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Abstract

The duplication and loss of genes, chromosomes and whole genomes has had
a major impact on the evolution of most organisms. Changes in gene copy
number, called gene dosage, may influence the resulting level of gene product
through changes in gene expression. These gene expression changes can be
detrimental, resulting in compensation and buffering mechanisms, or
beneficial, when selection favours increased gene dosage. Understanding how
changes in gene dose can influence the evolution of gene expression within
and between species is an important task in evolutionary biology. This thesis
combines studies of gene, protein domain, and genome duplications with gene
expression data from a range of bird species to understand the evolutionary

consequences of gene dosage changes.

In addition to gene duplication and loss events, the genomic location of genes
can subject loci to different evolutionary pressures. Genes present on sex
chromosomes or the mitochondria are inherited unequally between males and
females, potentially causing sexual conflict over expression. This thesis
investigates if inter-genomic conflict could drive gene movement on and off the

sex chromosomes using a comparative genomics approach.
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Gene dosage

The genomic architecture of many different species has been revealed in
increasing detail, largely due to the availability of modern sequencing
technology. Genomes are not static, they undergo a wide range of large- and
small-scale structural changes, including Whole Genome Duplications (WGD),
chromosomal duplications (aneuploidies), Single Gene Duplications (SGD) and
other Copy Number Variations (CNV). Even though genomic elements have
been known to duplicate since the early days of genetics (Bridges 1936), the
idea that these duplications are a major source of evolutionary novelty was first
popularized by Susumu Ohno (Ohno 1970). Ohno proposed that beside the
known mutational processes, the duplication of genes or whole genomes is a
major source of variation during the evolution of organisms. In Ohno’s view,
evolutionary adaptations are often the result of using the ‘raw material’
generated by duplications. Thus, evolution tinkers often with duplicated

genetic information rather than new genes (Jacob 1977).

A consequence of all genomic duplication or loss events is variation in gene
dose, which describes the number of copies of a gene present in the genome.
These gene dose changes can have a range of effects on a phenotype, caused
by changing the activity level or gene expression of the duplicated genes. In
this thesis, | investigate the consequences and evolutionary responses of gene

dosage changes on gene expression.
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Genome evolution

Duplications of genes or chromosomes have been known for some time; for
example, the duplication of the Drosophila bar gene through unequal crossing
over (Bridges 1936; Sturtevant 1925) or the chromosomal duplications in
Jimson weed (Datura Stramonium) (Blakeslee, et al. 1920). The impact of such
duplications on the phenotype and new functions was discussed by the
founders of modern genetics (Haldane 1933; Muller 1935). By the 1960s the
significance of duplications for the evolution of new functions was widely
recognised (Nei 1969; Ohno, et al. 1968). Ohno proposed that mutations in
functional genes are unlikely to be fixed in a population if they impair the
current function (Ohno 1970). These selective constraints make it unlikely for a
gene to evolve a new function, which often requires multiple mutations (Ohno
1970). As a possible solution, Ohno proposed that duplication events could
resolve these constraints by creating new ‘raw material’. The new copies would
create redundancy and selection would be free to shift one of the copies
towards a new or specialised function. In the following introduction, | will
discuss the different types of duplication events, some of the main theoretical
models for the evolution after gene duplication and how selection can affect

the distribution of genes in the genome.

Whole genome duplications

Whole Genome Duplication (WGD) events initially double the number of
chromosomes in the genome. Ancient polyploidization events are those which
occurred several million years ago and species that descended from these
lineages are also known as paleopolyploid. The frequency of these events
varies among lineages and many species have lost large amounts of the
duplicated genetic material, making the detection of WGDs increasingly
difficult over time. Recent advances in genome sequencing have ameliorated

many of the original issues and facilitated the detection of WGD events.

In flowering plants, the estimated percentage of paleopolyploid species ranges

from 30% to 70% (Soltis, et al. 2015). For example, the lineages leading to the
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wild ancestors of some important crop species, such as cereals, underwent
polyploidization events (Paterson, et al. 2004). WGDs were also detected in
well studied ‘model’ organisms, including Zea mays ca. 11 million years ago
(mya) (Gaut, et al. 2000) and Arabidopsis thaliana ca. 38mya (Ermolaeva, et al.
2003; The Arabidopsis Genome Initiative 2000). In fungi, the availability of more
than 40 different fully sequenced yeast genomes has made it possible to study
the evolutionary dynamics of Single Gene Duplications (SGD) and WGDs on a
large scale (Dujon 2010). Wolfe and Shields (1997) provided the first molecular
evidence for an ancient WGD in baker’s yeast (Saccharomyces cerevisiae),
which was subsequently confirmed by Kellis, et al. (2004). The polyploidization
event took place ~150mya (Sugino and Innan 2005) and is possibly the result
of an ancient interspecies hybridization event (Marcet-Houben and Gabaldén
2015). However, evidence for WGD events in other fungi outside the yeast

lineage is still limited (Albertin and Marullo 2012).

Ohno hypothesised that the ancestor of all vertebrates underwent at least one,
but more likely two rounds of WGD (The 2R hypothesis) (Ohno 1970). The 2R
hypothesis was based on genome size and karyotype analyses and remained
contentious for many years (Makatowski 2001). Initial analyses based on gene
families, such as the hox gene cluster, seemed to confirm a pattern of four
clusters of gene duplicates, which is consistent with the 2R hypothesis
(Larhammar, et al. 2002; Lemons and McGinnis 2006). However, the
sequencing of the human genome (Lander, et al. 2001; Venter, et al. 2001)
revealed a lower number of protein coding genes than expected, and the tree
topologies of human gene families with four members did not always show
patterns that were consistent with the 2R hypothesis (Friedman and Hughes
2001). Testing the 2R hypothesis was hampered further by the ancient age and
short succession of the WGD events around 450-500mya (Blomme, et al. 2006;
Dehal and Boore 2005).

The analysis of paralogons, stretches of the genome containing gene
duplicates in preserved order (Popovici, et al. 2001), suggested that a high
number of gene duplications occurred in early chordates (McLysaght, et al.

2002), supporting at least one round of WGD. A similar analysis using
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paralogons and gene trees conducted by Dehal and Boore (2005) provided
strong support for the 2R hypothesis, and by now the hypothesis has been
widely accepted. In honour of Ohno’s pioneering work genes duplicated in
whole genome duplications have been termed ‘ohnologs’ or ‘ohnologous’
(Wolfe 2000; Wolfe 2001). In addition to the two rounds of WGD in the ancestor
of modern vertebrates, several other WGD events occurred during the
evolution of animals, such as in the ancestor of teleost fish ca. 350mya
(Aparicio, et al. 2002; Jaillon, et al. 2004; Sato and Nishida 2010), or the clawed
frog lineage (Uno, et al. 2013).

Evolution after WGD events

The retention of duplicated genetic material following polyploidization events is
rare compared to SGDs, possibly because the initial duplication event is often
lethal (Van de Peer, et al. 2009). However, in those lineages with one or more
WGDs, duplicates can play an important role in adaptation to new
environments, as the additional gene duplicates are under less constraint and
are free to acquire new functions. In combination with higher functional
redundancy and increased mutational robustness, the risk of extinction could
be reduced (Crow and Wagner 2006). This view is supported by correlations
between ancient WGD events and species radiations, for example in teleost
fish (Blomme, et al. 2006; Sato and Nishida 2010) and flowering plants (Soltis,
et al. 2009; Soltis, et al. 2015). WGDs could also facilitate speciation if the
different gene pairs are lost in separate populations, potentially leading to
reproductive isolation (Scannell, et al. 2006). However, clade age rather than
WGDs may be more important for explaining species divergence (McPeek and
Brown 2007). For example, invertebrates have diverged at similar rates
compared to vertebrates, without any observed WGD events (McPeek and
Brown 2007; Van de Peer, et al. 2009). This indicates that WGDs may facilitate
divergence and increased speciation rates, but that they are not a necessary

prerequisite.

In many instances, WGD events are followed by rapid and large-scale loss of

many gene duplicates, as observed in teleost fish (Brunet, et al. 2006). In some

24



cases, however, the loss occurs in a more gradual fashion over a longer time
scale. For example, in Paramecium the stoichiometric constraints between
gene duplicates may have led to the retention of many gene duplicates over a
longer period of time (Aury, et al. 2006). The retention or loss of ohnolog pairs
is non-random and depends on a number of different factors. Many models for
the retention of single gene duplicates also apply to WGD events, and the
neofunctionalisation or subfunctionalisation of recent duplicates can lead to
the retention of those gene pairs. In contrast to small-scale duplications, WGD
events only increase the absolute gene dosage: all genes are duplicated at the
same time. As a result, in contrast to SGDs, the relative gene dosage does not
change. For example, if two different genes (A and B) produce the two parts of
a protein complex, a WGD event would double the gene dose of both genes
(2A and 2B), but the stoichiometric balance would remain the same. While
there is an absolute change, there is no change in relative gene dosage (2A
divided by 2B = 1A divided by 1B) (Birchler, et al. 2005). This fact has
important implication for the retention of dosage-sensitive genes. Genes are
often part of tightly regulated networks and changes in gene dosage may
disturb these networks (Birchler, et al. 2001; Veitia 2002).

Chromosomal aneuploidies, such as Turner syndrome (a missing X
chromosome in females) (Turner 1938) or Down’s syndrome (trisomy 21)
(Lejeune, et al. 1959; Lejeune, et al. 1957), are well-described and have a
significant phenotypic impact. The deletion of smaller numbers of genes can
also lead to detrimental effect through negative gene dosage effects. For
example, the deletion of 1.6mb on human chromosome 7 causes Williams-
Beuren syndrome (Francke 1999), other Copy Number Variations (CNVs) have
been associated with diseases, such as cancer (Shlien and Malkin 2009) and
autism (Davis, et al. 2014). CNVs, include both deletions and duplications of
smaller regions of the genome and are common in human populations (Feuk,
et al. 2006; Redon, et al. 2006). A recent meta-study produced a detailed CNV
map of the human genome and found that ~4.8-9.5% show variability in copy
number (Zarrei, et al. 2015). However, the proportion of CNVs varies between
chromosomes and depends on the genomic region. For example, regions

close to the centromere or the telomere contain increased number of CNVs
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(Nguyen, et al. 2006; Redon, et al. 2006; Zarrei, et al. 2015). Additionally,
regions in vertebrate genomes containing ohnologs are underrepresented in

CNVs, possibly as a result of negative dose effects (Makino, et al. 2013).

Not all genes, however, are haploinsufficient or show dosage effects. Zarrei, et
al. (2015) found that around 100 genes can be deleted from the human
genome without any apparent phenotypic effects. In yeast (Saccharomyces
cerevisiae), a genome-wide scan revealed that only 3% of all genes are
haploinsufficient (Deutschbauer, et al. 2005), many of which encode subunits
of large protein complexes (Papp, et al. 2003). The Gene Dosage Balance
Hypothesis (GBDH) predicts that dosage effects are a consequence of genes
not acting in isolation (Papp, et al. 2003), instead requiring the co-expression
of other genes in the genome to function correctly (Birchler, et al. 2005;
Birchler and Veitia 2012; Veitia 2002). An increase in gene dose for some parts
of these networks through single gene duplications may impair the functionality
of other genes with detrimental fitness effects (Papp, et al. 2003). In a WGD,
the relative dosage of all genes stays the same, which would shield dosage-
sensitive genes against dosage imbalance. A subsequent loss would also be
selected against because it would also result in an imbalance. Therefore, the
GBDH predicts that dosage-sensitive genes should be overrepresented among

genes retained in WGD events.

The GBDH hypothesis has been investigated in a range of organisms (Blanc
and Wolfe 2004; Blomme, et al. 2006; Makino and McLysaght 2010; Papp, et
al. 2003; Seoighe and Gehring 2004) and is well established (see Birchler and
Veitia (2012) for an extensive review). If dosage-sensitive genes are more likely
to be retained after a WGD event due to dosage constraints, these genes
(ohnologs) can be used as a proxy for dosage-sensitivity. In line with these
predictions, CNVs of ohnologs often have detrimental fitness effects
(McLysaght, et al. 2014), and the phenotypic effects of Down’s syndrome
could be due to the increased gene dosage of ohnologs on chromosome 21
(Makino and McLysaght 2010).
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Detection of WGD events

The detection of WGD events has changed rapidly over the last years. Early
work on WGDs was based on cytological evidence and genome size
comparisons (Ohno 1970), or the analysis of specific gene family duplication
structure, such as in the hox gene family (Larhammar, et al. 2002; Lemons and
McGinnis 2006). In the absence of draft sequences of full genomes, this work
remained limited, as only smaller subsets of genes could be investigated. The
availability of modern sequencing technologies has helped tremendously to
alleviate this issue and made it possible to investigate WGDs using whole

genome comparisons.

The detection of WGDs is often a two-step procedure: In the first step, the
sequence similarity between all genes within a genome is calculated using
tools, such as Basic Local Alignment Search Tool (BLAST) (Altschul, et al.
1990), which performs a local alignment to calculate sequence similarity
scores. These sequence similarity scores are then used to find homologous
sequences that originated in a duplication event within that species (paralogs).
Paralogs are subsequently clustered using methods such as single-linkage
clustering (Dehal and Boore 2005). At this stage, however, it is not clear if the
groups of paralogs originated in multiple single gene duplications or in a WGD.
In order to differentiate between these alternatives, positional genomic
information is used that can reveal patterns of conserved gene order between
paralogs (syntenic regions). Conservation of gene order is indicative of large
scale duplications. The detection of syntenic regions has been successfully
applied to detect ohnologs in species such as yeast (Kellis, et al. 2004) and
vertebrates (Dehal and Boore 2005; Makino and McLysaght 2010; Singh, et al.
2015).

For recent WGDs, strict positional information is often enough to recover
polyploidization events, but WGDs are often followed by large-scale genomic
rearrangements and massive gene loss. This complicates the detection of
syntenic regions, especially for ancient WGDs. The two rounds of WGD in the

common ancestor of all vertebrates occurred ~450-500mya, which makes the
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application of micro-synteny and strictly conserved gene order more
challenging (Dehal and Boore 2005). An alternative approach is to use a wide
sliding window that can span several hundred genes, which enables the
detection of larger paralogous chromosomal regions (paralogons) (McLysaght,
et al. 2002; Popovici, et al. 2001). Dehal and Boore (2005) used a relaxed
synteny approach, which classified ca. 25% of the human genome as
paralogons. This method depends on many a priori defined parameters, such
as the window size, and it is unclear how to set these parameters without the
availability of statistical measures to assess their impact on the discovery of
paralogons. Consequently, different sets of genes were classified as ohnologs

by different approaches, with little overlap between sets (Singh, et al. 2015).

The detection of WGDs often depends on the availability of at least one
sequenced outgroup species that did not undergo a WGD. The outgroup
species can be used as an anchor because for each single ortholog in the
outgroup, at least two gene copies exist initially after a WGD in the species
being investigated. For example, the discovery of the WGD event in
Saccharomyces cerevisiae was facilitated by comparing the entire genome to
the related yeast species Kluyveromyces waltii that diverged before the WGD
event (Kellis, et al. 2004). Kellis, et al. (2004) found that for almost all genomic
regions in K. waltii two copies were present in S. cerevisiae, providing strong
support for an ancient genome duplication. However, the selection of the
outgroup species may also introduce a bias to the analysis. If only one
outgroup species is used, the annotation quality and genome build can
influence the detection of ohnologs (Makino and McLysaght 2010; Singh, et al.
2015). This problem is often mitigated by using multiple outgroups and
restricting the analysis to those genes that have support from more than one
outgroup. The recent establishment of OhnologsDB (http://ohnologs.curie.fr/)
has made sets of ohnologs available for many vertebrate taxa, with the
additional benefit of a statistical measure indicating the confidence in the
detection of the groups of ohnologs (Singh, et al. 2015). Singh, et al. (2015)
used a synteny based approach that combines the comparison of multiple
vertebrate species against a range of outgroups with self-comparisons of

genomes.
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Gene dosage and sex chromosome evolution

Sex chromosomes have evolved independently numerous times in different
plant and animal lineages (Charlesworth 1991; Charlesworth 2013; Ellegren
2011). These cases of convergent evolution have led to a large diversity of sex
chromosome systems (Bachtrog, et al. 2014; Beukeboom and Perrin 2014),
and a large body of theory describes their evolution (Bull 1983; Charlesworth
1996; Charlesworth 1991; Charlesworth 2013; Charlesworth, et al. 2005; Rice
1984). Three major sex chromosome systems are known today, the male
heterogametic XY system, the female heterogametic (ZW) system and the UV
system in organisms where sex is expressed only in the haploid phase. In the
context of genomic evolution, heteromorphic sex chromosomes provide a
unique opportunity to understand how changes in gene dose for large numbers
of genes impact the phenotype. The degeneration of the Y or W chromosome
reduces gene dose in the heterogametic sex, resulting in unequal gene dose
between the sexes. Viewed in this light, heteromorphic sex chromosomes are
similar to aneuploidies, such as trisomy 21 in humans (Lejeune, et al. 1959;

Lejeune, et al. 1957), which often have detrimental fitness effects.

The evolution of sex chromosomes is thought to occur in a multistep process,
which ultimately results in the diverse range of sex chromosome systems we
observe among extant taxa (Charlesworth, et al. 2005). One year after
Sturtevant (1913) produced the first genetic map for Drosophila, Bridges (1914)
showed that sex-linked genes are located on the Drosophila X chromosome,
that the Y chromosome appears to be depleted of genes, and that there is no
crossing over between the Y and X. This, in turn, inspired Muller (1914) to
speculate that sex chromosomes could have evolved from regular autosomes
and that the degradation of the Y chromosome is a gradual process. Muller
(1914) reasoned that this process would be caused by the accumulation of
recessive mutations, and the loss of genes will contribute to the Y

chromosome degradation over time.
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If dosage-sensitive genes are located on the sex chromosomes, the loss of
one copy would result in negative fithess effects in the heterogametic sex.
Ohno described this effect as the ‘peril of hemizygosity’ and proposed that a
dosage compensation mechanism would be selected for to balance out these
differences (Ohno 1967). This hypothetical mechanism of dosage
compensation would restore the gene expression levels back to the ancestral
level to balance the expression between the autosomes and the sex
chromosomes, and between males and females. Balancing gene expression
levels between males and females and between the autosomes and the sex
chromosomes can be accomplished in several ways, and different
mechanisms have been identified. Ohno’s discovery that the mammalian Barr
body is an inactivated X chromosome (Ohno, et al. 1959) led him to formulate
his classic two-step model of dosage compensation. First, the degradation of
the Y or W chromosome leads to reduced gene dose and thus reduced gene
expression in the heterogametic sex, which results in selection for
hyperexpression of the remaining X or Z chromosome. This, in turn, causes
overexpression in the homogametic sex, as gene expression is correlated
between the sexes (Dean, et al. 2015). The inactivation of the X chromosome
would counteract the overexpression in females and would balance out the

gene dosage.

In Drosophila melanogaster, dosage compensation in males results from the
hyperexpression of the X chromosome (Baker and Belote 1983; Conrad and
Akhtar 2012). Unlike in mammals, hyperexpression in males is linked to the
male-specific lethal 2 (MSL2) gene and does not affect females, making X
inactivation in females unnecessary (Conrad and Akhtar 2012). A dosage
compensation mechanism analogous to the mammalian two-step process was
found in Caenorhabditis elegans, where the hyperexpression of the single X
chromosome in males is counteracted in hermaphrodites by the
hypoexpression of both X chromosomes (Meyer 2010). All the described
mechanisms have a key feature in common; the compensation mechanism
affects large parts of the sex chromosomes and are therefore also referred to
as ‘global or ‘complete’ dosage compensation mechanisms. The discovery of

complete dosage compensation mechanisms in therian mammals, Drosophila
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and C. elegans seemingly confirmed Ohno’s predictions and established the
paradigm that the evolution of heteromorphic sex chromosomes is always
associated with the evolution of a complete dosage compensation

mechanisms (Mank 2013).

In 2007, two independent publications challenged this consensus by reporting
the absence of a complete dosage compensation mechanism in Gallus gallus
(Ellegren, et al. 2007; Itoh, et al. 2007). All birds possess a female
heterogametic ZW system, with two ZZ chromosomes in males and a ZW
configuration in females. Using microarray data, Ellegren, et al. (2007) and Itoh,
et al. (2007) showed that the expression of the single Z chromosome in
females is significantly lower than the autosomes, which is inconsistent with a
complete dosage compensation mechanism. Some genes, however, still
showed similar expression between males and females, suggesting a gene-by-
gene regulatory mechanism. It is now clear that incomplete dosage
compensation is present in other bird species (Naurin, et al. 2011; Uebbing, et
al. 2013; Wolf and Bryk 2011), snakes (Vicoso, et al. 2013), fish (Chen, et al.
2014; Leder, et al. 2010) and some Dipterans (Vicoso and Bachtrog 2015).

Dosage compensation mechanisms are only necessary if dosage-sensitive
genes are present on the sex chromosomes. For many genes on the sex
chromosomes, halving the gene dose does not actually produce differences in
gene expression (Malone, et al. 2012). Consequently, it may be enough to
balance the expression of those genes that show negative dose effects, which
would result in gene-by-gene dosage compensation (Mank and Ellegren 2008).
The increasing availability of good-quality avian genomes in general, and
especially the chicken, a model system for species with incomplete dosage
compensation, offer an excellent opportunity to investigate if dosage-sensitive

genes are dosage-compensated on a gene-by-gene basis.
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Paralog divergence

Much theoretical and empirical work has been done to describe how single
gene duplications impact the evolution of organisms. Gene duplications can
arise through a range of different mechanisms. Large-scale events, such as
WGD events (see above) and chromosomal duplications play an important role,
but other mechanisms also contribute to the duplication on a smaller scale.
Unequal cross over, where homologous chromosomes exchange unequal
parts of DNA during recombination, result in tandem duplications of genes on
one chromosome and deletion on the other (Hurles 2004). Tandem duplications
generated by unequal crossover are thought to be one of the primary
mechanisms creating single gene duplications and, for example, account for
around 80% of all lineage-specific gene duplicates in Drosophila

melanogaster or Drosophila yakuba (Zhou, et al. 2008). However, other
mechanisms, such as retrotransposition may contribute a significant fraction of
gene duplicates. During retrotransposition, processed and spliced mRNA is
transcribed back into cDNA and re-introduced into the genomic sequence.
These retrotransposed genes lack the intron-exon structure of other genes and
are usually pseudogenes as they lack the proper regulatory sites for correct
expression (Kaessmann, et al. 2009). Nevertheless, a minority of
retrotransposed genes can become active and provide novel, functional
duplicates (Vinckenbosch, et al. 2006).

Several models have been proposed which seek to describe the evolutionary
dynamics after gene duplication (reviewed in Innan and Kondrashov 2010;
Taylor and Raes 2004; Zhang 2003). Broadly, these models can be divided into
two categories: those that assume a phase of neutral evolution after
duplication, and those that state that duplication may have an immediate
selective advantage (Innan and Kondrashov 2010). In all cases, a duplication
event generates two copies of the same gene (Ohno 1970; Zhang 2003).
Regardless of the underlying duplication mechanism, gene duplicates are
termed paralogs. It is also assumed that gene duplication leads to the creation

of two functionally indistinguishable copies.
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In the first category of models, the generation of two copies in the genome is
assumed to be initially neutral (Ohno 1970), and the fixation probability of both
copies in a diploid population is 1/2N (N= population size) (Kimura 1984), which
is relatively small for species with a large population size. Under neutrality,
mutations can accumulate in one copy while the other copy maintains the
ancestral function. However, mutations are much more likely to be deleterious
than beneficial, as functionally advantageous changes often require multiple
mutations (Nei 1969). One copy may therefore accumulate deleterious
mutations faster than selection can act to produce a new function. This can
then lead to pseudogenisation through frameshift mutations or the introduction
of a premature stop-codon. The non-functional copy may subsequently be lost
through random genetic drift (Kimura and King 1979), the predominant fate of
duplicated genes (Lynch and Conery 2000; Zhang 2003).

The first adaptive alternative to pseudogenisation and subsequent loss is
known as the neofunctionalisation model (Force, et al. 1999; Ohno 1970). After
duplication, functional divergence between paralogs can occur when one copy
acquires mutations that shift the function of a gene in a new direction. Ohno
realised that this scenario is less likely than the accumulation of detrimental
mutations; however, in those cases where beneficial mutations accumulate,
selection can act to fix this variant in the population. This functional divergence
of paralogs is dependent on the maintenance of one copy that is still able to
carry out the original function. Many examples of neofunctionalisation have
been described; for example, Assis and Bachtrog (2013) found that the
retention of nearly two-thirds of young duplicates in Drosophila can be
explained by the neofunctionalisation model. In a number of different yeast
species, ohnologs (paralogs generated via a WGD event) also showed
evidence of neofunctionalisation after a duplication event (Byrne and Wolfe
2007). In vertebrates, examples include the neofunctionalisation of retinoic acid
receptors (Escriva, et al. 2006), or the independent duplication of a pancreatic
ribonuclease gene in Asian and African leaf monkeys (Zhang 2006; Zhang, et
al. 2002).
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An alternative fate for paralogs is described by the subfunctionalisation or
duplication-degeneration-complementation model (DDC) (Force, et al. 1999;
Ohno 1970; Stoltzfus 1999). The DDC model is based on the realisation that a
loss of function mutation is unlikely to eliminate all aspects of gene function at
once, as genes can fulfil several different subfunctions by being actively
expressed in a variety of tissues and at different points in time (Lynch and
Force 2000). This model is also consistent with the observation that many
genes contain multiple protein domains, with different functions that can
evolve as modular units (Bornberg-Bauer and Alba 2013). The DDC model
proposes that under neutral expectations paralogs can accumulate
complementary degenerative mutations that partition the functionality between
the copies (Force, et al. 1999; Stoltzfus 1999). The subfunctionalisation of the
paralogs means both copies evolve under selection to maintain the ancestral
gene’s function (Lynch and Force 2000). The DDC model does not conflict with
the neofunctionalisation and nonfunctionalisation model, but it does challenge
the notion that gene duplication results either in loss or the evolution of a new

function.

A third outcome for paralogs is described by a model known as Escape from
Adaptive Conflict (EAC) (Des Marais and Rausher 2008; Hughes 1994;
Piatigorsky 1991). The EAC is similar to the DDC model as it also describes the
subfunctionalisation of the duplicates, but it assumes adaptive evolution
follows a duplication event. A gene with one major function may have a second
minor function. Prior to the duplication event, the secondary function may
evolve under pleiotropic constraint, as adaptive mutations for the secondary
function would have detrimental effects on the main function (Hughes 1994;
Piatigorsky 1991). A duplication event removes this constraint, providing the
opportunity for selection to favour the accumulation of adaptive mutations that
improve the alternative function in one copy. However, the EAC model is
difficult to distinguish from both the neofunctionalisation or the
subfunctionalisation model, even though many cases that were described as
neofunctionalisation may better fit the EAC model (Des Marais and Rausher
2008). Des Marais and Rausher (2008) proposed that one way of distinguishing

the EAC model from the neofunctionalisation model is to search for adaptive
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mutations in both copies. Under the neofunctionalisation model adaptive

mutations are only predicted to accumulate in one copy.

The second class of gene duplication models acknowledges the fact that a
duplication could be immediately beneficial. The duplication of a single gene
increases the gene dosage, and subsequently could increase the gene
expression level and therefore gene product. In contrast to all previous models,
which assume a period of neutral divergence after duplication, gene dosage
benefits offer an explanation for how duplication events can be immediately
beneficial (Kondrashov, et al. 2002). The duplicate could then be fixed by
natural selection. For example, an increased copy number of the gene pfmdr1
in Plasmodium falciparum increases the resistance of P. falciparum against
mefloquine, a major antimalarial drug (Price, et al. 2004). Increased gene copy
number (also called ‘gene amplification’) is common in bacteria, where it is
considered a major avenue for adaptive evolution (Andersson and Hughes
2009). In human populations, beneficial gene dose changes are known for
genes encoding immunity related proteins, such as the duplication of the
CCL3L1, where an increase in copy number is related to a lower susceptibility
for HIV/AIDS (Gonzalez, et al. 2005). Another example is the increase in copy
number of salivary amylase genes in humans, which correlates with the ability
to digest starch rich food (Perry, et al. 2007). This is consistent with a dietary
shift during hominid evolution from low-starch to high-starch diets (Perry, et al.
2007).
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Protein domain evolution

In addition to affecting whole genomes, chromosomes or single genes,
duplication and loss events can also affect segments of genes. For coding
genes, the translated protein often consists of one or more independent folding
units or domains (Buljan and Bateman 2009; Coulson and Moult 2002;
Rossmann, et al. 1974). These structural domains enable the protein to carry
out its function for example by providing a binding interface to DNA or RNA.
Most genes contain more than one domain, which results in a specific protein
domain arrangement (Bjorklund, et al. 2005). The number of known protein
domains is stabilising with ca. 15,000 listed in the PFAM database (Finn, et al.
2014). In contrast, the number of different domain arrangements continues to
increase rapidly, with more than 75,000 having been identified (Levitt 2009).
Domain arrangements evolve by the duplication, loss or rearrangement of
domains, which results in a form of modular protein evolution (Bjérklund, et al.
2005; Bornberg-Bauer, et al. 2005; Buljan and Bateman 2009; Moore, et al.
2008). By re-using already existing domains in a different context, proteins can
acquire new functions and potentially facilitate or contribute to the evolution of

organismal complexity (Vogel and Chothia 2006).

Many proteins contain repeats of the same domain (Bjérklund, et al. 2006) and
these repeats evolve rapidly through internal tandem duplications of single
domains or groups of domains (Bjérklund, et al. 2006; Bjérklund, et al. 2010).
Gain of domains through duplication can be interpreted as an increase in
domain dose in an analogous way described above for gene dose. Domain
repeats are also overrepresented among genes involved in segmental
duplications (Bjorklund, et al. 2010), and variation in domain repeat number
can be observed at a population level (Bornberg-Bauer and Alba 2013).
Domain repeats have been associated with adaptive processes in
Saccharomyces cerevisiae, where intragenic repeats increase the diversity of
surface antigens (Verstrepen, et al. 2005), demonstrating their potential to

contribute to organismal fitness.
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The expansion of some protein domain repeats, such as the zinc-finger
transcription factors (Emerson and Thomas 2009) or the DUF1220 family
(Popesco, et al. 2006), provide examples of lineage-specific amplification,
which could have played a crucial role during human evolution. Investigating
lineage-specific amplification of protein domain repeats remains challenging
because they depend on robust methods to assess domain counts in a
phylogenetic framework. BLAST (Altschul, et al. 1990) based methods can
introduce a phylogenetic bias when query sequences are used from a single
species. Instead, these methods can be replaced by more appropriate tools,
such as Hidden Markov Models (HMMs). HMMs are able to identify protein
domains by matching a sequence to a probabilistic model of the protein
domain sequence structure. HMMs are readily available in the PFAM database
(Finn, et al. 2014) and the availability of the HMMERS toolkit allow HMM based
protein domain searches at speeds comparable to BLAST (Eddy 2011;
Wheeler and Eddy 2013). Additionally, robust protein domain annotation needs
to be combined with comparative phenotypic data, such as brain volume data
across primates, to understand how an increase in protein domain dose affects

the phenotype.

Gene movement and rearrangements

A consequence of duplication and loss events is that the genomic landscape
changes over time. The location and distribution of genes are especially
important when genes interact with each other to produce complex
phenotypes. In these cases, selection may favour clusters of tightly linked
genes that are more likely to be inherited together. For example, this is the
case for sex chromosomes (Charlesworth 1991) or supergenes (Schwander, et
al. 2014), which lack recombination. In contrast, other regions of the genome
show elevated recombination rates. This can result in the relatively frequent
generation of duplications through unequal crossing over (Hurles 2004) and
non-allelic homologous recombination (Redon, et al. 2006). Genes located in
regions with elevated recombination rate show frequent copy number
variations, as is the case for the DUF1220 protein domains (Keeney, et al.
2014).
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Single gene duplication events, followed by loss of one copy, can lead to gene
movement from one region in the genome to another. In some cases, selection
may favour the new location over the old one, which can result in the
underrepresentation of classes of genes in specific regions of the genome. For
example, in Drosophila a large number of genes with male-related function
have moved off the X chromosome (Meisel, et al. 2009; Vibranovski, et al.
2009), potentially because selection favoured a location where these genes
would escape X inactivation during spermatogenesis (Betran, et al. 2002), or as

a potential escape from sexual antagonism (Rice 1984).

The genomic location of genes is also important for the correct function of the
mitochondria. Eukaryotic cells contain both the nuclear and the mitochondrial
genome, and many mitochondrial genes moved to the nuclear genome
(Gillham 1994). Consequently, many gene products necessary for
mitochondrial function are encoded in the nuclear genome (called mito-nuclear
genes or mt-N) and subsequently exported to the mitochondria. Mito-nuclear
genes are highly conserved (Gillham 1994), and compatibility between the
nucleus and the mitochondrion is crucial to the fitness of eukaryotic organisms
(Meiklejohn, et al. 2013). In contrast to the autosomes, the mitochondrial
genome is transmitted almost exclusively through the matriline, and genes
located on the mitochondrial genome are selected for female fitness, as
mitochondria in males will not be passed on to the next generation (Unckless
and Herren 2009; Zhang, et al. 2012). This can result in the accumulation of
mutations that are detrimental to males but which have no negative fitness
effects on females. As a consequence, some male-specific genetic disorders
are caused by genes located on the mitochondrial genome (Taylor and Turnbull
2005), a pattern sometimes referred to as the ‘mother’s curse’ (e.g. Gemmell,
et al. 2004).
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Summary of aims

In this thesis, | report the results of a series of studies that investigate how
changes in the genomic architecture influence the evolution of organisms.

Specifically, | aim to understand:

e How does the evolution of heteromorphic sex chromosomes affect the
gene expression patterns of dosage-sensitive genes located on the sex

chromosomes?
e Can RNA-Seq based de novo assemblies be used to detect lineage-
specific paralogs, and how does the gene expression of those paralogs

evolve?

e How does the matrilineal descent of mitochondria affect the distribution

of genes that interact with the mitochondria?

e What are the phenotypic effects of a lineage-specific increase in protein

domain dose?
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Summary of thesis chapters

In chapter 2, | analyse RNA-Seq data from four different chicken (Gallus gallus)
tissues in both males and females to analyse dosage compensation on the sex
chromosomes. | use ohnologs from ancient WGD as proxies for dosage
sensitivity and show that ohnologs located on the chicken Z chromosome are

preferentially dosage compensated.

In chapter 3, | use de novo transcriptomes from RNA-Seq data from six
different bird species to detect lineage-specific paralogs in order to test how

gene expression diverges in recent gene duplicates.

In chapter 4, | investigate the genomic distribution of mito-nuclear genes in the
genomes of a range of organisms with different sex chromosome systems. |
use these data to understand whether the different inheritance patterns of sex
chromosomes and the mitochondria result in sexual conflict over mito-nuclear
genes and analyse whether this causes mito-nuclear genes to move off the sex

chromosomes.

In chapter 5, | use synteny information to understand the evolution of the
mammalian X chromosome from a pair of autosomes. | investigate whether the
underrepresentation of mito-nuclear genes on the X chromosome is a function

of X chromosome evolution, or if the paucity of genes was just a chance event.

In chapter 6, | investigate the copy number increase of DUF1220 protein
domains in the primate phylogeny and their impact on brain evolution. | use
custom-built Hidden Markov Models to detect and count DUF1220 protein
domains and use this count data to link it with phenotypic measures of brain

component size.
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Aneuploidy

Dosage sensitivity

Gene dosage/genetic dose
Haploinsufficiency

Heteromorphic sex
chromosomes

Homology (gene)
Inparalog
Mito-nuclear gene
Ohnolog

Ortholog
Outparalog
Paralog

Polyploidy

Glossary

An abnormal chromosomal copy number,
either through loss or gain, compared to the
normal chromosome number of a species.

Genes where a change in dose, either through
duplication or loss, has negative fitness
effects.

The copy number of a gene in the genome.

A gene that is unable to function correctly
when the dose is reduced e.g. in a diploid
organism one copy of the gene is lost or
inactive and the remaining copy cannot
produce enough gene product.

A sex chromosome system in which one
chromosome is visibly degenerated in
comparison to the other e.g. the mammalian
XY system.

Genes are homologous if they share a
common ancestor.

Genes duplicated after a defined speciation
event (Sonnhammer and Koonin 2002).

Nuclear genes whose gene products are
exported to the mitochondria.

Genes that were duplicated in a whole
genome duplication (Wolfe 2000; Wolfe 2001).

Genes related to each other through a
speciation event (Fitch 1970).

Genes duplicated before a defined speciation
event (Sonnhammer and Koonin 2002).

Genes related to each other through a
duplication event (Fitch 1970).

Species with multiple sets of homologous
chromosomes. Can be specified as diploid (2
homologous chromosomes, triploid (three
homologous chromosomes) tetraploid, etc.
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ASE
BLAST
Cl

CNV
CPM
DC
DDC
EAC
GDBH
GO term
Mt-N
(n)HMM
rBBH
RPKM

SGD
SNP
WGD

Abbreviations

Allele-Specific Expression

Basic Local Alignment Tool
Confidence Intervals

Copy Number Variation

Counts Per Million

Dosage Compensation
Duplication-Degeneration-Complementation
Escape from Adaptive Conflict
Gene Dosage Balance Hypothesis
Gene Ontology term

Mito-nuclear

(nucleotide) Hidden Markov Model
reciprocal Best BLAST Hit

Reads Per Kilobase of transcript per Million
mapped reads

Single Gene Duplication
Single Nucleotide Polymorphism

Whole Genome Duplication
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Additional published work

In addition to the work presented in this thesis, | also contributed various

analyses to a range of other published studies:

e Harrison PW, Wright AE, Zimmer F, Dean R, Montgomery SH, Pointer
MA, Mank JE (2015) Sexual selection drives evolution and rapid turnover
of male gene expression. Proceedings of the National Academy of
Sciences, USA 112: 4393-4398 Copyright (2015) National Academy of
Sciences.
doi: 10.1073/pnas.1501339112

e Dean R, Harrison PW, Wright AE, Zimmer F, Mank JE (2015) Positive
selection underlies Faster-Z evolution of gene expression in
birds. Molecular Biology and Evolution 32: 2646-2656
doi: 10.1093/molbev/msv138

e Wright AE, Zimmer F, Harrison PW, Mank JE (2015) Conservation of
regional variation in sex-specific sex chromosome reg-
ulation. Genetics 201: 587-598
doi: 10.1534/genetics.115.179234

e Wright AE, Harrison PW, Zimmer F, Montgomery SH, Pointer MA, Mank
JE (2015) Variation in promiscuity and sexual selection drives avian rate
of Faster-Z evolution. Molecular Ecology 24:1218-1235
doi: 10.1111/mec.13113

e Wright AE, Dean R, Zimmer F, Mank JE (2016) How to make a sex
chromosome. Nature Communications 7:12087
doi: 10.1038/ncomms12087

e Schmitz JS, Zimmer F, Bornberg-Bauer E (2016) Mechanisms of
transcription factor evolution in Metazoa. Nucleic Acids Research

13: 6287-6297
doi: 10.1093/nar/gkw492

Reprints of these publications are included in the appendix.
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Chapter 2

Compensation of dosage-sensitive genes

on the chicken Z chromosome
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The analyses presented in this chapter have been published in

Genome Biology and Evolution:

Zimmer F, Harrison PW, Dessimoz C, Mank JE (2016) Compensation of
dosage-sensitive genes on the chicken Z chromosome. Genome Biology and
Evolution 8 (4): 1233-1242, doi: 10.1093/gbe/evw075

Author contributions:

| designed the data analyses with Dr Peter Harrison and Professor Judith Mank

and wrote the paper in collaboration with both of them.

Professor Dessimoz provided support in designing the ohnolog analyses.

Professor Judith Mank collected all samples and performed the RNA

extractions.
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Summary

In many diploid species, sex determination is linked to a pair of sex
chromosomes that evolved from a pair of autosomes. In these organisms, the
degeneration of the sex-limited Y or W chromosome causes a reduction in
gene dose in the heterogametic sex for X- or Z-linked genes. Variations in gene
dose are detrimental for large chromosomal regions when they span dosage-
sensitive genes, and many organisms were thought to evolve complete
mechanisms of dosage compensation to mitigate this. However, the recent
realization that a wide variety of organisms lack complete mechanisms of sex
chromosome dosage compensation has presented a perplexing question: How
do organisms with incomplete dosage compensation avoid deleterious effects
of gene dose differences between the sexes? Here, | use expression data from
the chicken (Gallus gallus) to show that ohnologs, duplicated genes known to
be dosage-sensitive, are preferentially dosage-compensated on the chicken Z
chromosome. These results indicate that even in the absence of a complete
and chromosome-wide dosage compensation mechanism, dosage-sensitive

genes are effectively dosage-compensated on the Z chromosome.
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Introduction

Heteromorphic sex chromosomes have evolved independently in many
species (Bachtrog, et al. 2014; Beukeboom and Perrin 2014). In some cases,
recombination has been suppressed along the majority of the length of the sex
chromosomes, leading to a large-scale loss of active genes from the sex-
limited Y and W chromosomes (Bachtrog, et al. 2011; Charlesworth, et al.
2005). This results in large differences in size, with one large, gene-rich
chromosome (X or Z chromosome) and one smaller chromosome that lacks

many genes (Y or W chromosome).

The decay of Y and W chromosome gene content leads to differences in gene
dose between the sexes, where the heterogametic sex has one half of the dose
of all genes lost from the sex-limited chromosome compared to the
homogametic sex. For many loci, gene dose correlates with gene expression
(Birchler, et al. 2005; Malone, et al. 2012; Pollack, et al. 2002; Torres, et al.
2007); therefore, the reduced gene dose on the X or Z chromosome should
result in reduced gene expression in the heterogametic sex. When dosage-
sensitive genes are affected, this could lead to a reduction in fitness in the
heterogametic sex and result in selective pressures favouring the evolution of
dosage compensation mechanisms (Charlesworth 1996, 1978, 1998; Ohno
1967). These mechanisms should equalize the expression between the sex
chromosomes and the autosomes, thereby restoring them to the ancestral
level before the evolution of sex chromosomes. Second, the mechanism
should equalize the expression of individual dosage-sensitive genes between

males and females.

Although it was once assumed that complete and global dosage compensation
would always be associated with sex chromosome evolution (Ohno 1967),
there is considerable variation in the mechanism and completeness of dosage
compensation across species. For example, in Drosophila melanogaster
(Conrad and Akhtar 2012) and Caenorhabditis elegans (Meyer 2010), dosage

balance is achieved through regulatory mechanisms affecting the entire X
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chromosome (Straub and Becker 2007). In these cases, differences in gene
dose of the sex chromosome are compensated for and expression is on
average balanced between the sexes for the X chromosome. Additionally, the
expression of the single X and the diploid autosomes in heterogametic males is
balanced. However, it is now clear that complete mechanisms of dosage
compensation are rare, and many organisms, including birds (Ellegren, et al.
2007; Itoh, et al. 2007; Naurin, et al. 2011; Uebbing, et al. 2013; Wolf and Bryk
2011; Wright, et al. 2015b), snakes (Vicoso, et al. 2013), many insects (Vicoso
and Bachtrog 2015) and fish (Chen, et al. 2014; Leder, et al. 2010), have

incomplete dosage compensation (reviewed in Mank 2013).

Incomplete dosage compensation was first documented in chicken (Ellegren,
et al. 2007; Itoh, et al. 2007) and subsequently confirmed in several other avian
species (Naurin, et al. 2011; Uebbing, et al. 2013; Wolf and Bryk 2011; Wright,
et al. 2015b). In birds, which are a model for studies of incomplete dosage
compensation, there is a significant reduction in average expression of the Z
chromosomes in females, the heterogametic sex relative to the autosomes, as
well as a reduction in the male Z chromosome average (Ellegren, et al. 2007;
Itoh, et al. 2007; Uebbing, et al. 2015; Uebbing, et al. 2013; Wolf and Bryk
2011). The realisation that many organisms with heteromorphic sex
chromosomes have not in fact evolved complete and global dosage
compensation mechanisms is perplexing, as it is unclear how these organisms
cope with negative dose effects. A reduction in gene dose often does not
produce an observable difference in expression for many genes (Malone, et al.
2012), and it is unclear whether certain loci are actively dosage-compensated

or simply lack dose effects.

One possible explanation proposed by Mank and Ellegren (2008) is that
instead of requiring a global mechanism of dosage compensation, the
regulation of gene dose might occur on a gene-by-gene basis. A more
targeted, local mechanism of dosage compensation should primarily affect the
expression of dosage-sensitive genes (Mank, et al. 2011). The role of dosage-
sensitivity for the evolution of dosage compensation mechanisms has been

discussed by a number of reviews (Ercan 2015; Mank 2013; Pessia, et al. 2013;
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Veitia, et al. 2015) and has been investigated in a range of species. For
example, in mammals X chromosomal expression is reduced compared to the
autosomes in both males and females (Julien, et al. 2012; Xiong, et al. 2010),
possibly as a consequence of X chromosome inactivation. However, dosage-
sensitive genes, such as protein-complexes, show evidence of a higher degree
of dosage-compensation (Lin, et al. 2012; Pessia, et al. 2012) compared to
other gene categories. Recent studies in nematodes (Albritton, et al. 2014) and
fish (White, et al. 2015) also showed similar patterns of compensated dosage-

sensitive genes.

Dosage sensitivity can result from interactions with other genes or gene
products (Veitia 2004), as in the case of transcription factors and large protein
complexes (Papp, et al. 2003). Individual duplications of these dosage-
sensitive genes are likely to be rare, as they disrupt the stoichiometric balance
and may disturb gene networks (Birchler, et al. 2001; Birchler and Veitia 2012;
Papp, et al. 2003). However, dosage-sensitive genes should be preferentially
retained after Whole Genome Duplications (WGDs) (Birchler and Veitia 2012;
Edger and Pires 2009; Papp, et al. 2003). In contrast, dosage-insensitive genes
that do not exhibit neo- or sub-functionalisation are often lost after WGD
(Dehal and Boore 2005). WGDs have occurred in a wide range of lineages (Cui,
et al. 2006; Dehal and Boore 2005; Kellis, et al. 2004; Van de Peer, et al. 2009;
Wolfe and Shields 1997), including two rounds of WGD events roughly 500
MYA ago (Dehal and Boore 2005), which gave rise to ca. 16%-34% of the
chicken genome (Singh, et al. 2015).

Preferentially retained gene duplicates originating from WGDs, also known as
ohnologs (Wolfe 2000; Wolfe 2001), are skewed towards gene families
associated with dosage-sensitive functions such as signalling and
development (Blomme, et al. 2006) and protein complexes (Makino, et al.
2009). The dosage sensitivity of ohnologs (Blomme, et al. 2006; Makino, et al.
2009) is well established and makes them particularly useful in assessing the
effectiveness of incomplete dosage compensation. | therefore use ohnologs to

investigate the effectiveness of compensation on the chicken Z chromosome
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and to understand the evolution of incomplete sex chromosome dosage

compensation mechanisms in general.

Material and Methods

RNA-Seq analysis and gene expression estimates

Heart, liver and spleen samples from White Leghorn chicken (Gallus gallus)
embryonic day 19 eggs incubated under standard conditions were collected.
Embryos were sexed visually and based on expression of W-linked genes. For
each tissue, four biological samples were collected for both males and
females. One female liver sample was excluded from the analyses because it
showed only spurious W expression and when investigating the Z:A ratio it was
clearly masculinized. All samples were first stored in RNAlater (Qiagen) and
then total RNA was extracted (Qiagen Animal Tissue RNA Kkit).

Library construction and lllumina sequencing was done at the Wellcome Trust
Centre of Human Genetics (WTCHG), Oxford. Each sample was normalised to
2.5ug total RNA prior to a PolyA isolation using an NEB Magnetic mRNA
Isolation Kit. PCR was carried out over 15 cycles using custom indexed
primers (WTCHG). Libraries were quality controlled with picogreen and
tapestation, and were subsequently normalised equimolarly into 12-plex pools
for lllumina HiSeq sequencing. Heart, liver and spleen samples were
sequenced using an lllumina HiSeq 2000 as paired-end 100-bp reads. 51-bp
paired end reads of gonadal samples from the same development stage were
obtained from (Moghadam, et al. 2012).

| trimmed each library using Trimmomatic v0.22 (Bolger, et al. 2014; Lohse, et
al. 2012), removing leading and trailing bases with a Phred score < 4 and
trimming using a sliding window approach when the average Phred score over
four bases was less than 15. Reads were kept if they were at least 36 bases
after trimming. Libraries were quality-inspected manually using FASTQC
v0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The
trimmed libraries were aligned against the chicken reference genome Ensembl

version 75 Galgal4 (Cunningham, et al. 2015) using TopHat v2.0.11 (Kim, et al.
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2013) and bowtie2 v2.2.2 (Langmead and Salzberg 2012), allowing five
mismatches to the reference genome with on average 17 million paired-end
mappable reads per sample. Multi-mapping reads were removed and | then
sorted and indexed the resulting alignment files for each library separately
using Samtools v0.1.18/9 (Li, et al. 2009).

| extracted reads mapping to annotated genes using HTseqg-Count v0.6.1p1
(Anders, et al. 2015) and normalised all tissues separately using the Trimmed
Mean of M-values (TMM) method (Robinson and Oshlack 2010) available in
edgeR v3.2.4 (Robinson, et al. 2010). | estimated differential expression
between males and females in all tissues using edgeR‘s exactTest method and
exported the log, fold change (log,FC; female — male expression), average log,
count per million (logCPM), FDR corrected P-values from the exactTest
function and individual CPM (Counts Per Million) values for all samples and
genes. Genes were only included when the average CPM was larger than 2
across all males and females, filtering out loci with low expression. When
comparing groups of genes to each other, | normalised the CPM values by
gene length, resulting in RPKM (Reads Per Kilobase of transcript per Million
mapped reads) values. Only genes annotated to the autosomes and the Z
chromosome were assessed. Individual genes were defined as dosage-
compensated on the Z chromosome if the female:male log, fold change ranged
from -0.5 to 0.5 (Wright, et al. 2015b). | defined genes as sex-biased if the
edgeR exactTest was significant after FDR correction (g < 0.05) and the log,

fold change was 1 > for female-biased genes or < -1 for male-biased genes.

Identification of ohnologs and other paralogs

| used the Ohnologs database (http://ohnologs.curie.fr/) (Singh, et al. 2015) to
obtain ohnologs present in the chicken genome. | used the relaxed set of
ohnologs as the primary dataset, in order to maximize the number of ohnologs.
Additionally, | used the Ensembl REST API (accessed February 2015) (Yates, et
al. 2015) to identify all paralogs in the chicken genome, which also includes

those homologs originated in single-gene duplications.
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Functional annotation of ohnologs

| used the G:profiler toolkit (Reimand, et al. 2011) to perform GO Term
(Ashburner, et al. 2000) overrepresentation analyses. All ohnologs on the Z
chromosome were provided as an input list and compared to the entire
genomic background, using only genes with annotated GO terms in the
comparison. Standard settings were used and GO Terms were only considered
if they had a significant P-value after multiple testing correction via G:Profiler’s
G:SCS method (P-value < 0.05). Additionally, | used the CORUM database
(Ruepp, et al. 2010), version from February 2012, to annotate protein
complexes in the chicken genome. The CORUM database contains only
mammalian data and | used the Ensembl REST API (Yates, et al. 2015) to

detect the corresponding chicken homologs, where possible.

SNP calling and estimation of allele specific expression

In order to detect allele-specific expression (ASE) from RNA-Seq data, |
modified a pipeline from Quinn et al. (Quinn, et al. 2014a; Quinn, et al. 2014b).
As | was interested in detecting ASE on the Z chromosome, | only called Single
Nucleotide Polymorphisms (SNPs) in the homogametic sex (males) for each
tissue. SNPs were called using Samtools mpileup v0.1.18 (Li, et al. 2009) and
VarScan2 v2.3.6 (Koboldt, et al. 2012). SNPs were called separately for each
tissue using all four available male samples. | required minimum coverage of 2
and minimum Phred score of 20 (--min-avg-qual 20) to call a SNP and also
required a minimum frequency of 0.9 to call a homozygote (--min-freq-for-hom
0.9). The resulting Variant Call Formatted (VCF) files were then filtered further to
remove noise and increase SNP call confidence. In a first step, | filtered out
SNPs using a combination of a fixed minimum threshold of 17 reads per site
(the combination of major and minor allele) in all samples, as a power analysis
indicates that a 17 read coverage for a SNP results in 73% power to detect
allele specific-expression and also excluded all SNPs with more than two
alleles. | also used a variable threshold that accounts for the likelihood of
observing a second allele because of sequencing errors an error probability of
1in 100 (Quinn, et al. 2014a) and a maximum coverage of 100,000. RNA-Seq

data has an intrinsic bias for the estimation of ASE, because those reads that
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resemble the reference genome have a higher probability of aligning
successfully. In order to remove this bias, | eliminated clusters of SNPs if there
were more than 5 SNPs in a window of 100 base pairs (Stevenson, et al. 2013).
| used BEDtools intersect v2.20.1 (Quinlan and Hall 2010) to filter out all SNPs

that were not located in a known transcript.

If both chromosomes are active to the same degree, | expect that the
probability of observing reads from one or the other chromosome is 0.5. |
therefore used a two-tailed binomial test to show significant deviations from
this expected distribution (P < 0.05). Binomial tests were corrected for multiple
testing on the autosomes, because of the larger number of testable sites. In
order to account for the fact that binomial tests will be significant even for very
small deviations in the observed distribution when the sample size, in this case
the alignment depth, is big enough, | also employed a minimum threshold of
70% reads stemming from one allele to call significant allele-specific
expression. Additionally, | used a power analysis to ensure that the ability to
detect ASE is sufficient. At a minimum coverage of 17 reads per site, the
power for detecting ASE is greater than 73%, which suggests that | was able
to detect patterns of ASE successfully in most cases. | only included genes in
the analysis if at least one SNP showed consistent allele-specific expression

across all samples.

All analyses and statistical comparisons were performed using Python,
Matplotlib (Hunter 2007) and R (R Core Team 2015). Code and iPython
notebooks (Pérez and Granger 2007) are available on GitHub at
https://github.com/qgfma/ohnolog-dc. All sequencing data used in the analyses
is available in the NCBI Short Read Archive under accession number
SRP065394.

55



Results

| generated RNA-Seq gene expression profiles from multiple male and female
biological replicates for four different tissues (spleen, heart, liver and gonad) in
chicken (Gallus gallus), recovering on average 17 million paired-end mappable
reads per sample. | removed genes that were not expressed on average in all

male and female above at least two Counts Per Million (CPM). The number of

genes expressed on the autosomes and Z chromosome for each tissue are

shown in Table 2.1.

Incomplete dosage compensation in females and reduced Z expression in

males

Dosage compensation has been assessed in a variety of ways, often
depending on the system being studied. | used two approaches to assess
dosage compensation status. First, complete dosage compensation should
equalize female Z-linked and autosomal expression. Second, dosage
compensation can also act on a local gene-by-gene basis, balancing the
individual gene expression in males and females, which may be the dominant

mechanism for dosage-sensitive genes.

Consistent with previous studies showing the incomplete dosage
compensation in chicken, | detected lower average expression of Z-linked
genes in comparison to autosomal genes in all female tissues (spleen P <
0.0001, Z-score = 11.19; heart P < 0.0001, Z-score = 11.22; liver P < 0.0001,
Z-score = 8.88; ovaries P < 0.0001, Z-score = 9.20; Wilcoxon Rank Sum Test;
Figure 2.1, Figure 2.2, Table 2.2). It is also expected that the average
expression of the Z chromosomes in males is similar to the autosomal average,
as two Z chromosomes are present. In line with this prediction, the distribution
of male expression is not significantly different to the autosomes in testes (P =
0.79, Z-score = 0.27, Wilcoxon Rank Sum Test). However, previous work has
indicated that in some tissues, expression of the Z in males is also less than
the autosomal average (Julien, et al. 2012), and | also recovered a significant

reduction in average expression of Z-linked loci compared to average
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autosomal expression in all somatic tissues in males (spleen P < 0.0001, Z-
score = 5.50; heart P < 0.0001, Z-score = 6.69; liver P < 0.0001, Z-score =
5.02; Wilcoxon Rank Sum Test). When comparing the average expression level
of all autosomes and the Z chromosomes, it is clear that the Z chromosome
expression in both males and females is outside the autosomal spectrum for all

somatic tissues (Figure 2.2).
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Table 2.1 Comparison of gene expression values in spleen, heart, liver and
gonad tissue. Genes are defined as sex-biased if the difference in log,
expression between males and females was larger than two-fold and
expression was significantly different with (P < 0.05 edgeR exactTest, adjusted
for multiple testing). Genes are counted as (dosage-) compensated when the
difference in log,FC between male and female expression ranged from -0.5
and 0.5.

Autosomes Z-linked
Unbiased Sex-biased Compensated Uncompensated
Spleen 10239 (99.23%) 79 (0.77%) 306 (57.85%) 223 (42.15%)
Heart 9458 (99.79%) 20 (0.21%) 263 (53.35%) 230 (46.65%)
Liver 8900 (99.57%) 38 (0.43%) 252 (56.63%) 193 (43.37%)
Gonad 9694 (85.49%) 1646 (14.51%) 189 (31.29%) 415 (68.71%)

Table 2.2 Comparison between the distributions log2 expression for male and
female autosomal and Z expression in four different tissues. Distributions of
autosomal and Z expression are compared using a Wilcoxon Rank Sum Test.

Medians are given for the logged expression data.

Difference
Autosomal
Z median in median P-value Z-score
median
(A-2)

Spleen 3.72 3.29 0.43 3.77x10%® 550

Heart 3.10 2.52 0.58 2.16 x10™" 6.69
Male

Liver 2.50 2.02 0.48 5.08 x10°’ 5.02

Testes 3.85 3.74 0.11 0.79 0.27

Spleen 3.75 2.80 0.95 4.46 x10%® 11.19

Heart 3.10 2.05 1.05 3.31 x10® 11.22
Female

Liver 2.53 1.61 0.92 6.50 x10°"° 8.88

Ovaries 3.89 3.18 0.71 3.72x10%® 9.20

Significant P-values are reported in bold
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Figure 2.1 Comparison of gene expression measured for autosomal genes
(dark grey) and Z-linked genes (light grey) in (a) spleen, (b) heart, (c) liver and (d)
gonad tissue in males and females. In all tissues, gene expression for Z-linked
genes is significantly lower in comparison to autosomal genes in females. In
males, gene expression of Z-linked genes is significantly lower in comparison
to autosomal genes in all somatic tissues but not in gonad. Significance levels
are indicated as stars (* P < 0.05, ™ P < 0.001, *** P < 0.0001), differences
between distributions were tested using Wilcoxon Rank Sum Tests. The
number of genes expressed on the autosomes and Z chromosome(s) are given
in brackets for each distribution. Boxes show the interquartile range, notches
represent the median of the distribution and whiskers extend to 1.5 times the
interquartile range (Q3 + 1.5 x IQR, Q1 - 1.5 x IQR). Ouitliers are not shown for

clarity, but included in all statistical comparisons.
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females (red) in (a) spleen, (b) heart, (c) liver and (d) gonad tissue.
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Z:A ratio comparison

The inclusion of lowly expressed genes may lead to biases when comparing
autosomal and Z-linked expression, and previous work illustrated the
importance of filtering out lowly expressed and fully inactivated genes (Deng,
et al. 2011), which may be non-randomly distributed on sex chromosomes. In
order to explore the efficacy of my CPM threshold, | plotted the median Z:A
ratios for males (ZZ:AA) and females (Z:AA) across a range of expression
thresholds (Figure 2.3). Z:A ratios for lowly expressed genes are lower than
genes at higher expression levels. More importantly, my results indicate that a
CPM threshold > 2 is effective in filtering out lowly expressed genes, as Z:A
ratios are similar for higher thresholds. | also found that female Z:A ratios were
consistently lower across all threshold levels compared to males, and male Z:A
ratios were < 1.0 in all somatic tissues, similar to data from Uebbing, et al.
(2015). These lower Z:A ratios in both males and females show considerable

tissue-specific variation.

Expression level and dosage compensation

| investigated whether the extent of dosage compensation varies with the
magnitude of gene expression, using a quartile-based analysis of Z-linked
gene expression (Figure 2.4). When grouping the expression of Z-linked genes
by male expression, | observed significantly lower female expression in all
tissues and quartiles (P < 0.05 in all comparisons; Wilcoxon Rank Sum Test),
except for the first quartile in gonadic tissue (P > 0.05; Wilcoxon Rank Sum
Test). In spleen, heart and gonad tissue, the difference between male and
female expression is lowest in the first quartile, indicating that dose effects are
less prevalent. In liver tissue the lowest difference in gene expression is
observed in quartile four. For all other tissues, there is a trend for stronger
expression differences in quartiles two to four (P < 0.05 in all comparisons;

Wilcoxon Rank Sum Test).
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Figure 2.3 Z:A ratio across different CPM thresholds for all male (blue) and all

female (red) samples across spleen, heart, liver and gonad tissues. The female

Z:A ratio is lower in comparisons to males; however, the male Z:A ratio in

spleen, heart and gonad is also lower than the expected ratio of one. Outliers

are shown as grey circles.
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Allele-specific expression and potential for Z chromosome inactivation

The reduction in Z expression in males is also consistent with the possible
inactivation of one Z chromosome in males, analogous to the X inactivation
observed in therian females (Cooper, et al. 1993; Deakin, et al. 2009). Male Z
chromosome inactivation has been suggested by previous work on a limited
number of Z-linked loci (Livernois, et al. 2013) and | investigated the potential
for Z inactivation using RNA-Seq data. If one copy of the Z chromosome were
partially inactivated in males, this would result in SNPs with a significantly
greater contribution to the total expression from one allele at heterozygous

sites.

As | was primarily interested in the identification of allele-specific expression
(ASE) caused by partial Z inactivation, | used a series of stringent filtering
criteria in order to reduce the amount ASE that might be the product of cis-
regulatory variation. After filtering, 35,505 SNPs in spleen, 24,238 SNPs in
heart, 18,251 SNPs in liver and 11,783 SNPs in gonad were retained. Of these
826 were detected on the Z chromosome in spleen, 503 in heart, 439 in liver
and 405 in gonad tissue. It has been shown previously that the Z chromosome
exhibits reduced levels of polymorphism in comparison to the autosomes due
to a reduced effective population size (Sundstréom, et al. 2004), which may
explain the low number of detected SNPs on the Z chromosome in comparison

to the autosomes.

It is only possible to assess allele-specific expression for Z-linked genes for
which at least one valid SNP was detected. Additionally, the detection of allele-
specific expression using RNA-Seq depends on a sufficient expression level of
an allele and | removed loci from the analysis with < 17 mapped reads. | only
called loci as biased if at least 70% of all the reads were from one allele in
every sample and the difference was significant in a binomial test (P < 0.05).
Using these stringent criteria, | found evidence of ASE on the Z chromosome
for 10 loci (3.72%) in spleen, 7 (4.09%) in heart, 7 (5.18%) in liver and 13
(10.66%) in gonad; however, only two genes show a consistent signal of ASE
across all tissues. | also reduced the ASE threshold to 60%, retaining the same

statistical threshold for significance, which resulted in the identification of just
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one additional locus with ASE in the gonad and one additional locus in the
liver. This suggests that the thresholds have not masked a broader pattern of

ASE across the Z chromosome.

The dataset contained 10 loci assessed by Livernois, et al. (2013), and only one
of these (ENSGALO0000010158; KANKT) exhibited significant ASE. There are
two potential complications that should be considered when assessing
concordance between these approaches. First, of the genes used in the
Livernois, et al. (2013) study, five did not contain any valid SNPs in my dataset
and | was thus unable to assess ASE in these genes using RNA-Seq.
Secondly, the BACs used by Livernois, et al. (2013) were cultured in chicken
fibroblasts, and it is possible that the expression patterns in the four tissues
used here are different. Additionally, Livernois, et al. (2013) tested for
inactivation for any copy of the Z in each cells, where the ASE analysis requires
the inactivation of the same Z chromosome. If inactivation were completely
random and balanced between the maternal and paternal copy of the Z
chromosome across tissues, then ASE would not be detectable. However,
although either copy of the X can be inactivated in placental mammals, many
genes exhibit a detectable signal of ASE (Payer and Lee 2008; Rozowsky, et al.
2011), and a similar signal in Z inactivation might be expected. In contrast to
the analysis of Livernois, et al. (2013), | was able to assess ASE for a much
larger number of genes and only recovered a small subset of genes with ASE.
These data, therefore, provide little support for a prevalent and widespread

inactivation of the Z chromosome.

A different potential explanation for the low number of genes with allele-
specific expression could be that large parts of one chromosome are nearly or
entirely inactivated and therefore effectively hemizygous in males. If true, this
would make the detection polymorphism from RNA-Seq data impossible and |
could not assess it in this framework. | also repeated the ASE analysis for the
autosomes only and recovered a similar percentage of ASE in comparison to
the Z chromosome for all somatic tissues (spleen P = 1.0, odds ratio 1.06;
heart P = 1.0 odds ratio 1.01; liver P = 0.50, odds ratio 0.77 Fisher’s Exact

Test), and a marginally significant difference in gonad (P = 0.026, odds ratio
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0.49; Fisher’s Exact Test). However, given the overall small number of loci
affected by ASE, it seems unlikely that this pattern is caused by widespread Z
inactivation. Although not the focus of this study, this small subset of genes on
the autosomes that show signs of ASE is intriguing. A recent study by Frésard,
et al. (2014) indicated that parental imprinting is potentially absent in birds and
the fact that the proportion of ASE on the Z chromosome is not significantly
higher in comparison to the autosomes further supports the notion that ASE
sites on the Z chromosome are not caused by inactivation, but may be the

result of cis-regulatory variation or other processes.

Ohnologs are preferentially dosage-compensated

If incomplete dosage compensation is sufficient for compensating dosage-
sensitive genes, the proportion of dosage-compensated ohnologs on the Z
chromosome would be expected to be higher in comparison to non-ohnologs.
| tested whether ohnologs are more often dosage-compensated using the
expression data and ohnologs obtained from the OhnologsDB (Singh, et al.
2015). The chicken genome contains 5228 (33.71%) annotated ohnologs, of
which 223 are annotated on the Z chromosome when using the relaxed set of

ohnologs.

In order to determine whether ohnologs are preferentially dosage-
compensated, | first compared the log, fold change between female and male
expression for Z-linked ohnologs and non-ohnologs (Figure 2.5). The
difference in expression between females and males (log,FC) was significantly
lower for ohnologs than non-ohnologs (spleen P < 0.0001, Z-score = 5.95;
heart P < 0.0001, Z-score = 4.57; liver P < 0.0001, Z-score = 5.22; gonad P <
0.0001, Z-score = 4.89; Wilcoxon Rank-Sum Test), suggesting a higher degree
of dosage compensation. Additionally, the proportion of dosage-compensated
ohnologs (log,FC range from -0.5 to 0.5) was significantly higher in comparison
to non-ohnologs in all tissues (P-value < 0.0001 in all comparisons; Fisher’s
Exact Test, Table 2.3). This is also the case when | used a wider range of
log,FC (-0.6 to 0.6), similar to the mean expression change for female one-

dose genes reported by Malone, et al. (2012) (Table 2.4). Additionally, | used
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the strict set of ohnologs from the OhnologsDB, with 2489 ohnologs annotated
in the chicken genome and 106 on the Z chromosome, recovering similar
results (Table 2.5, Figure 2.6).

An alternative explanation for the high degree of dosage compensation among
ohnologs is that all paralogs, even those that originate in single-gene
duplications, are dosage-compensated. | tested this hypothesis by extracting
Z-linked paralogs from the Ensembl database (Cunningham, et al. 2015) that
originated in single-gene duplication events. These paralogs do not show a
higher proportion of dosage compensation (P > 0.05 in all comparisons;
Fisher’s Exact Test; Table 2.6) compared to all other genes on the Z
chromosome. This indicates that the higher degree of dosage compensation
among ohnologs is not a property of paralogs in general, and that the mode of
duplication has an important impact on the evolution of gene-by-gene dosage

compensation.
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Figure 2.5 Comparison of log,-transformed fold-change between female and
male expression for ohnologs (green) and non-ohnologs (grey) on the Z
chromosome in (a) spleen, (b) heart, (c) liver and (d) gonad. The number of
genes in the distributions is given in brackets. Negative fold-changes indicate
higher male expression; positive fold-changes indicate stronger female
expression. Significance levels are indicated as stars (* P < 0.05, ** P < 0.001,
“* P < 0.0001), differences between distributions were tested using Wilcoxon
Rank Sum Tests. Outliers are not shown for clarity, but included in all statistical

comparisons.
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Table 2.3 Contingency tables for all four tissues, comparing the proportion of
dosage-compensated (DC) and uncompensated (U) ohnologs to non-ohnologs
using a Fisher’s Exact Test. Genes are called as dosage-compensated if the
log,FC ranges from -0.5 to 0.5.

Ohnolog Non-ohnolog

DC U DC U P-value Odds ratio

Spleen 126 (71.19%) 51 (28.81%) 180 (51.14%) 172 (48.86%) 1.08 x 10° 2.36

Heart 111 (67.27%) 54 (32.73%) 152 (46.34%) 176 (53.66%) 1.06 x 10 2.38

Liver 105 (71.92%) 41 (28.08%) 147 (49.16%) 152 (50.84%) 6.52 x 10 2.65
( ) ( )

Gonad 86 (42.79%) 115(57.21%) 103 (25.56%) 300 (74.44%) 2.57 x 10°® 2.18

Significant P-values are reported in bold

Table 2.4 Contingency tables for all four tissues, comparing the proportion of
dosage-compensated (DC) and uncompensated (U) ohnologs to non-ohnologs
using a Fisher’s Exact Test. Genes are called as dosage-compensated if the
log,FC ranges from -0.6 to 0.6.

Ohnolog Non-ohnolog

DC U DC U P-value Odds ratio

Spleen 149 (84.18%) 28 (15.82%) 200 (56.82%) 152 (43.18%) 1.52 x10™° 4.04
Heart 129(78.18%) 36 (21.82%) 183 (55.79%) 145 (44.21%) 1.03 x10° 2.84
Liver 116 (79.45%) 30 (20.55%) 175 (58.53%) 124(41.47%) 1.20 x10°° 2.74

Gonad 105 (52.24%) 96 (47.76%) 135 (33.50%) 268 (66.50%) 1.41x10® 217

Significant P-values are reported in bold

69



Table 2.5 Contingency tables for all four tissues, comparing the proportion of
dosage-compensated (DC) and uncompensated (U) ohnologs to non-ohnologs

using a Fisher’s Exact Test. Ohnologs are from the strict subset of the

OhnologsDB.

Ohnolog Non-ohnolog
DC U DC U P-value Odds ratio
Spleen 63 (75.12%) 22 (25.88%) 243 (54.73%) 201 (45.27%) 0.0011 2.37
Heart 61 (72.62%) 23(27.38%) 202 (49.39%) 207 (50.61%) 0.0001 2.72
Liver 53 (68.83%) 24 (31.17%) 199 (54.08%) 169 (45.92%) 0.0224 1.87
Gonad 47 (47.96%) 51 (52.04%) 142 (28.06%) 364 (71.94%) 0.0002 2.36

Significant P-values are reported in bold

Table 2.6 Contingency tables for all four tissues, comparing the proportion of

dosage-compensated and uncompensated paralogs (excluding ohnologs) to

all other genes (including ohnologs) using a Fisher’s Exact Test.

Paralogs

(excluding ohnologs)

Other

DC U DC U P-value Odds ratio
Spleen 96 (61.15%) 61 (38.85%) 210(56.45%) 162 (43.55%) 0.34 1.21
Heart 76 (51.70%) 71 (48.30%) 187 (54.05%) 159 (45.95%)  0.69 0.91
Liver 76 (57.14%) 57 (42.86%) 176 (56.41%) 136 (43.59%)  0.92 1.03
Gonad 55 (28.06%) 141 (71.94%) 134 (32.84%) 274 (67.16%) 0.26 0.80
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Figure 2.6 Comparison of log,-transformed fold-change between female and
male expression for ohnologs (green), taken from the strict OhnologsDB
subset, and non-ohnologs (grey) on the Z chromosome in (a) spleen, (b) heart,
(c) liver and (d) gonad. The number of genes in the distributions is given in
brackets. Negative fold-changes indicate higher male expression; positive fold-
changes indicate stronger female expression. Significance levels are indicated
as stars (* P < 0.05, ** P < 0.001, *** P < 0.0001), differences between
distributions were tested using Wilcoxon Rank Sum Tests. Outliers are not

shown for clarity, but included in all statistical comparisons.
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Older Z chromosome parts contain fewer ohnologs

Sex chromosome divergence can drive the movement of some gene classes
off the sex chromosomes (Emerson, et al. 2004; Potrzebowski, et al. 2008;
Vibranovski, et al. 2009) and an out of Z migration for dosage-sensitive genes
might be expected. Overall, the proportion of ohnologs is not significantly
different between the Z (764 coding genes) and the genomic background
(14744 coding genes) (P = 0.19, odds ratio = 0.89; Fisher’s Exact Test),
suggesting that the Z chromosome is not depleted of ohnologs and that
dosage-sensitive gene have not moved off the Z. However, the Z chromosome
contains at least four strata, where recombination was suppressed between
the Z and W at different times, spanning roughly 130 million years (Wright, et
al. 2012). | divided the chromosome into an old and young part along the
border of stratum 3, resulting in two almost equally sized regions of the Z
chromosome. Given 223 ohnologs located on the Z chromosome, | expected
that half of these would be located in the old and half in the young part of the
chromosome. However, the number of ohnologs in the older half of the
chromosome is significantly less than expected (X*=22.605, P < 0.0001; Chi-
Square Test) and also significantly less when accounting for the difference in
gene content (P < 0.05, odds ratio = 0.62; Fisher’s Exact Test). This could
indicate that some ohnologs may have relocated during the early evolution of
the Z chromosome. When | compared the proportion of dosage-compensated
ohnologs between old and young parts of the Z chromosome, | did not detect
a significantly higher proportion of dosage-compensated ohnologs in older
parts (P > 0.05 in all comparisons; Fisher’s Exact Test), suggesting that dosage
compensation of ohnologs occurs relatively quickly following W chromosome
gene loss. Alternatively, this bias could be an artefact of the ancestral ohnolog
distribution, as the WGD events precede the formation of the sex chromosome

system.
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Dosage compensation of ohnologs across tissues

The degree of dosage compensation is similar in all somatic tissues (P > 0.05
in all comparisons; Fisher’s Exact Test; Table 2.7), and greater in the soma
compared to the gonad (P < 0.0001 in all comparisons; Fisher’s Exact Test;
Table 2.7). Tissues can be seen as a form of functional compartmentalization,
and the same gene can show a diverse range of expression patterns in
different tissues. For this reason, similar overall dosage compensation could
hide an underlying pattern of pleiotropic expression. Dosage sensitivity may in
fact be tissue dependent and can result in gene-by-gene dosage

compensation (Mank and Ellegren 2008).

| also investigated the overlap of dosage-compensated ohnologs across
tissues. A set of 68 of 223 ohnologs was dosage-compensated in all somatic
tissues; however, | detected substantial variation (Figure 2.7). Of the 68
ohnologs that are dosage-compensated in all somatic tissues, only 36 are also
dosage-compensated in gonad, showing that only a small core set of ohnologs
are dosage-sensitive across all tissues. In gonad, a unique set of 50 ohnologs
was dosage-compensated. In combination with the overall lower degree of
dosage compensation in gonad, this suggests different dosage compensation

patterns in comparison to the somatic tissues.
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Table 2.7 Comparison of the degree of dosage compensation between all four
tissues using a Fisher’s Exact Test. Cells show P-values, numbers in brackets
are the odds ratio. Data for the contingency tables is shown in Table 2.1. Auto-

comparisons and mirrors are not calculated.

Spleen Heart Liver Gonad
Spleen
Heart 0.17 (0.83)
Liver 0.74 (0.95) 0.32 (1.14)

Gonad  2.28x10™(0.33)  1.73x10"(0.40)  2.25 x107' (0.35)

Significant P-values are reported in bold

Liver

Figure 2.7 (a) Overlap between dosage-compensated ohnologs in the three
somatic tissues. (b) Overlap between dosage-compensated genes in the soma
(spleen, heart and liver) and gonad tissue. Circles represent the total of
dosage-compensated ohnologs in a tissue and numbers indicate the overlap

between sets.
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Functional annotation of Z-linked ohnologs

Ohnologs are associated with a wide range of functions, such as signalling
pathways (Blomme, et al. 2006) and protein complexes (Makino, et al. 2009).
This functional enrichment is the reason for the hypothesized dosage
sensitivity and may explain why ohnologs are preferentially dosage-
compensated. | used the G:profiler online tool (Reimand, et al. 2011) to test for
functional overrepresentation of gene ontology (GO) terms (Ashburner, et al.
2000) and compared the 223 ohnologs on the Z chromosome to the genomic
background. | detected 13 significantly enriched GO terms (P < 0.05 after
correction for multiple testing), many of which are associated with membrane
proteins, cell locomotion, and localization (Table 2.8). | also detected
enrichment for the oncostatin-M-mediated signalling pathway, a cytokine that
may be important in cell proliferation and multiple diseases, such as cancer
(Dey, et al. 2013). Additionally, | used the CORUM (Ruepp, et al. 2010)
database to test for the overrepresentation of protein complexes among
ohnologs, but did not detect a significant enrichment in the 223 ohnologs on
the Z chromosome in comparison to other Z-linked genes (P > 0.05, Fisher’s
Exact Test).
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Table 2.8 Significantly overrepresented GO terms (P <0.05 after g:SCS

multiple testing correction) for the 223 ohnologs located on the chicken Z

chromosome. Overrepresentation was tested using the 223 ohnologs as a

target set and the genomic background (autosomal genes and other non-

ohnologs on the Z chromosome). Only genes that have annotated GO terms

were considered in the analysis. GO term ID is prefaced by the functional

category: BP (biological process), CC (cellular component) and MF (molecular

function). The number of genes in the chicken genome annotated with a

specific term (T) is shown in column three, and the overlap between the query

(Q) set and the annotated background (T) is shown in column four (Q&T).

GO term ID P-value T Q&T GO term description
BP GO:0038165 0.0098 3 3 oncostatin-M-mediated signalling pathway
BP GO:0040011 0.0135 878 33 locomotion
BP GO:0051179 0.0011 3523 91 localization
BP GO:0051674 0.0004 746 33 localization of cell
BP GO:1902578 0.0028 2448 69 single-organism localization
BP GO:0044765 0.0033 2308 66 single-organism transport
BP GO:0006928 0.0092 986 36 movement of cell or subcellular component
BP GO0:0048870 0.0011 745 32 cell motility
BP GO:0016477 0.0028 701 30 cell migration
CC GO:0016020 0.0166 4932 112 membrane
CC GO0:0098589 0.0003 457 25 membrane region
CC GO0:0044459 0.0301 1259 41 plasma membrane part
CC GO:0098590 0.0074 373 20 plasma membrane region
MF GO:0004924 0.0098 3 3 oncostatin-M receptor activity

Significant P-values are shown in bold
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Discussion

My analyses of dosage compensation and ohnologs on the chicken Z
chromosome provide novel insights into the nature of incomplete dosage
compensation. | confirm previous reports of incomplete dosage compensation
in chicken (Ellegren, et al. 2007; Itoh, et al. 2007; Uebbing, et al. 2015) and
show that ohnologs are preferentially dosage-compensated on the chicken Z
chromosome, indicating that incomplete dosage compensation can effectively
balance dosage-sensitive genes. Even though the average expression of the Z
chromosome is consistently lower in females as a function of incomplete
dosage compensation, a considerable number of Z-linked genes show equal
expression between males and females. Moreover, selection for compensation
of dosage-sensitive genes appears to act relatively quickly, as there is no
significant difference in the proportion of dosage-compensated ohnologs in

younger regions of the avian Z chromosome compared to older regions.

The X chromosomal expression in mammals is reduced compared to the
autosomes, potentially as a consequence of X inactivation (Julien, et al. 2012;
Xiong, et al. 2010). It has been suggested that selection for the compensation
of dosage-sensitive genes could have driven the evolution of X inactivation in
therian mammals. Similarly, | also observed a reduction in Z expression in
somatic tissues in males (Itoh, et al. 2007). The reduced expression of the Z
chromosome compared to the autosomes in males is not as pronounced as in
females (Table 2.2, Figure 2.1, Figure 2.2) and there are several possible
explanations for this pattern. The reduction has been suggested to result
through Z inactivation that affects only some parts of the chromosome (Graves
2014; Livernois, et al. 2013). However, my assessment of ASE suggests that
inactivation is not a major mechanism affecting Z chromosome expression in
males. An alternative explanation for the lower Z expression may be that the
ancestral expression level of the Z chromosome, before the differentiation of
the sex chromosomes, was already on average on the lower end of the
expression spectrum (Brawand, et al. 2011; Julien, et al. 2012). Finally, it is

possible that dosage sensitive genes have moved off the Z, as the mammalian
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X chromosome is depleted of genes requiring high transcription rates as a
result of haploid expression in females (Hurst, et al. 2015). My analysis
suggests that although there is some potential for movement of dosage-
sensitive genes off the Z chromosome, the effect is confined to the oldest
regions of the Z chromosome and is not substantial enough to explain the

reduced expression in males.
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Chapter 3

Inferring paralogs and expression divergence

across multiple bird species using RNA-Seq data
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Summary

Single gene duplications are an important source of novel genetic material.
After gene duplication, pairs of gene copies (paralogs) diverge either through
neutral or selective forces. This functional divergence can be brought about
through changes in protein-coding sequence or regulatory mutations. How
paralogs evolve after the initial duplication event has been intensely studied,
with multiple models describing different evolutionary outcomes. In order to
test the predictions made by these models, comparative genomic data is
needed. These data can be used to reconstruct the evolutionary history of
orthologs (genes in different species with a common ancestor) and paralogs.
However, genomic data is not available in many ‘non-model’ species, limiting
these analyses to well-studied clades. In contrast, the availability of de novo
RNA-Seq assemblies has facilitated the analyses of transcriptomes in ‘non-
model’ species. If comparative RNA-Seq could be used for paralog detection,
it would not only allow for comparative analyses in many 'non-model' species
but would also enable investigations of paralog gene expression divergence in
a phylogenetic framework. In this chapter, | investigated the suitability of de
novo RNA-Seq assemblies for paralog detection and comparative gene
expression analyses using a combination of established genomic tools and
novel filtering strategies. These analyses highlight current limitations and
pitfalls of this approach and suggest that de novo RNA-Seq assemblies may

be unsuitable for paralog detection.
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Introduction

Single gene duplications are a major source of genetic variation and play an
important role in the evolution of novel functions (Zhang 2003). Gene
duplication creates two gene copies (paralogs), increasing the availability of
genetic material for evolution to act on (Ohno 1970; reviewed by Hahn 2009;
Innan and Kondrashov 2010). Gene duplication is followed by functional
divergence of paralogs, either through neutral processes - most often resulting
in pseudogenisation - or as a result of selection (see chapter 1). The term
‘functional divergence’ is ambiguous but can be mainly viewed as changes in
protein-coding DNA sequence (Zhang 2003), regulatory changes that affect
gene expression (Force, et al. 1999), or post-translational modifications
(Nguyen Ba, et al. 2014). The availability of genetic data in combination with
models of sequence evolution implemented, for example, by PAML (Yang

2007), can be used to test hypotheses regarding the evolution of paralogs.

Previous studies of paralog divergence have focused mainly on changes in
protein-coding DNA sequence. Before the advent of high-throughput
sequencing, coding regions of paralogs were amplified via PCR (using specific
primers) and sequenced using Sanger sequencing. For example, the
duplication of a pancreatic ribonuclease gene in a colobine monkey (RNASETa
and RNASE1b) was investigated using this technique (Zhang, et al. 2002). In
this case, several adaptive nonsynonymous substitutions in the RNASE1b
gene occurred after duplication, shifting RNASE1b function towards enzymatic
activity in a new chemical environment (Zhang 2003; Zhang, et al. 2002). This
duplication has occurred independently in African and Asian clades of leaf-
eating monkeys with similar patterns of functional divergence, constituting a

case of parallel, adaptive evolution (Zhang 2006).

The emergence of high-throughput sequencing (e.g., lllumina HiSeq) has led to
the generation of draft genomes for many species, particularly in well-studied
clades. With increasing data availability and quality, comparative genomics has

been used to identify adaptive, species-specific duplications. For example, the
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availability of the human reference genome in combination with the
resequencing of specific regions on the human chromosome 1 revealed that
the Slit-Robo Rho GTPase activating protein 2 (SRGAP2) gene underwent an
incomplete duplication event in the human lineage ca. 3.4 million years ago
(Dennis, et al. 2012). This duplication was followed by two larger segmental
duplications that resulted in four paralogs, two of which (SRGAP2B and
SRGAP2D) are likely to be pseudogenised and non-functional, whereas
SRGAP2A and SRGAP2C are actively expressed and interact competitively,

resulting in a derived developmental effect (Dennis, et al. 2012).

These comparatively recent duplications illustrate how, over large phylogenetic
distances, duplication and loss of genes can create a complex landscape of
gene families that can be investigated by comparing the draft genomes across
clades of interest (Fortna, et al. 2004; Hahn, et al. 2007). Many databases, such
as Ensembl (Cunningham, et al. 2015), InParanoid (Sonnhammer and Ostlund
2015) or OMA (Altenhoff, et al. 2015), offer pre-computed groups of orthologs
and paralogs for a wide range of species with available draft genomes. These
databases usually use a combination of all-vs-all protein sequence alignments,
often performed with BLAST (Altschul, et al. 1990) or Smith-Waterman
algorithms (Smith and Waterman 1981), and different clustering techniques,
such as Markov Clustering (Enright, et al. 2002), to detect orthologs and
paralogs. These tools facilitate the detailed study of gene family evolution and
constitute valuable resources for investigating the functional divergence of

paralogs through changes in protein-coding DNA sequence.

Despite the increasing availability of draft genomes, many organisms studied
to address a range of biological questions still lack high-quality genomic
resources. In the absence of a reference genome, RNA-Seq experiments have
become a popular and relatively inexpensive route to characterising the gene
content and expression levels in non-model organisms (Wang, et al. 2009).
RNA-Seq can be performed without sequenced genomes but relies on the de
novo assembly of the transcriptome. De novo assembly of transcriptomes

using RNA-Seq reads is a computationally challenging problem, similar to the
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de novo assembly of genomes, but does not require the physical mapping of
genes onto chromosomes. Specialised assemblers, such as Trinity (Grabherr,
et al. 2011; Haas, et al. 2013), AbySS (Birol, et al. 2009) and SOAPdenovo-
Trans (Xie, et al. 2014), have been developed to allow the efficient

reconstruction of a de novo transcriptome.

If de novo RNA-Seq data were sufficient for the identification of paralogous
genes, it would be possible to vastly extend analyses of gene family evolution
to species without high quality reference genomes. Additionally, it would be
possible to combine RNA-Seq data with available genomic data, which may
aid the reconstruction of gain loss and duplication of genes. RNA-Seq data
also has the added benefit of providing gene expression estimates for
paralogs, which would facilitate studies of paralog gene expression divergence
in a phylogenetic framework. Several lines of evidence suggest that functional
divergence of paralogs occurs through regulatory changes. For example,
studies of human paralog pairs indicate that differential gene expression
between paralogs (Makova and Li 2003) evolves quickly, a pattern that has
also been reported in a comparative study of species-specific paralogs in
human and mouse (Huminiecki and Wolfe 2004). Following gene duplication,
paralogs evolve narrower, often more tissue-specific, expression patterns
(Huerta-Cepas, et al. 2011; but see Schmitz, et al. 2016). Consequently, large
gene families, created by multiple duplication and loss events, often contain
paralogs with high tissue-specificity (Huminiecki and Wolfe 2004). Within
species, paralogs also show more divergent expression patterns than
orthologs do between species, which supports the hypothesis that paralogs

diverge quickly (Chen and Zhang 2012; Rogozin, et al. 2014).

Existing studies of comparative gene expression either rely on the availability of
draft genomes (e.g. Brawand, et al. 2011; Coolon, et al. 2014; Rhind, et al.
2011) or when using de novo RNA-Seq assemblies only investigate a core set
of one-to-one orthologous genes compared to a well-annotated genome of a
closely related species (e.g.Harrison, et al. 2015). This approach ignores the

potentially important role of gene duplication in the evolution of species
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differences. Identifying paralogous genes from RNA-Seq assemblies could
provide a route to address this limitation; however, it is still unclear how well

suited de novo RNA-Seq data is for the reconstruction of gene family evolution.

In this chapter, | assess the potential of de novo RNA-Seq assemblies for the
reconstruction of gene family histories and the identification of lineage-specific
paralogs. De novo RNA-Seq assemblies generate a large number of potential
transcripts, many of which may not be biologically relevant, and | investigate if
this negatively affects the reconstruction of gene family histories. | explore
whether RNA-Seq and DNA-Seq data can be combined to improve the power
of paralog detection, and | test the reliability of the results by comparing
estimated duplication rates to previous genomic estimates. | also assess
whether paralogs inferred from RNA-Seq data can be validated using genomic
data.

To do this, | used a comparative RNA-Seq dataset of six Galloanserae bird
species and constructed de novo transcriptome assemblies. | then used these
data, in combination with all available bird genomes from the Ensembl
database (Cunningham, et al. 2015), to reconstruct gene family histories for
both the RNA-Seq based assemblies, the DNA-Seq based assemblies and a
combination of all data with the Orthologous MAtrix (OMA; Altenhoff, et al.
2015) tool. The influence of ab initio protein predictions and noise in the RNA-
Seq data was assessed by comparing reconstruction results between RNA-
Seq and DNA-Seq data, with and without a series of filters designed to remove
potential false-positives. These analyses highlight the challenges, limitations
and potential pitfalls of using RNA-Seq data for the reconstruction of gene

family evolution and paralogs in particular.
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Material and Methods

In order to reconstruct gene family evolution and detect paralogs from RNA-
Seq data, | designed a bioinformatics pipeline that incorporates both de novo
RNA-Seq and DNA-Seq data (Figure 3.1). The pipeline builds de novo RNA-
Seq assemblies from six different bird species (labelled ‘De novo RNA-Seq’,
Figure 3.1) and infers likely protein-coding sequences. For DNA-Seq data,
precomputed protein sequences were used (labelled ‘DNA-Seq’, Figure 3.1). |
ran the OMA analysis in three iterations (blue boxes, Figure 3.1) to compare
results between single data types, and when different data types were
combined. | first ran OMA separately for RNA-Seq and DNA-Seq data (boxes
‘OMA run 1’ and ‘OMA run 2’, Figure 3.1), which enabled the detection of
patterns that are specific to the RNA-Seq and the DNA-Seq data. |
subsequently ran OMA using combined gene model predictions from both
RNA and DNA data (box ‘OMA run 3’, Figure 3.1). If the results from RNA-Seq
and DNA-Seq based assemblies were comparable, this approach should
increase the power to reconstruct gene family evolution and provide better
phylogenetic coverage. Using these three runs, | assessed consistency by
doing i) direct comparisons between RNA- and DNA-Seq data in the combined
run; ii) comparing the amount of loss and gains between DNA-Seq and RNA-
Seq data; iii) reconstructing ancestral gene family composition in the combined
run. In the following paragraphs, | provide detailed descriptions of all steps

implemented in the bioinformatics pipeline.
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RNA-Seq assembly and gene expression calculation

In order to assess if RNA-Seq data can be used for paralog detection, |
obtained RNA-Seq libraries from six species of Galloanserae (swan goose,
Anser cygnoides; mallard duck, Anas platyrhynchos; wild turkey, Meleagris
gallopavo; helmeted guineafowl, Numida meleagris; Indian peafowl, Pavo
cristatus and common pheasant, Phasianus colchicus) stored in the Short
Read Archive under Bio Project ID PRJNA271731 (box ‘RNA-Seq reads from
six species’, Figure 3.1). Full details of the sample preparation are described in
(Harrison, et al. 2015). Briefly, the left gonad and spleen from five adult males
and five adult females were sequenced for all species except for pheasant and
turkey. In pheasant, six male and five female libraries were sequenced for both
spleen and gonad; in turkey, only four male and two female spleen samples
were sequenced. All libraries were sequenced as 100bp paired-end reads

using lllumina HiSeq 2000.

The data processing and assembly methods presented in this paragraph were
aided by scripts and previous work done by Dr Peter Harrison.
All libraries were quality inspected using FASTQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). To ensure high

input read quality, Trimmomatic v.22 (Bolger, et al. 2014) was used to trim
reads (LEADING:5, TRAILING:5 SLIDINGWINDOW4:5, MINLEN:25); lllumina
adapter sequences were also removed (box ‘Trimming’, Figure 3.1). All
samples for one species were subsequently concatenated and used as input
for the Trinity v2.0.2 de novo assembler with default settings and enabled in
silico normalisation (Grabherr, et al. 2011; Haas, et al. 2013) (box ‘Trinity
assembly’, Figure 3.1). The six de novo assemblies were then used as a
species reference for all subsequent analyses. An overview of the assembly

statistics is shown in Table 3.1.
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Table 3.1 Trinity assembly statistics for all six bird species. Statistics are based on all transcript contigs and not on the

longest isoform per predicted gene model. N50 represents the contig length at which half of all contigs in the assembly are

longer than this number (Miller, et al. 2010)

Total

Total

Total

Percent

Median

Average

Species N50
assembled bases  trinity ‘genes’ trinity transcripts GC contig length  contig length

A. cygnoides 1,107,193,855 845,632 1,055,924 45,80% 455 1,048,55 2,292
A. platyrhynchos 922,495,605 869,665 1,098,381 45,7%2 420 839,87 1,506
M. gallopavo 1,043,391,504 796,560 1,000,226 45,72% 437 1,043,16 2,382
N. meleagris 1,056,996,037 798,876 1,010,756 45,83% 422 1,045,75 2,507
P. cristatus 1,355,579,690 761,396 976,691 45,62% 480 1,387,93 3,949
P. colchicus 1,123,892,910 836,354 1,074,328 44,49% 474 1,04614 2,158
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After the generation of de novo assemblies, gene expression levels were
calculated for each sample separately by mapping the reads back to the
reference using RNA-Seq by Expectation-Maximization (RSEM) v 1.2.19 (Li and
Dewey 2011). De novo RNA-Seq assemblies generate a higher number of
contigs than the expected number of genes present in a genome (see Table
3.1). The stochastic nature of transcription results in many lowly expressed
genes with possibly little biological relevance (Raj and van Oudenaarden 2008).
These transcripts are unlikely to represent real coding sites and constitute
noise. In order to reduce this noise and the number of contigs to a more
‘realistic’ number, | applied a minimum expression threshold of >2 Reads Per
Kilobase of transcript per Million mapped reads (RPKM) in every tissue in at
least half male/female samples, which is similar to previous studies (Harrison,
et al. 2015; Wright, et al. 2015a) (box ‘RPKM > 2 filter’, Figure 3.1, Table 3.2a).
Additionally, Ribosomal RNA (rRNA) sequences were removed as they can
impact the estimation of overall expression (box ‘rRNA removal’, Figure 3.1,
Table 3.2a).

RNA-Seq isoform filtering and protein prediction

After filtering genes by RPKM level, | selected the ‘best’ matching isoform for
each Trinity ‘gene’ (box “best’ isoform selection’, Figure 3.1). | defined the
‘best’ isoform as the isoform with the highest expression across all samples for
a given species. The longest isoforms can sometimes contain chimeric
sequences (Yang and Smith 2013) and by using the isoform with the highest
expression, | ensured that the selected isoform is potentially biologically
relevant. If two sequences showed the same expression, ties were broken

using transcript length favouring the longer transcript.
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Table 3.2 Filtering statistics

a) Statistics for the isoform filtering. ‘Best’ isoforms are those isoforms with the
highest overall expression across all samples. Translated proteins are the
longest those with a valid complete or partial open reading frame and a length
of at least 200 amino acids (>200 AA)

Translated
De novo
RPKM 2 filtered transcripts ‘Best’ isoforms Proteins
assemblies

>200 AA
A. cygnoides 183,677 34,873 12,455
A. platyrhynchos 181,672 30,986 13,036
M. gallopavo 202,391 38,315 11,791
N. meleagris 191,507 36,120 11,968
P. cristatus 203,468 33,079 11,127
P. colchicus 207,144 47,265 12,440

b) List of used Ensembl proteomes. For each proteome, the longest isoform
was chosen and only those longer than 200 amino acids used as input data
(>200 AA)

Ensembl Protein coding Longest
Longest isoforms >200 AA

Proteomes transcripts isoforms
A. platyrhynchos 16,353 15,634 11,563
F. albicollis 15,983 15,303 12,367
G. gallus 16,354 15,508 12,760
M. gallopavo 16,494 14,123 11,375
T. guttata. 18,204 17,488 12,367
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| used all ‘best’ isoforms as input for Transdecoder v2.0.1 (Haas, et al. 2013) to
identify Open Reading Frames (ORFs) and predict protein sequences (box
‘Transdecoder translation’, Figure 3.1). Transdecoder.LongORFs was used
with default values, except an increased minimum length of 200 amino acids (-
m 200) to define an ORF followed by Transdecoder.Predict, which was used
with default values to extract the most likely peptide sequences. For all species
between 11,127 and 13,036 predicted expressed proteins were identified
(Table 3.2a).

DNA-Seq data processing

In addition to the six de novo transcriptomes, | obtained the proteomes of all
bird species available in the Ensembl v82 database (Cunningham, et al. 2015)
(box ‘Ensembl proteomes’, Figure 3.1). Two of these are also present in the
RNA-Seq dataset (turkey, Meleagris gallopavo; duck, Anas platyrhynchos),
whilst one other Galliformes species (chicken, Gallus gallus) and two
Passeriformes species (flycatcher, Ficedula albicollis and zebra finch;
Taeniopygia guttata) are not. By using these additional species, comparisons
between the reconstructed gene gain/loss dynamics can be made. However,
because the species sets are not identical, no direct comparisons are possible,
except between duck and turkey. For all proteomes, the longest isoform was

used in all subsequent steps (Table 3.2b).

Reconstruction of gene family evolution

Orthologous Matrix (OMA) standalone v1.0.0 (Altenhoff, et al. 2015) was used
for the reconstruction of the evolutionary relationships between sequences
from different species (boxes ‘OMA run 1-3’, Figure 3.1). OMA uses all-vs-all
Smith-Waterman alignments to find similar sequences, then calculates
evolutionary distances before finally using a clustering step to infer the
evolutionary relationships between genes (Altenhoff, et al. 2015; Roth, et al.
2008). OMA also reconstructs Hierarchical Orthologous Groups (HOGs),
groups of genes that descended from a single ancestor and in a defined

taxonomic range (Altenhoff, et al. 2013). HOGs were used as input for
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FamilyAnalyzer (Altenhoff, et al. 2015), which uses this information to
reconstruct the gene family history (stored in a HOG) consisting of loss,
duplication and novel emergence events for a given taxonomic range (boxes

‘Gene Family reconstruction with FamilyAnalyzer’, Figure 3.1).

In order to identify pairs of paralogs, it is necessary to analyse the ancestral
HOG composition (or gene family structure) at internal nodes within a
phylogenetic tree (green box, Figure 3.1). HOGs are labelled using the Levels
of Orthology on Trees (LOFT) (van der Heijden, et al. 2007). A HOG spanning
the complete phylogenetic range is divided into labelled subgroups every time
an evolutionary event (speciation or duplication) is reconstructed.
FamilyAnalyzer provided these labels but did not allow direct access to the
members of these subgroups at a given phylogenetic level. In order to enable
access to the ancestral family size structure, | developed a patch for the tool to
obtain this information, which has been integrated into the FamilyAnalyzer

code base (https://github.com/DessimozLab/familyanalyzer/pull/1). The

patched version of FamilyAnalyzer was used to find HOGs marked as
duplicated on the terminal branch leading to a focal species and access the

members of the ancestral group.

Lineage-specific paralog sequence divergence

In order to assess the divergence of potential paralog pairs, | used both protein
and codon alignments (box ‘Paralog sequence divergence’, Figure 3.1). First, |
performed global alignments of paralog pairs using a Needleman-Wunsch
algorithm (Needleman and Wunsch 1970) for optimal, global alignments
implemented in the EMBOSS v6.6.0.0 needle tool (Rice, et al. 2000) with the
default EBLOSUMG62 scoring matrix. | used global alignments because |
expected paralog sequences to be fairly similar and because OMA considers
entire proteins as evolutionary units. After aligning the paralog pairs, | extracted
the percent identity and number of gaps from the needle output. Secondly, |
used coding DNA sequences from each family-structure filtered HOG to create

codon alignments with Muscle v3.8.31 (Edgar 2004) and TranslatorX v1.1
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(Abascal, et al. 2010). For all codon alignments, a distance matrix was
calculated using Biopython v1.66 (Cock, et al. 2009). This distance matrix was
subsequently used to create gene trees using the neighbour joining method
(Saitou and Nei 1987). Trees were inspected manually to find those gene trees

in which paralogs form a monophyletic group.

Results

Are inferred evolutionary events from RNA-Seq and DNA-Seq comparable?

| first assessed the accuracy of paralog prediction from RNA-Seq data by
comparing inferred proteins from the RNA-Seq based de novo assemblies and
DNA-Seq based estimates of proteomes. If the transcriptome assembly quality
is comparable to the DNA-Seq based assembilies, it is expected that general
patterns of gene loss, duplication, and gain will be similar. OMA runs were
repeated twice (see Figure 3.1), once using only the de novo RNA-Seq
assemblies (Figure 3.2a) and once using only the DNA data for the Ensembl
species (Figure 3.2b). The OMA HOGs were used to reconstruct gene losses,
gains and duplications (see Methods). The species selection in both runs is not
identical and direct comparisons are only possible in duck and turkey (Figure
3.2a,b). However, comparisons of rates across the phylogeny provide some

insight into the performance of the method.

First, | compared the distributions of events across the phylogenies using
absolute numbers. RNA-Seq based assemblies contain significantly more
gains compared to the DNA-Seq assemblies (P < 0.05, T = -2.63, Welch's T-
Test; Figure 3.3a). In addition to a large number of gains in RNA-Seq based
assemblies, the number of losses is also significantly higher (P < 0.05, T = -
2.95, Welch's T-Test; Figure 3.3a). The inferred duplication rate is similar
between RNA- and DNA-Seq based assemblies (P = 0.85, T = -0.80,

Welch's T-Test; Figure 3.3a). However, branch lengths are significantly shorter
in the RNA-Seq based tree (P < 0.05, T = -2.83, Welch's T-Test; Figure 3.4),
which could bias analyses when using absolute numbers. | repeated the

analysis using gain, loss and duplication rates (absolute number/branch
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length). The reconstructed gene gain rate (duplications + singletons) for DNA
data is significantly lower compared to RNA-Seq data (P < 0.05, T = -3.38,
Welch's T-Test; Figure 3.3b), as is the loss rate (P < 0.05, T = -5.46,

Welch's T-Test; Figure 3.3b). The difference in duplication rate is marginally
non-significant but shows the same trend (P = 0.072, T = -1.93, Welch's T-
Test; Figure 3.3b). These results suggest that the gene gain and loss dynamics
appear to be different between RNA-Seq and DNA-Seq data but that
inferences of duplication events are potentially comparable between both

approaches.

Can RNA- and DNA-Seq data be combined to improve paralog detection?

| combined RNA-Seq data and DNA-Seq in a third OMA run to explore how
these data interact and whether the combination of both data types could
increase the power of the gene family reconstruction. For duck and turkey,
protein sequences derived from DNA-Seq and RNA-Seq were provided as
separate input files. As these sequences stem from the same species, they are
expected to form sister taxa in the phylogeny with an internal ‘pseudo’ node.
The OMA estimated phylogeny confirms this prediction (cladogram shown in
Figure 3.5) and provides a topology that is identical to a taxon-restricted
phylogeny provided by the BirdTree project (Jetz, et al. 2012). Including both
data types for duck and turkey permits an assessment of the completeness of
transcriptome analyses, the proportion of mistranslated proteins and falsely-

identified duplication events.

95



3380RNA-Seq Wild turkey (M. gallopavo)

——
1487 /50a 11782
1058 .
307 3539RNA-Seq Common pheasant (P. colchicus)
845 53 12426
1472 2818
594
0 4997 RNA-Seq Indian peafowl (P. cristatus)
2348 214 11122
s 2242
1324
4070 RNA-Seq Helmeted guineafow! (V. meleagri
503 eq Helmeted guineafow! (N. meleagris)
5509 11961
5508 RNA-Seq Swan goose (A. cygnoides)
37 12445
0 3109
2981 .
504 %23" ~_RNA-Seq Mallard duck (A. platyrhynchos)
3114 13019
1765 DNA-Seq Zebra finch (T. guttata)
0 i 12322
825
180 o ... DNASeq Flycatcher (F. albicollis)
119 12367
767
1606
DNA-Seq Mallard duck (A. platyrhynchos)
116
i 11563
633
0
573 768 DNA-Seq Chicken (G. gallus)
479 224 12760
376 919
380
183 12329DNA—Seq Wild turkey (M. gallopavo)
20
697 11375

Figure 3.2 Cladogram of HOG family reconstruction for separate RNA-Seq (a)
and DNA-Seq (b) assemblies. Losses (red), duplications (blue) and gains
(green) are shown on internal nodes and leaves, but always refer to events that
occurred on the branch leading up to this node. Numbers represent the
combined count of evolutionary events across all HOGs present on that

branch. Black numbers on leaves show the number of used protein sequences.

96



a) Distribution of evolutionary events
in RNA-Seq and DNA-Seq data

*

. % N.S.

log(Counts)
(o]
1
I
I

5 4
4
1 DNA
Il RNA
3 - | | |
Gain Loss Duplication
Event
b) Distribution of evolutionary rates
10 — in RNA-Seq and DNA-Seq data
*
*
8 _— [
)
§ 7 | —L
> |
o
6 - ¢
5 | 1
1 DNA
BN RNA
4 - | | |
Gain Loss Duplication
Event

Figure 3.3 Comparison of the distribution of predicted gain, loss and
duplication events across all branches in the RNA-Seq (dark blue, information
from Figure 3.2a) and DNA-Seq (light blue, information from Figure 3.2b) OMA
runs. a) Absolute natural log transformed counts were used for all events b)
Natural log transformed gain, loss and duplication rates (humber of
events/branch length). Significance levels are indicated as stars (* P < 0.05, **
P < 0.001, ** P < 0.0001), differences between distributions were tested using

Welch’s T-Test.
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Figure 3.4 Distribution of branch lengths (expected number of substitutions
per site) in the RNA-Seq (dark blue) and DNA-Seq (light blue) OMA runs.

Significance levels are indicated as stars (* P < 0.05, ** P < 0.001, ™ P <

0.0001), differences between distributions were tested using Welch’s T-Test.
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Figure 3.5 Cladogram (branch lengths do not reflect evolutionary distance) of all used RNA-Seq and DNA-Seq assemblies.

Losses (red), duplications (blue) and gains (green) are shown on internal nodes and terminal branches, but always refer to
events that occurred on the branch leading up to this node. Gains on terminal branches represent singletons. Numbers
represent the combined count of evolutionary events across all HOGs present on that branch. Black numbers on leaves

show the number of used protein sequences.

99



The 16,546 pairwise ortholog groups calculated by OMA were used to infer
22,126 Hierarchical Orthologous Groups HOGs (see Methods). Across the
phylogeny, significantly higher numbers of duplications are reconstructed on
internal branches, with lower numbers on terminal branches (P < 0.001, T =
5.83, Welch's T-Test; Figure 3.5). Conversely, losses (P < 0.05, T = -3.32,
Welch's T-Test; Figure 3.5) and gains (P < 0.05, T = -2.61, Welch's T-Test;
Figure 3.5) are significantly more common on terminal branches compared to
internal branches. However, predicted loss, gain and duplication events are
common across all branches (Figure 3.5), which may be an indication of highly

fragmented assemblies (Altenhoff, et al. 2015).

| used the ‘pseudo’ nodes to directly assess the effects of combining different
data types. If the transcriptome and genome both contain identical information,
no gain, loss or duplication events are expected on ‘pseudo’ branches.
However, the number of inferred proteins between both datatypes is not
identical and a low amount of reconstructed events may be expected. First, |
compared the proportion of gains between the RNA-Seq and DNA-Seq
assemblies and found that both in turkey (P< 0.0001, Odds ratio=5.26; Fisher’s
Exact Test) and in duck (P< 0.0001, Odds ratio=7.97; Fisher’s Exact Test) the
proportion of gains is significantly higher in RNA-Seq assemblies compared to
DNA-Seq assembilies. In duck, ca. 21% (2767/13019) and in turkey ca. 15%
(1759/11782) of all genes are reconstructed as gained on the terminal branch.
This is indicative of a large amount of noise in the RNA-Seq assemblies and in
line with the high numbers of losses reconstructed on terminal branches. The
proportion of duplication events is similar in both turkey assemblies (P > 0.05,
Odds ratio=1.07; Fisher’s Exact Test) but significantly higher in the duck RNA-
Seq assembly compared to the DNA-Seq assembly (P < 0.0001, Odds
ratio=0.48.; Fisher’s Exact Test). This could indicate a false identification of
isoforms as paralogs in the RNA-Seq assembly. Taken together, these results
suggest that a combined RNA-Seq and DNA-Seq contains large amounts of

noise and that additional filtering is required.
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Can lineage-specific paralogs be filtered using ancestral family structure?

The high number of gains and losses predicted on all branches (Figure 3.5)
make it necessary to filter the data further in order to reliably detect paralogs. |
used a filter that depends on the availability of the ancestral gene family
structure composition, a feature that | patched into the FamilyAnalyzer toolkit
(see Methods). The ancestral gene family structure is used to distinguish
families that are marked as duplicated and are affected by differential gene
loss from those families that are not. In order to obtain a reliable set of lineage-
specific paralogs, | inspected the ancestral family composition for all HOGs
marked as duplicated on terminal branches. Only those families where the
ancestral family structure contained two copies in the focal species and only
one gene from the most closely related outgroup species were kept. For
example, a HOG marked as duplicated on the branch leading to the peafowl
should contain two paralogs in the peafowl and only one ortholog in chicken.
Using this criterion, | extracted candidate HOGs for all six species with
available RNA-Seq data. For turkey and duck, | required duplicated HOGs to
contain two paralogs in the RNA-Seq and DNA-Seq assemblies. Using this
filter, nine lineage-specific duplications in turkey, five in duck, 15 in the
peafowl, 15 in the pheasant, 28 in the swan goose and 18 in the helmeted
guinea fowl were retained (Table 3.3). The number of paralog pairs in turkey
and duck is likely lower because the filtering required two sequences to be
present in the DNA-Seq and RNA-Seq assemblies. In comparison to unfiltered
estimates, this set of paralogs is much smaller; however, further verification is
needed to ensure that these paralogs are not false-positives and that the

family-structure filtering was successful.
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Table 3.3 Retained lineage-specific paralog pairs after each filtering step.
Numbers in brackets are the estimated duplication rate per million years using

median divergence times obtained from TimeTree (Hedges, et al. 2015)

Family > 10%and<100% Paralog pairs
RNA-Seq
Unfiltered structure protein seq. form a monophyl.
Species
filtered identity group
A. cygnoides 132 (4.44) 28 (0.94) 23 (0.77) 2 (0.07)
A. platyrhynchos 61 (2.05) 5(0.17) 5(0.17) 0 (0.00)
M. gallopavo 54 (1.68) 9 (0.28) 9 (0.28) 3 (0.09)
N. meleagris 363 (7.53) 18 (0.37) 11 (0.23) 2 (0.04)
P. cristatus 95 (2.71) 15 (0.43) 15 (0.43) 1 (0.03)
P. colchicus 68 (2.11) 15 (0.47) 10 (0.47) 2 (0.06)

In order to ensure that the family filtered paralog pairs are not false-positives, |
created global protein sequence alignments to assess sequence identity
between paralog pairs. | expected that recent, lineage-specific paralogs would
have a relatively high protein sequence identity. However, the percentage
identity of alignments between paralogs ranges from less than 5% to exactly
100% (mean identity = 50.47%, standard deviation = 29.49; Figure 3.6). The
similarity distribution is skewed towards lower identity and 7.8% (7/90) of
paralog pairs have a sequence identity of less than 10%. For paralog pairs with
sequence identity lower than 10%), manual inspection of the alignments
revealed that in all cases only a short region of both sequences aligns with high
identity, and this region is surrounded by complete mismatches. At the other
end of the distribution, 10% (9/90) of all paralog pairs have 100% protein
sequence identity. Manual inspection revealed that all cases originated from
different ‘genes’ and ‘best’ isoforms in the same Trinity inferred transcript
clusters. It is possible that these cases constitute very recent duplications, but
it is more likely that these paralogs are artefacts produced by Trinity,

potentially due to difficulties with isoform resolution.
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Figure 3.6 Histogram of the percent protein sequence identity between
lineage-specific pairs of paralogs across all six RNA-Seq based bird species.
Sequence identity was obtained from global Needleman-Wunsch alignments.

Rugs indicate the exact percent identity of each data point; rugs can overlap.

The low protein sequence identity of some paralogs could be due to adaptive
divergence. However, recently duplicated lineage-specific paralogs are
expected to form monophyletic groups in comparison to the non-duplicated
ortholog in a closely related taxon, as it is unlikely that these sequences had
enough time to diverge sufficiently. In order to test this hypothesis, |
constructed gene trees using codon alignments for all pairs of paralogs in
every species (see Methods). | used nucleotide sequences for the
reconstruction of gene trees because they contain many synonymous sites,
which are expected to be dominated by drift and are more reliable for inferring
evolutionary relationships. With the exception of three pairs in turkey, and two
pairs in both the swan goose and Indian peafowl, paralogs did not show the
expected pattern of relatedness. No paralogs remained to be assessed for
duck (Table 3.3). This suggests that either these paralogs diverged extremely
quickly, or that the sequence pairs are falsely identified as paralogs. All of the

pairs that formed monophyletic groups had a protein sequence identity of at
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least 31% and eight of the pairs align with more than 50% sequence identity.
Given the low protein sequence identity between many other paralogs, the
large amount of noise in the RNA-Seq data and the young age of these
lineage-specific paralogs, it is likely that the majority of inferred paralogs are

false positives, even after strict filtering.

Is the duplication rate of inferred lineage-specific paralogs comparable to

genomic estimates?

In order to assess whether the inferred paralog pairs are true paralogs, |
compared the inferred duplication rates to previous estimates based on
genomic data. Avian genomes are thought to be more stable compared to
mammals (Hillier, et al. 2004; Jarvis, et al. 2014), with a relatively low
duplication rate of ca. 0.28 single gene duplications per million years (Toups, et
al. 2011), based on combined estimates of retrotransposition (21 genes) and
DNA-mediated events (8 genes). Before filtering, the duplication rates on
terminal branches are extremely high, ranging from 1.68 duplications per
million years in turkey to 7.53 in the helmeted guineafowl! (Table 3.3), on
average ca. 12 times higher than estimated using genome data (Toups, et al.
2011). Even after filtering by family structure, the duplication rate in lineages
with only RNA-Seq data available are up to three times higher in comparison to
estimates by Toups, et al. (2011) (Table 3.3). In duck the duplication rate from
the internal node to the ‘pseudo-node’ is lower; in turkey it is similar to
genomic estimates. This suggests that RNA-Seq based assemblies
overestimate the number of lineage-specific duplications and in combination
with the large differences in duplication rate between species, limit the

credibility of the reconstruction results.
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Can strictly filtered paralogs be confirmed using Ensembl data?

The low rates of protein identity, unexpected gene tree topologies, and higher-
than-expected duplication rates suggest that even strictly filtered sets of
paralogs contain a large number of false-positives. For duck and turkey, data
from RNA-Seq and DNA-Seq assemblies were used in conjunction, allowing
the validation of gene duplications with Ensembl Compara (Cunningham, et al.
2015), which uses only genomic data. Family-structure filtered HOGs contain
two RNA-Seq based sequences and two DNA-Seq based sequences obtained
from Ensembl, plus one outgroup sequence. Every pair of Ensembl sequences
could be confirmed in the Ensembl Compara database; however, none of the
Ensembl paralogs were listed as lineage-specific. Instead, all duplication
events were much older, and preceded the origin of the avian clade (Table
3.4). The misplacement of duplication events is potentially the result of missing
data in the RNA datasets, which may vary stochastically across species, and
pushes duplication events closer to the tips of the tree as the probability of
lineage specific gains outweighs that of multiple losses. This indicates that
OMA is able to infer paralogs correctly when DNA-Seq data is used but that

the branch assignment is likely incorrect.
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Table 3.4 Pairs of Ensembl paralogs in family-structure filtered HOGs in duck

and turkey. Data obtained from Ensembl Compara (Cunningham, et al. 2015).

Species Paralog 1 Paralog 2 Ancestral
taxonomy
A. platyrhynchos ~ ENSAPLG00000010742  ENSAPLGO00000006733  Euteleostomi
ENSAPLGO00000007753  ENSAPLGO00000004048 Euteleostomi
ENSAPLGO00000009198  ENSAPLGO00000002664 Vertebrata
ENSAPLG00000001211 ENSAPLGO00000003661  Euteleostomi
ENSAPLG00000003580  ENSAPLGO00000009099 Vertebrata
M. gallopavo ENSMGAGO00000012781 ENSMGAGO00000004944 Vertebrata
ENSMGAGO00000014650 ENSMGAGO00000010624 Vertebrata
ENSMGAGO00000002202 ENSMGAGO00000008378 Euteleostomi
ENSMGAGO00000007562 ENSMGAGO00000010129 Euteleostomi
ENSMGAGO00000014131  ENSMGAGO00000003655 Euteleostomi
ENSMGAGO00000004136 ENSMGAGO00000015066 Euteleostomi
ENSMGAGO00000009588 ENSMGAGO00000000915 Euteleostomi
ENSMGAGO00000006850 ENSMGAGO00000015234 Chordata
ENSMGAGO00000006598 ENSMGAGO00000008568 Euteleostomi
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Discussion

De novo RNA-Seq assemblies have facilitated a burst in molecular analyses in
‘non-model’ organisms (Ekblom and Galindo 2011; Wang, et al. 2009), where
genomic resources are unavailable. However, many comparative RNA-Seq
studies are restricted to comparisons of orthologs, which limits the analyses to
a set of genes that is more likely to maintain a similar overall function in
different species (Koonin 2005). For this reason, new methods are needed that
are able to accurately reconstruct the evolutionary history of gene families
inferred solely based on RNA-Seq data to enable comparative analyses of
paralog sequence and gene expression divergence. Given the important role
gene duplication plays in adaptation and the evolution of phenotypic novelty
(Ohno 1970; Zhang 2003), developing such an approach is crucial to fully
understanding how selection shapes the genome, and through it, organismal

diversity.

In this chapter, | explored the potential use of de novo transcriptome
assemblies using RNA-Seq for inferring orthologs and paralogs, with the aim of
using this information to investigate the divergence of gene expression and
gene sequence between paralogs. | used OMA with protein sequences
predicted from RNA-Seq to reconstruct gene family evolution. OMA is well-
suited to this task because it supports the reconstruction of HOGs solely
based on the orthology graph, which eliminates the need for additional tools to
perform gene and species tree reconciliation (Altenhoff, et al. 2013; Altenhoff,
et al. 2015). The only input required to run this analysis is a set of protein
sequences from different species, independent of their original source (RNA- or
DNA-Seq). The resulting HOGs can be used to detect gene duplications across
the phylogeny and, in combination with FamilyAnalyzer, allow for the
convenient data exploration and analysis. My results, however, indicate several
methodological issues that limit the applicability of the developed
bioinformatics pipeline for the detection of paralogs using de novo RNA-Seq
data.
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Family structure filtering and duplication rate comparisons

| patched the FamilyAnalyzer toolkit to enable direct access to the ancestral
gene family composition. This information was then used to filter HOGs based
on an expected gene family structure (see Methods, Figure 3.1). The ancestral
family size composition revealed that differential gene loss has likely affected
the reconstruction of duplication events because in many families marked as
duplicated, only one sequence from each species is present. If a single gene
duplication occurred in the common ancestor of two species, it generates two
outparalogs. Differential gene loss after the speciation event can then lead to a
situation where outparalogs are marked as orthologs. OMA and the algorithm
to compute HOGs try to detect these ‘pseudo’ orthologs (Altenhoff, et al. 2013)
and remove them. However, the high number of differential gene losses
caused by noisy RNA-Seq assemblies could falsely lead to the inference of too
many duplication events. This also constitutes a potential explanation for the

elevated rates of loss and gain in RNA-Seq based assemblies (Figure 3.3).

Only a subset of families was kept and used for further analyses; however,
even after strict filtering the inferred gene duplication rate (Table 3.3) show that
the RNA-Seq based estimates are two to four times higher compared to
genomic estimates (Toups, et al. 2011). Avian genomes are more stable and
compact in comparison to other amniotes (Hillier, et al. 2004; Organ, et al.
2007), with less genetic gain and loss compared to mammals (Jarvis, et al.
2014). In contrast to RNA-Seq based estimates, duck and turkey duplication
rates incorporate genomic data and the duplication rate is similar to previous
estimates. Although some variation in gene duplication rate is possible, the
consistent observation that RNA-Seq derived estimates of duplication rate are
inflated is likely to be a consequence of low RNA-Seq assembly quality and not

an accelerated rate of gene duplication.
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Paralog pairs show low sequence identity and unexpected gene tree

topology

When analysing the protein sequence alignments of family-structure paralog
pairs, ca. 20% of alignments showed either extremely low sequence identity
(<10%) or showed that the protein sequences of paralogs were identical. All
identical sequences were part of the same Trinity read cluster, which are
assembled separately, and group together predicted ‘genes’ and isoforms.
When different genes from the same cluster contain exactly the same open
reading frame, it is likely that these are not paralogs, but redundant Trinity
artefacts. OMA performs local Smith-Waterman alignments, and manual
inspection of alignments revealed that many paralog pairs only share a
relatively short region with very high identity, surrounded by areas with very
low identity. This is consistent with low assembly quality and indicative of
erroneous or incomplete open reading frame prediction in the RNA datasets by

Transdecoder.

One possible alternative explanation for this pattern is that OMA’s default
length tolerance ratio (LengthTol * min( length(s1), length(s2) )) (Roth, et al.
2008) of 0.61 could be insufficient for RNA-Seq data. However, benchmark
analyses of OMA indicated that OMA’s performance plateaus between a length
tolerance threshold of 0.61 and 0.9 (Roth, et al. 2008). This suggests that a
stricter cut-off criterion would not resolve these issues, although as OMA was
originally designed for DNA-Seq data, it remains possible that the length
tolerance threshold performs differently on mixed RNA/DNA datasets.

Over larger phylogenetic distances, paralog pairs are expected to diverge
either due to drift or divergent selective pressures (see Hahn 2009; Innan and
Kondrashov 2010). Consequently, at least some of the protein sequence
divergence could be due to adaptive processes. However, | expected that
recently duplicated, lineage-specific paralogs would form a monophyletic
group when aligned with orthologs in sister taxa. For these analyses, | used
codon alignments because it is likely that synonymous variation still captures

information about the evolutionary relatedness of gene sequences, provided
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the exon structure is largely conserved. Gene trees of lineage-specific paralog
pairs and their orthologs in sister species showed that only 1-3 pairs of
paralogs out of 90 followed this pattern. This is consistent with the finding that

many predicted paralogs have low sequence identity.

Taken together, these results limit the credibility of the inferred paralog pairs
using the bioinformatics pipeline | developed. After family-structure filtering
and the removal of paralogs with unexpected gene tree topologies, only one or
two paralog pairs per species were retained. Given the small number of
retained genes, it is likely that a change of parameters could result in different
sets of genes, with little overlap between runs. Unfortunately, these analyses
therefore did not provide the basis for a comparative analysis of general
patterns of gene sequence and expression divergence following duplication

events.

An explanation: variation in gene model prediction

In this analysis, ab initio protein translation was performed using Transdecoder
(Haas, et al. 2013), which makes predictions solely based on the transcript
sequence and does not rely on any sequence alignments. The identification of
open reading frames and subsequently protein-coding sequences is
challenging and often results in suboptimal annotation quality (Yandell and
Ence 2012). Terminal branches contain a large number of novel singletons,
proteins that could not be aligned to any other sequence. This could be
caused by interspecific differences in the temporal and spatial dynamics of
transcription; however, given the comparable sampling across species in
combination with the high numbers of gains in all de novo assemblies, this is
likely to have only a minor effect. Alternatively, the ab initio predicted proteins
from de novo assemblies could be incomplete and contain a high number of
falsely translated proteins. This is a central issue because differences in gene
model quality between species make it extremely difficult to accurately infer
relationships between genes. For example, incorrect gene model predictions

can lead to exons being missed or the retention of non-coding DNA in the
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predicted protein coding region (Dragan, et al. 2016). The pipeline developed
here does not account for these differences and weighs each assembly
equally. This introduces a bias to the reconstruction of HOGs and reduces
confidence in the reconstruction of lineage-specific paralogs. The recent
emergence of methods that quantify confidence in gene models, such as
GeneValidator (Dragan, et al. 2016) could be used to identify problems with
protein-coding gene predictions before running OMA to identify HOGs.

The reconstruction of gene families in general, and specifically the detection of
paralogs from de novo transcriptome data, remains challenging. Despite a
series of careful steps to filter the data, the high number of likely false-positives
that remain in the dataset suggest confidence in the reconstruction is low. The
higher number of likely false-positives also prevents further analyses of paralog
expression divergence using gene expression estimates. Highlighting these
analytical problems is nonetheless important because they demonstrate
current issues and limitations of using de novo RNA-Seq assemblies for the
reconstruction of gene family evolution. My analyses also indicate some
fundamental limitations of using RNA-Seq data for comparative analyses. The
spatial and temporal variance in gene expression makes it challenging to
obtain comparable RNA-Seq libraries across a wide phylogenetic range.
Developmental time points vary between species, and gene expression
changes can occur relatively quickly. Consequently, the overlap between
expressed genes may be low (Harrison, et al. 2015), which poses limitations on
the usefulness of RNA-Seq data for the detection of orthologs and paralogs.
For now, it may be advisable to create a set of reference genomes across
species to generate comparable gene models, before conducting RNA-Seq
experiments to investigate the gene expression divergence of paralogs. In the
future, the availability of high-throughput and long read sequencing

technologies could mitigate many of the assembly issues.
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Chapter 4

The potential role of sexual selection and
sexual conflict on the genomic distribution

of mito-nuclear genes
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Summary

Mitochondrial interactions with the nuclear genome represent one of life’s most
important coevolved mutualisms. In many organisms, mitochondria are
maternally inherited, and in these cases co-transmission between the
mitochondrial and nuclear genes differs across different parts of the nuclear
genome, with genes on the X chromosome having 2/3 probability of co-
transmission, compared to 1/2 for genes on autosomes. These asymmetrical
inheritance patterns of mitochondria and different parts of the nuclear genome
have the potential to put certain gene combinations into inter-genomic
coadaptation or conflict. Previous work in mammals found strong evidence
that the X chromosome has a dearth of genes that interact with the
mitochondria (mito-nuclear genes, mt-N genes), suggesting that inter-genomic
conflict might drive genes off the X onto the autosomes for their male-
beneficial effects. Here, we developed this idea to test co-adaptation and
conflict between mito-nuclear gene combinations across phylogenetically
independent sex chromosomes on a far broader scale. We found that, in
addition to therian mammals, only Caenorhabditis elegans showed an
underrepresentation of mito-nuclear genes on the sex chromosomes. The
remaining species studied showed no overall bias in their distribution of mito-
nuclear genes. We discuss possible factors other than inter-genomic conflict

that might drive the genomic distribution of mito-nuclear genes.
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Introduction

The eukaryotic cell contains two distinct genomes - the nuclear and the
mitochondrial — whose coordinated interactions over billions of years now
represent one of life’s most important coevolved mutualisms (Gillham 1994).
Many gene products are encoded in the nucleus and exported to the
mitochondria where they interact with other, mitochondrially-encoded, genes.
Organismal fitness depends upon compatibility between nuclear and
mitochondrial gene products (Meiklejohn, et al. 2013), and these interactions
(hereafter ‘mito-nuclear’) are fundamental to eukaryotic existence and underlie
key life history traits, including somatic maintenance, reproductive

performance and ageing (Dowling, et al. 2008; Rand, et al. 2004).

However, because mitochondria are often maternally inherited, selection acting
on these mito-nuclear interactions is asymmetrical in males and females.
Mutations detrimental to males are not selected against unless they are also
detrimental to females, except in exceptional cases involving non-random
mating, sperm limitation, or paternal mitochondrial transmission (e.g., Hedrick
2012; Rand, et al. 2001; Unckless and Herren 2009; Wade and Brandvain
2009; Zhang, et al. 2012). In extreme cases, mitochondrial mutations that harm
males can even be selected for if they benefit females. This results in a male
mutational load where mutations detrimental to males are not purged from
populations and accumulate across generations (Frank and Hurst 1996;
Gemmell, et al. 2004). This male mutational load can be detected in the form of
male-biased gene miss-expression (Innocenti, et al. 2011), reduction in male
lifespan (Camus, et al. 2012) and in male fertility (Smith, et al. 2010; Yee, et al.

2013) in individuals that contain mitochondria from different populations.

Maternal inheritance of mitochondria puts mitochondrial genes in contrasting
evolutionary dynamics with different parts of the nuclear genome: whereas Y
chromosomes have strict paternal transmission, autosomes are equally
transmitted through males and females, and X chromosomes spend twice their

time in females compared to males. This sexual asymmetry across the genome
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might set the scene for inter-genomic coadaptation or conflict. On the one
hand, it is expected that beneficial gene combinations are facilitated if genes
that interact with the mitochondria are on the X chromosome. The X
chromosomes in mammals and Drosophila have been shown to be feminized
for gene expression (Khil, et al. 2004; Meisel, et al. 2012), and X-linked genes
are co-transmitted with mitochondrial genes through the female 2/3 of the
time. Under such a scenario - with inter-genomic coadaptation driving the
distribution of genes that interact with mitochondria — an over-representation of
mito-nuclear genes on the X may be expected (Rand, et al. 2001; Wade and
Brandvain 2009; Wade and Goodnight 2006). On the other hand, the
accumulation of mutations that are detrimental to males, referred to as male-
biased mitochondrial mutational load, might be ameliorated if genes that
interact with the mitochondria move off the X, onto parts of the genome with
equal (or even male-biased) transmission. If conflict drives the distribution of
mito-nuclear genes, an underrepresentation of genes that interact with the
mitochondria on the X chromosome would be expected (Drown, et al. 2012;
Rice 1984; Werren 2011).

Converse patterns are expected for Z chromosomes in female-heterogametic
species. ZW systems often show reverse patterns for sexual conflict scenarios
since the Z is masculinized (Wright, et al. 2012) while the X is feminized for
gene expression. This potentially results in an underrepresentation of mito-
nuclear genes on the Z chromosome since mitochondria are co-transmitted
with Z chromosomes only 1/3 of the time. Alternatively, because the Z and
mitochondria can never be transmitted through males, it is possible that there
is no expected bias on Z chromosomes with regard to mito-nuclear genes
(Drown, et al. 2012). Finally, it has also been suggested that the Z chromosome
might be enriched for mito-nuclear genes due to sexual selection in males (Hill
and Johnson 2013).

These predictions for the distribution of mito-nuclear genes are predominantly
based on probabilities of co-inheritance of mitochondria with different parts of
the nuclear genome and do not take into account more complex processes

such as linkage patterns of genes interacting with mitochondria. Empirical
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evidence for mito-sex chromosome interactions is not consistent. Some
experimental evidence suggests genes on the X chromosome interact with
mitochondrial genomes in Drosophila (Rand, et al. 2001), whereas other
assessments failed to detect mito-autosomal interactions (Clark 1985; Clark
and Lyckegaard 1988). Consistent with the predictions of inter-genomic
conflict, a strong underrepresentation of mitochondrial genes on the X
chromosome was found across a range of mammal species (Drown, et al.
2012). However, the dataset used by Drown, et al. (2012) is phylogenetically
non-independent, as the X chromosomes are orthologous and their gene
contents are highly conserved across the therian mammals (Veyrunes, et al.
2008), therefore the universality of the dearth of mitochondrial genes on the X

remains largely unexplored.

Here, we test the universality of predictions of mito-nuclear coadaptation and
conflict by exploring the genomic distribution of genes that interact with the
mitochondrial genome. We extend previous studies by exploring these
interactions on a broad scale, incorporating multiple examples of male- and
female-heterogamety in species with independent origins of their sex

chromosomes.
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Material and Methods

Detection and localization of genes interacting with mitochondria

In order to expand the analysis to species with less complete genome
annotations, | modified the protocol from Drown, et al. (2012) to compare the
chromosomal distribution of genes that interact with the mitochondria across a
range of species with phylogenetically independent sex chromosomes. In the
first step, the proteomes for the several therian mammals (Bos taurus, Callithrix
jacchus, Canis familiaris, Gorilla gorilla, Homo sapiens, Macaca mulatta, Equus
caballus, Oryctolagus cuniculus, Pongo abeloo, Rattus norvegicus, Sus scrofa
and Monodelphis domestica), the monotreme Ornithorhynchus anatinus, three
birds (Gallus gallus, Meleagris gallopavo and Taeniopygia guttata), the fish
Gasterosteus aculeatus, Drosophila melanogaster and Caenorhabditis elegans
from Ensembl v71(Flicek, et al. 2014) were obtained. In order to increase the
number of independently-evolved sex chromosomes, the proteomes for
Tribolium castaneum, Bombyx mori and Schistosoma mansoni from Ensembl

Metazoa v18 (Kersey, et al. 2012) were also obtained.

Because genome and gene ontology annotation quality varies across species, |
used a reciprocal best BLAST (Altschul, et al. 1990) hit (rBBH) approach to find
one-to-one orthologs between the well-annotated Mus musculus mito-nuclear
genes and the other species using the catalogue of genes with mitochondrial
annotation (mito-nuclear genes) in the Gene Ontology (Ashburner, et al. 2000)
ID 0005739 for Mus musculus using BIOMART (Durinck, et al. 2005) from
Ensembl v71 (Flicek, et al. 2014). This approach relies on the high level of
conservation of mitochondrial gene function (Jafari, et al. 2013; Lotz, et al.
2013). To verify that rBBH is appropriate for mito-nuclear genes, we compared
the list of genes obtained through rBBH with the list of mitochondrially
annotated genes using Gene Ontology term GO:0005739 in Biomart for D.
melanogaster and C. elegans - two species with more complete gene
annotation. We found that out of the 522 D. melanogaster GO:0005739 genes,
66% (345/522) were also identified as mito-nuclear by the rBBH. Of the 251 C.
elegans GO:0005739 genes, only 7% (18/251) were also identified through the

rBBH. This suggests, that while rBBH is useful for detecting mito-nuclear
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orthologs (comparable with computational annotation of GO terms), this
approach may miss or incorrectly classify some of the mito-nuclear genes

across distantly related species.

In order to account for clade-specific differences, | conducted two further
analyses. First, | repeated the rBBH analysis, using Biomart to identify mito-
nuclear GO:0005739 genes for D. melanogaster and C. elegans in addition to
M. musculus. Because these are relatively well annotated genomes, | used
them as clade-specific reference species in order to reduce taxonomic
distance. Therefore, | used (a) M. musculus mito-nuclear genes as the
reference for other vertebrates (Theria, O. anatinus, G. aculeatus, and Aves), (b)
D. melanogaster mito-nuclear genes as the reference set for other insects (7.
castaneum and B. mori) and (c) C. elegans mito-nuclear genes for the
entozoans (with S. mansoni). Secondly, | also present results using just Biomart
GO term annotations for those species where gene products have been

annotated.

For the rBBH analysis, | used the longest protein isoform and only considered
hits when the BLASTP (Altschul, et al. 1990) E-value was below 107. In the
second rBBH analysis, also using D. melanogaster and C. elegans as reference
points, | used a more stringent E-value threshold of 107'°; hits were then
ordered by bitscore and a rBBH was accepted only when the best hit had a
sequence identity larger than 30%. After the rBBH analyses, | determined the
chromosomal location for mouse mito-nuclear orthologs in each species. The
S. mansoni locations are based on Vicoso and Bachtrog (2011), B. mori
positions were extracted from KAIKObase version 3.2.1 (Shimomura, et al.
2009), T. castaneum are based on Ensembl Metazoa v18 (Kersey, et al. 2012)

and all other locations are based on Ensembl v71 (Flicek, et al. 2014).

As a result, three lists of nuclear genes with mitochondrial annotation and their
chromosomal locations were created: (1) using direct GO annotation (only in M.
musculus) or based on orthology predictions (all other species), (2) based on
direct GO annotation (M. musculus, D. melanogaster and C. elegans) or based

on orthology predictions using the closest relative from these three species,
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and (3) based on direct GO annotation, just for O. anatinus and G. aculeatus (S.
mansoni, T. castaneum and B. mori are not available in Ensembl, and Theria
and Aves have previously been reported using this approach by Drown, et al.
(2012)).

Statistical analysis

In order to avoid problems with phylogenetic non-independence, we combined
all species that share the same orthologous sex chromosome into a single data
point (i.e. the therian mammals were grouped together, as were the birds). We
then compared the density of mito-nuclear genes on the sex chromosomes
and the autosomes relative to the expected gene density based on the total
number of mitochondrial annotated genes. For D. melanogaster, each Muller
element (X, 2L, 2R, 3L, 3R, 4) was treated as a separate chromosome. The
expected gene count per chromosome was calculated as the total number of
mito-nuclear genes multiplied by the proportion of all annotated genes on each
chromosome. The bias of mito-nuclear genes was the ratio of the observed
number of mito-nuclear genes on a chromosome to the expected count, where
an over-representation is a bias > 1 and an underrepresentation is a bias < 1.
In G. aculeatus, we also included the neo-sex chromosome (Kitano, et al. 2009;
Natri, et al. 2013), as well as the D. melanogaster ancient-sex chromosome,
which displays many properties of an X chromosome (Vicoso and Bachtrog
2013). The only sex-limited sex chromosome with sufficient size and

annotation was the S mansoni W, which is also included.

We tested the significance of the over- or underrepresentation of mitochondrial
genes on the sex chromosomes by bootstrapping. To calculate confidence
intervals for sex chromosome bias, for each species/clade we sampled with
replacement 10,000 times the number of genes on the sex chromosome,
summed the number of genes with mitochondrial annotation, calculated bias
(as above) and took the 95% confidence intervals of the distribution. To
calculate confidence intervals for the autosomes bias, we sampled with
replacement 1000 times the genes on each of the autosomes (i.e. between 4

and 27 chromosomes, depending upon the clade), calculated bias for each
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chromosome, calculated the mean bias for each sampling event, and
calculated the 95% confidence intervals of the mean (i.e. the Cl was calculated
from 1000 samples, and each sample was the mean bias of all chromosomes).
For each analysis, we corrected for multiple testing for 9 different sex
chromosomes, at an alpha of 0.05, using Bonferroni correction (P < 0.0057).
Sex chromosomes had a significant over- or underrepresentation of
mitochondrial genes if the sex chromosome confidence interval did not overlap

the confidence interval of the autosomes.

When grouping different species together (the Theria, as well as Aves) or when
one species has multiple sex chromosomes (O. anatinus), we calculated the
confidence interval for sex chromosome bias by summing together all the
genes on the sex chromosomes and treating them as one large sex
chromosome. When testing the autosomal distribution of the grouped species,
sampling with replacement was done from each species such that each
species contributed equally to the sampling distribution (i.e. to the 1000
bootstrapped data points). We tested whether the bias of neo-, ancient- and
sex-limited chromosomes was different from the autosomes by bootstrapping

all autosomal genes and excluding the homogametic sex chromosome.

We tested the significance of the overall over- or underrepresentation of mito-
nuclear genes on the sex chromosomes in male- and female-heterogametic
systems by bootstrapping 10,000 times the bias for each orthologous sex
chromosome (mean bias for those sex chromosomes represented by multiple
species) and calculating the 95% confidence intervals for X and Z
chromosomes. This slightly different approach to the previous bootstrapping
technique enabled each clade to contribute equally to the distribution,

irrespective of the size of the sex chromosome.

The significance of over- or underrepresentations of mito-nuclear genes on the

sex chromosomes were also analysed using Chi-Squared Tests.
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Results and Discussion

It has been previously suggested that the paucity of mito-nuclear genes on the
therian X chromosome was driven by sexual conflict related to asymmetrical
inheritance (Drown, et al. 2012). Mito-nuclear genes have been suggested to
move off the X onto autosomes due to conflict between the sexes (Drown, et
al. 2012). This process would involve gene duplication and fixation, followed by
loss of the sex-chromosome linked parent copy (Drown, et al. 2012; Gallach, et
al. 2010). Genes with effects that can ameliorate male-detrimental
mitochondrial mutations would be selected in males and are more likely to
accumulate on autosomes than on female-biased X chromosomes. Although
some have suggested that there should be a random distribution of mito-
nuclear genes on Z chromosomes (Drown, et al. 2012), others have predicted
an over-representation of mito-nuclear genes on the Z chromosome of female

heterogametic species related to sexual selection (Hill and Johnson 2013).

These data indicate that, in addition to previous work on the therian mammals,
only C. elegans also shows a non-random distribution of mito-nuclear genes
on the X chromosome. Like the pattern in Theria, the C. elegans X shows an
underrepresentation. The majority of the species studied here, both male and
female-heterogametic, show no significant overall bias in their distribution of
mito-nuclear genes. This suggests that patterns of mito-nuclear gene
distribution are not shaped by convergence of sexual conflict over
asymmetrical inheritance across independent sex chromosome systems. This
pattern was consistent across all rBBH approaches (Figure 4.1, Figure 4.2;
Table 4.1, Table 4.2) and species-specific GO annotations (Figure 4.3, Table
4.3).

We also explored the neo-X chromosome in G. aculeatus (Kitano, et al. 2009;
Natri, et al. 2013) and the B chromosome in D. melanogaster, which has
recently been shown to be an ancient sex chromosome that has reverted to an
autosome in the Drosophila lineage (Vicoso and Bachtrog 2013), in order to

test whether recent and past evolutionary history shaped current patterns.
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Both the G. aculeatus X and neo-X showed no significant bias of mito-nuclear
genes (Table 4.1, Table 4.2, Table 4.3). The ancient X chromosome in D.
melanogaster also showed no overall bias (Table 4.1, Table 4.2). Finally, we
also examined the W chromosome in S. mansoni, which is sufficiently large for
such an analysis. However, no significant bias of mito-nuclear genes on the W
was found (Table 4.1, Table 4.2).
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Figure 4.1 Bias of nuclear-mitochondrial genes on the sex chromosomes
across species with independent sex chromosomes. Values for each autosome
are in black, major sex chromosomes (X or Z) in red, old (i.e. D. melanogaster
4™ and neo (i.e. G. aculeatus Chromosome 9) in grey, and the S. mansoni W
chromosome in pink. Values in parentheses after species name indicate the
total number of mito-nuclear genes in the genome detected by the rBBH
analysis with M. musculus. Species marked by * have a significant
underrepresentation of nuclear-mitochondrial genes on the X chromosome.

Note: Some of D. melanogaster autosomal points overlap.
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Figure 4.2 Bias of nuclear-mitochondrial genes on the sex chromosomes
across species with independent sex chromosomes. Values for each autosome
are in black, major sex chromosomes (X or Z) in red, old (i.e. D. melanogaster
4™ and neo (i.e. G. aculeatus Chromosome 9) in grey, and the S. mansoni W
chromosome in pink. Values in parentheses after species name indicate the
total number of mito-nuclear genes in the genome detected by the rBBH
analysis using M. musculus, D. melanogaster and C. elegans to find orthologs.
Species marked by * have a significant underrepresentation of nuclear-
mitochondrial genes on the X chromosome. Note: Some of D. melanogaster

autosomal points overlap.

126



Table 4.1 Mean bias and 95% confidence intervals of mito-nuclear genes on

the sex chromosomes and autosomes. Significant under or
overrepresentations are in bold. Confidence intervals calculated by
bootstrapping. Chi-Squared statistics are also presented. 1:1 Orthologs were
identified using M. musculus as the reference.

Over/under
representation 95% 95%
) Bonferroni- Bonferroni- Chi-Square
Species or clade of mito-nuclear corrected Cl  corrected CI Test and
genes on sex
of the sex of the P-value
chromosome
) chromosome  autosomes
(bias)
Male heterogamety 0.86 0.72-1.00
Therian mammals Under 0.55-0.72 0.90-1.13 89.5, P<0.0001
(mean=0.64)
H. sapiens 0.63
P. troglodytes 0.69
G. gorilla 0.62
P. abelii 0.60
M. mulatta 0.65
E. caballus 0.59
B. taurus 0.64
S. scrofa 0.77
O. cuniculus 0.63
R. norvegicus 0.60
M. musculus 0.69
M. domestica 0.44
O. anatinus Under 0.45-1.26 0.64-1.27 0.92, P=0.34
(mean=0.85)
G. aculeatus Under (0.88) 0.57-1.20 0.92-1.09 0.93, P=0.33
D. melanogaster Over (1.11) 0.89-1.33 0.77-1.23 217, P=0.14
T. castaneum Over (1.06) 0.69-1.42 0.91-1.11 0.18, P=0.67
12.06,
C. elegans Under (0.72) 0.51-0.92 0.98-1.18 P—0.0005
Female heterogamety 1.06 1.02-1.11
Aves Over 0.86-1.28 0.86-1.09 0.92, P=0.34
(mean=1.07)
G. gallus 1.10
M. gallopavo 0.97
T. guttata 1.12
B. mori Over (1.02) 0.61-1.43 0.86-1.04 0.01, P=0.90
S. mansoni Over (1.11) 0.61-1.60 0.87-1.17 0.41, P=0.52
Sex-limited /neo/ancient
G. aculeatus neo-X Under (0.92) 0.57-1.19 0.92-1.09 0.47, P=0.59
D. melanogaster
ancient-X 1.00 -0.08-2.08 0.91-1.09 0.00, P=0.97
(chromosome 4)
S. mansoni W Under (0.90) 0.63-1.16 0.85-1.18 1.00, P=0.32

Significant P-values are shown in bold
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Table 4.2 Mean bias and 95% confidence intervals of mito-nuclear genes on
the sex chromosomes and autosomes. Significant under or over-
representations are in bold. Confidence intervals calculated by bootstrapping.
Mito-nuclear genes detected by the rBBH analysis using M. musculus, D.

melanogaster and C. elegans to find orthologs.

Over/under 95% 95% .
. . . Chi-
. representation of Bonferroni- Bonferroni-
Species or . Square
mito-nuclear genes  corrected Cli corrected
clade Test and
on sex of the sex Cl of the
. P-value
chromosome (bias) chromosome autosomes
Male heterogamety
Therian Under (mean=0.71) 0.61-0.79 0.90-1.13 62.8,
mammals P<0.0001
H. sapiens 0.73
P. troglodytes 0.69
G. gorilla 0.72
P. abelii 0.69
M. mulatta 0.72
E. caballus 0.64
B. taurus 0.71
S. scrofa 0.87
O. cuniculus 0.77
R. norvegicus 0.65
M. musculus 0.68
M. domestica 0.48
O. anatinus Under (mean=0.83) 0.43-1.22 0.69-1.29 1.38,
P=0.24
G. aculeatus Under (0.92) 0.60-1.23 0.93-1.09 0.47,
P=0.49
D. melanogaster No bias (1.00) 0.70-1.30 0.86-1.13 0.00,
P=0.99
T. castaneum Under (0.96) 0.37-1.55 0.84-1.14 0.03,
P=0.86
C. elegans Under (0.23) 0.0-0.46 0.91-1.28 23.8,
P<0.0001
Female heterogamety
Aves Over (mean=1.02) 0.83-1.22 0.86-1.09 0.10,
P=0.75
G. gallus 1.06
M. gallopavo 0.89
T. guttata 1.10
B. mori Under (0.84) 0.22-1.45 0.83-1.12 0.47,
P=0.49
S. mansoni Under (0.52) -0.50-1.54 0.64-1.69 0.95,
P=0.33
Sex-limited /neo/ancient
G. aculeatus Under (0.84) 0.54-1.13 0.92-1.09 1.96,
neo-X P=0.16
D. Under (0.99) -0.58-2.55 0.86-1.13 0.00,
melanogaster P=0.99
ancient-X (chr.
4)
S. mansoni W  Under (1.04) 0.18-1.90 0.61-1.77 0.00,
P=0.97

Significant P-values are shown in bold
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Figure 4.3 Bias of nuclear-mitochondrial genes on the sex chromosomes

across G. aculeatus and O. anatinus. Values for each autosome are in black, X

chromosomes in red, and neo (i.e. G. aculeatus Chromosome 9) in grey. Values

in parentheses after species hame indicate the total number of mito-nuclear

genes in the genome detected using GO:0005739 to identify genes that

interact with the mitochondria.

Table 4.3 Mean bias and 95 % confidence intervals of mito-nuclear genes on

the sex chromosomes and autosomes. Mito-nuclear genes identified using

Gene Ontology terms in Biomart.

Over/under
representation of 95% . 95% . .
ito-nuclear Bonferroni- Bonferroni- Chi-Square
Species or clade mi corrected CI corrected Test and
genes on sex of the sex Cl of the P-value
chromosome
. chromosome autosomes
(bias)
Male heterogamety
O. anatinus Under (mean=0.87) 0.41-1.33 0.36-1.35 0.60, P=0.44
G. aculeatus Under (0.34) -0.58-1.23 0.66-1.44 1.46, P=0.23
Sex-limited
/neo/ancient
G. aculeatus neo-X 1.00 -0.61-2.60 0.63-1.44 0.00, P=0.95
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If sexual conflict over asymmetrical inheritance does shape the distribution of
mito-nuclear genes, convergent patterns of underrepresentation across
independent X chromosomes (Drown, et al. 2012) may be expected. X
chromosomes have in general fewer mito-nuclear genes (i.e. bias < 1) than
expected (mean bias = 0.86, Cl = 0.72-1.00); however, only two of six
independent X chromosomes showed statistically significant
underrepresentations of mito-nuclear genes. The therian mammals exhibit the
most extreme distribution of mito-nuclear genes on the X chromosome, with
only the C. elegans X chromosome also showing a significant paucity.
Furthermore, C. elegans is a gynodioecious species, with both males and
hermaphrodites. The lack of distinct male and female individuals within the
species may limit the degree of sexual conflict, as male-harming mutations in
mito-nuclear genes would also affect the male function in hermaphrodites. This
suggests that sexual conflict may be reduced in this species and may not be
the driver of the distribution of mito-nuclear genes. However, it is important to
note that gynodioecy is a recently derived trait in the Caenorhabditis lineage,
and most other species in the genus are fully gonochoristic (each individual is
either male or female). This means that any reduction in sexual conflict due to

gynodioecy would have been relatively recent.

Many patterns driven by sexual conflict on X chromosomes are predicted to
display converse patterns on Z chromosomes (Rice 1984), and this has been
true of genomic characters, including the sexualisation of gene expression
(Dean and Mank 2014). A convergent over-representation of mito-nuclear
genes on Z chromosomes may be expected, although the low co-transmission
between the mitochondria and the Z chromosome may ameliorate this
prediction (Drown, et al. 2012). These results indicate that Z chromosomes
overall have more mito-nuclear genes (i.e. bias > 1) than expected (mean bias
=1.06, Cl = 1.02-1.11), but there was no taxon-specific case where a Z
chromosome carried a significantly greater proportion of mito-nuclear genes

than expected based on its relative size.
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The W and mitochondria are in complete linkage, being co-transmitted each
generation. Consequently, an over-representation of co-adapted, female-
benefitting mito-nuclear genes on the W may be expected. Although we do
observe some W-linked mito-nuclear genes in S. mansoni, suggesting that
some genes have sex-specific expression, there is not an over-representation
of these genes on the W. The lack of bias of mito-nuclear genes on the W
could be due to lack of selection for gene movement in the female — the
mitochondria is already optimised for females and so no advantage for the

female is gained by movement of Z or autosomal genes onto the W.

It is possible that the genomic distribution of mito-nuclear genes is somewhat
confounded by other genomic phenomena. First, mitochondrial mutation rate
differs substantially across species; for example, mammals tend to have high
rates and Drosophila have low rates (Montooth and Rand 2008). Mitochondrial
mutation rate will affect the extent to which mitochondria can evolve female-
beneficial mutations. Secondly, the relative rate of evolution of sex
chromosomes to autosomes (the Faster-X Effect, Charlesworth, et al. 1987)
varies across species, and depends upon the relative effective population size
(Mank, et al. 2010). The relative effective population size of different X
chromosomes to autosomes varies substantially (Mank, et al. (2010) and
references therein); however, this does not necessarily explain these data, as,
for example, E. caballus and D. melanogaster both have high relative effective
population sizes of the X chromosome (Andolfatto 2001; Connallon 2007; Lau,
et al. 2009; Singh, et al. 2007) and yet D. melanogaster shows no overall bias,
while E. caballus shows an underrepresentation (Table 4.1, Table 4.2). Thirdly,
we may expect variation in the magnitude of the male-biased mutation rate, for
example due to species differences in generation time and in the strength of
sexual selection and associated intensity of sperm competition (Ellegren 2007).
However, it is difficult to see how the patterns we observe are driven by
variation in male-biased mutation. Finally, levels of gene transfer and genome
rearrangement are lineage-specific (Rand, et al. 2001), where low levels of
movement will restrict the ability of different parts of the genome to respond to
inter-genomic coadaptation and conflict. This may explain many of the non-

significant associations.
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Alternatively, interactions between the mitochondrial genome and the X and Z
chromosome have been suggested to play a role in sexual selection and might
be enriched for mito-nuclear genes that play a role in colouration, such as
those involving carotenoids (Hill and Johnson 2013). We did not observe this
predicted over-representation on any Z chromosomes, and it is difficult to see
how differences among the study species in the degree and type of sexual

selection explain the variance in the distribution of mitochondrial genes.

A further possibility is that the genomic distribution of mito-nuclear genes is
driven by gametic function. Although mitochondrial activity is generally not
crucial for non-motile egg function (de Paula, et al. 2013), it is integral to sperm
energy production and motility (Cummins 2008). Although many genes are
functionally diploid in sperm (Braun, et al. 1989), there is evidence that many
genes are expressed within the spermatid and are subject to haploid selection
(Joseph and Kirkpatrick 2004). Because any single spermatozoon will only
carry either an X or Y chromosome, expression of mito-nuclear genes within
the sperm would lead to selection against sex-linkage as half of the male
gametes would lack a functional copy. Conversely, all sperm in female
heterogametic species contain a Z chromosome, and there would be no

expected selection against Z-linkage of mito-nuclear genes.

Furthermore, differences among taxa in sperm biology could explain some of
the patterns we observe among male heterogametic taxa. For example,
species differ in the presence or absence of sperm hyperactivation, which
requires high mitochondrial activity (Cummins 2008). Also, the degree to which
oxidative metabolism is required for sperm motility differs, and both human
and mouse sperm do not need mitochondrial activity for motility (Cummins
2008). Factors such as this may affect the degree of haploid expression of
mito-nuclear genes in sperm and therefore the distribution of mito-nuclear
genes on X chromosomes. However, we hasten to point out that none of these
explanations alone fully account for why Theria and C. elegans have an
underrepresentation of mito-nuclear genes on their X chromosomes. More
complex theory, taking into account patterns of gene duplication and gene

movement, may be required to make sense of these patterns.
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The need to maximize the number of independent sex chromosomes in these
analyses means that some genomes with incomplete functional annotation
were included. To solve this, we employed an rBBH approach in order to
detect orthologs of mitochondrial interacting genes that are annotated in
model organisms like M. musculus. However, this approach could be
influenced by taxon-specific mito-nuclear genes and difficulties in orthology
identification across large evolutionary distances. Although this does limit the
number of genes we identify through strict orthology identification in some
taxa, we do not believe that it has unduly biased our results for several
reasons. First, nuclear genes that interact with the mitochondria are conserved
across broad taxonomic groups (Lotz, et al. 2013; Porcelli, et al. 2007),
suggesting that rBBH is broadly applicable. The convergence between the
results using M. musculus as the reference for all rBBH with results using D.
melanogaster and C. elegans as reference points recovered similar patterns,
suggesting that conservation predominates over clade- or species-specific
patterns. We also detected similar patterns using species-specific GO

annotations.

In conclusion, our results are not universally consistent with either sexual
conflict (Drown, et al. 2012) or sexual selection (Hill and Johnson 2013) driving
the general distribution of mito-nuclear genes on all sex chromosomes. We
observed significant underrepresentation of mito-nuclear genes in just two of
six analysed X chromosomes, and no patterns of non-random distribution on
any analysed Z chromosome. The results suggest that other genomic
phenomena may limit the extent to which inter-genomic conflict (Drown, et al.
2012) or sexual selection (Hill and Johnson 2013) affect mito-nuclear
distributions and confirm the importance of broad, phylogenetically

independent analysis.
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Chapter 5

Deficit of mito-nuclear genes on the
human X chromosome predates

sex chromosome formation
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Summary

Two taxa studied to date, the therian mammals and Caenorhaditis elegans,
display underrepresentations of mito-nuclear genes (mt-N genes, nuclear
genes whose products are imported to and act within the mitochondria) on
their X chromosomes. This pattern has been interpreted as the result of sexual
conflict driving mt-N genes off of the X chromosome. However, studies in
several other species have failed to detect a convergent biased distribution of
sex-linked mt-N genes, leading to questions over the generality of the role of
sexual conflict in shaping the distribution of mt-N genes. Here, we tested
whether mt-N genes moved off of the therian X chromosome following sex
chromosome formation, consistent with the role of sexual conflict, or whether
the paucity of mt-N genes on the therian X is a chance result of an
underrepresentation on the ancestral regions that formed the X chromosome.
We used a synteny-based approach to identify the ancestral regions in the
platypus and chicken genomes that later formed the therian X chromosome.
We then quantified the movement of mt-N genes on and off of the X
chromosome and the distribution of mt-N genes on the human X and ancestral
X regions. We failed to find an excess of mt-N gene movement off of the X. The
bias of mt-N genes on ancestral therian X chromosomes was also not
significantly different from the biases on the human X. Together, these results
suggest that, rather than conflict driving mt-N genes off of the mammalian X,
random biases on chromosomes that formed the X chromosome could explain

the paucity of mt-N genes in the therian lineage.
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Introduction

A series of studies have recently generated substantial debate over the role of
inter-genomic conflict in driving mito-nuclear gene distributions on and off sex
chromosomes (Dean, et al. 2014; Drown, et al. 2012; Hill and Johnson 2013;
Hough, et al. 2014; Rogell, et al. 2014). Mito-nuclear (mt-N) genes are loci
whose products, encoded by the nuclear genome, are then imported into the
mitochondria, which is the primary site of their activity. Because mitochondria
and sex chromosomes have different inheritance patterns between the sexes,
inter-genomic conflict has been suggested as a potential explanation for the
underrepresentation of mt-N genes on the X chromosomes of some animals
(Dean, et al. 2014; Drown, et al. 2012). Mitochondria are maternally inherited in
many species (although low rates of male transmission may occur, e.g. Wolff,
et al. 2013), and are therefore selected for female fitness effects, as male
mitochondria are generally evolutionary irrelevant. It has been shown that
maternal transmission of mitochondria can result in quite serious costs to
males, through the disruption of male function (Drown, et al. 2012; Innocenti, et
al. 2011; Partridge and Hurst 1998).

The accumulation of mutations that are detrimental to males could be
ameliorated if genes that interact with the mitochondria move to a more
favourable genomic location for the evolution of compensatory mechanisms.
Genes on the X chromosome, which spend 2/3 of their time in females, are
more often co-transmitted with mitochondria than autosomal genes (Rand, et
al. 2001), and the X chromosome is also feminized in several species (reviewed
in Dean and Mank 2014). This might make the X chromosome particularly
unfavourable for male-biased compensation of the mitochondrial mutational
load. It is therefore possible that there has been selection in males for the
movement of mt-N genes off of the X chromosome in order to reduce

disruption to male function induced by maternally -transmitted mitochondria.

Consistent with the conflict hypothesis, Caenorhaditis elegans (Dean, et al.

2014) and the therian mammals (Drown, et al. 2012) show a deficit of mt-N
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genes on their X chromosomes, and genes sensitive to mitochondrial
polymorphism are scarce on the Drosophila X chromosome (Rogell, et al.
2014). However, a broader phylogenetic assessment of mt-N gene
distributions revealed a mixed pattern, with most male heterogametic species
studied showing no significant bias (Dean, et al. 2014; Hough, et al. 2014).
Moreover, many sex-specific evolutionary properties observed on the X
chromosome, such as distributions of sex-biased genes (Arunkumar, et al.
2009; Wright, et al. 2012) are observed in converse on Z chromosomes, so a
corresponding overabundance of Z-linked mt-N genes in female heterogametic
systems may be expected; however, no such overabundance has yet been
observed (Dean, et al. 2014). Furthermore, if conflict is at least partly
responsible for the genomic distribution of mt-N genes, it might also be
expected to shape the distribution of nuclear genes that interact with the
chloroplast, which is also often maternally inherited, but no bias was detected
in the distribution of chloro-nuclear genes on the X chromosome in Rumex

(Hough, et al. 2014), a dioecious plant with sex chromosomes.

These patterns of mt-N gene distributions suggest that either conflict is
particularly strong only in therian mammals and nematodes, or that some
effect other than conflict explains the distribution in these two clades. The
incorporation of mitochondrial loci into the nuclear genome began long before
the formation of sex chromosomes in any single extant lineage (Cortez, et al.
2014; Dyall, et al. 2004; Timmis, et al. 2004), and strong chromosomal biases
exist for many autosomes, presumably due to chance variation in gene content
(Dean, et al. 2014; Drown, et al. 2012; Hough, et al. 2014). This presents the
possibility that biases in mt-N gene distributions need not be driven by conflict,
but instead could predate the formation of the sex chromosome, if the

precursor autosomes showed an ancestral bias through chance alone.

We tested whether ancestral gene distributions can explain the

underrepresentation of mt-N genes on therian sex chromosomes. The rapid
gene and genome evolution in Caenorhaditis (Lipinski, et al. 2011) precludes
reconstruction of syntenic relationships across even closely-related species,

but amniotes have conserved synteny (Dehal and Boore 2005), making it
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possible to identify syntenic regions in divergent taxa. In order to determine
whether the paucity of mt-N genes on the therian X chromosome is a
consequence of inter-genomic sexual conflict, or whether it is simply the
product of a biased distribution on the ancestral autosome that gave rise to the
therian X chromosome, we tested the mt-N gene distributions on the ancestral
regions syntenic to the therian X in platypus and chicken (hereafter termed X-

syntenic regions).

We used the human X chromosome as the point of reference because of its
excellent annotation. Since the human X is broadly syntenic across therian
mammals (Band, et al. 2000; Murphy, et al. 1999; Ohno 1967; Raudsepp, et al.
2004), it is representative of the therian X in general. We identified regions in
synteny with the human X in platypus (Ornithorhynchus anatinus) and chicken
(Gallus gallus), the most recent ancestors to the theria with different sex
chromosomal systems (Graves 2006) and annotated genomes. This enabled us
to use two complementary approaches to test the role of conflict in driving mt-
N gene distributions. First, we identified orthologous genes, in platypus and
chicken, to the human mt-N genes. We then tested for an excess of mt-N gene
movement in order to investigate whether inter-genomic conflict has driven mt-
N genes off of the human X following sex chromosome formation. Second, we
used these orthologous genes to compare mt-N gene distributions on human X
and X-syntenic regions in platypus and chicken. If the abundance of mt-N
genes on the X-syntenic regions is more than the abundance on the human X,
then inter-genomic conflict may have driven mt-N genes off of the therian X
following sex chromosome formation. If, on the other hand, mt-N biases on the
ancestral autosomes that gave rise to the therian X chromosome show a
similar underrepresentation to the human X, then the chromosomal bias is
unlikely to be a consequence of inter-genomic conflict and may simply be a

result of random variation across chromosomes in mt-N content.
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Materials and Methods

Identification of ancestral chromosomes to the human X chromosome

In the first step, | obtained the human (Homo sapiens), platypus
(Ornithorhynchus anatinus) and chicken (Gallus gallus) proteomes from
Ensembl version 76 (Flicek, et al. 2014). | used the longest isoforms as input for
BLASTP (Altschul, et al. 1990) to detect homologs between the human
proteome and both platypus and chicken (E-value < 107°). | then used the
BLASTP output and positional information as input for MCScanX (Wang, et al.
2012), used with default values, to detect homologous chromosomal regions
between human and platypus and human and chicken. Only genes that have
been mapped to a chromosome were included for human and chicken; genes
on UltraContigs were included for platypus, as a larger proportion of this
genome assembly is currently mapped to scaffolds and contigs rather than
chromosomes. The homologous chromosomal regions of the human X
chromosome on platypus and chicken chromosomes were identified as the
ancestral chromosomes to the human X chromosome. If the individual
MCScanX alignments were closer than 10 million base pairs, | merged the
alignments into a larger syntenic region to reflect the process of chromosome
rearrangement (Burt, et al. 1999; Coghlan, et al. 2005) and sex chromosome

formation (Lahn and Page 1999).

Identification of mt-N gene movement

Mt-N genes were identified in human using Gene Ontology annotation
(GO:0005739) in Biomart Ensembl Genes 76 (Durinck, et al. 2005). To track
movement of mt-N genes on and off the X, | identified one-to-one orthologs of
the 1572 human mt-N genes in platypus and chicken using reciprocal best hit
BLAST (rBBH), with a minimum E-value of 107°. Significant hits were ordered
by bitscore and a rBBH was only counted when the tophit had a sequence
identity larger than 30%. This resulted in 1064 rBBH between human and
platypus, and 1116 between human and chicken. Of those, 575 rBBH between

human and platypus, and 1087 between human and chicken, were on a
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sufficiently large scaffold to infer synteny (i.e. Ultra contigs in platypus and

chromosomes in chicken).

To identify whether movement of mt-N genes on and off of the X chromosome
represent an excess of gene movement, we calculated the expected number of
movements based upon the number of genes on source chromosomes and the
number of base pairs on the target chromosomes (Betran, et al. 2002; Toups,
et al. 2011; Vibranovski, et al. 2009). Fisher’s Exact Tests were used to test

whether observed movements were different from expected.

mt-N abundance

Gene counts of protein coding genes were calculated using Biomart Ensembl
Genes 76. When comparing the abundance of mt-N genes on ancestral X and
therian X between species, only the regions of the human X chromosome that
were identified as syntenic in the other species were used. The bias of the
distribution of mt-N genes on the human X and the platypus and chicken X-
syntenic regions were calculated as: Bias = number of mt-N genes / expected
number of mt-N genes, where the expected number was calculated as:
Expected number = (number of genes in region / total genes) * total mt-N

genes.

Mt-N genes in platypus and chicken were identified using two approaches;
first, using the orthologous genes to the mt-N genes in human and second,
using species-specific Gene Ontology annotation (GO:0005739) in Biomart
Ensembl Genes 76. In chicken and platypus, GO:0005739 genes are inferred
from electronic annotation (evidence code IEA), which includes sequence
similarity, database records and keyword mapping files. As such, the orthology
approach and the Biomart approach to infer gene function largely agree, with
76% overlap between the two approaches for platypus and 82% overlap for

chicken.

Confidence intervals were calculated using 10,000 bootstrapped samples by

randomly sampling genes with replacement and calculating the bias for each
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iteration. Differences between the expected and actual number of mt-N genes
on the human X and platypus or chicken X-syntenic regions were calculated

using a Fisher’s Exact Test.

Results and Discussion

Mt-N gene movement on and off the human X chromosome

We identified platypus chromosome 6 plus ten unmapped ultra-contigs
(platypus hX-syntenic regions), and regions of chicken chromosomes 1, 3, 4
and 12 (chicken hX-syntenic regions), as syntenic with the human X
chromosome (Figure 5.1). The platypus hX-syntenic regions comprised a total
of 381 genes spanning 71% of the length of the human X-chromosome and
the chicken hX-syntenic regions comprised a total of 908 genes spanning 89%
of the length of the human X-chromosome (Figure 5.1). The reduced coverage
of the human X chromosome in platypus is largely due to the poorer assembly

quality of the platypus genome.

To test whether an excess of mt-N gene movement off of the human X
chromosome occurred following human X chromosome formation, we
identified the location of the human mt-N orthologs in platypus and chicken.
Pairs of orthologous genes that did not fall within syntenic blocks were
potential candidates for genes that have moved. We identified four genes that
moved onto the human X from Ultra contigs that were not in platypus hX-
syntenic regions (from UltraContig 369; UltraContig 98; and two genes from
UltraContig 519) and no genes that might have moved off the human X. These
numbers were not significantly different from what is expected based on the
relative size and content of the X chromosome (Betran, et al. 2002; Toups, et
al. 2011; Vibranovski, et al. 2009), (Fisher’s Exact Test, P > 0.6), suggesting no
excess of gene movement onto or off of the human X chromosome (Table
5.1a). However, two of the genes that might have moved onto the X were from
Ultra Contig 519, part of which constitutes the platypus hX-syntenic region.
Removing these genes does not qualitatively affect the results (Fisher’s Exact
Test, P > 0.2).
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Figure 5.1 Syntenic regions between (a) human X (HSX) and platypus
chromosome 6 (OA6) and several unmapped contigs (OAUItra) and (b) human
X (HSX) and chicken chromosomes 1 (GG1), 4 (GG4), 3 (GG3) and 12 (GG12).
Lines represent genes in synteny, red for platypus to human, blue for chicken
to human. Blocks on chromosomes show regions where single MCScanX

alignments are located on the chromosome closer than ten million base pairs.

Between human and chicken, three genes that moved onto the X (from GG8
and two from GG4) and three genes that moved off the X (to HS3 and two to
HS2) were identified. This is not greater than expected based on the size of the
X chromosome (Fisher’s Exact Test, P > 0.8, Table 5.1b). Again, two of the
genes that may have moved onto the X came from regions of GG4 that were
close to the hX-syntenic region. These gene movements do not suggest an
excess of mt-N gene movement off the human X (Table 5.1b, excluding two
genes that might not have moved onto the X, Fisher’s Exact Test P > 0.3). One
of these genes (ENSP00000362773) was also found to move onto the X in
platypus (platypus UltraContig 369 to HSX; chicken GG4 to HSX).
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Table 5.1 Movement of mt-N genes on and off the X between (a) platypus and
human and (b) chicken and human. X — A is hX-syntenic to autosome; A — X
is autosome to human X syntenic region; A — A is autosome to autosome. P-

value is from Fisher’s Exact Test.

Movement Observed Expected?

(a) Platypus — human

X—>A 0 2

A—->X 4 4

A—>A 132 130
P =0.640

(b) Chicken —» human

X—A 3 4

A—>X 3 4

A—>A 92 90
P =0.845

®Calculated based on relative size and content of the X chromosome (Betran,
et al. 2002; Toups, et al. 2011; Vibranovski, et al. 2009)

mt-N gene abundance on X syntenic regions

The second approach was to compare the abundance of mt-N genes on
human X chromosome regions that were syntenic to the identified regions in
platypus and chicken. The bias (a measure of mt-N gene density, see methods)
of mt-N genes does not differ between human X and platypus hX-syntenic
regions (Fisher’s Exact Test, P = 0.616; Figure 5.2a, Table 5.2) or human X
and chicken hX-syntenic regions (Fisher’s Exact Test, P = 0.793; Figure 5.2,
Table 5.2), suggesting that the cause of the underrepresentation on the human
Xis more likely the result of a random underrepresentation of mt-N genes on
the chromosomal regions that formed the human X, rather than inter-genomic
conflict driving genes off of the X after its formation. We also calculated mt-N
gene abundances using species-specific Gene Ontology annotation
(GO:0005739) in Biomart to identify mt-N genes. The two approaches to infer
mt-N gene function largely agree (platypus 76% overlap; chicken 82%

overlap), hence calculating mt-N abundance using Biomart gave qualitatively
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Mito-nuclear gene abundance

similar results (Figure 5.2b, Table 5.2, human X and platypus hX-syntenic
region, Fisher’s Exact Test, P = 0.719; human X and chicken hX-syntenic

regions, Fisher’s Exact Test, P = 0.893).
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Figure 5.2 Bias of mt-N genes in human, platypus and chicken. Autosomes in
black and hX-syntenic regions with platypus in red, hX-syntenic regions with
chicken in blue. (a) Mt-N genes are inferred using orthology with human mt-N
genes, and total gene counts include only those genes that are orthologous
between human and platypus or human and chicken. (b) Mt-N genes are
inferred through species-specific annotations in Biomart and gene counts are

all annotated genes.

147



Table 5.2 Number of mt-N, total number of genes and the bias in distribution
of mt-N genes on the human X and X-syntenic regions using gene orthology to
identify mt-N genes and using species-specific mt-N gene annotations in
Biomart. Note: gene counts are for the hX-syntenic blocks, the boundaries of
which are created by merging alignments when alignments were closer than 10
million base pairs. The greater number of orthologous genes on chicken hX-
syntenic than on the human X syntenic with chicken region is a consequence

of these merged alignments.

Species mt-N genes Total genes Bias 95% CI

Human X 55 820 0.85 0.64-1.06
Platypus hX-syntenic (orthology) 29 309 1.07 0.70-1.43
Platypus hX-syntenic (Biomart) 23 381 1.05 0.63-1.45
Human X (syntenic platypus) 46 667 0.87 0.63-1.12
Chicken hX-syntenic (orthology) 64 727 0.97 0.75-1.20
Chicken hX-syntenic (Biomart) 52 908 0.83 0.60-1.04
Human X (syntenic chicken) 49 715 0.87 0.64-1.10

Gene annotation and mt-N abundance

The measure of abundance (bias) relies on the total number of mt-N genes and
total number of genes annotated in each species. This means measures of bias
are susceptible to variation in the quality of genome annotation. The
underrepresentation of mt-N genes on the whole of the human X in this study
is 0.86 + 0.22 (bias + 95% CI), which is less pronounced than the
underrepresentation previously reported for the human X chromosome (Dean,
et al. 2014; Drown, et al. 2012). The human genome assembly version has
recently been updated from GrCH37 to GrCH38, resulting in changes to the
total number of genes and number of mt-N genes which can account for the
different mt-N bias on the human X (bias + 95% CI, 0.76 + 0.21 using GrCH37).
Gene annotation quality also likely accounts for the over-abundance of mt-N
genes on the platypus hX-syntenic regions (29 observed mt-N genes and 25
expected), despite a lack of mt-N gene movement off of the X chromosome

following X chromosome formation.
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Mt-N gene abundance across independent X chromosomes

Across the seven independent X chromosomes studied to date, two (therian
mammals and C. elegans) show a significant underrepresentation of mt-N
genes, three (Rumex, platypus and stickleback) exhibit a non-significant
underrepresentation, and two (Tribolium and Drosophila) show a non-
significant over-representation (Dean, et al. 2014; Drown, et al. 2012; Hough, et
al. 2014). This does not represent a significant overall underrepresentation of
mt-N genes on X chromosomes (Two-tailed Sign-Test; 5 of 7, P = 0.453). If the
distribution of mt-N genes on X chromosomes is explained by variation in
ancestral autosomes, both under- and overrepresentations of mt-N genes on X
chromosomes would be expected. This is consistent with what we find;
however, the ability to detect a significant widespread underrepresentation (i.e.
the signature of conflict) is not particularly powerful, with only 7 different X
chromosomes having been quantified so far. An alternative explanation is that
mt-N interactions predispose chromosomes depauperate of mt-N genes to
become sex chromosomes, although this predisposition might be rather weak
and highly dependent upon the location of genes involved in sex

determination.

Taken together, these results suggest that the underrepresentation of mt-N
genes on the therian X is not a result of gene movement off of the X
chromosome. Rather, the paucity of mt-N genes on the therian X predates the
formation of the therian sex chromosomes, and selection has acted mainly to
maintain this ancestral distribution after sex chromosome formation. Even
though we find no support for conflict driving mt-N genes off the therian X
chromosome, random genomic biases in mt-N gene distributions could have
important consequences for mt-N co-adaptation and potentially for sex
chromosome formation. A paucity of mt-N genes on the therian X chromosome
means that genes that interact with the mitochondria are less often co-
transmitted compared to mt-N genes on autosomes. This might affect rates of
co-evolution between mitochondria and nuclear genes (e.g.Hill 2014), with

possible fitness consequences (Meiklejohn, et al. 2013; Montooth, et al. 2010).
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Chapter 6

Phylogenetic analysis supports a link
between DUF1220 domain number and

primate brain expansion
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Summary

In this chapter, we explore the phenotypic relevance of protein domain
duplications using comparative genomic and phenotypic data from 12
primates. The expansion of DUF1220 domain copy number during human
evolution is a dramatic example of rapid and repeated domain duplication.
Although patterns of expression, homology and disease associations suggest a
role in cortical development, this hypothesis has not been robustly tested using
phylogenetic methods. Here, we estimate DUF1220 domain counts across 12
primate genomes using a nucleotide Hidden Markov Model. We then test a
series of hypotheses designed to examine the potential evolutionary
significance of DUF1220 copy number expansion. Our results suggest a robust
association with brain size, and more specifically neocortex volume. In
contradiction to previous hypotheses, we find a strong association with
postnatal brain development, but not with prenatal brain development. Our
results provide further evidence of a conserved association between specific
loci and brain size across primates, suggesting human brain evolution may

have occurred through a continuation of existing processes.
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Introduction

The duplication of genes or chromosomes increases the number of copies
present in the genome, thereby increasing gene dose. The concept of gene
dose can be extended to protein domains, evolutionary conserved motifs that
form three-dimensional units with distinct functions (Buljan and Bateman
2009). Most genes harbour more than one protein domain, resulting in specific
domain arrangements (Chothia, et al. 2003). In comparison to the number of
known protein domains, the number of different arrangements of these
domains is much larger and is a driver of protein complexity (Levitt 2009; Vogel
and Chothia 2006). Some protein domains undergo a rapid increase in copy
number, similar to tandem repeats of gene duplicates (Bjorklund, et al. 2006),
which can be seen as an increase in domain dose on a sub-gene level. The
repeated addition of domains to a single gene may have a significant impact
on the function of that gene. Charting the evolution of domain duplication

provides an opportunity to investigate the phenotypic relevance of this effect.

The increase in DUF1220 domains during human evolution provides one of the
most dramatic increases in copy number characterized in published genomes
(Dumas, et al. 2012; Popesco, et al. 2006). A single copy of this protein domain
is found in PDE4DIP in most mammalian genomes. In primates, this ancestral
domain has been duplicated many times over, reaching its peak abundance in
humans, where several hundred DUF1220 domains exist across 20-30 genes
in the Nuclear Blastoma Breakpoint Family (NBPF) (Dumas, et al. 2012;
Vandepoele, et al. 2005). The majority of these NBPF genes map to 1g21.1, a
chromosomal region with complex, and unstable genomic architecture
(O’Bleness, et al. 2014; O’Bleness, et al. 2012).

Interspecific variation in DUF1220 count show a pattern of phylogenetic decay
with increasing distance from humans (Dumas and Sikela 2009; Dumas, et al.
2012; Popesco, et al. 2006). In humans, DUF1220 dosage has been linked to
head circumference (Dumas, et al. 2012), and severe neurodevelopmental

disorders, including autism spectrum disorder (ASD) and microcephaly (Davis,
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et al. 2014; Dumas, et al. 2012). The severity of ASD impairments is also
correlated with 1g21.1 DUF1220 copy number, suggesting a dosage effect
(Davis, et al. 2014). Taken together, these observations demonstrate how
variation in domain content can have functional effects and have led to the
suggestion that the expansion of DUF1220 copy number played an important

role in human brain evolution (Dumas and Sikela 2009; Keeney, et al. 2014).

Although functional data is limited, they provide some indication on how
DUF1220 domain copy number could influence brain development. DUF1220
domains are highly expressed during periods of cortical neurogenesis,
suggesting a potential role in prolonging the proliferation of neural progenitors
by regulating centriole and microtubule dynamics to control key cell fate
switches critical for neurogenesis (Keeney, et al. 2015a). PDE4DIP, which
contains the ancestral DUF1220 domain, does indeed associate with the
spindle poles (Popesco, et al. 2006) and is homologous to CDK5RAP2, a
centrosomal protein essential for neural proliferation (Bond, et al. 2005;
Buchman, et al. 2010), which co-evolved with brain mass across primates

(Montgomery, et al. 2011).

Two previous analyses report a significant association between DUF1220 copy
number and brain mass, cortical neuron number (Dumas, et al. 2012), cortical
grey and white matter, surface area and gyrification (Keeney, et al. 2015a).
However, several limitations in these analyses restrict confidence in the results.
First, DUF1220 copy number was assessed across species using a
BLAT/BLAST analysis with a query sequence from humans, which introduces a
bias that could partly explain the observed phylogenetic decay. Secondly,
counts were not restricted to those domains occurring in functional exonic
sequence and therefore many DUF1220 domains found in human
pseudogenes were included in the analyses. Thirdly, the analyses were limited
to a small number of species (4-8 species of primate), using parametric
statistics that may not be suitable for count data and which do not correct for
phylogenetic non-independence (Felsenstein 1985). This is not a negligible
issue, because it can result in the overestimation of statistical significance

(Carvalho, et al. 2006). Finally, previous phenotypic associations have been
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reported for multiple cortical phenotypes, all of which are strongly correlated
with one another or are non-independent. Therefore, to date, these studies
have not provided evidence for a specific association with neocortex size, nor
have they tested the strength of the association with different periods of brain
development which may provide new clues as to the functional relevance of

DUF1220 domain copy number.

Here, we use nucleotide Hidden Markov Models implemented in HMMERS3
(Eddy 2011; Wheeler and Eddy 2013) to more accurately query the DUF1220
domain number of distantly related genomes. After filtering these counts to
limit the analysis to exonic sequence, we use comparative methods that
correct for phylogenetic non-independence to test whether DUF1220 copy
number is robustly associated with brain size, whether this is due to an
association with pre- or postnatal brain development, and whether the

association is specific to the neocortex.

157



Materials and Methods

Counting DUF1220 domains

HMMERS.1b (Eddy 2011) was used to build a Hidden Markov Model (HMM)
from the DUF1220 (PF06758) seed alignment stored in the PFAM database
(Finn, et al. 2014). The longest isoforms for all proteomes of 12 primate
genomes from Ensembl v78 (Cunningham, et al. 2015) were searched using
the protein DUF1220 HMM (hmmsearch, E-value < 107°) (Table 6.1). |
extracted the corresponding cDNA regions to build a DUF1220 nucleotide
profile HMM (nHMM), allowing for more sensitive analysis across a broad
phylogenetic range. The DUF1220 nHMM was used to search the complete
genomic DNA for all 12 species. These counts were filtered to remove any
DUF1220 domains not located in annotated exonic sequence, or located in

known pseudogenes.

| next filtered counts to limit them to exonic sequence in close proximity to the
NBPF-specific Conserved-Mammal (CM) promoter (O’Bleness, et al. 2012). To
do so, | built a nucleotide HMM for the CM promoter based on a MAFFT
(Katoh, et al. 2002) alignment of the 900bp CM region upstream of human
genes NBPF4, NBPF6 and NBPF7. Using this CM promoter nHMM, | searched
1000bp up- and downstream of genes containing DUF1220 domains for
significant CM promoter hits (nhmmer, E-value < 10™°). This provided final
counts for DUF1220 domains within exonic regions and associated with the
CM promoter (Table 6.1). These counts were used in subsequent phylogenetic
analyses. All scripts and data used in the analysis are freely available from:
https://github.com/qgfma/duf1220

Phylogenetic gene-phenotype analysis

Phylogenetic Generalised Least Squares (PGLS) regressions were performed
using log-transformed phenotypic data and log- or square root-transformed
DUF1220 count data in BayesTraits (Pagel 1999). Phylogenetic multivariate
generalized mixed models were implemented using a Bayesian approach in

MCMCgIimm (Hadfield 2010), to test for phylogenetically-corrected
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associations between DUF1220 counts and log-transformed phenotypic data
(Table 6.2). All analyses were performed using a Poisson distribution, as
recommended for count data (O’hara and Kotze 2010), with uninformative,
parameter expanded priors for the random effect (G: V=1,nv =1, alpha.v =0,
alpha.V = 1000; R: V =1, v = 0.002) and default priors for the fixed effects.
Phylogenetic relationships were taken from the 10k Trees project (Arnold, et al.
2010). The posterior mean of the co-factor included in each model and its 95%
confidence intervals (Cl) is reported, and the probability that the parameter
value is >0 (pycomc), @s we specifically hypothesize a positive association
(Dumas, et al. 2012). We explored the effects of alternative data treatments
and transformations to test their influence on the reported phenotypic
associations. Specifically, the analyses were repeated using Phylogenetic
Least Square (PGLS) regressions using square-root and /log,,-transformed
DUF1220 counts to check whether or not the data transformation affected the

relationships.

Two analyses were performed to test for heterogeneity and directional biases
in the rate of change in DUF1220 counts across the primate phylogeny in
Bayes Traits (Pagel 1999). To test for rate heterogeneity, we compared the fit
of a one-rate Brownian-Motion (BM) model and a variable rates BM model to
the data (Venditti, et al. 2011). These models are implemented using Markov
chain Monte Carlo, run for 11,000,000 iterations with a burn-in of 1,000,000,
and compared using log(Bayes Factors), calculated as 2(/log[harmonic
mean(complex variable rates model)] — log[harmonic mean(one rate model)].
The variable rates model accounts for rate heterogeneity by differentially
stretching and compressing branch lengths and produces a posterior
distribution of scaled phylogenies. The mean scaled branch lengths provide a
visual indication of evolutionary rate when compared to the branch lengths of
the input phylogeny. The posterior distribution of scaled phylogenies was
subsequently used to test for a directional bias in DUF1220 domain variation
by comparing the fit of a non-direction BM model to a directional BM model
(Organ, et al. 2007; Pagel 1999).
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Results

Variation in DUF1220 domain content

We used a Hidden Markov Model (HMM) based approach to detect DUF1220
in 12 primate genomes. First, we used a DUF1220 -based protein HMM to
detect domains in annotated peptides. Previous DUF1220-based estimates
were based on genomic data (Dumas, et al. 2012), and we used the initial hits
based on the peptide HMM to construct a nucleotide HMM model (see
Methods). Based on this nHMM, we find a varying number of DUF1220
domains in exonic sequences that are associated with the Conserved Mammal
(CM) promotor and a large number of DUF1220 domains that are located in
regions without any feature annotation (Table 6.1). Our genomic DUF1220
counts based on the nHMM model are largely similar to previous estimates
(O’Bleness, et al. 2012) with some notable differences. In anthropoids, we find
a significant negative relationship between the percentage deviation and time
of divergence from H. sapiens (P = 0.005, R? = 0.818), suggesting the
nucleotide HMM performs better than BLAT searches in more distantly related
species. However, only ca. 20% of DUF1220 domains are found in exonic
sequence data in most species (Table 6.1). The exception is H. sapiens, where

almost all DUF1220 domains are in predicted coding sequence.

We explored the possibility that this difference may be due to annotation
quality by estimating DUF1220 counts across different Ensembl versions for H.
sapiens, P. troglodytes and M. mulatta. The number of DUF1220 domains is
consistent across versions for both P. troglodytes and M. mulatta; in H.
sapiens, however, there is a trend for DUF1220 counts to increase (Figure 6.1),
most probably due to improvements in assembly and annotation (O’Bleness, et
al. 2014). This either suggests that many DUF1220 domains in other primates
occur in featureless regions of the genome, or that consistently poor
annotation quality for P. troglodytes and M. mulatta leads to an

underestimation of DUF1220 domains in exonic regions.
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Table 6.1 DUF1220 count data across 12 primates using a protein HMM on peptide data and a nucleotide HMM (nHMM) for
DNA data.

O'Bleness et al.

(2012) HMM nHMM
. peptid whole exonic with exonic with CM exonic without no

Species whole genome excl.

e genome CM CM feature
pseudogenes

H. sapiens 272 246 302 298 262 0 4
P. troglodytes 125 37 138 34 34 9 95
G. gorilla 99 38 97 32 32 17 48
P. abelii 92 28 101 27 27 13 61
N. leucogenys 53 5 59 6 6 0 53
P. anubis - 27 75 15 15 14 46
C. sabaeus - 22 48 16 16 8 24
M. mulatta 35 21 74 10 10 13 51
C. jacchus 31 12 75 9 9 6 60
T. syrichta 2 47 2 2 1 44
M. murinus 2 0 4 1 1 1 2
O. garnettii 3 0 4 1 1 1 2
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Figure 6.1 Stability of DUF1220 domain counts in peptides across different

Ensembl versions

Exploring variation in evolutionary rate of DUF1220 domain number

We used counts of exonic DUF1220 domains associated with the CM
promoter across all 12 primates to test for variations in the evolutionary rate of
DUF1220 domain number. For these analyses we square-root transformed the
DUF1220 counts. Square-root transformations may not adequately account for
the large variance of count data, which is Poisson-distributed (O’hara and
Kotze 2010), but see Ives (2015). This rates analysis should therefore be
viewed with some caution, but provides an initial assessment of the
phylogenetic patterns of DUF1220 domain number evolution. Using exonic
DUF1220 domains associated with the CM promoter, we find evidence of
heterogeneity in the rate of change in DUF1220 counts across the primate
phylogeny (Bayes Factor = 10.254, ‘very strong’ support; Figure 6.2). We also
find support for a directional model of expansion in DUF1220 number (Bayes
Factor = 4.484, ‘strong’ support; Figure 6.3). A comparison of scaled branch
lengths obtained from the variable rates model and the branch lengths of the
input time-tree confirms that H. sapiens has the highest rate of increase
(Figure 6.4). However, rates of evolution are high throughout hominoids
(Figure 6.4), suggesting that DUF1220 increased independently in other
lineages, and that the human expansion is an exaggeration of a general

hominoid trend.
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Gene-Phenotype co-evolution

Having confirmed significant inter-specific variation in DUF1220 counts across
primates (Table 6.1, Figure 6.2, Figure 6.3, Figure 6.4), We next sought to test
whether this variation co-evolves with phenotypic variation in brain size. The
phenotypic data used for all analyses is shown in Table 6.2. We first used a
Bayesian approach that corrects for phylogenetic non-independence and fits a
Poisson distribution to the DUF1220 count data using MCMCglmm (Hadfield
2010). Additionally, we analysed the data using Phylogenetic Generalised Least
Square (PGLS) regressions (Pagel 1999) using square-root transformed counts
DUF1220, or log,,-transformed DUF1220. The square-root and log;,data
transformations may not be appropriate for count data where models based on
Poisson distributions provide more accurate results but are included to test
how the association varies under different statistical assumptions (O’hara and
Kotze 2010).
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DUF1220 analysis using a Bayesian approach

Using a Bayesian approach that corrects for phylogenetic non-independence
and fits a Poisson distribution to the DUF1220 count data using MCMCglmm
(Hadfield 2010) we find evidence that CM-associated exonic DUF1220 counts
are associated with brain mass across primates (n = 12, posterior mean
=1.927, 95% CI = 0.800-3.040, pycwc = 0.001). This association is robust to the
exclusion of H. sapiens (posterior mean =1.271, 95% CIl = 0.490-2.019, pycvc =
0.003), and found when hominoids (n = 5, posterior mean = 3.679, 95% Cl =
0.966-6.258, pycmc = 0.018) or anthropoids (n = 9, posterior mean = 2.019,
95% CI = 0.352-3.684, pycuc = 0.010) are analysed alone, suggesting a
consistent phylogenetic association. When body mass is included as a co-
factor in the model, the positive association is restricted to brain mass (Table

6.3a, Figure 6.5a).

Separation of pre- and postnatal development specifically links DUF1220
number to postnatal brain growth. Analysed separately, the association with
prenatal brain growth is weaker (n = 11, posterior mean =1.758, 95% ClI = -
0.039-3.543, pyeme = 0.023) than with postnatal brain growth (posterior mean
=1.839, 95% CIl = 0.895-2.808, pyicuc = 0.001). If both traits are included in the
same model, only the positive association with postnatal brain growth remains
(Table 6.3b, Figure 6.5b). Multiple regression analysis also confirms the
association is specific to postnatal brain growth, rather than postnatal body
growth (Table 6.3b).
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Table 6.2 Phenotypic data used in the phylogenetic analyses

a) Adult brain volumes

Species’ Brain mass Body mass Brain volume Neocortex volume Cerebellum
(mg) (9) (mm3) (mm3) volume (mm3)

H. sapiens 1330000 65000 1251847 1006525 137421

P. troglodytes 405000 46000 382103 291592 43663

G. gorilla 500000 105000 470359 341444 69249

P. abelii? 333000 54000 321429 219800 42900

N. leucogenys® 102000 5700 97505 65800 12078
M. mulatta 93000 7800 87896 63482 8965

P. anubis 201000 25000 190957 140142 18683

C. sabaeus’ 108000 7800 103167 77141 8738

C. jacchus 7600 280 7241 4371 757

T. syrichta 3600 125 3393 1769 376

M. murinus 1780 54 1680 740 234

O. garnettii 10300 850 9668 4723 1414

' Unless otherwise indicated all data from Stephan, et al. (1981)
2 Data from Zilles and Rehkamper (1988)

® Phenotypic data are from the closely related Hylobates lar and *Erythrocebus patas.
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b) Pre and postnatal brain and body growth

neonate

adult

postnatal brain

postnatal body

Species’ brain size (g) body size (g) brain size (g) body size (g)

growth (g) growth (g)
H. sapiens 299.916 3318.945 1330.454 59292.532 1030.538 55973.588
P. troglodytes 153.109 1527.566 404.576 44977.985 251.467 43450.419
G. gorilla 289.068 2070.141 500.035 124738.351 210.967 122668.210
P. abelii 168.655 1603.245 364.754 56885.293 196.099 55282.048
N. leucogenys 65.013 354.813 102.094 5623.413 37.081 5268.600
M. mulatta 45.499 475.335 92.897 9908.319 47.398 9432.984
P. anubis® 77.268 831.764 160.325 14791.084 83.056 13959.320
C. sabaeus® 33.497 356.451 66.681 3732.502 33.184 3376.050
C. jacchus 3.631 28.184 7.603 358.922 3.972 330.738
T.syrichta® 2.748 25177 3.771 119.437 1.024 94.260
M. murinus - - - - - -
O. garnettii 3.999 39.994 7.907 763.836 3.907 723.841

! Data from Capellini, et al. (2011).

? Phenotypic data was from the closely related species P. hamadryas, ® C. aethiops, * mean of three con-generic



Table 6.3 MCMCglmm results of multivariate models

a) Brain mass and body mass

Model Posterior mean 95% CI Pmecme
1. log(brain mass) 4.105 2.163 - 6.000 0.001
+ log(body mass) -1.986 -3.544 - -3.900 0.988

b) Prenatal and postnatal growth

Model Posterior mean 95% CI Pmecme
1. log(prenatal brain growth) -2.158 -4.471 - 0.106 0.967
+ log(postnatal brain growth) 3.319 1.470 - 4.982 0.002
2. log(postnatal brain growth) 2.910 1.641 - 4.151 <0.001
+ log(postnatal body growth) -1.241 -2.442 - -0.052  0.977

c) Brain regions

Model Posterior mean 95% CI Pmecmc
1. log(neocortex volume) 5.961 0.720-11.173 0.014
+ log(RoB volume) -5.817 -13.322-1.120 0.953
2. log(cerebellum volume) 3.699 -5.857 -12.611 0.186
+ log(RoB volume) -2.435 -13.869 - 10.132 0.681
3. log(neocortex volume) 6.076 -0.139 -12.5712 0.025
+ log(cerebellum volume) -0.369 -9.5128 - 8.961 0.526
+ log(RoB volume) -5.494 -15.814 -5.288 0.872

Significant P-values are shown in bold
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Finally, we examined the hypothesised relationship with neocortex volume
(Keeney, et al. 2015a; Keeney, et al. 2014), but also consider cerebellum
volume, as this region co-evolves with the neocortex (Barton and Harvey
2000), has expanded in hominoids (Barton and Venditti 2014), and shows high
levels of NBPF expression (Popesco, et al. 2006). When the rest-of-the-brain
(RoB) is included as a co-factor, to account for variation in overall brain size, a
positive association is found for neocortex volume but not cerebellum volume
(Table 6.3c, Figure 6.5c). To test whether the MCMCglmm results are robust
to the effects of low genome quality on estimating DUF1220 domain counts,
we repeated the key tests using total genomic DUF1220 counts (Table 6.1,
‘whole genome’). The pattern of phenotypic associations is similar to those
found with the exonic DUF1220 counts. There is evidence for a greater
association with brain mass than body mass, with postnatal brain growth

rather than prenatal brain growth and with neocortex volume (Table 6.4).
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Figure 6.5 a) Posterior means of the association between DUF1220 count and
brain mass (red) and body mass (black). b) Posterior means of the association
between DUF1220 count and postnatal brain growth (red) and prenatal brain

growth (black). c) Posterior means of the association between DUF1220 count
and neocortex volume (red), cerebellum volume (solid black) and rest-of-brain

volume (dashed black).
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Table 6.4 MCMCgIimm results using total genomic DUF1220 counts

Model Posterior mean 95% C.I. Pmecmc
1. Brain mass 2.130 0.249 - 4.039 0.014
+ body mass -1.060 -2.589 - 0.479 0.929
2. Prenatal brain growth -0.890 -3.198 - 1.383 0.815
+ postnatal brain growth 1.443 -0.336 - 3.060 0.043
3. Postnatal brain growth 1.432 0.2149 - 2.591 0.011
+ postnatal body growth -0.691 -1.812-0.410 0.918
4. Neocortex volume 4.291 -1.089-9.3149 0.046
+ cerebellum volume -1.7152 -8.975 - 5.501 0.710
+ rest-of-brain volume -2.470 -10.915-6.039 0.741

Significant P-values are shown in bold

DUF1220 analysis using Phylogenetic Generalised Least Square (square-

root transformed counts)

CM-associated exonic DUF1220 counts are significantly associated with brain
mass across primates (t,,= 3.165, P = 0.005, R? = 0.455, Figure 6.6a,b), but

are not associated with body mass (t,,= 0.922, P = 0.189, R? = 0.066). The

relationship with brain mass is robust to the exclusion of H. sapiens (t,= 3.810,

P =0.002, R? = 0.569), and remains if body mass is included as a covariate in a

multiple regression analysis (t;= 8.937, P < 0.001, R? = 0.878). The association

with brain mass is also found when only anthropoids (t, = 3.196, P = 0.008, R?
= 0.531) or only hominoids (t;= 4.976, P = 0.008, R? = 0.832), are included in

the analysis, and when all hominoids are excluded from the analysis (t, = 2.749,

P =0.020, R* = 0.519).

Separation of pre- and postnatal development specifically links DUF12220

number to postnatal brain growth. Analysed separately, the association with
prenatal brain growth is not significant (t,= 1.641, P = 0.067, R* = 0.197), but it

is strongly significant for postnatal brain growth (t,= 3.850, P = 0.002, R? =

0.573). If both traits are analysed together in a multiple regression, the positive
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association with postnatal brain growth remains significant (t,= 5.033, P <
0.001, R? = 0.757), even if H. sapiens is excluded (t;= 2.477, P = 0.021, R? =
0.466), whilst prenatal brain growth is not (t,= -2.879, P = 1.000). Multiple
regression analysis also confirms the association is specific to postnatal brain
growth (t,= 7.824, P < 0.001, R? = 0.853), as opposed to body growth (t, = -
4.581, P = 1.000).
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C. sabaeus 16 108000
P. anubis 15 201000
M. mulatta 10 93000
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Figure 6.6 a) Phylogeny of Ensembl primates showing the number of DUF1220

log(DUF1220 domain count)

sqrt(DUF1220 domain count)

domains in functional, annotated genes with a CM promoter, and brain mass.
b) The relationship between square-root transformed DUF1220 counts and
log,,(brain mass [mg]), and c) the relationship between log,, transformed
DUF1220 counts and log,,(brain mass [mg]). The regression lines are shown
with (red) and without (grey) the inclusion of the H. sapiens data. In all cases

they are significant

The association is significant for neocortex volume (t10 = 3.162, P = 0.005, R2
= 0.454) and cerebellum volume (t10 = 2.767, P = 0.010, R2 = 0.390). However,
when the volume of the rest-of-the-brain (RoB) is included as a covariate, the
association with neocortex remains (t8 = 2.614, P = 0.015, R2 = 0.586; RoB: t8
=-1.952, P = 1.000), whilst the association with cerebellar volume is no longer
significant (t8 = 1.220, P = 0.129, R2 = 0.421; RoB: 18 = -0.825, P = 1.000). A
multiple regression between neocortex and cerebellar volume also suggests a
stronger positive association with the neocortex (neocortex: t8 = 1.684, P =
0.065; cerebellum: t8 = -1.125, P = 1.00, R2 = 0.507).
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DUF1220 analysis using Phylogenetic Generalised Least Square (log-
transformed DUF1220 domain data)

CM-associated exonic DUF1220 counts are significantly associated with brain
mass across primates (t10 = 4.770, P < 0.001, R2 = 0.655; Figure 6.6a,c). The
association with body mass is weak (110 = 1.880, P = 0.045, R2 = 0.228). The
relationship with brain mass is robust to the exclusion of H. sapiens (t9 =
3.952, P = 0.002, R2 = 0.586), and remains if body mass is included as a
covariate in a multiple regression analysis (t8 = 7.119, P < 0.001, R2 = 0.852).
The association with brain mass is also found when only anthropoids (t7 =
4.100, P = 0.002, R2 = 0.651), or only hominoids (t5 = 10.165, P = 0.018, R2 =
0.954), are included in the analysis, and when all hominoids are excluded from
the analysis (t7 = 2.455, P = 0.029, R2 = 0.462).

Separation of pre- and postnatal development specifically links DUF12220
number to postnatal brain growth. Analysed separately, the association with
prenatal brain growth is significant (t9 = 2.435, P = 0.019, R2 = 0.351), but it is
much more strongly significant for postnatal brain growth (t9 = 5.521, P <
0.001, R2 = 0.735). If both traits are analysed together in a multiple regression,
the positive association with postnatal brain growth remains significant (t7 =
5.498, P < 0.001, R2 = 0.827), even if H. sapiens is excluded (t6 = 2.180, P =
0.032, R2 = 0.604), whilst prenatal brain growth is not significant (t7 = -2.419, P
= 1.000). Multiple regression analysis also confirms the association is specific
to postnatal brain growth (t7 = 7.564, P < 0.001, R2 = 0.862), as opposed to
body growth (t7 = -3.197, P = 1.000).

The association is significant for neocortex volume (t10 = 4.869, P <0.001, R2
= 0.664) and cerebellum volume (t10 = 4.037, P = 0.001, R2 = 0.576). However,
when the volume of the rest-of-the-brain (RoB) is included as a covariate, the
association with neocortex remains (t8 = 3.525, P = 0.003, R2 = 0.775; RoB: t8
= -2.426, P = 1.000), whilst the association with cerebellar volume is no longer
significant (t8 = 1.153, P = 0.141, R2 = 0.587; RoB: t8 = -0.563, P = 1.000). A

multiple regression between neocortex and cerebellar volume also suggests a
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specific positive association with the neocortex (neocortex: t8 = 2.583, P =
0.016; cerebellum: t8 = -1.672, P = 1.000, R2 = 0.727).

Discussion

Changes in gene or domain dose are hypothesised to have a severe impact on
the phenotype when dosage-sensitive genes or domains are affected. Our
phylogenetic analyses substantiate the hypothesis that the increase in
DUF1220 number co-evolves with brain mass (Dumas, et al. 2012; Keeney, et
al. 2015a) and may contribute to the proximate basis of primate brain
evolution. We have extended the results of previous studies by demonstrating
specific associations with neocortex volume and postnatal brain growth, rather
than prenatal brain growth. Together these results imply a role for DUF1220 in
evolutionary changes in the maturation and postnatal development of the
neocortex. Previous hypotheses concerning the phenotypic relevance of
DUF1220 domain number have focused on their possible contribution to
neurogenesis (Dumas and Sikela 2009; Keeney, et al. 2015a; Keeney, et al.
2014). This is supported by homology to genes with known functions in cell
cycle dynamics (Popesco, et al. 2006; Thornton and Woods 2009), relevant
spatial and temporal expression patterns (Keeney, et al. 2015a) and an effect
on the proliferation of neuroblastoma cell cultures (Vandepoele, et al. 2008).
However, a direct effect of variation in DUF1220 domain number on neural

proliferation has not been demonstrated (Keeney, et al. 2015b).

If DUF1220 domains do regulate neurogenesis, they would be expected to co-
evolve with prenatal brain growth, as cortical neurogenesis is restricted to
prenatal development (Bhardwaj, et al. 2006). Our results instead suggest a
robust and specific relationship with postnatal brain development. Existing
data on DUF1220 domain function suggest two potential roles that may explain
this association: i) a contribution to axonogenesis via initiating and stabilizing
microtubule growth in dendrites; and ii) a potential role in apoptosis during
brain maturation. Both hypotheses are consistent with the reported association
between variation in DUF1220 dosage and ASD (Davis, et al. 2014). Indeed, an
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emphasis on postnatal brain growth is potentially more relevant for ASD which
develops postnatally, accompanied by a period of accelerated brain growth in

early postnatal development (Courchesne, et al. 2001).

Microtubule assembly is essential for dendritic growth and axonogenesis
(Conde and Caceres 2009). PDE4DIP, which contains the ancestral DUF1220
domain, has known functions in microtubule nucleation, growth, and cell
migration (Roubin, et al. 2013). There is also evidence NBPF1 interacts with a
key regulator of Wnt signalling (Vandepoele, et al. 2010), which has important
roles in neuronal differentiation, dendritic growth and plasticity (Inestrosa and
Varela-Nallar 2015). Consistent with this function, DUF1220 domains are highly
expressed in the cell bodies and dendrites of adult neurons (Popesco, et al.
2006). A role for DUF1220 domains in synaptogenesis could potentially explain
the association with ASD severity (Davis, et al. 2014). ASD is associated with
abnormalities in cortical minicolumns (Casanova, et al. 2002) and cortical white
matter (Courchesne, et al. 2001; Hazlett, et al. 2005), both of which suggest a
disruption of normal neuronal maturation (Courchesne and Pierce 2005;
Minshew and Williams 2007).

Alternatively, NBPF genes are also known to interact with NF-kB (Zhou, et al.
2013), a transcription factor implicated in tumor progression, with a range of
roles including apoptosis and inflammation (Karin and Lin 2002; Perkins 2012).
Postnatal apoptosis has a significant influence on brain growth (Kuan, et al.
2000; Madden, et al. 2007; Polster, et al. 2003), including regulating neuronal
density (Sanno, et al. 2010), and apoptotic genes may have been targeted by
selection in relation to primate brain expansion (Vallender and Lahn 2006).
Disruption of apoptosis causes microcephaly (Poulton, et al. 2011) potentially
explaining the association between DUF1220 dosage and head circumference
(Dumas, et al. 2012). The association of NF-kB with inflammatory diseases (Tak
and Firestein 2001) is also intriguing, given the growing evidence that the
inflammatory response is linked to the risk and severity of ASD (Depino 2013;
Meyer, et al. 2011).
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Finally, these results add further evidence that many of the genetic changes
that contribute to human evolution will be based on the continuation or

exaggeration of conserved gene-phenotype associations that contribute to

primate brain evolution more broadly (Montgomery, et al. 2011; Scally, et al.

2012). Understanding the commonalities between human and non-human
primate brain evolution is therefore essential to understand the genetic

differences that contribute the derived aspects of human evolution.
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Chapter 7

Discussion
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In this thesis, | have characterised evolutionary changes in genomic
architecture via gene duplication, loss and translocation. | sought to test
whether dosage-sensitive genes are preferentially dosage-compensated on the
avian sex chromosomes. In chapter 2, | showed that dosage-compensation on
the avian Z chromosome specifically affects dosage-sensitive genes,
suggesting that gene dose is an important factor in the evolution of sex
chromosomes. | asked if it is possible to use de novo RNA-Seq assemblies for
the detection of lineage-specific paralogs. In chapter 3, | developed a
bioinformatics pipeline to reconstruct gene family history using de novo RNA-
Seq assemblies and described pitfalls and shortcomings of doing so with
currently available methods. Additionally, | sought to test whether the genomic
distribution of mito-nuclear genes is shaped by different selective pressures in
males and females. In chapters 4 and 5, | investigated the distribution of mito-
nuclear genes in multiple species with different sex chromosome systems and
only detected a paucity of mito-nuclear genes on the mammalian X
chromosome and in C. elegans. In all other studied sex chromosome systems,
| did not find a significant underrepresentation. My synteny analysis of the
human X chromosome also indicated that the paucity of mito-nuclear genes on
the mammalian X chromosome likely predates the evolution of the mammalian
sex chromosome system. Finally, in chapter 6, | investigated a case study of
rapid protein domain duplication to test whether increases in protein domain

dose correspond to phenotypic evolution across species.

First, | will discuss the results presented in chapters 2-6 along with some
specific issues and limitations of the analyses. Subsequently, | will discuss the
limitations and biases of different types of biological data used in this thesis,
with the aim of highlighting potential pitfalls and avenues for improvement.
Specifically, | will discuss current challenges in the analysis of RNA-Seq data,
such as how differences in annotation quality can bias analyses. Finally, | will
briefly discuss the importance of scientific computing for modern biology, best

practices for bioinformatics analyses and future directions of the field.
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Dosage compensation and whole genome duplications

My first aim in this thesis was to understand if the dosage compensation
mechanism balances the gene expression of dosage-sensitive genes on the
avian sex chromosomes. In chapter 2, | used ohnologs, genes duplicated in a
whole genome duplication, as proxies for dosage-sensitive genes and showed
that they are indeed preferentially dosage-compensated. This is important
because it shows that the dosage compensation mechanism in birds is not
‘incomplete’ in the sense that it does not balance out dosage effects. Rather, it
effectively balances the expression on a gene-by-gene basis. These results are
similar to the XY sex chromosome system in mammals, where dosage-
sensitive genes on the X chromosome are also dosage-balanced (Pessia, et al.
2012). Taken together, these results suggest that dosage compensation
mechanisms evolved in order to balance out the expression of a small subset

of dosage-sensitive genes located on the sex chromosomes.

Previous investigations in several different bird species confirmed the lack of a
global dosage compensation mechanism (Naurin, et al. 2011; Uebbing, et al.
2015; Uebbing, et al. 2013; Wang, et al. 2014; Wright, et al. 2015b), and my
results are consistent with these observations. In addition to studies in single
species, several phylogenetic analyses of the evolution of dosage
compensation in birds have been conducted in recent years (Julien, et al. 2012;
Wang, et al. 2014; Wright, et al. 2015b). These studies confirm the absence of
a global dosage compensation mechanism in birds and also showed that the
hypermethylated region on the male Z chromosomes is not an area of nascent
dosage compensation (Wright, et al. 2015b). Phylogenetic analyses are
especially important because they enable the reconstruction of ancestral
expression levels. For example, the reduced Z chromosome expression in
chicken was interpreted as a potential sign of Z chromosome inactivation
(Livernois, et al. 2013). | also recovered a lower level of Z expression compared
to the autosomes but my analysis of allele-specific expression failed to recover

evidence for the partial inactivation of one Z chromosome. Rather than being
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caused by partial inactivation, the lower Z expression could therefore be a

result of lower ancestral expression level (Julien, et al. 2012).

When interpreting and generalising the results presented in chapter 2, some
methodological factors need to be considered. It is important to recognise that
the detection of ohnologs in vertebrate genomes remains challenging. All tools
for the detection of ohnologs depend on the analysis of preserved gene order
(synteny) among paralogs to distinguish single-gene duplicates from WGD.
Large intra-genomic rearrangements may complicate these analyses, and
result in the underestimation of the number of ohnologs. Avian genomes,
however, are relatively stable and compact, with fewer repeats and more
coding DNA, compared to other amniotes (Ellegren 2005; Hillier, et al. 2004;
Organ, et al. 2007), making these issues less problematic. The detection of
ohnologs may also depend on the selection of one or more outgroup species,
to distinguish between ohnologs and genes that were duplicated before the
WGD events. The specific outgroup selected can influence the number of
ohnologs (Makino and McLysaght 2010) and also relies on the a priori
assumption that a WGD did not take place in this lineage. The pipeline used in
the OhnologsDB tries to mitigate this issue by using multiple outgroups. It also
provides sets of ohnologs with varying strictness, and my results are

consistent with both the ‘relaxed’ and ‘strict’ set.

Inferring gene family evolution from RNA-Seq data

Comparative analyses of gene expression are important because the
divergence of gene expression following duplication may be a key aspect for
the maintenance and evolution of duplicates and likely plays a major role in
adaptation. | sought to identify paralogs in six different bird species using
primarily RNA-Seq data. My aim was to explore whether these data can be
used in conjunction with tools that usually rely on genomic data and
subsequently investigate the gene expression divergence of the detected

paralogs. In chapter 3, | developed a pipeline that used de novo RNA-Seq
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assembly data in combination with DNA-Seq data across a range of bird

species.

Until recently, comparative studies of gene expression have relied on the
availability of reference genomes (e.g. Brawand, et al. 2011). This limits the
analyses to species with available genomic resources; however, many species
studied to date are not yet sequenced. Other comparative studies of gene
expression have used RNA-Seq based assemblies and subsequently aligned
RNA-Seq based transcripts to a well-annotated reference (Harrison, et al.
2015; Wright, et al. 2015a; Yang and Smith 2013). By doing so, it is impossible
to detect any genes that are not present in the reference and thus any form of
gene duplications in other lineages. This approach is therefore not possible
across large or even moderate phylogenetic distances. In contrast, the
bioinformatics pipeline presented in chapter 3 does not primarily rely on
genomic data. Previous studies found that bird genomes are relatively stable
compared to mammals (Hillier, et al. 2004; Jarvis, et al. 2014). With a low
duplication rate of ca. 0.2 single gene duplications per million years and a
sparsity of young paralogs (Toups, et al. 2011), the duplication rate estimated
using RNA-Seq data is roughly two to four times higher. This indicates that
even a small and strictly filtered dataset obtained using this approach is likely
to contain a higher number of false positives. There are several methodological
reasons that potentially contribute to the inability to reliably detect paralogs
using RNA-Seq data.

Regardless of the software tool used, de novo RNA-Seq assemblies generate a
large number of transcripts, many of which have very low expression levels
and probably little or no biological significance (Raj and van Oudenaarden
2008). In order to use this kind of dataset for the reconstruction of gene family
histories, | reduced the number of transcripts by using strict filtering steps,
including gene expression thresholds, family structure and gene tree analyses.
| also used a threshold of > 2 RPKM that was previously used in analyses of
this dataset (Harrison, et al. 2015; Wright, et al. 2015a). After filtering, the
number of sequences with a valid open reading frame is comparable to

genomic data. Despite the gene expression filter, the quality and completeness
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of gene models created from RNA-Seq data is much lower in comparison to
DNA-Seq based data. This placed major limitations of the ability to reconstruct
gene families because it resulted in the generation of large amounts of losses
and singletons. High numbers of losses are indicative of fragmented
assemblies and singletons likely represent low quality data with questionable

biological relevance.

| also employed a family-structure filter to detect lineage-specific paralogs.
However, alignments between many paralog pairs showed very low sequence
identity. Gene tree analyses subsequently revealed that most paralogs do not
form a monophyletic group compared to an outgroup. This could indicate a
very rapid change in coding sequence, but is more likely the result of
misidentification of paralogs due to the high amount of noise in the data. For
duck and turkey, both RNA-Seq and DNA-Seq data was available and lineage-
specific paralogs identified in these species could be validated using the
Ensembl database (Cunningham, et al. 2015). All pairs of paralogs in these
groups are also identified in the Ensembl database; however, none of them are
marked as lineage-specific and all Ensembl estimated duplication dates
preceded the evolution of the avian clade. This is likely the result of missing
data in many RNA-Seq assemblies and further evidence that the low quality of

the RNA-Seq gene models limits the applicability of this approach.

In the future, sequencing technologies that generate reads with the length of
several kilobases, such as nanopore-based sequencing, could be used to
generate draft reference genomes very efficiently (Feng, et al. 2015). Longer
reads reduce the assembly time significantly because of the reduced size of
the De-Bruijn graph. This would make it attractive to sequence a draft genome
first, before performing any gene expression analyses and could possibly
render de novo transcriptome assemblies obsolete. However, estimating gene
expression levels directly using long read technology is currently not possible
due to a very limited read depth. In combination, long-read sequencing
techniques and classic RNA-Seq short-read sequencing could enable analyses

of paralog expression divergence over a larger phylogenetic range.

183



Gene movement and mitochondrial interactions

The unequal inheritance of the mitochondrial genome in comparison to the
autosomes leads to contrasting predictions regarding the location of mito-
nuclear genes in males and females. In females, an overrepresentation of mito-
nuclear genes on the X chromosome could be a favourable genomic location
because X-linked genes are co-transmitted with the mitochondrial genome two
thirds of the time (Brandvain and Wade 2009). An overrepresentation of X-
linked mito-nuclear genes would provide more scope for effective female-
specific selection. The opposite is true for males: X-linked mito-nuclear genes
spend even less time in males, which would reduce the opportunity for male-
specific selection to favour mutations that counteract detrimental male-specific
effects. This could drive mito-nuclear genes off the X chromosome (Drown, et
al. 2012; Rice 1984; Werren 2011). In line with this prediction, an
underrepresentation of mito-nuclear genes on the sex chromosomes has been
observed on the mammalian X chromosome (Drown, et al. 2012). However, the
underrepresentation of mito-nuclear genes was only analysed in one sex
chromosome system that is largely conserved across multiple species. In
chapter 4, we investigated the genomic distribution of mito-nuclear genes in
multiple species with different sex chromosome systems. We confirmed a
paucity of mito-nuclear genes in therian mammals and found a similar pattern
in C. elegans. However, all other species studied did not show a significant
under- or overrepresentation of mito-nuclear genes on the sex chromosomes.
This indicates that neither hypotheses based on sexual conflict nor sexual
selection in female heterogametic systems can fully explain the distribution of

mito-nuclear genes across multiple, independent sex chromosome systems.

Consequently, we developed an alternative hypothesis to explain the paucity of
mito-nuclear genes on the therian X chromosome. Mito-nuclear interactions
precede the formation of most sex chromosome systems, and it is possible
that the observed underrepresentation of mito-nuclear genes is the result of an
ancestral under representation of the autosomes, which subsequently evolved

into sex chromosomes. | tested this hypothesis by reconstructing the syntenic
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relationship of the human X chromosome to the ancestral chromosomes in G.
gallus (chicken) and O. anatinus (platypus) and found that the paucity of mito-
nuclear genes was already present in the ancestral regions. Additionally, there
was no significant movement off the X chromosome, suggesting that the
underrepresentation is an ancestral trait, not the result of sexual conflict after
the origin of the sex chromosomes. Given these results, it is likely that the
observed underrepresentation of mito-nuclear genes on the mammalian X
chromosomes (Drown, et al. 2012) is just a chance event and not caused by

selection for mito-nuclear gene movement off the X chromosome in males.

DUF1220 domain dose increase

The ampilification of protein domains could have played an important role in
human evolution (Emerson and Thomas 2009; Popesco, et al. 2006). However,
robust tests associating protein domain gain with phenotypic data in a
phylogenetic framework are still lacking. We thus sought to test if there is an
association between an increase in protein domain copy number and
phenotypic change. In chapter 5, we investigated the association between
domain dose and brain evolution in primates. In order to analyse the DUF1220
protein domain association with phenotypic data across a hierarchical
phylogenetic tree, | developed a pipeline for the identification of DUF1220
domains. | used a DUF1220 Hidden Markov Model (HMM) obtained from the
PFAM database to detect domains across species of primate which last
shared a common ancestor ca. 76 million years ago (Hedges, et al. 2015), then
incorporated all detected sequences and built a specific nucleotide HMM.
Previous analyses were based on BLAST/BLAT, where a single sequence from
one species is used to detect homologous sequences across a range of
species. HMMs built from a range of different species have the advantage of
increased accuracy of detection and reduce the phylogenetic bias that is
inherent in using one single sequence (Terrapon, et al. 2012). My results
indicate that custom-built HMMs detect protein domains more accurately and
that the phylogenetic bias is significantly reduced compared to BLAST/BLAT-

based methods.
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The analyses of the DUF1220 domains confirm a strong association with brain
mass, and in particular neocortex volume (Dumas, et al. 2012; Keeney, et al.
2014). We also demonstrated that DUF1220 domains are associated with
postnatal and not prenatal brain growth, which contrasts with previous work
that hypothesised a specific association with prenatal neurogenesis (Dumas
and Sikela 2009; Keeney, et al. 2015a; Keeney, et al. 2014) based on homology
(Popesco, et al. 2006) and temporal expression data (Keeney, et al. 2015a).
Instead, the analyses are consistent with a potential role for DUF1220
containing genes in microtubule growth (Roubin, et al. 2013) or apoptosis
through direct interactions with NF-kB (Zhou, et al. 2013), processes critical for
postnatal brain development. This is important, because the results fit with a
proposed association of DUF1220 and Autism Spectrum Disorder (ASD)
(Davis, et al. 2014). ASD is thought to develop postnatally (Courchesne, et al.
2001) rather than prenatally, and an increasing body of evidence suggests a

role of inflammatory responses (Depino 2013; Meyer, et al. 2011).

If DUF1220 domain number does contribute to the evolution of postnatal brain
growth, this contrasts with results of previously studied candidate genes with
known roles in neurogenesis that co-evolve with prenatal brain growth
(Montgomery, et al. 2011). This suggests a two-component model of brain
evolution where selection targets one set of genes to bring about an increase
in neuron number (Montgomery, et al. 2011; Montgomery and Mundy 20123;
Montgomery and Mundy 2012b), and an independent set of genes to optimise
neurite growth and connectivity (Charrier, et al. 2012). DUF1220 domain
containing Neuro Blastoma Break Point Family (NBPF) genes may fall into the
latter category. This two-component model is consistent with comparative
analyses indicating that pre- and postnatal brain development evolve
independently, and must therefore be relatively free of reciprocal pleiotropic
effects (Barton and Capellini 2011).

These analyses of DUF1220 across primates also revealed that there is a
strong annotation bias across primate genomes. In comparison to the

comparatively well-annotated human genome, other genomes are only
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available as scaffolds with low-quality gene model predictions that are rarely
updated. This annotation bias can lead to the overestimation of human lineage-
specific trends because higher quality assemblies provide a more accurate
picture of the genomic architecture in regions with large number of protein
domain repeats. In order to account for the differences in annotation quality, |
analysed the DUF1220 counts across a range of different types of data
(proteins, nucleotides, exonic), which revealed the robustness of the observed
pattern. Additionally, | excluded DUF1220 present in pseudogenes because
pseudogenes are not translated, and counting protein domains present in
pseudogenes may therefore not be biologically meaningful. Accounting for
these biases is crucial when examining trends within and between species, as
these differences can, for example, bias studies of gene expression (Zhao and
Zhang 2015).

Finally, it is important to account for the phylogenetic non-independence when
analysing the association of count data with phenotypic traits (Carvalho, et al.
2006; Felsenstein 1985). Failure to do so can result in ‘phylogenetic pseudo
replication’ (Garland 2001). We used phylogenetic generalised linear mixed
models and a Bayesian approach implemented in MCMCglmm (Hadfield 2010)
to investigate gene-phenotype interactions while correcting for phylogenetic
relatedness. Previous studies analysing DUF1220 protein domains ignored this
issue (Dumas, et al. 2012; Keeney, et al. 2015b); doing so can result in an
inflation of statistical significance (Carvalho, et al. 2006). This is also an issue
when comparing gene expression values between species (Dunn, et al. 2013)
and could bias some of the results of recent comparative studies
(e.g.Brawand, et al. 2011) or when comparisons are made using homologous
structures across a range of closely related species. In the future, phylogenetic
analyses should become more prevalent as comparisons between small

numbers of species make the interpretation of the results challenging.
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Analysing comparative transcriptome data:

general lessons

The availability of transcriptomic data across a range of organisms has
facilitated many analyses of gene expression. The design of RNA-Seq
experiments necessitates using many different combinations of tools,
depending on the focus of the study (Conesa, et al. 2016). Here, | would like to
highlight three issues that | consider important when it comes to the

calculation of differential expression using RNA-Seq.

First, RNA-Seq experiments still underutilise biological replicates in favour of
higher sequencing depths, despite a clear increase in statistical power when
using multiple samples (Liu, et al. 2014; Robles, et al. 2012). All RNA-Seq data
analysed in chapters 2 and 3 use four to six biological replicates for every
tissue in order to resolve this issue, except for turkey where only two female
spleen samples could be obtained due to sampling constraints. Four replicates
are sufficient for the detection of differentially expressed genes with a power of
>80%, a sequencing depths of 5 million reads and an FDR level of <0.05 (Liu,
et al. 2014). In chapter 2, on average 17 million mappable reads were available
per sample, which results in enough power to reliably identify differential gene
expression. However, more biological replicates will increase the power even
further and should always be preferred over higher sequencing depth (Liu, et
al. 2014).

Secondly, RNA-Seq data needs to be normalised when comparing expression
data between conditions and across libraries. Normalisation methods do not
only account for differences in library size and gene length (CPM or RPKM), but
also for other technical variables. Recently, comparisons on the effectiveness
of different normalisation methods have become available (Lin, et al. 2016). |
used the TMM method implemented in edgeR (Robinson, et al. 2010), which is
one of the two recommended normalisation methods (Lin, et al. 2016). TMM is
sensitive to filtering of genes and | only filtered out lowly expressed genes after

normalisation, as is recommended by Lin, et al. (2016). For comparisons of the
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same gene across conditions | used Counts Per Million (CPM) values and
Reads Per Kilobase of transcript per Million mapped reads (RPKM) values
when it was necessary to correct for gene length. One additional limitation of
the normalisation methods used is that they assume the majority of genes are
not differentially expressed; however, this assumption is usually violated in
gonadal tissue, where the distribution of gene expression can be fundamentally
different. In this case, normalisation may mistake biological variation with
technical variation and equalise two different distribution of gene expression. |
used multiple tissues that included both somatic and gonadal tissue in order to

account for this issue.

Finally, differences in tissue scaling, in particular allometric scaling, between
conditions can significantly bias the inference of differential gene expression
(Harrison, et al. 2015). This issue is still not widely recognised but Montgomery
and Mank (2016) suggest that using fold-change cut-offs in conjunction with
other statistical tests for differential expression can mitigate some of the
problems. These issues are of central importance as they affect the
comparability of datasets. Any comparative analysis based on non-comparable
data will produce biased results. Improved methods of sampling and data

processing will be central to the future use of RNA-Seq in evolutionary studies.

Annotation and assembly quality differences

Comparisons between sequence data are commonly used to infer evolutionary
relationships between genes. These comparisons depend on the quality of
genome or transcriptome assemblies and annotations across the range of
study species. | encountered issues with the gene annotation and assembly
quality in several of my chapters. In chapter 5, for example, the syntenic
regions between the human X chromosome and the platypus genome are
scattered across multiple UltraContigs (Figure 5.1). These UltraContigs do not
constitute ‘real’ chromosomes and are a result of an incomplete assembly. In
comparison to the human genome, the assembly quality of the platypus

genome is much lower, which could bias the analysis. In order to mitigate this
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issue, | used a second comparison to the well-annotated chicken genome. In
this case | recovered similar results, but in many analyses genome quality may

have a major influence on the patterns detected in evolutionary analyses.

Further effects of the issue of gene annotation quality can be found in chapter
6. In this chapter, | compared the DUF1220 number in human peptides with
counts for chimp and rhesus macaque across different Ensembl database
versions. This shows that differences in annotation quality can impact
comparative results and that this effect may lead to significant differences, not
because of evolutionary changes but solely because of annotation bias.
Differences in the quality of gene models between RNA-Seq and DNA-Seq
based data also affected the analyses presented in chapter 3. Gene models
from RNA-Seq based de novo assemblies often result in protein sequences
that lack any similar sequences in closely related species; this can negatively

affect the reconstruction of gene families.

Finally, Gene Ontology terms (Ashburner, et al. 2000) for comparisons of
functional differences between species should be conducted very carefully, as
they suffer from various annotation biases (Altenhoff, et al. 2012; Schnoes, et
al. 2013). These biases make GO terms potentially unsuitable to test specific

hypotheses, such as the ortholog conjecture (Chen and Zhang 2012).
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General limitations in bioinformatics analyses

The increasing amount of biological data requires many biologists to use
computational tools and methods to analyse their data. The computational
analysis of biological data is changing rapidly and requires a set of non-biology
related skills, most importantly programming or scripting. There is a clear need
for best practices in scientific computing (Wilson, et al. 2014), software
development and scripting (Leprevost, et al. 2014), improved training in
computational skills and the way these steps are reported in published papers.
In this section, | will briefly discuss these challenges and advances made in the

field today.

The large number of computational analyses used to tackle biological
questions does not fit well into the methods section of a traditionally formatted
paper. An accurate description of the methods used should allow other
scientists to fully understand all steps taken, and ultimately allow them to
reproduce the study. For this reason, all database versions used, versions of
software and all defined parameters should be described, but often they are
not. In addition, many studies rely on custom-written software, which should
be freely available in a public, version controlled repository, such as GitHub
(Wilson, et al. 2014). This should be a requirement for publication because
programming code is as central to the analyses as the data, open access to
which is now routinely demanded by journals. However, for many published
studies source code is not made available, thereby increasing the difficulty of
reproducing studies. Any repository available on GitHub that contains
scientifically relevant source code can be assigned a citable Digital Object
Identifier (DOI), which could provide a better incentive to make the source code
available. A study by Kidwell, et al. (2016) suggested that a simple badge
system can also help to encourage more transparent and open practices.
Recent changes, for example in the Data Policy of the Public Library of Science
(PLoS) journals, also require the open accessibility of all collected data and
PloS encourages researchers to make source code available under an open

source license.
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Even if all data and software are made available, it can be hard to reproduce
results that rely on the correct execution of different software packages and
custom written scripts. Recent software, such as Docker and LXC, allows the
creation of container images that include all software needed to rerun a
computational pipeline with relative independence from the host system.
Future studies could provide a single (or multiple) Docker container images,
which allow the exact replication of computational workflows. In combination
with defined ontologies, such as the Common Workflow Language
(http://www.commonwl.org/) computational workflows can be created, shared
and reproduced. In summary, to produce the best science we have to continue
establishing systems that ensure transparency, reproducibility and reward the

use of best practices in scientific computing and bioinformatics.
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Abstract

In many diploid species, sex determination is linked to a pair of sex chromosomes that evolved from a pair of autosomes. In these
organisms, the degeneration of the sex-limited Y or W chromosome causes a reduction in gene dose in the heterogametic sex for X- or
Z-linked genes. Variations in gene dose are detrimental for large chromosomal regions when they span dosage-sensitive genes, and
many organisms were thought to evolve complete mechanisms of dosage compensation to mitigate this. However, the recent
realization that a wide variety of organisms lack complete mechanisms of sex chromosome dosage compensation has presented a
perplexing question: How do organisms with incomplete dosage compensation avoid deleterious effects of gene dose differences
between the sexes? Here we use expression data from the chicken (Gallus gallus) to show that ohnologs, duplicated genes known to
be dosage-sensitive, are preferentially dosage-compensated on the chicken Z chromosome. Our results indicate that even in the
absence of a complete and chromosome wide dosage compensation mechanism, dosage-sensitive genes are effectively dosage

compensated on the Z chromosome.

Key words: dosage sensitivity, whole genome duplication, sex chromosomes, ohnologs.

Introduction

Heteromorphic sex chromosomes have evolved independently
in many species (Bachtrog et al. 2014; Beukeboom and Perrin
2014). In some cases, recombination has been suppressed
along the majority of the length of the sex chromosomes,
leading to a large-scale loss of active genes from the sex-
limited Y and W chromosomes (Charlesworth et al. 2005;
Bachtrog et al. 2011). This results in large differences in size,
with one large, gene-rich chromosome (X or Z chromosome),
and one smaller chromosome, lacking many genes (Y or W
chromosome).

The decay of Y and W chromosome gene content leads to
differences in gene dose between the sexes, where the het-
erogametic sex has one half of the dose of all genes lost from
the sex-limited chromosome compared with the homoga-
metic sex. For many loci, gene dose correlates with gene ex-
pression (Pollack et al. 2002; Birchler et al. 2005; Torres et al.
2007; Malone et al. 2012), therefore the reduced gene dose
on the X or Z chromosome should result in reduced gene

expression in the heterogametic sex. When dosage-sensitive
genes are affected, this could lead to a reduction in fitness in
the heterogametic sex, and result in selective pressures favor-
ing the evolution of dosage compensation mechanisms (Ohno
1967; Charlesworth 1978, 1996, 1998). These mechanisms
should equalize the expression between the sex chromosomes
and the autosomes, thereby restoring them to the ancestral
level before the decay of gene content on the W or Y chro-
mosome. Second, they should equalize the expression of in-
dividual dosage-sensitive genes between males and females.

Although it was once assumed that complete and global
dosage compensation would always be associated with sex
chromosome evolution (Ohno 1967), there is considerable
variation in the mechanism and completeness of dosage com-
pensation across species. For example, in Drosophila melano-
gaster (Conrad and Akhtar 2012) and Caenorhabditis elegans
(Meyer 2010), dosage balance is achieved through regulatory
mechanisms affecting the entire X chromosome (Straub and
Becker 2007). In these cases, differences in gene dose of the
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sex chromosome are compensated for and expression is on
average balanced between the sexes for the X chromosome,
and between the single X and the diploid autosomes in males,
the heterogametic sex. However, it is now clear that complete
mechanisms of dosage compensation are rare, and many or-
ganisms, including birds (Ellegren et al. 2007; Itoh et al. 2007,
Naurin et al. 2011; Wolf and Bryk 2011; Uebbing et al. 2013;
Wright et al. 2015), snakes (Vicoso et al. 2013), many insects
(Vicoso and Bachtrog 2015), and fish (Leder et al. 2010; Chen
et al. 2014), have incomplete dosage compensation (reviewed
in Mank 2013).

Incomplete dosage compensation was first documented in
chicken (Ellegren et al. 2007; Itoh et al. 2007) and subse-
quently confirmed in several other avian species (Naurin
et al. 2011; Wolf and Bryk 2011; Uebbing et al. 2013;
Wright et al. 2015). In birds, which are a model for studies
of incomplete dosage compensation, there is a significant re-
duction in average expression of the Z chromosomes in fe-
males, the heterogametic sex, relative to the autosomes as
well as to the male Z chromosome average (Ellegren et al.
2007; Itoh et al. 2007; Wolf and Bryk 2011; Uebbing et al.
2013, 2015). The realization that many organisms with het-
eromorphic sex chromosomes have not in fact evolved com-
plete and global dosage compensation mechanisms is
perplexing as it is unclear how these organisms cope with
negative dose effects. A reduction in gene dose often does
not produce an observable difference in expression for many
genes (Malone et al. 2012), and it was unclear whether certain
loci are actively dosage-compensated or simply lack dose
effects.

One possible explanation proposed by Mank and Ellegren
(2008) is that instead of requiring a global mechanism of
dosage compensation, the regulation of gene dose might
occur on a gene-by-gene basis. A more targeted, local mech-
anism of dosage compensation should primarily affect the
expression of dosage-sensitive genes (Mank et al. 2011).
The role of dosage-sensitivity for the evolution of dosage com-
pensation mechanisms has been discussed by a number of
reviews (Mank 2013; Pessia et al. 2013; Ercan 2015; Veitia
et al. 2015) and was investigated in a range of species. For
example, in mammals X chromosomal expression is reduced
compared with the autosomes in both males and females
(Xiong et al. 2010; Julien et al. 2012), possibly as a conse-
guence of X chromosome inactivation. However, dosage-
sensitive genes, such as protein—complexes, show evidence
of a higher degree of dosage-compensation (Lin et al. 2012;
Pessia et al. 2012), compared with other gene categories.
Recent studies in nematodes (Albritton et al. 2014) and fish
(White et al. 2015) also showed similar patterns of compen-
sated dosage-sensitive genes.

Dosage-sensitivity can result from interactions with other
genes or gene products (Veitia 2004), such as in the case of
transcription factors and large protein complexes (Papp et al.
2003). Individual duplications of these dosage-sensitive genes

are likely to be rare, as they disrupt the stoichiometric balance
and may disturb gene networks (Birchler et al. 2001; Papp
et al. 2003; Birchler and Veitia 2012). However, dosage-
sensitive genes should be preferentially retained after whole
genome duplications (WGDs) (Edger and Pires 2009; Birchler
and Veitia 2012). In contrast, dosage-insensitive genes that do
not exhibit neo- or sub-functionalization are often lost after
WGD (Dehal and Boore 2005). WGDs have occurred in a wide
range of lineages (Wolfe and Shields 1997; Kellis et al. 2004;
Dehal and Boore 2005; Cui et al. 2006; Van de Peer et al.
2009), including two rounds of WGD events roughly 500
MYA ago (Dehal and Boore 2005), which gave rise to roughly
16-34% of the chicken genome (Singh et al. 2015).

Preferentially retained gene duplicates originating from
WGDs, also known as ohnologs (Wolfe 2000, 2001), are
skewed toward gene families associated with dosage-sensitive
functions such as signaling and development (Blomme et al.
2006) and protein—complexes (Makino et al. 2009). The
dosage sensitivity of ohnologs (Blomme et al. 2006; Makino
et al. 2009) is well established and makes them particularly
useful in assessing the effectiveness of incomplete dosage
compensation. We therefore use ohnologs to investigate the
effectiveness of compensation on the chicken Z chromosome
and to understand the evolution of incomplete sex chromo-
some dosage compensation mechanisms in general.

Results

We generated RNA-Seq gene expression profiles from multi-
ple male and female biological replicates for four different
tissues (spleen, heart, liver, and gonad) in chicken (Gallus
gallus), recovering on average 17 million paired-end mappable
reads per sample. We removed genes that were not expressed
on average in all male and female above at least two counts
per million (CPM). The number of genes expressed on the
autosomes and Z chromosome for each tissue are shown in
supplementary table S1, Supplementary Material online.

Incomplete Dosage Compensation in Females and
Reduced Z Expression in Males

Dosage compensation has been assessed in a variety of ways,
often depending on the system being studied. We used two
approaches to assess dosage compensation status. First, com-
plete dosage compensation should equalize female Z-linked
and autosomal expression. Second, dosage compensation can
also act on a local gene-by-gene basis, balancing the individual
gene expression in males and females, which may be the
dominant mechanism for dosage-sensitive genes.

Consistent with previous studies showing the incomplete
dosage compensation in chicken, we detected lower average
expression of Z-linked genes in comparison to autosomal
genes in all female tissues (spleen P < 0.0001, Z-score=11.19;
heart P<0.0001, Z-score=11.22; liver P<0.0001,
Z-score=8.88; ovaries P< 0.0001, Z-score=9.20; Wilcoxon
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Fic. 1.—Comparison of gene expression measured for autosomal genes (dark grey) and Z-linked genes (light grey) in (a) spleen, (b) heart, (c) liver, and (d)
gonad tissue in males and females. In all tissues, gene expression for Z-linked genes is significantly lower in comparison to autosomal genes in females. In
males, gene expression of Z-linked genes is significantly lower in comparison to autosomal genes in all somatic tissues but not in gonad. Significance levels are
indicated as stars (*P < 0.05, **P < 0.001, ***P < 0.0001), differences between distributions were tested using Wilcoxon Rank Sum tests. The number of
genes expressed on the autosomes and Z chromosome(s) are given in brackets for each distribution. Boxes show the interquartile range, notches represent
the median of the distribution and whiskers extend to 1.5 times the interquartile range (Q3 + 1.5 x IQR, Q1-1.5 x IQR). Outliers are not shown for clarity, but

included in all statistical comparisons.

Rank Sum Test, fig. 1, supplementary fig. S1 and table S2,
Supplementary Material online). We also expect that the av-
erage expression of the Z chromosomes in males is similar to
the autosomal average, as two Z chromosomes are present. In
line with this prediction, we find that the distribution of male
expression is not significantly different to the autosomes in
testes (P=0.79, Z-score=0.27, Wilcoxon Rank Sum Test).
However, a previous study has indicated that in some tissues,
expression of the Z in males is also less than the autosomal
average (Julien et al. 2012), and we also recovered a signifi-
cant reduction in average expression of Z-linked loci compared
with average autosomal expression in all somatic tissues in
males (spleen P <0.0001, Z-score=5.50; heart P <0.0001,
Z-score=6.69; liver P<0.0001, Z-score=5.02; Wilcoxon
Rank Sum Test). When we compared the average expression

level of all autosomes and the Z chromosomes, it is clear that
the Z chromosome expression in both males and females is
outside the autosomal spectrum for all somatic tissues
(supplementary fig. S1, Supplementary Material online).

One possible explanation for the low Z expression could be
the inclusion of lowly expressed genes, but the median Z:A
ratios for males (ZZ.AA) and females (Z:AA) across a range of
higher CPM expression thresholds (supplementary fig. S2,
Supplementary Material online) is similar, suggesting that a
minimum CPM threshold >2 is effective in filtering out lowly
expressed genes. The difference in male and female Z-linked
gene expression is also robust across expression quartiles,
except for gonad expression quartile one (supplementary fig.
S3, Supplementary Material online). The reduction in Z expres-
sion in males is also consistent with the possible inactivation of
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one Z chromosome in males, analogous to the X inactivation
observed in therian females (Cooper et al. 1993; Deakin et al.
2009). Male Z chromosome inactivation has been suggested
by previous work on a limited number of Z-linked loci
(Livernois et al. 2013) and we investigated the potential for
Z inactivation using our RNA-Seq data. If one copy of the Z
chromosome were partially inactivated in males, we would
expect to find SNPs with a significantly greater contribution
to the total expression from one allele at heterozygous sites.
Our analyses of allele-specific expression (ASE) indicate that
only a limited number of Z-linked genes exhibit ASE, and there
is no robust evidence that the proportion is greater than that
observed for the autosomes (Supplementary Material online).
This suggests that the reduction in male expression on the Z
chromosome is not due to chromosomal inactivation.

Ohnologs Are Preferentially Dosage-Compensated

If incomplete dosage compensation is sufficient for compen-
sating dosage-sensitive genes, we might expect the propor-
tion of dosage-compensated ohnologs on the Z chromosome
to be higher in comparison to nonohnologs. We tested
whether ohnologs are more often dosage-compensated
using our expression data and ohnologs obtained from the
OhnologsDB (Singh et al. 2015). The chicken genome contains
5,228 (33.71%) annotated ohnologs, of which 223 are an-
notated on the Z chromosome. Z chromosome ohnologs

1 (a) Spleen

(b) Heart

show over-enrichment for Gene Ontology terms compared
with all genes, such as cell motility and locomotion, which
may be important in dosage sensitivity (supplementary table
S3, Supplementary Material online).

In order to determine whether ohnologs are preferentially
dosage-compensated, we first compared the log, fold change
between female and male expressions for Z-linked ohnologs
and nonohnologs (fig. 2). The difference in expression be-
tween females and males (logy,FC) was significantly lower
for ohnologs than nonohnologs (spleen P <0.0001,
Z-score=5.95; heart P<0.0001, Zscore=4.57; liver
P <0.0001, Z-score="5.22; gonad P < 0.0001, Z-score = 4.89;
Wilcoxon Rank Sum Test), suggesting a higher degree of
dosage compensation. In addition, the proportion of
dosage-compensated ohnologs (log,FC range from —0.5 to
0.5) was significantly higher when compared with non-
ohnologs in all tissues (P-value < 0.0001 in all comparisons;
Fisher’s Exact test, table 1). This is also the case when we used
a wider range of log,FC (—0.6 to 0.6), similar to the mean
expression change for female one-dose genes reported
by Malone et al. (2012) (supplementary table S4,
Supplementary Material online). In addition, we used the
strict set of ohnologs from the OhnologsDB, with 2,489 ohno-
logs annotated in the chicken genome and 106 on the Z chro-
mosome, recovering similar results (supplementary fig. S4 and
Table S5, Supplementary Material online).

(c) Liver (d) Gonad

~2.5L— ' '

*X%
r

Ohno non-Ohno

Ohno non-Ohno
(177)  (352) (165)  (328)
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Fic. 2.—Comparison of log,-transformed fold change between female and male expressions for ohnologs (green) and nonohnologs (grey) on the Z
chromosome in (a) spleen, (b) heart, () liver, and (d) gonad. The number of genes in the distributions is given in brackets. Negative fold changes indicate
higher male expression; positive fold changes indicate stronger female expression. Significance levels are indicated as stars (*P<0.05, **P < 0.001,
***%P <(0.0001), differences between distributions were tested using Wilcoxon Rank Sum tests. Outliers are not shown for clarity, but included in all

statistical comparisons.
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Table 1

Contingency Tables for All Four Tissues, Comparing the Proportion of Dosage-Compensated (DC) and Uncompensated (U) Ohnologs to Non-

ohnologs Using a Fisher’s Exact Test

Ohnolog Non-ohnolog P value Odds ratio
DC U U
Spleen 126 (71.19%) 51 (28.81%) 180 (51.14%) 172 (48.86%) 1.08x10> 2.36
Heart 111 (67.27%) 54 (32.73%) 152 (46.34%) 176 (53.66%) 1.06x107° 2.38
Liver 105 (71.92%) 41 (28.08%) 147 (49.16%) 152 (50.84%) 6.52x10°® 2.65
Gonad 86 (42.79%) 115 (57.21%) 103 (25.56%) 300 (74.44%) 2.57x10° 2.18

Note—Significant P values are reported in bold.

An alternative explanation for the high degree of dosage
compensation among ohnologs is that all paralogs, even those
that originate in single-gene duplications, are dosage-com-
pensated. We tested this hypothesis by extracting Z-linked
paralogs from the Ensembl database (Cunningham et al.
2015) that originated in single-gene duplication events.
These paralogs do not show a higher proportion of dosage
compensation (P> 0.05 in all comparisons; Fisher’s Exact test;
supplementary table S6, Supplementary Material online) com-
pared with all other genes on the Z chromosome. This indi-
cates that the higher degree of dosage compensation among
ohnologs is not a property of paralogs in general, and that the
mode of duplication has an important impact on the evolution
of gene-by-gene dosage compensation.

Older Z Chromosome Parts Contain Fewer Ohnologs

Sex chromosome divergence can drive the movement of some
gene classes off the sex chromosomes (Emerson et al. 2004;
Potrzebowski et al. 2008; Vibranovski et al. 2009) and we
might expect an out of Z migration for dosage-sensitive
genes. Overall, the proportion of ohnologs is not significantly
different between the Z (764 coding genes) and the genomic
background (14,744 coding genes) (P=0.19, odds ra-
tio=0.89; Fisher’s Exact test), suggesting that the Z chromo-
some is not depleted of ohnologs and that dosage-sensitive
gene have not moved off the Z. However, the Z chromosome
contains at least four strata, where recombination was sup-
pressed between the Z and W at different times, spanning
roughly 130 million years (Wright et al. 2012). We divided the
chromosome into an old and young parts along the border of
stratum 3, resulting in two almost equally sized regions of the
Z chromosome. Given 223 ohnologs located on the Z chro-
mosome, we expect that half of these would be located in the
old and half in the young part of the chromosome. However,
the number of ohnologs in the older half of the chromosome
is significantly less than expected (X2=22.605, P <0.0001;
Chi-square test), and also significantly less when accounting
for the difference in gene content (P < 0.05, odds ratio=0.62;
Fisher's Exact test). This could indicate that some ohnologs
may have relocated during the early evolution of the Z
chromosome. When we compared the proportion of

dosage-compensated ohnologs between old and young
parts of the Z chromosome, we do not detect a significantly
higher proportion of dosage-compensated ohnologs in older
parts (P> 0.05 in all comparisons; Fisher's Exact test), suggest-
ing that dosage compensation of ohnologs occurs relatively
quickly following W chromosome gene loss. Alternatively, this
bias could be an artifact of the ancestral ohnolog distribution,
as the WGD events precede the formation of the sex chromo-
some system.

Dosage Compensation of Ohnologs across Tissues

The degree of dosage compensation is similar in all somatic
tissues (P> 0.05 in all comparisons; Fisher’s Exact test; supple-
mentary table S7, Supplementary Material online), and greater
in the soma compared with the gonad (P < 0.0001 in all com-
parisons; Fisher's Exact test; supplementary table S7,
Supplementary Material online). Tissues can be seen as a
form of functional compartmentalization, and the same
gene can show a diverse range of expression patterns in dif-
ferent tissues. For this reason, similar overall dosage compen-
sation could hide an underlying pattern of pleiotropic
expression. Dosage sensitivity may in fact be tissue dependent
and can result in gene-by-gene dosage compensation (Mank
and Ellegren 2008).

We also investigated the overlap of dosage-compensated
ohnologs across tissues. A set of 68 of 223 ohnologs was
dosage-compensated in all somatic tissues; however, we de-
tected substantial variation (fig. 3). Of the 68 ohnologs that are
dosage-compensated in all somatic tissues, only 36 are also
dosage-compensated in gonad, showing that only a small
core set of ohnologs are dosage-sensitive across all tissues. In
gonad, a unigue set of 50 ohnologs was dosage-compensated.
In combination with the overall lower degree of dosage com-
pensation in gonad, this suggests different dosage compensa-
tion patterns when compared with the somatic tissues.

Discussion

Our analyses of dosage compensation and ohnologs on the
chicken Z chromosome provide novel insights into the nature
of incomplete dosage compensation. We confirm previous
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Liver

Fic. 3.—(a) Overlap between dosage-compensated ohnologs in the
three somatic tissues. (b) Overlap between dosage-compensated genes in
the soma (spleen, heart, and liver) and gonad tissue. Circles represent the
total of dosage-compensated ohnologs in a tissue and numbers indicate
the overlap between sets.

reports of incomplete dosage compensation in chicken
(Ellegren et al. 2007; Itoh et al. 2007; Uebbing et al. 2015)
and show that ohnologs are preferentially dosage-compen-
sated on the chicken Z chromosome, indicating that incom-
plete dosage compensation can effectively balance dosage-
sensitive genes. Even though the average expression of the Z
chromosome is consistently lower in females as a function of
incomplete dosage compensation, a considerable number of
Z-linked genes show equal expression between males and
females. Moreover, selection for compensation of dosage-
sensitive genes appears to act relatively quickly, as there is
no significant difference in the proportion of dosage-compen-
sated ohnologs in younger regions of the avian Z chromosome
compared with older regions.

The X chromosomal expression in mammals is reduced
compared with the autosomes, potentially as a consequence
of X inactivation (Xiong et al. 2010; Julien et al. 2012). It has
been suggested that selection for the compensation of
dosage-sensitive genes could have driven the evolution of X
inactivation in therian mammals. Similarly, we also observe a
reduction in Z expression in somatic tissues in males (Itoh et al.
2007). The reduced expression of the Z chromosome com-
pared with the autosomes in males is not as pronounced as in
females (fig. 1, supplementary table S2, Supplementary
Material online) and there are several possible explanations
for this pattern. The reduction has been suggested to result
by partial Z inactivation that affects parts of the chromosome
(Livernois et al. 2013; Graves 2014). However, our assessment
of ASE suggests that inactivation is not a major mechanism
affecting Z chromosome expression in males. An alternative
explanation for the lower Z expression may be that the ances-
tral expression level of the Z chromosome, before the differ-
entiation of the sex chromosomes, was already on average on
the lower end of the expression spectrum (Brawand et al.
2011; Julien et al. 2012). Finally, it is possible that dosage
sensitive genes have moved off the Z, as the mammalian X

chromosome is depleted of genes requiring high transcription
rates as a result of haploid expression in females (Hurst et al.
2015). Our analysis suggests that although there is some po-
tential for movement of dosage-sensitive genes off the Z chro-
mosome, the effect is confined to the oldest regions of the Z
chromosome and is not substantial enough to explain the
reduced expression in males.

It is important to keep in mind that the detection of ohno-
logs in vertebrate genomes remains challenging due to the
age of the two rounds of WGD. All tools for the detection of
ohnologs depend on the analysis of preserved gene order
(synteny) among paralogs to distinguish single-gene dupli-
cates from WGD. Large intra-genomic rearrangements may
complicate these analyses, and may result in the underestima-
tion of the number of ohnologs. Avian genomes, however,
are relatively stable and compact, with fewer repeats and
more coding DNA compared with other amniotes (Hillier
et al. 2004; Ellegren 2005; Organ et al. 2007), suggesting
that these issues are less prevalent. In addition, the detection
of ohnologs depends on the selection of one or more out-
groups that did not undergo a WGD to distinguish between
genes that were duplicated before the WGD events. The out-
group selection can influence the number of ohnologs
(Makino and McLysaght 2010) and the OhnologsDB mitigates
that issue by using multiple outgroups.

Conclusion

Our results are consistent with gene-by-gene dosage compen-
sation (Mank and Ellegren 2008; Mank 2013; Uebbing et al.
2013) and demonstrate that selection for dosage compensa-
tion of ohnologs does not necessitate the evolution of a global
dosage compensation mechanism. This in turn leads to the
interesting question why some organisms exhibit complex
mechanisms of complete dosage compensation that require
regulation of the entire X chromosome when such mecha-
nisms are not necessarily evolutionarily required.

Methods

RNA-Seq Analysis and Gene Expression Estimates

We collected heart, liver, and spleen samples from White
Leghorn chicken (G. gallus) embryonic day 19 eggs incubated
under standard conditions. Embryos were sexed visually and
based on expression of W-linked genes. For each tissue, four
biological samples were collected for both males and females.
One female liver sample was excluded from the analyses be-
cause it showed only spurious W expression and when inves-
tigating the Z:A ratio it was clearly masculinized. All samples
were first stored in RNAlater (Qiagen) and then total RNA was
extracted (Qiagen Animal Tissue RNA kit).

Library construction and lllumina sequencing was done at
the Wellcome Trust Centre of Human Genetics (WTCHGQ),
Oxford. Each sample was normalized to 2.5 ng total RNA
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prior to a PolyA isolation using an NEB Magnetic mRNA
Isolation Kit. PCR was carried out over 15 cycles using cus-
tom-indexed primers (WTCHG). Libraries were quality con-
trolled with picogreen and tapestation, and were
subsequently normalized equimolarly into 12-plex pools for
lllumina HiSeq sequencing. Heart, liver, and spleen samples
were sequenced using an lllumina HiSeq 2000 as paired-end
100-bp reads. 51-bp paired end reads of gonadal samples
from the same development stage were obtained from
Moghadam et al. (2012).

We trimmed each library using Trimmomatic v0.22 (Lohse
et al. 2012) removing leading and trailing bases with a Phred
score <3 and trimming using a sliding window approach
when the average Phred score over four bases was <15.
Reads were kept if they were at least 36 bases after trimming.
Libraries were quality-inspected manually using FASTQC
v0.10.1 (http:/Avww.bicinformatics.babraham.ac.uk/projects/
fastqc/). The trimmed libraries were aligned against the
chicken reference genome Ensembl version 75 Galgald
(Cunningham et al. 2015) using TopHat v2.0.11 (Kim et al.
2013) and bowtie2 v2.2.2 (Langmead and Salzberg 2012)
allowing five mismatches to the reference genome, with on
average 17 million paired-end mappable reads per sample.
Multi-mapping reads were removed and we then sorted
and indexed the resulting alignment files for each library sep-
arately using Samtools v0.1.18/9 (Li et al. 2009).

We extracted reads mapping to annotated genes using
HTseg-Count v0.6.1p1 (Anders et al. 2014) and normalized
all tissues separately using the trimmed mean of M-values
method available in edgeR v3.2.4 (Robinson et al. 2010).
We estimated differential expression between males and fe-
males in all tissues using edgeR'’s exactTest method and ex-
ported the log, fold change (log,FC; female—male expression),
average log, count per million (logCPM), FDR corrected
P-values from the exactTest function and individual CPM
values for all samples and genes. Genes were only included
when the average CPM was >2 across all males and females,
filtering out loci with low expression. When comparing groups
of genes to each other, we normalized the CPM values by
gene length, resulting in reads per kilobase of transcript per
million mapped reads values (RPKM). Only genes annotated to
the autosomes and the Z chromosome were assessed.
Individual genes were defined as dosage-compensated on
the Z chromosome if the female:male log, fold change
ranged from —0.5 to 0.5 (Wright et al. 2015). We defined
genes as sex-biased if the edgeR exactTest was significant
after FDR correction (g <0.05) and the log, fold change
was >1 for female-biased genes or <—1 for male-biased
genes.

Identification of Ohnologs and Other Paralogs

We used the Ohnologs database (http://ohnologs.curie.fr/)
(Singh et al. 2015) to obtain ohnologs present in the chicken

genome. We used the relaxed set of ohnologs as the primary
dataset, in order to maximize the number of ohnologs. In
addition, we used the Ensembl REST API (accessed February
2015) (Yates et al. 2015) to identify all paralogs in the chicken
genome, which also includes those homologs originated in
single-gene duplications.

Functional Annotation of Ohnologs

We used the G:profiler toolkit (Reimand et al. 2011) to per-
form GO Term (Ashburner et al. 2000) overrepresentation
analyses. All ohnologs on the Z chromosome were provided
as an input list and compared with the entire genomic back-
ground, using only genes with annotated GO terms in the
comparison. Standard settings were used and GO Terms
were only considered if they had a significant P value after
multiple testing correction via G:Profiler's G:SCS method
(P value <0.05). We additionally used the CORUM database
(Ruepp et al. 2010), version from February 2012, to annotate
protein complexes in the chicken genome. The CORUM data-
base contains only mammalian data and we used the Ensembl
REST API (Yates et al. 2015) to detect the corresponding
chicken homologs, where possible.

SNP Calling and Estimation of ASE

In order to detect ASE from RNA-Seq data we modified a
pipeline from Quinn et al. (2014). As we were interested in
detecting ASE on the Z chromosome, we only called SNPs in
the homogametic sex (males) for each tissue. SNPs were called
using Samtools mpileup v0.1.18 (Li et al. 2009) and VarScan2
v2.3.6 (Koboldt et al. 2012). SNPs were called separately for
each tissue using all four available male samples. We required
minimum coverage of 2 and minimum Phred score of 20
(=min-avg-qual 20) to call an SNP and also required a mini-
mum frequency of 0.9 to call a homozygote (—min-freq-for-
hom 0.9). The resulting variant call formatted files were then
filtered further to remove noise and increase SNP call confi-
dence. In a first step, we filtered out SNPs using a combination
of a fixed minimum threshold of 17 reads per site (the com-
bination of major and minor allele) in all samples, as our power
analysis indicates that a 17 read coverage for an SNP results in
73% power to detect allele specific-expression and also ex-
cluded all SNPs with more than two alleles. We additionally
used a variable threshold that accounts for the likelihood of
observing a second allele because of sequencing errors an
error probability of 1 in 100 (Quinn et al. 2014) and a maxi-
mum coverage of 100,000. RNA-Seq data have an intrinsic
bias for the estimation of ASE, because those reads that re-
semble the reference genome have a higher probability of
aligning successfully. In order to remove this bias, we elimi-
nated clusters of SNPs if there were >5 SNPs in a window of
100 bp (Stevenson et al. 2013). We used BEDtools intersect
v2.20.1 (Quinlan and Hall 2010) to filter out all SNPs that were
not located in a known transcript.
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If both chromosomes are active to the same degree, we
expect that the probability of observing reads from one or the
other chromosome is 0.5. We therefore used a two-tailed
binomial test to show significant deviations from this expected
distribution (P < 0.05). Binomial tests were corrected for mul-
tiple testing on the autosomes, because of the larger number
of testable sites. In order to account for the fact that binomial
tests will be significant even for very small deviations in the
observed distribution when the sample size, in our case the
alignment depth, is big enough, we also employed a mini-
mum threshold of 70% reads stemming from one allele to
call significant ASE. In addition, we used a power analysis to
ensure that our ability to detect ASE is sufficient. At a mini-
mum coverage of 17 reads per site our power for detecting
ASE is >73%, which suggests that we are able to detect
patterns of ASE successfully in most cases. We only included
genes in the analysis if at least one SNP showed consistent ASE
across all samples.

All analyses and statistical comparisons were performed
using Python, Matplotlib (Hunter 2007) and R (R Core Team
2015), code and iPython notebooks (Pérez and Granger 2007)
are available on GitHub at https:/github.com/gfma/ohnolog-
dc. All sequencing data used in the analyses are available in
the NCBI Short Read Archive under accession number
SRP065394.

Supplementary Material

Supplementary tables S1-S7 and figures S1-54 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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Abstract

Mitochondrial interactions with the nuclear genome represent one of life’s most important co-evolved mutualisms. In many organ-
isms, mitochondria are maternally inherited, and in these cases, co-transmission between the mitochondrial and nuclear genes differs
across different parts of the nuclear genome, with genes on the X chromosome having two-third probability of co-transmission,
compared with one-half for genes on autosomes. These asymmetrical inheritance patterns of mitochondria and different parts of the
nuclear genome have the potential to put certain gene combinations in inter-genomic co-adaptation or conflict. Previous work in
mammals found strong evidence that the X chromosome has a dearth of genes that interact with the mitochondria (mito-nuclear
genes), suggesting that inter-genomic conflict might drive genes off the X onto the autosomes for their male-beneficial effects. Here,
we developed this idea to test coadaptation and conflict between mito-nuclear gene combinations across phylogenetically inde-
pendent sex chromosomes on a far broader scale. We found that, in addition to therian mammals, only Caenorhabdiitis elegans
showed an under-representation of mito-nuclear genes on the sex chromosomes. The remaining species studied showed no overall
bias in their distribution of mito-nuclear genes. We discuss possible factors other than inter-genomic conflict that might drive the

genomic distribution of mito-nuclear genes.

Key words: X chromosome, Z chromosome, sexual conflict, Haldane's sieve, OXPHOS.

Introduction

The eukaryotic cell contains two distinct genomes—the nu-
clear and the mitochondrial—whose coordinated interactions
over billions of years now represent one of life’s most impor-
tant co-evolved mutualisms (Gillham 1994). Many gene prod-
ucts are encoded in the nucleus and exported to the
mitochondria, where they interact with other, mitochondrially
encoded, genes. Organismal fitness depends upon compati-
bility between nuclear and mitochondrial gene products
(Meiklejohn et al. 2013), and these interactions (hereafter
“mito-nuclear”) are fundamental to eukaryotic existence
and underlie key life history traits, including somatic mainte-
nance, reproductive performance, and aging (Rand et al.
2004; Dowling et al. 2008).

However, because mitochondria are often maternally in-
herited, selection acting on these mito-nuclear interactions is
asymmetrical in males and females. Mutations detrimental to
males are not selected against unless they are also detrimental
to females, except in some cases involving nonrandom
mating, sperm limitation, or paternal mitochondrial transmis-
sion (e.g., Rand et al. 2001; Wade and Brandvain 2009;

Unckless and Herren 2009; Hedrick 2011; Zhang et al
2012). In extreme cases, mitochondrial mutations that harm
males can even be selected for if they benefit females. This
results in a male mutational load, where mutations detrimental
to males are not purged from populations and accumulate
across generations (Frank and Hurst 1996; Gemmell et al
2004). This male mutational load can be detected in the
form of male-biased gene mis-expression (Innocenti et al.
2011), reduction in male lifespan (Camus et al. 2012), and
male fertility (Smith et al. 2010; Yee et al. 2013) in individuals
that contain mitochondria from different populations.
Maternal inheritance of mitochondria puts mitochondrial
genes in contrasting evolutionary dynamics with different
parts of the nuclear genome: whereas Y chromosomes have
strict paternal transmission, autosomes are equally transmitted
through males and females, and X chromosomes spend twice
their time in females compared with males. This sexual asym-
metry across the genome might set the scene for intergenomic
coadaptation or conflict. On the one hand, we expect benefi-
cial gene combinations to be facilitated if genes that interact
with the mitochondria are on the X chromosome. The X

© The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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1096  Genome Biol. Evol. 6(5):1096-1104. doi:10.1093/gbe/evu063  Advance Access publication March 28, 2014

10T ‘g1 QUnf U0 SNIAIDS AIeIqr D 18 /310 seuInolpioyxo-aq3//:dny woiy papeoumoc]


-
-
'
e
-
-
to
-
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Genomic Distribution of Mito-nuclear Genes

GBE

chromosomes in mammals and Drosophila have been shown
to be feminized for gene expression (Khil et al. 2004; Meisel
et al. 2012), and X-linked genes are co-transmitted with mi-
tochondrial genes through the female two-third of the time.
Under such a scenario—with inter-genomic co-adaptation
driving the distribution of genes that interact with mitochon-
dria—we might expect an over-representation of mito-nuclear
genes on the X (Rand et al. 2001; Wade and Goodnight 2006;
Brandvain and Wade 2009). On the other hand, the accumu-
lation of mutations that are detrimental to males, referred to as
male-biased mitochondrial mutational load, might be amelio-
rated if genes that interact with the mitochondria move off the
X, onto parts of the genome with equal (or even male-biased)
transmission. If conflict drives the distribution of mito-nuclear
genes, we would expect an under-representation of genes
that interact with the mitochondria on the X chromosome
(Rice 1984; Werren 2011; Drown et al. 2012).

We might also expect converse patterns for Z chromo-
somes in female-heterogametic (ZW ZZ) species. ZW systems
often show reverse patterns for sexual conflict scenarios be-
cause the Z is masculinized (Wright et al 2012) while the X is
feminized for gene expression. This potentially results in an
under-representation of mito-nuclear genes on the Z chromo-
some because mitochondria are co-transmitted with Z chro-
mosomes only one-third of the time. Alternatively, because
the Z and mitochondria can never be transmitted through
males, it is possible that there is no expected bias on Z chro-
mosomes with regard to mito-nuclear genes (Drown et al
2012). Finally, it has also been suggested that the Z chromo-
some might be enriched for mito-nuclear genes due to some
types of sexual selection in males (Hill and Johnson 2013).

These predictions for the distribution of mitonuclear genes
are predominantly based on probabilities of co-inheritance of
mitochondria with different parts of the nuclear genome and
do not take into account more complex processes such as link-
age patterns of genes interacting with mitochondria. Empirical
evidence for mito-sex chromosome interactions is not consis-
tent. Some experimental evidence suggests genes on the X
chromosome interact with mitochondrial genomes in
Drosophila (Rand et al. 2001), whereas other assessments
failed to detect mito-autosomal interactions (Clark 1985;
Clark and Lyckegaard 1988). Consistent with the predictions
of inter-genomic conflict, a strong under-representation of mi-
tochondrial genes on the X chromosome was found across a
range of mammal species (Drown et al. 2012). However, the
data set used by Drown et al. (2012) is phylogenetically non-
independent, as the X chromosomes in the therian mammals
derived from the same common ancestor and show strong
conservation of gene content across the clade (Veyrunes
et al. 2008). Therefore, the broader generality of the dearth
of mitochondrial genes on the X remains largely unexplored.

Here, we test the universality of predictions of mito-nuclear
co-adaptation and conflict by exploring the genomic distribu-
tion of genes that interact with the mitochondrial genome.

We extend previous studies by exploring these interactions on
a broad scale, incorporating multiple examples of male- and
female- heterogamety in species with independent origins of
their sex chromosomes.

Materials and Methods

Detection and Localization of Genes Interacting with
Mitochondria

In order to expand our analysis to species with less complete
genome annotations, we modified the protocol from Drown
et al. (2012) to compare the chromosomal distribution of
genes that interact with the mitochondria across a range of
species with phylogenetically independent sex chromosomes.
In the first step, we obtained the proteomes for the several
therian mammals (Bos taurus, Pan troglodytes, Canis familiaris,
Gorilla gorilla, Homo sapiens, Macaca mulatta, Equus caballus,
Oryctolagus cuniculus, Pongo abelii, Rattus norvegicus, Sus
scrofa, and Monodelphis domestica), the monotreme
Ornithorhynchus  anatinus, three birds (Gallus gallus,
Meleagris gallopavo, and Taeniopyqgia guttata), the stickleback
fish Gasterosteus aculeatus, Drosophila melanogaster, and
Caenorhabditis elegans from Ensembl v71 (Flicek et al.
2013). In order to increase the number of independently-
evolved sex chromosomes, we also obtained the proteomes
for Tribolium castaneum, Bombyx mori, and Schistosoma
mansoni from Ensembl Metazoa v18 (Kersey et al. 2012).

Because genome and gene ontology (GO) annotation qual-
ity varies across our species, we used a reciprocal best BLAST
hit (rBBH) approach to find one-to-one orthologs between the
well-annotated Mus musculus mito—nuclear genes and the
other species using the catalog of genes with mitochondrial
annotation (mito-nuclear genes) in the GO (Ashburner et al.
2000) ID 0005739 for M. musculus using Biomart (Durinck
et al. 2005) from Ensembl v71 (Flicek et al. 2013). This ap-
proach relies on the high level of conservation of mitochon-
drial gene function (Jafari et al. 2013; Lotz et al. 2014). To
verify that rBBH is appropriate for mito—nuclear genes, we
compared the list of genes obtained through rBBH with the
list of mitochondrially annotated genes using GO term
GO:0005739 in Biomart for D. melanogaster and C
elegans—two species with more complete gene annotation.
We found that out of the 522 D. melanogaster GO:0005739
genes, 66% (345/522) were also identified as mito-nuclear by
the rBBH. Of the 251 C. elegans GO:0005739 genes, only 7%
(18/251) were identified through the rBBH. This suggests that,
while rBBH is useful for detecting mito-nuclear orthologs
(comparable with computational annotation of GO terms),
our approach may miss or incorrectly classify some of the
mito-nuclear genes across distantly related species.

In order to account for clade-specific differences, we
conducted two further analyses. First, we repeated the
rBBH analysis, using Biomart to identify mito-nuclear
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G0:0005739 genes for D. melanogaster and C. elegans in
addition to M. musculus. Because these are relatively
well annotated genomes, we used them as clade-specific
reference species in order to reduce taxonomic distance.
Therefore, we used 1) M. musculus mito-nuclear genes
as the reference for other vertebrates (Theria, O. anatinus,
G. aculeatus, and Aves), 2) D. melanogaster mito-nuclear
genes as the reference set for other insects (T. castaneum
and B. mori), and 3) C elegans mito-nuclear genes for
the entozoans (with S. mansoni). Second, we also present
results using just Biomart GO term annotations for those
species where gene products have been annotated.

For the rBBH analysis, we used the longest protein isoform
and only considered hits when the BLASTP (Altschul et al.
1997) e-value was below 10-=7. In the second rBBH analysis,
also using D. melanogaster and C. elegans as reference points,
we used a more stringent e-value threshold of 10-~'°; hits
were then ordered by bitscore, and an rBBH was accepted
only when the best hit had a sequence identity larger than
30%. After the rBBH analyses, we determined the chromo-
somal location for mouse mito-nuclear orthologs in each spe-
cies. The S. mansoni locations are based on Vicoso and
Bachtrog (2011), B. mori positions were extracted from
KAIKObase version 3.2.1 (Shimomura et al. 2009), T. casta-
neum are based on Ensembl Metazoa v18 (Kersey et al. 2012),
and all other locations are based on Ensembl v71 (Durinck
et al. 2005).

As a result, we created three lists of nuclear genes with
mitochondrial annotation and their chromosomal locations: 1)
using direct GO annotation (only in M. musculus) or based on
orthology predictions (all other species), 2) based on direct GO
annotation (M. musculus, D. melanogaster and C. elegans) or
based on orthology predictions using the closest relative from
these three species, and 3) based on direct GO annotation,
just for O. anatinus and G. aculeatus (S. mansoni,
T. castaneum and B. mori are not available in Ensembl, and
Theria and Aves have previously been reported using this ap-
proach by Drown et al. 2012).

Statistical Analysis

In order to avoid problems with phylogenetic non-indepen-
dence, we combined all species that share the same ortholo-
gous sex chromosome into a single data point (i.e., the therian
mammals were grouped together, as were the birds). We
then compared the density of mito-nuclear genes on the sex
chromosomes and the autosomes relative to the expected
gene density based on the total number of mitochondrial an-
notated genes. For D. melanogaster, each Muller element
(X, 2L, 2R, 3L, 3R, 4) was treated as a separate chromosome.
The expected gene count per chromosome was calculated as
the total number of mito-nuclear genes multiplied by the pro-
portion of all annotated genes on each chromosome. The bias
of mito-nuclear genes was the ratio of the observed number

of mito-nuclear genes on a chromosome to the expected
count, where an over-representation is a bias> 1 and an
under-representation is a bias < 1. In G. aculeatus, we also
included the neo-sex chromosome (Kitano et al. 2009; Natri
et al. 2013), as well as the D. melanogaster ancient-sex chro-
mosome, which displays many properties of an X chromo-
some (Vicoso and Bachtrog 2013). The only sex-limited
sex chromosome with sufficient size and annotation was the
S. mansoni W, which is also included.

We tested the significance of the over- or under-represen-
tation of mitochondrial genes on the sex chromosomes
by bootstrapping. To calculate confidence intervals (Cls)
for sex chromosome bias, for each species/clade, we sam-
pled with replacement 10,000 times the number of genes
on the sex chromosome, summed the number of genes
with mitochondrial annotation, calculated bias (as above)
and took the 95% Cls of the distribution. To calculate Cls
for bias on the autosomes, we sampled with replacement
1,000 times the genes on each of the autosomes (i.e., be-
tween 4 and 27 chromosomes, depending upon the clade),
calculated bias for each chromosome, calculated the
mean bias for each sampling event, and calculated the 95%
Cls of the mean (i.e., the Cl was calculated from 1,000 sam-
ples, and each sample was the mean bias of all chromosomes).
For each analysis we corrected for multiple testing for nine
different sex chromosomes, at an alpha of 0.05, using
Bonferronni correction (P < 0.0057). Sex chromosomes had
a significant over- or under-representation of mitochondrial
genes if the sex chromosome Cl did not overlap the CI of
the autosomes.

When grouping different species together (the Theria, as
well as Aves) or when one species has multiple sex chromo-
somes (O. anatinus), we calculated the Cl for sex chromosome
bias by summing together all the genes on the sex chromo-
somes and treating them as one large sex chromosome.
When testing the autosomal distribution of the grouped spe-
cies, sampling with replacement was done from each species
such that each species contributed equally to the sampling
distribution (i.e., to the 1,000 bootstrapped data points). We
tested whether the bias of neo-, ancient-, and sex-limited
chromosomes was different from the autosomes by boot-
strapping all autosomal genes and excluding the homoga-
metic sex chromosome.

We tested the significance of the overall over- or under-
representation of mito-nuclear genes on the sex chromo-
somes in male- and female-heterogametic systems by boot-
strapping 10,000 times the bias for each orthologous sex
chromosome (mean bias for those sex chromosomes repre-
sented by multiple species) and calculating the 95% Cls for X
and Z chromosomes. This slightly different approach to the
previous bootstrapping technique enabled each clade to con-
tribute equally to the distribution, irrespective of the size of the
sex chromosome.

1098  Genome Biol. Evol. 6(5):1096-1104. doi:10.1093/gbe/evu063  Advance Access publication March 28, 2014

10T ‘g1 QUnf U0 SNIAIDS AIeIqr D 18 /310 seuInolpioyxo-aq3//:dny woiy papeoumoc]


(a
-
(b
-
(c
-
-
-
-
(
(
(
-
-
-
-
-
-
-
-
-
-
-
-
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Genomic Distribution of Mito-nuclear Genes

GBE

The significance of over- or under-representations of mito-
nuclear genes on the sex chromosomes were also analyzed
using x? tests.

Results and Discussion

It has been previously suggested that the paucity of mito-
nuclear genes on the therian X chromosome was driven by
sexual conflict related to asymmetrical inheritance (Drown
et al. 2012). Mito-nuclear genes have been suggested to
move off the X onto autosomes due to conflict between
the sexes, a process that involves gene duplication, fixation,
followed by loss of the sex-chromosome linked parent copy
(Gallach et al 2012; Drown et al. 2012). Genes with effects
that can ameliorate male-detrimental mitochondrial muta-
tions would be selected in males and are more likely to
accumulate on autosomes than on female-biased X chro-
mosomes. Although some have suggested that there
should be a random distribution of mito-nuclear genes
on Z chromosomes (Drown et al. 2012), others have pre-
dicted an over-representation of mito-nuclear genes on the
Z chromosome of female heterogametic species related to
sexual selection (Hill and Johnson 2013).

If sexual conflict over asymmetrical inheritance does shape
the distribution of mito-nuclear genes, we might expect con-
vergent patterns of under-representation across independent
X chromosomes (Drown et al. 2012). X chromosomes have in
general fewer mito-nuclear genes (i.e., bias<1) than ex-
pected (mean bias=0.86, Cl=0.72-—1.00); however, only
two of six independent X chromosomes showed statistically
significant under-representations of mito-nuclear genes. The
therian mammals exhibit the most extreme distribution of
mito-nuclear genes on the X chromosome, with only the C
elegans X chromosome showing a significant paucity.

Furthermore, C. elegans is a gynodioecios species, with
both males and hermaphrodites. The lack of distinct male
and female individuals within the species may limit the
degree of sexual conflict, as male-harming mutations in
mito-nuclear genes would also affect the male function in
hermaphrodites. This suggests that sexual conflict may be
reduced in this species and may not be the driver of the dis-
tribution of mito-nuclear genes. However, it is important to
note that gynodioecy is a recently derived trait in the
Caenorhabditis lineage, and most other species in the genus
are fully gonochoristic. This means that any reduction in sexual
conflict due to gynodioecy would have been relatively recent.

We also explored the neo-X chromosome in G. aculeatus
(Kitano et al. 2009; Natri et al. 2013) and the B chromosome
in D. melanogaster, which has recently been shown to be an
ancient sex chromosome that has reverted to an autosome in
the Drosophila lineage (Vicoso and Bachtrog 2013), in order to
test whether recent and past evolutionary history shape cur-
rent patterns. Both the G. aculeatus X and neo-X showed no
significant bias of mito-nuclear genes (tables 1-3). The ancient

X chromosome in D. melanogaster also showed no overall bias
(tables 1 and 2).

These results across multiple independent X chromosomes
suggest that patterns of mito-nuclear gene distribution are not
consistently shaped by convergent sexual conflict over asym-
metrical inheritance across independent sex chromosome sys-
tems. This pattern was consistent across all rBBH approaches
(figs. 1 and 2, tables 1 and 2) and species-specific GO anno-
tations (fig. 3 and table 3).

Many patterns driven by sexual conflict on X chromosomes
are predicted to display converse patterns on Z chromosomes
(Rice 1984), and this has been true for genomic characters
including the sexualization of gene expression (Dean and
Mank 2014). We might therefore also expect convergent
over-representation of mito-nuclear genes on Z chromo-
somes, although the low co-transmission between the mito-
chondria and the Z chromosome may ameliorate this
prediction (Drown et al. 2012). Our results indicate that Z
chromosomes overall have slightly more mito-nuclear genes
(i.e., bias> 1) than expected (mean bias=1.06, Cl=1.02—
1.11), but there was no taxon-specific case where a Z
chromosome carried a significantly greater proportion of
mito-nuclear genes than expected based on its relative size.

The W chromosome and mitochondria are in complete
linkage, being co-transmitted each generation. Consequently,
we may expect an over-representation of co-adapted, female-
benefitting mito-nuclear genes on the W. Although we do
observe some W-linked mito-nuclear genes in S. mansoni,
suggesting that some genes have sex-specific expression,
there is no significant over-representation of these genes on
the W chromosome (tables 1 and 2). The lack of bias of mito-
nuclear genes on W could be due to lack of selection for gene
movement in the female—the mitochondria is already opti-
mized for females and so no advantage for the female is
gained by movement of Z or autosomal genes onto the W.

It is possible that the genomic distribution of mito-nuclear
genes is somewhat confounded by other genomic phenom-
ena. First, mitochondrial mutation rate differs substantially
across species; for example, mammals tend to have high
rates and Drosophila have low rates (Montooth and Rand
2008). Mitochondrial mutation rate will affect the extent to
which mitochondria can evolve female-beneficial mutations.
Second, the relative rate of evolution of sex chromosomes to
autosomes (the Faster-X Effect, Charlesworth et al. 1987)
varies across species and depends on the relative effective
population size of the X compared with the autosomes
(Mank et al. 2010). The relative effective population size of
different X chromosomes to autosomes varies substantially
(Mank et al. 2010 and references therein); however, this
does not necessarily explain our data, as, for example,
E. caballus and D. melanogaster both have high relative effec-
tive population sizes of the X chromosome (Andolfatto 2001;
Connallon 2007; Singh et al. 2007; Lau et al. 2009), and yet
D. melanogaster shows no overall bias, while E. caballus
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Table 1

Mean Bias and 95% Cls of Mito-nuclear Genes on the Sex Chromosomes and Autosomes

Species or Clade Over-/Under-representation
of Mito-nuclear Genes on

Sex Chromosome (Bias)

95% Bonferroni-Corrected
Cl of the Sex Chromosome

95% Bonferonni-Corrected %2 Test and
Cl of the Autosomes P Value

Male heterogamety 0.86
Therian mammals Under (mean = 0.64)
H. sapiens 0.63
P. troglodytes 0.69
G. gorilla 0.62
P. abelii 0.60
M. mulatta 0.65
E. caballus 0.59
B. taurus 0.64
S. scrofa 0.77
O. cuniculus 0.63
R. norvegicus 0.60
M. musculus 0.69
M. domestica 0.44
O. anatinus Under (mean =0.85)

G. aculeatus
D. melanogaster
T. castaneum

Under (0.88)
Over (1.11)
Over (1.06)

C. elegans Under (0.72)
Female heterogamety 1.06
Aves Over (mean=1.07)
G. gallus 1.10
M. gallopavo 0.97
T. guttata 1.12
B. mori Over (1.02)
S. mansoni Over (1.11)

Sex-limited/neo/ancient

G. aculeatus neo-X Under (0.92)
D. melanogaster ancient-X 1.00
(chromosome 4)

S. mansoni W Under (0.90)

0.72-1.00
0.55-0.72 0.90-1.13 89.5, P <0.0001
0.45-1.26 0.64-1.27 0.92, P=0.34
0.57-1.20 0.92-1.09 0.93, P=0.33
0.89-1.33 0.77-1.23 2.17, P=0.14
0.69-1.42 0.91-1.11 0.18, P=0.67
0.51-0.92 0.98-1.18 12.06, P=0.0005
1.02-1.11
0.86-1.28 0.86-1.09 0.92, P=0.34
0.61-1.43 0.86-1.04 0.01, P=0.90
0.61-1.60 0.87-1.17 0.41, P=0.52
0.57-1.19 0.92-1.09 0.47, P=0.59
—0.08-2.08 0.91-1.09 0.00, P=0.97
0.63-1.16 0.85-1.18 1.00, P=0.32

Note.—Significant under or over-representations are in bold. CIs calculated by bootstrapping. % statistics are also presented. One-to-one orthologs were identified using

M. musculus as the reference.

shows an under-representation (tables 1 and 2). Third, we
may expect variation in the magnitude of the male-biased
mutation rate, for example, due to species differences in gen-
eration time and in the strength of sexual selection and asso-
ciated intensity of sperm competition (Ellegren 2007).
However, it is difficult to see how the patterns we observe
are driven by variation in male-biased mutation. Finally, levels
of gene transfer and genome rearrangement are lineage-
specific (Rand et al. 2001), where low levels of movement
will restrict the ability of different parts of the genome to
respond to inter-genomic coadaptation and conflict. This
may explain many of the non-significant associations.
Alternatively, interactions between the mitochondrial
genome and the X and Z chromosome have been sug-
gested to play a role in sexual selection and might be en-
riched for mito-nuclear genes that play a role in coloration,
such as those involving carotenoids (Hill and Johnson

2013). We did not observe this predicted over-represen-
tation on any Z chromosomes, and it is difficult to see how
differences among our study species in the degree and
type of sexual selection explain the variance in the distri-
bution of mitochondrial genes.

A further possibility is that the genomic distribution of mito-
nuclear genes is driven by gametic function. Although mito-
chondrial activity is generally not crucial for non-motile egg
function (de Paula et al. 2013), it is integral to sperm energy
production and motility (Cummins 2009). Although many
genes are functionally diploid in sperm (Braun et al. 1989),
there is evidence that many genes are expressed within the
spermatid and are subject to haploid selection (Joseph and
Kirkpatrick 2004). Because any single spermatozoon will
only carry either an X or Y chromosome, expression of mito-
nuclear genes within the sperm would lead to selection
against sex- linkage as half of the male gametes would lack

1100  Genome Biol. Evol. 6(5):1096-1104. doi:10.1093/gbe/evu063  Advance Access publication March 28, 2014

10T ‘g1 QUnf U0 SNIAIDS AIeIqr D 18 /310 seuInolpioyxo-aq3//:dny woiy papeoumoc]


-
-
-
-
,
-
u
-
-
-
-
-
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Genomic Distribution of Mito-nuclear Genes GB E

Table 2

Mean Bias and 95% Cls of Mito-nuclear Genes on the Sex Chromosomes and Autosomes

Species or Clade Over-/Under-representation 95% Bonferroni-Corrected 95% Bonferonni-Corrected x* Test and
of Mito-nuclear Genes on Sex Cl of the Sex Chromosome Cl of the Autosomes P Value

Chromosome (Bias)

Male heterogamety

Therian mammals Under (mean=0.71) 0.61-0.79 0.90-1.13 62.8, P <0.0001

H. sapiens 0.73

P. troglodytes 0.69

G. gorilla 0.72

P. abelii 0.69

M. mulatta 0.72

E. caballus 0.64

B. taurus 0.71

S. scrofa 0.87

O. cuniculus 0.77

R. norvegicus 0.65

M. musculus 0.68

M. domestica 0.48
O. anatinus Under (mean =0.83) 0.43-1.22 0.69-1.29 1.38, P=0.24
G. aculeatus Under (0.92) 0.60-1.23 0.93-1.09 0.47, P=0.49
D. melanogaster No bias (1.00) 0.70-1.30 0.86-1.13 0.00, P=0.99
T. castaneum Under (0.96) 0.37-1.55 0.84-1.14 0.03, P=0.86
C. elegans Under (0.23) 0.0-0.46 0.91-1.28 23.8, P <0.0001

Female heterogamety

Aves Over (mean = 1.02) 0.83-1.22 0.86-1.09 0.10, P=0.75

G. gallus 1.06

M. gallopavo 0.89

T. guttata 1.10
B. Mori Under (0.84) 0.22-1.45 0.83-1.12 047, P=0.49
S. Mansoni Under (0.52) —0.50-1.54 0.64-1.69 0.95, p=0.33

Sex-limited/neo/ancient

G. aculeatus neo-X Under (0.84) 0.54-1.13 0.92-1.09 1.96, P=0.16
D. melanogaster ancient-X Under (0.99) —0.58-2.55 0.86-1.13 0.00, P=0.99

(chromosome 4)
S. mansoni W Under (1.04) 0.18-1.90 0.61-1.77 0.00, P=0.97

Note.—Significant under or over-representations are in bold. Cls calculated by bootstrapping. Mito-nuclear genes detected by the rBBH analysis using M. musculus,
D. melanogaster, and C. elegans to find orthologs.

Table 3

Mean Bias and 95% Cls of Mito-nuclear Genes on the Sex Chromosomes and Autosomes

Species or Clade Over/underrepresentation 95% Bonferroni-Corrected 95% Bonferonni-Corrected x> Test and
of Mitonuclear Genes on Cl of the Sex Chromosome Cl of the Autosomes P Value

Sex Chromosome (Bias)

Male heterogamety

O. Anatinus Under (mean =0.87) 0.41-1.33 0.36-1.35 0.60, P=0.44

G. Aculeatus Under (0.34) —0.58-1.23 0.66-1.44 146, P=0.23
Sex-limited/neo/ancient

G. aculeatus neo-X 1.00 —-0.61-2.60 0.63-1.44 0.00, P=0.95

Note.—Mitonuclear genes identified using GO terms in Biomart.

a functional copy. Conversely, all sperm in female heteroga- Furthermore, differences among taxa in sperm biology
metic species contain a Z chromosome, and there would could explain some of the patterns we observe among male
be no expected selection against Z-linkage of mito-nuclear heterogametic taxa. For example, species differ in the pres-
genes. ence or absence of sperm hyper-activation, which requires
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Fic. 1.—Bias of nuclear—mitochondrial genes on the sex chromo-
somes across species with independent sex chromosomes. Values for
each autosome are in black, major sex chromosomes (X or Z) in red, old
(i.e., D. melanogaster fourth) and neo (i.e., G. aculeatus chromosome 9) in
gray, and the S. mansoni W chromosome in pink. Values in parenthesis
after species names indicate the total number of mito-nuclear genes in
the genome detected by the rBBH analysis with M. musculus. Species
marked by * have a significant under-representation of nuclear—mitochon-
drial genes on the X chromosome. Note: Some of D. melanogaster auto-
somal points overlap.

high mitochondrial activity (Cummins 2009). Also, the degree
to which oxidative metabolism is required for sperm motility
differs, and both human and mouse sperm do not need mi-
tochondrial activity for motility (Cummins 2009). Factors such
as this may affect the degree of haploid expression of mito-
nuclear genes in sperm and therefore the distribution of mito-
nuclear genes on X chromosomes. However, we hasten to
point out that none of these explanations alone fully account
for why Theria and C. elegans have an under-representation
of mito-nuclear genes on their X chromosomes. More com-
plex theory, taking into account patterns of gene duplication
and gene movement, may be required to make sense of these
patterns.

The need to maximize the number of independent sex
chromosomes in our analyses means that we had to include
some genomes with incomplete functional annotation. To
solve this, we employed an rBBH approach in order to
detect orthologs of mitochondrial interacting genes that are
annotated in model organisms like M. musculus, D. melano-
gaster, and C. elegans. However, this approach could be influ-
enced by taxon-specific mito-nuclear genes and difficulties in
orthology identification across large evolutionary distances.
Although this does limit the number of genes we identify
through strict orthology identification in some taxa, we do
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Fic. 2.—Bias of nuclear-mitochondrial genes on the sex chromo-
somes across species with independent sex chromosomes. Values for
each autosome are in black, major sex chromosomes (X or Z) in red, old
(i.e., D. melanogaster fourth) and neo (i.e., G. aculeatus chromosome 9) in
gray, and the S. mansoni W chromosome in pink. Values in parenthesis
after species names indicate the total number of mitonuclear genes in the
genome detected by the rBBH analysis using M. musculus, D. melanoga-
ster, and C. elegans to find orthologs. Species marked by * have a signif-
icant underrepresentation of nuclear-mitochondrial genes on the X
chromosome. Note: Some of D. melanogaster autosomal points overlap.

not believe that it has unduly biased our results for several
reasons. First, nuclear genes that interact with the mitochon-
dria are conserved across broad taxonomic groups (Porcelli
et al. 2007; Lotz et al. 2014), suggesting that rBBH is broadly
applicable. The convergence between our results using M.
musculus as the reference for all rBBH with results using
D. melanogaster and C. elegans as reference suggests that
conservation predominates over clade- or species-specific pat-
terns. We also detected similar patterns using species-specific
GO annotations.

In conclusion, our results are not universally consistent with
either sexual conflict (Drown et al. 2012) or sexual selection
(Hill 2013; Hill and Johnson 2013), driving the general distri-
bution of mito-nuclear genes on all sex chromosomes. We
observed significant under-representation of mito-nuclear
genes in just two of six analyzed X chromosomes, and no
patterns of non-random distribution on any analyzed Z chro-
mosome. The results suggest that other genomic phenomena
may limit the extent to which inter-genomic conflict (Drown
et al. 2012) or sexual selection (Hill and Johnson 2013) affect
mito-nuclear distributions and confirm the importance of
broad, phylogenetically independent analysis.
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Fic. 3.—Bias of nuclear-mitochondrial genes on the sex chromo-
somes across G. aculeatus and O. anatinus. Values for each autosome
are in black, X chromosomes in red, and neo (i.e. G. aculeatus chromo-
some 9) in gray. Values in parenthesis after species names indicate the total
number of mitonuclear genes in the genome detected using GO:0005739
to identify genes that interact with the mitochondria.
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Abstract

Two taxa studied to date, the therian mammals and Caenorhabdiitis elegans, display underrepresentations of mitonuclear genes (mt-
N genes, nuclear genes whose products are imported to and act within the mitochondria) on their X chromosomes. This pattern has
been interpreted as the result of sexual conflict driving mt-N genes off of the X chromosome. However, studies in several other species
have failed to detect a convergent biased distribution of sex-linked mt-N genes, leading to questions over the generality of the role of
sexual conflictin shaping the distribution of mt-N genes. Here we tested whether mt-N genes moved off of the therian X chromosome
following sex chromosome formation, consistent with the role of sexual conflict, or whether the paucity of mt-N genes on the therian
Xis a chance result of an underrepresentation on the ancestral regions that formed the X chromosome. We used a synteny-based
approach toidentify the ancestral regions in the platypus and chicken genomes that later formed the therian X chromosome. We then
guantified the movement of mt-N genes on and off of the X chromosome and the distribution of mt-N genes on the human X and
ancestral X regions. We failed to find an excess of mt-N gene movement off of the X. The bias of mt-N genes on ancestral therian X
chromosomes was also not significantly different from the biases on the human X. Together our results suggest that, rather than
conflict driving mt-N genes off of the mammalian X, random biases on chromosomes that formed the X chromosome could explain

the paucity of mt-N genes in the therian lineage.

Key words: sexual conflict, sex chromosomes, mitochondria, synteny.

Introduction

A series of studies have recently generated substantial debate
over the role of intergenomic conflict in driving mitonuclear
(mt-N) gene distributions on and off sex chromosomes
(Drown et al. 2012; Hill and Johnson 2013; Dean et al.
2014; Hough et al. 2014; Rogell et al. 2014). mt-N genes
are loci whose products, encoded by the nuclear genome,
are then imported into the mitochondria, which is the primary
site of their activity. Because mitochondria and sex chromo-
somes have different inheritance patterns between the sexes,
intergenomic conflict has been suggested as a potential ex-
planation for the underrepresentation of mt-N genes on the X
chromosomes of some animals (Drown et al. 2012; Dean et al.
2014). Mitochondria are maternally inherited in many species
(although low rates of male transmission may occur, e.g.,
Wolff et al. 2013), and are therefore selected for female fit-
ness effects, as male mitochondria are generally evolutionary
dead ends. It has been shown that maternal transmission of
mitochondria can result in quite serious costs to males,

through the disruption of male function (Partridge and Hurst
1998; Innocenti et al. 2011; Drown et al. 2012).

The accumulation of mutations that are detrimental to
males could be ameliorated if genes that interact with the
mitochondria move to a more favorable genomic location
for the evolution of compensatory mechanisms. Genes on
the X chromosome, which spend two-thirds of their time in
females, are more often cotransmitted with mitochondria
than autosomal genes (Rand et al. 2001), and the X chromo-
some is also feminized in several species (reviewed in Dean
and Mank 2014). This might make the X chromosome parti-
cularly unfavorable for male-biased compensation of the mi-
tochondrial mutational load. It is therefore possible that there
has been selection in males for the movement of mt-N genes
off of the X chromosome in order to reduce disruption to male
function induced by maternally transmitted mitochondria.

Consistent with the conflict hypothesis, Caenorhabditis
elegans (Dean et al. 2014) and the therian mammals
(Drown et al. 2012) show a deficit of mt-N genes on their X

© The Author(s) 2015. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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chromosomes, and genes sensitive to mitochondrial polymor-
phism are scarce on the Drosophila X chromosome (Rogell et
al. 2014). However, a broader phylogenetic assessment of mt-
N gene distributions revealed a mixed pattern, with most male
heterogametic species studied showing no significant bias
(Dean et al. 2014, Hough et al. 2014). Moreover, many sex-
specific evolutionary properties observed on the X chromo-
some are observed in converse on Z chromosomes, such as
distributions of sex-biased genes (Arunkumar et al. 2009;
Wright et al. 2012), so we might expect a corresponding
overabundance of Z-linked mt-N genes in female heteroga-
metic systems; however, no such overabundance has yet been
observed (Dean et al. 2014). Furthermore, if conflict is at least
partly responsible for the genomic distribution of mt-N genes,
it might also be expected to shape the distribution of nuclear
genes that interact with the chloroplast, which is also often
maternally inherited, but no bias was detected in the distribu-
tion of chloro-nuclear genes on the X chromosome in Rumex
(Hough et al. 2014), a dioecious plant with sex chromosomes.

These patterns of mt-N gene distributions suggest that
either conflict is particularly strong only in therian mammals
and nematodes, or that some effect other than conflict ex-
plains the distribution in these two clades. The incorporation
of mitochondrial loci into the nuclear genome began long
before the formation of sex chromosomes in any single
extant lineage (Dyall et al. 2004; Timmis et al. 2004; Cortez
et al. 2014) and strong chromosomal biases exist for many
autosomes, presumably due to chance variation in gene con-
tent (Drown et al. 2012; Dean et al. 2014; Hough et al. 2014).
This presents the possibility that biases in mt-N gene distribu-
tions need not be driven by conflict, but instead could predate
the formation of the sex chromosome, if the precursor auto-
somes showed an ancestral bias through chance alone.

We tested whether ancestral gene distributions can ex-
plain the underrepresentation of mt-N genes on therian sex
chromosomes. The rapid gene and genome evolution in
Caenorhabditis (Lipinski et al. 201 1) precludes reconstruction
of syntenic relationships across even closely related species,
but amniotes have strongly conserved synteny (Dehal and
Boore 2005), making it possible to identify syntenic regions
in divergent taxa. In order to determine whether the paucity
of mt-N genes on the therian X chromosome is a conse-
guence of intergenomic sexual conflict, or whether it is
simply the product of a biased distribution on the ancestral
autosome that gave rise to the therian X chromosome, we
tested the mt-N gene distributions on the ancestral regions
syntenic to the therian X in platypus and chicken (hereafter
termed X-syntenic regions).

We used the human X chromosome as our point of reference
because of its excellent annotation. As the human X is broadly
syntenic across therian mammals (Ohno 1967; Murphy et al.
1999; Band et al. 2000; Raudsepp et al. 2004), it is representative
of the therian X in general. We identified regions in synteny with
the human X in platypus (Ornithorhynchus anatinus) and chicken

(Gallus gallus), the most recent ancestors to the Theria with dif-
ferent sex chromosomal systems (Graves 2006) and annotated
genomes. This enabled us to use two complementary
approaches to test the role of conflict in driving mt-N gene dis-
tributions. First, we identified orthologous genes, in platypus and
chicken, to the human mt-N genes. We then tested for an excess
of mt-N gene movement in order to investigate whether
intergenomic conflict has driven mt-N genes off of the human
X following sex chromosome formation. Second, we used these
orthologous genes to compare mt-N gene distributions on
human X and X-syntenic regions in platypus and chicken. If
the abundance of mt-N genes on the X-syntenic regions is
more than the abundance on the human X, then intergenomic
conflict may have driven mt-N genes off of the therian X follow-
ing sex chromosome formation. If, on the other hand, mt-N
biases on the ancestral autosomes that gave rise to the therian
X chromosome show a similar underrepresentation to the
human X, then the chromosomal bias is unlikely to be a conse-
quence of intergenomic conflict and may simply be a result of
random variation across chromosomes in mt-N content.

Results and Discussion

mt-N Gene Movement On and Off the Human X
Chromosome

We identified platypus chromosome 6 plus ten unmapped
ultracontigs (platypus hX-syntenic regions), and regions of
chicken chromosomes 1, 3, 4 and 12 (chicken hX-syntenic
regions), as syntenic with the human X chromosome (fig. 1).
The platypus hX-syntenic regions comprised a total of
381 genes spanning 71% of the length of the human
X-chromosome and the chicken hX-syntenic regions com-
prised a total of 908 genes spanning 89% of the length of
the human X-chromosome (fig. 1). The reduced coverage of
the human X chromosome in platypus is largely due to the
poorer assembly of the platypus genome.

To test whether an excess of mt-N gene movement off of
the human X chromosome occurred following human X chro-
mosome formation, we identified the location of the human
mt-N orthologs in platypus and chicken. Pairs of orthologous
genes that did not fall within syntenic blocks were potential
candidates for genes that have moved. We identified four
genes that moved onto the human X from Ultra contigs
that were not in platypus hX-syntenic regions (from
UltraContig 369; UltraContig 98; and two genes from
UltraContig 519) and no genes that might have moved off
the human X. These numbers were not significantly different
than what we would expect based on the relative size and
content of the X chromosome (Betran et al. 2002; Vibranovski
et al. 2009; Toups et al. 2011; Fisher's exact test, P> 0.6),
suggesting no excess of gene movement onto or off of the
human X chromosome (table 1a). However, two of the genes
that might have moved onto the X were from UltraContig
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Chicken vs Human X

GG1

Fic. 1.—Syntenic regions between (a) human X (HSX) and platypus chromosome 6 (OA6) and several unmapped contigs (OAUltra) and (b)
human X (HSX) and chicken chromosomes 1 (GG1), 4 (GG4), 3 (GG3), and 12 (GG12). Lines represent genes in synteny, red for platypus to human,
blue for chicken to human. Blocks on chromosomes show regions where single MCScanX alignments are located on the chromosome closer than 10 million

base pairs.

519, part of which constitutes the platypus hX-syntenic
region. Removing these genes does not qualitatively affect
our results (Fisher’s exact test, P> 0.2).

Between human and chicken, we identified three genes that
moved onto the X (from GG8 and two from GG4) and three
genes that moved off the X (to HS3 and two to HS2). This is not
greater than what we would expect based on the size of the X
chromosome (Fisher’s exact test, P> 0.8, table 1b). Again, two
of the genes that may have moved onto the X came from
regions of GG4 that were close to the hX-syntenic region.
These gene movements do not suggest an excess of mt-N
gene movement off the human X (table 1b, excluding two
genes that might not have moved onto the X, Fisher's exact
test, P> 0.3). One of these genes (ENSP0O0000362773) was
also found to move onto the X in platypus (platypus
UltraContig 369 to HSX; chicken GG4 to HSX).

mt-N Gene Abundance on X Syntenic Regions

Our second approach was to compare the abundance of mt-N
genes on human X chromosome regions that were syntenic to
the identified regions in platypus and chicken. The bias (a
measure of mt-N gene density, see Materials and Methods)

of mt-N genes does not differ between human X and platypus
hX-syntenic regions (Fisher's exact two-tailed test, P=0.616;
fig. 2a, table 2) or human X and chicken hX-syntenic regions
(Fisher's exact two-tailed test, P=0.793; fig. 2a, table 2), sug-
gesting that the cause of the underrepresentation on the
human X'is more likely the result of a random underrepresen-
tation of mt-N genes on the chromosomal regions that
formed the human X, rather than intergenomic conflict driv-
ing genes off of the X after its formation. We also calculated
mt-N gene abundances using species-specific Gene Ontology
annotation (GO:0005739) in Biomart to identify mt-N genes.
The two approaches to infer mt-N gene function largely agree
(platypus 76% overlap; chicken 82% overlap), hence calcu-
lating mt-N abundance using Biomart gave qualitatively similar
results (table 2, fig. 2b, human X and platypus hX-syntenic
region, Fisher's exact test, P=0.719; human X and chicken
hX-syntenic regions, Fisher's exact test, P=0.893).

Gene Annotation and mt-N Abundance

The measure of abundance (bias) relies on the total number of
mt-N genes and total number of genes annotated in each
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Table 1
Movement of mt-N Genes On and Off the X between (a) Platypus
and Human and (b) Chicken and Human

Movement Observed Expected®
(a) Platypus — human
X— A 0 2
A—X 4 4
A—A 132 130
P=0.640
(b) Chicken — human
X— A 3 4
A—X 3 4
A— A 92 20
P=0.845

Note—X — A is hX-syntenic to autosome; A— X is autosome to human X
syntenic region; A— A is autosome to autosome. P value is from Fisher's exact
test.

Calculated based on relative size and content of the X chromosome (Betran
et al. 2002; Vibranovski et al. 2009; Toups et al. 2011).

species. This means that measures of bias are susceptible to
variation in the quality of genome annotation. The underrep-
resentation of mt-N genes on the whole of the human X in
this study is 0.86+0.22 (bias+95% Cl), which is less pro-
nounced than the underrepresentation previously reported
for the human X chromosome (Drown et al. 2012; Dean et
al. 2014). The human genome assembly version has recently
been updated from GrCH37 to GrCH38, resulting in changes
to the total number of genes and number of mt-N genes,
which can account for the different mt-N bias on the
human X (bias+95% Cl, 0.76 £0.21 using GrCH37). Gene
annotation quality also likely accounts for the overabundance
of mt-N genes on the platypus hX-syntenic regions (29 ob-
served mt-N genes and 25 expected), despite a lack of mt-N
gene movement off of the X chromosome following X chro-
mosome formation.

mt-N Gene Abundance across Independent X
Chromosomes

Across the seven independent X chromosomes studied to
date, two (therian mammals and C. elegans) show a signifi-
cant underrepresentation of mt-N genes, three (Rumex,
platypus and stickleback) exhibit a nonsignificant underrepre-
sentation, and two (Tribolium and Drosophila) show a nonsig-
nificant overrepresentation (Drown et al. 2012; Dean et al.
2014; Hough et al. 2014). This does not represent a significant
overall underrepresentation of mt-N genes on X chromo-
somes (two-tailed sign-test; 5 of 7, P=0.453). If the distribu-
tion of mt-N genes on X chromosomes is explained by
variation in ancestral autosomes, we would expect both
under- and overrepresentations of mt-N genes on X chromo-
somes. This is consistent with what we find; however, our
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Fic. 2—Bias of mt-N genes in human, platypus, and chicken.
Autosomes in black and hX-syntenic regions with platypus in red, hX-
syntenic regions with chicken in blue. (a) mt-N genes are inferred using
orthology with human mt-N genes, and total gene counts include only
those genes that are orthologous between human and platypus or human
and chicken. (b) mt-N genes are inferred through species-specific annota-
tions in Biomart and gene counts are all annotated genes.

ability to detect a significant widespread underrepresentation
(i.e., the signature of conflict) is not particularly powerful, with
only seven different X chromosomes having been quantified
so far. An alternative explanation is that mt-N interactions
predispose chromosomes depauperate of mt-N genes to
become sex chromosomes, although this predisposition
might be rather weak and highly dependent upon the location
of genes involved in sex determination.
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Table 2

Number of mt-N, Total Number of Genes, and the Bias in Distribution
of mt-N Genes on the Human X and X-Syntenic Regions Using Gene
Orthology to Identify mt-N Genes and Using Species-Specific mt-N
Gene Annotations in Biomart

Species mt-N Total Bias 95%
Genes Genes

Human X 55 820 0.85 0.64-1.06
Platypus hX-syntenic (orthology) 29 309 1.07 0.70-1.43
Platypus hX-syntenic (biomart) 23 381 1.05 0.63-1.45
Human X (syntenic platypus) 46 667 0.87 0.63-1.12
Chicken hX-syntenic (orthology) 64 727 097 0.75-1.20
Chicken hX-syntenic (biomart) 52 908 0.83 0.60-1.04
Human X (syntenic chicken) 49 715 0.87 0.64-1.10

Note.—Gene counts are for the hX-syntenic blocks, the boundaries of which
are created by merging alignments when alignments were closer than 10 million
base pairs. The greater number of orthologous genes on chicken hX-syntenic than
on the human X syntenic with chicken region is a consequence of these merged
alignments.

Conclusion

Our results suggest that the underrepresentation of mt-N
genes on the therian X is not a result of gene movement off
of the X chromosome. Rather, the paucity of mt-N genes on
the therian X predates the formation of the therian sex chro-
mosomes, and selection has acted mainly to maintain this
ancestral distribution after sex chromosome formation. Even
though we find no support for conflict driving mt-N genes off
the therian X chromosome, random genomic biases in mt-N
gene distributions could have important consequences for mt-
N coadaptation and potentially for sex chromosome forma-
tion. A paucity of mt-N genes on the therian X chromosome
means that genes that interact with the mitochondria are less
often cotransmitted compared with mt-N genes on auto-
somes. This might affect rates of coevolution between mito-
chondria and nuclear genes (e.g., Hill 2014), with possible
fitness consequences (Montooth et al. 2010; Meiklejohn
et al. 2013).

Materials and Methods

Identification of Ancestral Chromosomes to the Human
X Chromosome through Whole-Genome Synteny
Analysis

In the first step, we obtained the human (Homo sapiens),
platypus (Ornithorhynchus anatinus), and chicken (Gallus
gallus) proteomes from Ensembl version 76 (Flicek et al.
2014). We used the longest isoforms as input for BLASTP
(Altschul et al. 1990) to detect homologs between the
human proteome and both platypus (supplementary
table S1, Supplementary Material online) and chicken (supple-
mentary table S2, Supplementary Material online) (e
value < 107'9). We then used the BLASTP output and posi-
tional information as input for MCScanX (Wang et al. 2012),
used with default values, to detect homologous chromosomal

regions between human and platypus (supplementary table
S3, Supplementary Material online) and human and chicken
(supplementary table S4, Supplementary Material online).
Only genes that have been mapped to a chromosome were
included for human and chicken; genes on UltraContigs were
included for platypus, as a larger proportion of this genome
assembly is currently mapped to scaffolds and contigs rather
than chromosomes. The homologous chromosomal regions
of the human X chromosome on platypus and chicken chro-
mosomes were identified as the ancestral chromosomes to
the human X chromosome. If the individual MCScanX align-
ments were closer than 10 million base pairs, we merged the
alignments into a larger syntenic region to reflect the process
of chromosome rearrangement (Burt et al. 1999; Coghlan
et al. 2005) and sex chromosome formation (Lahn and Page
1999).

|dentification of mt-N Gene Movement

Mt-N genes were identified in human using Gene Ontology
annotation (GO:0005739) in Biomart Ensembl Genes 76. To
track movement of mt-N genes on and off the X we identified
one-to-one orthologs of the 1,572 human mt-N genes in
platypus and chicken using reciprocal best hit BLAST (rBBH),
with a minimum e value of 10~'°. Significant hits were or-
dered by bitscore and a rBBH was only counted when the
tophit had a sequence identity larger than 30%. This resulted
in 1,064 rBBH between human and platypus, and 1,116 be-
tween human and chicken. Of those, 575 rBBH between
human and platypus, and 1,087 between human and
chicken, were on a sufficiently large scaffold to infer synteny
(i.e., Ultra contigs in platypus and chromosomes in chicken).

To identify whether movement of mt-N genes on and off of
the X chromosome represents an excess of gene movement,
we calculated the expected number of movements based
upon the number of genes on source chromosomes and the
number of base pairs on the target chromosomes (Betran et
al. 2002; Vibranovski et al. 2009; Toups et al. 2011). Fisher's
exact two-tailed tests were used to test whether observed
movements were different from expected.

mt-N Abundance

Gene counts of protein-coding genes were calculated using
Biomart Ensembl Genes 76. When comparing the abundance
of mt-N genes on ancestral X and therian X between species,
we used only the regions of the human X chromosome that
were identified as syntenic in the other species. The bias of the
distribution of mt-N genes on the human X and the platypus
and chicken X-syntenic regions was calculated as: Bias=
number of mt-N genes/expected number of mt-N genes,
where the expected number was calculated as: Expected
number = (number of genes in region/total genes) x total
mt-N genes.
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Mt-N genes in platypus and chicken were identified using
two approaches, first, using the orthologous genes to the mt-
N genes in human and second, using species-specific Gene
Ontology annotation (G0O:0005739) in Biomart Ensemble
Genes 76. In chicken and platypus GO:0005739 genes are
inferred from electronic annotation (evidence code IEA),
which includes sequence similarity, database records, and key-
word mapping files. As such, the orthology approach and the
Biomart approach to infer gene function largely agree, with
76% overlap between the two approaches for platypus and
82% overlap for chicken.

Confidence intervals were calculated using 10,000 boot-
strapped samples by randomly sampling genes with replace-
ment and calculating the bias for each iteration. Differences
between the expected and actual number of mt-N genes on
the human X and platypus or chicken X-syntenic regions were
calculated using a Fisher's exact test. Analyses were con-
ducted in R v2.15.1 (R Development Core Team, 2013)

Supplementary Material

Supplementary tables S1-S4 are available at Genome Biology
and Evolution online (http:/Avww.gbe.oxfordjournals.org)).
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Abstract

The expansion of DUF1220 domain copy number during human evolution is a dramatic example of rapid and repeated domain
duplication. Although patterns of expression, homology, and disease associations suggest a role in cortical development, this
hypothesis has not been robustly tested using phylogenetic methods. Here, we estimate DUF1220 domain counts across 12 primate
genomes using a nucleotide Hidden Markov Model. We then test a series of hypotheses designed to examine the potential evolu-
tionary significance of DUF1220 copy number expansion. Our results suggest a robust association with brain size, and more
specifically neocortex volume. In contradiction to previous hypotheses, we find a strong association with postnatal brain development
but not with prenatal brain development. Our results provide further evidence of a conserved association between specific loci and
brain size across primates, suggesting that human brain evolution may have occurred through a continuation of existing processes.
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Introduction

The molecular targets of selection favoring brain expansion
during human evolution have been sought by identifying dra-
matic, lineage-specific shifts in evolutionary rate. The increase
in DUF1220 domains during human evolution provides one of
the most dramatic increases in copy number (Popesco et al.
2006; Dumas et al. 2012). A single copy of this protein
domain is found in PDE4DIP in most mammalian genomes.
In primates, this ancestral domain has been duplicated many
times over, reaching its peak abundance in humans where
several hundred DUF1220 domains exist across 20-30 genes
in the Nuclear Blastoma Breakpoint Family (NBPF) (Vandepoele
et al. 2005; Dumas et al. 2012). The majority of these map to
1921.1, a chromosomal region with complex, and unstable
genomic architecture (O'Bleness et al. 2012, 2014).
Interspecific DUF1220 counts show a pattern of phyloge-
netic decay with increasing distance from humans (Popesco et
al. 2006; Dumas and Sikela 2009; Dumas et al. 2012). In
humans, DUF1220 dosage has also been linked to head cir-
cumference (Dumas et al. 2012), and severe neurodevelop-
mental disorders, including autism spectrum disorder (ASD)
and microcephaly (Dumas et al. 2012; Davis et al. 2014).
The severity of ASD impairments is also correlated with
1921.1 DUF1220 copy number suggesting a dosage effect
(Davis et al. 2014). Taken together, these observations led

to the suggestion that the expansion of DUF1220 copy
number played a primary role in human brain evolution
(Dumas and Sikela 2009; Keeney, Dumas, et al. 2014).

Although functional data are limited, they provide some
indication of how DUF1220 domain copy number count in-
fluences brain development. DUF1220 domains are highly ex-
pressed during periods of cortical neurogenesis, suggesting a
potential role in prolonging the proliferation of neural progen-
itors by regulating centriole and microtubule dynamics to con-
trol key cell fate switches critical for neurogenesis (Keeney,
Davis, et al. 2014). PDE4DIP, which contains the ancestral
DUF1220 domain, does indeed associate with the spindle
poles (Popesco et al. 2006) and is homologous to
CDK5RAP2, a centrosomal protein essential for neural prolif-
eration (Bond et al. 2005; Buchman et al. 2010), which coe-
volved with brain mass across primates (Montgomery et al.
2011).

Two previous analyses report a significant association be-
tween DUF1220 copy number and brain mass, cortical neuron
number (Dumas et al. 2012), cortical gray and white matter,
surface area, and gyrification (Keeney, Davis, et al. 2014).
However, several limitations in these analyses restrict confi-
dence in the results. First, DUF1220 copy number was as-
sessed across species using a BLAT/BLAST (BLAST-like
alignment tool/Basic Local Alignment Search Tool) analysis
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with a query sequence from humans, which introduces a bias
that could partly explain the observed phylogenetic decay.
Second, counts were not restricted to those domains occur-
ring in functional exonic sequence and therefore many
DUF1220 domains found in human pseudogenes were in-
cluded in the analyses. Third, the analyses were limited to a
small number of species (4-8 primates), using parametric sta-
tistics that may not be suitable for count data, and which do
not correct for phylogenetic nonindependence (Felsenstein
1985). This is not a negligible issue, as it can result in the
overestimation of statistical significance (Carvalho et al.
2006). Finally, previous phenotypic associations have been re-
ported for multiple cortical phenotypes all of which are
strongly correlated with one another or are nonindependent.

Table 1
DUF1220 Count Data
nHMM
Species O’Bleness Whole Functional
et al. (2012) Genome Exonic with
CM Promoter
Homo sapiens 272 302 262
Pan troglodytes 125 138 32
Gorilla gorilla 99 97 32
Pongo abelii 92 101 27
Nomascus leucogenys 53 59 6
Papio anubis — 75 15
Chlorocebus sabaeus — 48 16
Macaca mulatta 35 74 10
Callithrix jacchus 31 75 9
Tarsius syrichta — 47 2
Microcebus murinus 2 4 1
Otolemur garnettii 3 4 2

Therefore, to date, these studies have not provided evidence
for a specific association with neocortex size, neither have they
tested the strength of the association with different periods of
brain development, which may provide new clues as to the
functional relevance of DUF1220 domain copy number.
Here, we use nucleotide Hidden Markov Models (HMMs)
(HMMER3; Eddy 20711) to more accurately query the
DUF1220 domain number of distantly related genomes.
After filtering these counts to limit the analysis to exonic se-
guence, we use phylogenetic comparative methods that cor-
rect for nonindependence to test whether DUF1220 copy
number is robustly associated with brain size, whether this is
due to an association with pre- or postnatal brain develop-
ment, and whether the association is specific to the neocortex.

Results

We confirm significant interspecific variation in DUF1220
counts across primates (table 1, fig. 1). Phylogenetic
Generalized Least Square (PGLS) regressions (Pagel 1999)
using square-root, or logso-transformed DUF1220 counts sup-
port previous reports of an association with brain volume
(SQRT: t;0=3.165, P=0.005, R’=0.455; log,q: t;o=4.770,
P <0.001, R?=0.655). The same associations are also found
after excluding Homo sapiens from the analysis (SQRT:
ts=3.810, P=0.002, R*=0.569; log;o: to=3.952, P=0.002,
R?=0.586). However, these data transformations may not be
appropriate for count data where models based on Poisson
distributions provide more accurate results (O'Hara and Kotze
2010).

Using a Bayesian approach that corrects for phylogenetic
nonindependence and fits a Poisson distribution to the
DUF1220 count data (MCMCglmm; Hadfield 2010), we
again find evidence that CM-associated exonic DUF1220

(a) (b) ()
DUF1220* | Brainmass [mg] ‘::':" 65 = .‘E‘ =
C. sabaeus 16 108000 3 2 25 _
B anubis 15 201000 S 15 - ®Homo & 4
M. mulatta 10 93000 ‘® 5 20 4
N. leucogenys & 102000 _E 10 g 1.5 —
G. gorilla 2 500000 = g 1.0 —+
H. sapiens 262 1330000 E @ = .
P troglodytes 32 405000 3 0 § 0.0
P. abelii 27 333000 = - ;
C. jocchus 9 7600 & =5 — £ -05 -
T. syrichta 2 3600 ! ! ! I I ! I I I I
Q. garnettii 2 10300 3 4 5 6 7 3 4 5 6 7
M. murinus 1 1780 log1o(Brainmass [mg]) log1o(Brainmass [mg])

Fic. 1.— (a) Phylogeny of Ensembl primate genomes showing the number of DUF1220 domains in functional, annotated genes with a CM promoter,
and brain mass. (b) The relationship between square-root transformed DUF1220 counts and logqg(brain mass), and (c) the relationship between logq
transformed DUF1220 counts and logig(brain mass). The regression lines are shown with (red) and without (gray) the inclusion of the H. sapiens data. In all

cases, they are significant.
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counts are associated with brain mass across primates (n=12,
posterior mean=1.927, 95%  confidence interval
[Cl]=0.800-3.040, Pycmc=0.001). This association is
robust to the exclusion of H. sapiens (posterior
mean=1.271, 95% Cl=0.490-2.019, Pycmc=0.003), and
found when hominoids (n=5, posterior mean=3.679, 95%
Cl=0.966-6.258, Pyicvc =0.018) or anthropoids (n=9, pos-
terior mean=2.019, 95% Cl=0.352-3.684, Pyicmc =0.010)
are analyzed alone, suggesting a consistent phylogenetic as-
sociation. When body mass is included as a cofactor in the
model, the positive association is restricted to brain mass (table
2a, fig. 1a).

Separation of pre- and postnatal development specifically
links DUF12220 number to postnatal brain growth. Analyzed
separately, the association with prenatal brain growth is

Table 2

MCMCglmm Results of Multivariate Models

Model Posterior 95% Cl Paicvic
Mean

(a) Brain Mass and Body Mass
1. log(brain mass) 4.105
+ log(body mass) —1.986
(b) Prenatal and Postnatal Growth
1. log(prenatal brain growth) —2.158
+ log(postnatal brain growth) 3.319
2. log(postnatal brain growth) 2.910
+ log(postnatal body growth) —1.241
(c) Brain Regions
1. log(neocortex volume) 5.961 0.720 to 11.173  0.014
+ log(RoB volume) —5.817 —13.322 to 1.120 0.953
2. log(cerebellum volume) 3.699 —5.857 to 12.611 0.186
+ log(RoB volume) —2435 —13.869 to 10.132  0.681
3. log(neocortex volume) 6.076  —0.139 to 12.5712 0.025
+ log(cerebellum volume) —0.369 —9.5128 to 8.961 0.526
+ log(RoB volume) —5.494 —-15.814 to 5.288 0.872

2.163 to 6.000 0.001
—3.544 to —3.900 0.988

—4.471 to 0.106 0.967
1.470 to 4.982 0.002
1.641 to 4.151  <0.001

—2.442 to —0.052 0.977

weaker (n=11, posterior mean=1.758, 95% Cl=-0.039
to 3.543, Pyicmc =0.023) than with postnatal brain growth
(posterior mean=1.839, 95% Cl1=0.895-2.808,
Pucmc =0.001). If both traits are included in the same
model, only the positive association with postnatal brain
growth remains (table 2b, fig. 2b model 1). Multiple regres-
sion analysis also confirms that the association is specific to
postnatal brain growth, rather than postnatal body growth
(table 2b model 2).

Finally, we not only examined the hypothesized relationship
with neocortex volume (e.g., Keeny, Davis, et al. 2014; Keeny,
Dumas, et al. 2014), but also considered cerebellum volume,
as this region coevolves with the neocortex (Barton and
Harvey 2000), has expanded in apes (Barton and Venditti
2014), and shows high levels of NBPF expression (Popesco
et al. 2006). When the rest-of-the-brain (RoB) is included as
a cofactor, to account for variation in overall brain size, a
positive association is found for neocortex volume but not
cerebellum volume (table 2c models 1-3, fig. 2¢).

Discussion

Our phylogenetic analyses substantiate the hypothesis that
the increase in DUF1220 number coevolves with brain mass
(Dumas et al. 2012; Keeney, Davis, et al. 2014), and may
contribute to the proximate basis of primate brain evolution.
We extend the results of previous studies by demonstrating
specific associations with neocortex volume, and postnatal
brain growth rather than prenatal brain growth. Together
these results imply a role for DUF1220 in evolutionary changes
in the maturation and postnatal development of the neocor-
tex. Previous hypotheses concerning the phenotypic relevance
of DUF1220 domain number have focused on their possible
contribution to neurogenesis (Dumas and Sikela 2009; Keeny,
Davis, et al. 2014; Keeny, Dumas, et al. 2014). This is sup-
ported by homology to genes with known functions in cell
cycle dynamics (Popesco et al. 2006; Thornton and Woods

(a) (b) ()
0.6 — 0.6 0.14 —
iG] = Bradin 05 4 ~ Prenatall 012 - - Neoc;)r;clex
- B — Postnat -G
- 04 ody 0.4 'ostnata 0.10 < erebellum
= 0.08 - ~ RoB
e 0.3 0.3
[ 0.06 —
o 0.2 - 0.2 — 0.04 —
0.1 — 0.1 — 0.02 <
0.0 — i | I I I 1 0.0 — [ I I I I I 1 0.00 — [ I I I I [ 1
-15-10 -5 0 5 10 15 20 -15-10 -5 0 5 10 15 -40-30-20-10 0 10 20 30

Posterior mean

Posterior mean

Posterior mean

Fic. 2.— (a) Posterior means of the association between DUF1220 count and brain mass (red) and body mass (black). (b) Posterior means of the
association between DUF1220 count and postnatal brain growth (red) and prenatal brain growth (black). (c) Posterior means of the association between
DUF1220 count and neocortex volume (red), cerebellum volume (solid black), and rest-of-brain volume (dashed black).
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2009), relevant spatial and temporal expression patterns
(Keeney, Davis, et al. 2014), and an effect on the proliferation
of neuroblastoma cell cultures (Vandepoele et al. 2008).
However, a direct effect of variation in DUF1220 domain
number on neural proliferation has not been demonstrated
(Keeney et al. 2015).

If DUF1220 domains do regulate neurogenesis, we would
expect them to coevolve with prenatal brain growth, as cor-
tical neurogenesis is restricted to prenatal development
(Bhardwaj et al. 2006). Our results instead suggest a robust
and specific relationship with postnatal brain development.
Existing data on DUF1220 domain function suggest two po-
tential roles that may explain this association: 1) a contribution
to axonogenesis through initiating and stabilizing microtubule
growth in dendrites; and 2) a potential role in apoptosis during
brain maturation. Both hypotheses are consistent with the
reported association between variation in DUF1220 dosage
and ASD (Davis et al. 2014). Indeed, an emphasis on postnatal
brain growth is potentially more relevant for ASD, which de-
velops postnatally, accompanied by a period of accelerated
brain growth in early postnatal development (Courchesne et
al. 2011).

Microtubule assembly is essential for dendritic growth and
axonogenesis (Conde and Caceres 2009). PDE4DIP, which
contains the ancestral DUF1220 domain, has known functions
in microtubule nucleation, growth, and cell migration (Roubin
etal. 2013). There is also evidence that NBPF1 interacts with a
key regulator of Wnt signaling (Vandepoele et al. 2010) that
has important roles in neuronal differentiation, dendritic
growth, and plasticity (Inestrosa and Varela-Nallar 2014).
Consistent with this function, DUF1220 domains are highly
expressed in the cell bodies and dendrites of adult neurons
(Popesco et al. 2006). A role for DUF1220 domains in synap-
togenesis could potentially explain the association with ASD
severity (Davis et al. 2014). ASD is associated with abnormal-
ities in cortical minicolumns (Casanova et al. 2002) and cortical
white matter (Hazlett et al. 2005; Courchesne et al. 2011),
both of which suggest a disruption of normal neuronal mat-
uration (Courchesne and Pierce 2005; Minshew and Williams
2007).

Alternatively, NBPF genes are also known to interact with
NF-kB (Zhou et al. 2013), a transcription factor implicated in
tumor progression, with a range of roles including apoptosis
and inflammation (Karin and Lin 2002; Perkins 2012).
Postnatal apoptosis has a significant influence on brain
growth (Kuan et al. 2000; Polster et al. 2003; Madden et al.
2007), including regulating neuronal density (Sanno et al.
2010), and apoptotic genes may have been targeted by selec-
tion in relation to primate brain expansion (Vallender and Lahn
2006). Disruption of apoptosis causes microcephaly (Poulton
et al. 2011), potentially explaining the association between
DUF1220 dosage and head circumference (Dumas et al.
2012). The association of NF-kB with inflammatory diseases
(Tak et al. 2001) is also intriguing, given the growing evidence

that the inflammatory response is linked to the risk and sever-
ity of ASD (Meyer et al. 2011; Depino 2012).

If DUF1220 domain number does contribute to the evolu-
tion of postnatal brain growth, this contrasts with results of
previously studied candidate genes with known roles in neu-
rogenesis that coevolve with prenatal brain growth
(Montgomery et al. 2011). This suggests a two-component
model of brain evolution where selection targets one set of
genes to bring about an increase in neuron number (e.q.,
Montgomery et al. 2011; Montgomery and Mundy 20123,
2012b), and an independent set of genes to optimize neurite
growth and connectivity (e.g., Charrier et al. 2012). NBPF
genes may fall into the latter category. This two-component
model is consistent with comparative analyses that indicate
pre- and postnatal brain developments evolve independently,
and must therefore be relatively free of reciprocal pleiotropic
effects (Barton and Capellini 2011).

Finally, these results add further evidence that many of the
genetic changes that contribute to human evolution will be
based on the continuation or exaggeration of conserved gene-
phenotype associations that contribute to primate brain evo-
lution more broadly (Montgomery et al. 2011; Scally et al.
2012). Understanding the commonalities between human
and nonhuman primate brain evolution is therefore essential
to understand the genetic differences that contribute the de-
rived aspects of human evolution.

Materials and Methods

Counting DUF1220 Domains

HMMER3.1b (Eddy 201 1) was used to build an HMM from the
DUF1220 (PFO6758) seed alignment stored in the PFAM data-
base (Finn et al. 2014). The longest isoforms for all proteomes
of 12 primate genomes from Ensembl v.78 (Cunningham et
al. 2015) (fig. 1a) were searched using the protein DUF1220
HMM (hmmsearch, E value < 1e-10) (supplementary table S1,
Supplementary Material online). We extracted the corre-
sponding cDNA regions to build a DUF1220 nucleotide profile
HMM (nHMM) using a MAFFT sequence alignment, allowing
for more sensitive analysis across a broad phylogenetic range.
The DUF1220 nHMM was used to search the complete geno-
mic DNA for all 12 species. These counts were filtered to
remove any DUF1220 domains not located in annotated
exonic sequence, or located in known pseudogenes.

We next filtered our counts to limit them to exonic se-
guence in close proximity to the NBPF-specific Conserved-
Mammal (CM) promoter (O'Bleness et al. 2012). To do so,
we built a nucleotide HMM for the CM promoter based on
a MAFFT (Katoh et al. 2002) alignment of the 900-bp CM
region upstream of human genes NBPF4, NBPF6, and
NBPF7. Using this CM promoter nHMM, we searched
1,000-bp up- and downstream of genes containing
DUF1220 domains for significant CM promoter hits
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(nhmmer, E value < 1e-10). This provided final counts for
DUF1220 domains within exonic regions and associated
with the CM promoter (table 1). These counts were used in
subsequent phylogenetic analyses. In the supplementary infor-
mation, Supplementary Material online, we compare our
counts with previous estimates and discuss possible sources
of error. All scripts and data used in the analysis are freely
available from: https:/github.com/gfma/duf1220

Phylogenetic Gene-Phenotype Analysis

PGLS regressions were performed using log-transformed phe-
notypic data and log- or square root-transformed DUF1220
count data in BayesTraits (Pagel 1999). Phylogenetic multivar-
iate generalized mixed models were implemented using a
Bayesian approach in MCMCglmm (Hadfield 2010), to test
for  phylogenetically  corrected  associations  between
DUF1220 counts and log-transformed phenotypic data (sup-
plementary table S2, Supplementary Material online). All
analyses were performed using a Poisson distribution, as
recommended for count data (O'Hara and Kotze 2010),
with uninformative, parameter expanded priors for the ran-
dom effect (G: V=1,n v=1, alpha.v=0, alpha.V=1,000; R:
V=1, v=0.002) and default priors for the fixed effects.
Phylogenetic relationships were taken from the 10k Trees proj-
ect (Arnold et al. 2010). We report the posterior mean of the
cofactor included in each model and its 95% Cls, and the
probability that the parameter value is greater than 0O
(Pmenmc) as we specifically hypothesize a positive association
(Dumas et al. 2012). Alternative data treatments lead to sim-
ilar conclusions (supplementary information, Supplementary
Material online).
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Abstract

The elevated rate of evolution for genes on sex chromosomes compared with autosomes (Fast-X or Fast-Z evolution) can
result either from positive selection in the heterogametic sex or from nonadaptive consequences of reduced relative
effective population size. Recent work in birds suggests that Fast-Z of coding sequence is primarily due to relaxed purifying
selection resulting from reduced relative effective population size. However, gene sequence and gene expression are often
subject to distinct evolutionary pressures; therefore, we tested for Fast-Z in gene expression using next-generation RNA-
sequencing data from multiple avian species. Similar to studies of Fast-Z in coding sequence, we recover clear signatures of
Fast-Z in gene expression; however, in contrast to coding sequence, our data indicate that Fast-Z in expression is due to
positive selection acting primarily in females. In the soma, where gene expression is highly correlated between the sexes,
we detected Fast-Z in both sexes, although at a higher rate in females, suggesting that many positively selected expression
changes in females are also expressed in males. In the gonad, where intersexual correlations in expression are much lower,
we detected Fast-Z for female gene expression, but crucially, not males. This suggests that a large amount of expression
variation is sex-specific in its effects within the gonad. Taken together, our results indicate that Fast-Z evolution of gene
expression is the product of positive selection acting on recessive beneficial alleles in the heterogametic sex. More broadly,
our analysis suggests that the adaptive potential of Z chromosome gene expression may be much greater than that of gene
sequence, results which have important implications for the role of sex chromosomes in speciation and sexual selection.

Key words: female heterogamety, gene expression divergence, selection, drift, Fast-X, sex chromosomes.

Introduction

The unique properties of the sex chromosomes are thought
to influence rates of evolution for the genes they contain, and
comparisons between the sex chromosomes and autosomes
are important for understanding the role that dominance,
effective population size and recombination play in adaptive
evolution. For both X and Z chromosomes, hemizygosity and
lower relative effective population size (Ng) of sex chromo-
somes can lead to an increased rate of functional change in
comparison to autosomes (Charlesworth et al. 1987; Vicoso
and Charlesworth 2006), a process termed Fast-X or Fast-Z
evolution.

In female heterogametic sex chromosome systems, the
single copy of the Z chromosome in females means that re-
cessive beneficial alleles are always exposed to selection when
expressed in this sex, leading to greater rates of fixation of
recessive advantageous alleles. This would result in the Fast-Z
effect due to adaptive evolution. Alternatively, Fast-Z can
occur as a result of the reduced Ng of the Z compared with
the autosomes. When male and female reproductive success
are equal, there are only three Z chromosomes for every four
autosomes (Ngz =3/4 Nga). The reduction in Ngz leads to a
reduction in the efficacy of purifying selection on the Z chro-
mosome (Caballero 1995; Laporte and Charlesworth 2002)
and drift has greater potential to fix mildly deleterious alleles
(Vicoso and Charlesworth 2009). Differentiating the role of

hemizygosity versus reduced N in rates of evolution for sex
chromosomes is essential for determining the relative role of
adaptive evolution versus genetic drift in sex chromosome
evolution, with important implications for sexual selection
and speciation (e.g, Haldane 1922; Kirkpatrick and Hall 2004).

Fast-Z evolution has been broadly detected in studies of
coding sequence in birds (Mank et al. 2007; Mank, Nam, et al.
2010; Corl and Ellegren 2012; Wright et al. 2015), snakes
(Vicoso et al. 2013), and moths (Sackton et al. 2014). Most
examples of Fast-Z sequence evolution have mainly been at-
tributed to drift (Mank, Nam, et al. 2010; Vicoso et al. 2013;
Wright et al. 2015) although evidence from silk moths suggests
positive selection (Sackton et al. 2014). Moreover, drift may be
particularly strong on Z chromosomes due to sexual selection.
Increasing variance in male reproductive success, such as that
produced by sexual selection (Wade 1979; Andersson 1994),
reduces relative Ng; below 3/4; Ng,, unlike male heterogametic
systems (Mank, Vicoso, et al. 2010). Recent estimates of Ng in
birds have been significantly less than 3/ Nga (Corl and
Ellegren 2012; Wang et al. 2014; Wright et al. 2015) potentially
resulting in elevated levels of genetic drift for Z-linked genes.

Studies of Fast-Z evolution have so far focused on coding
sequence data of orthologous genes to compare rates of
change on the Z chromosome versus the autosomes (Mank
et al. 2007; Mank, Nam, et al. 2010; Corl and Ellegren 2012;
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Vicoso et al. 2013; Sackton et al. 2014; Wright et al. 2015).
Genes that are orthologous across species tend to be under
high purifying selection (Wang et al. 2007) and as such this
may limit the ability of gene sequence studies to detect adap-
tive signals of Fast-Z. Although gene expression studies also
use orthologous genes, sequence and expression can show
different patterns of evolution, even for the same locus. For
example, purifying selection may act more weakly on expres-
sion of conserved orthologous genes if the regions regulating
gene expression are less conserved, thus allowing greater ca-
pacity for adaptive evolution of gene expression. Additionally,
gene expression evolution may also be influenced by trans-
regulation from different chromosomes (Meisel et al. 2012;
Meisel and Connallon 2013; Meiklejohn et al. 2014). Studies of
expression evolution on sex chromosomes may therefore be
particularly informative for understanding the nature of gene
expression evolution (Kayserili et al. 2012; Meisel et al. 2012;
Meisel and Connallon 2013), and for identifying the adaptive
potential of sequence versus expression evolution (Stern and
Orgogozo 2008).

In order to perform the first test of Fast-Z evolution of
global gene expression, we built de novo transcriptome as-
semblies from somatic and gonadal tissue from captive males
and females of six species of the Galloanserae, including
turkey (Meleagris gallopavo), pheasant (Phasianus colchicus),
peafowl (Pavo cristatus), guinea fowl (Numida meleagris),
swan goose (Anser cygnoides), and mallard duck (Anas
platyrhynchos) (Harrison et al. 2015; Wright et al. 2015).
Our data indicate that gene expression on the Z chromosome
evolves more rapidly than that on the autosomes, consistent
with previous studies of Fast-Z in coding sequence. However,
we observe more pronounced Fast-Z in females than males,
suggesting that unlike protein coding sequence, Fast-Z in
avian gene expression is primarily adaptive in nature.
Together, our results suggest that gene expression on the Z
chromosome may have a greater adaptive potential than
coding sequence, a finding with important implications for
sexual selection and speciation.

Results

Faster-Z Evolution of Gene Expression

We calculated the pairwise similarity in expression separately
for each sex, using Spearman’s rho correlation coefficient (p)
(Brawand et al. 2011; Meisel et al. 2012). We used pheasant as
the reference point (i.e, comparing expression of each of the
other five species to pheasant) in order to achieve even phy-
logenetic spacing of taxa, which maximizes our power to test
for differences in the slope of p between the Z and auto-
somes. Other focal species result in clustering of the data into
two groups, thereby making comparisons of the slope mean-
ingless. Therefore, we calculated p between each species and
the pheasant, and then plotted p for autosomal and Z genes
for each expression class by divergence time. Our results show
a greater rate of decline in p over time for the Z chromosome
compared with the autosomes, consistent with Fast-Z evolu-
tion of gene expression; however, the effect was primarily
observed in females (fig. 1). For genes expressed in the

female spleen, p decreased more rapidly over time (resulting
in a significantly steeper slope) for the Z chromosome com-
pared with the autosomes (fig. 1A, supplementary fig. S1 and
table S1, Supplementary Material online). In the male spleen,
the effect was marginally nonsignificant (fig. 1B and table ST,
Supplementary Material online). Similarly, in the gonad the
slope was greater for the Z chromosome than the autosomes
in females (fig. 1C and table S1, Supplementary Material
online), but not in males (fig 1D and table S71,
Supplementary Material online). In the female and male
spleens, p was significantly lower on the Z chromosome
than on the autosomes in the majority of comparisons
(fig. 1). In the female gonad, there was a significantly lower
p on the Z chromosome compared with the autosomes only
in comparisons between waterfowl and pheasant (fig. 1).

We also looked for signatures of Fast-Z evolution using
expression divergence in all pairwise comparisons between
the six species (Meisel et al. 2012). In the female spleen, we
detected higher gene expression divergence for the Z chro-
mosome than autosomes in 14 of 15 comparisons (fig. 2). In
the male spleen, gene expression divergence for the Z chro-
mosome was significantly greater than that of the autosomes
for 7 of 15 pairwise comparisons (fig. 2).

In the female gonad, 14 of 15 pairwise comparisons
showed higher divergence on the Z chromosomes than
autosomes (fig. 3). In the male gonad, only 4 of the 15
pairwise comparisons showed higher divergence on the Z
(ig. 3), and interestingly all of these comparisons with
higher gene expression divergence on the Z involved diver-
gence from duck.

Correlation of Gene Expression between Males and
Females (C¢)

These results suggest that Fast-Z evolution of expression
occurs primarily in females. Interestingly, the Fast-Z effect is
weakly detectible in the male spleen, but not at all evident in
the male gonad. This difference in Fast-Z evolution of expres-
sion in males may be the result of different levels of intersex-
ual correlation in expression in somatic versus gonadal tissues.
To explore the differences in intersexual correlation, and its
possible effects on Fast-Z evolution, we measured the corre-
lation in gene expression between males and females (here
termed C,.¢) across our six avian species. In order to control
for phylogeny, we used Phylogenetic Generalized Least
Squares (PGLS) in the R package Caper (R-Core-Team
2012); therefore, the strength of the correlation in expression
across the six species (C,¢) was measured using . In the
spleen, expression levels between males and females are
highly correlated across the clade both for genes on the au-
tosomes and Z chromosome (fig. 4A, median Cyf (auto-
somes) = 0.91, median Cii¢ (7 chromosome) = 0.86; Wilcoxon rank
sum, P < 0.0001). This suggests that most expression variation
selected in females will also be expressed in males and may
explain why both females and males show Fast-Z expression
evolution in the spleen.

In contrast, the correlation between gene expression in
males and females is much lower in the gonad (fig. 4B,
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Cmf (autosomes) = 0.28, median Cmf (Z chromosome) = 024
Wilcoxon rank sum, P =0.263). The reduction in C in the
gonad compared with the spleen implies that most adaptive
expression variation in the female gonad will not be similarly
expressed in males, and may explain why Fast-Z expression
evolution was only observed in females in this tissue.

Fast-Z Expression Evolution in Females Is Consistent
with an Adaptive Process

The stronger signature of Fast-Z in females than males is
consistent with an adaptive process driving Fast-Z evolution
of gene expression due to hemizygous exposure of recessive
beneficial expression variation. If Fast-Z is indeed a result of
fixation of recessive beneficial alleles in females, we would
expect to see greater rates of Fast-Z evolution for female-
biased genes than male-biased genes. Consistent with this,
we find indications of Fast-Z evolution for female-biased
genes in the female gonad but not for male-biased genes in
the male gonad (supplementary fig. S1, Supplementary
Material online). Interestingly, both Z and autosomal

2648

female-biased loci expressed in the male gonad exhibit greater
variation in divergence, with a high overall average, a pattern
not observed for male-biased genes expressed in the female
gonad (supplementary fig. S1, Supplementary Material
online).

Additionally, if purifying selection acting on coding se-
quence constrains adaptive Fast-Z evolution in coding se-
quence, we might expect greater signatures of adaptive
Fast-Z expression evolution for highly expressed genes than
lowly expressed genes, as the sequence of highly expressed
genes has been shown to be subject to stronger purifying
selection (Resch et al. 2007). Consistent with this prediction,
we find more pronounced Fast-Z expression evolution in fe-
males for genes that are highly expressed compared with
those with lower expression, although we do detect signa-
tures of Fast-Z expression evolution for both expression cat-
egories (supplementary fig. S2, Supplementary Material
online). As expected, highly expressed genes in general tend
to be more constrained and generally show overall lower
divergence than genes that have low expression across the
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Fic. 2. Branch-specific pairwise gene expression divergence for female and male spleens. Gene expression divergence in female spleen shown below the
diagonal (in red) and male spleen above the diagonal (in blue). Genes on autosomes are shaded darker and genes on Z chromosome shaded lighter.

Two-sided Wilcoxon tests for significant differences between autosomal and Z

genome (supplementary fig. S2, Supplementary Material
online).

Expression Variance Indicates Fast-Z Is due to
Adaptive Evolution

In order to test more directly whether gene expression
changes are due to adaptive versus nonadaptive processes,
we used Ax, a measure of adaptive change in expression
evolution (Moghadam et al. 2012) which incorporates both
divergence and polymorphism (expression variance). We re-
constructed ancestral expression levels using a maximum-
likelihood (ML) estimator of Brownian Motion (Schluter
et al. 1997; Paradis et al. 2004; Harrison et al. 2015). It is im-
portant to note that models of gene expression evolution are
largely additive, and are not yet possible to functionally val-
idate. Their utility in extrapolating evolutionary signals is im-
portant, but results must be interpreted cautiously. More
importantly, error increases over phylogenetic space; there-
fore, we confine our analyses using ancestral reconstructions
to the internal nodes nearest to each of our study species
(nearest ancestor).

chromosome divergence denoted by *P < 0.05, **P < 0.01, ***P < 0.001.

We measured gene expression divergence between each of
our species and the reconstructed gene expression of the
nearest ancestor (nearest internal node). In the spleen,
higher gene expression divergence on the Z chromosome
was in general detected for both males and females (fig.
5A). Consistent with the pairwise species comparisons in
the gonad (fig. 3) we found higher expression divergence
for genes on the Z than for autosomal genes in all six species
comparisons in females, but not in males (fig. 6A). We calcu-
lated the proportion of genes on the Z and autosomes where
divergence exceeds polymorphism (—1 > Ax > 1), a
signal of positive selection (Moghadam et al. 2012). In the
female spleen there was a higher proportion of genes on the Z
chromosome showing putative positive selection in only one
of the species, and a significantly lower proportion for one
species in males (fig. 5B). However, in the female gonad in
three of the six species we found a higher proportion of genes
on the Z chromosome showed evidence of putative positive
selection in gene expression compared with autosomes (fig.
6B). In contrast, there was no significant difference in the
proportion of genes under positive selection on the Z or
autosomes in any species in the male gonad (fig. 6B).
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Discussion

Our study finds clear signatures of Fast-Z evolution of gene
expression in both the somatic and gonadal tissues, similar to
arecent study on Fast-Z in gene sequence (Wright et al. 2015).
However, in contrast to previous studies of protein coding
data, which support a predominant role of drift in Fast-Z
(Wright et al. 2015), our data indicate that Fast-Z in gene
expression is primarily the result of positive selection acting
in females due to hemizygous exposure of recessive beneficial
variation.

Fast-Z in Gene Expression Is Largely the Result of
Adaptive Evolution in Females

Our results provide several lines of evidence that support the
role for positive selection in driving Fast-Z evolution of gene
expression. First, the Fast-Z effect in expression is stronger in
females than males, consistent with hemizygous exposure of
beneficial variation. In gonadal tissue, we find strong signa-
tures of Fast-Z in females but not males (fig. 3), and the Fast-Z
effect is stronger for females than males in the spleen (fig. 2).
Additionally, we find tentative support that female-biased
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genes show stronger Fast-Z expression evolution than male-
biased genes (supplementary fig. S1, Supplementary Material
online), consistent with the assumption that female-biased
genes encode female phenotypes (Connallon and Clark 2011).
Different methods to identify sex-biased gene expression can
yield different results (Assis et al. 2012). However, our method
of defining sex-bias was broadly consistent with the EdgeR
method (Robinson et al. 2010), producing an overlap in sex-
biased expression of 89-96% between both approaches
(Wright et al. 2015). This means that our analyses of gene
expression divergence for sex-biased genes are unlikely to be
affected by different methods of classifying sex-biased gene
expression. Finally, in females, a higher proportion of genes on
the Z in several of the six species studied show evidence of
positive selection for expression (figs. 5B and 6B), but we find
no such difference in males. Although differences in gene
function between the autosomes and Z chromosome could
contribute to Fast-Z, Gene Ontology analysis for the ortho-
logous genes across these six species suggests no difference in
gene function across the autosomes and Z chromosome
(Wright et al. 2015). These results taken as a whole are con-
sistent with an adaptive explanation of Fast-Z.
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The role of selection in driving Fast-Z evolution of gene
expression is perhaps surprising given that drift has been
shown to be the primary cause of Fast-Z evolution in birds
(Wright et al. 2015). This suggests that gene sequence and
gene expression are subject to different evolutionary forces.
The alternative reasons for Fast-Z gene sequence and gene
expression evolution are likely to be linked to how selection
acts on cis-regulatory regions. Mutations in cis-regulatory re-
gions of genes are thought to be particularly important for
evolutionary change (Wray 2007), and cis-regulated expres-
sion may be subject to stronger positive selection (Emerson
et al. 2010) even in the face of pleiotropic constraint imposed
on genes with conserved expression (Wray 2007). In contrast,
the sequence for conserved orthologs may be largely shaped
through purifying selection, limiting adaptive potential.
Together, this suggests that the adaptive potential of Z chro-
mosome gene expression may be greater than that of coding
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sequence, which may be important for studies of speciation
and sexual selection, where the Z chromosome is often the-
oretically implicated as a major contributor (Haldane 1922;
Kirkpatrick and Hall 2004).

Differences between the Spleen and Gonad in Fast-Z
Evolution of Male Expression

Expression data are arguably more useful for studies of Fast-X
or Fast-Z evolution because they can be used effectively to
compare the sexes, as opposed to coding sequence data,
which are the same in both males and females. Our analysis
shows that Fast-Z expression evolution is consistent in the
female gonad and soma, but is only weakly detectible in the
male spleen and is absent from the male gonad (figs. 1-3).
The difference in male Fast-Z expression evolution between
the spleen and the gonad may be a consequence of the
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difference in the strength of the genetic correlation between
the sexes in these different tissues.

In the spleen, expression in males and females is highly
correlated across the phylogeny (fig. 4A); therefore, the fixa-
tion of expression variation on the Z chromosome in females
will often also result in the same expression pattern in males,
producing a weaker, but still detectible, signature of Fast-Z
expression evolution in the male spleen. In contrast to the
spleen, the genetic correlation (C,¢) in expression between
males and females is much lower in gonadal tissue (fig. 4B).
This suggests that the majority of expression variation in the
gonad is sex-specific in its effects, and therefore fixation of
expression variants that are beneficial to females on the Z
chromosome would not necessarily result in the same pattern
when expressed in males. We also note that differences in the
intersexual genetic correlation for genes on the Z chromo-
some and autosome are unlikely to contribute to our patterns
of Fast-Z expression evolution because there were only small
but significant differences in C, s between the autosomes and
Z chromosome in the spleen and there was no significant
difference in the gonad.

Another important difference between somatic and go-
nadal tissue is the extent of dosage compensation. In birds,
there is generally a lack of dosage compensation in the gonad,
whereas the spleen tends to exhibit a degree of incomplete
dosage compensation (Ellegren et al. 2007; Itoh et al. 2007).
Differences in the extent of dosage compensation are thought
to affect Fast-Z sequence evolution due to beneficial muta-
tions (Mank, Vicoso, et al. 2010). When dosage compensation
is more complete, Fast-Z sequence evolution due to positive
selection is thought to be more pronounced, potentially be-
cause the selection coefficients in the heterogametic sex are
expected to be smaller (Charlesworth et al. 1987). However,
contrary to this, our data show similar patterns of Fast-Z
expression evolution in the female gonad and spleen. As we
do not see variation in the magnitude of dosage compensa-
tion across the six species studied, selection for dosage com-
pensation is unlikely to drive the Fast-Z effect that we detect.

Fast-X versus Fast-Z

Faster rates of gene expression evolution on sex chromo-
somes have been detected in mammals and Drosophila,
both male heterogametic systems. In mammals, the evidence
suggests that Fast-X evolution of gene expression occurred as
an adaptive burst on the newly formed therian X (Brawand
et al. 2011). Similarly, we also find signatures of Fast-Z in
expression over short evolutionary timescales (i.e, between
closely related species, figs. 2 and 3), and at the tips of the
phylogenetic tree (figs. 5A and 6A). However, in contrast to
the mammalian study, we also find Fast-Z across more dis-
tantly related species (figs. 2 and 3), and the level of Fast-Z is
correlated with phylogenetic distance (fig. 1), suggesting that
the effect is cumulative over time.

Studies on Fast-X in Drosophila have shown that Fast-X is
more strongly detected, but not limited to, male-biased genes
expressed in male reproductive tissue (Meisel et al. 2012),
although another study showed that Fast-X was restricted

to Drosophila embryonic stages (Kayserili et al. 2012). Both
studies are consistent with Fast-X driven by the adaptive fix-
ation of mutations that affect gene expression in cis. Our data
on Fast-Z provide further support that mutations affecting
gene expression of genes on sex chromosomes are also pri-
marily regulated in cis, and that the fitness consequences of
these mutations are in general recessive (Meisel et al. 2012).
Furthermore, Drosophila exhibits complete X chromosome
dosage compensation and Z chromosome dosage compen-
sation in birds is incomplete (reviewed in Mank 2013). The
similarity between expression Fast-X in Drosophila and Fast-Z
in birds suggests that faster rates of gene expression evolution
are not restricted to a particular mode of dosage compensa-
tion (Meisel et al. 2012).

Models of Gene Expression Divergence

We note that measuring Fast-Z using gene expression rather
than gene sequence may present a few caveats. First, current
models of gene expression evolution assume additivity
(Brawand et al. 2011; Ometto et al. 2011; Moghadam et al.
2012; Rohlfs et al. 2013), which has yet to be validated
(Khaitovich et al. 2006). Second, in species with incomplete
dosage compensation such as birds (Mank 2013), genes on
sex chromosomes in the heterogametic sex will often have
lower expression than genes on autosomes, which may affect
measures of Fast-Z. However, our measure of gene expression
divergence takes into account expression level and so this
should not affect our ability to detect Fast-Z. Furthermore,
we detect Fast-Z for both highly and lowly expressed genes,
and our results are robust to different measures of Fast-Z,
such as Spearman’s rho correlation coefficient and gene ex-
pression divergence calculations.

Final Remarks

We detect Fast-Z evolution in gene expression across six avian
species spanning 90 My of evolutionary history, and our re-
sults indicate that, in contrast to studies of coding sequence,
Fast-Z in expression is primarily due to adaptive evolution of
female-benefit variation. Together, this suggests that the
adaptive potential of Z chromosome gene expression may
be greater than that of coding sequence, which may be im-
portant for studies of speciation and sexual selection, where
the Z chromosome has been theoretically shown to play a
major role (Haldane 1922; Kirkpatrick and Hall 2004).

Materials and Methods

Transcriptome Assembly

Spleen and gonad samples were collected from captive-reared
males and females at the start of their first breeding season for
Anas platyrhynchos (mallard duck), Meleagris gallopavo (wild
turkey), Phasianus colchicus (common pheasant), Numida
meleagris (helmeted guineafowl), Pavo cristatus (Indian pea-
fowl) and Anser cygnoides (swan goose), with permission from
institutional ethical review committees and in accordance
with national guidelines.

The left gonad and spleen were dissected separately from
five males and five females for A. platyrhynchos, N. meleagris,
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P. cristatus and A. cygnoides, and from six males and five
females for P. colchicus. In M. gallopavo, four male and two
female spleens were collected and five male and female
gonads were collected. Samples were homogenized, stored
initially in RNAlater, and RNA was then prepared with the
Animal Tissue RNA Kit (Qiagen). mRNA was subtracted and
individual samples barcoded by The Wellcome Trust Centre
for Human Genetics, University of Oxford using lllumina’s
Multiplexing Sample Preparation Oligonucleotide Kit with
an insert size of 280 bp. RNA was sequenced on an lllumina
HiSeq 2000 resulting in on average 26 million 100-bp paired-
end reads per sample.

Quality control, de novo assembly, and ortholog detection
have been described previously (Harrison et al. 2015; Wright
et al. 2015). Reads were mapped to de novo assemblies to
obtain expression levels. Comparisons of normalized expres-
sion counts were used to identify sex-biased gene expression
using standard measures and corrected for multiple testing
(Pointer et al. 2013; Perry et al. 2014).

Genes used in all subsequent analyses were restricted to
reciprocal 1-1 orthologs across all six study species that were
expressed in either sex. We filtered out any sex-limited gene
with expression less than 2 rpkm in the sex in which it was
expressed, then removed any genes that were not expressed
in all six of the species, resulting in 2,428 autosomal genes and
171 Z-linked genes for the spleen, and 2,729 autosomal and
184 Z-linked genes for the gonad. Analyses of gene expression
similarity and divergence were done for males and females
separately in R v.2.15.1 (R-Core-Team 2012).

Divergence and Phylogeny Estimation

In order to estimate divergence time as well as phylogenetic
distance, nucleotide sequences for reciprocal orthologous
genes were aligned with PRANK v.130820 (Loytynoja and
Goldman 2008) using ML-derived guide trees, with the
zebra finch as an outgroup. Reciprocal orthologs were used
to construct an ML phylogeny for our six species with a
GBLOCKS 0.91b (Castresana 2000) filtered alignment using
RaxML (Stamatakis 2014) version 7.4.2. The gene set was fil-
tered with Repeatmasker (http://www.repeatmasker.org) to
remove retrotransposons and tandem repeats. Genes were
also checked for in-frame internal stop codons and SWAMP
version 1.0 (Harrison et al. 2014) was used with a threshold of
four in a window size of five bases to check for regions with
poor alignment and to set a minimum sequence length of 75
bp. PAML version 4.7a (Yang 2007) was used to estimate
divergence for orthologous genes, and orthologous genes
with ds > 2 were removed from further analyses as this
represents the point of mutational saturation in avian se-
quence data (Axelsson et al. 2008). The resulting molecular
divergence was measured as root-to-tip branch length be-
tween pheasant and each species.

Measures of Fast-Z Evolution of Gene Expression
Spearman’s Rho

Spearman’s rho correlation coefficient (p) can be used to
estimate the decay in similarity between species over time,
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and the comparison between the slope of p across phyloge-
netic distance for the Z and autosomes is a measure of Fast-Z
evolution of gene expression. Spearman’s rho correlation be-
tween pheasant and all other species was calculated for all
genes on the autosomes and Z chromosome (Kayserili et al.
2012; Harrison et al. 2015). We used linear models to test for a
significant difference between the slope of the decay in sim-
ilarity across molecular divergence time for autosomes and Z
chromosome (supplementary table S1, Supplementary
Material online). For each pairwise comparison, we tested
whether the Z chromosome p was significantly different
from the autosomal p using 1,000 bootstrapped replicates
consisting of the number of Z-linked genes sampled from
the pool of autosomal genes. The 95% confidence intervals
of the autosomal distribution were used to denote a signifi-
cant difference between the Z chromosome and the
autosomes.

Gene Expression Divergence

For each pairwise species comparison, expression divergence
was calculated as the difference in gene expression between
the two species divided by the average gene expression
(Meisel et al. 2012) for each locus. Gene expression divergence
was calculated separately for male and female expression in
the spleen and gonad. Two-sided Wilcoxon tests were used to
test for differences in gene expression divergence on auto-
somes and Z chromosomes.

Correlation in Gene Expression between Males and
Females

The correlation in gene expression between males and fe-
males (C,¢) was calculated separately for each gene for ex-
pression in the spleen and gonad. PGLS models were used in
the Caper package (Orme et al. 2012) (R v2.15.1) using the ML
phylogeny for our six species to correct for phylogeny. The r*
value was used as the estimate of the strength of the corre-
lation in gene expression between males and females for each
gene. Sex limited genes were removed from these analyses as
the models cannot account for low variance in expression
across the phylogeny.

Ancestral State Gene Expression Divergence and
Directional Selection

Ancestral state reconstruction of expression was conducted
with the APE package (Paradis et al. 2004) using the Brownian
motion-based ML estimator (Schluter et al. 1997) using the
ML phylogeny of the six species described above. Gene ex-
pression divergence was calculated between each species and
their most recent ancestor (i.e, their nearest internal node in
the phylogenetic tree).

Models exist to test for positive selection in gene expres-
sion (Brawand et al. 2011; Roux et al. 2014). Ax (Moghadam
et al. 2012) is particularly useful in this case because it corrects
for expression level, which is important in comparisons be-
tween diploid and haploid chromosomes, and in systems
lacking complete sex chromosome dosage compensation.
We calculated Ax (Moghadam et al. 2012) between each
species and their most recent ancestor (i.e, their nearest
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internal node in the phylogenetic tree). Ax incorporates ex-
pression variance as an indicator of polymorphism, and values
for Ax > 1or < —1indicate that divergence from the point
estimate of the ancestral state is greater than standing genetic
variation in gene expression within the species, a typical in-
dicator of positive selection.

Sex-Biased Gene Expression

Sex-biased gene expression rapidly changes across the phy-
logeny (Harrison et al. 2015) and few genes remain sex-biased
in all six species (Harrison et al. 2015). Genes whose ancestral
reconstruction was sex-biased at the ancestral node to all six
species were therefore classified as sex-biased. Male- and
female-biased genes were identified using log 2-fold change
gene expression between males and females. This resulted in
24 female-biased genes and 54 male-biased genes on the Z
chromosome and 589 female-biased genes and 554 male-
biased genes on the autosomes.

Expression Level

Genes were broadly divided into highly and lowly expressed.
Average gene expression across the six species was calculated
for each gene and then expression was averaged across males
and females. Genes with expression above the median (4.55
rpkm) were classified as highly expressed and below were
classified as lowly expressed. Significant differences in gene
expression divergence on the Z chromosome and autosomes
between the ancestral state and each species were analyzed as
before.

Supplementary Material

Supplementary figures S1and S2 and table S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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Abstract

Higher rates of coding sequence evolution have been observed on the Z chromosome
relative to the autosomes across a wide range of species. However, despite a consider-
able body of theory, we lack empirical evidence explaining variation in the strength of
the Faster-Z Effect. To assess the magnitude and drivers of Faster-Z Evolution, we
assembled six de novo transcriptomes, spanning 90 million years of avian evolution.
Our analysis combines expression, sequence and polymorphism data with measures of
sperm competition and promiscuity. In doing so, we present the first empirical evi-
dence demonstrating the positive relationship between Faster-Z Effect and measures of
promiscuity, and therefore variance in male mating success. Our results from multiple
lines of evidence indicate that selection is less effective on the Z chromosome, particu-
larly in promiscuous species, and that Faster-Z Evolution in birds is due primarily to
genetic drift. Our results reveal the power of mating system and sexual selection in
shaping broad patterns in genome evolution.
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Introduction

Sex chromosomes are subject to unique evolutionary
forces as a result of their unusual pattern of inheritance
(Charlesworth et al. 1987; Vicoso & Charlesworth 2009;
Connallon et al. 2012). The magnitude of selection,
genetic drift and recombination are all predicted to dif-
fer between the sex chromosomes and autosomes (Rice
1984; Kirkpatrick & Hall 2004a; Mank et al. 2010a; Mei-
sel & Connallon 2013) and studies contrasting the evo-
lution of sex-linked to autosomal genes can shed light
on the fundamental evolutionary forces acting across
the genome as a whole.

Faster rates of coding sequence evolution have been
observed on the Z and X chromosomes relative to the
autosomes across a wide range of species (recently
reviewed by Meisel & Connallon 2013), and Faster-X
and Faster-Z Effects appear to be a common feature of
sex chromosome evolution. However, despite elevated
rates of evolution for both X-linked and Z-linked genes,

Correspondence: Alison E. Wright, E-mail: alison.e.wright@ucl.ac.uk

the underlying causes of Faster-X and Faster-Z Evolu-
tion are predicted to differ (Vicoso & Charlesworth
2009; Meisel & Connallon 2013).

The effective population size of X and Z chromo-
somes (Ngx and Ngyz) is % that of the autosomes (Nga)
when there is no difference in the variance of male and
female reproductive success, such as in strictly monoga-
mous breeding systems (Charlesworth et al. 1987). How-
ever, many forms of sexual selection cause elevated
variance in male reproductive success (Andersson
1994), which reduces Ngz/Ngas, and in extreme cases
where a single male monopolizes the reproductive out-
put of many females, Nz approaches /2 Nga (Vicoso &
Charlesworth 2009; Wright & Mank 2013) (Fig. 1). Cor-
respondingly, genetic drift and fixation of weakly dele-
terious mutations is greater on the Z chromosome
(Charlesworth 2009), and we predict a Faster-Z Effect
largely due to neutral, nonadaptive processes. Empirical
evidence in birds and snakes is consistent with this
nonadaptive and neutral explanation of Faster-Z (Mank
et al. 2010b; Corl & Ellegren 2012; Vicoso et al. 2013a);
however, silk moths may present a recent exception

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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(Sackton et al. 2014). It is worth noting that a major fac-
tor determining the relative contribution of nonadaptive
and adaptive drivers of Faster-Z is overall effective
population size (Meisel & Connallon 2013). Overall Ng
mediates the distribution of fitness effects, and specifi-
cally, we expect the efficacy of selection and adaptive
component of Faster-Z to be weaker in populations
with smaller Ng (Kimura & Ohta 1971).

The opposite relationship between male mating suc-
cess and relative Ngx is predicted in male heterogametic
systems (Laporte & Charlesworth 2002; Vicoso &
Charlesworth 2009; Wright & Mank 2013). Increasing
variance in male reproductive success results in Ngx/
Nga > %, and Ngx/Nga may approach 1 in extreme
cases (Fig. 1). Correspondingly, the higher ratio of Ngx/
Nga is expected to decrease the effect of genetic drift in
Faster-X Evolution. Elevated rates of evolution on X
chromosomes are therefore more often thought to be
the product of increased efficacy of selection acting on
recessive X-linked alleles in the heterogametic sex,
thereby increasing the rate of fixation of beneficial
alleles relative to the autosomes. Consistent with adap-
tive Faster-X Evolution, signatures of positive selection
have been uncovered on the X chromosome of mam-
mals and Drosophila (Thornton & Long 2005; Baines
et al. 2008; Hvilsom et al. 2012; Langley et al. 2012).

A key prediction is that the magnitude of Faster-Z
Evolution can be explained by variation in the effective
population size of the sex chromosomes relative to the
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Fig. 1 Relationship between effective population size (Ng) and
variance in male reproductive success. Schematic outlining the
predicted relationship between variance in male reproductive
success and relative Ngz and Ngx. When variance in reproduc-
tive success is the same in males and females, under monog-
amy, both Ngz and Ngx = % Nga. As variance in male mating
success increases, Ngz < ¥ Nga and Ngx > ¥ Nga.

autosomes driven by sexual selection (Vicoso &
Charlesworth 2009). Here, we explicitly test this predic-
tion in the Galloanserae, a clade of birds spanning 90
million years (Fig. 2), for which there is extensive varia-
tion in mating system (Moller 1988, 1991; Birkhead &
Petrie 1995). Using de novo transcriptomes for six Gallo-
anserae species, we measured sequence divergence,
polymorphism and expression and combined these
molecular data with phenotypic measures of mating
system to explore the nature of Faster-Z Evolution. Our
results build on previous findings to reveal the domi-
nant role nonadaptive processes play in Faster-Z. Fur-
thermore, we uncover a positive association between
Faster-Z and measures of sperm competition, a widely
used indicator of the strength of postcopulatory sexual
selection (Birkhead & Moller 1998). Our results suggest
that variation in male mating success drives Z-linked
divergence, and present the first empirical evidence in
support of the considerable body of theory (Charles-
worth et al. 1987; Vicoso & Charlesworth 2009) outlin-
ing the relationship between sexual selection and sex
chromosome evolution.

Materials and methods

De novo transcriptome assembly

RNA-Seq data were obtained from captive populations
of the following Galloanserae species at the start of
their first breeding season; Anas platyrhynchos (mallard

* P. colchicus

M. gallopavo
P. cristatus

_9 N. meleagris

A. platyrhynchos

% A. cygnoides

=] 20 million years

Fig. 2 Phylogenetic relationship of the Galloanserae species in
this study.
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duck), Meleagris gallopavo (wild turkey), Phasianus colchi-
cus (common pheasant), Numida meleagris (helmeted
guinea fowl), Pavo cristatus (Indian peafowl) and Anser
cygnoides (swan goose) (Fig. 2). Samples were collected
with permission from institutional ethical review com-
mittees and in accordance with national guidelines. The
left gonad and spleen were dissected separately from
five males and five females of each species. The excep-
tions were P. colchicus, where six male gonad and
spleen samples were collected, and M. gallopavo, where
four male and two female spleens were collected. Sam-
ples were homogenzied and stored in RNA later until
preparation. We used the Animal Tissue RNA Kit (Qia-
gen) to extract RNA, and the samples were prepared
and barcoded at The Wellcome Trust Centre for Human
Genetics, University of Oxford using Illumina’s Multi-
plexing Sample Preparation Oligonucleotide Kit with an
insert size of 280 bp. RNA was sequenced on an Illu-
mina HiSeq 2000 resulting in on average 26 million
100 bp paired-end reads per sample (Tables S1 and S2,
Supporting Information).

The data were quality assessed using FastQC v0.10.1
(www.bioinformatics.babraham.ac.uk/projects/fastqc)
and filtered using Trimmomatic v0.22 (Lohse et al.
2012). Specifically, we removed reads containing adap-
tor sequences and trimmed reads if the sliding window
average Phred score over four bases was <15 or if the
leading/trailing bases had a Phred score <4. Reads
were removed post filtering if either read pair was <25
bases in length. We constructed de novo transcriptome
assemblies for each species using TriNITY with default
parameters (Grabherr ef al. 2011). We separately
mapped back all of the reads from each sample to the
Trinity contigs using rseM v1.1.21 with default parame-
ters (Li & Dewey 2011) to obtain expression levels. We
applied a minimum expression filter of 2 reads per kilo-
base per million mapped reads (RPKM) requiring that
each contig has expression above unlogged 2 RPKM in
at least half of any of the tissues from either sex. For
each Trinity contig cluster, the isoform with the highest
expression level was selected for further analysis. We
removed rRNA transcripts using G. gallus known
sequences. This generated 37453 contigs for A. platy-
rhynchos, 50817 for M. gallopavo, 56090 for P. colchicus,
45535 for N. meleagris, 56604 for P. cristatus and 44144
for A. cygnoides.

Identification of Galloanserae orthogroups

G. gallus (Galgal4/GCA_000002315.2) ¢cDNA sequences
were obtained from EnsemBL v73 (Flicek et al. 2013), and
the longest transcript for each gene was identified. We
determined orthology using reciprocal BLASIN v2.2.27+
(Altschul et al. 1990) with an E-value cut-off of

1 x 107" and minimum percentage identity of 30%.
Reciprocal 1-1 orthologs across all seven species (ortho-
groups) were identified using the highest BLAST score.

Avian chromosome structure is unusually stable,
potentially due to a lack of active transposons (Toups
et al. 2011), and major genomic rearrangements are
infrequent (Stiglec et al. 2007). Synteny of the Z chromo-
some has previously been shown to be highly con-
served across both extant birds (Vicoso et al. 2013b), as
well as within the Galloanserae (Skinner et al. 2009).
Chromosomal location was therefore assigned from
G. gallus reciprocal orthologs.

Estimating sequence divergence across orthogroups

To extract Galloanserae protein-coding sequences,
G. gallus (Galgal4/GCA_000002315.2) protein sequences
were obtained from EnsemsL v73 (Flicek et al. 2013). For
each orthogroup, each contig was translated into all
potential reading frames and BLASTED against the orthol-
ogous G. gallus protein sequence using BLASTX. BLASTX
outputs were used to determine coding frame, and pro-
tein-coding sequences for each species were extracted.
Protein-coding sequences were defined as sequences
starting with the amino acid M and terminating with a
stop codon or end of the contig. Orthogroups with no
BLASTX hits or a valid protein-coding sequence were
excluded.

Orthogroups were aligned with PrRANK v121218 using
the orthologous Taeniopygia guttata cDNA (tae-
Gut3.2.4.75) as an outgroup and specifying the follow-
ing  guidetree  (((A. cygnoides,  A. platyrhynchos),
(N. meleagris, (P. cristatus, (M. gallopavo, P. colchicus)))),
T. guttata). Retrotransposons were removed with REPEAT-
MASKER (v open-4.0.3), and sequences with internal stop
codons were also removed. swamp v0.9 (Harrison et al.
2014) with a cut-off of 4 and window size of 15, and a
minimum length of 75 bp was used to preprocess the
data.

To obtain divergence estimates for each orthogroup,
we used the branch model (model=2, nssites=0) in the
cobeEML package in ramL v4.7a (Yang 2007), using the
specified phylogeny; ((A. cygnoides, A. platyrhynchos),
(N. meleagris, (P. cristatus, (M. gallopavo, P. colchicus))),
T. guttata). The branch model was used to calculate
mean dy/ds across all Galloanserae branches, excluding
the T. guttata outgroup. We will refer to this as the Gal-
loanserae analysis. We also used the branch model to
calculate mean dy/ds for each of the six Galloanserae
species separately. Specifically, for each species, we cal-
culated mean dy/ds from the terminal tip to the Gallo-
anserae common ancestor. We will refer to this as the
species-specific analysis. This approach ensures that
the branch length over which dy/ds is calculated is

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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identical for each species and therefore prevents inter-
specific variation in branch length biasing our conclu-
sions (Montgomery et al. 2011). As mutational
saturation and double hits can lead to inaccurate diver-
gence estimates (Axelsson et al. 2008), orthogroups were
excluded if tree length dg >2 across all branches.

Using sequence divergence to estimate the Faster-Z
Effect

The avian genome exhibits considerable karyotypic var-
iation in chromosome size. Therefore, mean dy;, ds and
dn/ds were calculated separately for all autosomes,
autosomes 1-10, microchromosomes and the Z chromo-
some. Microchromosomes exhibit an elevated recombi-
nation rate, greater gene density and GC content, all of
which have been shown to impact the nature and effi-
cacy of selection (Burt 2002; Ellegren 2013). The fairest
measure of Faster-Z Evolution is therefore to contrast
divergence between the Z chromosome and similar-
sized autosomes 1-10 (Mank et al. 2010b).

For each genomic category, mean dy and mean dg
were calculated as the sum of the number of substitu-
tions across all contigs in a given category divided by
the number of sites (dy = sum Dy/sum N, dg = sum
Ds/sum S, where Dyys is an estimate of the number of
nonsynonymous/synonymous substitutions and N/S is
the number of nonsynonymous/synonymous sites).
This approach avoids the problems of infinitely high
dn/ds estimates arising from contigs with extremely
low dg (Mank et al. 2007a, 2010b) and prevents dispro-
portionate weighting of shorter contigs.

Bootstrapping with 1000 repetitions was used to gen-
erate 95% confidence intervals, and significant differ-
ences between genomic categories were determined
from 1000 permutation tests. One-tailed P-values are
reported because we specifically test whether dy;, ds and
dn/ds are significantly higher for Z-linked contigs vs.
autosomal contigs. Mean Z-linked and autosomal dy;, ds
and dn/ds values were calculated for the whole Gallo-
anserae (Galloanserae analysis) and for each of the six
species (species-specific analysis). Faster-Z Effect was
calculated as dnz/dsz: dna/dsa.

Testing the relationship between sexual selection and
Faster-Z Effect

To test the hypothesis that the magnitude of Faster-Z
increases with increased variance in male reproductive
success, we performed phylogenetically controlled
regression analyses between Faster-Z (dnz/dsz: dna/
dsa) and relative Ngz for each Galloanserae species and
two measures of female promiscuity. The intensity
of sperm competition, a widely used proxy for the

magnitude of postcopulatory sexual selection and there-
fore variance in male reproductive success, is strongly
predicted by relative testes weight and sperm number
(Moller 1991; Moller & Briskie 1995; Birkhead & Moller
1998). These measures are also frequently used to test
genotype—phenotype hypotheses (e.g. Dorus et al. 2004;
Ramm et al. 2008). Residual testes weight was calcu-
lated using the following equation describing the linear
relationship between log testes weight and body weight
across a large number of birds (Pitcher et al. 2005):
log[testes mass(g)] = —1.56 + 0.61 log, [body mass(g)]
(Moller 1988, 1991; Birkhead & Petrie 1995). For all six
species in this study, relative testes weight was less
than expected given body weight. Log sperm number
(1076) has been measured in previous studies (Moller
1988, 1991; Birkhead & Petrie 1995). Estimates for body
weight and sperm number were not available for A.
cygnoides and therefore A. anser estimates were used
instead, as these species are closely related (Ruokonen
et al. 2000) and both exhibit strictly monogamous mat-
ing systems.

These analyses were performed using phylogenetic
generalized least squares models (PGLS) in BaYesTrairs
v2-beta (Pagel 1999; Pagel et al. 2004) with maximum
likelihood and 1000 runs for each analysis. PGLS cor-
rects for phylogenetic nonindependence. Phylogenies
were obtained from birdtree.org using the Ericson data
set. For each regression analysis, mean 7 and mean
t-value (mean regression coefficient/mean standard
error) were calculated. A one-tailed t-test with four
degrees of freedom was used to determine whether the
slope was significantly >0.

Differences in the rate of male-biased mutation across
the six species could contribute to variation in Faster-Z
Effect because the Z chromosome is more often present
in males than the autosomes (Kirkpatrick & Hall 2004a).
We explicitly tested for significant differences in mean
Z-linked ds across the six species using permutation
tests with 1000 replicates to verify that were no under-
lying differences in mutation rate.

Tests of positive selection using sequence data

To test for signatures of positive selection acting at a
subset of sites, we used the site models in the CODEML
package in paML v4.7a (Yang 2007). These models allow
dn/ds to vary among sites but not across lineages. To
test for positive selection, we compared likelihoods
from two models; Mla (Nearly neutral, model=0,
nssites=1) and M2a (Positive selection, model=0,
nssites=2). Under model Mla, sites can fall into one of
two categories (purifying selection dy/ds <1 and neutral
evolution dy/ds = 1), whereas there is an additional cat-
egory under model M2a (positive selection dy/ds >1).

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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The following phylogeny was specified; ((A. cygnoides,
A. platyrhynchos), (N. meleagris, (P. cristatus, (M. gallop-
avo, P. colchicus))), T. guttata).

Tests of positive selection using polymorphism data

We tested for deviations from neutrality using polymor-
phism data. Polymorphism data was obtained by first
mapping RNA-seq reads to orthogroups using the two-
pass alignment method of the sTar aligner with default
parameters (Dobin et al. 2013). SNPs were called using
VARSCAN v2.3.6 (Koboldt et al. 2009, 2012) and SAMTOOLS
(Li et al. 2009) following the recommendations of Quinn
et al. 2013 (Quinn et al. 2013). Only uniquely mapping
reads were used to call SNPs. samTOOLS was run with
probabilistic alignment disabled and a maximum read
depth of 10 000 000. VArRscAN mpileup2snp was run
with a minimum coverage of 2, a minimum average
quality of 20, with the strand filter, P-value of 1, a mini-
mum variant allele frequency threshold of 1E-1 and a
minimum frequency to call homozygote of 0.85. SNPs
were required to have a minor allele frequency >0.15
and to be from regions where at least 4 samples had a
read depth >20 and have a Phred quality >20. Valid
SNPs were matched to the reading frame to determine
whether they were synonymous or nonsynonymous.
Fixed sites were identified using the same quality and
coverage thresholds used to call SNPs.

We explicitly tested whether our power to identify
SNPs is equal across the Z and autosomes, despite dif-
ferences in sequencing coverage. We generated random
diploid populations of individuals with varying minor
allele frequencies. From these populations, we sampled
20 (autosomal) and 15 (Z-linked) alleles separately 1000
times without replacement and for each sample deter-
mined the presence or absence of polymorphism. At a
minor allele frequency of 0.15%, the false-negative rate
for both the autosomes and Z chromosome was very
low (autosomes = 0.023, Z chromosome = 0.068),
although marginally lower for the autosomes. We also
repeated analyses using a minor allele frequency thresh-
old of 25% (false-negative rate autosomes = 0.001, Z
chromosome = 0.009); however, our power is limited at
this threshold due to a large reduction in detectable
SNPs (Tables S3 and S4, Supporting Information). Our
conclusions were broadly comparable across both minor
allele frequency thresholds.

For each species, mean nonsynonymous polymor-
phism (py), synonymous polymorphism (ps) and pn/ps
were calculated separately for Z-linked and autosomal
1-10 orthogroups. Specifically, mean polymorphism
was calculated as the sum of the number of polymor-
phic sites across all contigs in a given genomic category
divided by the number of sites (py = sum Py/sum N,

ps = sum Ps/sum S where Py/s is the number of non-
synonymous/synonymous polymorphic sites and N/S
is the number of nonsynonymous/synonymous sites).
Faster-Z was calculated as pnz/psz pPna/Psa. Boot-
strapping with 1000 repetitions was used to generate
95% confidence intervals, and significance differences
between genomic categories were determined from 1000
permutation tests.

For each species, we used the McDonald—Kreitman
test (McDonald & Kreitman 1991) to estimate the num-
ber of contigs evolving under adaptive and neutral evo-
lution. The McDonald—Kreitman test contrasts the
number of nonsynonymous and synonymous substitu-
tions (Dy and Ds) with polymorphisms (Py and Pg). Dy
and Ds for each species were obtained from the species-
specific PAML analysis, where divergence was calculated
from the terminal tip to the Galloanserae common
ancestor, excluding the T. guttata outgroup. A deficit of
nonsynonymous polymorphisms relative to substitu-
tions is indicative of positive selection [(Dy/Ds) > (Pn/
Pg)l, and an excess of nonsynonymous polymorphisms
relative to substitutions is indicative of relaxed purify-
ing selection [(Dy/Ds) < (Pn/Ps)l. For each contig, we
tested for departures from neutrality using a 2 x 2 con-
tingency table and Pearson’s chi-squared test (Hope
1968; Patefield 1981) in R v3.1.0 (R Core Team 2014).
Contigs were only included in the analysis if the sum
of each marginal row and column of the 2 x 2 contin-
gency table was greater or equal than 6 (Begun et al.
2007; Andolfatto 2008). We used the qvalue function in
R with a false discovery rate = 0.05 and lambda = 0 to
correct for multiple testing. After identifying contigs
with signatures of positive selection, we tested for sig-
nificant differences in the proportion of these contigs on
the Z chromosome vs. the autosomes using Pearson’s
chi-squared test in R.

Lastly, we used polymorphism data to test for an
excess or under-representation of Z-linked nonsynony-
mous polymorphisms relative to the autosomes. Excess
or underrepresentation is indicative of relaxed purifying
selection or positive selection, respectively. For this
analysis, we separately concatenated Py and Pg for each
species and used Pearson’s chi-squared test to test for
significant differences in Pn/Ps between the Z chromo-
some and autosomes (Mank et al. 2007a).

Calculating relative effective population size of the Z
chromosome

We calculated the effective population size (Ng) of the
Z chromosome and autosomes 1-10 for each species
using two separate approaches based on © and 0.

For each contig, the number of fourfold degenerate
sites (4D) and polymorphic fourfold degenerate sites

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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(P4p) was calculated. Nucleotide diversity was calcu-
lated for each genomic category as m = sum P,p/sum
4D. Watterson’s estimator of theta (0) (Watterson 1975)
was also calculated as 6 = sum 4D/(suml[i = 1...n—1]
1/1) where n is the number of chromosomes in the sam-
ple. 6 per site was then calculated. Finally, we recalcu-
lated m and 0 using all polymorphic synonymous sites.

Effective population size was calculated separately
for the Z and autosomes as Ng = (n or 6)/[4*(U*genera-
tion time)]. The mutation rate per site per year (U) was
calculated separately for the Z chromosome (1.45E-09)
and autosomes (1.33E-09) to account for male-mutation
bias, using previous Galliform estimates of Z-linked
and autosomal divergence (Dimcheff et al. 2002; Axels-
son ef al. 2004; van Tuinen & Dyke 2004; Mank et al.
2010a). U = K/2T, where K is the no of substitutions
per site between homologous sequences and T is diver-
gence time. Bootstrapping with 1000 repetitions was
used to generate 95% confidence intervals for effective
population size estimates.

Tests of positive selection using gene expression

The relative role of selection vs. drift in driving Faster-
Z Evolution can be disentangled using gene expression
(Baines et al. 2008; Mank et al. 2010b; Sackton et al.
2014). Gene expression was quantified using only adult
gonad samples, because this tissue exhibits the greatest
magnitude of sex-biased transcription (Mank et al.
2007b; Pointer et al. 2013) and therefore maximizes the
number of female-biased contigs used in the analysis.
Expression was estimated as reads per kilobase per mil-
lion mappable reads (RPKM) and normalized to control
for differences in sequencing depth across samples
(Brawand et al. 2011).

Mean male and female RPKM of each orthogroup
were calculated separately for each species, together
with fold change [a measure of sex-bias: log,(male
RPKM)-log,(female RPKM)]. A t-test was used to iden-
tify significantly sex-biased contigs, and the Benjamini-
Hochberg method (FDR of 5%) (Benjamini & Hochberg
1995) used to correct for multiple testing (Mank et al.
2010c; Pointer et al. 2013; Perry et al. 2014). Female-
biased and male-biased contigs were classified as signif-
icantly sex-biased (P < 0.05) or sex-limited with a log,
fold change of <—1 and >1, respectively. Unbiased con-
tigs had a log, fold change between <1 and >—1.

To verify that our method of defining sex bias was
consistent with other approaches, we also used EDGER to
categorize sex bias and compared the overlap between
both approaches. Briefly, for each species, we extracted
raw read counts for 2 RPKM filtered contigs from RsEm
(Li & Dewey 2011), normalized to control for differ-
ences in sequencing depth across samples using TMM

in EDGER and tested for sex-biased gene expression
using the exactTest function in EDGER (Robinson & Osh-
lack 2010; Robinson ef al. 2010; McCarthy et al. 2012).
Female-biased and male-biased contigs were classified
as above using a significant P-value and log, fold
change of <—1 and >1, respectively. Our approach of
categorizing sex bias was consistent with the results
from EDGER, and we observe an overlap of 89-96%
between expression categories as defined by both
approaches.

We used three approaches to test the predictions of
the selection and drift hypotheses. First, we calculated
Faster-Z for orthogroups where expression category
was conserved across all six species. This was to avoid
diluting significant signals of selection or drift by
including orthogroups where exposure to the dominant
evolutionary force has not been consistent over time
due to rapid expression turnover. Mean dy;, ds and dn/
ds were calculated separately for each expression cate-
gory for Z-linked and autosomal contigs using diver-
gence estimates from the Galloanserae analysis in
copeML (Yang 2007). Bootstrapping with 1000 repetitions
was used to generate 95% confidence intervals. Signifi-
cant differences between genomic categories were
determined using permutation tests with 1000 repeti-
tions.

We then repeated this analysis with relaxed criteria
to maximize the number of orthogroups in each expres-
sion category. Specifically, we compared the Faster-Z
Effect between putatively female-biased contigs (defined
as contigs where at least half of the species had female-
limited or significantly female-biased expression, and
the fold change was <0 across all species) and male-
biased contigs (where at least half of the species had
male-limited or significantly male-biased expression,
and the fold change was >0 across all species).

Finally, we assessed the relationship between species-
specific Faster-Z Evolution and gene expression. For
each species, we separately calculated dnz/dsz: daa/dsa
for female-, male- and unbiased contigs for each species
as defined with t-tests and fold change thresholds. Sig-
nificance was assessed using permutation tests with
1000 repetitions.

Gene ontology analysis

We used coriLa (Eden et al. 2007, 2009) to perform a
Gene Ontology enrichment analysis to test for enriched
gene function terms for Z-linked contigs compared with
the autosomes. Mouse reciprocal orthologs were identi-
fied using BiomarT (ENseMBL v.77) for Z-linked and auto-
somal 1-10 orthologs. The target list contained Z-linked
orthologs and the background list contained autosomal
orthologs. P-values were corrected for multiple testing
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using the Benjamini-Hochberg method (Benjamini &
Hochberg 1995).

Results

Faster—Z Evolution

We assembled de novo transcriptomes for six Galloanse-
rae species, spanning approximately 90 million years of
avian evolution van Tuinen and Hedges (2001) (Fig. 2),
and identified 160 Z-linked and 2431 autosomal ortho-
groups. Across the Galloanserae, mean dy/ds of the Z
chromosome is significantly higher than that of the
autosomes, due to significantly elevated dyz (Table 1,
Fig. 3). There is no difference in ds between the Z chro-
mosomes and all autosomes (P = 0.865).

Seven-hundred and forty-one autosomal orthogroups
are located on microchromosomes in the chicken gen-
ome, and microchromosomes exhibit different genomic
properties to the rest of the autosomes. These properties
impact the nature and efficacy of selection (Burt 2002;
Ellegren 2013); therefore, the fairest measure of Faster-Z
Evolution is to contrast divergence between the Z chro-
mosome and similar-sized autosomes 1-10 (Mank et al.
2010b). We identified 1690 orthogroups located on auto-
somes 1-10. Mean dnz/dsz and dyz are both sig-
nificantly higher than mean dy/ds and dy of autosomal
1-10 orthogroups (Table 1, Fig. 3). This pattern is

consistent with the results of the previous analysis
using all autosomes, and with previous estimates of
Faster-Z Evolution in birds (Mank et al. 2007a, 2010b;
Dalloul et al. 2010; Ellegren et al. 2012; Wang et al.
2014a). For the rest of the manuscript, autosomal will
refer to autosomal 1-10 orthogroups and Faster-Z will
refer to the comparison between Z-linked and autoso-
mal 1-10 orthogroups dnz/dsz: dna/dsa-

In each of the six Galloanserae species, dnz/dsz is
higher than dna/dsa based on the species-specific
analysis, and there is interspecific variation in the mag-
nitude of this difference (Table 2). We find no signifi-
cant difference in ds between the Z chromosome and
autosomes for any species, consistent with previous
findings that male-biased mutation rate is weak across
the Galloanserae (Bartosch-Harlid et al. 2003; Axelsson
et al. 2004). This suggests that Z-linked mutation rate
does not vary significantly across the six species
(addressed further in the Discussion).

Variation in sperm competition drives Faster-Z
Evolution

The intensity of sperm competition, a widely used indi-
cator of postcopulatory sexual selection and therefore
one measure of variance in male mating success, is
strongly predicted by relative testes weight and sperm
number in birds (Moller 1991; Birkhead & Moller 1998;

Table 1 dy, ds and dy/ds for Z-linked and autosomal genes across Galloanserae clade

Z chromosome
(160 contigs)

Autosomes 1-10
(1690 contigs)

All autosomes
(2431 contigs)

Microchromosomes
(741 contigs)

ds 95% CI 0.432 (0.413-0.454) 0.424 (0.417-0.432) 0.510 (0.493-0.528) 0.447 (0.440-0.454)
P =10.229 P =1.000 P =0.865

dn 95% CI 0.056 (0.049-0.065) 0.047 (0.044-0.049) 0.040 (0.037-0.043) 0.045 (0.042-0.047)
P = 0.007 P < 0.001 P = 0.005

Significance values were determined from 1000 permutation tests, and bootstrapping with 1000 repetitions was used to generate 95%
confidence intervals. Significant differences between autosomal and Z-linked orthogroups are in bold.

0.16 1

0.12 1 i

0.08 -

HH

dy/ds
HH

0.04

Fig. 3 Estimates of mean dy/ds for loci

on autosomes and the Z chromosome

across the Galloanserae. Synonymous
* and nonsynonymous divergence esti-
mates were calculated using the branch
model in paML (Galloanserae analysis).
95% confidence intervals were calculated
by bootstrapping with 1000 replicates,
and significant differences in dn/ds
between autosomal and Z-linked ortho-
groups (permutation test, 1000 replicates)
are indicated (*).

HH

0.00 T
Z chromosome

T
Autosomes 1-10 Microchromosomes

All Autosomes
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Table 2 dy, ds and dy/ds for Z-linked and autosomal genes across Galloanserae species

Z chromosome

Autosomes 1-10

Faster-Z Effect
dnz/dsz: dna/dsa

Species dn (95% CI) ds (95% CI) dn/ds (95% CI)  dy (95% CI) ds (95% CI) dn/ds 95% CI) - (95% CI)
Meleagris 0.023 0.163 0.144 0.019 0.158 0.120 1.205
gallopavo (0.020-0.027)  (0.155-0.170)  (0.123-0.165) (0.018-0.020)  (0.154-0.161)  (0.113-0.127) (1.035-1.390)
P = 0.005 P =0.168 P =0.011
Phasianus 0.021 0.161 0.134 0.018 0.157 0.118 1.137
colchicus (0.018-0.025)  (0.153-0.168)  (0.114-0.154) (0.017-0.020)  (0.153-0.160)  (0.111-0.125) (0.961-1.331)
P =0.035 P =0215 P =0.061
Numida 0.019 0.133 0.140 0.016 0.132 0.123 1.140
meleagris (0.016-0.022)  (0.127-0.140)  (0.119-0.162) (0.015-0.017)  (0.129-0.135)  (0.116-0.130) (0.965-1.332)
P = 0.041 P =10.393 P = 0.049
Anas 0.015 0.116 0.131 0.013 0.116 0.109 1.200
platyrhynchos ~ (0.012-0.018)  (0.108-0.126)  (0.107-0.155) (0.012-0.014)  (0.113-0.119)  (0.103-0.116) (0.974-1.457)
P = 0.030 P =0518 P =0.024
Anser 0.012 0.100 0.125 0.011 0.099 0.111 1.129
cygnoides (0.010-0.015)  (0.093-0.107)  (0.103-0.148) (0.010-0.012)  (0.097-0.101)  (0.105-0.118) (0.939-1.360)
P =0.083 P =0.378 P =0.083
Pavo 0.020 0.147 0.134 0.017 0.147 0.118 1.133
cristatus (0.017-0.023)  (0.139-0.154)  (0.114-0.157) (0.016-0.018)  (0.144-0.150)  (0.112-0.125) (0.951-1.303)
P =0.068 P =0.502 P =0.056

Significance values were determined from 1000 permutation tests and bootstrapping with 1000 repetitions was used to generate 95%
confidence intervals. Significant differences between autosomal and Z-linked orthologs are shown in bold.

Pitcher ef al. 2005). We recovered a significant positive
association between magnitude of Faster-Z Evolution
and both log sperm number (* =0.684, P =0.011,
ty=3.629) and residual testes weight (= 0.552,
P =10.026, t,=2744) after correcting for phylogeny
(Fig. 4). To test the strength of these associations, we
sequentially removed each species and repeated the
analyses (Table S5). Despite the reduction in sample
size and therefore statistical power, there was no
change to the significance or direction of the slope for
log sperm number. For residual testes weight, there

1.25 1
P-value = 0.026
r2=0.552
PR PR
o - i . o 5
% 3 1.20 (0] % <
N T N
g3 53
§ 21151 ° g3
@ Q@
1.10 T T T ]
—4 -3 -2 -1 0

Residual testes weight

1.25 1

was no change to the direction of the slope but when
either A. cygnoides or A. platyrhynchos was excluded, the
relationship was nonsignificant (Table S5).

There are two plausible explanations for our finding
that the magnitude of Z-linked divergence increases
with increasing female promiscuity. A recent study in
silk moths has shown that Faster-Z Evolution is adap-
tive, and results from increased efficacy of selection act-
ing on recessive advantageous mutations in the
hemizygous sex (Sackton et al. 2014). Conversely, a
study in birds suggested that avian Faster-Z Evolution

@ Anas platyrhynchos
P-value =0.011 @ Meleagris gallopavo
r2=0.684 gris gatiop
' QO  Phasianus colchicus
1.20 1 @ Pavo cristatus
© Numida meleagris
@ Anser cygnoides
1.15 1 °
® ©
1.10 T T T T T "
=2 -1 0 1 2 3 4

Log sperm number

Fig. 4 Phylogenetically controlled regression between proxies of sperm competition and Faster-Z Effect. Data points are raw species
values but P-values and 1* estimates were calculated using phylogenetic generalized least squares regression with maximum likeli-
hood and 1000 runs for each analysis. Autosomes refers to macrochromosomes (autosomes 1-10).
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Table 3 Effective population size estimates of the Z chromosome and autosomes

Species

Ngz (E + 05)
(95% CI)

Ngai-10 (E + 05)
(95% CI)

Ngz/Ngai-10
(95% CI)

Meleagris gallopavo
Phasianus colchicus
Numida meleagris

1.761 (1.087-2.702)
3.188 (2.308—4.210)
1.695 (0.773-3.213)

6.047 (5.656-6.469)
9.481 (8.948-10.054)
7.233 (6.682-7.848)

0.291 (0.179-0.426)
0.336 (0.234-0.460)
0.234 (0.103-0.423)

6.150 (3.927-8.758)
4.045 (2.774-5.591)
1.088 (0.167-2.811)

Anas platyrhynchos
Anser cygnoides
Pavo cristatus

18.427 (17.447-19.544)
10.894 (10.233-11.570)
2.393 (2.095-2.697)

0.334 (0.209-0.470)
0.371 (0.250-0.529)
0.455 (0.057-1.227)

Ng was calculated using the same method as Mank et al. 2010b;. Mutation rate estimates are from Axelsson et al. 2004; Dimcheff et al.

2002 and van Tuinen & Dyke 2004.
Minor allele frequency threshold of 0.15.

Nucleotide diversity (r) was calculating using fourfold degenerate sites.

is a neutral process, driven by relaxed efficacy of puri-
fying selection as a consequence of relative differences
in Ngz/Nga (Mank ef al. 2010b). Under the Ilatter
hypothesis, variation in male reproductive success,
associated with sexual selection, is predicted to alter the
relationship between Ngz and Nga, and therefore the
relative magnitude of drift acting on the Z chromosome
(Charlesworth et al. 1993; Vicoso & Charlesworth 2009).
Specifically, with increasing variance in male reproduc-
tive success, relative Ngz decreases, resulting in greater
magnitude of drift and therefore Faster-Z Effect (Wright
& Mank 2013).

We use sequence divergence, polymorphism and
expression data to test whether the relationship
between female promiscuity and Faster-Z Evolution is
adaptive or neutral.

Estimates of relative Ngy

After filtering for quality and read depth, across Z-
linked and autosomal 1-10 contigs, we identified 12 436
SNPs in A. platyrhynchos, 4584 in M. gallopavo, 6850 in
P. colchicus, 5205 in N. meleagris, 2012 in P. cristatus and
8128 in A. cygnoides (Table S3).

For each species, we calculated the effective popula-
tion size of the Z chromosome (Ngz) and autosomes
1-10 (Nga) using a number of approaches. We
accounted for male-biased mutation rate and generation
time using previous Galliform estimates (Dimcheff et al.
2002; Axelsson et al. 2004; van Tuinen & Dyke 2004;
Mank et al. 2010a) (Table 3, Tables S6, S7 and S8, Sup-
porting Information) (Vicoso & Charlesworth 2009).
Under strict monogamy, Ngz is predicted to equal %
Nga. For all species with the exception of P. cristatus,
Ngz was significantly <% Nga. However, the 95% CI for
this species was unusually wide, probably as a result of
the low frequency of SNPs detected (Table S3).

The relationship between Ngz/Nga and sperm num-
ber, residual testes weight or Faster-Z was not statisti-

cally significant (sperm number: * = 0.083, P = 0.252,
ty = 0.735; residual testes weight: = 0.068, P = 0.275,
ty = 0.656; Faster-Z: 1* =0.220, P =0.132, t,=1.300;
Table S9, Supporting Information). Additionally, the
autosomal effective population size of P. cristatus is sig-
nificantly smaller than the other six species, indicating
either a very recent bottleneck or variation in family
structure across the individuals sampled in this study.
This finding hints at the sensitivity of Ng calculations to
many factors (Hartl & Clark 2007), including recombina-
tion rate and recent demographic perturbations (Pool &
Nielsen 2007). This may explain both the unusually low
Npg estimates in P. cristatus as well as the lack of signifi-
cant association between Ngz/Nga and measures of
sperm competition (addressed further in the Discussion).

Tests of positive selection

We used sequence and polymorphism data from our
six species to test whether selection is more effective for
Z-linked vs. autosomal loci. Using the site-model test in
copeML, we found significant evidence for positive selec-
tion acting on 5/160 Z-linked loci (1/160 after sequen-
tial Bonferroni’s correction) and 51/1690 autosomal loci
(5/1690 after sequential Bonferroni’s correction)
(Table 4, Table S10, Supporting Information). There was
no significant difference in the proportion of positively
selected loci on the Z chromosome or autosomes 1-10
either before or after multiple testing correction o2,
d.f.=1, P> 0.400 in both comparisons). This indicates
that selection is not more effective on the Z chromo-
some; however, the power of this analysis is limited by
the low number of total contigs under positive selec-
tion.

We next used polymorphism data to test for devia-
tions from neutrality. With the exception of N. meleagris
and P. cristatus, pnz/psz is significantly greater than
pPna/psa (Table 5, Table S11, Supporting Information).
This finding of excess nonsynonymous polymorphism
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Table 4 Site-model test results for contigs under positive selection

G. gallus Proportion Mi1a likelihood M2a likelihood

ortholog* Chromosome ® of sites ratio ratio LRT P-value P-fdr value'
22552 1 2.897 0.122 —6535.857 —6522.227 27.259 <0.001 0.003
21101 1 4.155 0.033 —14063.297 —14050.286 26.023 <0.001 0.006
31776 3 4.608 0.130 —1270.098 —1256.430 27.337 <0.001 0.003
39919 6 4.226 0.310 —1630.735 —1611.278 38.915 <0.001 <0.001
03831 8 4.817 0.080 —9607.226 —9560.287 93.878 <0.001 <0.001
10504 15 3.343 0.072 —5389.616 —5375.473 28.287 <0.001 0.002
01868 20 9.422 0.013 —4192.958 —4179.195 27.526 <0.001 0.003
02022 28 4914 0.068 —2768.690 —2753.634 30.110 <0.001 0.001
*ENSGALT000000.

TSequential Bonferroni’s correction (Holm 1979).

on the Z chromosome relative to the autosomes sug-
gests that selection is less effective at removing mildly
deleterious mutations from the Z chromosome. This
finding is consistent with the drift hypothesis of Faster-
Z, rather than the adaptive hypothesis. Interestingly,
N. meleagris 7 chromosome exhibits a nonsignificant
deficit of py, potentially as a consequence of monog-
amy, which would maximize Ngz/Ngs and therefore
the potential of selection to act on the Z chromosome in
this species.

For each species, we estimated the number of contigs
evolving under adaptive evolution using the McDon-
ald—Kreitman test (McDonald & Kreitman 1991). This
test contrasts the number of nonsynonymous and syn-
onymous substitutions (Dy and Ds) with polymor-
phisms (Py and Ps) for each contig. An excess of
nonsynonymous substitutions relative to polymorphism
is indicative of positive selection [(Dn/Ds) > (Pn/Ps)],
and under-representation of nonsynonymous substitu-
tions relative to polymorphism is indicative of relaxed
purifying selection [(Dn/Ds) < (Pn/Ps)]. We detected
no Z-linked contigs with signatures of positive selec-
tion, and there was no difference between the Z chro-
mosome and autosomes 1-10 in the proportion of loci
under positive selection in any species (3, d.f. =1,
P > 0.500 in all cases) (Table S12, Supporting Informa-
tion). However, only contigs with sufficient numbers of
substitutions and polymorphisms were included in the
analysis (Begun et al. 2007; Andolfatto 2008), and there-
fore, our ability to draw species-specific conclusions is
limited by low sample sizes.

Lastly, for each species, we concatenated the number
of Py and Ps across all Z-linked and all autosomal 1-10
contigs separately (Table 6, Table 513, Supporting Infor-
mation) and tested for significant differences between
Z-linked and autosomal Py /Ps. For each species, there
is a significant excess of Z-linked nonsynonymous poly-
morphism relative to the autosomes for all species with
the exceptions of P. cristatus and N. meleagris. This is

again consistent with a reduction in the power of selec-
tion to remove mildly deleterious alleles from this
chromosome.

The lack of difference in Z-linked and autosomal non-
synonymous polymorphism in P. cristatus and N. melea-
gris could be attributed to a number of factors. It could
reflect biological differences in sexual selection and
therefore the magnitude of drift acting on the Z chro-
mosome. However, although this explanation is consis-
tent with the monogamous mating system of
N. meleagris, it is not consistent with the P. cristatus,
which exhibits a lek mating system (Petrie et al. 1999).
More likely, this pattern reflects the limitations of poly-
morphism data and the difficulty in controlling for fam-
ily structure and demographic effects (Hartl & Clark
2007). For example, the number of SNPs in P. cristatus
is much lower than the other five species, and therefore,
the statistical power of this analysis is limited (Table 6).

Differences in gene content between the sex chromo-
somes and autosomes can contribute to observed pat-
terns of Faster-Z/X (Meisel & Connallon 2013) by
biasing the potential for positive selection in different
genomic categories. However, the results of our GORILLA
functional enrichment test reveal no significantly
enriched gene ontology terms for Z-linked orthogroups
compared with autosomes 1-10 after correcting for mul-
tiple tests.

Gene expression

We used gene expression data from gonads of our six
avian species to identify the dominant force driving
Faster-Z Evolution across the Galloanserae clade. If Fas-
ter-Z Evolution is adaptive and driven by increased effi-
cacy of selection acting on recessive mutations in the
hemizygous sex, we predict the Faster-Z Effect to be
largest for female-biased, followed by unbiased and
then male-biased genes. If it is due to neutral causes,
there will be no difference in the rate of Faster-Z
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Table 5 py, ps and pn/ps for Z-linked and autosomal genes across Galloanserae species

Autosomes 1-10

Z chromosome

Faster-Z Effect

Pnz/Psz: Pna/Psa (95% CD

pN/ps (95% CID

ps (95% CI)

P (95% CI)

pn/ps (95% CI)

ps (95% CI)

pn (95% CI)

Species

1.721 (1.039-2.716)

0.102 (0.093-0.111)

P < 0.001

0.005 (0.005-0.005)

P

0.001 (0.001-0.002)  0.176 (0.112-0.256)  0.000 (0.000-0.001)
P

0.000 (0.000-0.000)

Meleagris gallopavo

1.000

1.000

1.704 (1.122-2.546)

0.095 (0.088-0.103)

P < 0.001

0.007 (0.007-0.008)

P

0.002 (0.002-0.003)  0.162 (0.109-0.236)  0.001 (0.001-0.001)
P

0.000 (0.000-0.001)

Phasianus colchicus

1.000

1.000

0.813 (0.483-1.370)

0.102 (0.093-0.112)

P

0.005 (0.005-0.006)

P

0.002 (0.001-0.003)  0.083 (0.050-0.150)  0.001 (0.001-0.001)
P

0.000 (0.000-0.000)

Numida meleagris

0.897

1.000

1.000

1.426 (0.863-2.120)

0.072 (0.066-0.078)

P

0.014 (0.013-0.015)

P

0.001 (0.001-0.001)

0.005 (0.004-0.008)  0.103 (0.064-0.156)
P

0.001 (0.000-0.001)

Anas platyrhynchos

0.002

1.000

1.000

1.642 (1.009-2.427)

0.108 (0.099-0.117)

P < 0.001

0.008 (0.008-0.009)

P

0.003 (0.002-0.004)  0.177 (0.109-0.262)  0.001 (0.001-0.001)
P

0.001 (0.000-0.001)

Anser cygnoides

1.000

0.999

1.293 (0.681—4.002)

0.134 (0.116-0.156)

P

0.002 (0.002-0.002)

P

0.173 (0.096-0.541)  0.000 (0.000-0.000)
P

0.001 (0.000-0.002)

0.000 (0.000-0.000)

Pavo cristatus

0.137

1.000

0.930

Significance values were determined from 1000 permutation tests, and bootstrapping with 1000 repetitions was used to generate 95% confidence intervals.

Significant differences between autosomal and Z-linked orthologs are shown in bold.

Minor allele frequency threshold of 0.15.

Evolution among expression classes (Baines et al. 2008;
Mank et al. 2010b; Sackton et al. 2014). We tested this
prediction at three levels in our data.

First, we identified orthogroups with consistent male-
, female- and unbiased expression across all six species,
thereby excluding any orthogroups where the nature of
sex-bias, and therefore exposure to the dominant evolu-
tionary force, has varied over Galloanserae evolutionary
history. The rapid change in sex bias across this clade
(Harrison et al. in press) means that relatively few genes
are consistently sex-biased in our data set, resulting in
17 male-biased, 9 female-biased and 7 unbiased Z-
linked orthogroups alongside 104 male-biased, 116
female-biased and 205 unbiased autosomal orthogroups.
Among these gene sets, there was no significant differ-
ence in Faster-Z Effect (male-biased vs. female-biased
P = 0.542, female-biased vs. unbiased P = 1.000, male-
biased vs. unbiased P = 0.616, all two-tailed pairwise
permutation tests with 1000 repetitions), shown in
Fig. 5.

To exclude the possibility that we lack statistical
power to distinguish between drift and selection due to
low sample sizes, we next repeated the analysis and
relaxed the definition of sex bias (see Materials and
Methods). In doing so, we nearly doubled the number
of orthogroups in each expression category; identifying
54 male-biased and 15 female-biased Z-linked ortho-
groups, together with 347 male-biased and 319
female-biased autosomal orthogroups. Again, there was
no significant difference in Faster-Z Effect between
these gene sets (P = 0.916, permutation test, 1000 repeti-
tions), with female-biased dnz/dsz: dna/dsa = 1.491
(95% CI = 0.997—2.137) and male-biased dnz/dsz: dna/
dsa = 1.456 (95% CI = 1.112—-1.869).

Finally, we assessed whether there was any species-
specific pattern in Faster-Z Evolution across male-,
female- and unbiased contigs. There is no significant
difference between Faster-Z of any expression category
in any species after correction for multiple testing, with
the exception of N. meleagris where we found a signifi-
cantly larger Faster-Z Effect for male-biased compared
with unbiased contigs (Tables S14 and S15, Supporting
Information). At all three levels of analysis, our expres-
sion data are consistent with Faster-Z Evolution result-
ing predominantly from neutral forces.

Discussion

Faster rates of coding sequence evolution on the Z chro-
mosome relative to the autosomes have been observed
across a wide range of species (Mank et al. 2007a,
2010b; Dalloul et al. 2010; Ellegren et al. 2012; Sackton
et al. 2014; Wang et al. 2014a,b); however, the under-
lying cause is unclear. Indirect evidence from an
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Table 6 Significant differences between nonsynonymous and synonymous polymorphism on the Z chromosome and autosomes

Z chromosome

Autosomes 1-10
Faster-Z Effect

Pnz/Psz: Pna/Psa

Species Pn Pg Pn Ps P-value
Meleagris gallopavo 51 83 1174 3276 1.715

P = 0.004
Phasianus colchicus 89 157 1654 4950 1.700

P < 0.001
Numida meleagris 29 100 1339 3737 0.809

P =10.372
Anas platyrhynchos 126 351 2417 9542 1.417

P = 0.001
Anser cygnoides 127 206 2138 5657 1.631

P < 0.001
Pavo cristatus 38 63 610 1301 1.286

P =0277

Significant differences were determined using Pearson’s chi-squared test in R.
Significant differences between autosomal and Z-linked orthologs are shown in bold.

Minor allele frequency threshold of 0.15.

2.5 9

|

. J J

0.5 A

Faster-Z effect
dyy/ds; : dya/dsy,

0.0

Female-biased Unbiased Male-biased

Fig. 5 Estimates of mean Faster-Z across sex-biased gene
expression categories. Sex bias was defined using fold change
thresholds and t-tests. 95% confidence intervals were calculated
by bootstrapping with 1000 replicates. Autosomal orthologs
were limited to chromosomes 1-10.

expression-based approach suggests that avian Faster-Z
Evolution is driven by genetic drift (Mank et al. 2010b),
but a recent study in silk moths postulated an adaptive
explanation (Sackton ef al. 2014). To determine the
cause of Faster-Z Evolution in birds, we assembled de
novo transcriptomes for six Galloanserae species, span-
ning 90 million years of avian evolution and combined
expression, sequence and polymorphism data with
measures of sperm competition and promiscuity. We
present the first empirical evidence demonstrating the
positive relationship between the Faster-Z Effect and
measures of postcopulatory sexual selection and vari-
ance in male reproductive success.

This pattern is consistent with a considerable body of
theory predicting that Faster-Z Evolution in birds is

driven by changes in the relative strength of genetic drift
as a result of increased variance in male reproductive
success (Vicoso & Charlesworth 2009). In support of the
predominant role of genetic drift in shaping rates of Z
chromosome evolution, we used multiple sequence-,
polymorphism- and expression-based approaches. Our
expression analysis is consistent with previous work that
found no difference in Faster-Z Evolution among sex-
biased expression categories (Mank et al. 2010b). How-
ever, our analysis significantly extends this previous
work by incorporating tests of positive selection based on
divergence and polymorphism. The results from these
multiple lines of evidence are broadly convergent, indi-
cating that selection is not more effective on the Z chro-
mosome. We conclude that Faster-Z Evolution in birds is
due primarily to relaxed power of purifying selection
and that the magnitude of this effect is dependent on the
nature of sexual selection.

Promiscuity and sperm competition are drivers of
Faster-Z Evolution

Changes in the skew of male reproductive success are
commonly associated with promiscuity and the inten-
sity of postcopulatory sexual selection (Andersson
1994), both of which decrease the Ngz/Nga ratio. If Fas-
ter-Z is neutral and nonadaptive, we predict that the
magnitude of Faster-Z Evolution should increase as
Ngz/Nga decreases (Vicoso & Charlesworth 2009), and
therefore, we should expect both lower Ngz/Nga and
increased rates of Faster-Z Evolution in promiscuous
compared with monogamous populations (Fig. 1).
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We uncovered a significant and positive association
between the magnitude of Faster-Z and relative testes
weight and sperm number, both reliable predictors of
the intensity of sperm competition in birds (Fig. 4)
(Moller 1991; Birkhead & Moller 1998; Pitcher et al.
2005). Sperm competition is a widely used indicator of
the strength of postcopulatory sexual selection and
therefore a good proxy for variance in male mating suc-
cess and the magnitude of drift acting on the Z chromo-
some (Moller 1991; Birkhead & Moller 1998; Dorus et al.
2004). It is even possible we have underestimated the
role of male mating success in driving Z chromosome
divergence, as the birds sampled in this study have a
lower testes weight than expected given their body
weight (Pitcher ef al. 2005).

Although the relationship between Ngz/Ngs and
sperm number or residual testes weight was not signifi-
cant, Ngz/Nga across the Galloanserae is consistent
with the nonadaptive hypothesis of Faster-Z Evolution
(Vicoso & Charlesworth 2009) and is significantly less
than the 0.75 predicted under strict monogamy, with
the exception of P. cristatus (Table 3). We calculated
effective population size using parameters estimated
from previous Galliform studies (Dimcheff et al. 2002;
Axelsson et al. 2004; van Tuinen & Dyke 2004; Mank
et al. 2010a), and although mutation rate, male-biased
mutation and generation time are not expected to vary
substantially across the Galloanserae, we might expect
slight differences. Overall Ng is also predicted to have a
large effect on the magnitude of Faster-Z and relative
contribution of nonadaptive and adaptive evolutionary
forces. However, patterns of autosomal Ny do not
reflect differences in Faster-Z across species.

Polymorphism estimates are sensitive to recent demo-
graphic perturbations, bottlenecks and recombination
rate (Hartl & Clark 2007). Changes in population size
have been shown to differentially impact Ngz relative to
NEga and variation in population history across the Gallo-
anserae may contribute to the lack of a significant rela-
tionship between Ngz/Ngs and measures of promiscuity
and sperm competition (Pool & Nielsen 2007). Previous
attempts to estimate Ngz/Nga in birds (Corl & Ellegren
2012) showed sizable variation from what would be pre-
dicted by mating system, suggesting that Ngz/Nga esti-
mates may simply be too inaccurate for the types of
analyses used here. Because divergence data are not as
sensitive to recent demographic perturbations, it can be
argued that it is a fairer test for the role of male mating
success and sperm competition in Faster-Z Evolution.

Tests of positive selection

We used sequence and polymorphism data to test the
relative strength of selection on the Z chromosome vs.

autosomes. In both the site-model tests in ramL as well
as species-specific McDonald-Kreitman tests, there was
no difference in the proportion of positively selected
loci on the Z chromosome compared with the auto-
somes. The McDonald—Kreitman test is limited to
sequences with sufficient numbers of substitutions and
polymorphisms (McDonald & Kreitman 1991; Andolf-
atto 2008), and this restricted our analysis to a handful
of Z-linked contigs. Therefore, to maximize the power
of our data set, we concatenated polymorphism data
across all Z-linked and autosomal contigs (Mank et al.
2007a). For the majority of species, an excess of Z-linked
nonsynonymous polymorphism relative to the auto-
somes was observed, suggesting that selection is less
able to purge mildly deleterious alleles from the Z chro-
mosome. This pattern is consistent with the theoretical
expectations of elevated levels of genetic drift. We
would expect the opposite pattern, a deficit of Z-linked
nonsynonymous polymorphism, under both positive
and purifying selection.

Differences in gene content between the sex chromo-
somes and autosomes can bias the potential for positive
selection to act on different genomic categories, and
therefore may contribute to our observed patterns of
Faster-Z (Meisel & Connallon 2013). The avian Z chro-
mosome is enriched in male-biased genes (Mank &
Ellegren 2009), which typically exhibit rapid rates of
evolution (Meisel 2011; Parsch & Ellegren 2013). How-
ever, we do not find an elevated Faster-Z Effect for
male-biased genes, and the results of our GoriLLA func-
tional enrichment analysis reinforce that differences in
gene content are not likely to drive the pattern of Fas-
ter-Z we observe.

Overall, we failed to detect any indication that selec-
tion is more effective for Z-linked loci, consistent with
the nonadaptive explanations for Faster-Z Evolution.
However, it is important to note that our analyses are
limited to orthologs conserved across 90 million years,
and conservation across this span of time suggests that
purifying selection is a dominant force acting on these
genes. The important role of purifying selection in this
gene set may bias our ability to detect positive selection
using this data set. Nevertheless, our neutral explana-
tion of Faster-Z is consistent with previous work indi-
cating that sex chromosome dosage compensation
status mediates the contribution of positive selection to
Faster-Z Effect (Charlesworth et al. 1987; Mank 2009).
Theory predicts that the adaptive component of Faster-
Z is weaker in species with incomplete dosage compen-
sation, such as birds (Ellegren et al. 2007; Mank 2009;
Itoh et al. 2010; Uebbing et al. 2013), compared to those
with complete dosage compensation.

Theory predicts that the magnitude of Faster-Z Effect
should increase as Ngz/Nga decreases (Vicoso &
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Charlesworth 2009), and therefore, we should expect
increased rates of Faster-Z Evolution in promiscuous
compared with monogamous populations. This predic-
tion is consistent with our finding that Faster-Z is posi-
tively correlated with the intensity of sperm competition,
and therefore variance in male reproductive success.

Faster-Z vs. Faster-X Evolution

Faster rates of coding sequence divergence have repeat-
edly been documented on the X and Z chromosomes
relative to the autosomes, and there is considerable var-
iation in the magnitude of this difference across species
(Meisel & Connallon 2013). Moreover, there is a stark
contrast between our results and those of Faster-X Evo-
lution in Drosophila and mammals, where X-linked
male-biased genes evolve more rapidly than unbiased
and female-biased genes (Khaitovich et al. 2005; Baines
et al. 2008; Grath & Parsch 2012). This pattern is consis-
tent with an adaptive explanation of Faster-X Evolution
driven by increased efficacy of selection acting on reces-
sive mutations in the heterogametic sex. In addition,
there is considerable evidence for signatures of adapta-
tion on the X chromosome across many species (Thorn-
ton & Long 2005; Baines ef al. 2008; Hvilsom et al. 2012;
Langley et al. 2012).

The empirical evidence for neutral vs. adaptive expla-
nations of Faster-Z and Faster-X Evolution, respectively,
is supported by theoretical predictions (Vicoso &
Charlesworth 2009). As variance in male reproductive
fitness increases, Ngz < % Nga, reducing the ability of
selection to purge mildly deleterious alleles. In contrast,
Ngx > % Nga under increased variance in male repro-
ductive success, indicating that Faster-X is more often
due to positive selection acting on recessive mutations
exposed in the heterogametic sex. However, a recent
study in silk moths (Sackton et al. 2014) indicates that
this prediction may not hold for all female heterogamet-
ic species and is dependent on numerous other factors,
including overall population size and sex-specific
recombination rates (Connallon et al. 2012).

Male-biased mutation

The relative rate of Z-linked divergence is thought to be
influenced by multiple factors, not only variance in male
reproductive success (Kirkpatrick & Hall 2004a; Connal-
lon et al. 2012). The number of cell divisions, and there-
fore potential for mutations, is inherently higher in
spermatogenesis compared with oogenesis. This male-
biased mutation has been documented across a number
of species (Bartosch-Harlid ef al. 2003; Axelsson et al.
2004; Xu et al. 2012), and as the Z chromosome is
present more often in males than females, it could con-

tribute to the observed differences in relative Z-linked
divergence (Kirkpatrick & Hall 2004a; Xu et al. 2012).
However, previous estimates indicate the magnitude of
male-biased mutation may be relatively weak across the
Galloanserae (Bartosch-Harlid et al. 2003), ranging from
1.6 to 3.8 in Anseriformes (Wang et al. 2014b) and 1.7 to
2.52 in Galliformes (Axelsson et al. 2004). We failed to
find a significant difference between dsz and dsa in any
species indicating that male-mutation bias does not vary
significantly across this clade. This is consistent with the
observation that the wild species in this study are sea-
sonal breeders where spermatogenesis ceases in the
nonbreeding season. Consequentially, the difference in
number of meiotic cell divisions between males and
females is reduced, and therefore, the potential for
male-biased mutation is lower. In contrast, many previ-
ous estimates of male-biased mutation were based on
domesticated species with continuous breeding cycles
and spermatogenesis (Bartosch-Harlid et al. 2003; Axels-
son et al. 2004). However, it is possible there is also a
confounding effect of Z-linked codon usage bias, an
excess of which has been observed on the Drosophila X
chromosome (Singh et al. 2008).

Sexual selection and the Z chromosome

The sex chromosomes are predicted to play a dispro-
portionate role in encoding sex-specific fitness due to
their unequal inheritance pattern (Rice 1984). The Z
chromosome in particular is thought to foster tight link-
age between female preference genes and flashy male
traits, and promote rapid evolution of some types of
sexually selected traits (Rice 1984; Reeve & Pfennig
2003; Kirkpatrick & Hall 2004b). However, evidence
that the Z chromosome harbours genes encoding sexu-
ally dimorphic phenotypes is mixed (Dean & Mank
2014). Z-linked male plumage genes have been docu-
mented in flycatchers (Saetre et al. 2003; Saether et al.
2007), but other studies have failed to find an associa-
tion between sexually dimorphic traits and sex linkage
(Knief et al. 2012; Schielzeth et al. 2012; Pointer et al.
2013). Our findings may help explain this discrepancy
between theoretical and empirical data. The low effec-
tive population size of the Z chromosome relative to
the autosomes may weaken the efficacy of sex-specific
selection, particularly in the species under the strongest
sexual selection regimes. This may limit the adaptive
role of the Z chromosome in general, and in particular
its role in encoding sexually selected traits. Given this,
it is important to note that our results do not exclude
the potential for selection acting on the Z chromosome,
but suggests that relaxed purifying selection is more
dominant on the Z chromosome relative to the auto-
somes.
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Conclusions

We assessed the magnitude and drivers of Faster-Z
Evolution across a clade of birds spanning 90 million
years of evolution. Our analysis combines expression,
sequence and polymorphism data with measures of
sperm competition and promiscuity. The results from
these multiple lines of evidence are broadly convergent,
indicating that selection is less effective on the Z chro-
mosome, and suggesting that Faster-Z Evolution in
birds is due primarily to genetic drift. Moreover, we
present the first empirical evidence demonstrating the
positive relationship between the Faster-Z Effect and
measures of promiscuity and sperm competition, and
therefore variance in male mating success.
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How to make a sex chromosome

Alison E. Wright1, Rebecca Dean!, Fabian Zimmer! & Judith E. Mank!

Sex chromosomes can evolve once recombination is halted between a homologous pair of
chromosomes. Owing to detailed studies using key model systems, we have a nuanced
understanding and a rich review literature of what happens to sex chromosomes once
recombination is arrested. However, three broad questions remain unanswered. First, why do
sex chromosomes stop recombining in the first place? Second, how is recombination halted?
Finally, why does the spread of recombination suppression, and therefore the rate of sex
chromosome divergence, vary so substantially across clades? In this review, we consider each
of these three questions in turn to address fundamental questions in the field, summarize our
current understanding, and highlight important areas for future work.

ex chromosomes have evolved independently many times throughout the eukaryotes, and

represent a remarkable case of genomic convergence, as unrelated sex chromosomes share

many properties across distant taxal=. Sex chromosomes evolve after recombination is
halted between a homologous pair of chromosomes*®, leading to a cascade of non-adaptive
and adaptive processes that produce distinct differences between the X and Y (or Z and W)
chromosomes.

Owing to detailed studies in Drosophila®® and mammals we have a nuanced
understanding of the consequences of arrested recombination*”8, The non-recombining Y
and W chromosomes become highly heterochromatic (see Box 1 for a glossary) and experience
profound levels of gene loss even as the X and Z chromosomes remain functional!>-14,
Sex chromosomes have been the focus of intense study and are an important model for
understanding the consequences of recombination suppression!>!>, It is clear that the loss of
recombination triggers a host of evolutionary processes, including Muller’s Ratchet, background
selection and genetic hitchhiking, reviewed in ref. 16, that lead to the loss of gene activity and
pseudogenization (detailed in Box 2). This work makes very clear the evolutionary consequences
of halting recombination between the sex chromosomes.

Why recombination is suppressed in the first place is less clear, as the chromosomes that
determine sex in many organisms with genetic sex determination never progress to
heteromorphic sex chromosomes. For example, a single missense single nucleotide polymorph-
ism in the coding region of the Amhr2 locus appears to control sex in the tiger pufferfish
(Takifugu rupripes)'’, but recombination is not restricted around this sex-determining gene and
there is no evidence of divergence beyond this single nucleotide between the proto-X or proto-Y.
Similarly, despite considerable age, the sex chromosomes in many clades (including ratite
birds'®1, pythons?® and European tree frogs?!) have failed to develop substantial
heteromorphism, and remain largely identical.

These observations indicate that recombination suppression and sex chromosome divergence
are not inevitable consequences of genetic sex determination, leading to three questions at
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Box 1 | Glossary.

Achiasmate: Complete suppression of recombination in one sex,
typically the heterogametic sex. Observed in Drosophila and
Lepidoptera, among others.

Dioecy: Botanical term for separate male and female flowers in different
individuals. Similar to gonochorism in animals.

Dosage compensation: Gene regulation mechanism on the sex
chromosomes to correct for differences in gene dose for the X or Z
chromosome between the homogametic and heterogametic sexes
(Fig. 2). A consequence of dosage compensation is that gene dose is
equalized between males and females.

Female heterogamety: Sex chromosome type where females have a ZW
karyotype, and males a ZZ karyotype. Present in birds, lepidoptera,
snakes and anguillid eels.

Gonochorism: Animal term for separate sexes. Similar to dioecy in
plants.

Gynodioecy: Male sterile individuals and hermaphrodites in the same
population.

Heterochiasmy: Sex-specific variation in recombination rates.

Heteromorphic sex chromosomes: Sex chromosomes that are
karyotypically highly distinct from one another. In these cases, the
X and Y (or Z and W) chromosomes show major differences in size
and gene content.

Homomorphic sex chromosomes: Where the X and Y (or Z and W)
chromosomes exhibit few differences from each other in size and
gene content, and are difficult or impossible to distinguish from
karyotype data alone.

Hermaphrodite: Male and female reproductive organs in the same
individual.

Male heterogamety: Type of sex chromosome system where females
karyotype is XX, and male karyotype is XY. Observed in mammals,
Drosophila, salmon as well as many beetles.

Pseudo-autosomal region: Regions where recombination persists
between the X and Y (or Z and W) sex chromosomes. These
regions, identical in both sexes, aid chromosome pairing during
meiosis and ensure proper segregation.

Pseudogene: DNA sequences that once encoded protein sequences, but
which are no longer transcribed into messenger RNA (mRNA) in a
way that translates to functional protein.

Stratum: Region on the sex chromosomes where recombination has
been suppressed. Strata can be identified by spatial clusters of X-Y or
Z-W orthologs with similar divergence estimates.

the heart of sex chromosomes evolution. First, why do sex
chromosomes stop recombining? Second, how is recombination
suppression achieved? Third, why does the spread of recombina-
tion suppression, and therefore the rate of sex chromosome
divergence, vary so substantially across clades?

The implications of these questions go far beyond sex
chromosome research per se. Recombination rate has long been
known to be a critical factor in the ability of a genomic region to
respond to selection. Dobzhansky and colleagues®?~2° noted that
halting recombination can permanently link co-adapted gene
complexes (recently renamed supergenes) within populations.
These supergenes are then transmitted as a unit, allowing for
complex adaptions spanning multiple loci. More recently, the
importance of recombination has resurfaced in evolutionary
biology with several key examples in a range of species
implicating recombination suppression as a crucial component
of complex phenotypic adaptation?6-2° and speciation®’. The
study of sex chromosomes therefore offers a route to understand
the interplay between recombination, selective forces and
adaptation, with broad implications across multiple fields of
evolutionary genetics.

Why do sex chromosomes stop recombining
The sexual conflict model of sex chromosome evolution.
The most commonly accepted theory of sex chromosome

evolution'*31:32 predicts that recombination will be selected

against in the region between a sex-determining gene and a
nearby gene with sex-specific effects (Box 2). This theory was
based in part on early studies of colouration genetics in the
guppy, Poecilia reticulata®®, which demonstrated that many genes
underlying male colouration are Y-linked. Colouration genes are
sexually antagonistic—they benefit males through increased
reproductive success but are detrimental to both sexes due to
increased predation. For males, the benefits of increased mating
opportunities outweigh the costs when predation pressures are
not too high. In contrast, females gain no benefit from displaying
bright colours to offset increased predation, as males are not
attracted to ornamented females. Linkage between the allele that
confers maleness at the sex determining locus and the allele for
bright coloration at a nearby locus creates a male supergene—the
allele determining maleness is always co-inherited with the linked
allele, which confers a fitness benefit in males. The linkage of
these alleles also resolves sexual conflict over colour between
males and females, as the colouration allele would no longer be
present, and therefore selected against, in females.

Although the sexual conflict model of sex chromosome
evolution remains widely accepted, the evidence for or against
it is remarkably slim. Non-adaptive alternatives have been
suggested as well>»3>, but also lack definitive evidence. Clear
empirical evidence to support the sexual conflict theory of sex
chromosome evolution is limited in part because the main model
species for empirical studies of sex chromosome evolution exhibit
highly derived X and Y chromosomes, requiring substantial
extrapolation to infer the initial stages of divergence.

Importantly, it can be difficult in ancient systems to
differentiate cause from consequence. For example, the gene
content of the Y chromosome has been interpreted as supporting
the role of sexual conflict in sex chromosome evolution. The Y
chromosome in mammals® and Drosophila®”38, as well as the
analogous W chromosome in birds®®, contains loci essential to
sex-specific fitness, which might have been sexually antagonistic
before they became sex-limited (linked to the Y or W
chromosome). However, although sexual conflict over these loci
could have catalyzed sex chromosome divergence through
selection for recombination suppression (supporting the sexual
conflict model), these genes could just as easily have relocated
after recombination halted*’. In support of this latter explanation,
there is evidence of strong selection for the relocation of male-
benefit gene duplicates to the Y chromosome in Drosophila®’.
Alternatively, these genes may have developed sex-specific
functions after the sex chromosomes diverged, as there is also
evidence that loci on sex chromosomes adapt to their sex-specific
environment once recombination ceases*!. Y-linked loci would
therefore be more likely to adopt male-specific functions after
recombination with the X chromosome is halted, but these
functions would not drive recombination suppression itself.

Evidence from sex chromosome systems at earlier stages of
divergence is therefore key to understanding why sex chromo-
somes evolve, and there are a wealth of systems with earlzr staigse
sex chromosomes including Anolis lizards*>*3, anurans?144%,
snakes?, fish*/, many plants*®-!, among numerous others’.
However, although these systems have revealed several important
characteristics of early stage sex chromosome evolution,
the difficulty in identifying sexually antagonistic alleles at the
molecular level has hampered direct empirical tests of the sexual
conflict model. Indirect evidence for the sexual conflict model
comes from the three-spine stickleback (Gasterosteus aculeatus),
where a neo-sex chromosome fusion in the Sea of Japan
population may have been driven, at least in part, by sexual
conflict>?. However, recombination suppression has not spread
across the added region, suggesting that linkage between the
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Box 2 | Theoretical model of sex chromosome differentiation.
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Sex chromosomes evolve from autosomes, initially with the acquisistion of a sex determining locus (a). Emergence of sexually antagonistic alleles at loci
in close proximity to the sex determining locus selects for recombination suppression between the X and Y or Z and W chromosome (b), resulting in
Stratum |, which is increasingly heterochromatinized. Once recombination is halted on the Y or W chromosome genes without sex-specific benefits are
often pseudogenized. The non-recombining region can expand with the acquisition of additional sexually antagonistic alleles and further recombination
suppression, leading to additional strata—spatial clusters of X-Y or Z-W orthologs with similar divergence estimates, observed in mammals®,
birds3210° fish 6794 and plants?866, which also undergo loss of gene function and heterochromatinization (d-g). The lack of recombination leads to
accumulation of repetitive DNA, which can lead to a short-term increase in the size of the Y or W, but which typically results in large-scale deletions, a
large reduction in physical size of the sex-limited chromosome, and highly heteromorphic sex chromosomes (h)7 %5,

Sex chromosomes may emerge in a somewhat different way in species where one sex or the other lack recombination at all. Referred to as achiasmy,
this occurs in a range of species, most notably Drosophila'© and Lepidoptera™ "2, but also within Hemiptera''3, Heteroptera™#~"6 and Orthoptera'’
and with restricted distributions in several other taxa®!. In these cases, if achiasmy precedes the emergence of a nascent sex determining locus, linkage
between two or more loci is not required for recombination to cease between the emergent sex chromosomes. The advent of a sex determining allele

automatically makes the entire chromosome sex-limited and therefore non-recombining. In these cases, there are no discernible strata.

sexually antagonistic locus and the sex determining locus may not
explain the fusion event®®. Similarly, a sexually antagonistic
colouration pattern has been mapped to the W chromosome in
some cichlids®®; however, given the dynamic and polygenic
nature of sex determination in cichlids®, it is not clear whether
W-linkage predates sex chromosome evolution or that linkage of
the coloration locus to the sex determining gene led to
recombination suppression.

Transitions from hermaphroditism to sex chromosomes. The
theory of sex chromosome evolution articulated above assumes
that the separation of the sexes, called gonochorism in animals
and dioecy in plants, predates the evolution of sex chromosomes.
Because of this assumption, the theory is in many ways more
applicable to animals, which are more often gonochoristic. Dioecy
is rare in plants, which restricts the evolution of sex chromosomes
to fewer taxa. In flowering plants (angiosperms), only 5-6% of all
species have separate male and female genders®®. Of the dioecious
angiosperms, only a small number have been shown to possess
sex chromosomes of which roughly half are homomorphic®®%7,
However, without detailed genetic analysis, homomorphic sex
chromosomes are difficult to identify. As a result, there may be
many cryptic homomorphic species where the sex chromosomes
are karyotypically indistinguishable and just waiting to be
discovered.

In plants and other systems where sex chromosomes are
associated with transitions from hermaphroditism to separate
sexes, sex chromosome formation may take a slightly different
route than in species with ancestral separate sexes. In this case,
the dominant model®® predicts that separate male- and female-
sterile mutations on the same chromosome cause the shift from
hermaphroditism to dioecy through an intermediate phase of
gynodioecy. Once these mutations have occurred and reached
sufficient frequency in the population, recombination suppression
between them prevents reversal back to hermaphroditism,
leading to the evolution of sex chromosomes. Recent evidence
from wild strawberry>® and papaya?*? has provided insight into
these early stages of sex chromosome evolution in plants
and the availability of genomic tools will help us understand
how recombination is suppressed between feminizing and
masculinizing alleles.

How is recombination halted between the sex chromosomes
Regardless of why sex chromosomes originate, the process of sex
chromosome evolution necessitates halting recombination
between the nascent X and Y in males, or Z and W in females.
Therefore, sex chromosome evolution at the most basic level
requires sex-specific recombination patterns on the sex chromo-
somes. Recombination varies substantially in males and females,
both in frequency and in specific hotspots, referred to as
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Figure 1| Sex chromosome strata. Many plants and animals show
evidence of strata, spatial clusters of X-Y, or Z-W, orthologs with similar
divergence estimates. These spatial clusters are consistent with inversion
events instantaneously halting recombination for all the encompassed loci.
As inversions are proposed to occur in a stepwise process, strata differ in
the length of time over which recombination has been suppressed.
Therefore, orthologs with the largest neutral sequence divergence reside in
the oldest stratum (shown in black), whereas those with the greatest
sequence similarity are located in the youngest stratum (shown in white).
The chicken Z chromosome (a) is comprised of at least four strata, formed
over 130 million years®® and the human X chromosome (b) is comprised of
at least five strata'®®, although some recent analyses support six or more
strata'9107 The Silene X and Y chromosomes (c) diverged more recently
and there is evidence for two strata over 10 million years66. However, it is
possible that orthology-based approaches underestimate the number of
strata (regions unassigned to strata shown in green). For example, in highly
degenerated regions, often all of the Y or W loci have decayed and no
orthologs remain. In these cases, alternative methods have been used to
identify additional strata®%108,

heterochiasmy. An extreme example of this is achiasmy, where
recombination only occurs in one sex®!.

Achiasmy may either precede or follow emergence of a nascent
sex determining locus®?%3, and in either case, can accelerate sex
chromosome divergence. For example, in an achiasmate species,
the emergence of a nascent sex determining factor leads to
instantaneous recombination suppression along the entire length
of the sex chromosomes. Similarly, when achiasmy follows
quickly after the emergence of a nascent sex determining factor,
recombination suppression also occurs along the entire length of
the sex chromosomes. Only when achiasmy evolves in systems
with highly differentiated sex chromosomes would it not be
expected to foster sex chromosome divergence. As a result, the
sex chromosomes of achiasmate species tend to have a single
heteromorphic stratum, as the emergence of a new sex
determining allele causes the entire sex chromosome to start to
diverge®*.

Box 3 | Sex-specific recombination.

Recombination rates show substantial variation within the
genome’3 771819 within species’"7480 as well as across related
species’3787% |mportantly for sex chromosome evolution, there are
often also differences between males and females in recombination
rate, and sex differences in recombination rates are thought to occur in
>75% of recombining species. In many cases, the magnitude of the
difference can be very large®263120  |n general, males tend to have
lower rates of recombination than females during meiosis and this
pattern is independent of male or female heterogamety®3.

Sex-specific recombination rates, and in particular local sex-specific
recombination cold-spots, may be important for initiating sex chromo-
some degeneration. Furthermore, sexual dimorphism in recombination
could promote the spread of sexually antagonistic alleles, as low
recombination in the sex that benefits from the sexually antagonistic
genes keeps favourable sexually antagonistic combinations together'?},
which in turn could drive expansion of the non-recombining region and
progressive sex chromosome evolution. Yet the evolutionary forces and
molecular mechanisms driving sex-specific recombination are relatively
unknown. Possible selective forces causes include stronger haploid
selection in males than females®3 and various forms of epistatic
selection®2. Understanding the mechanisms underlying recombination
cessation, what causes inter- and intra-specific recombination rates,
and whether achiasmate recombination is a cause or consequence of
sex chromosome evolution will provide greater understanding of sex
chromosome evolution.

In species where both sexes recombine, some mechanism is
needed to block recombination between the sex determining gene
and nearby genes with sex-specific effects in the heterogametic
sex. Chromosomal inversions spanning the sex determining
locus and nearby sexually antagonistic loci are often assumed to
halt recombination and therefore to drive sex chromosome
divergence®®. There is circumstantial evidence implicating
inversions in sex chromosome evolution. For example, sex
chromosomes in many animals and plants show evidence of
strata, spatial clusters of X-Y or Z-W orthologs with similar
divergence estimates (Fig. 1)!%-2048:66-68 These spatial clusters
are consistent with inversion events instantaneously halting
recombination for all the encompassed loci. However, reports
from nascent sex chromosomes suggest that recombination
suppression is initially heterogeneous across the sex
chromosomes®>%%70, implying that recombination suppression
evolves initially by another, uneven mechanism, inconsistent with
large-scale inversions.

Recombination is dynamic and heterogeneous, and the rate of
recombination varies extensively throughout the genome and
between the sexes®>’!. For species where both sexes recombine,
local sex-specific recombination rates may be important initially
in sex chromosome divergence, although the mechanism for sex-
specific heterochiasmy is not yet known (Box 3). Importantly,
regardless of the mechanism, once recombination has been halted
in the heterogametic sex, selection to maintain gene order is
abolished’? and inversions are less likely to be selected against.
Relaxed selection against inversions suggests that inversions
might follow recombination suppression. Therefore, it remains
unclear whether inversions catalyze or are a consequence of
halting recombination between sex chromosomes.

Recent work on recombination evolution has suggested that
sequence characteristics, namely binding motifs and structural
traits, can exhibit short-term evolutionary dynamics that can lead
to rapid shifts in local recombination rates’3~’>. Although not
present in all species’®’”, when they are associated with
recombination, rapid changes in these motifs lead to differences
in recombination rates in specific genomic locations among
closely related species’>’%7°, and even among conspecific
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populations”7480 The role of structural modifications and
binding motifs in sex chromosome evolution, as well as other
genetic and epigenetic mechanisms (detailed in ref. 81), have yet
to be explored, but these mechanisms offer plausible alternatives
to inversions in driving recombination suppression.

Why do sex chromosomes diverge at such different rates

Homomorphic sex chromosomes are curiously common. Many
organisms with genetic sex determination lack heteromorphic sex
chromosomes, indicating that the non-recombining region has
not spread significantly beyond the sex determining locus.
Examples of animal systems with homomorg)hic sex chromo-
somes include the pufferfish!’, ratite birds'®!%, pythons?® and

b Incomplete X chromosome dosage
compensation

a Complete X chromosome dosage
compensation

Average expression
Average expression

Male
(XY)

Male
(XY)

Female
(XX)

Female
(XX)

d Incomplete Z chromosome dosage
compensation

c Complete Z chromosome dosage
compensation

Average expression
Average expression

Male
(Z22)

Male
(Z2)

Female
(ZW)

Female
(ZW)

Figure 2 | Cartoon illustration of sex chromosome dosage compensation.
The decay of Y and W chromosome gene content leads to differences in
gene dose (the number of gene copies) between the sexes. In male
heterogamety (a,b) males have one half of the dose of all X-linked genes
lost from the Y chromosome. In some cases, this difference in gene dose
has led to the evolution of complete sex chromosome dosage
compensation (a), where a mechanism acts across the chromosome to
balance out the differences in gene dose, and as a consequence, the
average expression for X-linked genes is equal in males and females. In
many other cases (b), only some genes on the X are compensated, and the
average expression from the X chromosome is less in males than females.
In female heterogamety (¢, d) females have one half of the dose of all
Z-linked genes lost from the W chromosome. In some cases, this difference
in gene dose has led to the evolution of complete sex chromosome dosage
compensation (c), but in many other cases (d), only some genes on the
Z are compensated, and the average expression from the Z chromosome is
less in females than males.

European tree frogs?!. Also, many dioecious species of flowering
plants possess homomorphic sex chromosomes®2. The reasons
why sex chromosomes might remain largely undifferentiated
are not well understood, but here we suggest five possible
explanations.

Age. First, some homomorphic sex chromosomes are young and
may be in the early stages of degeneration, for example in
papaya49’60. However, in many species, the sex chromosomes are
old and yet have not degenerated, such as in European tree
frogs®!, pythons?? and ratite birds!®. Thus, we must conclude that
age is not always an accurate predictor of the relative size
of the non-recombining region, and therefore of overall sex
chromosome divergence.

Relative length of haploid phase. Some organisms have a long
haploid phase, resulting in strong haploid purifying selection
acting to maintain gene activity on the Y chromosome’%8384, In
species where haploid selection is more limited, many genes on
the Y or W chromosome are sheltered in the diploid phase by the
copy on the X or Z chromosome, and purifying selection may
only act on dosage sensitive genes to maintain sufficient gene
activity. Therefore, we might expect slower W or Y degeneration
in species where haploid selection is more pervasive, such as algae
and plants, compared with species where it is less widespread,
such as animals. Similarly, some animals have a much reduced
haploid phase in females compared to males, and this might
retard W chromosome degeneration compared to that of Y
chromosomes®.

Sex chromosome dosage compensation. After recombination
has been halted between the sex chromosomes, the non-
recombining Y or W chromosome decays®®. A consequence of
this degeneration is that gene dose is reduced on the X and
Z chromosomes relative to the autosomes in the heterogametic
sex. This imbalance in gene expression is often thought
to be detrimental, and upsets the biochemical stoichiometry
of interacting gene products. These deleterious effects were
hypothesized to drive the evolution of dosage compensation
mechanisms in order to restore ancestral diploid expression
levels®®. The extent of dosage compensation varies significantly
across taxa®’, and although some species exhibit complete sex
chromosome dosage compensation, many more show incomplete
compensation (reviewed in refs 87,88, shown in Fig. 2). The
factors underlying this variation are not at all clear and may
include sexual conflict over optimal gene expression®’, as well
as variation in effective population size and male-biased
mutation rates.

Much of our understanding of Y chromosome decay comes
from the neo-sex chromosomes in Drosophila and the X-added
region of the eutherians. In both these cases, an existing system of
complete dosage compensation quickly spread onto the expanded
X chromosome®®®!. The spread of an existing mechanism of
dosage compensation onto a neo-sex chromosome would reduce
the power of purifying selection to maintain gene activity
on dosage sensitive neo-Y orthologs, in turn leading to an
acceleration of neo-Y chromosome decay.

The slow rate of gene decay recently observed on the W
chromosome in birds®? provides a stark contrast to the
Drosophila and eutherian Y, and it was recently suggested that
this difference is largely due to the opposing effects of male-
biased mutation on Y and W chromosomes!”3. However, birds
have only incomplete sex chromosome dosage compensation®’,
raising questions about the generality of the lessons from the
Drosophila neo-sex chromosomes and the eutherian X-added
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region, as well as suggesting that the dichotomy between
Drosophila  and eutherians versus birds might not be
heterogamety (XY versus ZW), but rather complete versus
incomplete dosage compensation. Recent work in sticklebacks, a
male heterogametic  system  with incomplete  dosage
compensation, indicates that purifying selection remains strong
on dosage sensitive Y genes®*. Therefore it may be that in systems
with incomplete dosage compensation, Y or W degeneration
might be retarded through purifying selection acting on dosage
sensitive genes, and that dosage compensation status may
be a major factor underlying differences in sex chromosome
degeneration rates.

Sex reversal. Sex reversal, discordance between an individual’s
phenotypic and genotypic sex, may be important in recombina-
tion suppression and sex chromosome evolution. In man
ectotherm vertebrates, such as amphibians®>® and teleost fish®’,
sex reversal results in reproductively viable individuals.
Interestingly, because recombination patterns typically follow
phenotypic but not genotypic sex, recombination can occur
along the full length of the sex chromosomes in individuals
with phenotypes that do not match their sex chromosome
complement. Even when at very low frequency in the population,
sex reversal can prevent sex chromosome divergence and lead to

very old homomorphic sex chromosomes®®, as has been shown in
frogs?1:9%:100,

Sexual conflict. Sexually antagonistic alleles are central to
the sexual conflict model of sex chromosome evolution®?,
and systems with more sexual conflict experience more rapid
expansion of the non-recombining region simply because more
loci within the genome, and by extension proximate to the
sex determining locus, carry sexually antagonistic alleles!®!,
Heteromorphic sex chromosomes might be therefore expected
to occur more often in lineages with high levels of sexual conflict
and/or sexual dimorphism. However, sexual conflict might also
trigger turnover of sex chromosomes!92103, thereby restarting the
process of sex chromosome divergence. It is therefore unclear
whether we should expect a direct relationship between the
degree of sexual conflict and the size of the non-recombining
region.

Conclusion

Three major questions regarding the evolution of sex chromo-
somes remain unanswered. To answer them, it will be important
to move well beyond the main model systems, and develop new
study systems at earlier stages of sex chromosome divergence.

Does sexual conflict drive sex chromosome evolution? The role
of sexual conflict in driving sex chromosome evolution, although
widely accepted, remains fundamentally unknown, largely due to
difficulties in identifying sexually antagonistic alleles directly.
In order to answer this question, it is important that we develop
new study systems with far younger sex chromosomes. Crucially,
these study systems will also need to have some phenotypic trait
or traits that are known to be sexually antagonistic, with known
underlying genetic architecture. Alternatively, experimental
evolution of sexual conflict may prove useful in studying changes
in sex-specific recombination rates.

How is recombination suppressed between the sex chromo-
somes? The mechanisms underlying recombination suppression
are still largely unknown. Inversions are often assumed to
facilitate sex chromosome divergence through recombination
suppression, but this assumption is contradicted by the hetero-
geneity in divergence observed in young sex chromosome
systems. Moreover, in old sex chromosome systems, it may

be impossible to determine whether inversions catalyze sex
chromosome evolution or are a consequence of recombination
suppression achieved through other means. This difficulty in
differentiating cause and effect again suggests that study systems
with nascent sex chromosomes are crucial for understanding the
cause of recombination suppression.

Why do rates of sex chromosome divergence vary so
significantly across groups? Preliminary evidence suggests that
the presence or absence of complete dosage compensation,
the relative length of the haploid phase in the life cycle, and the
prevalence and fertility of sex reversed individuals might be the
largest predictors of the power of purifying selection to maintain
gene activity on the sex-limited chromosome, and therefore the
rate of gene loss once recombination is halted. The pervasiveness
of sexual conflict throughout the genome may also be important.
Untangling the role of these different characteristics in explaining
the rate of sex chromosome divergence will require very large-
scale comparative datasets and phylogenetic methods. Work in
this direction has started!®*, but much more work is needed.

References

1. Bachtrog, D. et al. Are all sex chromosomes created equal? Trends Genet. 27,
350-357 (2011).

2. Bachtrog, D. et al. Sex determination: why so many ways of doing it? PLoS
Biol. 12, 1001899 (2014).

3. Beukeboon, L. W. & Perrin, N. The Evolution of Sex Determination (Oxford
University Press, 2014).

4. Bergero, R. & Charlesworth, D. The evolution of restricted recombination in
sex chromosomes. Trends Ecol. Evol. 24, 94-102 (2009).

5. Muller, H. Genetic variability, twin hybrids and constant hybrids, in a case of
balanced lethal factors. Genetics 3, 422-499 (1914).

6. Bachtrog, D. Adaptation shapes patterns of genome evolution on sexual and
asexual chromosomes in Drosophila. Nat. Genet. 34, 215-219 (2003).

7. Bachtrog, D. Y chromosome evolution: emerging insights into processes of Y
chromosome degeneration. Nat. Rev. Genet. 14, 113-124 (2013).

8.  Vicoso, B. & Charlesworth, B. Evolution on the X chromosome: unusual
patterns and processes. Nat. Rev. Genet. 7, 645-653 (2006).

9. Lahn, B. T. & Page, D. C. Four evolutionary strata on the human X
chromosome. Science 286, 964-967 (1999).

Evidence of strata on the human sex chromosomes may indicate a role for
inversions in sex chromosome divergence.

10. Skaletsky, H. et al. The male-specific region of the human Y chromosome is a
mosaic of discrete sequence classes. Nature 423, 825-837 (2003).

11. Soh, Y. Q. S. et al. Sequencing the mouse Y chromosome reveals convergent
gene acquisition and amplification on both sex chromosomes. Cell 159,
800-813 (2014).

12. Charlesworth, B. Model for the evolution of Y chromosomes and dosage
compensation. Proc. Natl Acad. Sci. USA 75, 5618-5622 (1978).

13. Rice, W. R. The accumulation of sexually antagonistic genes as a selective
agent promoting the evolution of reduced recombination between primitive
sex chromosomes. Evolution 41, 911-914 (1987).

14. Rice, W. R. Evolution of the sex chromosome in animals. Bioscience 46,
331-343 (1996).

15. Charlesworth, B. The evolution of sex chromosomes. Science 251, 1130-1133
(1990).

16. Bachtrog, D. Y-chromosome evolution: emerging insights into processes of
Y-chromosome degeneration. Nat. Rev. Genet. 14, 113-124 (2013).

17. Kamiya, T. et al. A trans-species missense SNP in Amhr2 is associated with
sex determination in the tiger pufferfish, Takifugu rubripes (Fugu). PLoS
Genet. 8, €1002798 (2012).

Genetic differences between sex chr
SNP.

18. Mank, J. E. & Ellegren, H. Parallel divergence and degradation of the avian W
sex chromosome. Trends Ecol. 22, 389-391 (2007).

19. Vicoso, B., Kaiser, V. B. & Bachtrog, D. Sex-biased gene expression at
homomorphic sex chromosomes in emus and its implications for sex
chromosome evolution. Proc. Natl Acad. Sci. USA 110, 6453-6458 (2013).

20. Vicoso, B., Emerson, J. J., Zektser, Y., Manajan, S. & Bachtrog, D. Comparative
sex chromosome divergence in snakes: differentiation and lack of global
dosage compensation. PLoS Biol. 11, e1001643 (2013).

21. Stock, M. et al. Ever-young sex chromosomes in European tree frogs. PLoS
Biol. 9, 1001062 (2011).

H rphic sex chr in tree frogs are old, indicating that sex
chromosome divergence in not inevitable.

1

can be as simple as a single

6 NATURE COMMUNICATIONS | 7:12087 | DOI: 10.1038/ncomms12087 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12087

REVIEW

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Dobzhansky, T. Genetics of natural populations XVIIL. Experiments on
chromosomes of Drosophila pseudoobscura from different geographic regions.
Genetics 33, 588-602 (1948).

Dobzhansky, T. Genetics of the Evolutionary Process (Columbia University
Press, 1970).

Dobzhansky, T. & Pavlovsky, O. Indeterminate outcome of certain
experiments on Drosophila populations. Evolution 7, 198-210 (1953).
Dobzhansky, T. & Pavlovsky, O. Interracial hybridization and breakdown of
coadapted gene complexes in Drosophila paulistorum and Drosophila
willistoni. Proc. Natl Acad. Sci. USA 44, 622-629 (1958).

Joron, M. et al. Chromosomal rearrangements maintain a polymorphic
supergene controlling butterfly mimicry. Nature 477, 203-205 (2011).
Kupper, C. et al. A supergene determines highly divergent male reproductive
morphs in the ruff. Nat. Genet. 48, 79-83 (2016).

Lamichhaney, S. et al. Structural genomic changes underlie alternative
reproductive strategies in the ruff (Philomachus pugnax). Nat. Genet. 48,
84-88 (2016).

Wang, J. et al. A Y-like social chromosome causes alternative colony
organization in fire ants. Nature 493, 664-668 (2013).

Supergenes underlying complex phenotypic variation can mimic sex
chromosomes.

Feder, J. L. & Nosil, P. The efficacy of divergence hitchhiking in generating
genomic islands during ecological speciation. Evolution 64, 1729-1747 (2010).
Bull, J. J. Evolution of Sex Determining Mechanisms (Benjamin Cummings,
1983).

Fisher, R. A. The evolution of dominance. Biol. Rev. 6, 345-368 (1931).
Winge, O The location of eighteen genes in Lebistes reticulata. J. Genet. 18,
1-43 (1927).

Early work indicating that many colour genes are Y linked in the guppy set
the stage for current theories about the role of sexual conflict in sex
chromosome evolution.

Gorelick, R. Evolution of dioecy and sex chromosomes via methylation
driving Muller’s ratchet. Biol. J. Linn. Soc. 80, 353-368 (2003).

Ironside, J. No amicable divorce? Challenging the notion that sexual
antagonism drives sex chromosome evolution. Bioessays 32, 718-726 (2010).
Lange, J. et al. Isodicentric Y chromosomes and sex disorders as byproducts of
homologous recombination that maintains palindromes. Cell 138, 855-869
(2009).

Chippindale, A. K. & Rice, W. R. Y chromosome polymorphism is a strong
determinant of male fitness in Drosophila melanogaster. Proc. Natl Acad. Sci.
USA 98, 5677-5682 (2001).

Lemos, B., Araripe, L. O. & Hartl, D. L. Polymorphic Y chromosomes harbor
cryptic variation with manifold functional consequences. Science 319, 91-93
(2008).

Moghadam, H. K., Pointer, M. A., Wright, A. E,, Berlin, S. & Mank, J. E. W
chromosome expression responds to female-specific selection. Proc. Natl
Acad. Sci. USA 109, 8207-8211 (2012).

Koerich, L. B., Wang, X. Y., Clark, A. G. & Carvalho, A. B. Low conservation
of gene content in the Drosophila Y chromosome. Nature 456, 949-951
(2008).

Zhou, Q. & Bachtrog, D. Sex-specific adaptation drives early sex chromosome
evolution in Drosophila. Science 337, 341-345 (2012).

Gamble, T., Geneva, A. ]., Glor, R. E. & Zarkower, D. Anolis sex chromosomes
are derived from a single ancestral pair. Evolution 68, 1027-1041 (2014).
Rovatsos, M., Altmanova, M., Pokorna, M. & Kratochvil, L. Conserved

sex chromosomes across adaptively radiated Anolis lizards. Evolution 68,
2079-2085 (2014).

Miura, I, Ohtani, H., Nakamura, M., Ichikawa, Y. & Saitoh, K. The origin and
differentiation of the heteromorphic sex chromosomes Z, W, X, and Y in the
frog Rana rugosa, inferred from the sequences of a sex-linked gene, ADP/ATP
translocase. Mol. Biol. Evol. 15, 1612-1619 (1998).

Yoshimoto, S. et al. A W-linked DM-domain gene, DM-W, participates in
primary ovary development in Xenopus laevis. Proc. Natl Acad. Sci. USA 105,
2469-2474 (2008).

Matsubara, K. et al. Evidence for different origin of sex chromosomes in
snakes, birds, and mammals and step-wise differentiation of snake sex
chromosomes. Proc. Natl Acad. Sci. USA 103, 18190-18195 (2006).

Mank, J. E., Promislow, D. E. L. & Avise, J. C. Evolution of alternative
sex-determining mechanisms in teleost fishes. Biol. J. Linn. Soc. 87, 83-93
(2006).

Hough, J., Hollister, J. D., Wang, W., Barrett, S. C. H. & Wright, S. I. Genetic
degeneration of old and young Y chromosomes in the flowering plant Rumex
hastatulus. Proc. Natl Acad. Sci. USA 111, 7713-7718 (2014).

Liu, Z. Y. et al. A primitive Y chromosome in papaya marks incipient sex
chromosome evolution. Nature 427, 348-352 (2004).

Papadopulos, A. S. T., Chester, M., Ridout, K. & Filatov, D. A. Rapid Y
degeneration and dosage compensation in plant sex chromosomes. Proc. Natl
Acad. Sci. USA 112, 13021-13026 (2015).

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Spigler, R. B., Lewers, K. S., Main, D. S. & Ashman, T. L. Genetic mapping of
sex determination in a wild strawberry, Fragaria virginiana, reveals earliest
form of sex chromosome. Heredity 101, 507-517 (2008).

Kitano, J. et al. A role for a neo-sex chromosome in stickleback speciation.
Nature 461, 1079-1083 (2009).

Natri, H. M., Shikano, T. & Merila, J. Progressive recombination suppression
and differentiation in recently evolved neo-sex chromosomes. Mol. Biol. Evol.
30, 1131-1144 (2013).

Roberts, R. B, Ser, J. R. & Kocher, T. D. Sexual conflict resolved by invasion of
a novel sex determiner in Lake Malawi cichlid fishes. Science 326, 998-1001
(2009).

Ser, J. R., Roberts, R. B. & Kocher, T. D. Multiple interacting loci control
sex determination in Lake Malawi cichlid fish. Evolution 64, 486-501
(2010).

Renner, S. S. The relative and absolute frequencies of angiosperm sexual
systems: Dioecy, monoecy, gynodioecy and an updated online database. Am. J.
Bot. 101, 1588-1596 (2014).

Ming, R, Bendahmane, A. & Renner, S. S. Sex chromosomes in land plants.
Annu. Rev. Plant. Biol. 62, 485-514 (2011).

Charlesworth, B. & Charlesworth, D. Model for evolution of dioecy and
gynodioecy. Am. Nat. 112, 975-997 (1978).

Tennessen, J. A., Govindarajulu, R, Liston, A. & Ashman, T. L. Targeted
sequence capture provides insight into genome structure and genetics of male
sterility in a gynodioecious diploid strawberry Fragaria vesca ssp. bracteata
(Rosaceae). G3 (Bethesda) 3, 1341-1351 (2013).

Wang, J. P. et al. Sequencing papaya X and Y-h chromosomes reveals
molecular basis of incipient sex chromosome evolution. Proc. Natl Acad. Sci.
USA 109, 13710-13715 (2012).

Bell, G. The Masterpiece of Nature: The Evolution and Genetics of Sexuality
(University of California Press, 1982).

Lenormand, T. The evolution of sex dimorphism in recombination. Genetics
163, 811-822 (2003).

Lenormand, T. & Dutheil, J. Recombination difference between sexes: A role
for haploid selection. PLoS Biol. 3, 396-403 (2005).

The theoretical predictions about sex differences in recombination may be
important in understanding early stages of sex chromosome evolution.
Vicoso, B. & Bachtrog, D. Numerous transitions of sex chromosomes in
Diptera. PLoS Biol. 13 (2015).

Charlesworth, D., Charlesworth, B. & Marais, G. Steps in the evolution of
heteromorphic sex chromosomes. Heredity 95, 118-128 (2005).

Bergero, R., Forrest, A., Kamau, E. & Charlesworth, D. Evolutionary strata on
the X chromosomes of the dioecious plant Silene latifolia: Evidence from new
sex-linked genes. Genetics 175, 1945-1954 (2007).

Roesti, M., Moser, D. & Berner, D. Recombiantion in the threespine
stickleback genome—patterns and consequences. Mol. Ecol. 22, 3014-3027
(2013).

Wright, A. E., Moghadam, H. K. & Mank, J. E. Trade-off between selection for
dosage compensation and masculinization on the avian Z chromosome.
Genetics 192, 1433-1445 (2012).

Bergero, R., Qiu, S., Forrest, A., Borthwick, H. & Charlesworth, D.
Expansion of the pseudo-autosomal region and ongoing recombination
suppression in the Silene latifolia sex chromosomes. Genetics 194, 673-686
(2013).

Chibalina, M. V. & Filatov, D. A. Plant Y chromosome degeneration is
retarded by haploid purifying selection. Curr. Biol. 21, 1475-1479 (2011).
Systems with strong haploid selection may exhibit slow rates of sex
chromosome divergence.

Kong, A. et al. Fine-scale recombination rate differences between sexes,
populations and individuals. Nature 467, 1099-1103 (2010).

Recombination hotspots can vary substnatially between the sexes, and this
many be important in sex chromosome formation.

Flot, J. F. et al. Genomic evidence for ameiotic evolution in the bdelloid rotifer
Adineta vaga. Nature 500, 453-457 (2013).

Baudat, F. et al. PRDMJ is a major determinant of meiotic recombination
hotspots in humans and mice. Science 327, 836-840 (2010).

Berg, I. L. et al. Variants of the protein PRDM9 differentially regulate a set of
human meiotic recombination hotspots highly active in African populations.
Proc. Natl Acad. Sci. USA 108, 12378-12383 (2011).

Parvanov, E. D., Petkov, P. M. & Paigen, K. Prdm9 controls activation of
mammalian recombination hotspots. Science 327, 835-835 (2010).

Auton, A. et al. Genetic recombination is targeted towards gene promoter
regions in dogs. PLoS Genet. 9, €1003984 (2013).

Singhal, S. et al. Stable recombination hotspots in birds. Science 350, 928-932
(2015).

Auton, A. et al. A fine-scale chimpanzee genetic map from population
sequencing. Science 336, 193-198 (2012).

Myers, S. et al. Drive against hotspot motifs in primates implicates the
PRDM9 gene in meiotic recombination. Science 327, 876-879 (2010).

NATURE COMMUNICATIONS | 7:12087 | DOI: 10.1038/ncomms12087 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications

REVIEW

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12087

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

—

102.

103.

104.

105.

106.

107.

Hinch, A. G. et al. The landscape of recombination in African Americans.
Nature 476, 170-175 (2011).

Choi, K. & Henderson, I. R. Meiotic recombination hotspots - a comparative
view. Plant ]. 83, 52-61 (2015).

Charlesworth, D. Plant sex chromosome evolution. J. Exp. Bot. 64, 405-420
(2013).

Ahmed, S. et al. A haploid system of sex determination in the brown alga
Ectocarpus sp. Curr. Biol. 24, 1945-1957 (2014).

Bergero, R,, Qiu, S. & Charlesworth, D. Gene loss from a plant sex
chromosome system. Curr. Biol. 25, 1234-1240 (2015).

Charlesworth, B. Model for the evolution of Y chromosomes and dosage
compensation. Proc. Natl Acad. Sci. USA 75, 5618-5622 (1978).

Ohno, S. Sex Chromosomes and Sex Linked Genes (Springer-Verlag, 1967).
Mank, J. E. Sex chromosome dosage compensation: definitely not for
everyone. Trends Genet. 29, 677-683 (2013).

Dosage compensation may be important in the rate of sex chromosome
divergence.

Mank, J. E. The W, X Y and Z of sex-chromosome dosage compensation.
Trends Genet. 25, 226-233 (2009).

Mullon, C., Wright, A. E., Reuter, M., Pomiakowski, A. & Mank, J. E.
Evolution of dosage compensation under sexual selection diffes between X
and Z chromosomes. Nat. Commun. 6, 7720 (2015).

Payer, B. & Lee, J. T. X chromosome dosage compensation: How mammals
keep the balance. Annu. Rev. Genet. 42, 733-772 (2008).

Zhou, Q. et al. The epigenome of evolving Drosophila neo-sex chromosomes:
Dosage compensation and heterochromatin formation. PLoS Biol. 11,
e1001711 (2013).

Zhou, Q. et al. Complex evolutionary trajectories of sex chromosomes across
bird taxa. Science 346, 1246338 (2014).

Naurin, S., Hansson, B., Bensch, S. & Hassequist, D. Why does dosage
compensation differ between XY and ZW taxa? Trends Genet. 26, 15-20
(2010).

White, M., Kitano, J. & Peichel, C. L. Purifying selection maintains dosage
sensitive genes during degeneration of the threespine stickleback Y
chromosome. Mol. Biol. Evol. 32, 1981-1995 (2015).

Nakamura, M. Sex determination in amphibians. Semin. Cell Dev. Biol. 20,
271-282 (2009).

Wallace, H., Badawy, G. M. I. & Wallace, B. M. N. Amphibian sex
determination and sex reversal. Cell. Mol. Life Sci. 55, 901-909 (1999).
McNair, A., Lokman, P. M., Closs, G. P. & Nakagawa, S. Ecological and
evolutionary applications for environmetnal sex reversal of fish. Q. Rev. Biol.
90, 23-44 (2015).

Perrin, N. Sex reversal: a fountain of youth for sex chromosomes? Evolution
63, 3043-3049 (2009).

Dufresnes, C. et al. Sex-chromosome homomorphy in palearctic tree frogs
results from both turnovers and X-Y recombination. Mol. Biol. Evol. 32,
2328-2337 (2015).

Stock, M. et al. Low rates of X-Y recombination, not turnovers, account for
homomorphic sex chromosomes in several diploid species of Palearctic green
toads (Bufo viridis subgroup). J. Evol. Biol. 26, 674-682 (2013).

. Charlesworth, D. & Mank, J. E. The birds and the bees and the flowers and the

trees: lessons from genetic mapping of sex determination in plants and
animals. Genetics 186, 9-31 (2010).

van Doorn, G. S. & Kirkpatrick, M. Turnover of sex chromosomes induced by
sexual conflict. Nature 449, 909-912 (2007).

van Doorn, G. S. & Kirkpatrick, M. Transitions between male and female
heterogamety caused by sex-antagonistic selection. Genetics 186, 629-645
(2010).

Tree of Sex Consortium. Tree of sex consortium: a database of sexual systems.
Sci. Data 1, 140015 (2014).

Ross, M. T. et al. The DNA sequence of the human X chromosome. Nature
434, 325-337 (2005).

Lemaitre, C. et al. Footprints of inversions at present and past
pseudoautosomal boundaries in human sex chromosomes. Genome Biol. Evol.
1, 56-66 (2009).

Wilson, M. A. & Makova, K. D. Evolution and survival on eutherian sex
chromosomes. PLoS Genet. 5, €1000568 (2009).

108. Pandey, R. S., Sayres, M. A. W. & Azad, R. K. Detecting evolutionary strata on

the human X chromosome in the absence of gametologous Y-linked
sequences. Genome Biol. Evol. 5, 1863-1871 (2013).

Wright, A. E., Harrison, P. W., Montgomery, S. H., Pointer, M. A. & Mank, J.

E. Independent stratum formation on the avian sex chromosomes reveals
inter-chromosomal gene conversion and predominance of purifying selection
on the W chromosome. Evolution 68, 3281-3295 (2014).

Morgan, T. Complete linkage in the second chromosome of male Drosophila.
Science 36, 719-720 (1912).

. Haldane, J. Sex ratio and unisexual sterility in hybrid animals. J. Genet. 12,
101-109 (1922).

Suomalai, E., Cook, L. M. & Turner, J. R. G. Achiasmatic oogenesis in

Heliconiine butterflies. Hereditas 74, 302-304 (1973).

Nokkala, S. & Nokkala, C. Achiasmatic male meiosis in two species of Saldula
(Salidae, Hemiptera). Hereditas 99, 131-134 (1983).

Bardella, V. B., Gil-Santana, H. R,, Panzera, F. & Vanzela, A. L. L. Karyotype

diversity among predatory Reduviidae (Heteroptera). Comp. Cytogenet. 8,

351-367 (2014).

Grozeva, S. & Nokkala, S. Chromosomes and their meiotic behavior in two

families of the primitive infraorder Dipsocoromorpha (Heteroptera).

Hereditas 125, 31-36 (1996).

Poggio, M. G., Di Iorio, O., Turienzo, P., Papeschi, A. G. & Bressa, M. J.

Heterochromatin characterization and ribosomal gene location in two

monotypic genera of bloodsucker bugs (Cimicidae, Heteroptera) with

holokinetic chromosomes and achiasmatic male meiosis. Bull. Entomol. Res.
104, 788-793 (2014).

White, M. J. D. Chiasmatic and achiasmatic meiosis in African eumastacid

grasshoppers. Chromosoma 16, 271-307 (1965).

Brooks, L. D. & Marks, R. W. The organization of genetic varaition for
recombination in Drosophila melanogaster. Genetics 114, 525-547 (1986).

Myers, S., Bottolo, L., Freeman, C., McVean, G. & Donnelly, P. A fine-scale

map of recombination rates and hotspots across the human genome. Science
310, 321-324 (2005).

Burt, A, Bell, G. & Harvey, P. H. Sex-differences in recombination. J. Evol.

Biol. 4, 259-277 (1991).

. Wyman, M. J. & Wyman, M. C. specific recombination rates and allele
frequencies affect the invasion of sexually antagonistic variation on autosomes.
J. Evol. Biol. 26, 2428-2437 (2013).

109.

110.

11

—

112.

113.

114.

115.

116.

117.

118.

119.

120.

12

—

Acknowledgements

This review was originally inspired during JEM’s fellowship at the Wissenschaftskolleg zu
Berlin. We gratefully acknowledge support from the European Research Council (Grant
Agreements 260233 and 680951 to J.E.M.), the Australian Research Council
(DE150101853 to R.D.) and Marie Curie Actions (Grant Agreement 655392 to R.D.).
We thank Sofia Berlin, Lynda Delph and John Pannell for helpful discussions.

Author contributions
All authors wrote the manuscript.

Additional information
Competing financial interest: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Wright, A.E. et al. How to make a sex chromosome.

Nat. Commun. 7:12087 doi: 10.1038/ncomms12087 (2016).

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

NATURE COMMUNICATIONS | 7:12087 | DOI: 10.1038/ncomms12087 | www.nature.com/naturecommunications


http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications




The following arcticle was first published in
Nucleic Acids Research
Schmitz JS, Zimmer F, Bornberg-Bauer E (2016) Mechanisms of transcription

factor evolution in Metazoa. Nucleic Acids Research 13: 6287-6297
doi: 10.1093/nar/gkw492



Published online 10 June 2016

Nucleic Acids Research, 2016, Vol. 44, No. 13 6287-6297
doi: 10.1093/narlgkw492

Mechanisms of transcription factor evolution in

Metazoa

Jonathan F. Schmitz', Fabian Zimmer'-?2 and Erich Bornberg-Bauer'”’

Evolutionary Bioinformatics Group, Institute for Evolution and Biodiversity, Hufferstrasse 1, D-48149 Miinster,
Germany and ?Department of Genetics, Evolution and Environment, University College London, London WC1E 6BT,

UK

Received January 28, 2016; Revised May 18, 2016; Accepted May 22, 2016

ABSTRACT

Transcriptions factors (TFs) are pivotal for the reg-
ulation of virtually all cellular processes, including
growth and development. Expansions of TF fam-
ilies are causally linked to increases in organis-
mal complexity. Here we study the evolutionary dy-
namics, genetic causes and functional implications
of the five largest metazoan TF families. We find
that family expansions dominate across the whole
metazoan tree; however, some branches experience
exceptional family-specific accelerated expansions.
Additionally, we find that such expansions are often
predated by modular domain rearrangements, which
spur the expansion of a new sub-family by separating
it from the rest of the TF family in terms of protein—
protein interactions. This separation allows for radi-
cal shifts in the functional spectrum of a duplicated
TF. We also find functional differentiation inside TF
sub-families as changes in expression specificity.
Furthermore, accelerated family expansions are fa-
cilitated by repeats of sequence motifs such as C2H2
zinc fingers. We quantify whole genome duplications
and single gene duplications as sources of TF family
expansions, implying that some, but not all, TF du-
plicates are preferentially retained. We conclude that
trans-regulatory changes (domain rearrangements)
are instrumental for fundamental functional innova-
tions, that cis-regulatory changes (affecting expres-
sion) accomplish wide-spread fine tuning and both
jointly contribute to the functional diversification of
TFs.

INTRODUCTION

Transcriptional regulation is crucial for all known processes
in life, in particular for growth and development. Con-
sequently, the evolution of gene expression regulation is
tightly linked to the apparent evolution of biological com-

plexity, for example as measured in the number of cell
types (1-7). The underlying genomic changes are, as yet,
only poorly understood but, among others, changes in cis-
regulatory elements (8,9), transcription associated proteins
(10) and small regulatory RNAs (11,12) have been identified
as major contributors to genomic adaptation. Transcription
factors (TFs) are proteins which regulate the transcription
of DNA to mRNA in all known organisms by binding to
specific DNA target sequences. In eukaryotes, TFs play an
important role in development, cellular organization and
signal response (13) and dis- or non-functional TF genes
have been linked to a number of diseases such as cancer
(14,15). TFs have also been implicated in evolutionary inno-
vation of novel phenotypes and developmental frameworks
(16).

Generally, expansions of gene families involved in sig-
naling and regulation can be observed at a much higher
frequency than the expansions of, e.g. metabolic pathways
(17). Also, the number of TFs per genome was found to
correlate over-proportionally with the number of genes in
genomes, resulting in a higher proportion of TF genes in
larger genomes (18). This high proportion of TFs in large
genomes suggests that higher complexity requires an over-
proportional increase in regulatory elements.

The increases in the number of regulatory proteins in gen-
eral (4,19) and of TFs in particular (5) have repeatedly been
connected to phenotypic innovations and the evolution of
more complex organisms. For example, TF family expan-
sions (and size reductions) have been implicated in emer-
gence (and loss) of complex features in Stramenopiles (20)
and Viridiplantae (21). Another recent example is the ex-
pansion of the C2H2 zinc finger (ZF) and the protocadherin
families, which has been linked to increased morphological
and developmental complexity of the octopus (22). An ex-
pansion of the C2H2 ZF TF family has also been linked to
the the secondarily evolved multicellularity in the red algae
Chondrus (21,23).

Furthermore, the emergence of new TFs has also been
shown to play a role in phenotypic changes, especially in an-
imals (24). Taken together, these and other findings suggest
that emergence of TFs and growth of TF families are both
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related to increases in morphological complexity and the
number of cell types (2,3,20,21,25,26). Therefore, a detailed
cross-species comparison of TF repertoires is important to
delineate which genetic events underlie the expansion of TF
families and which ones were instrumental in creating fun-
damentally new phenotypes which have led to new and pos-
sibly more complex body plans. Indeed, with the availability
of many genomes such large scale comparisons allow a de-
tailed analysis of origin and nature of important molecular
changes in TFs.

On larger evolutionary time scales, the emergence of new
TFs or TF sub-families has been linked to many major tran-
sitions in morphology and development, e.g. to the emer-
gence of multicellularity (2,25) or the emergence of flower-
ing plants (27). Indeed, most of the largest metazoan TF
families originated already before the emergence of Meta-
zoa and thus multicellularity (25). The further expansion of
these families then allowed for the evolution of increasingly
complex organisms in Metazoa (2).

In some TF families the expansion results clearly from
a number of single gene duplications (SGDs) (28). On the
other hand, some expansions were suspected to have been
triggered mainly by whole genome-duplications (WGDs),
coupled with a high retention rate of TFs (3,5,25,29,30).
However, it is still unclear if and how WGDs are instrumen-
tal in supporting higher regulatory and organismal com-
plexity. First, no consensus has been reached regarding the
causes of the high retention rate of TF genes after SGD
as well as WGD events (31). Second, WGDs could not be
linked to increased complexity as it is documented in the
metazoan fossil record (32). Nevertheless, both processes
(SGD and WGD) seem to play a role in the expansion of
gene families, specifically TF families (31).

It has been proposed that the number of TF family mem-
bers is limited by the number of possible target sequences
(33). These findings imply that dimerization of TFs would
allow for TF family expansion by doubling the DNA target
sequence length (one target sequence for both proteins in
the dimer). Indeed, many TF families form protein dimers
or larger protein complexes in order to bind DNA. Within
these TF families, some members are only able to form com-
plexes with themselves (homodimerize), while others can
dimerize with other members of the family (heterodimer-
ize) (28,34,35). The interactions between TF members form
large interaction networks and the structure of these net-
works depends on the TF family (35). However, most of the
interactions in complex formation are context dependent,
i.e. preference may change depending on e.g. pH, localiza-
tion, concentration or salt strength (36,37). This volatility
induces a highly entangled combinatorial interaction pat-
tern which helps to increase the capacity for regulatory fine-
tuning, way beyond the associated increase in the number of
TFs.

Because several hundred millions of years have elapsed
since the emergence of most TF families, it is only rarely
possible (see e.g. (38)) to track down the precise molecu-
lar and genetic origin of new TF families. Nonetheless, in
many cases comparative genomics can reveal major rear-
rangements which shifted functions of TFs and triggered
the emergence of new sub-families. For example, the loss
and gain of additional domains has been reported in sev-

eral families of TFs (35,39). Such changes often entail
a strongly altered functional spectrum by changing bind-
ing specificites to DNA and upstream regulatory proteins,
e.g. signaling proteins or other transcriptional regulators
(21,28,40). Domain rearrangements (DRs) may thus ex-
plain ‘functional shifts’, i.e. sudden, radical changes in the
regulatory potential of TFs.

In this study we ask how strong the effects of WGDs,
SGDs and DRs are on the growth of TF families. Addition-
ally, we analyze if any of these genomic events, or a combi-
nation of them, have led to functional shifts which my have
spurred fundamental developmental innovations. Accord-
ingly, we study the evolution of the five largest TF families
(26) and the p53 family in 36 metazoan species to elucidate
the evolutionary history of these families during the evo-
lution of more complex, multicellular organisms. The se-
lected genomes and the size of the chosen families provide a
relatively dense and even distribution across the metazoan
tree along which many complex phenotypes evolved. We
determine extant and ancestral TF family sizes to identify
branches with accelerated expansions and relate expansions
to underlying molecular changes and genomic rearrange-
ments. Finally, we relate these changes to functional proper-
ties which can be inferred from annotations and expression
profiles of TFs.

MATERIALS AND METHODS
Taxon sampling and sequence data

The 36 species analyzed here were selected to represent a
large sample of sequenced Metazoa with a high quality
genome available. Saccharomyces cerevisiae was chosen as
a non-metazoan outgroup with a high genome quality. To
enable phylogenetic analyses, a dated tree was reconstructed
based on the study by Erwin et al. (41). Dating for species
not included in the Erwin et al study were added manu-
ally according to various sources (see Supplementary Data).
The sequence data for most species were obtained from En-
sembl release 74 (42) or from Ensembl Genomes release 21
(43). Species not available on Ensembl were downloaded
from various sources, see Supplementary Table S3. Only the
longest splicing variant of each gene was considered in our
analyses.

Domain annotation

Domains were annotated using the hidden Markov models
(HMMs) of Pfam-A version 27.0 (44). The PfamScan script
provided by Pfam was used to perform the annotation. A
list of HMMs representing the TF families’ DNA-binding
domains (DBDs) was used to identify TF proteins. For the
list defining the relationship DBD-HMMs see Supplemen-
tary Table S2. A protein’s domain arrangement was defined
as the sequence of domains, domain repetitions were not
collapsed. All proteins sharing a domain arrangement were
grouped into a domain arrangement cluster (DAC).

Ancestral family size reconstruction

Ancestral TF family sizes for all nodes in the species tree
were reconstructed using Count (45) in symmetrical Wag-
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ner parsimony mode by setting the ratio of gain- to loss-
penalties to 1. In Count, the DACs were used as subfami-
lies. The number of annotated proteins per DAC was used
as input for Count.

Comparison of gene/ DAC gain/loss rates. For each of the
branches of the species tree, the gene/DAC gain and loss
rates were calculated by dividing the number of events per
category by the branch length in million years. This analysis
was performed using a custom R script (46). Figures com-
paring the distribution of rates were produced using the gg-
plot2 R library (47). To test the rate distribution of the four
categories for differences, the Wilcoxon signed rank test was
used. The wilcox.test function of the R base package was
used for this purpose (46).

Plotting of TF family evolution per lineage. 'The TF family
evolution of a lineage was represented by plotting the TF
family size and DAC composition for each ancestral node.
The plotting was performed using a custom Python script
utilizing the matplotlib plotting library (48).

Gene Ontology enrichment testing

Gene Ontology (GO) annotation data were downloaded
from Ensembl for the model organisms Homo sapiens,
Danio rerio, Drosophila melanogaster and Caenorhabditis el-
egans (42). Using the topGO R library (49), the proteins
of each DAC were tested for GO enrichment using all pro-
teins of the respective TF family as background. topGO’s
weighted Fisher test method was used. The minimum num-
ber of annotations per GO term was set to 3 (Node Size =
3) to ensure a certain stability of the GO annotations. Con-
sequently, only DACs with at least three protein members
were taken into account for this analysis. A P-value cutoff
of 0.05 was chosen to select only significant hits. A multiple
testing correction was performed by multiplying P-values
with the number of DACs for which GO enrichment tests
were executed. In this analysis, only the biological process
class of GO was considered.

Gene expression pattern comparison

Expression data for eight human organs (50) were used to
compare the expression of the TFs. Pre-computed FPKM
values for this experiment were obtained from the Expres-
sion Atlas Website (51). To compare the expression patterns
among the TF genes, the genes were clustered according to
their expression profile similarity using the cosine function
as a similarity measurement. Clusters of genes with simi-
lar expression profiles were then manually inspected for the
proteins’ domain arrangements. The vector of expression
strengths per organ, given as the FPKM value, was used as
expression profile for each gene. This approach was chosen
since FPKM values can not be used to reliably compare ex-
pression strength across experiments (52). The analysis was
conducted in R (46) utilizing the Isa packages’ cosine func-
tion (53) and hclust in complete mode from the R base pack-
age. Custom python scripts were used to analyze expression
breadth using a cutoff of 1 FPKM for presence of expres-
sion. The first node with DAC presence generated by Count
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(see above) was used to determine domain arrangement age.
GOATOOLS (https://github.com/tanghaibao/Goatools) in
Fisher’s exact test mode was used to determine GO enrich-
ment in clusters of genes with similar expression patterns.
Clusters of genes with similar expression were extracted us-
ing the hierarchical clustering function of SciPy (54).

RESULTS AND DISCUSSION

We annotated TFs in 36 metazoan species using HMMs to
find the TF family-specific DBDs. We leave aside other tran-
scriptional regulators (see also (10)), because most of these
have multiple, more general, roles such that their evolution-
ary functional impacts are even more difficult to character-
ize than those of TFs. We do, however, include family mem-
bers of TFs that have lost their DNA binding abilities in a
secondary event. Such a loss of DNA binding affinity can
provide valuable information on the molecular triggers of
functional shifts and family expansions and can be clearly
delineated by comparative genomics.

To analyze TF family sizes, we first determined the TF
families in our set of 36 metazoan species and baker’s yeast
(see Figure 1). The first family we annotate is the bHLH
TF family, which is characterized by the basic helix-loop-
helix domain, in which the basic region binds DNA and
the helix-loop-helix motif facilitates dimerization and DNA
binding. Next to the bHLH domain, other protein domains
can be found in bHLH proteins (55), such as the Orange,
PAS or Leucine zipper (LZ) domains (28). These domains
can have various functions, such as environmental sensing,
signal transduction and dimerization facilitation (56,57).

The second family is the bZIP TF family, whose proteins
contain a basic region that binds DNA, just as bHLH pro-
teins do. However, the bZIP basic region does not show any
detectable homology to the bHLH basic region and is likely
an example of convergent evolution. In bZIP proteins the
basic region directly extends into an LZ which, convergently
to bHLH proteins again, facilitates dimerization (58). The
bZIP family comprises many well known TFs such as JUN
and FOS, which are involved in cell proliferation, apopto-
sis, and survival, as well as cancer development in case of
loss-of-function mutations (59,60).

The third family is the Homeobox TF family, which is de-
fined by the Homeobox domain that consists of 60 amino
acids forming three a-helices (61). Proteins carrying Home-
obox domains can be found in all eukaryotes (25) and play
an important role in regulating development, especially in
Metazoa (61). The Hox genes are the best-known metazoan
homeobox genes and are crucial in Bilateria for determining
the body axis during development among other functions
(62).

Fourth, the Nuclear Receptor (NR) family was ana-
lyzed. NR proteins contain a DBD and a ligand-binding
domain (LBD). The LBD binds a number of cofactors
such as steroid hormones or lipids (63,64) and can also
facilitate dimerization (65). The NR family is Metazoa-
specific (25) and important for the regulating of develop-
ment, metabolism and reproduction.

Next, the C2H2 ZF family is defined by a sequence motif
in which two Cystein (C) and two Histidine (H) amino acid
residues coordinate a zinc ion. The C2H2 ZF domain fa-
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Figure 1. Stacked bar plots depicting TF family sizes in analyzed species. The left-hand side of the graph shows a phylogenetic tree of the analyzed species.
WGD events are denoted with a “2x’-symbol. Branches with accelerated gene gain rates are highlighted with stars. The stars are colored according to the
TF family with accelerated gain rate. Time scale is approximate and largely based on (41). See ‘Materials and Methods’ section for more details.

cilitates DNA binding as well as dimerization and is made
up of two B-sheets and one a-helix. C2H2 ZF genes can
be found in all eukaryotes (25) and have various functions
such as regulation of stress response (66). C2H2 ZFs have
been proposed to play a role in a number of important evo-
lutionary processes such as speciation in the primate lineage
(67,68).

Finally, p53 proteins consist of the p53 DBD, a 200
amino acids long domain consisting mainly of B-sheets,
the p53 tetramerization domain that facilitates oligomer-
ization of p53 proteins and in some cases additional do-
mains (69). pS3 genes can be found in Holozoa and are not
Metazoa-specific (25). In Metazoa, p53 proteins are impor-
tant, mainly in controlling the cell cycle. Loss of function
of a p53 gene can entail a cancer risk (70). The p53 family
was included because of this high relevance for medical is-
sues. The other families were analyzed because they are the
largest TF families in human and as such represent the bulk
of the TFs.

TF family sizes in Metazoa show a pattern of repeated ex-
pansions

We analyzed the evolution of TF families in Metazoa us-
ing the TF family sizes determined in the previous step. TF
family sizes vary drastically in Metazoa for different species
and TF families. More specifically, some lineages, such as
the ray-finned fishes, have experienced expansion of all TF
families. Also, all TF families are expanded compared to
most non-vertebrate species. Interestingly, the lancelet lin-
eage has much larger TF families than any of the closely re-
lated lineages. On the other hand, in some lineages only one
specific TF family is expanded, like the nematode clade in
which the largest NR families of all Metazoa can be found
(already noted in (71)). Many species’ genomes contain a
markedly larger C2H2 ZF family compared to closely re-
lated species. Examples for species with expanded C2H2 ZF
family are Anolis carolinensis, D. rerio, Anopheles gambiae,
Zootermopsis nevadensis and Ixodes scapularis. Addition-
ally, most mammals except for the elephant possess larger
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C2H2 ZF families than most other vertebrates. Generally,
repeating patterns of clade or lineage-specific expansions of
one or multiple TF families can be observed.

The differences in TF family sizes between different an-
imals raises the question of which proportion of species’
proteomes the TF families take up. A comparison between
the TF family sizes and proteome sizes shows that differ-
ences in the proportion of TFs between clades and lineages
can be observed (Supplementary Figure S2). In many clades
with TF family expansions, TF families make up a larger
portion of the proteome. One example are vertebrates in
which the bHLH and bZIP families make up a larger por-
tion of the proteome than in non-vertebrate species. The
C2H2 ZF family forms a different pattern characterized
by lineage-specific expansions. Consequently, the C2H2 TF
family makes up a noticeably larger portion of some species’
proteome compared to closely related species. C2H2 ZFs
are noticeably expanded in the proteome of D. rerio, Bran-
chiostoma floridanus and A. carolinensis for example. The
C2H2 family is exceptional in showing such taxonomically
restricted bursts, resulting in a larger fraction of the species’
proteome being made up of the C2H2 family. The p53 fam-
ily is expanded in the elephant (Loxodonta africana) with-
out an expansion of the elephant proteome. This finding
confirms previous ones about a p53 family expansion in ele-
phants (72). However, in general, lineage-specific TF expan-
sions should be interpreted cautiously as they can be an arti-
fact of incorrect genome annotations. In general, TF family
expansions often lead to a higher proportion of TFs in the
proteome. These expansions can be stable in clades, like for
the bHLH and bZIP families in vertebrates.

Given the high variability in TF family sizes it can be con-
cluded that TF family expansion/reduction has occurred
along many branches of the metazoan tree. However, find-
ings of burst-like TF family expansions the evolution of
Metazoa have only been reported for the proto-metazoan
stem (2). In cases where a large clade has significantly
larger TF families for all TF families (Vertebrata, ray-finned
fishes), a clear connection between WGD events on the
branches leading to these clades and the TF family expan-
sions can be made. Additionally, the WGD event on the
branch leading to Xenopus laevis seems to have doubled the
size of most TF families except for the C2H2 ZFs. However,
in other cases larger TF families can not be linked to WGD
events. The lancet B. floridae, for example, has a high num-
ber of genes for all TF families, but no WGD event has been
proposed to have occurred in that lineage. Also, the many
cases of significantly larger C2H2 families do not seem to be
connected to WGD events, just as the large NR TF family in
nematodes. The hypothesis that C2H2 family expansion is
more often connected to SGD than to WGD is further sup-
ported by smaller median pairwise gene distances in human
(Supplementary Figure S4) and the small amount of C2H2
expansion after the X. laevis WGD (see Figure 1). To clarify
the relationship between TF family expansions and WGD
events, we analyzed ancestral TF family sizes in a next step.
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Reconstructed ancestral TF family sizes reveal branches with
accelerated gene gain

To locate points in the evolution of Metazoa with acceler-
ated TF family expansion, we reconstructed the TF family
sizes of the ancestral nodes of our phylogenetic tree. Us-
ing the ancestral TF family sizes we compared the gain/loss
rates of genes as well as DACs (genes sharing a domain ar-
rangement) along the branches of the phylogenetic tree. The
gain or loss of a DAC describes the gain of at least one gene
with a certain domain arrangement or respectively the loss
of all genes with a certain domain arrangement in a tree
node compared to the parental node. Box plots of gain and
loss rates for the six TF families (Supplementary Figure S1)
show that the analyzed TF families mainly evolve via gene
gain. For all families the gene gain rate distribution has a
higher median than the other event types (Wilcoxon signed
rank test; P < 0.01 for all families). The DAC gain rates
are also relatively high compared to the loss rates, which
complies with DAC gain being linked to gene gain. The loss
rates, for DACs as well as genes, are lower than either of the
gain rates, showing that gain of genes seems to be the more
important process in TF family evolution. This finding in-
dicates a largely constant growth of the TF families. The
magnitude of gene gain rates differs between the six TF fam-
ilies. In p53, for example, the maximum observed gene gain
rate is below 0.2 genes per million years, while for C2H2 ZF
more than 25 gene gains per million years can be observed
on the branch leading to Mus musculus since the split from
the Rattus norvegicus branch.

The gene gain rate distributions (Supplementary Figure
S1) feature a number of prominent outliers. These outliers
indicate branches with strongly accelerated TF family evo-
lution, indicative of events that we call ‘bursts’. For outlier
branches with such bursts see Table 1 and Figure 1. Many
branches show up for more than one TF family burst, for
example the branch leading to X. laevis or the Gnathostom-
ata branch. In some cases the bursts in gene gain rate can
be linked to WGD events. For the branches leading to X.
laevis and Percomorphia (ray-finned fishes), WGD events
have been proposed (73,74). These two branches show ac-
celerated gene gain rates for four and two TF families, re-
spectively. For the Gnathostomata branch no WGD has
been proposed directly, but for its parent branch, the branch
leading to Vertebrata, the 2R WGD events have been pro-
posed (75,76). The only non-gnathostome vertebrate in our
species set is the lamprey. The Petromyzon marinus genome
likely caused an artifact in the ancestral reconstruction of
TF family sizes because of its vertebrate-atypical small pro-
teome size, 30% smaller than the next smallest analyzed ver-
tebrate (P marinus: 10 415 proteins, Gallus gallus: 15 508
proteins, no splice variants counted, from ensembl annota-
tion). Consequently the accelerated gene gain rate on the
Gnathostomata branch is likely connected to the 2R WGD
events.

However, in other cases accelerated gene gain rates can
not be linked to WGD events. The branches leading to R.
norvegicus and Deuterostomia, for example, show acceler-
ated gene gain rates for four TF families while no WGD
has occurred on these branches. Other branches without
WGD event show accelerated gene gain rates only for one
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Table 1. Tree branches with an exceptionally high gene gain rate for one or more of the TF families and the evolutionary events that can be linked with

the accelerated gene gain rate

Branch Event TF families

Caenorhabditis SGD Nuclear Receptor

Caenorhabditis elegans SGD Nuclear Receptor

Caenorhabditis briggsae SGD Homeobox, Nuclear Receptor

Chordata SGD bZIP

Cnidaria SGD pS3

Deuterostomia SGD bHLH, bZIP, C2H2, Homeobox

Gnathostomata WGD bHLH, bZIP, C2H2, Homeobox,
Nuclear Receptor, p53

Homo sapiens SGD C2H2

Loxodonta africana SGD pS3

Mus musculus SGD bHLH, C2H2

Percomorpharia WGD Homeobox, bZIP

Rattus norvegicus SGD bHLH, C2H2, Nuclear Receptor, p53

Xenopus laevis WGD bHLH, bZIP, Homeobox, p53

For each branch the name of the node at the younger end of the branch was used as name.

or two TF families. 4 priori, WGDs would be expected to be
linked to an accelerated gene gain rate in most TF families
since all genes get duplicated and only families where many
genes are lost afterward would show no acceleration in gene
gain rates. It has previously been suggested that TF fami-
lies show high retention rates after WGD events (31,77,78).
Family expansion largely caused by SGD events, however,
could be a sign of evolutionary pressure for innovation on
the affected TF family. In such a case, not all TF families
would be expected to be under this evolutionary pressure.
Consequently, only few TF families would be expected to
show accelerated gene gain rates on branches without WGD
event. Many, but not all, branches seem to follow these pat-
terns in our case. A low retention rate of some TF families
after a WGD event can be explained by less evolutionary
pressure for innovation on this TF family. For example, gene
losses in some parts of the teleost fish lineage could explain
the small number of TF families with accelerated gene gain
rate on the Percomorphia branch in our reconstruction. On
the other hand, evolutionary pressure for regulatory inno-
vation could explain the accumulation of TF families with
accelerated gene gain rate in the branches leading to, e.g.
Deuterostomia, where no WGD event occurred. Neverthe-
less, we find that WGD events lead to accelerated TF fam-
ily expansion rates for all analyzed branches with WGD in
Metazoa, at least in some TF families. Additionally, we find
a number of branches with increased TF family expansion
rates caused by SGDs. These findings show that WGD as
well as SGD both contribute to TF family expansions. To
further understand the mechanism of TF family expansion,
we analyzed the domain arrangements found in the TF fam-
ilies.

TF family size is correlated with number of DACs and unique
domains

We analyzed the relationship between DRs and TF fam-
ily expansion to elucidate the role of DRs for the expan-
sion of TF families. All TF families show a positive cor-
relation between TF family size and the number of DACs
(Figure 2A). However, the strength of the correlation varies
between the TF families (Table 2). The strongest correla-
tion (0.93) can be found for the Homeobox and C2H2 ZF

TF families, which are also the two largest TF families in
most of the analyzed species. The increase in the number
of DACs per TF family with TF family expansion could
either be a by-product of the TF family evolution or a re-
quired step during TF family expansion. Given that pro-
tein domains are seen as the functional subunits of proteins
it seems logical that DRs strongly influence TF function
in various ways. Additional domains can also restrict the
dimerization partners of dimerizing proteins and thereby
modify the TF family’s dimerization network (35). Creating
dimerization sub-networks could facilitate functional diver-
sification of TFs by minimizing cross-talk between different
functions. An additional domain could also facilitate inter-
action with other molecules in the cell, i.e. signaling. The
PAS domain is an example for a protein domain that can
facilitate signaling in a protein (57) and can be found in the
bHLH TF family (35).

Apart from additional domains, rearrangement of ex-
isting domains can also influence TF function (79). Such
changes have been reported for many families, e.g. a num-
ber of plant gene families (80), many genes involved in sig-
nal transduction (81) and globins (82). In the C2H2 ZF TF
family the C2H2 domain can be repeated as often as 30
times. The repetition of the DBD could in this case aug-
ment the number of possible target sequences in the DNA
and thereby facilitate functional diversification. Addition-
ally, this higher number of target sequences could allow
family expansion, since previously the number of target se-
quences was suggested to be limiting to family size (33).

There is also a correlation between the number of unique
domains and the number of genes per TF family (Fig-
ure 2 and Table 2). The implications of this correlation
are quite similar to the implications of the correlation be-
tween number of DACs and number of genes. The main
difference between the two analyses is that, when counting
DAC:s, all possible arrangements of domains, i.e. repititions
or changed order, are counted separately. When counting
unique domains, each domain is only counted once, regard-
less of the number of separate arrangements it occurs in.
Counting all DRs has the advantage of also considering
events such as domain duplications that are common, es-
pecially in C2H2 ZFs (83,84). In practice, both measures
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Figure 2. Relationship between domains and number of genes per TF family for all analyzed species. Linear regression lines are shown for each TF family.
(A) Number of DACs (different domain arrangements) per TF family plotted against number of genes in the respective TF family. Full scale graph shows
a log-log plot, inset shows linear axis. Each of the points represents one species. (B) Number of unique domains per TF family plotted against number of

genes in the respective TF family. Each point represents one species.

Table 2. Correlation between TF family gene number and number of DACs in the respective TF family

TF family Correlation to DAC number Correlation to number of unique domains
bHLH 0.76 0.72
bZIP 0.66 0.67
C2H2 zinc finger 0.92 0.78
Homeobox 0.91 0.84
Nuclear Receptor 0.52 0.35
p53 0.79 0.56

The correlation of gene number and number of unique domains per TF family is also shown. The values given are product-moment correlation coefficients.

are meaningful, as the number of unique domains can show
gain of novel functions and the number of domain arrange-
ments can show events of major restructuring of TF pro-
teins.

DAC:s are functional subunits of TF families

To determine the influence of DRs on TF function we tested
the DACs of each TF family for GO term enrichment. In
human, most DACs showed significant enrichment for cer-
tain GO terms, except in the C2H2 ZF family where only
less than half of the DACs showed functional enrichment
(Supplementary Table S1). For other species fewer DACs
showed enrichment of GO terms. This result is likely caused
by an incomplete annotation of TFs in species other than
human. The enrichment of GO terms in the DACs shows
that functions differ between the DACs of a TF family and
at least some genes in each DAC share a function. The en-
riched GO terms of a DAC can cover a range of completely
different functions (Figure 3). For example, DACs can show
enrichment for GO terms as different as muscle cell differ-
entiation and nephron tubule development. The enrichment
for different GO terms shows that the genes belonging to
each DAC can facilitate a wide range of functions.

The enrichment of certain GO terms in the DACs’ genes
could be caused by an influence of the domain arrange-

bHLH
oA

regulation of osteoclast differentiation aorta morphogenesis .
humoral immune response pulmonarg valve morphogenesis

nephron tubule development

atrioventricular valve development
regulation of Notch signaling pathway
ventricular septum morphogenesis
metencephalon development
neural retina development
hippocampus development

muscle cell differentiation
second-messenger-mediated signaling

labyrinthine layer blood vessel developm...

None

circadian rhythm
single organism signaling

Figure 3. Wordclouds of the GO terms found to be enriched in the DACs of
the bHLH TF family in human. For each DAC a pictogram of the domain
arrangement is shown. Each GO term is scaled according to the P-value
found in the enrichment test (smaller P-values mean bigger font size).

ment on the function of proteins. An influence of domain
arrangement on function would explain differences in func-
tion between the DACs. As mentioned previously, there are
various ways in which changes in domain arrangements can
influence TF function, e.g. by adding signaling or dimeriza-

9107 ‘87 3sn3ny U0 SAOTAISS ATeIqrT D[ I8 /310" spewnolpioyxoreu//:dyy woiy popeoumo(]


http://nar.oxfordjournals.org/

6294 Nucleic Acids Research, 2016, Vol. 44, No. 13

tion functionality to certain genes through the gain of cer-
tain domains.

Expression patterns differ between DACs

Since genes with similar expression patterns are expected to
have similar functions (85-87), we analyzed the expression
patterns of the TF family members. We determined if DAC
members share the same expression pattern as an alterna-
tive explanation for the enrichment of GO terms in DACs
found in the previous section. However, we find that TFs of
a DAC rarely share the same expression pattern, i.e. many
genes that have the same domain arrangement do not share
the same expression pattern (see Supplementary Figure S3).
Expression clusters consist of genes that all show high ex-
pression in some tissues, but low expression in the rest of
the tissues. The domain arrangements of the genes found in
the expression clusters differ, with several different arrange-
ments present among them. Also, TFs with the same do-
main arrangement can be found in various clusters of TFs
with similar expression patterns. Still, enrichment of GO
terms could be found in clusters of TFs with similar expres-
sion patterns. But the GO terms enriched in clusters of TFs
with similar expression patterns are different from the terms
found enriched in DACs (compare Supplementary Table 4
and Figure S3). This finding suggests that DACs and expres-
sion clusters both represent functional subunits of TF fam-
ilies. However, these subunits are not congruent, meaning
that genes with the same domain arrangement show differ-
ent expression patterns that are necessary to carry out the
specific regulation in multiple tissues. Additionally, mem-
bers of different DACs are present in the same expression
cluster. Joint expression could lead to interference between
TF family members. Likely, DRs represent a mechanism via
which interference can be inhibited due to changed dimer-
ization preferences. In this way, DRs could also facilitate TF
family growth.

In an additional step, we analyzed the breadth of TF ex-
pression, i.e. the number of organs a TF was found to be
expressed in human (FPKM >= 1; Supplementary Figure
S5). Across all TFs, most TFs were found to be expressed
either in most organs or few/none of the analyzed organs.
Only few of the TFs being expressed in an intermediate
number of organs. Globally, this pattern has already been
found in previous studies which did not differentiate TF
families and DACs (26,88). However, when analyzing ex-
pression breadth of the TF families separately, our results
reveal a different pattern. For the Homeobox family, for ex-
ample, most genes are expressed in few tissues and only few
are expressed in more than four organs. For the bZIP fam-
ily, on the other hand, most genes are expressed in more
than four organs. These differences in expression breadth
most likely stand in relation to the TF function. Home-
obox genes are often associated with developmental func-
tions and would as such not be expected to be expressed in
many adult organs. When analyzing the expression breadth
of the genes in the various DACs according to the DAC’s
evolutionary age, the pattern visible for the whole TF fam-
ily is also represented in most of the DACs (Supplementary
Figure S6). There does not seem to be a relationship be-
tween DAC age and expression breadth, all patterns of ex-

pression breadth appear in all age groups. In this, our re-
sults are somewhat in contrast to previous results that pro-
posed a more specialized expression of recently duplicated
genes (89). According to our results, the C2H2 family with
many recent duplications is broadly expressed. However,
this might also be related to specific functions of the C2H2
family in silencing mobile elements in the genome (90,91).

CONCLUSIONS

Our results show that the expansion of TF families is of-
ten accompanied by a functional diversification that follows
modular DRs. According to our findings, gene duplications
offer the potential for sequence changes in one of the copies,
in agreement with the established theories about gene du-
plications (75,92). Among the possible mutations, DRs of-
fer the largest shift in function. By gaining a dimerization
and sensing domain such as the PAS domain in bHLH, a
gene copy can establish new functions such as binding sig-
naling molecules in the cell and also act independently from
the rest of the family through a new dimerization speci-
ficity. Through further gene duplications (especially WGD
events), a new sub-family can be established. According to
our model, WGD events per se do not add much complex-
ity; however, functional diversification of expanded gene
families after a certain time can do so.

Our study offers a solution to the riddle of how WGDs
and seemingly gradual molecular changes can both help in-
crease the complexity although WGDs alone seem to have
little effect (see above). True innovation in function often re-
quires a predating molecular change as trigger. Such a trig-
ger can be a rearrangement of domains or the exaptation
of a duplicate for a new function and both may lead to a
radical shift in function. DRs and emergence as a trigger
for functional shifts across a wide range of regulatory pro-
teins have also been reported in recent studies concentrat-
ing on genomic comparisons of closely related insect species
(81,93). An additional mechanism of functional diversifica-
tion found in this study is change of expression patterns.
These two mechanisms can help explaining the expansion
of TF families by laying out how novel functions can be ob-
tained.

Once established, such true novelties are receptive to fur-
ther expansions and fine tuning which may allow for a rapid
expansion of TF families and diversification of functions of
family members. A possible WGD leads to a large amount
of raw material which is, according to our data, in many
cases rapidly utilized. However, these subsequent changes
in TF protein sequence are mostly subtle, at least initially,
leaving the overall architecture of regulation in order. This
relationship is obvious, for example in the maintenance of
interaction patterns in bZIP proteins (see above and (34))
and helps to explain why WGDs can not easily be linked to
sudden organismic innovations (21,32,94). WGDs may of
course still be instrumental, for example for adaptation un-
der rapidly changing environmental conditions (29,74,95),
but their adaptive value is likely not primarily related to the
innovative potential of novel TFs but rather to the changes
in gene expression brought by the WGDs (95). SGDs, on the
other hand, can also contribute to network growth, since
their duplicates also inherit their interaction preferences.

9107 ‘87 3sn3ny U0 SAOTAISS ATeIqrT D[ I8 /310" spewnolpioyxoreu//:dyy woiy popeoumo(]


http://nar.oxfordjournals.org/

A remarkable case in point is the MADS TF family which
has only five copies in human (26) and no known major
expansions in any metazoan linage, but up to a hundred
copies in plants (27). The MADS TF family has probably
evolved by exaptation from a DNA topoisomerase (38). In
plants, an array of several domains, which are mostly in-
volved in the dimerization (or multimerization) of MADS
proteins, has been acquired in a group of paralogs which
became known as MIKC-type MADS proteins. These, but
not any of the MIKC-free MADS proteins, then duplicated
to form a dense interaction network (39). This interaction
network mainly evolved from a starting point of nine to
eleven interacting MIKC proteins via WGDs that left the
core-interaction patterns intact (78). MIKC-type MADS
proteins are key determinants of plant flower development
(ABC model) and are thus instrumental for the intrica-
cies of petal development (96). Therefore, in striking resem-
blance to the recruitment of domains by metazoan bHLH
proteins (28), the acquisition of the IKC domains in the
MADS TF family seems to have triggered a functional shift
which allowed for subsequent expansion via WGDs, as was
also the case in metazoan bZIP proteins (34).

In all scenarios, continuous changes in function, such as
gradual shifts of sub-optimal functions as they can be ob-
served in some enzymes (97) have not been reported for
TF evolution. A possible reason may be that TF functions
are more specific such that minor changes may render them
non-functional and prone to rapid loss as has been hypothe-
sized from mutational experiments on bHLH proteins (40).
Modular rearrangements of domains offer a solution to this
problem because readily approved subunits are recombined.

By delineating the relationships between TF family ex-
pansions, TF expression patterns and domain arrange-
ments we make another step toward understanding the evo-
lutionary history of Metazoa. We help explain how the TF
families could expand during the evolution of Metazoa, an
event that likely facilitated the evolution of more biological
complexity (1-7). Our findings further our understanding
of how the functional diversification of expanding TF fam-
ilies works in detail, namely by DRs and changes in expres-
sion pattern. This functional diversification seems necessary
for family growth as it would help explain why only some
genes are retained after duplication events. In detail, we find
DRs and changes in expression to both contribute to func-
tional diversification independently which we demonstrated
by showing distinct GO enrichment in DACs and expres-
sion clusters. Overall, these findings shed a new light on
how the evolution of more complex organisms with differ-
ing body plans and rising numbers of cell types occurred in
a number of metazoan lineages.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENT

The authors would like to thank Amelie S. Veron and
Tristan Bitard Feildel for stimulating discussions, Andreas
Schiiler for pilot studies and Carsten Kemena for computa-
tional support.

Nucleic Acids Research, 2016, Vol. 44, No. 13 6295

FUNDING

DFG [BO-2544/2-2 to EBB]; EBB ORCID [0000-0001-
2345-6789]; EBB RESEARCHID [A-1563-2013]. Funding
for open access charge: DFG [BO-2544/2-2].
Conflict of interest statement. None declared.

REFERENCES

1. Valentine,J.W., Collins,A.G. and Meyer,C.P. (1994) Morphological
complexity increase in metazoans. Paleobiology, 20, 131-142.

2. Degnan,B.M., Vervoort,M., Larroux,C. and Richards,G.S. (2009)
Early evolution of metazoan transcription factors. Curr. Opin. Genet.
Dev., 19, 591-599.

3. Charoensawan, V., Wilson,D. and Teichmann,S.A. (2010) Genomic
repertoires of DNA-binding transcription factors across the tree of
life. Nucleic Acids Res., 38, 7364-7377.

4. Miyata,T. and Suga,H. (2001) Divergence pattern of animal gene
families and relationship with the Cambrian explosion. Bioessays, 23,
1018-1027.

5. Levine,M. and Tjian,R. (2003) Transcription regulation and animal
diversity. Nature, 424, 147-151.

6. McCarthy,M.C. and Enquist,B.J. (2005) Organismal size, metabolism
and the evolution of complexity in metazoans. Evol. Ecol. Res., 7T,
681-696.

7. Vogel,C. and Chothia,C. (2006) Protein family expansions and
biological complexity. PLoS Comput. Biol., 2, e48.

8. Wray,G.A. (2007) The evolutionary significance of cis-regulatory
mutations. Nat. Rev. Genet., 8, 206-216.

9. Gaunt,S.J. and Paul,Y.-L. (2012) Changes in cis-regulatory elements
during morphological evolution. Biology, 1, 557-574.

10. Lang,D., Weiche,B., Timmerhaus,G., Richardt,S.,
Riafio-Pachén,D.M., Corréa,L.G.G., Reski,R., Mueller-Roeber,B.
and Rensing,S.A. (2010) Genome-wide phylogenetic comparative
analysis of plant transcriptional regulation: a timeline of loss, gain,
expansion, and correlation with complexity. Genome Biol. Evol., 2,
488-503.

11. Grimson,A., Srivastava,M., Fahey,B., Woodcroft,B.J., Chiang,H.R.,
King,N., Degnan,B.M., Rokhsar,D.S. and Bartel,D.P. (2008) Early
origins and evolution of microRNAs and Piwi-interacting RNAs in
animals. Nature, 455, 1193-1197.

12. Technau,U. (2008) Evolutionary biology: small regulatory RNAs
pitch in. Nature, 455, 1184-1185.

13. Weirauch,M.T. and Hughes,T. (2011) A catalogue of eukaryotic
transcription factor types, their evolutionary origin, and species
distribution. In: Hughes, TR (ed). A Handbook of Transcription
Factors. Springer, Dordrecht, Vol. 52, pp. 25-73.

14. Tomlins,S.A., Rhodes,D.R., Perner,S., Dhanasekaran,S.M.,
Mehra,R., Sun,X.-W., Varambally,S., Cao,X., Tchinda,J., Kuefer,R.
et al. (2005) Recurrent fusion of TMPRSS2 and ETS transcription
factor genes in prostate cancer. Science, 310, 644-648.

15. Gordon,S., Akopyan,G., Garban,H. and Bonavida,B. (2005)
Transcription factor YY1: structure, function, and therapeutic
implications in cancer biology. Oncogene, 25, 1125-1142.

16. Lynch,V.J., Leclerc,R.D., May,G. and Wagner,G.P. (2011)
Transposon-mediated rewiring of gene regulatory networks
contributed to the evolution of pregnancy in mammals. Nat. Genet.,
43, 1154-1159.

17. Lespinet,O., Wolf,Y.I., Koonin,E.V. and Aravind,L. (2002) The role
of lineage-specific gene family expansion in the evolution of
eukaryotes. Genome Res., 12, 1048—1059.

18. Babu,M.M., Luscombe,N.M., Aravind,L., Gerstein,M. and
Teichmann,S.A. (2004) Structure and evolution of transcriptional
regulatory networks. Curr. Opin. Struct. Biol., 14, 283-291.

19. Kusserow,A., Pang,K., Sturm,C., Hrouda,M., Lentfer,J.,
Schmidt,H.A., Technau,U., von Haeseler,A., Hobmayer,B.,
Martindale,M.Q. et al. (2005) Unexpected complexity of the Wnt
gene family in a sea anemone. Nature, 433, 156-160.

20. Buitrago-Florez,F.J., Restrepo,S. and Riano-Pachon,D.M. (2014)
Identification of transcription factor genes and their correlation with
the high diversity of stramenopiles. PLoS One, 9, e111841.

21. Lang,D. and Rensing,S.A. (2015) The evolution of transcriptional
regulation in the viridiplantae and its correlation with morphological

9107 ‘87 3sn3ny U0 SAOTAISS ATeIqrT D[ I8 /310" spewnolpioyxoreu//:dyy woiy popeoumo(]


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw492/-/DC1
http://nar.oxfordjournals.org/

6296 Nucleic Acids Research, 2016, Vol. 44, No. 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

36.

37.

38

39.

40.

41.

complexity. In: Ruiz-Trillo,I and Nedelcu,AM (ed). Evolutionary
Transitions to Multicellular Life. Springer, The Netherlands, pp.
301-333.

Albertin,C.B., Simakov,O., Mitros,T., Wang,Z.Y., Pungor,J.R.,
Edsinger-Gonzales,E., Brenner,S., Ragsdale,C.W. and Rokhsar,D.S.
(2015) The octopus genome and the evolution of cephalopod neural
and morphological novelties. Nature, 524, 220-224.

Collén,J., Porcel,B., Carré,W., Ball,S.G., Chaparro,C., Tonon,T.,
Barbeyron,T., Michel,G., Noel,B., Valentin,K. ez al. (2013) Genome
structure and metabolic features in the red seaweed Chondrus crispus
shed light on evolution of the Archaeplastida. Proc. Natl. Acad. Sci.
US.A., 110, 5247-5252.

Jovelin,R. (2009) Rapid sequence evolution of transcription factors
controlling neuron differentiation in caenorhabditis. Mol. Biol. Evol.,
26, 2373-2386. y

de Mendoza,A., Sebé-Pedros,A., Sestak,M.S., Matejc¢i¢,M.,
Torruella,G., Domazet-Loso,T. and Ruiz-Trillo,I. (2013)
Transcription factor evolution in eukaryotes and the assembly of the
regulatory toolkit in multicellular lineages. Proc. Natl. Acad. Sci.
US.A., 110, E4858-E4866.

Vaquerizas,J.M., Kummerfeld,S.K., Teichmann,S.A. and
Luscombe,N.M. (2009) A census of human transcription factors:
function, expression and evolution. Nat. Rev. Genet., 10, 252-263.
Becker,A. and Theien,G. (2003) The major clades of MADS-box
genes and their role in the development and evolution of flowering
plants. Mol. Phylogenet. Evol., 29, 464-489.

Amoutzias,G.D., Robertson,D.L., Oliver,S.G. and
Bornberg-Bauer,E. (2004) Convergent evolution of gene networks by
single-gene duplications in higher eukaryotes. EMBO Rep., 5,
274-279.

Van de Peer,Y., Maere,S. and Meyer,A. (2009) The evolutionary
significance of ancient genome duplications. Nat. Rev. Genet., 10,
725-732.

Smet,R.D., Adams,K.L., Vandepoele,K., Montagu,M.C.E.V.,
Maere,S. and de Peer,Y.V. (2013) Convergent gene loss following gene
and genome duplications creates single-copy families in flowering
plants. Proc. Natl. Acad. Sci. U.S.A., 110, 2898-2903.

Rensing,S.A. (2014) Gene duplication as a driver of plant
morphogenetic evolution. Curr. Opin. Plant Biol., 17, 43-48.
Crow,K.D. and Wagner,G.P. (2006) What is the role of genome
duplication in the evolution of complexity and diversity? Mol. Biol.
Evol., 23, 887-892.

Itzkovitz,S., Tlusty,T. and Alon,U. (2006) Coding limits on the
number of transcription factors. BMC Genomics, 7, 239.
Amoutzias,G.D., Veron,A.S., Weiner,J., Robinson-Rechavi,M.,
Bornberg-Bauer,E., Oliver,S.G. and Robertson,D.L. (2007) One
Billion Years of bZIP Transcription Factor Evolution: Conservation
and Change in Dimerization and DNA-Binding Site Specificity.
Molecular Biology and Evolution, 24, 827-835.

. Amoutzias,G.D., Robertson,D.L., Van de Peer,Y. and Oliver,S.G.

(2008) Choose your partners: dimerization in eukaryotic
transcription factors. Trends Biochem. Sci., 33, 220-229.

Roberts,D., Keeling,R., Tracka,M., van der Walle,C.F., Uddin,S.,
Warwicker,J. and Curtis,R. (2014) The role of electrostatics in
protein—protein interactions of a monoclonal antibody. Mol. Pharm.,
11, 2475-2489.

Roberts,D., Keeling,R., Tracka,M., van der Walle,C.F., Uddin,S.,
Warwicker,J. and Curtis,R. (2015) Specific ion and buffer effects on
protein—protein interactions of a monoclonal antibody. Mol. Pharm.,
12, 179-193.

. Gramzow,L., Ritz,M.S. and TheiBlen,G. (2010) On the origin of

MADS-domain transcription factors. Trends Genet., 26, 149-153.
Kaufmann,K., Melzer,R. and TheiBlen,G. (2005) MIKC-type
MADS-domain proteins: structural modularity, protein interactions
and network evolution in land plants. Gene, 347, 183-198.
Maerkl,S.J. and Quake,S.R. (2009) Experimental determination of
the evolvability of a transcription factor. Proc. Natl. Acad. Sci.
U.S.A., 106, 18650—-18655.

Erwin,D.H., Laflamme,M., Tweedt,S.M., Sperling,E.A., Pisani,D.
and Peterson,K.J. (2011) The cambrian conundrum: early divergence
and later ecological success in the early history of animals. Science,
334, 1091-1097.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Flicek,P., Amode,M.R., Barrell,D., Beal, K., Billis,K., Brent,S.,
Carvalho-Silva,D., Clapham,P., Coates,G., Fitzgerald.S. et al. (2014)
Ensembl 2014. Nucleic Acids Res., 42, D749-D755.

Kersey,P.J., Allen,J.E., Christensen,M., Davis,P., Falin,L.J.,
Grabmueller,C., Hughes,D. S.T., Humphrey,J., Kerhornou,A.,
Khobova,J. et al. (2014) Ensembl Genomes 2013: scaling up access to
genome-wide data. Nucleic Acids Res., 42, D546-D552.

Punta,M., Coggill,P.C., Eberhardt,R.Y., Mistry,J., Tate,J.,
Boursnell,C., Pang,N., Forslund,K., Ceric,G., Clements,J. ef al.
(2011) The Pfam protein families database. Nucleic Acids Res., 40,
D290-D301.

Csti6s,M. (2010) Count: evolutionary analysis of phylogenetic profiles
with parsimony and likelihood. Bioinformatics, 26, 1910-1912.

R Core Team and others. (2012) R: a language and environment for
statistical computing. http:
/lcran.case.edu/web/packages/dplR/vignettes/timeseries-dplR.pdf.
Wickham,H. (2009) ggplot2: Elegant Graphics for Data Analysis,
Springer, NY.

Hunter,J.D. (2007) Matplotlib: a 2D graphics environment. Comput.
Sci. Eng., 9, 90-95.

Alexa,A. and Rahnenfiihrer,J. (2010) topGO: enrichment analysis for
gene ontology. R package version 2.12. Available from:
http://www.bioconductor.org/packages/2.12/bioc/html/topGO.html.
Brawand,D., Soumillon,M., Necsulea,A., Julien,P., Csardi,G.,
Harrigan,P., Weier,M., Liechti,A., Aximu-Petri,A., Kircher,M. et al.
(2011) The evolution of gene expression levels in mammalian organs.
Nature, 478, 343-348.

Petryszak,R., Burdett,T., Fiorelli,B., Fonseca,N.A.,
Gonzalez-Porta,M., Hastings,E., Huber,W., Jupp,S., Keays,M.,
Kryvych,N. et al. (2014) Expression Atlas update—a database of gene
and transcript expression from microarray- and sequencing-based
functional genomics experiments. Nucleic Acids Res., 42, D926-D932.
Wagner,G.P., Kin,K. and Lynch,V.J. (2012) Measurement of mRNA
abundance using RNA-seq data: RPKM measure is inconsistent
among samples. Theory Biosci., 131, 281-285.

Wild,F. (2014) Isa: latent semantic analysis.
http://CRAN.R-project.org/package=Isa.

Jones,E., Oliphant,T., Peterson,P. ez al. (2001) SciPy: Open source
scientific tools for Python. http://[www.scipy.org/ (28 January 2016,
date last accessed).

Morgenstern,B. and Atchley,W.R. (1999) Evolution of bHLH
transcription factors: modular evolution by domain shuffling? Mol.
Biol. Evol., 16, 1654-1663.

Mclntosh,B.E., Hogenesch,J.B. and Bradfield,C.A. (2010)
Mammalian Per-Arnt-Sim proteins in environmental adaptation.
Annu. Rev. Physiol., 72, 625-645.

Mei,Q. and Dvornyk,V. (2014) Evolution of PAS domains and
PAS-containing genes in eukaryotes. Chromosoma, 123, 385-405.
Bornberg-Bauer,E., Rivals,E. and Vingron,M. (1998) Computational
approaches to identify leucine zippers. Nucleic Acids Res., 26,
2740-2746.

Karin,M., Liu,Z.-g. and Zandi,E. (1997) AP-1 function and
regulation. Curr. Opin. Cell Biol., 9, 240-246.

Shaulian,E. and Karin,M. (2001) AP-1 in cell proliferation and
survival. Oncogene, 20, 2390-2400.

Biirglin, T.R. (2011) Homeodomain subtypes and functional diversity.
In: Hughes, TR (ed). A Handbook of Transcription Factors. Springer,
The Netherlands, pp. 95-122.

Gehring, W.J., Affolter,M. and Burglin,T. (1994) Homeodomain
proteins. Annu. Rev. Biochem., 63, 487-526.

Robinson-Rechavi,M., Garcia,H.E. and Laudet,V. (2003) The nuclear
receptor superfamily. J. Cell Sci., 116, 585-586.

Pardee,K., Necakov,A.S. and Krause,H. (2011) Nuclear receptors:
small molecule sensors that coordinate growth, metabolism and
reproduction. In: Hughes, TR (ed). A Handbook of Transcription
Factors, Springer, Dordrecht, pp. 123-153.

Glass,C.K. (1994) Differential recognition of target genes by nuclear
receptor monomers, dimers, and heterodimers. Endocr. Rev., 15,
391-407.

Gorner,W., Durchschlag,E., Martinez-Pastor,M.T., Estruch,F.,
Ammerer,G., Hamilton,B., Ruis,H. and Schiiller,C. (1998) Nuclear
localization of the C2H2 zinc finger protein Msn2p is regulated by
stress and protein kinase A activity. Genes Dev., 12, 586-597.

9107 ‘87 3sn3ny U0 SAOTAISS ATeIqrT D[ I8 /310" spewnolpioyxoreu//:dyy woiy popeoumo(]


http://cran.case.edu/web/packages/dplR/vignettes/timeseries-dplR.pdf
http://www.bioconductor.org/packages/2.12/bioc/html/topGO.html
http://CRAN.R-project.org/package=lsa
http://www.scipy.org/
http://nar.oxfordjournals.org/

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Nowick,K., Fields,C., Gernat,T., Cactano-Anolles,D., Kholina,N.
and Stubbs,L. (2011) Gain, loss and divergence in primate zinc-finger
genes: a rich resource for evolution of gene regulatory differences
between species. PLoS One, 6, €21553.

Nowick,K., Carneiro,M. and Faria,R. (2013) A prominent role of
KRAB-ZNF transcription factors in mammalian speciation? Trends
Genet., 29, 130-139.

Ho,W.C., Fitzgerald,M.X. and Marmorstein,R. (2006) Structure of
the p53 core domain dimer bound to DNA. J. Biol. Chem., 281,
20494-20502.

Levine,A.J. and Oren,M. (2009) The first 30 years of p53: growing
ever more complex. Nat. Rev. Cancer, 9, 749-758.

Reece-Hoyes,J.S., Deplancke,B., Shingles,J., Grove,C.A., Hope,l.A.
and Walhout,A.J. (2005) A compendium of Caenorhabditis elegans
regulatory transcription factors: a resource for mapping transcription
regulatory networks. Genome Biol., 6, R110.

Abegglen,L.M., Caulin,A.F. and Chan,A. (2015) Potential
mechanisms for cancer resistance in elephants and comparative
cellular response to dna damage in humans. JAM A, 314, 1850-1860.
Uno,Y., Nishida,C., Takagi,C., Ueno,N. and Matsuda,Y. (2013)
Homoeologous chromosomes of Xenopus laevis are highly conserved
after whole-genome duplication. Heredity, 111, 430-436.

Meyer,A. and Van de Peer,Y. (2005) From 2R to 3R: evidence for a
fish-specific genome duplication (FSGD). Bioessays, 27, 937-945.
Ohno,S. (1970) Evolution by gene duplication. George Alien & Unwin
Ltd/Springer-Verlag, London/Berlin, Heidelberg and NY.

Sidow,A. (1996) Gen(om)e duplications in the evolution of early
vertebrates. Curr. Opin. Genet. Dev., 6, 715-722.

Maere,S., Bodt,S.D., Raes,J., Casneuf,T., Montagu,M.V., Kuiper,M.
and de Peer,Y.V. (2005) Modeling gene and genome duplications in
eukaryotes. Proc. Natl. Acad. Sci. U.S.A., 102, 5454-5459.
Veron,A.S., Kaufmann,K. and Bornberg-Bauer,E. (2007) Evidence of
interaction network evolution by whole-genome duplications: a case
study in MADS-Box proteins. Mol. Biol. Evol., 24, 670-678.
Bjorklund,A K., Ekman,D., Light,S., Frey-Skott,J. and Elofsson,A.
(2005) Domain rearrangements in protein evolution. J. Mol. Biol.,
353,911-923.

Kersting,A.R., Mizrachi,E., Bornberg-Bauer,E. and Myburg,A.A.
(2015) Protein domain evolution is associated with reproductive
diversification and adaptive radiation in the genus Eucalyptus. New
Phytol., 206, 1328-1336.

Moore,A.D., Grath,S., Schiiler,A., Huylmans,A.K. and
Bornberg-Bauer,E. (2013) Quantification and functional analysis of
modular protein evolution in a dense phylogenetic tree. Biochim.
Biophys. Acta, 1834, 898-907.

Projecto-Garcia,lJ., Jollivet,D., Mary,J., Lallier,F.H., Schaeffer,S.W.
and Hourdez,S. (2015) Selective forces acting during multi-domain
protein evolution: the case of multi-domain globins. Springerplus, 4,
354.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

Nucleic Acids Research, 2016, Vol. 44, No. 13 6297

Tuchi,S. (2001) Three classes of C2H2 zinc finger proteins. Cell. Mol.
Life Sci., 58, 625-635.

Stubbs,L., Sun,Y. and Caetano-Anolles,D. (2011) Function and
evolution of C2H2 zinc finger arrays. In: Hughes, TR (ed). 4
Handbook of Transcription Factors. Springer, Dordrecht, pp. 75-94.
Eisen,M.B., Spellman,P.T., Brown,P.O. and Botstein,D. (1998)
Cluster analysis and display of genome-wide expression patterns.
Proc. Natl. Acad. Sci. U.S.A., 95, 14863-14868.

Ashburner,M., Ball,C.A., Blake,J.A., Botstein,D., Butler,H.,
Cherry,J.M., Davis,A.P., Dolinski, K., Dwight,S.S., Eppig,J.T. et al.
(2000) Gene Ontology: tool for the unification of biology. Nat.
Genet., 25, 25-29.

Stuart,J.M., Segal E., Koller,D. and Kim,S.K. (2003) A
gene-coexpression network for global discovery of conserved genetic
modules. Science, 302, 249-255.

Freilich,S., Massingham, T., Bhattacharyya,S., Ponsting,H.,
Lyons,PA., Freeman,T.C. and Thornton,J.M. (2005) Relationship
between the tissue-specificity of mouse gene expression and the
evolutionary origin and function of the proteins. Genome Biol., 6,
R56.

Freilich,S., Massingham,T., Blanc,E., Goldovsky,L. and
Thornton,J.M. (2006) Relating tissue specialization to the
differentiation of expression of singleton and duplicate mouse
proteins. Genome Biol., 7, R89.

Thomas,J.H. and Schneider,S. (2011) Coevolution of retroelements
and tandem zinc finger genes. Genome Res., 21, 1800-1812.
Jacobs,F. M.J.,, Greenberg,D., Nguyen,N., Haeussler,M.,
Ewing,A.D., Katzman,S., Paten,B., Salama,S.R. and Haussler,D.
(2014) An evolutionary arms race between KRAB zinc-finger genes
ZNF91/93 and SVA/LI retrotransposons. Nature, 516, 242-245.
Zhang,J. (2003) Evolution by gene duplication: an update. Trends
Ecol. Evol., 18,292-298.

Moore,A.D. and Bornberg-Bauer,E. (2012) The dynamics and
evolutionary potential of domain loss and emergence. Mol. Biol.
Evol., 29, 787-796.

Donoghue,P. C.J. and Purnell, M.A. (2005) Genome duplication,
extinction and vertebrate evolution. Trends Ecol. Evol., 20, 312-319.
Fawcett,J.A., Maere,S. and de Peer,Y.V. (2009) Plants with double
genomes might have had a better chance to survive the
Cretaceous-Tertiary extinction event. Proc. Natl. Acad. Sci., 106,
5737-5742.

Honma,T. and Goto,K. (2001) Complexes of MADS-box proteins are
sufficient to convert leaves into floral organs. Nature, 409, 525-529.
Voordeckers,K., Brown,C.A., Vanneste, K., van der Zande,E.,
Voet,A., Maere,S. and Verstrepen,K.J. (2012) Reconstruction of
ancestral metabolic enzymes reveals molecular mechanisms
underlying evolutionary innovation through gene duplication. PLoS
Biol., 10, ¢1001446.

9107 ‘87 3sn3ny U0 SAOTAISS ATeIqrT D[ I8 /310" spewnolpioyxoreu//:dyy woiy popeoumo(]


http://nar.oxfordjournals.org/

