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ABSTRACT

Unlike the autosomes, the Y chromosome in humans and other primates has few protein
coding genes, with only a few dozen single-copy genes and several tandem duplicated gene
families, called the “ampliconic” genes. The interaction of many biological and evolu-
tionary factors is responsible for this structural heterogeneity among different parts of the

genome.

We sequenced and assayed the copy numbers of Y-linked, single-copy genes and ampli-
conic genes in a group of closely related macaque monkeys, then fit models of gene family
evolution to this data along with whole genome data from human, chimpanzee, and rhesus
macaque. Our results (i) recovered evidence for several novel examples of gene conversion
in papionin monkeys, (ii) indicate that ampliconic gene families evolve faster than autoso-
mal gene families and than single-copy genes on the Y chromosome, and that (iii) Y-linked
singleton and autosomal gene families evolved faster in great apes than they do in other Old

World higher Primates.

These findings highlight the evolutionary eccentricity of duplicated genes on the Y
chromosome and suggest an important role for natural selection and gene conversion in

the evolution of Y-linked gene duplicates.
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CHAPTER 1

INTRODUCTION

In the broadest sense, my thesis investigates two related questions: How are Y chromo-
somes different from autosomes?; and, Why are two Y chromosomes from different species
often so dissimilar from one another, even when their autosomes are very similar? These
questions have plagued geneticists and evolutionary biologists for a long time. The first was
posed — and partially answered — by Hermann Muller in 1918 [2]. The second became of in-
terest almost 50 years ago [3—6], when the development of detailed karyotyping techniques

allowed geneticists to compare the Y chromosomes of different mammalian species.

The general answer to these questions is that the genomic and evolutionary processes
operating in Eukaryotes act heterogeneously among different evolutionary lineages as well
as between different parts of the genome, like the Y chromosome and the autosomes. Ad-
mittedly, this answer seems rather tautological. But, molecular evolution is about the four
population genetic processes handed down to us from the modern evolutionary synthesis
[7]. So, perhaps, reducing a question about observations to a question about processes is

apt.

The remainder of this chapter explains how each of the four population genetic pro-
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cesses (mutation, selection, drift, and linkage) can act heterogeneously and what this means
for gene families on primate Y chromosomes. First, I discuss each of the four processes
with regard to heterogeneity between the Y chromosome and autosomes. Then, I will turn
to discussing lineage heterogeneity in a similar manner. Next, as my thesis is about du-
plicate genes, I provide some background on methods for making sense of gene family
evolution. Finally, as my thesis is also about the ampliconic genes on the Y chromosome, I
will provide some background on these gene families and their evolution. Throughout the

introduction, examples from Old World primates and mammals will be used when available.

Why heterogeneity between autosomes & the Y?

Why heterogeneity between autosomes & the Y: mutation

The possibility of an increased mutation rate in males compared to females was noticed first
by Haldane [8] and later confirmed in mammals [9—11]. Since the Y chromosome spends all
of its time in males while autosomes spend about half their time in males, a higher mutation
rate in males can result in faster divergence of the Y as compared to the autosomes. Faster
male mutation is a result of the larger number of mitotic events that germ cells undergo
during spermatogenesis in the testis as compared to the few mitotic events during oogenesis
[10]. Estimates of the ratio of mutations in males compared to females range from two to
effectively infinite in mammals [10]. More recent estimates from primates suggest a ratio
of about three and confirm that the extent of male mutational bias is roughly equal to — or
may in fact surpass — the excess of mitotic replications in the male germ-line as compared
to the female [12]. Furthermore, differences in the types of mutational events common
in males as compared to females [13, 14] can lead to differences in the types of genetic

variants common on the Y chromosome as compared to the autosomes.
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Why heterogeneity between autosomes & the Y: selection

Contrary to previous theories, the Y chromosome is an important determinant of male phe-
notype [15-17]. The Y chromosome has been found to be associated with male fertility in
humans [18] and even less obvious traits like lifespan [19] and locomotive activity [20] in
Drosophila species. Therefore, any Y-linked genetic variation that underpins phenotypic

variants relevant for fitness is a potential target for natural selection.

Genes on the Y chromosome are only ever inherited and expressed in males, therefore,
there can be male-specific selection on these genes which cannot occur on the male and
female inherited autosomes [15]. For example, the Y chromosomes of human and cattle
both have a high proportion of genes involved in sperm development [21], with almost
half of the gene families on the bovine Y chromosome having been independently acquired
since the most recent common ancestor (MRCA) of primates and ungulates [22]. Another
example is domesticated chickens, which have undergone artificial selection for female-
specific processes like egg-laying and, as a result, have experienced evolutionary changes
in expression in genes on the female-specific W chromosome as compared to their non-

domesticated ancestors [23].

Furthermore, genes which move from the autosomes to the Y chromosome, especially
early on in the history of the Y, have functions which are beneficial for males but detrimental
for females [24]. The process of male-specific adaptation in gene function and expression
can occur very rapidly after the expansion of a new region of the Y chromosome [25],

underscoring the fact that selection can be strong on the Y chromosome.

3



McMaster University — Biology M.Sc. Thesis — Ana-Hermina Ghenu

Why heterogeneity between autosomes & the Y: drift

The term “drift” describes the random sampling of alleles from one generation to the next
in a population of finite size [26]. Alleles that are selectively neutral, or have a sufficiently
small selection coefficient, can be driven to fixation or extinction through this stochastic
process. The magnitude of drift as compared to the magnitude of selection is expressed by
the effective population size (/V,): the smaller the V., the more that drift will dominate over

selection in determining the fate of a new allele, and vice versa.

The N, is different between the autosomes and the Y chromosome because there is
only one Y chromosome for every four autosomes in the population, if we assume an equal
ratio of males and females [27]. This smaller N, of the Y chromosome means that it
is more influenced by drift, resulting in weak purifying selection and faster divergence
than autosomes. In addition, when the sex ratio is skewed towards females, the N, of
the Y chromosome may become even smaller. Further, if males have higher variance in
reproductive success than females, then the N, of males is smaller than that of females, and
the Y chromosome will have an even smaller N, than the 1/4 expectation. This means that
a species’ mating system will influence the disparity in N, between the Y chromosome and

the autosomes.

Why heterogeneity between autosomes & the Y: linkage

Recombination is the ‘shuffling’ of the alleles of genes that are on the same chromosome;
this breaks up the genetic linkage between mutations that are either new or segregating in
the population. When this process occurs in germ-line cells, as in the case of meiotic re-
combination, it produces offspring that are more genetically variable from each other than

those produced in the absence of recombination. Natural selection acts more efficiently

4
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in a genetically variable population: deleterious mutations are purged from the population
because individuals containing many deleterious mutations tend to produce fewer offspring
than those with few deleterious mutations, or even multiple advantageous mutations. There-
fore, recombination allows selection to operate efficiently, effectively increasing the N, of

the genomic region in which it occurs.

The most obvious difference between the Y and the autosomes is the inhibition of re-
combination in what is known as the male specific region of the Y chromosome (msrY) (i.e.
in contrast to the pseudoautosomal region of the Y chromosome where recombination oc-
curs freely with the pseudoautosomal region of the X chromosome). This nearly complete
linkage among genes on the msrY is probably primarily responsible for the accumulation of
deleterious mutations [28], the inability to efficiently fix advantageous mutations, rapid di-
vergence [29], degradation of functional genes [30, 31], accumulation of repetitive elements
[32], and fusions with autosomes [33] that are often observed among the Y chromosomes

of many species.

The processes that lead to the accumulation of deleterious mutations and the “degener-
ation” of the msrY [34] are different examples of Hill-Robertson effects, where directional
selection at one locus interferes with selection at a linked locus, leading to a local decrease
in the IV, of the linked genomic region [35-37]. According to the simulation study of [38],
the relative contributions of different flavours of Hill-Robertson effects change as the msrY

matures.

Early on, just after recombination has ceased, Muller’s ratchet [39, 40] dominates. This
term describes the decrease in V. in a finite population as a result of segregating, deleterious
mutations with strong effect being removed from the population. Muller’s ratchet results in
the accumulation of deleterious mutations with moderate effect and an overall decline in the

mean fitness of the population [41]. Empirical studies of young Y and neo-Y chromosomes
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have found that Muller’s ratchet can be responsible for either rapid loss of functional genes

[42] or rapid gene silencing [43], respectively.

Then, once enough time has passed that most segregating variation has been elimi-
nated, background selection [44, 45] and the “ruby in the rubbish” [46] mechanisms dom-
inate. These terms describe that a new mutation of moderate effect, either deleterious or
advantageous, respectively, can persist and rise to fixation only if it occurs on the genetic
background with the fewest number of deleterious mutations. The net effect of background
selection is a paucity of genetic variation on the msrY and a reduction in the number of
Y-linked genes such that the msrY has remarkably low segregating genetic variation (as

empirically observed in [11, 47, 48]) and is a smaller target for deleterious mutations [38].

Finally, genetic hitchhiking dominates in relatively old and gene depauperate msrYs
[38]. As suggested by its name, this process is the ‘hitchhiking’ of deleterious alleles
that are linked to an advantageous mutation which is sweeping to fixation under positive
selection [49]. Genetic hitchhiking can lead to msrY degeneration in circumstances when
other processes, like Muller’s ratchet, cannot operate efficiently [38, 50]. I do not know of
any empirical studies that unequivocally illustrate the impact of genetic hitchhiking, but it
is possible for positive selection to act on msrYs [51] and the extreme paucity of genetic
variation on the human msrY is not explained by models that consider only deleterious

mutations [52].

Essentially, the result is that regions completely lacking recombination will follow a rel-
atively well characterized path towards degeneration and, therefore, will differ substantially
from autosomes. In spite of this degeneration process, old msrY's can persist for longer peri-
ods of time than previously thought [31, 38, 53] through the persistence of strong purifying

selection on the few remaining Y-linked genes [54-56].
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Finally, note that the cessation of recombination between the X and Y chromosomes
happens gradually as an ongoing process, usually in the form of one or more inversion
events [56-58]. This means that within the msrY there are regions which differ in the
age since recombination ceased [59]. When a cessation of recombination event occurs on
an existent msrY this accelerates the degeneration process along the entire msrY because
the new non-recombining region increases the number of genes and the amount of genetic
variation on the msrY [38]. Overall, the degeneration of msrYs is a highly dynamic process
susceptible to many factors, including the stochastic occurrence of inversions, the strength

of selection, and the distribution of fitness effects of new mutations.

Why heterogeneity between lineages?

Why heterogeneity between lineages: mutation

Repair mechanisms can differ between species, leading to differences in which types of
mutations occur in different species. For example, a higher content of inverted repeats and
repetitive sequences may lead to increased chromosome fragility and increased opportuni-
ties for duplication or deletion through non-allelic homologous recombination (NAHR), or
“ectopic recombination,” and microhomology-mediated events [60, 61]. This means that

heterogeneity between lineages can be mutationally driven.

The rate of segmental duplications is known to vary among higher primate species. It
seems that the rate of segmental duplications began to accelerate in the ancestor of great
apes [62, 63], culminating in a burst of segmental duplications in the MRCA of humans,
chimpanzees, and gorillas [64—66]. This has resulted in a prevalence of NAHR-generated
intrachromosomal structural variation in extant apes [67, 68]. In contrast, Old World mon-

keys like the rhesus macaque are less likely to undergo NAHR and segmental duplication

7
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than humans or chimpanzees [68, 69]. These differences in mutational mechanisms can

explain the heterogeneity of duplication and deletion rates between lineages.

Why heterogeneity between lineages: drift

Lineages differ in the overall size of their populations, leading to differences in their /V, and
the role of drift. For example, among human, chimpanzee, and rhesus macaque, macaques
have a much larger extant population size and a larger N, than the other two [63]. Chim-
panzees, despite their smaller extant population size, have a much larger /N, than humans,

who underwent a large bottleneck in their evolutionary history.

Why heterogeneity between lineages: linkage

Although there is lineage heterogeneity in the recombination rate within autosomes [63], |
will focus on lineage heterogeneity in msrY linkage. As explained above, the size of the
msrY as a target of selection and mutation influences the strength of msrY degeneration.
This means that species which happened to have many genes on their ancestral msrY or

have recently acquired more genes on their msrY are susceptible to faster degeneration.

Another source of heterogeneity among the msrY's of different species is the occurrence
of infrequent recombination with the X [70, 71]. This type of recombination is probably
mediated by high sequence identity [72] between X and Y paralogs (“gametologs” [73]).
Consistent with this mechanism, all of the X-to-Y gene conversion events that have been
identified thus far are found on regions of the msrY that recently ceased recombining with
the X chromosome [70, 71, 74, 75]. Overall, this means that species which are closely
related and/or happen to have high sequence identity between gametologs will tend to be

more likely to engage in this type of gene conversion.

8



M.Sc. Thesis — Ana-Hermina Ghenu McMaster University — Biology

A primer on investigating gene family evolution

Evolutionary biologists usually use models of nucleotide substitution to estimate the rate of
gene family duplication or deletion (for example, [76—78]). This method can be used when
substitutions accumulate separately between independently evolving gene copies, acting
as a molecular clock to mark the time since the duplication event that created the copies.
Unfortunately, ampliconic gene copies on Old World primate Y chromosomes do not evolve
independently since gene conversion is rampant (see below). Therefore, we had to use a

different, sequence-free method for estimating the rate of ampliconic gene family evolution.

We used a comparative phylogenetic approach to model gene copy numbers as discrete
traits that evolve along a given phylogeny. This type of model has been used before to
estimate the rates of gene family evolution from copy number data [79—-82]. The gene copy
number is treated as a discrete, ordered trait with evolution progressing sequentially (e.g.
0—1—=2o0r2 — 1 — 0). These types of models are continuous-time Markov models
with a time-homogeneous birth-death process where the probability of an event is state

dependent. Figure 1.1 illustrates what is meant by these technical descriptors.

Felsenstein’s pruning algorithm is used to calculate the likelihood of the observed data
along the entire phylogeny [83]. Although the model is a time-homogenous process along
any particular branch, different branches can take on different rates. In this way, rate het-

erogeneity among lineages can be incorporated into the model.

One difficulty of these types of models is that there is no stationary distribution: if the
Markov process is run for an infinite period of time, it will either go to zero or to infinity
[84]. The pruning algorithm requires known prior probabilities so that the states at the root
of the phylogeny can be marginalized out by the “pulley principle;” in nucleotide substi-

tution models, the stationary distribution is used for the prior probabilities [83]. Without a

9
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stationary distribution, the maximum likelihood estimator can take on biologically unrea-

sonable values.

Of the previous programs that have been built to deal with these models, the most promi-
nent are CAFE [79, 85, 86] and BadiRate [82]. Both of these programs were built specifi-
cally to identify gene families whose copy numbers are evolving unusually (i.e. either too
fast or too slow) compared to other gene families in the given genomes. Both of these pro-
grams solve the stationary distribution problem by fitting a standard distribution (often Pois-
son) to the observed copy number data and using it as the prior distribution. The main differ-
ence between the two programs is that CAFE sets an arbitrary bound on the maximum gene
family size, while BadiRate does not and instead assumes 0 < duplication < deletion
[87]. A second difference between the two programs is that CAFE allows only duplica-
tion and deletion to operate, while BadiRate, which is based on a model of gene content
in Archaea [87], allows duplication, deletion, and innovation to operate. A final differ-
ence between the two programs is that CAFE uses an approximation for calculating the
event probabilities [84] which is numerically unstable [87] for biologically relevant cases,
while BadiRate uses a Galton-Watson process whose calculation of event probabilities is

numerically stable [87].

Unfortunately, because these two programs use different assumptions, it was difficult
for us to figure out which one is ‘right.” So we built a program that allows us to compare

the fit of different models of copy number evolution for our data (see Chapter 2).

A primer on mammal Y chromosomes and their ampliconic genes

As methods for sequencing male-specific regions [88] and repetitive regions have improved,

investigating sex chromosome evolution has become ‘sexier’ than ever. We humans are per-
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sonally acquainted with a relatively unique Y chromosome. The human msrY is relatively
old, small, and has a peculiar structure with many inverted segmental duplications. Our
msrY was born in the therian mammal MRCA, just prior to the divergence of placental
(eutherian) mammals and marsupial (metatherian) mammals ~ 180 million years (My) ago
[89]. The birth of our msrY was caused by two events in quick succession on the therian
MRCA chromosome homologous to platypus chromosome six [90]. First, allelic recom-
bination ceased between the proto-Y and proto-X [91]. Then, a gain of function mutation
neofunctionalized the SOX3 copy on the proto-Y into the trigger of male sexual develop-
ment, SRY [92]. Since its birth, our msrY has increased its genetic content by undergoing
five cessation of recombination events with the X chromosome [57, 59] — the newest just
before the divergence of Old World primates [54] — as well as a recent translocation event

from the X just after our divergence from chimpanzees [93].

The picture that has emerged from complete and partial msrY sequences of eutherian
mammals [54, 94-99] is of two discrete classes of protein coding genes. The X-degenerate
genes are single copy, broadly expressed gene families that began to diverge from their
gametologs on the X chromosome when recombination between the X and msrY was in-
hibited; while the ampliconic genes (AGs) are multi-copy, testis-expressed gene families
of variable origin that increased in copy number after their origination on the msrY [100].
Some AG families arose from X-linked genes, others were transposed from the autosomes
to the msrY, and a few may be of de novo origin [100]. Within a species, functional AG
paralogs tend to have high sequence identity (> 99.9%) as a result of frequent ectopic
recombination (“‘gene conversion”) between copies found in tandem arrays, segmental du-
plications, or inverted segmental duplications. As expected from models of msrY degener-
ation, the X-degenerate genes are under strong purifying selection [55, 101]. AGs, on the

other hand, exhibit much higher inter-specific divergence and have a longer average lifespan
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on the msrY than X-degenerate genes [98, 99]. AG families have evolved multiple times
independently in different mammalian lineages, with different gene families increasing in

copy number [89].

Since the existence of the AGs was unanticipated by traditional models of msrY degen-
eration, several hypotheses have been postulated to explain the evolution and persistence
of this gene class. The neutral evolution hypothesis is that gene duplication is just another
consequence of degeneration, albeit an elaborate one. Under this hypothesis, duplicate
copies were fixed by drift in a step-wise fashion [102] and gene conversion occurs between
these copies for as long as they have high sequence identity [72, 103]. An inadvertent result
of this sequence homogenization is the removal of new pseudogenizing mutations, which
leads to a decreased death rate of duplicates [104]. The faster substitution rate of AGs may
result from an effectively increased neutral mutation rate due to the increased target size of

these multi-copy genes [104, 105].

By adding selection on different aspects of this system, we can arrive at other hypothe-
ses. For example, if there is a selective advantage to having increased copy numbers of a
particular gene family, then fixation of a new AG copy will be favoured [104]. AG copy
numbers in bulls and humans have been shown to be positively correlated with fertility
[106—-108] and in mice it has been proposed that increased AG copy numbers are favoured
to escape transcriptional repression in spermatids [ 109]. This has led some authors [96, 110,
111] to speculate that species with intense sperm competition are more likely to exhibit AG

copy number polymorphism and have faster rates of copy number evolution.

Secondly, the two simulation studies [102, 104] that investigated AG copy number evo-
lution under gene conversion and duplication did not consider advantageous mutations.
Theoretical models of sequence evolution at multi-copy loci undergoing gene conversion

find that the NNV, of these loci is increased proportional to the number of gene copies [112].
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As a result, we would expect that AG sequences experience stronger selection and might
postulate that inverted segmental duplications exist because they “accelerate adaptation by
increasing the potential targets and fixation rates of incoming beneficial mutations” [105].
Although studies have consistently found higher dN/dS (ratio of the rate of substitutions at
non-synonymous sites (d/N) vs the rate of substitutions at synonymous sites (d.5)) in AGs
as compared to X-degenerate genes [54, 98], this finding is confounded by the difference

in breadth of gene expression between these two categories [105].

Finally, the hypothesis that was initially proposed to explain the AG [94] comes from
the observation that human AG tend to be arranged in inverted segmental duplications.
This observation led some authors [94, 102, 113, 114] to postulate that the organization
of the msrY in humans has evolved to promote the rapid gene conversion rates necessary
to circumvent the degeneration of this non-recombining region. However, high rates of
gene conversion may be disfavoured since crossing-over between segmental duplications
can result in isodicentric Y chromosomes, depending on how the Holliday junctions are
resolved [115, 116]. Since isodicentric Y chromosomes are correlated with significantly
decreased fertility in humans, frequent crossing-over would favour slower or inhibited

gene conversion [104].

Goals

The goal of my thesis is to better understand the relative contributions of gene conversion
and duplication in generating and maintaining AG families on the degenerate, mammalian
msrY. The original motivation of my work was to attempt to test some of the hypotheses

summarized above by focusing on AG evolution in Old World monkeys, where we have ac-
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cess to high quality msrY sequence data from human, chimp, and rhesus macaque as well
as genomic DNA samples from multiple species. The questions that my work has actually
been able to address are: How common is gene conversion among AGs in Old World pri-
mates other than humans and chimps?; How frequent are the duplication and deletion events
that drive copy number variation of AGs among Old World primates?; and, Do copy num-
bers evolve differently between AGs, Y-linked single copy genes, and autosomal genes?

(see Chapter 2).
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1- birth 2. birth (m—1)- birth

Innovation

1 - death 2 - death 3 - death m - death

Figure 1.1: Schematic of the general-case of our gene copy number evolution model.
Shaded circles show discrete copy number states and arrows indicate possible transitions
between states. “m” indicates the arbitrary, finite maximum allowed number of copies.
Arrows are labeled with the names of the different parameters in pink. Transitions occur at
rates that are dependent on the current state (black numbers on arrow labels).
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CHAPTER 2

MULTICOPY GENE FAMILY EVOLUTION

ON PRIMATE Y CHROMOSOMES

Ghenu, A.-H., B.M. Bolker, D.J. Melnick, B.J. Evans, BMC Genomics 2015. (In Review)

2.1 Abstract

Background: The primate Y chromosome is distinguished by a lack of inter-chromosomal
recombination along most of its length, extensive gene loss, and a prevalence of repetitive
elements. A group of genes on the male-specific portion of the Y chromosome known
as the “ampliconic genes” are present in multiple copies that are sometimes part of palin-
dromes, and that undergo a form of intra-chromosomal recombination called gene conver-
sion, wherein the nucleotides of one copy are homogenized by those of another. With the
aim of further understanding gene family evolution of these genes, we collected nucleotide
sequence and gene copy number information for several species of papionin monkey. We
then tested for evidence of gene conversion, and developed a novel statistical framework

to evaluate alternative models of gene family evolution using our data combined with other
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information from a human, a chimpanzee, and a rhesus macaque.

Results: Our results (i) recovered evidence for several novel examples of gene con-
version in papionin monkeys, indicate that (ii) ampliconic gene families evolve faster than
autosomal gene families and than single-copy genes on the Y chromosome and that (iii)
Y-linked singleton and autosomal gene families evolved faster in human and chimps than

they do in other Old World higher Primate lineages we studied.

Conclusions: Rapid evolution of ampliconic genes cannot be attributed solely to resi-
dence on the Y chromosome, nor to variation between primate lineages in the rate of gene
family evolution. Instead other factors, such as natural selection and gene conversion, ap-
pear to play a role in driving temporal and genomic evolutionary heterogeneity in primate

gene families.

2.2 Background

Gene families are composed of gene copies that were generated by speciation (orthologs)
and those that were generated by gene duplication (paralogs). The evolutionary histories
of gene families are trimmed by gene loss and intertwined by non-reciprocal recombina-
tion (gene conversion), raising the question of whether and how genomic context influences
their evolution. One genomic context of interest is the male specific region of the Y chro-
mosome (msrY) of placental and marsupial (therian) mammals. The origin of this region
coincides with the ascendancy of the SRY gene as the trigger for the male sex phenotype
about 180 million years ago [89, 117, 118]. Subsequently, progressively larger portions of
the Y and X chromosomes began diverging from one another as large inversions impeded
recombination, forming “strata” with differing levels of divergence [57, 119]. During this

time, recruitment of alleles with sexually antagonistic function (i.e., alleles that are advan-
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tageous to one sex but deleterious to the other) to this region may have been favoured by
natural selection [120]. Compared to recombining genomic regions, a lack of recombina-
tion rendered the msrY more vulnerable to phenomena that decrease the efficacy of natural
selection by Hill-Robertson effects, including Muller’s Ratchet, genetic hitchhiking, and
background selection [36, 121]. This has had profound consequences over time, including
gene loss and the accumulation of repetitive DNA [121]. Today, contemporary eutherian
msrYs retain only a small fraction (~ 5%) of the genes that were present before divergence
from the X chromosome [119]. Male-specific inheritance influenced survival of genes in
this region, and surviving genes on the msrY often have male-related functions and expres-
sion patterns [15, 122] or are subject to natural selection favoring similar dosage of the
proteins they encode in males and females [99]. Examples of gene loss of otherwise con-
served Y-linked gene exist, but these are often coupled with translocation to the autosomes

or X chromosome [123].

Because the msrY is haploid and paternally inherited, this chromosome is more strongly
influenced by genetic drift than the autosomes, which are diploid and biparentally inherited.
With equal variance in reproductive success between the sexes, the neutral expectation for
the msrY is that its effective population size (N.) is 25% that of the autosomes. This dis-
parity is more pronounced if the variance in reproductive success is higher in males than in
females [27, 124], and even more so if the same male individuals monopolize reproduction
over multiple generations [125]. Furthermore, in primates, the rate of sequence evolution
is faster in males than in females (faster male evolution [9, 126—128]), a factor that could

accelerate divergence and deterioration of genes on the msrY.
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2.2.1 Multi-copy ampliconic genes on the msrY

Gene families that include paralogs on the msrY are called ampliconic genes (AGs) [94].
Compared to non-duplicated regions of the Y chromosome that are homologous to the X
chromosome, AGs reside in regions that have a higher abundance of genes and pseudogenes
but a lower abundance of retrotransposons; the latter observation possibly due to purifying
selection acting to remove recently integrated retrotransposons [54, 94, 96]. In primates and
other mammals, [99], fruit flies [105], and birds [129, 130], intra-chromosomal recombi-
nation occurs between AGs. This phenomenon leads to a non-reciprocal transfer where the
nucleotide sequence of one duplicate is homogenized by that of another, a process known
as gene conversion [131, 132]. On the human msrY, gene conversion occurs frequently
— as much as one to four orders of magnitude faster than the nucleotide substitution rate
[113, 133-135]. The close proximity on the msrY of direct or inverted (“palindromic”)
ampliconic repeats probably facilitates gene conversion [115], although it also occurs less
frequently among ampliconic regions that are far apart, including between different chro-
mosome arms [116]. As a result of frequent gene conversion, AG paralogs within either hu-
mans or chimpanzees (the tribe Hominini [136]) have higher sequence identity (> 99.9%)
than orthologous genes [113], even though similarities in copy number and genomic lo-
cations across species are consistent with the duplicates having arisen prior to speciation

[54].

Gene copy number on the msrY is variable between Old World Primate species [111,
137], and AG copy number polymorphism is also observed within species [108-110], in-
cluding humans (reviewed in [138]). TSPY copy number variation affects male fertility in
humans [139-141] and bulls [107] (but see [142]), suggesting that copy number of this

locus is subject to natural selection [94, 106].
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2.2.2 Goals

In this study, our goal is to better understand the evolutionary mechanisms that drive gene
family evolution within and among Old World Primate species, with a particular aim of
testing whether the nature of gene family evolution of msrY AGs can be distinguished
from that of other gene families on the msrY or autosomes. To this end, we collected and
estimated phylogenetic relationships among DNA sequences from single copy genes (sin-
gletons) and AGs on the msrY of several closely related species of papionin monkey (tribe
Papionini), and used a phylogenetic approach to qualitatively assess the frequency of gene
conversion in AGs. We then used quantitative PCR (qPCR) to quantify AG copy number
variation among and within various species of macaque monkey (genus Macaca). Using
these data and other information from complete genome sequences from a human, a chim-
panzee, and a rhesus macaque (Macaca mulatta), we then evaluated the fit of alternative
models in which the rate and nature of gene family evolution is allowed to vary among

genomic regions and among lineages of Old World Primates.

2.3 Results

2.3.1 Phylogenetic analysis of the primate msrY

Focusing on Old World Primate msrYs, we estimated phylogenetic relationships among
msrY sequences from a human, chimp, and rhesus macaque, as well as new sequence data
that we collected from several species of papionin monkey. New DNA sequences from
four to 14 genes were collected from an olive baboon (Papio anubis), a mandrill (Man-

drillus sphinx), and 15 macaque individuals (genus Macaca) from 9 species, including
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intra-specific information for four macaque species. We inferred the paternal relationships
among samples from concatenated singleton genes from the msrY, as well as the phyloge-
netic relationships within individual AG families including pseudogene sequences obtained
from completely sequenced msrY from a human, a chimp, and a rhesus macaque. Here-
after we define AGs as any msrY-linked, multi-copy gene family that has been previously
demonstrated to have undergone gene conversion in human, chimp, or rhesus macaque;
singletons are therefore defined as msrY-linked genes that have not been shown to have

undergone gene conversion.

Singleton gene tree is consistent with known phylogeny

Unsurprisingly (because it was constructed from a partially overlapping data set), our esti-
mates of phylogenetic relationships among nine concatenated single copy (singleton) genes
on the msrY (AMELY, DBY, PRKY, SMCY, SRY, TBL1Y, USP9Y, UTY, and ZFY; Figure
2.1) were similar in topology and statistical support to the analysis of [143]. This phy-
logeny supports, for example, monophyly of the msrY of the Sulawesi macaques and a sis-
ter relationship between the msrY of M. fascicularis and M. mulatta. We added information
from two additional samples of M. maura and a sample of M. arctoides; the phylogenetic

placement of these samples was consistent with other studies [144, 145].

AG trees support frequent gene conversion in catarrhines

The gene trees inferred from AG sequences (Figures A1-A7) provided evidence of gene
conversion in terms of (i) the detection of multiple gene sequences (with gPCR or cloning)
with lower intraspecific than interspecific sequence divergence, but whose consistent copy

number across species suggests ancestral gene duplication, (ii) well supported discordant
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relationships among putatively orthologous lineages within the gene tree of duplicated
genes compared to the gene tree of single copy genes, and (iii) discordant phylogenetic
relationships among 5" and 3’ portions of duplicated genes. The first pattern (i) has been
noted previously based on data from complete msrY sequences from rhesus, humans, and
chimps [54, 96] and is further supported in our analysis by multiple identical or almost
identical copies in various macaque individuals identified using qPCR. Specifically, for
HSFY and CDY, sequences from macaques clustered in one clade with two almost identical
sequences from the complete msrY of rhesus, but our qPCR results indicated that each of
these macaque species carries at least two distinct copies (Figures Al, A3, AS). Pattern
(1) is illustrated by HSFY in a baboon (Figure A3), which has two almost identical copies
that cluster together in one clade, whereas other papionins each have two more diverged
copies that each cluster in different clades, with evolutionary relationships within each
clade matching those inferred among singleton genes (Figure 2.1). Pattern (ii) is shown
by the analysis of 7SPY (Figure A5) in that there is strong support for monophyly of all
macaques except the Sulawesi macaque M. nigrescens, in sharp contrast to the analysis of
singleton genes in which all Sulawesi macaques are a clade (Figure 2.1). When the 5’ and
3’ portions of TSPY are separately analysed, the role of gene conversion becomes apparent
because pattern (iii) is shown by at least two independent aspects of this gene tree (Figure
A6) . First, M. arctoides and one of the rhesus macaques have almost identical sequences
at the 5" end of TSPY but diverged sequences at the 3’ end (Figures 2.3, A6). Second, this
same pattern is observed in M. nigrescens, presumably due to an independent gene con-
version event that altered the 5’ sequence in the same way in this species but not in other
closely related species of Sulawesi macaque (Figures 2.3, A6). A chimeric sequence was
also observed in the reference sequence from the rhesus msrY, suggesting that laboratory
artifacts such as PCR chimeras are an unlikely explanation for our observations. These data

from TSPY could stem from an isolated event early in macaque evolution whose chimeric
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gene products were detected only in a subset of the species we examined. Alternatively,

this could be an example of convergence via multiple independent gene conversion events.

Although not a focus of our study, these phylogenetic analyses supported a close rela-
tionship between DAZ copies on the msrY and the autosomal gene DAZLI, which is con-
sistent with the proposal of [146] that this gene reached the msrY via transposition (Figure
AT). Similarly, a close relationship between one paralogous msrY lineage of XKRY with the
autosomal gene XKR3 is also consistent with an inference of transposition from the msrY

to the autosomes (Figure A7) [147].

2.3.2 Copy number variation on the macaques’ msrY is low compared

to apes

We then quantified AG copy number variation in five ampliconic genes (shown in Figure
2.3) from six to eight species of macaque monkey in seven to 13 individuals using qPCR.
We assayed copy numbers of all known Old World Primate AGs (including genes found
in just one copy in rhesus macaque but in multiple copies in the tribe Hominini), except
for TSPY. TSPY was not analyzed because of high similarity among multiple partially gene
converted regions (see above and Figure 2.3), which prevented us from developing a robust

qPCR assay.

Results of the qPCR analysis are presented in Figure 2.4. Missing data are either a
consequence of failed qPCR assays, as indicated by melt curve analysis (e.g. RBMY), or
because substitutions in the primer sites prevented the use of a qPCR assay for select
species (e.g. the DAZ-a assay in M. ochreata). We observed considerably less variation
in copy number among the macaque species (summed coefficient of variation (CV) among

five qPCR assayed AGs = 0.396) as compared to that among humans and chimpanzees
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(summed CV among five AGs = 2.99). Assuming constant generation times for all species,
a slightly greater amount of time transpired among our sample of macaque species (=~ 3.1
million generations) compared to that between humans and chimps (/ 2.2 million gen-
erations), suggesting that AG copy numbers evolve more slowly in macaques. Because
generation time recently became longer in humans, the higher summed CV in the tribe Ho-
minini is even more surprising if rates of gene family evolution were constant across the
evolutionary phylogenetic lineages we examined. Nonetheless, as discussed below, these

rates of AG family evolution in these lineages are not significantly different.

In general, larger gene families, such as CDY and HSFY, exhibited more copy num-
ber variation among macaque samples (respective CVs = 0.201 and 0.148, respectively)
than smaller gene families, such as RBMY (CV = (0.0474) and XKRY (CV< 107°). This
is consistent with the probability of gene duplication being proportional to the number of
copies, which is a central feature of the model of gene family evolution used in our analy-
ses discussed below. For CDY, one instance of intra-specific copy number polymorphism
is suggested for M. tonkeana. However, this polymorphism is weakly supported in that
the 95% confidence interval spans the copy number threshold. Although present in mul-
tiple copies in humans and chimps, RBMY and XKRY are single-copy in rhesus [54], and
we recovered no evidence of multiple copies of these genes in the other macaque species

surveyed.

In the reference msrY sequence for rhesus macaque, the DAZ gene is present in two
copies and each copy contains tandemly duplicated exons. Based on the rhesus reference
msrY, one of our qPCR assays interrogated a triplicated exon in the first DAZ gene, DAZI
(Figure 2.3; qPCR assay DAZ-bcd, see Supplemental Information), and another assayed
a duplicated exon in the second DAZ gene, DAZ2 (Figure 2.3; qPCR assay DAZ-a, see

Supplemental Information) [146]. Our results indicate that, similar to the rhesus reference
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sequence, all of the macaque species we assayed have two copies of DAZ (i.e. one copy of
DAZI and one of DAZ2). However, within-gene variation in exon number was detected in
DAZI in M. maura (individual POO1 had three copies instead of two), and in DAZ2 in M.
hecki and M. tonkeana (individuals PM638, PM561, and PM545 had four copies instead of
three) (Figure 2.4).

2.3.3 Models of gene family evolution

We developed and evaluated the fit of 1310 models of gene family evolution to previously
published data from chimp, human, and rhesus [54, 85, 94, 96] autosomes and msrY, as well
as to our new sequence and qPCR data from AG and singleton genes from various species
of macaque monkeys. The evolutionary models we considered allowed for unequal rates of
gene duplication and deletion (or ‘birth’ and deletion, abbreviated as B D) or, alternatively,

an equal rate of birth and deletion (L. model, where A = b = d, following [79, 84]).

Information from completely sequenced Y chromosomes indicates that not all gene
families were present on the ancestral Old World Primate msrY, including TGIF2LY,
PCDH11Y, and VCY [89]. Therefore, some of the models we evaluated allow a gene family
to appear through transposition or to reappear after extinction (abbreviated / for ‘innova-
tion,” following [81]). We either estimated the innovation rate (i.e. the transition probabil-
ity from 0 — 1 copy, Pr(X,,.; = 1|X,, = 0)) independently from the birth/deletion rate(s)
(Pr(X,41 = k+ 1|X,, = k), k > 0; these models are abbreviated LI), or we set the inno-
vation rate equal to the birth rate (Pr(X,,1 = 1|X,, = 0) = b; these models are abbreviated

B=1ID,ifb=1,or L =1,if A =1).

We used a threshold method to assign probabilities to each discrete gene copy number

from the continuous qPCR data for each sample (see Methods and Supplemental Infor-
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mation). Our method accommodates uncertainty in copy number inferences based on the
gPCR assays, and allows for missing data. Thus we were able to include in our analysis
genes for which we had one or more unique sequences but for which we lacked qPCR data.
For example, for AMELY, we had one unique sequence from each of 13 macaque indi-
viduals but we did not have information on copy number variation of this locus: this was
considered evidence for one or more AMELY copies in each of these individuals. We also
lack autosomal gene family data from the eight macaque species whose msrY we investi-

gated with qPCR and sequencing, so these autosomal data were also treated as missing.

These models also considered the possibility of two types of rate heterogeneity. The first
type, hereafter “lineage heterogeneity”, allows for a different rate of gene family evolution
— but the same model of evolution — between the Hominini lineages and the other Old
World primate lineages, as previously identified by [85]. The second type, hereafter “gene
heterogeneity”, allows for different rates and different evolutionary models of gene family
evolution among different classes of gene families. The separate categories considered were
the gene families in autosomal DNA, singleton gene families on the msrY, and AG families
on the msrY, and various combinations of these categories. We chose to exclude the TSPY
gene family from our analysis because this gene family is a prominent outlier due to its
exceptionally high copy number in humans [94]. Inclusion of 7SPY data in the analyses
yielded significantly higher parameter estimates as compared to when this gene family is

excluded (data not shown).

Models with an independently estimated innovation parameter are not biologically

plausible

Figure 2.5 summarizes representative models that we explored including models in which

there is no lineage or gene heterogeneity (Figure 2.5A) and models in which msrY AGs,
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msrY singletons, and/or autosomal gene families each have a distinct mode of evolution
(that is, different evolutionary models and/or different parameter values for each gene cat-
egory) (Figure 2.5B-E). For each tree topology depicted in Figure 2.5, 10 distinct evolu-
tionary models were initially considered (namely L; LI; L. = I; BD; B = ID; and each
of these with or without lineage heterogeneity yielding ten models in total, see Methods.
A total of 1310 models were considered including all gene categories pooled (10 models);
autosomes and msrY singletons pooled but AGs separate (100 models); msrY singletons
and AGs pooled but autosomes separate (100 models); msrY AGs and autosomes pooled
but msrY singletons separate (100 models); and autosomes, msrY singletons, and msrY

AGs each separate (1000 models).

In order to check whether inferences from our models were biologically plausible, we
compared the msrY gene maximum a posteriori copy numbers predicted at ancestral nodes
to information from completely [54, 94, 96] or partially sequenced [89, 148] Y chromo-
somes in primates in order to determine if the predicted gene family presence/absence is
consistent with this external information. For example, the existence of a pseudogenized
copy of USP9Y in the chimp and functional copies in the human and rhesus Y chromosomes
indicate that this gene was present ancestrally in Old World Primates [54], but the L/ model
incorrectly inferred that this gene was absent in the ancestor and transposed independently

in both human and rhesus.

Overall, this exercise indicated that models where the innovation rate is independently
estimated tended to overestimate the number of innovation events to the msrY. Specifically,
Figure A19 illustrates that, compared to other models without the innovation parameter, the
LI and LI-+lineage heterogeneity models have poor sensitivity in that they fail to identify
gene families that were present in the ancestors and instead infer them to be instances of

innovation. However, models that allowed innovation were able to correctly identify the au-
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tapomorphic human transposition of two singleton gene families (TGIF2LY and PCDHI11Y)
that were absent in the ancestor of Old World Primates (true negatives) [54, 94], indicating
higher specificity relative to models without an innovation parameter (Figure A19). But
none of the models with innovation were able to correctly identify VCY as absent on the
most recent common ancestor (MRCA) of Old World Primates, as was proposed by [54,
89]. For these reasons, we excluded these models from our analysis, leaving 840 models
out of the original 1310 for consideration, including all gene categories pooled (8 models);
autosomes and msrY singletons pooled but AGs separate (64 models); msrY singletons and
AGs pooled but autosomes separate (64 models); msrY AGs and autosomes pooled but
msrY singletons separate (64 models); and autosomes, msrY singletons, and msrY AGs

each separate (640 models).

msrY AG families evolve faster than msrY singletons and autosomes, and msrY sin-

gleton may evolve faster than autosomes

Figure 2.6 illustrates parameter estimates from the six best models, which together comprise
> 95% of the cumulative Bayesian information criterion (BIC) weights. These six models
share several consistent features. Each supports a separate model of evolution of AGs from
singletons and autosomes. In all six models, the estimated rates of AGs are significantly
higher (= 5 — 1500 fold for A and ~ 5 — 10 fold for ¢) than for the autosomes, and have
confidence intervals that do not overlap with those of the autosomal or singleton and auto-
somal gene categories. Four out of the six models, which correspond to 92.0% cumulative
BIC weights across 840 models, support a separate model of evolution for singletons and
autosomes. In each of these six models, the birth/deletion rate, A, for AGs is significantly
higher than A for singletons in the Old World Primate lineages other than those of the tribe

Hominini, and than the deletion rate of singletons in Hominini. Parameter values for msrY
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singletons and AGs are presented in Tables A11 and A12, respectively.

Despite the difference in the CV of AG copy number between Hominini and other Old
World Primate lineages discussed above, we did not recover significant support for lineage
heterogeneity for AGs. However, lineage heterogeneity was significantly supported for the
autosomes, or for the combination of the autosomes and msrY singletons, with much faster
deletion rates (=~ 60 — 160 fold) in Hominini than in other Old World Primate lineages
(birth/innovation have rates ~ 0.82 — 0.86 fold smaller in Hominini than Old World Pri-
mates). Lineage heterogeneity is supported for singletons in two out of the top six models,
corresponding to 80.7% cumulative BIC weights across 840 models, in which this gene

class is considered separately from the autosomes.

In three out of the six most preferred models, corresponding to 29.2% cumulative BIC
weights across the 840 models, the preferred model for AGs evolution did not include an
innovation parameter. In contrast, a strong preference for models for the msrY singletons
with innovation equal to the birth rate is probably explained by the presence of two X-

transposed gene families (PCDH11Y and TGIF2LY) within this category.

Gene family evolution is best explained by a single model for msrY singletons but not

AGs

The analysis of autosomes, singletons, and AGs discussed above universally favor models in
which AGs evolve under a different model from the rest of the genome, including singletons
on the msrY. Considering just the AGs independently from the other gene categories, the
top three (L. = I, L. = I+lineage heterogeneity, and B = [ D+lineage heterogeneity) of
the total eight models have just 61.1% of the cumulative BIC weights, suggesting that there

was little power to distinguish between models. For a given parameter or suite of related
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parameters, estimates across the models tended to be similar within each gene category.
For example, over most models, the rate of AG birth/deletion (\) or AG birth and AG
deletion tended to be around 0.13 events per million generations, or even higher in human

and chimpanzee lineages when lineage heterogeneity is allowed.

When we considered just the msrY singletons independently from the other gene cat-
egories, the L = [+lineage heterogeneity model was preferred with 77.7% of the BIC
weight, and the second best of the eight models, B = I D+lineage heterogeneity, was sup-
ported by 21.1% of the BIC weight. When the rates of birth and deletion were allowed to
differ, the deletion rate in the Old World Primate lineages other than Homonini was inferred
to be nearly zero, suggesting that genes present in the ancestor of these Old World Primates

are also generally still present in macaques.

2.4 Discussion

In order to better understand gene family evolution of duplicated ampliconic genes on the
primate msrY, we collected qPCR and sequence data from various species of papionin
monkey and we analyzed copy number information and DNA sequences from published
autosomal and Y chromosomes. We built gene trees to qualitatively evaluate evidence for
gene conversion in new and previously available sequence data, including pseudogenes. We
then evaluated alternative scenarios of gene family evolution that either imposed or relaxed
assumptions of equal rates of gene copy birth, deletion, and innovation; rate consistency
over time (lineage homogeneity); and consistency of the model of evolution across gene
families of msrY singletons, msrY AGs, and autosomes (gene homogeneity). We recovered
strong evidence of gene conversion in many AGs within the msrY, including several novel

examples. In TSPY, we recovered possible evidence for multiple independent partial gene
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convergence events in the same gene, each of which resulted in a chimeric gene product

with the 5" and 3’ ends having originated from the same ancestral copies.

We also found that gene families evolve significantly faster in msrY AGs than in auto-
somes, and generally faster than msrY singletons, or perhaps similarly to the birth/deletion
rate of msrY singletons in the tribe Hominini when this rate is allowed to vary among lin-
eages (Figure 2.6). These results highlight the distinctive nature of AG family evolution,
and suggest that this distinctiveness is not solely a consequence of residence on the msrY
(because they evolve differently from singletons on the msrY) or genome-wide variation
among evolutionary lineages (because they also evolve differently from autosomal gene

families).

Another finding that emerged from our analysis is that the inclusion of an indepen-
dently estimated innovation parameter resulted in biologically unrealistic estimates of other
model parameters. Because relatively few genes have been introduced to the msrY since
the diversification of Old World Primates [54], it is unsurprising that there were insufficient
innovation events to inform the innovation rate for msrY genes in the species that we inves-
tigated. The inclusion of an independently estimated innovation parameter may therefore
prove more useful in studying gene family evolution across a broader phylogenetic scope

in primates, or in other clades.

2.4.1 What determines AG evolution?

Our finding of a higher rate of gene family evolution of msrY AGs compared to autosomal
gene families matches population genetic expectations if duplicated copies are mildly dele-
terious and more likely to be observed as intraspecific polymorphisms or fixed differences

between species in genomic regions with a small N.. However, this fails to explain why
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msrY AGs evolve faster than msrY singletons, because both of these gene categories re-
side on the msrY. For msrY singletons but not AGs, a deletion event represents extinction
of the entire gene family within a species, and a birth event leads to a doubling of gene
dosage. Thus changes in singleton copy number presumably have a more substantial bio-
logical effect than in AGs. That singleton gene families evolve more slowly than those of
AGs suggests that singletons are under tighter dosage constraints, and thus more resistant
to variation in copy number [89, 99]. Consistent with this speculation, there are multiple
examples (including independent examples from the same gene) of msrY-linked loci being

lost after a copy is translocated to the autosomes [123].

We classified AGs based on whether they were observed to have experienced gene con-
version in humans, chimps, or macaques; AGs thus each have at least two copies of a gene
in at least one of these taxa. However, several lines of evidence argue that the separate
categories of singletons and AGs are warranted for reasons beyond their copy number in
these three taxa. First, msrY singletons and AGs differ substantially in their expression
patterns. Singletons are broadly expressed across tissue types and developmental stages
[94], and frequently have a counterpart on the X chromosome that escapes X-inactivation
in females [55], resulting in a similar protein stoichiometry across both sexes. AGs, in
contrast, have testis-specific expression and no counterpart on the X [94, 99]. That all AGs
have testis-specific expression suggests that this specificity arose prior to the amplification
of AG copy number [99]. Indeed, at the nucleotide level, genes in the msrY singleton and
AG categories evolve at significantly different rates, with the rate ratio of nonsynonymous
to synonymous substitutions per site being higher in AGs [54]; this disparity is expected

based on the different expression patterns [149—-151].

Second, msrY singletons do indeed undergo duplication as evidenced by duplications

of the SRY gene in European rabbits [152] and rats [153], although if the duplication results
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in a palindrome that undergoes gene conversion, as is the case in the SRY gene in rabbits,
the nature of gene family evolution may more closely match that of AGs (see our discussion
of gene conversion below). Evolutionary history also partially distinguishes singletons and
AGs [89, 94, 109, 154]. In primates, all msrY protein coding singleton genes were either
present on the mammalian ancestral X and Y chromosomes prior to divergence, or delivered
to the Y chromosome from the X (the so called “X-degenerate” and “X-transposed” gene
classes, respectively) [94]. However, only about half of the AGs (HSFY, RBMY, TSPY,
VCY, and XKRY) evolved in this fashion [89, 94, 100]. Two AG families in humans are
of unknown origin (BPY2 and PRY), one (CDY) was retrotransposed to the msrY from an
autosome prior to the diversification of Eutherian mammals [100, 155], and one (DAZ) was
transposed from an autosome prior to the diversification of Old World Primates [100, 146].
Of the AGs with ancient ancestry on the msrY [89, 100, 155], four (CDY, RBMY, TSPY, and
XKRY), experienced a pronounced expansion in copy number in the ancestor of catarrhines,

and two (HSFY and XKRY) were subsequently lost in chimps [96, 100, 156].

And third, there are msrY-linked, multi-copy genes which we did not consider to be
AGs. RPS4Y1 and RPS4Y2, for example, are diverged in protein sequence and have not
undergone gene conversion for over 35 million years (My) [157, 158] and were thus consid-
ered to each be a msrY singleton. Another unusual pair of genes is CYorfI5A and CYorfl5B
(known together as TXLNGY), which code for the msrY-linked paralogs of the 5’ and 3’
portions, respectively, of the X-linked gene TXLNG [18]. This gene probably split up into
two singleton genes prior to the divergence of Old World Primates [89]. For our analysis,

we followed the annotation of [54] for these genes as each functional msrY singletons.

Thus multiple variables distinguish singletons from AGs beyond gene conversion in-
cluding their expression patterns, molecular evolution, and aspects of their evolutionary

history, and these are not strictly a consequence of copy number. Arguably differences in
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expression patterns and molecular evolution were present ancestrally and thus potentially
causal to the observed differing nature of gene family evolution, rather than being conse-

quences of this difference.

2.4.2 Lineage heterogeneity in autosomes and msrY singletons

The support of our study for lineage heterogeneity of gene family evolution in autosomes
is consistent with the study by [85], from which we obtained the autosomal copy number
data. This consistency was recovered even though that study used a different statistical ap-
proach, with the likelihood approximated using the maximum a posteriori (MAP) ancestral
state [159] instead of our approach which calculates the likelihood by summing across all
ancestral states. Our findings that the birth rate outpaces the deletion rate in autosomes also
agrees with previous findings that included data from other Great Apes [66]. In particular,
for some of the preferred models with lineage heterogeneity, the estimated deletion rate of
autosomes was much higher in Hominini than the estimate of the deletion rate in the other

primate lineages.

In the autosomes, the rate of segmental duplications is slower in orangutans than other
Great Apes [62], but higher in gorillas and chimps than in humans [65, 66]. However,
in rhesus, although small structural variants are abundant [69], these may be a result of
mobile element insertion by retrotransposition, as opposed to the larger scale duplication
events that are generally responsible for the expansion of gene families [68]. Heterogeneity
in the rate of gene family evolution might also arise if this rate was influenced by the
extent of sperm competition, as has been proposed in chimps [96, 110, 111, 148, 160].
Inconsistent with this hypothesis, however, are the observations that macaques also have

high sperm competition [161-165] yet we recovered relatively low variation in AG copy
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number among and within macaque species compared to the Hominini.

Some clues toward a mechanistic explanation for lineage heterogeneity in msrY sin-
gletons may be gleaned from the three available completely sequenced Old World Pri-
mate Y chromosomes, which are distinguished from one another in chromosomal structure.
In terms of nucleotide sequences, the rhesus macaque msrY comprises about half (=~ 11
megabase pairs) of the euchromatin and about one twentieth of AGs (= 0.5 megabase
pairs) compared to humans and chimps [54]. A higher content of inverted repeats and
repetitive sequences in the Great Apes may promote chromosome fragility, and increase
opportunities for duplication or deletion through non-allelic homologous recombination or

microhomology-mediated events [60, 61].

Polymorphism in copy number variation in the autosomes appears to be influenced by
demographic changes such as bottlenecks. The Western Chimpanzee, for example, has
a high level of polymorphism in duplications and deletions, and also has genomic signa-
tures of a population bottleneck [66]. By comparison, there is also evidence for a dynamic
demography, including recent population decline in the western population of the tonkean
macaque [11], but our analyses failed to recover compelling evidence of copy number poly-
morphism based on a limited sample (three individuals; Figure 2.4). This disparity could
be attributed to a lack of statistical power of our small data-set. We did, however, discover

polymorphism at an exon repeat within a paralog of DAZ in this population.

2.4.3 Gene conversion in primates and beyond

In general, gene conversion occurs more rapidly in palindromes on the msrY than among
palindromic sequences in the autosomes [133], suggesting that the nature of natural selec-

tion on duplicates on the Y chromosome may differ from that on duplicates elsewhere in
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the genome. Relatively few cases of gene conversion within genes on the Y (or W) chromo-
somes are known beyond those identified in primates based on the complete Y chromosome
sequences of a human, a chimp, and a macaque [105]. Known examples include genes that
are also arranged in palindromes, including duplicated SRY genes in the European rabbit
[152], copies of the HINTW and CHDIW genes in various birds [129, 130], and several
genes in cows [108, 166]. Thus our discovery of several clear examples of gene conversion
add to a relatively small list of examples from species whose Y chromosomes have yet to

be completely sequenced.

Previous studies have considered the evolution of AGs from a theoretical perspective.
Ancillary genes that do not themselves undergo gene conversion could catalyze gene con-
version of other duplicated genes; these theoretical genes are called recombination modi-
fiers [167]. Using population genetic parameter estimates from humans, simulations indi-
cate that the fixation rate of msrY-linked recombination modifiers can be faster than that
for a neutral variant [102]. Simulations and analytical models that jointly consider the phe-
nomena of gene conversion and gene duplication suggest that gene conversion can promote
the persistence of gene duplicates on the msrY by resuscitating copies that have undergone
deleterious mutation [104]. In this case, gene conversion is not influenced by the fixation
probability of a newly arisen duplicate. The theoretical findings of [104] may be supported
by the empirical finding of a longer average lifespan of multi-copy genes on the mammalian
msrY compared to single-copy genes [99]. The effects of mildly advantageous mutations
on duplicates that undergo gene conversion has also been explored, with the conclusion
that gene conversion can increase the rate of adaptive evolution [112]. This study noted
that gene conversion can be biased, for example, by favoring GC over AT base pairs, and
that this bias becomes important when the rate of gene conversion is high [112], which it

is on the Y chromosome [113]. Moreover, there is significant evidence of GC biased gene
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conversion in macaques [11] and other primates [168—171]. Thus, while gene conversion
is uniquely possible in multi-copy gene families, theoretical studies suggest that this phe-
nomenon may promote the persistence of gene families on the msrY. In the background
of the msrY, whose evolution is dominated by deleterious mutations and strong linkage
effects, the role of gene conversion as a conservative force can also lead to greater adaptive
evolution in AG families [105]. Overall, gene conversion is a plausible causative factor —

in addition to being a consequence — of the distinctive nature of AG family evolution.

2.4.4 Caveats and future directions

qPCR assays

An advantage of studying closely related species is that we were able to use multiple gene
copy-specific assays to quantify copy number variation across a protracted period of evo-
lutionary time. We anticipate that our qPCR assays accurately identified copy numbers for
orthologs that have high sequence identity to the rhesus AG sequences, based on (i) com-
prehensive sequencing of qPCR primer sites during the development of our qPCR assays,
(i1) the high number of technical replicates per individual assay (n = 4 — 36 for the experi-
mental samples and n = 11 — 34 for the rhesus reference sample), and (iii) the conservative
measures we took to identify and exclude replicates with inconsistent reaction efficiencies.
However, a drawback (that is difficult to overcome without complete Y chromosome se-
quences from each species) is that some paralogs may have gone undetected by our qgPCR
assays if orthologous data were not available in the rhesus macaque due to deletion in an

ancestor of rhesus after divergence from the other macaques we assayed.

However, there are two reasons to suspect that our assays did in fact evaluate most or

all of the gene families on the macaque msrY. First, if we assume that this rate is similar
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to that estimated from the available data, the posterior distribution of AG ancestral copy
numbers under each of the models, and the relative probability of each model, we would
expect, using model averaging, only 0.613 autapomorphic deletion events along the rhe-
sus lineage among all AG families (or, 0.620 deletion events under the preferred model,
L = I). Thus we do not anticipate major differences between the rhesus macaque and
the other macaques we surveyed in gene content on the msrY. Second, in our model gene
birth and deletion occur at rates that are proportional to the number of copies. For this
reason, even if our qPCR assays did systematically fail to identify AG paralogs because
they were deleted in the rhesus lineage, this should not bias our estimate of the per copy
birth and/or deletion rates. It would, however, mean that we have less information in our
data and therefore the confidence intervals on the parameter estimates are larger than they
would be if we had more complete data. Further characterization of inter- and intra-specific
variation in copy number of primate AGs will undoubtedly increase our understanding of
these inferences and increase their phylogenetic precision. At this time, however, accurate
quantification of copy number variation on the msrY is hampered by the repetitive nature of
this genomic region, a dearth of completely sequenced Y chromosomes in primates, and by
technical complexities associated with assaying copy numbers of genes that are frequently

homogenized by gene conversion.

Evolutionary models

Our models made several simplifying assumptions that may poorly reflect the actual biolog-
ical events that occurred during the evolution of gene families on the msrY. For instance, we
assumed independence among gene families even though gene families on the msrY are ge-
netically linked. This assumption was made in order to simplify the likelihood calculation.

We also assumed that copy number changes of AG families proceed in a stepwise fashion,
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as has been previously supported [102]. However, it is conceivable that a few rare events
may be responsible for multiple duplications happening at the same time — even among dif-
ferent gene families — for example, via crossing over [115, 116, 137, 172] or chromothripsis
[80, 173] of the msrY. We also did not include a role of evolutionary “‘strata” in msrY gene
family evolution. However, because the most recent msrY arose prior to the diversification
of our species of interest [54], this seems like a reasonable simplifying assumption for our
data. Another factor not considered by our models is the possibility that epistatic inter-
actions between these genes and genes encoded elsewhere in the genome could influence
gene family dynamics in unique ways. In particular, if there are favorable combinations of
Y-linked and non-Y-linked alleles across genes whose protein products interact, this could
favor the translocation from the autosomes or the X chromosome to the Y chromosome in
order to prevent these associations from being lost due to recombination. Support for this
possibility has been found in fruit flies in which the same Y chromosome exhibits consider-
able heterogeneity in fitness in different genetic backgrounds [174], and is associated with

differential expression of autosomal genes [175].

2.5 Conclusions

This study found multiple novel examples of gene conversion among AGs on the Old World
Primate msrY, including one gene that appears to have undergone multiple independent
gene conversion events in different species and with similar recombination margins. These
independent events yielded chimerical gene products whose evolutionary histories differ
between the 5’ and 3’ ends of the affected exon. Using data from qPCR, gene sequences,
and completely sequenced msrY of a human, chimpanzee, and rhesus macaque, we also

demonstrated that AGs on the msrY evolve significantly faster than msrY singletons and
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autosomal gene families, and that AGs are perhaps better approximated by an altogether
distinct model of evolution than those that best approximate the other gene categories. We
speculate that the distinctive nature of msrY AGs is a consequence both of the high fre-
quency of gene conversion and natural selection acting on male-specific function of these

genes.

2.6 Methods

2.6.1 Genomic DNA extraction & Sequencing

The origins and genomic DNA (gDNA) extraction of samples used in this study are summa-
rized in [143] with the exception of one rhesus macaque, a baboon, and a mandrill sample
which were obtained from the Toronto Zoo. Genetic samples for this project were obtained
using methods approved by the Institutional Animal Care and Use Committee (IUCAC) at

Columbia University.

Sequencing of TSPY and SRY loci confirmed species identity as determined by [144,
145] and argued against the possibility of inter-specific contamination of Y-chromosome
DNA. AG exons in papionins were amplified and sequenced by polymerase chain reac-
tion (PCR) using primers designed from rhesus macaque Y-chromosome bacterial artificial
chromosome (BAC) sequences with high similarity to human AG exons. For all AG loci,
multiple primers for at least two exons and/or at different sites were created whenever pos-
sible to minimize the possibility of false negative (failed) amplifications due to divergence

of primer sites.
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2.6.2 Phylogenetic estimation

A Y-chromosome phylogeny for 14 male macaques (Table A2), human, chimpanzee, and
marmoset was estimated using concatenated nucleotide sequences from up to nine msrY
singletons. This analysis included novel sequences for three macaque samples (one M. arc-
toides and two M. maura samples), sequences from a marmoset that were identified using
BLAST [176], and several other species from a previous study [143] (GenBank accessions
in Table A4). Primers for single-copy, msrY-linked exons and GenBank accessions for the
remaining 11 macaque samples, human, and chimpanzee are listed in [143]. The total align-
ment length was 6 185 bp, and the alignment length after excluding positions with gaps was
6 167 bp. The time-calibrated phylogeny was built in BEAST v1.7.5 [177], assuming mean
divergence times of 6 My and 30 My for the ancestor of the tribe Hominini and other Old
World Primates [178-180], respectively, with model selection, molecular clock calibration,

and other analytical details provided in the Supplemental Information.

A similar procedure was used for generating the AG trees. Pseudogenes were identi-
fied in the completed human, chimp, and rhesus macaque msrY using the functional gene
sequences as BLAST queries. In addition to the two calibration dates listed above, a mean
divergence time of 8.5 My was assumed for papionins [179, 181, 182] when a putative

functional AG ortholog was identified for either mandrill or baboon.

2.6.3 ¢PCR

Quantitative PCR was performed in accordance with the minimum information for publi-
cation of quantitative real-time PCR experiments (MIQE) guidelines [183, 184]. Raw data

in RDML format for all assays can be found at RDML database (http://rdmldb.org,
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[accession TBD]). Further details of macaque sample processing and gDNA extractions
are available in the Supplemental Methods. Standard curves are shown in Figures A17-
A18. gDNA from rhesus macaque was used as a reference sample and assumed to have the
same ampliconic gene copy numbers as the individual sequenced for the rhesus macaque Y-
chromosome project [54]. Since ampliconic gene copy numbers are unknown for macaque
species other than the rhesus macaque and qPCR primers are specific for the genus Macaca,
no other controls with known copy numbers were available. Therefore, the remaining 13
male macaque samples representing eight species are all part of the experimental group (Ta-
ble A2). Samples with divergent sequences at gPCR primer sites (namely DAZa, see Figure
A9), poor assay specificity as determined by melt curve analysis, or assay efficiencies con-
sistently different from the median assay efficiency were excluded from the analysis for the

problematic gene family.

qPCR was used to determined the mean expression in each experimental macaque sam-
ple relative to rhesus macaque. The known single-copy Y-linked gene SRY was used as
a reference to confirm the invariant, single-copy status of 7SPYI and XKRY (Figure 2.3)
for all of the experimental samples. Then, since 7SPY/ and XKRY had satisfactory mean
stability (geNorm M-value) measures and coefficients of variation (Table A9), all three loci
were used as reference genes to calculate the relative expression for the remaining six loci.
Finally, the relative expression for each experimental sample was rescaled to gene copy
number using the copy numbers from the rhesus macaque Y-chromosome project [54]. Ad-

ditional details on qPCR are provided in Supplemental Methods.
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2.6.4 Copy number estimation from qPCR and sequence data

In order to be able to put the gPCR copy number data into an evolutionary perspective,
we needed to generate estimates of the discrete copy numbers for each gene and sample.
We assumed that the estimated copy numbers are Normally distributed with a standard
deviation equal to the estimated standard error. We assigned a probability to each copy
number integer (> 0) by calculating the cumulative probability under the density curve for
intervals at (0,1.5,2.5,3.5,...). These probabilities were used as the likelihood for the
extant taxa, which allowed us to incorporate the uncertainty from the qPCR estimate into

our models.

Similarly, for genes and/or samples for which we did not perform qPCR, we used the
number of unique sequences observed as an estimate of the minimum number of gene
copies present. All copy numbers smaller than the number of unique sequences observed
were assumed to have a likelihood of zero, while copy numbers equal to or greater than the

number of unique sequences have a likelihood of one.

2.6.5 Gene family evolution

A homogeneous time Markov process with an arbitrary finite number of states was used to
model gene family evolution along the primate phylogeny. Gene duplication and deletion
events were modeled using a continuous-time Poisson process where the probability per
unit time of an event is proportional to the number of copies. Models BD and B = ID
allowed unequal rates of gene duplication, ‘birth,” and deletion. Models L = I, LI, and
B = ID had an innovation parameter that describes the probability of a gene family mov-

ing from zero copies to one copy. Although an innovation parameter has previously been
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used to model lateral gene transfer of gene families in Prokaryotes [82], innovation may
be of particular importance to msrY-linked gene families since it can be used to describe
events such as the acquisition of novel gene families on the msrY to the autosomes, the
acquisition of a gene family to the msrY, the suppression of recombination in part of the
pseudo-autosomal region resulting in novel msrY-linked genes, and the putative resusci-
tation of an extinct gene family by gene conversion of complementary pseudogenes. In
models without the innovation parameter, a copy number of zero is an absorbing state;
therefore models without innovation assume that each gene family was present in at least
one copy in the MRCA of all taxa, while models with innovation do not make this assump-
tion. Furthermore, models without innovation have a limiting distribution at zero and a
quasi-stationary distribution at the largest copy number state; both of these are biologically
unreasonable distributions for the ancestral state at the MRCA of any gene. We assumed a

generation time of five years for all primates [185, 186].

2.6.6 Missing values and heterogeneous rates

We did not have complete copy number estimates (or minimum values) for all gene families
and all macaque species investigated. Therefore, in order to fit the complete data to a single
model, we had to accommodate missing data by assigning a likelihood of 1 at all states for
genes and taxa with missing data. We implemented rate heterogeneity among lineages in a

way that is analogous to its implementation in CAFE [85].

2.6.7 Analysis of whole genome and msrY data

We downloaded the autosomal gene family size data from [85] and kept only the data from

human, chimp, and rhesus macaque. For computational efficiency, we excluded one gene
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family that has a copy number of > 400; this left a total of 9904 autosomal gene families.
We supplemented these data with the complete msrY gene family size data from [54]. We
also included in the dataset all of the macaque species by inputting NAs for the autosomal

data and the copy numbers determined as described above for the msrY-linked gene data.

All model fitting was performed in R v3.1.0 [187] using custom functions that were
based on the function ace from the R package ape v3.0-6 [188]. These functions are

available upon request and will be distributed as an R package.

2.7 Figures
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Figure 2.4: Gene copy numbers for each macaque sample among all seven AG loci
assayed by qPCR. The points show the estimated mean copy number and lines depict
standard errors, except for the rhesus macaque (M. mulatta) where the copy numbers from
the Y-chromosome project [54] have been included as a reference. The black dashed lines
represent relevant threshold values used for inferring discrete copy numbers from the con-
tinuous qPCR data. The lines and points are coloured by species, as indicated in the symbol
key on the right.
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Chimp Y Chimp AG
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Macaques Y Macaques AG
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(c) Lineage Heterogeneity (d) Autosomes+Singletons, (e) Autosomes,
and Gene Heterogeneity with AGs separate Singletons, AGs

Figure 2.5: Diagrams of examples of models fitted to gene copy number data for hu-
man, chimp, and macaques. (a) Homogeneous: autosomal genes, msrY-linked single-
tons, and AGs of all species evolve at the same rate(s) for all lineages. (b) Lineage het-
erogeneity: Hominini lineage evolves differently from the Old World Primate lineages;
autosomal and msrY-linked genes evolve at the same rate(s). (c) Gene heterogeneity and
lineage heterogeneity: autosomes (abbreviated “Aut’”) and msrY-linked genes (abbreviated
“Y”) evolve differently from each other; there is also lineage heterogeneity between Ho-
minini and Old World Primates. (d) Similar to (c) but autosomes and singletons (abbrevi-
ated “Aut+Singles”) evolve differently from AGs. (e) Autosomal, singleton, and AGs all
evolve separately from each other. There is lineage heterogeneity for the autosomal and
singleton genes but lineage homogeneity for the AGs.
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Figure 2.6: Maximum likelihood estimated (MLE) values for the top 95% cumulative
BIC weight models. Symbols show the MLE and bars indicate univariate 95% confidence
intervals. The solid points show the birth=deletion (\) rate estimates and the outlined points
show the birth=deletion=innovation (\=t) rate estimates. The solid triangles with dashed
lines show the birth=innovation (b=:) rate estimates and the outlined triangles with dashed
lines show the deletion (d) rate estimates. The BIC weight of each model is indicated on
the far right. On the y-axis, the autosomal gene category is abbreviated as “aut,” the msrY-
linked singleton category is abbreviated “singles,” and the gene category where autosomal
genes and singletons evolve at the same rates is abbreviated “aut+singles.” The colours of
the symbols highlight gene heterogeneity in all of the models and correspond to different
gene categories as indicated in the symbol key on the right. Models with lineage hetero-
geneity are indicated on the y-axis when a gene category has the lineage heterogeneity
between Hominini and other Old World Primates (“OWP”).
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2.8 Availability of supporting data

The sequence data supporting the results of this article are available in the GenBank repos-
itory [sequence accessions TBD]. The qPCR data sets supporting the results of this article

are available in the RDMLdb repository [data set accessions TBD].

2.9 List of Abbreviations

AG: ampliconic gene; b: duplication (or ‘birth’) rate; BAC: bacterial artificial chromosome;
BIC: Bayesian Information Criterion; CV: coefficient of variation; d: deletion rate; gDNA:
genomic DNA; ¢: innovation rate; A: a rate of copy number evolution where birth and
deletion are equal; MAP: maximum a posteriori; MRCA: most recent common ancestor;
msrY: male-specific region of the Y chromosome; My: million years; N,: effective popula-

tion size; PCR: polymerase chain reaction; qPCR: quantitative polymerase chain reaction.
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2.A Supplementary Methods

Sample details, gDNA extraction, & sequencing

Sequencing of ampliconic exons was accomplished prior to the publication of the com-
plete rhesus macaque Y-chromosome; therefore BAC sequences from the rhesus macaque
Y-chromosome project were used for primer design (GenBank accessions in Table Al).
Rhesus macaque sequences with high similarity to human ampliconic exons were used with
Primer3 [189] to design primers for PCR. For all genes, except XKRY and RBMY, primers
were initially designed to co-amplify putative paralogs and used for direct sequencing. In
order to resolve the heterozygous sites resulting from co-amplification of paralogs, the PCR
products from at least three Indonesian macaque samples were cloned and sequenced, then,

when possible, paralog-specific primers were designed.

Rhesus macaque, mandril, and baboon whole blood samples were obtained from the
Toronto Zoo using a needle draw. Blood samples were frozen to -20°C almost immedi-
ately after being drawn, shipped on ice to Hamilton, Ontario, then stored continuously at
-80°C until DNA extraction. All other macaque samples were obtained from pet animals
in Indonesia as detailed in [190-192]. Whole blood was drawn with a needle and fixed

almost immediately by mixing with equal parts buffer containing SDS, EDTA, and Tris, as
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detailed in [190]. Fixed blood samples were stored at room temperature for one to eight

weeks before being frozen, then stored continuously at -80°C until DNA extraction.

gDNA was extracted from whole blood for all samples using a DNeasy Blood and
Tissue Kit (Qiagen, cat.#69504) with the spin protocol. A modification was made to the
manufacturer’s protocol for the final step: the incubation was done for five minutes with
20 — 80uL of either distilled water or Buffer AE (as listed in Table A2). The nucleic acid
concentration and purity of each gDNA extraction (listed in Table A2) was determined
using a NanoDrop ND-1000 Spectrophotometer and the program ND1000 v3.8.1 (Thermo-
Scientific). No DNase or RNase treatment was performed on the gDNA extracts; nor was
a contamination assessment carried out on the gDNA extracts. PCR was performed using
FailSafe PCR 2x PreMix D (Epicenter, cat. #FSP995D), and Taq DNA polymerase (Life
Technologies); the annealing temperatures are given in Table A3. Primers were tested us-
ing genomic DNA from a male rhesus macaque (positive control) and a female M. ochreata
(negative control) to confirm Y-linkage. PCR reactions were visualized using agarose gel
electrophoresis and ethidium bromide. Cloning was done using the TOPO TA kit (Invit-
rogen, cat.#K4500-40). Sequencing was done using the BigDye Terminator v3.1 Cycle
Sequencing kit (Life Technologies, cat.#4337456). Sequence chromatograms were ana-
lyzed using Sequencher v4.7 (Gene Codes Corp., Ann Arbour, MI), primer sequences were
trimmed in MacClade v4.08 (Sinauer Associates Inc., Sunderland MA, [193]), and FASTA

files were aligned using MUSCLE v3.8 [194].

Phylogenetic estimation

The total alignment length for the concatenated single-copy, msrY-linked, protein coding

genes was 6 185 bp, and the alignment length after excluding positions with gaps was
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6 167 bp. jModelTest v2.1.3 [195] was used to estimate the best nucleotide substitu-
tion model among 88 candidate models. The model favoured by BIC was TPM3uf+G.
Using this model, BEAST v1.7.5 [196] was used to create a time-calibrated tree un-
der the following assumptions: a strict molecular clock, that Hominins and macaques
each form monophyletic clades, and that the times, in years, to the MRCA have priors
of N(p=16.0-10% 0 =3.0-10%) and N(p = 3.0-107,0 = 1.5 - 10°) for Hominins and
Catarrhines, respectively. These values were chosen for the time to the MRCA since the
mean values are commonly accepted [178-180] and a standard deviation of 5% of the
mean seems to reasonable given the estimated speciation times from other studies [197].
BEASTMC3 v1.7.5 was used to run three chains at default settings. After inspecting the
chain for convergence in Tracer v1.5 [198], a burn-in of 1 million generations was applied,

yielding a total chain length of 19 million generations.

A similar procedure was used for generating the AG trees. Pseudogenes were identi-
fied in the completed human, chimp, and rhesus macaque msrY by using the functional
exon sequences as BLAST queries for all three pair-wise combinations. The longest, non-
redundant BLAST hits with > 80% sequence identity were used to generate the multiple-
sequence alignment. The same assumptions as above were used for building BEAST trees
except that a relaxed log Normal molecular clock was used instead of a strict molecular
clock, since the alignments include pseudogenes as well as functional genes. In addition,
the previously reported speciation times [179, 181, 182] for papionins were used as cal-
ibration points (prior = N (= 8.5-10% 0 = 4.25 - 10°)) in gene families where baboon
and/or mandrill presumed functional ortholog sequences were available. Finally, no as-

sumptions (e.g. of monophyly) were made about the tree topology.
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qPCR

The annotation from [54] was used to identify functional paralogs for qPCR assay in
macaques. JPCR primers were designed according to the recommendations of [184] using
Primer3Plus [189] and the AG sequence alignments obtained from macaques. To ensure
a consistent reaction efficiency across samples, primers were placed at sites with 100%
identical sequence for all paralogs targeted and in all species assayed (Figures A8-A16).
To ensure primer specificity to the targeted paralog(s), primers were designed in regions
that had distinguishing sequences in all macaque species as compared to other functional
or pseudogenized paralogs; in particular, each pair of primers was required to have at least
two distinguishing substitutions within the first five nucleotides on the 3’ end (Figures A8-
A16). Any potential secondary structure was excluded using the mfold web server [199]
and primer specificity was screened in silico using Primer3Plus [189] and Primer-BLAST
[200]. Amplicon lengths and locations on the rhesus macaque Y-chromosome (GenBank
accession PRINA253406) are given in Table AS. Primers were ordered from Sigma-Aldrich
with reverse-phase cartridge purification and without any modifications to the sequences

listed in Table A3.

The rhesus macaque blood sample obtained from a single male individual at the Toronto
Zoo was defined as the control group. We assumed that this individual has the same copy
numbers for all AGs and SRY as the individual sequenced by [54]. The 13 other macaque
samples were defined as the experimental groups because their AG copy numbers are un-

known. gDNA extraction methods and purity are described above.

Primer specificity in males was confirmed as detailed above. Specificity was validated
using PCR amplification in rhesus macaque followed by either direct sequencing or diges-

tion with a restriction enzyme specific to the mis-primed product (see Table AS). Restriction
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enzyme digested PCR products were visualized using 8% acrylamide gel electrophoresis
and ethidium bromide. Finally, to ensure that primer specificity is consistent across all
samples, a melt curve analysis was performed for all reactions to exclude any non-specific

reactions.

Primer annealing temperatures were optimized using an eight-point temperature gradi-
ent from 55 — 65°C. Primer efficiency and linear dynamic range was determined using an
eight-point dilution gradient of rhesus macaque gDNA (Figures A17-A18 and Table A7;
slope, y-intercept, and r? of calibration curves are given in Figures A17-A18). The rhe-
sus macaque gDNA concentration and quantification cycle (C,) variation at the limit of

detection (LOD) for each assay is given in Table A7.

All gPCR reactions were set-up manually and run using a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad Laboratories, cat.#185-5196), 96-well PCR plates (Bio-
Rad Laboratories, cat. #MLL-9651), and Microseal ‘B’ Adhesive Seals (Bio-Rad Laborato-
ries, cat. #MSB-1001). To minimize the effects of sample-specific inhibition and differential
amplification efficiencies between samples, the gDNA concentrations of the experimental
samples were normalized relative to the gDNA concentration of the reference sample as
recommended by [201] (Table A2). Preliminary assays were done using 8.077uL 1Taq Fast
SYBR Green Supermix with ROX (Bio-Rad Laboratories, cat.#172-5100), 1uL of gDNA,
0.323puL of 10uM each forward and reverse primers, and UltraPure DNase/RNase-free dis-
tilled water (Life Technologies, cat.#10977-015) to a total reaction volume of 15uL. Cy-
cling conditions were: enzyme activation at 95°C for 60s, then 40 cycles of 95°C for 5s,
primer specific annealing temperature for 30s, and 70°C for 30s with plate read, and finally
a melt curve from 65 — 95°C in 0.5°C increments of 5s. After this reagent was discon-
tinued, reference genes were repeated and further assays were done using 5.00uL SsoFast

EvaGreen Supermix (Bio-Rad Laboratories, cat.#172-5202), 1uL of gDNA, for some as-
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says 1uL of 10mg/uL bovine serum albumin (BSA) fraction V (Gibco, cat.#11018-017),
assay-specific volumes of 10M primers, and UltraPure DNase/RNase-free distilled water
to a total reaction volume of 10uL. Cycling conditions were: enzyme activation at 98°C for
120s, then 40 cycles of 98°C for 5s and primer specific annealing temperature for 5s with
plate read, and finally a melt curve as above. Assay-specific qPCR reaction details (i.e.

annealing temperatures, primer concentrations, and whether BSA was added) are listed in

Table A6.

C, values were determined using the baseline-subtracted regression from the CFX Man-
ager Software v3.0 [202]. Average amplification efficiency per sample was estimated using
LinRegPCR v2013.1 [203, 204]. Reactions with baseline errors, as identified by CFX Man-
ager, or efficiencies greater than/less than 8% from the median assay efficiency of the plate,
as identified by LinRegPCR, were considered to be kinetic outliers and excluded from fur-
ther analysis. Inter-run calibration was performed using CFX Manager and the average
assay efficiencies estimated from LinRegPCR (Table A7) were used to calculate the rela-

tive quantities. The results for the no template control (NTC) reactions is shown in Table

A8.

SRY was chosen as a reference gene because it is msrY-linked, rarely lost in mammals
(but see [205]), and usually single-copy in mammals (but see [99, 152, 206]). SRY was used
as a reference to confirm the invariant, single-copy status of 7SPYI and XKRY. We found
that using these three reference genes yielded more consistent results for all assays. Finally,
the target stability values for these three genes (Table A9) are below the acceptable values
for stably expressed reference genes (M-value < 0.5 and the CV of normalized reference

gene relative quantities < 0.5 [1]).

The normalized relative quantities (NRQs) were calculated in CFX Manager. Technical

replicates were performed at the qPCR stage. After exclusion of kinetic outliers, the rhesus
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macaque reference sample had on average 22.1 (min= 11, max= 34) technical replicates
and the experimental samples had on average 16.4 (min= 4, max= 36) technical replicates

among all assays. The intraassay repeatability was quite good, as shown in Table A10.

Copy number estimation from PCR and sequence data

Unfortunately, previous studies have found that gPCR gene copy number data from gDNA
does not cluster cleanly around discrete gene copy numbers [207-211]. For this reason, we
chose to use a method that incorporates the estimated uncertainty from the qPCR assay to

convert the continuous copy number data into discrete copy number data.

Gene family evolution

Two models, L and BD, are similar to those implemented in CAFE [79, 86, 159]. To
circumvent the previously documented [87] numerical instability of the probability calcu-
lation from [84], we used matrix exponentiation for all of the models, as implemented by
the expm v0.99-1.1 R package [212], which we found to be numerically stable at copy
numbers exceeding 100. Because the Markov process does not have a biologically sensible
stationary distribution for models without innovation, we assumed for all models that the
ancestral state at the MRCA is Poisson distributed and estimated the Poisson characteristic
A value from the observed copy number data at the tips across all gene families. Note that
this prior distribution on the ancestral state at the root is different from that used by CAFE,

but similar to that used by BadiRate [82].

For a proposed parameter value(s), the likelihood was calculated using the pruning al-
gorithm [213] and summing over all the possible reconstructions at the root as weighted

by the prior probability of each ancestral state at the MRCA [214]. The MLE and univari-
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ate (profile likelihood) confidence intervals for each model were found using optimization
methods in R as implemented by m1e2 from the package bbmle v1.0.17 [215]. A bounded
method, L-BFGS-B, was used for the optimization because parameter values < 0 are non-

sensical for all of the models.

Analysis of whole genome and msrY data

We fitted each of the ten evolutionary models to each of the following gene categories:
AGs; msrY-linked singletons; autosomes; AGs and singletons; AGs and autosomes; sin-
gletons and autosomes; and AGs, singletons, and autosomes. We calculated the maximum
likelihood for all possible combinations of the gene categories that encompassed the entire
data by summing the log likelihood of the maximum likelihood estimates for both or all

three of these individual model fits.

For each full model, the BIC was estimated using the sum of the number of qPCR
observations and the number of copy number estimates from both [54] and [85] as the
sample size (n =10 040). The BIC weights and normalized probabilities were calculated

using the formulas from [216].

2.B Supplementary Tables
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Table Al: List of rhesus macaque BACs used for primer design.

GenBank accessions

AC206800, AC207040,
AC207520, AC208129,
AC208130, AC208132,
AC208133, AC208822,
AC209262, AC209263,
AC209264, AC212487,
AC212790, AC214069,
AC215549, AC215550,
AC215640, AC216894,
AC217105, AC217129,
AC217130, AC217138,
AC219066, AC225627,
AC225636, AC225837,
AC231654, AC231831,
AC232761, AC234329,
AC234330, AC237223
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Table A2: Quality of the gDNA extracts for each sample.

Sample Species Set(s)*  Eluted Nucleic Acid  Dilution Purity
in Conc. (ng/ul) (As60/A2s0)
Z00 M. mulatta 15t dH-,0 20.0 1 1.74
Z00 M. mulatta gnd dH,O 20.0 0.125 1.74
143 M. arctoides ond dH,0 251.2 0.067 1.75
P0O01 M. maura gnd dH>O 184.3 0.067 1.84
PM616 M. maura ond dH,O 16.6 0.5 1.73
PM545 M. tonkeana east 15t dH>O 8.8 1 1.87
PM545 M. tonkeana east gnd Buf. AE 134 0.067 1.97
PM561 M. tonkeana west 15t dH>O 10.0 1 1.73
PM561 M. tonkeana west ond Buf. AE 17.4 0.067 1.90
PMS82 M. tonkeana west 15t dH50 1.6 1 1.32
PM582 M. tonkeana west gnd Buf. AE 7.6 0.5 1.60
PM604 M. tonkeana west 15t dH>O 4.8 1 1.01
PM604 M. tonkeana west ond dH>O 18.8 0.25 1.95
PM638 M. hecki 15t dH>O 5.1 1 1.83
PM638 M. hecki ond Buf. AE 7.8 0.5 1.78
PM1014 M. hecki 15t 4274 dH,0 4.6 1 2.03
PM655 M. nigrescens 18t dH,0 8.3 1 1.38
PM655 M. nigrescens ond dH>O 13.8 0.5 1.81
PM661 M. nigra 15t 4274 dH,0 1.4 1 1.76
PM665 M. nemestrina 15t dH50 7.8 1 1.80
PM665 M. nemestrina gnd dH,0 9.4 0.5 1.91
PM704 M. ochreata 15t dH-,0 29 1 1.73
PM704 M. ochreata ond dH,O 11.5 0.25 1.97

* 15 refers to the set of preliminary assays performed using the iTaq Fast SYBR Green
Supermix with ROX; 2" refers to the set of assays performed using the SsoFast EvaGreen
Supermix (see Supplementary Methods); 1°¢ + 2" refers to both sets of assays.
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Table A3: Sequences of sequencing and qPCR primers and their annealing tempera-
tures for PCR.

Primer Gene(s)!  Sequence Annealing
Name* Temp. (°C)
CDY_For340 CDY 1-2  GCCAGCAAGAACGTTAGGAG 58
CDY_Rev892 CDY 1-2 TCTGGGTGAATCCATCCTCT 58
CDY_For1005 CDY 1-2 CAGTGCAGCTGGAAGTGTGT 58
CDY_Rev1308 CDY 1.2 CCTTTTCTGTTGCCCACACT 58
CDY_Rev1536 CDY 1-2 TCTCTCATTGGCCTTTTCCA 58
CDYps_Forl CDY ¢ CCAGTCAGGGATGCTTTCTC 58
CDYps_Revl CDY o GGCCCTTTCCAACTCAATCT 58
qCDY_Forl CDY GCGGTCTTGATTTTGGGTAT 58
qCDY_Revl CDY ACTGATACAACAATAGGCTTTTTAAACT 58
DAZex4-6_Forl DAZ2 CCTTTATAGCTATGGATTTGTTTCA 57
DAZex4-6_Revl DAZ2 GCAGTTCTCACCTGAACGTACT 57
DAZex4-6_For2 DAZI CTGGACTATGTGCTGTATGATGG 58
DAZex4-6_Rev2 DAZI TTACAGGATTCAGCGTTATTGG 58
DAZex4-6_For3 DAZI CTTCACCTTTTCTCTGCCTTT 57
DAZex4-6_Rev3 DAZI ACAGGATTCAGCGTTATTGG 57
qDAZ_A_Rev2 DAZ TCCAGACATTCTGAAACTGC 58
qDAZ_A_Forl DAZ2 TCAGTCACAGATCCATATCCA 59
qDAZ_A_Revl DAZ2 CACGTGTCAAAAAGAACAATG 59
gqDAZ_BCD_For2 DAZI CTGCAATCAGGAAACAAAAA 58
qDAZ_BCD_Rev2  DAZI CGAGCACCTTATAAAAAGCA 58
HSFYa_Forl HSFY2-3 CTGGAACAGCGGCTAAAGA 57
HSFYa_Revl HSFY2-3 CTTGTTGGAACAGCAGGTGA 57

Continued on next page. ..
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Table A3 — Continued from previous page

Primer Gene(s)!  Sequence Annealing
Name* Temp. (°C)
HSFYb_Forl HSFYI GCCTGGAAGAGTAGCTCAGG 57
HSFYb_For2 HSFYI CATGCAGCCTGGAAGAGTAG 57
HSFYb_Revl HSFYI GGGCCAGATGAATTAGCAGT 57
HSFYintron_For HSFYI1-3 GGGATGAGAATGGAACTTGC 57
HSFYintron_Rev HSFYI-3 CCATGTTAGCCCCTGCTCTA 57
HSFYex1_For HSFY1-3 AAGCYTCCAMTAGGTCTCCA 55
HSFYex1_Rev HSFYI-3 GAAAGGTGGSTASAAAGGCAGA 55
HSFYex1_For2 HSFY2-3 AGGTCTCCATTGTGTGAGCA 58
HSFYex1_Rev2 HSFY2-3 CAGCCAGAAAGGTGGGTAGA 58
HSFYex1_For3 HSFYI GCTTCCAATAGGTCTCCATTGT 58
HSFYex1_Rev3 HSFYI CTGCCAGAAAGGTGGCTACA 58
HSFYex1ps1For HSFY+  TCCCCTAGGTCTCCATTGTG 55
HSFYex1pslRev HSFYy  GTTGGCCAAAGAAGCAGAAG 55
HSFYex1ps2For HSFY1  TCTCCATTGCGTGAACACAT 55
HSFYex1ps2Rev HSFY4y  GCCAGAAAGTTGACTAGAAAAGC 55
HSFYex2For HSFYI-3 TGGCTGTCCCCAACTTTTAG 58
HSFYex2Rev HSFYI1-3 GTTGARKAGCTGGCCTGGAA 58
HSFYex2_Rev2 HSFY2-3 TCCAGTGGTGATGGTTGAGT 58
HSFYex2_Rev3 HSFYI TGTCCAGTAGTGATGGTTGAAGA 58
HSFYex2psFor HSFYy  TTCAAATGTGGCTGTCTCCA 58
HSFYex2psRev HSFY+¢  TGGTTGAAGAGTTGGCCTGT 58
qHSFYex2_A_Forl HSFY2-3 AGAATCACCTGCTGTTCCAA 58
qHSFYex2_A_Revl HSFY2-3 CCTGGAAAGAGGGCTAGATG 58

Continued on next page. ..
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Table A3 — Continued from previous page

Primer Gene(s)!  Sequence Annealing
Name* Temp. (°C)
qHSFYex2_B_Forl  HSFYI TGGCCCAATTAGAAGTGGTT 58
qHSFYex2_B_Revl HSFYI CCCCTTGCTTGCATATAGGT 58
PRYex3F PRY%) TGGGAAGGTTGGCTCTATTT 55
PRYex3R PRYY CACGAGGTACCCTGAAAACA 55
PRYex3_For2 PRY) TTCAAGGTATGGGAAGGTTGA 57
PRYex3_Rev2 PRYY GGTGTCCCAAAGCCACAG 57
PRYex3_For3 PRY) AGGTGTCCCAAAGCTGTGAT 57
PRYex3_Rev3 PRYY TCCAGTGGTGATGGTTGAGT 57
RBMYex1-2_For2 RBMY GCAGCACAATGGTAGAAGCA 58
RBMYex1-2 Revd  RBMY GGCATTTTACTATCTTCAAAAGTTACA 58
RBMYex1-2_Forl RBMY ¢y AGCTTTTCATTGGTGGGCTA 58
RBMYex1-2_Revl  RBMY vy  ATCTGCAGGGTTCTCAAACG 58
RBMYex1-2_For4 RBMY ¢ TGGCAAGCTTTTCATTAGCA 58
RBMYex1-2 Revd  RBMY ¢y  GCTTTGGCAGCATTCTTAGC 58
RBMYex3_For3 RBMY GAACAAGCCAAGAAACCATCA 58
RBMYex3_Rev3 RBMY AAACATTACCCAAGTGTCCTTCA 58
RBMYex3_Forl RBMY ¢y AACAAGCCAACAAACCATCC 58
RBMYex3_Revl RBMY ¢ CATTACCCAAGTGTCCTCCA 58
RBMYex3_For2 RBMY ¢  AGTCTTTGGATGGAAAAGCAA 58
RBMYex3_Rev2 RBMY ¢  GTCCTTCATGTGAGGGATGC 58
RBMYex3_For4 RBMY iy ATGCCAATGTTATTGATAGTATGC 58
RBMYex3_Rev4 RBMY ¢ TTCATGTGAGGGAAGCCATC 58
RBMYex3_For5 RBMY ¢y TGCTTAGGTTAAATATGCCAATG 58
RBMYex3_Rev5 RBMY ¢y  GTGAGGGAAGCCATCCTCTT 58

Continued on next page. ..
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Table A3 — Continued from previous page

Primer Gene(s)!  Sequence Annealing
Name* Temp. (°C)
RBMYex3_For6 RBMY ) CCACAGGTGACATAAATCTGCT 58
RBMYex3_Rev6 RBMY ¢y  ATCATGTGAGGGAAGCCACT 58
gRBMYex3_Forl RBMY CATTTCAAAGTGGTGGTAGGC 58
gqRBMYex3_Rev3 RBMY CCTCCACTACTTCCTTTTGCAG 58
gSRY_Forl SRY CTCAAGAATGCAGCACCAGT 58
gSRY_Revl SRY GCTTTGTCGAGTGGCTGTAG 58
TSPYex3-5For TSPYI-5 GTGAAAGAAGCGAAGCATCC 58
TSPYex3-5Rev TSPY1-5 CTCTTCAGGYGGCTTCATC 58
TSPYex3-5_Rev_al TSPY2-5 TATCCCGGGTATCAGACAGC 58
TSPYex3-5_Rev_bl TSPYI CCTCATGTAGCATTGCATGG 58
TSPYex3-5_For_b2 TSPYI CACCTCAGCCAAAAAGGTGT 58
TSPYex3-5_Rev_b2 TSPYI TCAGGGGAATCAATCGAGAG 58
qTSPY_B_For3 TSPYI TCCAATTCAGTGGTGTCAGG 58
qTSPY_B_Rev3 TSPYI CCACCTCAGCAATCCTATTACC 58
XKRY_For28 XKRY CCTGATGACATGTTCCCTGTT 55
XKRY_Rev354 XKRY AGCATCAGTACTGTACCCACCA 55
XKRY_For24 XKRY ¢y  CATTGCTGATGACATGTTCTCTC 55
XKRY_Rev339 XKRY Y  CCCAACATGCTGGAATTATTTT 55
gXKRY_Forl XKRY ATATGGCGTTTTCTGGAGGT 58
gXKRY_Revl XKRY ATGGTGCCAACAATGGTACA 58

6 7

* Primers whose names begin with “q” were used for qPCR; all other primers were used
only for PCR amplification and sequencing.

f 4/ indicates that a msrY-linked, pseudogenized version of the gene is targeted by this
primer.
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Table A4: Accession numbers for sequences used to build gene trees but not sequenced

in this study.
Gene Species Genbank accession number
AMELY H. sapiens NC_000024.10: 6 868 563-6 867 999
AMELY macaques HMO071684-HM071693
AMELY P troglodytes AB091782.1
CDY C. jacchus FJ526998.1
DAZI H. sapiens NC_000003.12
DAZI M. mulatta AF053608.1
DAZI P. troglodytes AF053606.1
DBY C. jacchus AC245293.3: 42 530-42 764, 60 146-60 340
DBY H. sapiens NC_000024.10: 12916651-12916854
DBY macaques HMO071810-HMO071817
DBY P. troglodytes AC146254.2: 47 245-47 042
PRKY  H. sapiens NC_000024.10: 7 325 834-7 326 451
PRKY  macaques HMO071789-HM071798
PRKY P troglodytes NC_006492.3: 25 186 998-25 186 381
RBMY  C. jacchus AC220987.3
SMCY  C. jacchus AC226175.3: 2297-3 036
SMCY  H. sapiens NC_000024.10: 19 707 809-19 707 071
SMCY  macaques HMO071647-HM071656
SMCY P troglodytes AC144429.1: 66 765-66 039
SRY C. jacchus AC221052.5: 165 915-166 709

Continued on next page. ..
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Table A4 — Continued from previous page

Gene Species Genbank accession number

SRY H. sapiens NM_003140.2

SRY macaques HMO071767-HMO071776
SRY P. troglodytes JF293177.1

TBLIY  H. sapiens NC_000024.10: 7 070 164-7 070 931
TBLIY macaques HMO071704-HM071713
TBLIY P troglodytes AC146484.3: 22 321-21 554
TSPY C. jacchus AC234250.2

TSPY M. nigrescens AF284268.2

TSPY M. nigra AF284267.2

TSPY M. hecki AF284256.2

TSPY M. tonkeana east AF284236.2

TSPY M. tonkeana west AF284235.2

TSPY M. ochreata AF284269.2

TSPY M. maura AF284257.2
USP9Y  C. jacchus AC234102.2: 7 5193-7 5979
USPY9Y H. sapiens NM_004654.3
USP9Y macaques HMO071667-HM071676
USPY9Y P troglodytes NM_001009110.1

ury C. jacchus AC231992.2: 2 967-3 707
Tty H. sapiens XM _011531442.1

ury macaques HMO071726-HM071733
Uty P. troglodytes AC146194.2: 47 615-46 872

Continued on next page. ..
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Table A4 — Continued from previous page

Gene Species Genbank accession number

XKR3 H. sapiens NM_175878.3

ZFY C. jacchus AC221058.4: 151 603-152 290
ZFY H. sapiens NM_003411.3

ZFY macaques HMO071746-HMO071755
ZFY P. troglodytes NM_001009003.1

Table AS: qPCR target information.

Primer Length Primer Exon/ Specificity
Name (nt) Location* (bp) Intron Check
qCDY_Forl 132 8813798-79, 8903851-70 ex| direct
gCDY_Revl 8813693-66, 8903956-83 sequencing
gDAZ_A_Forl 103 10637794-814, 10650686-706 ex4-ex6 restriction enzyme:
gqDAZ_A_Revl 10637877-97, 10650769-89 CviAll
gDAZ_BCD_For2 117 9166093-74, 9177331-12, 9186075-56  ex4-ex6 direct
gDAZ_BCD_Rev2 9165995-76, 9177233-14, 9185977-58 sequencing
qHSFY_A_Forl 135 8386429-48, 8553596-77 ex2 restriction enzyme:
gHSFY_A_Revl 8386545-64, 8553480-61 CviAll
qHSFY_B_Forl 146 8006912-893 ex2 restriction enzyme:
qHSFY_B_Revl 8006785-66 Mbol
gRBMYex3_Forl 93 6278470-50 ex3 direct
gRBMYex3_Rev3 6278377-98 sequencing
gqSRY_Forl 91 81 721-02 ex1 none
gSRY_Revl 81 649-30

qTSPY_B_For3 124 6308032-13 ex3-ex5 restriction enzyme:
qTSPY_B_Rev3 6307929-08 Fnu4HI
gXKRY_Forl 120 7642396-77 exl restriction enzyme:
gXKRY_Revl 7642295-76 Ddel

* On the rhesus macaque Y-chromosome.
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Table A6: Table of qPCR conditions.

Assay Set*  Annealing BSA For. Primer Rev. Primer
Temp. (°C) Added?  Vol. (uL) Vol. (uL)

CDY ond 59.0 yes 0.600 1.000
DAZa 15 61.4 no 0.323 0.323
DAZa ond 61.4 no 0.833 0.833
DAZbed 274 59.0 yes 1.000 0.600
HSFYa 1% 63.4 no 0.323 0.323
HSFYa 2™ 63.4 yes 0.833 0.833
HSFYb 1% 63.4 no 0.323 0.323
HSFYb 27 63.4 yes 0.500 0.500
RBMY 2™ 56.0 yes 0.300 0.300
SRY 15t 63.8 no 0.323 0.323
SRY ond 63.4 yes 0.833 0.833
TSPYb 1% 63.4 no 0.323 0.323
TSPYb 27 63.4 yes 0.300 0.300
XKRY 1% 63.4 no 0.323 0.323
XKRY 2™ 63.4 yes 0.300 0.500

* 1% Refers to the set of preliminary assays performed using the iTaq Fast SYBR Green
Supermix with ROX; 2"? refers to the set of assays performed using the SsoFast EvaGreen
Supermix (see Supplementary Methods).
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Table A7: Table of qPCR validation.

Assay Set* Estimated LOD* C, St. Dev. Mean Among Sample

% Eff.1 at LOD Eff.!  Eff. Variation?
CDY gnd 109.3 2.06-1073 0.554 1.756 0.022
DAZa 15t 93.2 1.95-103 0.213 1.822 0.061
DAZa ond 107.7 1.13-1073 0.0917 1.683 0.034
DAZbcd 274 101.0 2.06-1073 0.198 1.634 0.027
HSFYa 15t 90.2 1.95-103 0.119 1.714 0.044
HSFYa  2nd 102.7 2.06-1073 0.199 1.791 0.035
HSFYb 1% 103.0 1.95-1073 0.670 1.781 0.054
HSFYb  27d 109.9 5.50-1073 0.193 1.778 0.018
RBMY ond 106.8 1.03-1073 1.45 1.701 0.048
SRY 15t 90.5 6.91-104 NA 1.825 0.070
SRY ond 99.4 2.06-1073 0.161 1.815 0.030
TSPYb 15t 91.1 6.91-10~¢ 1.27 1.761 0.025
TSPYb  2nd 102.9 1.03-103 0.320 1.658 0.037
XKRY 15t 97.7 6.91-10~¢ 1.51 1.873 0.020
XKRY gnd 106.3 3.92.1072 0.391 1.666 0.035

* 15 Refers to the set of preliminary assays performed using the iTaq Fast SYBR Green
Supermix with ROX; 2"? refers to the set of assays performed using the SsoFast EvaGreen
Supermix (see Supplementary Methods).

T Reaction efficiency as estimated from an eight-point dilution gradient using CFX Manager
Software.

Y LOD is expressed as the dilution of the M. mulatta gDNA sample listed in Table A2.

! Mean reaction efficiency as estimated from averaging the efficiencies determined for each
gPCR reaction performed on experimental and reference samples using LinRegPCR.

2 Standard deviation of the mean LinRegPCR reaction efficiencies of each sample for each
assay.
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Table A8: Table of C, values for NTC reactions for all assays performed.

Assay  Set* C, Values

CDY ond 3545 36.55,37.18, 37.93, NA, NA, NA
DAZa 15t NA, NA, NA

DAZa ond  3721,37.79,38.11, Na

DAZbcd 27?  NA, NA, NA, NA, NA, NA, NA, NA, NA
HSFYa 15t 2.17, NA, NA, NA, NA

HSFYa 27 3582 36.50,36.53, 39.59, NA, NA
HSFYb 15t NA, NA, NA, NA, NA

HSFYb  2"¢ NA, NA, NA, NA

RBMY 2™ 36.37,36.42, 36.43 36.47, 37.82

SRY 15t NA, NA, NA, NA, NA, NA, NA

SRY ond  NA, NA, NA

TSPYb 15 NA, NA, NA

TSPYb  27@ NA, NA, NA, NA, NA, NA, NA

XKRY 1t NA, NA, NA

XKRY ond  NA, NA, NA, NA, NA, NA, NA

* 15! Refers to the set of preliminary assays performed using the iTaq Fast SYBR Green
Supermix with ROX; 2" refers to the set of assays performed using the SsoFast EvaGreen
Supermix (see Supplementary Methods).

T “NA” values indicate a C, that was undetectable.
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Table A9: Table of target stability values for reference genes used in qPCR.

Assay CV  M-value

SRY 0.175  0.358
TSPYb 0.123  0.303
XKRY 0.100  0.285

Mean 0.133  0.315

Table A10: Table of intraassay variability, shown as standard errors of NRQs, for each
sample and the mean across all samples.

Sample CDY DAZa DAZbcd HSFYa HSFYb RBMY XKRY

PM1014 0.074 0.065 0.077 0.035 0.099 - 0.049
PM638  0.047 0.058 0.055 0.020 0.015 0.051 0.092

PM704  0.036 - - 0.033 0.031 0.027 0.039
PM655  0.021 0.063 0.039 0.059 0.068 0.041 0.049
PM604  0.063 0.019 0.055 0.031 0.028 - 0.061
PM561  0.066 0.038 0.053 0.034 0.029 - 0.073

PM582  0.046 0.053 0.041 0.039 0.067 - 0.044
PM545  0.074 0.035 0.048 0.055 0.068 0.089 0.052
PM616  0.030 0.040 0.031 0.038 0.056 0.032 0.049
P0O1 0.080 0.033 0.044 0.068 0.057 0.036 0.051

PM661  0.069 0.037 0.032 0.123 0.058 - 0.058
PM665  0.056 0.049 0.034 0.058 0.047 - 0.054
143 0.274 0.024 0.068 0.067 0.053 0.066 0.085
Zoo 0.218 0.036 0.042 0.028 0.030 0.028 0.035

Mean 0.082 0.042 0.048 0.049 0.050 0.046  0.057
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Table A11: Summary of the model fits to the singleton data set alone.

Model logLik  df Estimate(s)* 95% CI BIC  w(BIC)
L 57.1 1 X = 0.0252 0.012-0.048 116 0
L+het 518 2 Agr =0.00875,Agc = 0.101  0.002-0.025,0.038-0218 108 0
L=1 498 1 M = 0.0258 0.01-0.059 102 0.003
L = I+het 432 2 Ny =0.00267, Ny = 0.104 0-0.017, 0.038-0.25 9.9 0777
BD S 2 b=0,d = 0.051 0-0.03, 0.023-0.098 106 0
BD-+het 457 4 br = 0,dg = 0.0166 0-0.039, 0.003-0.05 100 0.007
buc =0,dgc = 0.193 0-0.167, 0.075-0.394
B=1ID 497 2 b =0.0178,d = 0.032 0-0.074, 0.004-0.082 104 0.001

B = ID+het -423

~

by =0.00279,dgr =0 0-0.031, 0-0.026 93.4 0.211
by =0.0618,dgc = 0.173  0.007-0.202, 0.046-0.397

* The units of estimated parameter values are “per gene copy per million generations” for
b, d, and A, or “per gene family per million generations” for .

Table A12: Summary of the model fits to the AG data set alone.

Model logLik  df Estimate(s)* 95% CI BIC ABIC w(BIC)
L 714 1 A=0.154 0.092-0.251 145 1.60 0.117
L+het -70.5 2 Ar = 0.128, Agc = 0.347  0.067-0.226, 0.126-1.084 146 2.34 0.081
L=1 -70.6 1 A =0.163 0.094-0.277 144 0.260
L = I+het -69.7 2 N =0.134, My = 0.357  0.066-0.248,0.102-1.687 144  0.744 0.179
BD -70.9 2 b=0.122,d = 0.185 0.046-0.233, 0.099-0.3 147 3.14 0.054
BD+het -68.7 4 br = 0.0161,dr = 0.161 0-0.158, 0.086-0.267 148 3.83 0.038
bpc =0.714,dgc = 0.355  0.127-1.476, 0.089-1.074
B=1ID -70.3 2 b =0.14,d = 0.187 0.054-0.267, 0.089-0.319 146 1.94 0.098
B =ID+het -67.2 4 by =0.0184,dr = 0.176 0-0.147, 0.089-0.306 145 0.832 0.172

bye = 0.762,dgc = 0.24 0.238-2.393, 0-1.981

* The units of estimated parameter values are “per gene copy per million generations” for
b, d, and A, or “per gene family per million generations” for .
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Figure A2: Maximum clade credibility tree of DAZ. Three orthologs of the autosomal paralog DAZLI, which was transposed
to the msrY in the Old World primate ancestor [146], are included as an outgroup. Papionin orthologs of rhesus DAZI are
labeled “a”” and orthologs of DAZ2 are labeled “(3,” corresponding to the primer set (“a” or “bed,” respectively, in Table A3) that
successfully amplified the sequence. Other features of the tree are drawn as detailed in Figure Al.
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Figure A3: Maximum clade credibility tree of HSFY. Papionin orthologs of rhesus
HSFY2-3 are labeled “a” and orthologs of HSFYI are labeled “f3,” corresponding to the

primer set (“a” or “b,” respectively, in Table A3) that was used for sequencing. Other
features of the tree are drawn as detailed in Figure Al.
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Figure A4: Maximum clade credibility tree of RBMY. Features of the tree are drawn as
detailed in Figure Al.
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Figure AS: Maximum clade credibility tree of TSPY. Sulawesi macaque species written
in pink were sequenced by [144] (see Table A4). Papionin orthologs of rhesus 7SPY2-5 are
labeled “a” and orthologs of TSPYI are labeled “(3,” corresponding to the primer set (“a”
or “b,” respectively, in Table A3) that was used for sequencing. Other features of the tree
are drawn as detailed in Figure Al.
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Figure A6: Maximum clade credibility trees of the 5’ half (left) and 3’ half (right) of TSPY. The trees are labeled as in Figure
A5 except that nodes marked with gray outlined open circles have a posterior probability of > 70%. Partial gene conversion
events where the relationships between leaves differ between the 5 and 3’ end are highlighted by the yellow box.
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Figure A8: Alignment of the qPCR amplicon sequence of CDY and its primers

for select macaque samples. The sites
corresponding to the forward and reverse primer sequences are enclosed in black boxes on the left and right, respectively. Greyed-
out sequences below the primers show CDY pseudogene sequences from M. mulatta, which the primers are designed to not
amplify.
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Figure A10: Alignment of the qPCR amplicon sequence of DAZ-bcd and its primers for select macaque samples. The
sites corresponding to the forward and reverse primer sequences are enclosed in black boxes on the left and right, respectively.
Washed-out sequences below the primers show DAZ-a sequences from selected macaques, which the primers are designed to
not amplify. Some samples (e.g. M. nemestrina and M. tonkeana East) exhibited sequence differences between exon repeats;
different sequenced haplotypes are shown for these samples and labeled “£1” and “52.”
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Figure A12: Alignment of the qPCR amplicon sequence of HSFY-b and its primers for select macaque samples. The
sites corresponding to the forward and reverse primer sequences are enclosed in black boxes on the left and right, respectively.
Washed-out sequences below the primers show HSFY-a sequences from macaques, which the primers are designed to not amplify.
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Figure A14: Alignment of the qPCR amplicon sequence of SRY and its primers for all of the macaque samples. The sites
corresponding to the forward and reverse primer sequences are enclosed in black boxes on the left and right, respectively.
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M. mulatta GTG GT G G G G G GT G
M. tonkeana East GT G GT G G G G G GG
M. tonkeana West (PM561) GT G GIT G G G G G GT G
M. tonkeana West (PM582) GTG GT G G G G G GT G
M. tonkeana West (PM604) GT G GT G G G G G GT G
M. hecki (PM638) GTG GT G G G G G GT G
M. hecki (PM1014) G GTlcTG GCTG G| Gl GT G
M. nigra GTG GT G G G G G GT G
M. nemestrina G G GG G G G G GG
M. ochreata GTG GT G G G G G GTG
M. arctoides GTG GIT G G G G G GG
M. maura (PO01) G GTlcTG GCTG G| Gl GT G

GG GG G G G G GWG

M. maura (PM616)
gXKRY For1 & Rev1
M. mulatta g

Figure A16: Alignment of the PCR amplicon sequence of XKRY and its primers for select macaque samples. The sites
corresponding to the forward and reverse primer sequences are enclosed in black boxes on the left and right, respectively. Greyed-
out sequences below the primers show a XKRY pseudogene sequence from M. mulatta, which the primers are designed to not
amplify.
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Figure A17: Standard curves for the set of preliminary assays performed using the
iTaq Fast SYBR Green Supermix with ROX. (a) shows assay DAZa, (b) shows assay
HSFYa, (c) shows assay HSFYDb, (d) shows assay SRY, (e) shows assay TSPYDb, and (f)
shows assay XKRY.
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Figure A18: Standard curves for the assays performed using the SsoFast EvaGreen
Supermix. (a) shows CDY, (b) shows DAZa, (c) shows DAZbcd, (d) shows HSFYa, (e)
shows HSFYb, (f) shows RBMY, (g) shows SRY, (h) shows TSPYb, and (1) shows XKRY.
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Figure A19: The specificity and sensitivity of models in identifying the ancestral state
of msrY-linked gene families. The true negative rate (i.e. specificity) and the true positive
rate (i.e. sensitivity) of each model to correctly identify gene families that were absent (i.e. true
negatives) or present (i.e. true positives) in the MRCAs of Old World primates (a-c) and Hominini
(d) as determined by [54, 89, 94]. Points show the estimated values and lines show 95% confidence
intervals estimated from a Binomial distribution with p = 0.5 and n equal to the number of gene
families. a) Models are fit to the complete Y-chromosome data. There are 27 gene families, of
which four are assumed to be absent in the MRCA: the two X-transposed gene families, PCDHI1Y
and TGIF2LY, and the AGs PRY and VCY. b) Models are fit to AG data. There are eight gene
families, of which the same two AGs are absent as in a). ¢) Models are fit to the Y-linked singleton
data. There are 19 gene families, of which the same two singletons are absent as in a). d) Models
are fit as in ¢) but compared against the marginal ancestral reconstruction at the Hominini MRCA,
where the same two singletons are absent as in a)
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CHAPTER 3

CONCLUSIONS AND PERSPECTIVES

As promised at the end of the introductory chapter, my work has been able to address
three questions regarding AGs evolution on Old World primate msrYs: (i) How common
is gene conversion?; (ii) How frequent are duplication and deletion events?; and, (iii) Do
copy numbers evolve differently between AGs, Y-linked single copy genes, and autosomal

genes? The brief answers to these questions are below.

(i) Qualitatively, gene conversion appears to be about as frequent among macaque mon-
keys as it is in the rhesus macaque. This is in agreement with the conclusion of [54] that
humans and chimpanzees have the fastest rates of gene conversion among the Old World
primate species that have been investigated. (ii) AG copy numbers evolve at a rate of ~ 1
event per copy per 5 My. Surprisingly, this estimate is quite similar to the best avail-
able estimate for the rate of spontaneous nucleotide mutations on the human msrY [217].
This seems very fast given that our estimate was determined from phylogenetic data and
is therefore not a measure of the spontaneous mutation rate of copy number variants. It
would be interesting to estimate the within-population AG family deletion/duplication rate

in the primate species investigated because this could assay whether purifying or directional
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selection is acting on the AG copy number, as suggested by [104]. (iii) AG copy numbers
may evolve about an order of magnitude faster than Y-linked singletons and autosomal gene
families. This slower rate of copy number evolution for Y-linked singletons and autosomal
genes is in agreement with the expectations of very strong purifying selection [99] and

efficient selection, respectively, for these gene families.

The remainder of this chapter is a contemplation of the topics that, in my opinion, need
to be further elaborated in order for evolutionary biologists to make sense of AG evolution.

As such, I have included a personal wish-list of future directions.

The linkage problem

As previously explained, linkage is probably the most important constraint acting on the
msrY. What makes the mammalian msrY particularly intriguing is that non-ampliconic
regions experience (almost) no recombination, while the nearby ampliconic regions expe-
rience abundant recombination (i.e. through gene conversion), and both of these regions
together experience clonal inheritance. This means that the msrY as a whole has a much
smaller N, than autosomal regions but also that ampliconic regions within the msrY can

vary greatly in their local N, [112].

Despite its known significance, linkage continues to pose a problem for most evolution-
ary biologists empirically investigating the msrY. For example, [52] is the most compre-
hensive study to have looked at how selection is operating on the msrY in primates but the
authors did not investigate all of the msrY-linked genes. By looking at msrY-linked single-
ton genes in human populations and accounting for population history, they concluded that
the observed nucleotide variation is foo low to be explained by purifying selection acting on

these genes alone. The authors invoke a very dissatisfying deus ex machina-like construc-
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tion at the end of the paper by suggesting that the ampliconic genes — which they did not
investigate — are responsible for their results. Regardless of how dissatisfied we may feel
as readers, [52] is right in stressing that the msrY operates under strong linkage constraints.
Therefore, all genes on the msrY must be investigated concurrently in order to begin to

make sense of its evolution.

In our study, we considered the msrY as a whole by looking at both the singleton genes
and AGs. However, a major drawback of our models is that they assume independent evolu-
tion of gene families, and therefore, do not accommodate for linkage among gene families.
This is because we are not sure how to feasibly include this constraint. Further development
of models that are computationally efficient and do away with the assumption of indepen-
dence between sites or gene families is a requirement for enriching our understanding of

msrY evolution.

Identifying the target(s) of selection

Another lesson from [52] is that strong linkage makes it incredibly difficult for evolutionary
biologists to detect the targets of selection on the msrY. This is because selection acting on
any target of the msrY will produce a selective sweep in the population, wherein a whole
chromosome will either rise to a higher frequency or decrease to a lower frequency in the
population, depending on the direction of selection. As explained in Chapter 1, selection
in old msrYs may be acting on other features than just functional genes; for example, the
repetitive ampliconic regions [52, 113], inversions that prevent recombination between the
X and Y chromosomes [58, 59], or regions implicated in chromosome fragility [60, 61]. For
this reason, future studies that aim to identify the target(s) of selection on the msrY should

sequence the entire genic and intergenic regions of the msrY, or accompany targeted gene
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sequencing with methods that assay the whole structure of the chromosome.

One group has previously attempted to study the evolution of msrY ampliconic genic
and intergenic duplicate structures in great apes, both within populations and between
species [110, 111]. However, these studies did not use an explicit model of evolution to
analyze their results, instead relying on verbal arguments that invoke maximum parsimony.
Unfortunately, since chromosome rearrangements and gene duplications are common in
primate msrY's ([111] and Chapter 2), likelihood methods with explicit models of evolution
must be used instead of parsimony methods in order to accurately interpret the evolution-
ary data [213]. Our study provides an example for future work of how likelihood methods
can be used with an explicit model of gene family evolution while taking into account the

phylogenetic relationships among species.

The gene conversion problem

Gene conversion is another limitation in the study of AG evolution because it erases the
information found in nucleotide substitutions among intra-specific paralogs. Not only does
this homogenization of nucleotide sequences mean that new models must be developed in
order to study these gene families (e.g. Chapter 2), it also means that there is less infor-
mation available with which to inform those models. For example, in order to distinguish
between CDY paralogs in a rhesus macaque individual, one would need to sequence through
as much as 50 kbp of continuous DNA sequence, of which less than 1% would contain nu-
cleotide variation [54]. Even in the age of high through-put genomics, that is a lot of buck

for not much bang!

In order to understand the micro-evolutionary forces that currently govern AGs, one

would need to do a population study. However, most methods of detecting selection within
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a population do so by identifying reduced levels of genetic diversity [218]. This is prob-
lematic for msrY-linked genes because the levels of genetic diversity are already very low.
The high frequency of gene conversion among paralogs makes the study of AG families
interesting because this process leads to an overall increase in the genetic diversity in the
population. Nevertheless, the amount of sequencing that would be required for such an
undertaking would probably prove prohibitive with current short-read sequencing meth-
ods. One way to get around this problem would be to identify a study system where gene

conversion is infrequent relative to the mutation rate.

Identifying the causes of heterogeneity

As explained in the introduction (Chapter 1), there are many potential biological methods
that can lead to heterogeneity among lineages and between different genomic regions. One
frustration that I have with our results is that, although we were able to detect two different
types of heterogeneity, we were not able to state why these heterogeneities are present. This
inability to identify the causal factors is an inherent problem of correlational studies. One
way to understand the role of factors like N, and mating system on AG family evolution,
respectively, would be to look at the msrY's of Drosophila [219] inbred lines kept at different

N, or under different mating systems over multiple generations.

Another draw-back of our results is that we had insufficient power to detect lineage
heterogeneity among AGs, if such heterogeneity does indeed exist. Since msrYs are gene
depauperate and have few completed sequences available, low power is a real limitation
that evolutionary biologists currently face in studying AG family evolution. Hopefully this

problem will be alleviated as more msrY sequences are completed.

In spite of our inability to make strong conclusions about the causes of the observed
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heterogeneity, our study design serves as an excellent model for future investigations into
AG evolution. By looking at a rapid allopatric speciation of macaque monkeys [143, 220]
we were able to observe multiple independent evolution events from a common ancestor
without worrying about the confounding effects that changes in selective or mutational
processes have had on AG evolution (i.e. in contrast to studies comparing closely related

species with diverged mating systems [96, 110, 111]).
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