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4 Chapter 1: Male-biased mutation

Table 1.1: Methods for estimating the male bias in the mutation rate.

Considerations

Germ cells Provides the most accurate estimate of germ cell mutation. Male germ
cells are readily available in large numbers, but there are few mature
female germ cells at any time and sampling them is invasive. Mutations
in germ cells may not be inherited, e.g. damage can cause infertility or
may be repaired in the early embryo. Useful for detecting contemporary

sources of mutation.

Pathogenic mutations Cause a phenotypic change that can influence the probability that the
mutation is inherited. Sample sizes are limited by the availability of
informative genetic data from patients and their families. Potential
ascertainment bias, e.g. if not all mutations come to clinical attention.

Possible to detect the parental origin of a single mutation.

Nucleotide substitutions  Possible to consider a large number of substitutions and species.
Requires comparison of different loci, consequently estimates are
potentially biased by regional variation in mutation pattern or unequal
divergence times. Historical sources of mutation may not reflect

contempnra ry sources.

over a long time period, and has the advantage that a large number of mutations

from across the genome may be examined.

Initial estimates of the extent of the male mutation bias relied on family studies
of X-linked recessive Mendelian diseases. Haldane estimated the male bias in
the rate of mutations that cause haemophilia, an X-linked recessive disorder,
by estimating the proportion of carrier mothers with affected sons. For an X-
linked recessive disorder where most incidences of the disorder are caused by
new mutations, the proportion of mothers of affected individuals who are carriers
for the mutation is related to the sex-bias in the mutation rate. When the disease-

causing mutation occurs in the germ line of the mother, the mother will not be a






6 Chapter 1: Male-biased mutation

Where the female and male mutation rates are denoted 4i; and i, respectively,
the substitution rate of the Y chromosome (y1y) is j,,,, the substitution rate of the
X chromosome (1 x) is 2/3jty + 1/31,, and the substitution rate of the autosomes
(p14) is 1/2411 4 1/241,,,. The ratio of the male to female substitution rate is denoted
a = i, /jts. Therefore the ratio of the substitution rate on the X chromosome

compared to the autosomes is:

mx 2(241f + ftm) b 2(2p5 + ayuy) : 2(2 + «) (1.1)
JiA 3(pef + pim) 3(pp + ayiy) 3(1+a)

Similar calculations yield:

B _ 00 g 20 (12)
itx 24a 1A 1+a

Analogous results are easily derived for birds, where females are the heteroga-

metic sex.

From 1.1, as a gets infinitely large, the ratio ’/1—“ of the substitution rates on the X
chromosome and the autosomes approaches 2/3. Early studies using the method
of Miyata et al found ’/'I—“ was less than the theoretical minimum value of 2/3.
Results from subsequent studies have been variable, and are discussed below.
Note that as % must be positive, the function f : i',—“ — a maps values of ’/'I—‘
from 2/3 to 4/3 to values of o ranging from o to 0. That is, small changes in the

ratio i’l—‘\ result in large changes in a.

The relationship between the chromosomal substitution rate ratio and «, shown

in Figure 1.1, differs for each chromosomal comparison. The three curves in
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Figure 1.1: Substitution rate ratios and associated o values for different chromosome comparisons. The
vertical grey shaded region shows the range from 2.5~ 6. o estimates reported for humans have
typically been within this range. The horizontal coloured regions show the range of substitution
rate ratios that can produce an a estimate in the range 2.5-6. Abbreviations are X - X-linked, Y -
Y-linked and A - autosomal.

Figure 1.1 share the property that for small values of o, large fluctations in the
chromosomal substitution rate ratio produce small changes in o estimates. This
is particularly noticeable for the §+ comparison, where substitution rate ratios
from 0.55- 1 all produce o estimates from ~ 1.5- 4. In contrast, the same range of
-\f substitution rate ratios produces o estimates from 1- ~, with values less than 3
producing an invalid result. The opposite relationship is true of large values of o;
very small fluctuations in the chromosomal substitution rate ratio will produce
large changes in a. As the curve for ’\i comparisons has the smallest gradient

at any value of a, a estimates from this comparison can be expected to be the









10 Chapter 1: Male-biased mutation

the sex chromosomes. The X chromosome is postulated to have evolved a low
mutation rate to avoid exposing mutations in a haploid state in males (McVean
and Hurst, 1997). This would have the effect of inflating estimates of male bias.
Evidence for a mutation rate reduction on the X chromosome is limited. Whilst
the human and chimpanzee X chromosomes show unusually low divergence,
this is thought to be a result of either a complex speciation process or a selective

sweep (see next section).

Ancestral diversity

The total number of differences between two species can be divided into those
differences that occurred after speciation, and those differences that result from
the fixation of polymorphic sites that existed at the time of speciation. For closely
related species, differences resulting from ancestral polymorphism can constitute
a considerable proportion of the total divergence. Burgess and Yang (2008)
estimated that 39% of the total divergence between humans and chimpanzees

results from ancestral polymorphism. The total divergence d can be expressed as

d = 2ut + 4N (Kimura, 1983) (1.3)

where /i is the mutation rate, ¢ is the time in years since speciation, N, is the
effective population size of the ancestral population and 4N, is the contribution
of ancestral diversity to divergence. The equivalent chromosome-specific values
will be denoted with the subscripts X, Y and A for X-linked, Y-linked and
autosomal values respectively, for example d, is the autosomal divergence.

From 1.3, it is apparent that the ratio of divergence estimates from different










































24 Chapter 1: Male-biased mutation

method also contribute (Smith and Hurst, 1999). Whether these factors enhance
or obscure the male-bias mutation effect is not yet clear. Before the replication
origin hypothesis for male-biased mutation is accepted, other potential causes

must be excluded.

1.0.5 Sex differences in germ cell biology

Male and female germ cells differ in many respects other than the number
of replication cycles each must undergo (see Hedrick, 2007, for review), and
some of these differences potentially contribute to the different mutation rates
observed in each cell lineage. A male bias in the mutation rate could be the
consequence of an event that only occurs, or occurs more frequently in the male
germ line. It may also result from some aspect of the male germ cell environment
that makes male germ cells relatively more susceptible to mutation than female
germ cells. This section will briefly review sex-specific differences in germ cell
development. More detailed reviews of the two mechanisms a considered in this

work, methylation and transcription, are presented in the relevant chapters.

Gametogenesis involves the same events in males and females, although the
timing and stage of development at which they occur differs substantially.
Spermatogenesis and oogenesis involve mitotic proliferation, recombination of
paternally and maternally inherited chromosomes and the production of a
mature haploid gamete during meiosis, followed by quiescence until fertilisation.
In females, meiosis begins before birth, and germ cells remain arrested at the
meiotic prophase until they are selectively recruited to complete a growth and
maturation period around ovulation. The first meiotic division is completed at

ovulation, and the second after fertilisation. During the growth period, large












28 Chapter 1: Male-biased mutation

the demonstration in Chapter 5 that male bias estimates from intronic and
intergenic primate sequences differ, implying that transcription contributes to
male bias and that significant differences in male bias estimates occur even
for relatively closely related species; and a comprehensive quantification of the
contribution of methylation to male-biased mutation in Chapter 4. It is argued in
Chapter 6 that the replication-origin hypothesis for male-biased mutation is too

simplistic, and that the a statistic is not ideally suited for estimating male bias.



Table 1.2: Male bias estimates from comparative studies. Abbreviations are A = Autosomal, X = X-linked, Y = Y-linked, H = Human,
C = Chimpanzee, G = Gorilla, B = Bonobo, Gi = Gibbon, S = Siamang, Ms = Mouse, R = Rat, Hr = Horse, FFD = Fourfold degenerate,

L = Likelihood, P = Parsimony, D = Distance, AA = amino acid, AD = Ancestral Diversity, Chr = Chromosome.

Species Chr & Data Method Notes Ref
Primates HC L4 X 1354 Genomic P (Ebersberger et al., 2002)
2832 AD =4 x present human diversity
HCG - 1.66 (1.19-2.45)  Intergenic P (Bohossian et al., 2000)
1.8 (1.15-2.87) AD = present chimpanzee diversity
H = 21 Repeats P (Lander, 2001)
HCGBSGi ’—\ 2.23 (1.47-3.84) Intronic P Internal branches, A data from chr 3 (Makova and Li, 2002)
GB 4.26 AD (A) =19%, AD (Y) =0
5.25 (2.44—c) External branches
HC - 3.6 (1-x) Pseudogenes L (Nachman and Crowell, 2000)
L 0.711-1.95
% 8.69->
- 16.7-28.8 Zfx/Zfy, Ubelx/Ubely FFD
Other mammals HMsHr + 3 Coding Same alpha for each species (Agulnik et al., 1997)
Cats ‘T 4.38 (3.76-5.14)  Zfx/Zfy introns (Pecon Slattery and O’Brien, 1998)
Mice L 1.8 (Geraldes et al., 2008)
< 3.9
- 2.3
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Chapter 2

Modeling context dependent nucleotide

substitution

In this chapter, the context dependent nucleotide substitution models used
throughout the following chapters are presented. I address the properties of the
models, with emphasis on the behaviour of substitution rate estimates obtained
when no sequence context effects exist. The results of this chapter extend the
results presented in Lindsay et al. (2008) to consider the context dependent

substitution model of Yap et al. (2010).

2.1 Introduction and Theory

The causes of germline mutation can potentially be inferred by considering base
substitutions that have accumulated as species have diverged. According to the

neutral theory of molecular evolution, when a sequence is not subject to natural















36 Chapter 2: Modeling context dependent nucleotide substitution

The @@ matrix describes the propensity for substitutions to occur. Entries of a @
matrix will be described as instantaneous, relative substitution rates, or simply

as a substitution rate when the substituted motifs are specified.
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Using 2.4, and noting that because of the initial condition, P(0) = I, where [ is

the identity matrix,

Pyj(t+ At) = Py(t) = ) Pul(t)Pyj(At) — Py(t)
]\.

= > Pu(t)Pij(At) — Py(t) + Py(t) P(At)
k#j

> P(t)Pyj(At) — Py(t)(I — Pjj(At))
k#j

Dividing both sides by At and taking the limit as t — oc

> kzj Pie(t)Pij(At) — Pi(t)(I — Pji(At))
INT,

Pl.(t) = lim
’J() At—0

The limit and sum may be interchanged because the sum is finite. Interchanging these

and using the identities derived in 2.7,

Pi(t) = > Pu(t)a; + Pij(t)qj;

k#j
= > Palt)ax (2.8)
A‘
In matrix form, 2.8 is written P(t) = P(t)Q

A similar construction to the above gives P'(t) = QP(t). Using the initial

conditions, these equations can be solved to give

P(t) = ¥ (2.9)
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for substitution rate ratios to a statistics. To disentangle the influences of motif
frequencies and nucleotide mutability on branch length estimates, instantaneous
substitution rates and substitution frequencies are compared, where a substitu-
tion frequency is the total contribution of a given substitution type towards the

branch length estimate, defined as in Goldman and Yang (1994).
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Figure 2.1: Comparison between model specifications of the estimated rate of CpG substitutions in
context-free data. A GTR substitution model was fitted to three intronic alignments, with
relatively a. low b. average and ¢. high G+C%. Using each set of fitted values, 1000 alignments
were simulated, and GTR + C'G «» NN models fitted to the simulated alignments. Kermnel
density plots based on the distribution of 7'7¢..c«; estimates are shown. As the alignments were

simulated according to an independent process, the expected value of rrc..cc is 1.
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Figure 2.2: Comparison of dinucleotide parameter estimates between models. Dinucleotide parameters
(dinuc) were estimated using a GTR + dinuc substitution model for the conditional (CNF),
dinucleotide (TF) and single nucleotide (NF) motif frequency specifications. Models were fitted
an intronic alignment (ENSG00000115423) with a G+C% typical of the alignments in the intronic
data set. Parameter estimates that differed by more than 0.75 between models are annotated with
the substitution represented. The line where points on the X-axis and Y-axis are equal is shown in
red, and black lines are drawn at the value 1 for each model. A parameter value of 1 is interpreted
as the absence of a context effect.
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Figure 3.1: Comparison of G+C% and dinucleotide motif probabilities between intergenic X-linked

and autosomal data. The top panel shows the G+C% distribution of intergenic alignments,
sorted by the chromosomal location of the human sequences. Whiskers show the G+C% range
for alignments with G+C" within (1.5 times the interquartile range) of the upper and lower
quartiles, Alignments with G+C% outside this range are indicated with { signs. The lower
panel summarises the results of Wilcoxon signed-rank tests of whether the distribution of each
dinucleotide motif in X-linked alignments differed from the distribution of the same motif in each
of the autosomes. A p-value cutoff of 0.05 was chosen to indicate significant difference. Tests
that were significant after a Bonferroni correction for multiple testing was applied are indicated
in colour. Blue squares indicate tests with a significant p-value where the mean dinucleotide
frequency on the autosome was greater than that on the X chromosome (A > X)), and red squares
indicate significant tests where the mean dinuclectide frequency was greater for the X-linked

alignments (\ 1)
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Table 3.1: Association between (TR parameter estimates and sequence features. Spearman’s rank
correlation statistics were calculated to test for associations. Spearman’s p statistic is shown
for each comparison to 2 decimal places, and associations that were significant at the 0.001 (**)
or 0.05 (*) level, after the p-value cutoff was adjusted to correct for the multiple comparisons,
are indicated. G'T'R parameter estimates were rescaled to sum to one, and were estimated for
intergenic X-linked (X) and autosomal (A) data using the CpG baseline model. Abbreviations: @
- Female & - Male rr - recombination rate.

Data Ppaue froc fcoe froc Fooa froa

G+C% A 041%x  0.36%x —0.72x% —0.45 %% —0.45%% .25 **
X 0.35%x  0.18% —0.58 %% —0.44%x —0.38%x  0.05
CpG frequency A 0.35%x  0.24%x —0.54%x —0.34%x —0.3dxx (.15 %x*
X 0.24 0.08 —0.19% —0.27*%x —0.25% —0.13
Distance to telomere A —0.10 %% —0.06 *x 0.16xx  0.07*x  0.07%x —0.03
X —0.08 —0.13 —0.04 0.20 0.15 0.40 **
Q Ir A 0.04 0.02 —0.07 %xx —0.01 —0:02 —0.00
X —0.02 0.12 0.11 =0 —0.00 —0.31 *x
(o : J A 0.05%%  0.01 —0.06 *x —0.02 —0.03 —0.03

3.4 Discussion

Matching X-linked and autosomal alignments according to their nucleotide or
CpG composition was not sufficient to enable meaningful a estimates to be
calculated. Although the substitution rate difference between X-linked and
autosomal alignments was relatively constant for alignments matched according
to their recombination rate in the female germline, o estimates remained very
sensitive to fluctuations in substitution rate estimates for X-linked data. Matching
alignments for several features might generally decrease the variance of «
estimates, but reducing the volume of data considered could have the opposite
effect. Considering the confidence intervals for a estimated in here, it is no

surprise that previous studies have reported a wide range of o statistics even
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Figure 3.2: Human substitution rate estimates

versus rate predictors. a. G+C% b. CpG frequency c.

Female-specific recombination rate (rr) d. Male-specific recombination rate e. Distance from the

human telomere. G+C% and CpG frequency are the average values across an entire alignment.

Polynomials of degree 2 were fitted to each data set for e., and degree | polynomials fitted to the

other figures. Fitted values are plotted, Fach data point represents the maximum likelihood

estimate of the human substitution rate for one of the alignments in the intergenic data set.

Abbreviations: rr recombination rate ¢M centiMorgan Mb Megabase bp base pairs



3.4 Discussion 79

a. b.
5 %
20 20
15 15
Lo 10|
S| %)
30 » £ L % L] G% 0003 ooio 0013 0020 0o
(e G+C% CpG frequency (%)
Cuyo dy,
25 25
20| 220
15 18
10 . 10;
> S
3 o s i0 15 20 5 30 s °:) 1 2 3 4 S [ ? L]
Female rr (cM per Mb) Distance from telomere (bp) 8
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recombination rate (rr) d. Distance from the human telomere. o was estimated using the

trend functions in Figure 3.2. Approximate 95% bootstrap confidence regions are shaded.
Abbreviations are defined as for Figure 3.2,
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the duration of time for which male germ cells are more methylated than female
germ cells is much longer than the early embryonic period when the paternal

genome is comparatively hypomethylated.

4.1.3 Potential consequences for male-biased evolution

The possibility that most CpG mutations are of paternal origin was suggested
by Driscoll and Migeon (1990) after they observed that human oocytes are
unmethylated compared to spermatocytes when they begin meiosis. Lower
methylation levels, later acquisition of methylation and less frequent replication
in oocytes suggest that CpG transitions should be male-biased. The CpG
transition rate may also be affected by sex differences in germline transcription
activity (discussed in Chapter 5) and differences in deamination rate caused by

regional nucleotide composition.

As is typical of o estimates in general, estimates of the male-bias in the CpG
mutation and substitution rates are highly variable (e.g. Ketterling et al., 1993,
Becker et al., 1996, Taylor et al., 2006). McVean (2000) found that the very
low human o estimate published by Bohossian et al. (2000) can be attributed
to the low CpG frequency of the data analysed, assuming that male-bias at
other sites derives from a strong bias at CpG sites. Ketterling et al. (1993)
found the rate of hemophilia-causing CpG transitions was greater than the
rate of non-CpG transitions, as was the rate of CpG compared to non-CpG
transversions. Dinucleotide frequency differences between chromosomes also
support a contribution of methylation to male-biased mutation (Huttley et al.,
2000). However, estimates of the male-bias derived from substitution rate

estimates do not consistently support a strong male-bias for CpG substitutions
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Figure 4.1: CpG transition rate estimates for intronic and intergenic data. Estimates for the CpG baseline
model are shown for data from the entire autosomal and the X-linked data sets. Whiskers and
outliers are defined as in Figure 3.1.

4.3.4 Effect of motif frequency differences on male-bias estimates

Whilst it was shown in Table 4.1 that the instantaneous CpG transition rate
is approximately equal in X-linked and autosomal data, the CpG substitution
frequency along the human branch exhibits an above-average male bias as a
consequence of the often greater CpG dinucleotide frequency in autosomal than
in X-linked alignments (see Chapter 2, Figure 3.1 ). Figure 4.2 shows the number
of transitions, CpG transitions, transversions and CpG transversions expected
along the human branch, and a statistics calculated by comparing the mean
number of substitutions of each type are shown in Table 4.3. Considering the
rarity of CpG dinucleotides, CpG transitions account for a large fraction of

the substitution rate difference between X-linked and autosomal alignments.
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Table 4.3: & estimates for CpG and non-CpG transitions and tranversions. Estimates were calculated
by comparing the average expected number of substitutions in X-linked and autosomal data.
Abbreviations CpG ts transition involving a CpG, ts transition not involving a CpG, CpG tv

transversion involving a CpG, tv transversion not involving a CpG

Data type  CpG ts ts CpG tv tv

Intergenic  53.63 (20.06->x) 6.48 (5.01-8.52) 13.14 (8.25-27.93)  4.32 (3.36-5.76)
Intronic oo (oo— ) 234.32 (18.45-0) o0 (00— ) 24.89 (9.24-x0)

Based on the mean expected number of substitutions per site, CpG transitions
account for approximately 14-15% of the substitution rate difference between X-
linked and autosomal data, and CpG transversions another 3%. CpG transition
frequencies exhibit a stronger male-bias than all of the other substitution types
considered, and CpG transversion frequencies exhibit a stronger male-bias than

non-CpG transversions.

4.4 Discussion

Taylor et al. (2006) found that substitutions at CpG sites show less male-bias
than substitutions at non-CpG sites, and concluded that that CpG and non-CpG
substitutions occur via different mechanisms. This study expanded on these
results by considering male-bias for CpG substitutions in relation to the complete
dinucleotide substitution spectrum. It was supposed that if CpG transitions have

a weak male-bias because they occur via a replication-independent mechanism
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Figure 4.2: Contributions of transitions and transversions within and outside the CpG context to the

human substitution rate. Substitution frequencies are estimated as the number of substitutions

per dinucleotide site expected along the human branch of the alignments. Abbreviations CpG ts

transition involving a CpG, ts transition not involving a CpG, CpG tv transversion involving a

CpG, tv transversion not involving a CpG

and all other substitutions occur via a replication-dependent mechanism, CpG

transitions should be less biased than all other types of substitutions.

The results presented in this chapter are in conflict with the results presented

by Taylor et al. (2006). By considering genome-wide average substitution rate
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be determined whether CpG substitutions exhibit an average male bias because
methylation indirectly affects male bias, or because the processes that cause male-
bias affect CpG and non-CpG dinucleotides equivalently. However, any effect
of methylation on the male-bias does not appear to be a simple consequence of

methylation differences between the male and female germlines.
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Table 5.1: & estimates for intronic and intergenic data. a was estimated for the flanking pair data set, the
complete intronic and intergenic data sets (“All Intronic” and “All Intergenic’), and the intronic
and intergenic alignments that were not members of the flanking data set (‘Other Intronic” and
‘Other Intergenic’). Estimates of a were calculated using the ratio of the mean X-linked and
autosomal substitution rate (branch length) estimates for each data set. Branch lengths were scaled
conventionally. The 95% confidence intervals are shown in brackets. Confidence intervals were
calculated by resampling from each set of substitution rate estimates with replacement. The value
‘oc” is used when the ratio of X-linked and autosomal substitution rates (%) did not produce a

valid « statistic, that is, ﬁ‘ < l‘ < —i Estimates are shown to 3 decimal places.

Data

Human

Chimpanzee

Macaque

Flanking intronic
Flanking intergenic
All intronic

All intergenic
Other intronic

Other intergenic

24.741 (5.846 — x)

9.147 (3.813 — 388.452)

35.645 (9.121 - )
6.378 (4.947 - 8.684)
40.059 (7.860 - )

6.230 (4.833 - 8.534)

1.181 (0.721 - 1.932)
1.302 (0.665 - 2.368)
1.624 (1.255 - 2.105)
1.133 (0.955 - 1.337)
1.808 (1.344 — 2.483)
1.122 (0.950 - 1.326)

2.357 (1.300 - 3.935)
2.116 (1.425 - 3.247)
3.072 (2.481 - 3.742)
1.848 (1.658 - 2.053)

3.391 (2.838 — 4.068)
1.828 (1.637- 2.040)

the substitution process extends beyond the transcribed region. Further, male
bias was greatest for the “other intronic” alignments, which because of the lack
of long neighbouring intronic alignments are presumably located in gene-dense
regions. Similarly, male-bias was weakest for the “other intergenic” alignments,

which are presumably located in gene-poor regions.

Male-bias estimates for the human and chimpanzee lineages differed significantly
in each of the data sets. Estimates in Table 5.1 indicate a strong male bias for
the human lineage, a weak bias for the macaque branches, and little evidence of
male-bias on the chimpanzee lineage. No significant male-bias was detected on
the chimpanzee branch for the intergenic data, suggesting that the bias observed

in intronic data may be entirely related to transcription.
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Figure 5.1: The effect of transcription on substitution rate depends on the background substitution
rate. Fach data point represents data from a flanking intronic and intergenic alignment pair.
The branch length for the intergenic alignment is contrasted with the difference between this
length and the equivalent length estimate from the intronic alignment.  The “testis-specific’
genes are expressed specifically within the testis in humans. The ‘sperm’ genes are involved
in spermatogenesis in humans.
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Figure 5.2: Comparison of strand asymmetry in intronic and integenic ;7 I parameter estimates in the
flanking pair data set. a. Transitions and b. transversions. Each set of GT R parameters was
scaled to sum to one. Whiskers and outliers are defined as in Figure 3.1.

more similar in intergenic than in intronic data (Figure 5.2). No prominent
differences in the distributions of GT R parameter estimates for autosomal and
X linked alignments were found in either the flanking intronic or intergenic data
sets. A slight reduction of the instantaneous, relative 7' > G substitution rate
in autosomal compared with X-linked data was observed (Figure 5.2 b.), but as
this pattern of asymmetry was common to intronic and intergenic data it is not

obviously related to transcription.

As expected from the analysis of strand asymmetry for single nucleotide substi-
tutions, strand asymmetry in dinucleotide substitution rate estimates was much

stronger (Figure 5.3) and much more consistent (Table 5.2) in intronic than in
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Figure 5.3: Strength of strand asymmetry in complementary dinucleotide substitution rates for flanking
intronic and intergenic alignments. The log of the mean ratio of complementary dinucleotide
parameters was used as a measure of strand asymmetry, and the size of each bubble is
proportional to log| ;:~ ), where Dy is defined as the dinucleotide substitution that results in an
value greater than 1, and the entry for each complimentary parameter pair is displayed with
respect to Dy In the cases where different members of a dinucleotide pair were greater in X-
linked and autosomal data, X-linked and autosomal values are still displayed with respect to Dy
as defined above, and displayed in different locations on the plot. The substitution rate difference
between complementary dinucleotide parameters is defined as (rarn, = rog) - (rorw, « o).
The size of each circle is proportional to the strength of asymmetry.
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Further consideration of the factors that potentially contribute to male bias
would be aided by the use of a wider variety of substitution models. In
particular, relaxing the modeling assumption of reversibility would be beneficial
for evaluating the contributions of recombination and oxidation. Biased gene
conversion is thought to increase the rate of substitution to G and C nucleotides,
whilst oxidation is believed to primarily cause mutations of guanine nucleotides
(Wang et al., 1998). Both of these effects may have been obscured by the
non-reversible used in this study for evaluating methylation and transcription.
Like methylation and transcription, recombination has predictable effects on
the substitution process, and the effects of oxidative damage can potentially
be identified by exploiting the sequence context of substitutions (Stoltzfus,
2008). The use of non-reversible substitution models may also help resolve the
mechanism of AT <> GT substitutions. The results of this study indicate that
AT <> GT substitutions make an important contribution to male bias and warrant
further investigation, being important in improving model fit, exhibiting the
strongest male bias of all dinucleotide substitutions in intergenic data, and the

most substitution rate asymmetry in intronic data.

6.0.7 Implications for understanding the mechanism of mutations

Variation in mutation rates of different nucleotides has previously related to the
fidelity and context-preferences of DNA polymerases. An illustrative example is
the well-known bias for transitions over transversions. Watson and Crick (1953)
proposed that the probability of a nucleotide being misincorporated depended
on its ability to form a base pair with the complementary nucleotide in a similar

way to the correct nucleotide, preserving the normal helical structure. Topal
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Figure 7.1: Dinucleotide substitution rate estimates by chromosome. Estimates are shown for a
AT «» GT, the most male-biased dinucleotide substitution b. TG <+ (G, the transition
caused by deamination of methylated cytosine and ¢. CT « CG, the most female-biased
dinucleotide substitution. Dinucleotide substitution rate estimates indicate the extent to which
the substitution within the specified dinucleotide context differs from the relevant GT I estimate.
The black line behind the box plots is the mean substitution rate estimate for the autosomes, and
the area that falls within one standard deviation of this value is shaded grey. An extreme value
that differed from the chromosomal mean by more than 5 standard deviations was excluded from
panels b and ¢. Whiskers and outliers are defined as in Figure 3.1.
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