single plane, as maintained by|
Janssens, In consequence, the original ma-|
terials will, for short distances, be more likely,
to fall on the same side of the split, while
remoter regions will be as likely to fall on|
the same side as the last, as on the opposite|
side. In consequence, we find coupling in|

Morgan Science 1911

at all of ling in other ch ; the
difference depending on the linear distance
apart of the chromosomal materials that repre-
sent the factors. Such an explanation will
account for all of the many phenomena that
I have observed and will explain equally, T
think, the other cases so far deseribed. The|
results are a simple mechanical result of the
location of the materials in the chromosomes,
and of the method of union of homologous
chromosomes, and the proportions that result
are not so much the expression of a numerical
system as of the relative location of thel
factors in the chromosomes. Inslead of ran-|
dom segregation in Mendel's sense we find
“ associations of factors” that are located
near logether in the chromosomes. Cylology
furnishes the mechanism that the experi-
mental evidence demands.
T. H. Moroas

September 10, 1911,

F.A. Janssens

us. o, ate telophnes
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Batrachoseps attenuatus
California Slender Salamander

A
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These two loci do not follow Mendel’s
second law because they are linked

ar vg
P . *
Br l vg
Gametes ":g l
a7
Fl IM.
PrE e
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The data

proooveT
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1339
1195
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pr-veg”

151

154

2839
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A B [ o

Fra. 24.—Diagram to represent erossing over. At the level where the
black and the white rod cross in A, they fuse and unite as shown in D.
‘I'he details of the crossing over are shown in B and (.
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Recombination Frequency
(Morgan’s data)

1339 red, normal
1195 vermillion, vestigial

151 red, vestigial

_.154 vermillion, normal

2839 total progeny.

305 recombinant individuals.
305 / 2839 = 0.107

Recombination frequency is 10%.
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Recombination frequency -

a genetic map (Sturtevant’s data)

prveg/prvg 165
parental

't ovgtiprvg 191

r vg "t ipr 23
prve prvs } recombinant

prtovelprvg 2

400

pre

1.0 vg"
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Unit definition

1% recombinant progeny =
1 map unit =
1 centimorgan (cM) ~ 1 Mb
(note: the latter applies to humans)
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Mapping By Recombination
Frequency (Morgan’s data)

1339 red, normal
1195 vermillion, vestigial

151 red, vestigial

_.154 vermillion, normal

2839 total progeny.

305 recombinant individuals.
305 / 2839 =0.107

Recombination frequency is 10%

Map distance between the two loci is 10 m.u.
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26 GENETICS: W. E. CASTLE

arrangement to be linear and in the group of genes most exhaustively studied,
that of the ‘sex chromosome’ has represented them in a ‘chromosome map,
as shown in Diagram I.

That the arrangement of the genes within a linkage system is strictly
linear seems for a variety of reasons doubtful. Tt is doubtful, for example,
whether an elaborate organic molecule ever has a simple string-like form.
Let us, therefore, examine briefly the evidence for or against the idea of
linear arrangement of the genes. It is supposed by Morgan that two genes
lying in the same chromosome show close linkage if they lie close together, but
less linkage if they lie farther apart, and that the farther apart they are the
less will be their linkage. As a measure of the distance apart of two genes he

MCB1405-1008 35

W, E CASTEE -

1C5140 10,08 36
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If genes are more than 50 map units apart, they behave as if they were unlinked.
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There was an atmosphere of excitement in the laboratory, and a great
deal of discussion and argument about each new result as the work rap-
idly developed.

In 1909 Castle published diagrams to show the interrelations of
genes affecting the color of rabbits. 1t seems possible now that these dia-
grams were intended to represent developmental interactions, but they
were taken (at Columbia) as an attempt to show the spatial relations in
the nucleus. In the latter part of 1911, in conversation with Morgan about
this attempt— which we agreed had nothing in its favor—I suddenly re-
alized that the variations in strength of linkage, already attributed by
Morgan to differences in the spatial separation of the genes, offered the
possibility of determining sequences in the linear dimension of a chro-
mosome. | went home and spent most of the night (to the neglect of my
undergraduate homework) in producing the first chromosome map,
which included the sex-linked genes v, w, v. m, and r, in the order and
approximately the relative spacing that they still appear on the standard
maps (Sturtevant, 1913).

Bridges (left) and Sturtevant in 1920.
G. Rubin and E. Lewis Science 287: 2216.

MCB140 5-10-08 39 Sturtevant 1961 1081405-10.08 40

THE LINE AR AMEASGEMENT OF
SN SEN-LINKED FACTORS 1% [ROSOPHILA,
AsSEOWS BY THEIR MOBE OF ASSOCIATION

A WL STURmY AT

The three-point testcross

s Tomea

From my perspective, the single most
majestic epistemological
accomplishment of “classical” genetics
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Reading

Two chapters from Morgan’s book (lll, on
linkage, and V, on chromosomes).

A short chapter from Sturtevant’s History of
Genetics.

Chapter 5, section 2.
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How to Map Genes Using a Three-
Point Testcross

1. Cross two pure lines.
2. Obtain large number of progeny from F1.

3. Testcross to homozygous recessive
tester.

4. Analyze large number of progeny from
F2.

MCB140 9-10-08 44

P V+/v+ - cvlev - ct/ct x VIV - cvtev+ -
ct+/ct+.
F1 ‘L
viv+ - cv/cv+ - ct/ct+ x viv - cvicv - ct/ct.
{
Two Drosophila were mated: a . .
red-eyed fly that lacked a cross- veev oot 580
vgin on the wings and_ _had snipped vhoeow e ot 507
wing edges to a vermilion-eyed, -
normally veined fly with regular Vv ot 45
wings. All the progeny were wild vt oo 40

type. These were testcrossed to a

fly with vermilion eyes, no cross- voev el 89
vein and snipped wings. 1448 vtoeowt oot 94
progeny in 8 phenotypic classes veoevt ot 3
were observed. . . 5
Map the genes. v v —_

1448
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Possible gene orders Double recombinant chromatids

v ot cov v ct [

Ua at ov ad oV ov

mm——
et v ov ct v o
ot cv v cvt cv v

¥ F (Y
(=3 av vt ot (= ad v
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1. Rename and rewrite cross

For data like these, no need to calculate x2. Begin (you don’t have to, but it helps) by designating the
genes with letters that look different in UPPER and lowercase (e.g., not “W/w” but “Q/q” or “I/i"):
eye color: vt/0 = E/e

vein on wings: co*/co =N/n

shape of wing: ct*/ct = F/f (you fly using wings)

P: EE nn ff x ee NN FF

test-cross: Ee Nn Ff x ee nn ff
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2. Rewrite data

Arrange in descending order, by frequency.

NCOs e N F 580
E n f 592
e n F 45
E N f 40
e n f 89
E N F 94
|| E n F 5
DCOs e N f 3

1CB140 9-10.08 45




3. Determine gene order

|e N F 580
E n T 592

With the confusion cleared away, determine gene order by
comparing most abundant classes (non-recombinant, NCO) with
double-recombinant (least abundant, DCO), and figuring out,
which one allele pair needs to be swapped between the parental
chromosomes in order to get the DCO configuration. This one
allele pair will be of the gene that is in the middle.

E n F 5
e N T 3
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3b. Determine gene order

NCOs: DCOs:
Enf EnF
—p

eNF eNf
Gene order: EF N (or N F E).
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4 Eand F

Next, map distance between genes E and F by comparing the
number of single recombinants (COs) for those two genes

with the number of NCOs.
e N F 580
E n Ff 592
e n F 45
E N F 40
e n f 89
E N F 94
le N F 3

IE n F 5

RF=(89+94+3+5)/1448=0.132
The E and F genes are separated by 13.2 m.u.
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4b. F and N

Now, map distance between genes F and N by comparing
the number of single recombinants (COs) for those two genes
with the number of NCOs.

e N F 580
E n f 592
e n F 45
E N f 40
e n f 89
E N F 94

le N F 3

|E n F 5

RF=(45+40+3+5)/1448=0.064
The F and N genes are separated by 6.4 m.u.
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4c. E and N

Finally, map distance between genes E and N by
comparing the number of single recombinants (COs)
for those two genes and the number of DCOs for those
two genes with the number of NCOs. Count DCOs
twice because they represent two recombination
events, and to calculate the correct RF we must, by
definition, count every recombination event that
occurred between those two genes (even if it doesn’t
result in a recombinant genotype for those two genes!).

e N F 580
E f 592
e n F 45
E N F 40
e n f 89
E N F 94
e N f 3

E n F 5

RF=(45+40+89+94+3+5+3+5)/1448=0.196
The E and N genes are separated by 19.6 m.u.
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5. The map (ta-daaa!)

13 cr (85
} ! e ———
— 132 mu.— 6 mu.—*
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6. Interference

A crossover event decreases the likelihood
of another crossover event occurring
nearby.

observed frequency, or
number of double recombinants

expected frequency, or
number of double recombinants
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Recontbination analysis rebes so beavily on tree-poi testcrosses imd exsendsd versions of theva that # is worth making a.
step-by-sep nanmary of the analyzs, endng with an mterference caloulaben. We shal use rumencal values from the data
onthe v, oz and ov boes

1. Caleulate recombiant Bequences for sach par of gerss
verv = 18.5%
cv=gr = §.4%
a-v = 132%

2. Biepresent Erkeage relations = a Ekage map
H

3. Dietermine the doubls recombinant classas

4. Calculate the frequency and mumber of double recombinants expected £ there is o mterference
Expected frequency = 0132 ¥ 0064 = 00084
Expected number = Q0054 % 1448 = 12

£, Caleulase mterference
Dbserved mamber of double recombinasds = 8§
Expected nunsber of double recombisants < 12

A== f =& = 033, 0r 3%
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Final map:

E—F

N

132mu. 64 mu.

For dessert, do not forget to calculate interference for these loci.
The mathematical probability of seeing a DCO in this area is
equal to the product of probabilities of seeing a CO between E--
F and seeing a CO between F--N:

p(expected DCOs)=0.132 x 0.064=0.008448
This means we should have seen 0.008448 x 1448= 12 DCOs. We

only saw 3 + 5 = 8, i.e. the observed frequency of DCOs is
8/1448 = 0.005524.

Interference is equal to 1 minus the “coefficient of coincidence”
=1 - p(O)/p(E) = 35% > 35% of the double-recombination
events that were expected to have occurred based on
probabilistic considerations didn’t because of interference.
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Qwwy'ymm x JFXIY

Lo o e g, Pt et s e s

{a} Thews-pomt crous rescits

» QbEibE X Wb e
Belore data analysis. you do not
know the gane order of allle

L b d ‘combination on each chromosoma.
'
Tastcrmss ) wpbpe/vp b et % vpbpei b Male progeny 2278 w° y* m /Y - Parental class.
2157 w y {noncrossover)
— 1203 w y m /Y -) Crossover in region 2
Tos 1T g b e el
progeny 1654 g pet 1002 w' " m* /¥ - (betwean wand m)
e 49 w'y m /Y -] Crossoverin region 1
13 :}: 4w sy - (etwean yand m)
R 2 w'y /Y 7 Double
1 o I
] ﬁw ) 1w y'm/Y - crossovers

a7 6823

Aftor data analysis, you can concluda that

thea gene order and allele combinations on the

X chromasomes of the F, lemales were y war /y* w* m.
TEamu FAma | =i87ma

Tima
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Mapping by linkage

Two SNPs showed the greatest linkage, and they lie in a
260 kb region. This stretch contains the complement H
gene — CFH is a component of the innate immune
system which regulates inflammation, which, in turn, is
consistently implicated in AMD.

“Resequencing revealed a polymorphism in linkage
disequilibrium with the risk allele representing a tyrosine-
histidine change at amino acid 402. This polymorphism
is in a region of CFH that binds heparin and C-reactive
protein. Individuals homozygous for the risk alleles have
a 7.4-fold increased likelihood of AMD (95% CI 2.9 to
19).”

Haines et al. Science 308: 419.
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