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ABSTRACT

Gene duplications can facilitate genetic innovation, reduce pleiotropy and
catalyze reproductive incompatibilities and speciation. Therefore, the molecular
and transcriptional fate of duplicate genes plays an important role in the
evolutionary trajectory of entire genomes and transcriptomes. Using the polyploid
African clawed frog Xenopus, I have investigated mechanisms that promote the
retained expression of duplicate genes (paralogs) after whole genome duplication.
The studies herein estimated molecular evolution and characterized expression
divergence of thousands of duplicate genes and a singleton ortholog from a diploid
outgroup. In this thesis, I have discussed the multiple mechanisms for the retention
of duplicate genes in a polyploid genome and examined the potential effects that
gene characteristics before duplication have on the odds of duplicate gene
persistence. I have also explored the use of microarrays for comparative
transcriptomics between duplicate genes, and between diverged genomes.

The main objectives of my thesis were to better understand the genetic
mechanisms that promote the retained expression of gene duplicates. My research
utilized the duplicated genome from the allopolyploid clawed frog Xenopus. Genome
duplication in clawed frogs offers a compelling opportunity to study factors that
influence the genetic fates of gene duplicates because many paralogs in these frogs are
of the same age, permitting one to control for the influence of time when evaluating the
impact of duplication. My work has major impacts on several biological fronts
including evolutionary genomics and comparative transcriptomics, and also on
technical aspects of using microarrays. I have provided among the most
comprehensive studies of its kind, in terms of examining molecular and regulatory
aspects of thousands of expressed duplicates of the same age, and exploring various
alternative hypotheses to explain how these genes are retained.
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PREFACE

The chapters of this thesis have been written as separate manuscripts, of
which chapters 1, 2 and 4 have been published. For all four chapters, data
collection was almost exclusively an individual effort, while analysis, manuscript
preparation and editing were performed with the contributions and guidance of my
supervisor Ben Evans. I orchestrated the identification and alignment of paralogs
and orthologs, the analyses of molecular evolution and gene expression, and the
construction of gene probemasks for the microarrays. For chapters 2 and 4, Dora
Ilieva performed the microarray hybridizations and helped supervise the initial
microarray analyses.
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Duplicate Genes

Soon after gene duplication, one copy is expected to be silenced by acquiring
deleterious mutations in the coding or regulatory regions, or both (Altschmied et al.
2002; Force et al. 1999; Li 1980; Lynch and Conery 2003; Prince and Pickett 2002;
Taylor et al. 2001a; Wagner 2002). However, an unexpectedly large number of
duplicate genes persist for long periods of time in many organisms (Lynch and
Conery 2000; Nadeau and Sankoff 1997; Postlethwait et al. 2000). This suggests
that duplicate genes play an integral role in genome evolution, possibly supplying
opportunities for evolving novel genes (Ohno 1970; Zhang 2003) or reducing
pleiotropy (Carroll 2005; Lynch and Force 2000). Although the theoretical
plausibility of new functions arising from duplicates has been discussed (Lynch and
Conery 2000; Massingham et al. 2001), the mechanisms behind duplicate gene
retention, whether they counteract or exploit degenerative mutations, remain of great
interest to evolutionary biologists.

Functional divergence of duplicate genes can lead to the preservation of both
copies if mutations in either paralog affect protein function or gene expression
regulation in such a way that losing a copy incurs a fitness disadvantage (Li 1980;
Nadeau and Sankoff 1997). There are several proposed mechanisms that attempt to
explain how duplicate genes are retained, but they are not necessarily mutually
exclusive because different mechanisms could operate concurrently, on different
parts of the genes, in both the coding and regulatory regions, and at different times
after duplication (Force et al. 1999). Furthermore, subsequent neutral mutations
(Zhang et al. 1998), different evolutionary rates between lineages (Lynch and
Conery 2000; Nembaware et al. 2002), genomic locations of each gene copy
(Lercher et al. 2004), and the incorrect identification of duplicates that are actually
pseudogenes or allelic variants are all variables that can distort the molecular signal
and influence the assignment of mechanisms. For example, positive selection on a
gene may be restricted to specific functional sites or may only act during a short
period of time so that it may not be detected by molecular analyses (Zhang et al.
1998). Nonetheless, if a particular mechanism operates for an extended period of
time or on a large portion of the paralog(s), the molecular changes incurred should
make it detectable.

Following duplication, transcripts from paralogous genes will either remain
similar or diverge. Paralogs that differ in coding sequence may be functionally
divergent; one duplicate can carry out a novel function (neofunctionalization), or
both duplicates can undergo changes in complementary regions so that multiple
ancestral functions have now been subdivided between each duplicate
(subfunctionalization). Regulatory changes may ensue so that they are further
divergent in terms of expression. Consistent with neofunctionalization is the
divergence of the eosinophil cationic protein (ECP) and eosinophil-derived
neurotoxin (EDN), genes in primates which originated from a duplication; ECP has
since developed a novel anti-pathogen toxicity that is not present in EDN, nor was
this activity present before the duplication event (Zhang et al. 1998). Consistent
with subfunctionalization, which can occur if different functional domains on each
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paralog were enhanced (subfunction co-option) or degraded (subfunction
partitioning of coding sequences), are the mitf genes. These microphthalmia-
associated transcription factor (MITF) paralogs in zebrafish complement each other
to perform the function of their singleton ortholog in birds and mammals
(Altschmied et al. 2002; Lister et al. 2001). These duplicated genes differ in that
alternative exons and regulatory elements have shown degeneration (Altschmied et
al. 2002).

Although single amino acid substitutions can radically alter protein function
(Gibson and Spring 1998; Golding and Dean 1998), paralogs that share high coding
sequence identity likely perform similar functions. Under these scenarios, paralogs
display a form of redundancy where a duplicate is probably retained for regulatory
reasons; the extra copy may assist in gene dosage or dosage balance, or may be
expressed in a different location or at a different time (regulatory
neofunctionalization or subfunctionalization) (Adams and Wendel 2005; Aury et al.
2006, Force et al. 1999; Tirosh and Barkai 2007). Consistent with redundancy are
the SHATTERPROOF and SEPALLATA genes in Arabidopsis thaliana; they lack
any sign of loss-of-function after the knockout of one of the paralogs, and protein
divergence indicates that both gene pairs are under functional constraint, suggesting
that they are both maintained for gene dosage purposes (Moore et al. 2005). Signs
of regulatory subfunctionalization have been found in zebrafish; the engrailed
paralogs are expressed in different tissues (Force et al. 1999; Prince and Pickett
2002) while the hoxbl paralogs are expressed at different developmental stages in
different tissues (McClintock et al. 2002; Prince and Pickett 2002). For both sets of
genes, a single gene in mice is expressed in both areas, suggesting that these
duplicates stemming from whole genome duplication in fish have partitioned two
regulatory-related functions between them.

To summarize the different mechanisms of retention, duplicate genes can
maintain functional redundancy by contributing to gene dosage or maintaining
protein stoichiometry. Other duplicates may diverge in expression in a spatial,
temporal or quantitative fashion; these are all forms of regulatory
subfunctionalization. Some may be beneficial to an organism by altering protein
function and conferring a selective advantage through neofunctionalization, or by
dividing up protein functions and refining them, releasing pleiotropy through
functional subfunctionalization (Carroll 2005). These mechanisms can furthermore
act concurrently or sequentially on the same or different parts of a gene;
subneofunctionalization predicts that subfunctionalization initially acts to retain
paralogs in a short transition period, until neofunctionalization plays a more
prominent long-term role in preserving duplicate genes (He and Zhang 2005b). The
relative importance of these different retention mechanisms remains an area of
debate.
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Polyploid African clawed frogs (Xenopus and Silurana)

Xenopus belongs to the Pipidae subfamily Xenopodinae. Within Xenopus,
there exist at least 12 tetraploid species (2n=36), 5 octoploids (2n=72) and 2
dodecaploids (2n=108), some having arisen through independent polyploidization
events in different lineages (Figure 1). Silurana tropicalis is the closest known
diploid relative (2n=20) and is the only known surviving diploid clawed frog; most
other lower ploidy ancestors are believed to be extinct (Evans et al. 2005).
Allopolyploidy, the fusion of two separate genomes through backcrossing of hybrids
who lay unreduced eggs, is believed to have given rise to these polyploid frogs, and
their genomes are primarily disomic; bivalents form between a chromosome and its
homolog, as opposed to polysomy where multivalents form and recombination between
paralogous loci is more prevalent (Evans et al. 2005; Kobel 1996; Osborn et al. 2003;
Tymowska 1991). This allopolyploid origin, the first of which occurred prior to the
diversification of the majority of the Xenopus species, is evident when considering
interspecies gene relationships; each paralog is more similar to its homolog in
another species (ortholog), than to its duplicate (paralog).

Xenopus laevis, which is the most widely studied amphibian, has thousands
of genes and EST (expressed sequence tag) libraries that are publicly available. Its
diploid relative, Silurana tropicalis has had its entire genome sequenced and has
various EST libraries available. In addition, we collected new data using 454
pyrosequencing from a related species, X. borealis and new expression data from X.
laevis, X. borealis, and their hybrids using Affymetrix microarrays designed for X.
laevis. Together, these databases provide information from polyploid animals and a
closely-related living diploid relative, enabling one to investigate if duplicate genes
evolve at different rates and are expressed differently relative to themselves and to a
singleton ortholog, and what type of genes persist as duplicates.
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S. tropicalis

S. new tetraploid 2
S. epitropicalis

S. new tetraploid 1
S. diploid

X. longipes

X. pygmaeus

X. ruwenzoriensis
X. amieti

X. boumbaensis

X. cf. boumbaensis
X_ cf. frasen 2

X. cf. fraseri 1

X. andrei
X. itombwensis

X. wittei
X. vestitus

X. diploid 3 (18)

X. Jlargeni

X. laevis
X. gilli

X. borealis
X. muelleri
X. new tetraploid

X. clivii

Figure 1. Phylogeny of clawed frogs; adapted from Evans (2007). Branch colors
reflect lineage ploidy levels with black being diploid, blue tetraploid, green
octoploid, and red dodecaploid. Some species names used in this thesis are

highlighted in red. The original genomes that fused together in the ancestral
tetraploid are labeled as aand B.



PhD Thesis — Frédéric Chain McMaster - Biology

CHAPTER 1

Multiple mechanisms promote the retained expression of gene duplicates in the
tetraploid frog Xenopus laevis

Chain, F.J.J. and B.J. Evans (2006) PLoS Genetics 2: €56.

PREFACE

Several hypotheses have been proposed to explain the widespread
persistence of duplicate genes. In an attempt to quantify the frequency of different
duplicate gene retention mechanisms that act at the protein level, we analyzed
aspects of the molecular evolution of paralogs in Xenopus laevis and a singleton
ortholog in the diploid relative Silurana tropicalis.

ABSTRACT

Gene duplication provides a window of opportunity for biological variants to
persist under the protection of a co-expressed copy with similar or redundant
function. Duplication enables innovation (neofunctionalization), subfunction
degeneration (subfunctionalization), and genetic buffering (redundancy), and the
genetic survival of each paralog is triggered by mechanisms that add, compromise,
or do not alter protein function. We tested the applicability of three types of
mechanisms for promoting the retained expression of duplicated genes in 290
expressed paralogs of the tetraploid clawed frog, Xenopus laevis. Tests were based
on explicit expectations concerning the ka/ks ratio, and the number and location of
nonsynonymous substitutions after duplication. Functional constraints on the
majority of paralogs are not significantly different from a singleton ortholog.
However, we find strong support that some of them have an asymmetric rate of
nonsynonymous substitution — 6% match predictions of the neofunctionalization
hypothesis in that (1) each paralog accumulated nonsynonymous substitutions at a
significantly different rate and (2) the one that evolves faster has a higher ka/ks ratio
than the other paralog and than a singleton ortholog. Fewer paralogs (3%) exhibit a
complementary pattern of substitution at the protein level that is predicted by
enhancement or degradation of different functional domains, and the remaining 13%
have a higher average ka/ks ratio in both paralogs that is consistent with mechanisms
that select for regulation and/or altered functional constraints. We estimate that these
paralogs have been retained since they originated by genome duplication between 21
and 41 million years ago. Multiple mechanisms operate to promote the retained
expression of duplicates in the same genome, in genes in the same functional class,
over the same period of time following duplication, and sometimes in the same pair
of paralogs. None of these paralogs are superfluous; degradation or enhancement of
different protein subfunctions and neofunctionalization are plausible hypotheses for
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the retained expression of some of them. Evolution of most X. /aevis paralogs,
however, is consistent with retained expression via mechanisms that do not radically
alter functional constraints, such as selection to preserve post-duplication
stoichiometry or temporal, quantitative, or spatial subfunctionalization.

SYNOPSIS

Gene duplication plays a fundamental role in biological innovation but it is
not clear how both copies of a duplicated gene manage to circumvent degradation by
mutation if neither is unique. This study explores genetic mechanisms that could
make each copy of a duplicate gene different, and therefore distinguishable and
potentially preserved by natural selection. It is based on DNA sequences of the
protein-coding region of 290 expressed duplicated genes in a frog, Xenopus laevis,
that underwent complete duplication of its entire genome. Results provide evidence
for multiple mechanisms acting within the same genome, within the same functional
classes of genes, within the same period of time following duplication, and even on
the same set of duplicated genes. Each copy of a duplicate gene may be subject to
distinct evolutionary constraints and this could be associated with degradation or
enhancement of function. Functional constraints of most of these duplicates,
however, are not substantially different from a single copy gene; paralog persistence
in the first dozens of millions of years after duplication may more frequently be
explained by mechanisms acting on their expression patterns rather than on their
protein function.

INTRODUCTION

By providing a redundant genetic template, gene duplication could relax
purifying selection on one or both gene copies and facilitate functional divergence.
Duplication catalyzes reproductive incompatibilities and speciation (Lynch and
Conery 2000; Lynch and Force 2000; Taylor et al. 2001b), facilitates exon shuffling
(Bailey et al. 2002) and microfunctionalization (Hancock 2005), buffers genetic
pathways against null mutations (Gu et al. 2003), decreases pleiotropy (Carroll
2005), increases the diversity of gene expression (Gu et al. 2004; Li et al. 2005), and
increases specialization of genes and genetic pathways. Duplicated genes exchange
information through recombination, gene conversion, and epigenetic processes
(Wendel 2000). However, unless natural selection favors the retained expression of
both paralogs, mutations are generally expected to silence one gene copy soon after
duplication (Haldane 1933; Kimura 1983). Duplication by polyploidization, for
example, is accompanied by extensive and rapid genome restructuring and gene
silencing; gene silencing is achieved in a variety of ways including mutations in the
protein coding sequence or regulatory elements, and changes in methylation,
histones, and chromatin structure (Liu and Wendel 2003; Osborn et al. 2003; Soltis
and Soltis 1999). In order to retain expression of both copies, evolutionary
mechanisms must therefore counteract or exploit mutation-induced degeneration.

8
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Thus, the questions of how both paralogs retain expression, and how molecular
evolution changes after duplication has captured the interest of evolutionary
biologists.

Central to our understanding of the fate of gene duplicates are the questions
of whether paralogs evolve differently from singletons, whether they evolve
differently from each other, and whether their retained expression is more frequently
triggered by mechanisms that add, compromise, or do not alter protein function
(Figure 1.1; Force et al. 1999; Hughes and Hughes 1993; Kondrashov et al. 2002;
Lynch and Conery 2000; Nembaware et al. 2002; Robinson-Rechavi and Laudet
2001). Molecular evolutionary analyses can be used to test the applicability of
alternative explanations for the retained expression of duplicate genes that predict a
unique molecular signature in the protein-coding portion in terms of the rates and
locations of nonsynonymous substitutions, and the ratio of nonsynonymous
substitutions per nonsynonymous site to synonymous substitutions per synonymous
site (hereafter referred to as the ka/ks ratio).

Of course, these proposed mechanisms are not mutually exclusive because
they could operate concurrently, on different parts of the genes, inside and/or outside
of the coding region, and at different times after duplication. Moreover, if these
mechanisms involve positive selection on one or both paralogs, their genetic
signature will be difficult to detect in old duplicates if positive selection occurred
soon after duplication, on only a portion of amino acid sites, or if it was followed by
a long period of purifying selection. Other obstacles to dissecting out these
mechanisms include variation in the rate of evolution over time, between lineages
(Lynch and Conery 2000; Nembaware et al. 2002), functional classes of genes
(Robinson-Rechavi and Laudet 2001), and genomic locations of each gene copy
(Lercher et al. 2004), variation in the rate of gene duplication (Long and Thornton
2001), saturation of synonymous substitutions (Hughes et al. 1990), and mistaken
identification of expressed duplicates that are actually pseudogenes or allelic
variants. Nonetheless, if a particular mechanism operates for an extended period of
time or on a large portion of the paralog(s), or if it involves a change in protein
function or expression, it should be detectable by comparison to closely related
orthologous singletons.

Clawed frogs (genera Xenopus and Silurana) offer a useful model system for
exploring evolution of gene duplicates. Multiple species in this clade have
undergone genome duplication via allopolyploidization and these polyploid
genomes are primarily disomic in that each chromosome has only one homolog, as
opposed to being polysomic, where multivalents form and recombination between
paralogous loci is more prevalent (Evans et al. 2005; Kobel 1996; Osborn et al.
2003; Tymowska 1991). Extant tetraploids originated once in Xenopus and once in
Silurana (Evans et al. 2005) and as a result, duplicate genes originating from
tetraploidization in Xenopus are the same age. Detailed studies have been performed
on hundreds of expressed duplicate genes (Table 1.1) and synonymous substitutions
are generally not saturated (Taylor et al. 2001a).
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A landmark study by Hughes and Hughes (1993) used this system to explore
molecular evolution of 17 pairs of expressed gene duplicates in the tetraploid
Xenopus laevis. They found evidence for an elevated ka/ks ratio after duplication,
but still below the neutral expectation, and no evidence for a significantly different
rate of non-synonymous substitution relative to single copy orthologs in mammalian
outgroups. Their results are not consistent with neofunctionalization (Ohno 1970),
wherein expression of duplicates is retained because one gene copy acquires novel
function while the other carries out an ancestral function. Since this research was
published, new mechanisms for duplicate gene retention have been proposed (Figure
1.1) and genomic sequences of the closely related diploid Silurana tropicalis have
become available. In order to further evaluate these proposals, we have reanalyzed
genes examined by Hughes and Hughes (1993) and also deployed new data, for a
total of 290 gene duplicates expressed in the tetraploid X. laevis (Table 1.1).

RESULTS

The ka/ks Ratio, Expressed Paralogs in X. laevis, and Hypothesis Testing

Rates and types (nonsynonymous or synonymous) of substitution in the
coding region are influenced by factors that are not directly linked to protein
function, such as GC content, RNA secondary structure, and methylation (D'Onofrio
et al. 1991; Fryxell and Moon 2004; Katz and Burge 2003), and also by factors that
are related to protein activity but not unique to a particular function, such as level of
expression (Drummond et al. 2005; Duret and Mouchiroud 2000; Pal et al. 2001;
Subramanian and Kumar 2004). However, because nonsynonymous changes by
definition affect the amino acid sequence of a protein, this class of substitution is
more strongly affected by natural selection than synonymous substitutions.
Evaluation of the ka/ks ratio therefore provides information on functional constraints
on proteins, under the assumption that the effective population size does not change
(Fay and Wu 2001; Fay and Wu 2003; Nei and Kumar 2000; Zhang et al. 2003).

Unfortunately this assumption is rarely met. If the ka/ks ratio of low
frequency polymorphisms is different from the ka/ks ratio of fixed differences,
demographic changes will alter the ka/ks ratio of fixed differences by changing the
fixation probability of polymorphisms. This is not a problem when comparing the
ka/ks ratio (or the rate of nonsynonymous substitution) between paralogs in the same
species because they share the same demographic. However, unique demographic
fluctuations could affect the ka/ks ratio of homologous genes in separate diploid and
tetraploid species, even if selective constraints on proteins in these species were
equal. For example, if mildly deleterious amino acid substitutions segregate at a low
frequency, a reduction in population size of one species would increase the ka/ks
ratio of fixed differences (Fay and Wu 2001). In comparing the ka/ks ratio of
homologous genes in a diploid and a tetraploid species, we thus make the
assumption that the effect of the unique demographic histories of each species is
small compared to the effect of the unique selective constraints in these different
types of genomes. In this study, we also do not have polymorphism information
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with which to distinguish fixed and segregating differences, and we therefore make a
second assumption that the observed differences between paralogs are fixed.

We identified 290 paralogs expressed in X. laevis by searching the literature
and molecular databases for sequences expressed at the RNA and/or protein level
(Table 1.1). Tetraploidization of this species probably occurred via
allopolyploidization (Figure 1.2). Both paralogs were used to identify an S.
tropicalis ortholog (JGI, assembly 3.0). Phylogenetic and phenetic methods were
used to confirm that these sequences were paralogous rather than allelic and that
they originated from tetraploidization of X. laevis as opposed to a separate gene
duplication event. By comparing each pair of paralogs to closely related orthologs
from S. tropicalis, we minimize the confounding effects of functional differences in
the comparison. Because genes in a polyploid are simultaneously duplicated, we
have standardized across all duplicates the impact of variation in the genome-wide
rate of evolution over time after duplication.

We assigned mechanisms for duplicate gene retention to each of these
paralogs based on three analyses that test specific predictions about the ka/ks ratio
and the rate and location of nonsynonymous substitutions in their coding region after
duplication (Figure 1.3). Analysis 1 tests whether the average ka/ks ratio in both
paralogs increased after duplication and is consistent with diversifying selection,
positive selection on a subset of sites, activity-reducing mutations, or relaxed
purifying selection after duplication (which is probably a consequence rather than a
cause of retained expression). Analysis 2 tests whether the nonsynonymous
substitution rate differed between paralogs and is consistent with
neofunctionalization. Because variation in evolutionary rate due to genomic
location could influence rates of nonsynonymous substitution, for the second test we
imposed the criterion that the ka/ks ratio of the paralog with the significantly higher
rate of nonsynonymous substitution be higher than the ka/ks ratio of the other
paralog and also higher than the ka/ks ratio of the singleton lineage, but we did not
stipulate that the higher ratio be significantly higher. Analysis 3 tests whether the
pattern of substitution in each paralog was complementary in that substitutions
occurred in different parts of each paralog. This pattern of nonsynonymous
substitutions is consistent with either complementary degeneration or enhancement
of different protein functional domains. For each gene, we applied the sequential
Bonferroni correction for these three tests (Rice 1989).

Diversifying Selection and/or Relaxed Purifying Selection in Both Paralogs

We compared the likelihood of a model with a higher ka/ks ratio after
duplication (Model B in Figure 1.3) to a model with no change in the ka/ks ratio
(Model A in Figure 1.3). Thirty-eight out of 290 of these paralogs (13%) have a
significantly higher average ka/ks ratio than the diploid lineage (even though this
ratio does not exceed neutral expectations), but based on other tests they have a
similar rate of nonsynonymous substitution between paralogs and do not have a
complementary pattern of nonsynonymous substitution. This difference is
significant table-wide (Fisher’s test; P << 0.0001).
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Interestingly, the diploid lineages of the alpha and beta globin genes acquired
nonsynonymous substitutions much faster than their paralogous lineages and also
much faster than other genes (Tables 1.2 and 1.3). The ka/ks ratios over all sites of
the diploid alpha and beta globin are near neutral expectations (0.799 and 1.068,
respectively; Table 1.2).

Neofunctionalization

Under the protein neofunctionalization hypothesis, one paralog carries out
the ancestral (pre-duplication) function and the other paralog acquires a useful novel
function due to amino acid changes during a period of relaxed purifying selection.
A prediction of neofunctionalization is that one paralog acquires nonsynonymous
substitutions at a different rate than the other paralog and also faster than a
homologous singleton. We tested a neofunctionalization model that has a different
rate of nonsynonymous substitution on each paralog (Model C in Figure 1.3). This
was compared to a null model with an equal rate of nonsynonymous substitution in
each paralog (Model B in Figure 1.3). With the criterion that the faster paralog also
have the highest ka/ks ratio, an individually significant difference in
nonsynonymous substitution rates was achieved for 40 genes (Table 1.3) and this
difference is significant table-wide (Fisher’s test; P = 0.0004). This significant
difference between nonsynonymous but not synonymous substitutions was also
confirmed with an alternative statistical framework (see below). After correcting for
multiple tests, 18 out of 290 of these paralogs (6%) are individually consistent with
the neofunctionalization model and also do not have a complementary pattern of
substitution.

An extreme scenario of neofunctionalization would involve one paralog
remaining unchanged after duplication and the other paralog acquiring many
substitutions. Interestingly, X. laevis paralogs of liver-type arginase have this
genetic signature (Figure 1.4A). One paralog (X69820) incurred an in-frame
deletion of one amino acid, an inframe insertion of one amino acid, a new stop
codon that terminates the protein seven codons upstream from the other paralog, and
25 amino acid substitutions. The other paralog (BC043635) is identical to the
maximum likelihood reconstruction of the ancestral sequence, although a maximum
parsimony reconstruction of this ancestral sequence suggests that two synonymous
substitutions occurred in this paralog. This paralog (BC043635) is similar in size to
S. tropicalis and to outgroups such as humans and mice, indicating that the indels
occurred in the other paralog (X69820). Of course, this pattern of substitution could
also occur if the rapidly evolving paralog were a pseudogene. However in the case
of liver-type arginase, polyclonal antibodies generated from protein translated from
cDNA of the rapidly evolving paralog recognize two differently sized proteins in
tadpole livers but only one size in adult liver (Xu et al. 1993). Although this would
suggest expression of both paralogs at the protein level, cross hybridization to other
genes or splice variants is a concern, and further studies are needed to confirm
expression and translation of both of these paralogs.
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Complementary Substitutions

Another way that the retained expression of paralogs could be promoted is if
different functional domains on each paralog were enhanced or degraded (Force et
al. 1999; Hughes 1994). These mechanisms predict a complementary pattern of
substitution on each paralog, and this pattern is not expected if neofunctionalization
or regulatory changes drive their retained expression. We tested this possibility with
the paralog heterogeneity test (Dermitzakis and Clark 2001) and the runs test for
dichotomous variables (Sokal and Rohlf 2003), after excluding genes with two or
fewer substitutions in one or both paralogs. Using a more conservative null
distribution than Dermitzakis and Clark (Dermitzakis and Clark 2001), the paralog
heterogeneity test identified more clustered nonsynonymous substitutions than
expected by chance, depending on the number of domains assumed (235 genes
tested, 13 or 18 genes were significant under the assumption of two or three domains
at P <0.05, Table 1.4). The runs test identified more genes with runs of
nonsynonymous mutations on the same paralog than expected by chance (235 tests,
19 significant at P < 0.05, Table 1.4). Some duplicates were identified by both tests,
and a few of these genes appear to have complementary substitutions in positions
that correspond to distinct functional domains (See below). We used the lowest p-
value from both methods for Bonferroni correction across these analyses (Figure
1.3).

As a qualitative test for Type I error, we also performed these tests on
synonymous substitutions because we would not expect this class of mutations to be
more heterogeneous in duplicates than in singletons. When synonymous
substitutions were analyzed, both tests identified more significantly complementary
mutations than expected by chance. The paralog test identified 24 or 22 out of 286
genes tested under the assumption of two or three domains, and the runs test
identified 22 genes (P < 0.05; Table 1.4). One explanation for this observation is
that synonymous substitutions of some paralogs are complementary. Synonymous
substitutions can, for example, be heterogeneous (Pond and Muse 2005). Another
explanation is that, although these tests help target some candidates for retention by
subfunction co-option or subfunction partition in the coding region, both may suffer
from Type [ error. In any case, tests for complementary nonsynonymous and
synonymous substitutions are both significant table-wide (P = 0.001 and P < 0.0001,
respectively)

According to these tests, eight out of 235 of these paralogs (~3%) exhibit a
significant complementary pattern of nonsynonymous substitution. One of them,
fibroblast growth factor receptor (FGFR), also had a significantly different rate of
nonsynonymous substitution. This could be explained by differently sized
functional domains being co-opted or degraded, or by a different number of domains
being altered in each paralog. In FGFR, it is a combination of these possibilities
(Figure 1.4B). This gene has three immunoglobulin domains that are roughly 70
amino acids long and one tyrosine kinase domain that is roughly 300 amino acids
long. Four out of five substitutions in the first immunoglobulin domain are in one
paralog (M55163) whereas the second immunoglobulin domain has five out of
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seven unique mutations in the other paralog (U24491) plus one in the same position
in both paralogs. Six out of six substitutions in an approximately 115 amino acid
long region between the third immunoglobulin domain and the tyrosine kinase
domain are in one paralog (U24491). The tyrosine kinase domain has a similar
number of mutations in both paralogs (four or five), but their distribution differs in
that each paralog has most of it substitutions in either the beginning or in the end of
this domain.

Tests over Multiple Loci: Codon Bias, Evolutionary Rates, and Functional
Categories

Codon bias affects the ka/ks ratio due to selection on synonymous sites and
this bias could change after gene duplication, especially if it is linked to expression
levels. However, we did not find a significant partial correlation between codon bias
and the number of extra copies (zero or one) of the gene over all loci when the effect
of the number of synonymous substitutions is held constant (r =-0.0004, ¢, = 0.0068,
df=287, P = 0.4973) or over just the loci with a significantly higher average ka/ks
ratio (r =-0.0470, t,= 0.3908, df= 68, P = 0.3481). This indicates that the elevated
ka/ks ratio after duplication in some paralogs cannot be attributed to increased
selection on synonymous sites after duplication.

To further explore the null hypothesis of equal evolutionary rates in each
paralog, we developed a method to use the equal mean Skellam distribution
framework proposed by Lynch and Katju (2004) over multiple loci. The null
hypothesis of this test is that the number of nonsynonymous substitutions on each
paralog follows the same Poisson distribution (i.e. the paralogs have equal rates).
We used permutations to derive a probability distribution for the difference in the
number of substitutions observed between all paralogs, and performed simulations
to evaluate whether the observed distribution was significantly different from the
expected equal mean Skellam distribution. To minimize the impact of variation in
evolutionary rate due to genomic location, we restricted our analysis to genes in
which synonymous substitutions met Poisson expectations (i.e., that the mean
number of substitutions equal the variance in the number of substitutions); 260 out
of the 290 genes met this criterion (89%). As a conservative measure, we also
excluded one gene (met mesencephalon-olfactory transcription factor 1) from this
analysis because we suspect a sequencing error increased the number of
nonsynonymous substitutions of one paralog (AF041138), causing a run of eight
amino acid differences that could be eliminated by shifting the nucleotide alignment
out of frame by one base pair.

This analysis confirms the results of the likelihood test for unequal rates of
nonsynonymous substitution (Analysis 2). The set of genes with an individually
significant difference in nonsynonymous rates according to Analysis 2 also have a
significant departure from the equal mean Skellam distribution null hypothesis for
nonsynonymous substitutions (36 genes were analyzed; Avr = 543, P <0.001,
Figure 1.5A) even though, as expected, synonymous substitutions of these genes
were not significantly different (Ayn, = 1039, P = 0.857, Figure 1.5B). The other
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genes did not have a significant departure from the equal means Skellam distribution
null hypothesis for nonsynonymous (224 genes were analyzed; M. = 2,737, P =
0.505, Figure 1.5C) or synonymous substitutions (Avr, = 5,760, P = 0.124, Figure
1.5D). Thus, even after excluding loci with synonymous substitutions that do not
meet Poisson expectations and also a locus with a potential sequencing error, these
results strongly reject the null hypothesis of equal evolutionary rates in about 14%
of these genes. The estimated percentage of genes consistent with
neofunctionalization (6%) is lower because it is calculated in the context of multiple
tests on each gene.

We also explored whether expression of paralogs of certain functional
categories tends to be retained by a particular type of mechanism. Second-level
gene ontology annotations from the three main categories (Biological Process,
Molecular Function, and Cellular Component) were assigned to X. laevis paralogs
based on the annotations (when available) of the most homologous hits that were
obtained with the Gene Ontology Consortium Browser and BLAST tool
(http://www.godatabase.org). Afier correcting for multiple tests, we did not find a
significant overrepresentation of retention mechanisms in any of the functional
classes based on a hypergeometric distribution performed with GeneMerge
(Castillo-Davis and Hartl 2003). In contrast, we find that expression of paralogs
within functional classes are consistent with a diversity of mechanisms.

Selective Constraints of Most Paralogs Are Not Significantly Different from an
Orthologous Singleton.

In gene duplication by polyploidy, as opposed to by doubling of a single
gene or a fragment of the genome, selection to maintain protein stoichiometry could
play a prominent role in preserving both copies of a duplicate gene because entire
genetic networks are duplicated. In a polyploid genome, spatial, quantitative, or
temporal subfunctionalization of expression could also promote retained expression
of duplicate genes. Under these hypotheses, functional constraints (and pleiotropic
interactions) of both paralogs are similar and nonsynonymous substitutions would
not be in complementary locations in each paralog because each one performs an
identical function to their singleton ancestral gene (though perhaps within a
marginalized expression domain).

In all paralogs the average ka/ks ratio over all sites is less than one,
indicating that the impact of purifying selection after duplication is pervasive (Table
1.2). However, in 226 out of 290 genes (78%), the average ka/ks ratio was not
significantly higher after duplication, neither paralog had a significantly higher rate
of nonsynonymous substitution and higher ka/ks ratio than the orthologous diploid
lineage, and there was not a significantly complementary pattern of nonsynonymous
substitution in each paralog. The degree to which this estimate is inflated by Type II
error is expected to vary from gene to gene depending on the power of each test, the
amount of data, unique parameter values of the data (transition/transversion ratios,
base frequencies, branch lengths), and the degree to which the data depart from the
null hypothesis.
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Age of Xenopus Paralogs

If tetraploidization occurred by allopolyploidization, paralogs of X. laevis co-
evolved in the same genome for a period of time that is shorter than the duration of
their divergence (Figure 1.2). Using a relaxed molecular clock calibrated with
geological and fossil data, we estimated the divergence time of Xenopus paralogs
based on portions of the RAG1 and the cytokine receptor 4 genes. To avoid the
possibility that an accelerated rate of nonsynonymous substitution after duplication
could affect our estimates, we included only synonymous substitutions at fixed
amino acid positions and four-fold degenerate sites. This analysis indicates that
divergence of Silurana and Xenopus occurred 53 million years ago (mya) with a
95% confidence interval (CI) of 40 — 80 mya. The age of the most recent common
ancestor of the o and p paralogs (Node 1 in Figure 1.2), which corresponds to the
diversification of the diploid ancestors of Xenopus tetraploids, is estimated to be 41
mya (CI 29 —66 mya). Diversification of Xenopus tetraploids (Node 3 in Figure 1.2)
is estimated to be about 21 mya (95% c.i. 13 — 38 mya). We did not directly
estimate the timing of allopolyploidization (Node 2 in Figure 1.2) because no extant
descendant of the most recent diploid ancestor of X. laevis is known (Evans et al.
2005). Thus we have narrowed down the age of Xenopus genome duplication to
between 21 and 41 mya, but with broad confidence limits for these upper and lower
boundaries.

The estimated time of divergence of Silurana and Xenopus (~53 mya) and
the estimated time of tetraploid divergence (between 21 mya) are less than
corresponding estimates based on mitochondrial DNA (~64 mya and 42 mya,
respectively) (42 mya; Evans et al. 2004). However, all of them are about twice as
old as estimates based on immunological distances of antiserum to albumin (about
30 and 10 mya, respectively; Bisbee et al. 1977). We suspect that these
immunological distances could underestimate divergence between sister tetraploid
species because intraspecific divergence between expressed paralogs is similar to or
greater than interspecific divergence between paralogs (Figure 1.2). Divergence
between expressed paralogs in a tetraploid could also reduce immunological
distances between a tetraploid species and a diploid species as compared to two
similarly diverged diploid species. Another estimate of 110 million years for the
divergence of Silurana and Xenopus (Knochel et al. 1986) is clearly an overestimate
because it is based on globin proteins with an atypically rapid rate of evolution in
diploid clawed frogs (Table 1.2).

DISCUSSION

Genome duplication provides an approximation of the assumption of initial
redundancy made by some models for retained expression of gene duplicates
(Nowak et al. 1997; Wagner 1999; Walsh 1995) because intact regulatory elements
are duplicated with the coding region. However, many duplicates in diploid
genomes are gene fragments or have incomplete regulatory elements (Katju and
Lynch 2003), and extensive and rapid genome restructuring can also fragment
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protein-coding and regulatory regions in polyploids (Blanc et al. 2000; Soltis and
Soltis 1999). Initial population genetic dynamics of duplicates in polyploid
genomes differ from those of duplicates in diploid genomes. In a diploid genome
duplicates must become fixed, whereas in a polyploid genome duplicates must stay
fixed. Selective pressures to maintain expression stoichiometry also differ in each
system; duplication by polyploidy does not change stoichiometry, but singleton
duplication does (Lynch and Conery 2000). Nonetheless, a recent comparison of
expressed duplicates derived from whole genome duplication to paralogs from
smaller scale duplication found that while the functional attributes differ between
these types of expressed duplicates, molecular evolutionary changes are analogous
(Davis and Petrov 2005).

Our results suggest that most of these paralogs do not have significantly
different selective constraints from a diploid ortholog. The extent to which this is
applies to duplicate genes in diploid species depends on how many of these X. laevis
paralogs are expressed due to attributes unique to polyploids (such as selection to
maintain the stoichiometry of expression in a duplicated genome) versus other
mechanisms common to both types of genomes (such as quantitative, spatial, and
regulatory subfunctionalization). Retained expression of duplicates in either type of
genome might be favored, for example, if overexpression is advantageous
(Kondrashov et al. 2002).

Increased ka/ks Ratio after Duplication

Other studies have reported a higher ka/ks ratio following duplication and the
magnitude that this ratio increases differs among groups (Hughes 1994; Hughes and
Hughes 1993; Jordan et al. 2004; Kondrashov et al. 2002; Li 1985; Lynch and
Conery 2000; Nembaware et al. 2002), but see (Robinson-Rechavi and Laudet
2001). Conservative sites are more apt to change after duplication (Seoighe and
Wolfe 1998) and a burst of nonsynonymous substitutions following duplication is
suggested by comparison of young to old duplicates (Nembaware et al. 2002). This
change is often attributed to relaxed purifying selection following duplication but
could also be explained if some aspects of ancestral function disappear in both
copies after duplication. The ability to self-dimerize, for example, is lost when a
duplicated homodimer becomes a heterodimer. An increased tolerance of activity-
reducing mutations in both paralogs could also occur such that the function of both
is needed to recover the activity of the singleton ancestor (Stoltzfus 1999).

Interestingly, age discrepancies between the duplicates and the singletons
could affect comparison of the ka/ks ratio (Nembaware et al. 2002). An unexpected
positive correlation between ka/ks and ks was reported in comparisons between
distantly related orthologs of some mammals, but a negative correlation exists
between closely related mammalian comparisons (Wyckoff et al. 2005). In the
closely related sequences, a negative correlation is expected as a result of stochastic
sampling of synonymous substitutions at low mutation rates (Wyckoff et al. 2005).
Consistent with this expectation, linear regression of data from clawed frogs
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indicates a weak negative correlation between ka/ks and ks (r2 = 0.055, unpublished
data); this relationship is more obvious when data are binned (Figure 1.6).

The duration of divergence of X. laevis paralogs is twice their age, or about
82 million years. We estimate that the total divergence time of the diploid lineage
(between node 1 and S. tropicalis in Figure 1.3) is about 75 million years. Because
the ages of these lineages are similar, we expect that the effect of stochastic
sampling of synonymous substitutions would also be similar (Wyckoff et al. 2005).
However, some paralogs have a significantly higher ka/ks ratio, and many of them
have a slightly higher ka/ks ratio after duplication even though the difference is not
significant (Figure 1.7). Thus, these data provide strong evidence that some
duplicates (~13%) evolve differently, averaged over both paralogs, than singletons,
even though a significant change was not observed in the majority of these loci.

Asymmetric Evolutionary Rates

The neofunctionalization hypothesis for the retained expression of duplicate
genes has been criticized because expression of duplicate genes is retained more
frequently and for a longer time than expected if neofunctionalization is the
principal mechanism for retention (Ahn and Tanksley 1993; Amores et al. 1998;
Ferris and Whitt 1977; Nadeau and Sankoff 1997; Seoighe and Wolfe 1998). This
hypothesis also lacks a known mechanism for sequestering beneficial mutations to
only one of the two duplicate genes (Lynch and Katju 2004). However, after
correcting for multiple tests on each gene, 6% of these paralogs have an asymmetric
rate of nonsynonymous substitution, and a joint analysis of 14% of these paralogs
also supports significant asymmetry, an observation that is consistent with
neofunctionalization. One explanation for a different number of nonsynonymous
substitutions in each paralog is that each diploid ancestor of X. /aevis had a
substantially different effective population size and that this introduced unequal
levels of polymorphism in alternative paralogs of the allopolyploid ancestor of X.
laevis. But this scenario is not supported by the data: paralogs with significantly
different rates of nonsynonymous substitution do not have significantly different
rates of synonymous substitution (Table 1.3, Figures 1.5A and B).

Other studies have found conflicting results with respect to whether paralogs
have a different (Blanc and Wolfe 2004; Conant and Wagner 2003; Dermitzakis and
Clark 2001; Van de Peer et al. 2001; Zhang et al. 2003) or have a generally similar
(Kondrashov et al. 2002; Robinson-Rechavi and Laudet 2001) rate of
nonsynonymous substitution. One way that asymmetry in nonsynonymous
substitutions could be realized is via positive selection on one paralog. Accounts of
positive selection have been found in many individual duplicated genes (Duda and
Palumbi 1999; Hughes 1999; Van de Peer et al. 2001; Zhang et al. 1998; Zhang et
al. 2002) but based on a branch-specific test over all sites, this study found only two
out of 580 individual paralogs with a ka/ks ratio over one, and in both cases (c-jun
and deleted in colorectal cancer tumor suppressor), the ratio was very close to one
(Table 1.3). That this ratio is generally below neutral expectations suggests that
neither copy is superfluous; selection is maintaining expression of both, either to
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preserve advantageous unique functions or to preserve redundant functions.
Because the ka/ks ratio over all sites is a conservative estimate of the frequency of
positive selection we cannot rule out a role for site-specific positive selection in
generating an asymmetric rate of nonsynonymous substitution in some paralogs.
Comparison of the number of retained genes in species with different population
sizes, for example, supports a role for positive selection in duplicate gene retention
although it is not clear whether this is due to changes in amino acid sequences or
regulation (Shiu et al. 2006).

Rates of nonsynonymous substitution are also correlated with levels of
expression (Duret and Mouchiroud 2000; Pal et al. 2001; Subramanian and Kumar
2004) and one way that mutations could be sequestered to only one of the two
paralogs is if regulation diverged prior to the accumulation of different numbers of
substitutions. In Saccharomyces cerevisiae, for example, highly expressed paralogs
evolve more slowly than paralogs with low expression levels (Drummond et al.
2005). Asymmetric rates could also be realized through enhancement or
degradation of differently sized functional domains in each paralog. It will be
interesting therefore, to combine these results with information on expression to
further evaluate the role of neofunctionalization versus other mechanisms in
promoting the retained expression of these paralogs.

Low Incidence of Complementary Replacement Substitutions.

Only 3% of these paralogs were identified with complementary patterns of
substitution and this could be due to multiple factors. If retention is promoted by a
small number of complementary mutations, mutations in the same (or nearby)
positions, or splice variants, then the tests that we used would lack power.
Additionally, amino acid substitutions in the diploid ancestors prior to
allopolyploidization or near-neutral substitutions in either paralog after
allopolyploidization could obscure an otherwise complementary pattern of
substitution that occurred after allopolyploidization. That the estimated frequency of
complementary substitutions is much lower in X. lgevis than in paralogs shared by
humans and mice (Dermitzakis and Clark 2001) suggests that subfunction
specialization or degeneration in the coding region is more prevalent in much older
expressed duplicates. Substantive changes in functional domains of each paralog
may occur more commonly in older duplicates, for example after regulatory changes
have occurred (Rastogi and Liberles 2005).

Retention of Genes with Overlapping or Redundant Functions

That we did not detect a significant change in the ka/ks ratio after duplication
in most genes suggests that changes in functional constraints following duplication
are small in many of them. The degree to which retained expression of most of
these paralogs (78%), whose evolution was not significantly different from a
singleton ortholog, is attributable to mechanisms that do not necessitate changed
functional constraints depends on the level of Type II error of the tests that we
deployed. Some paralogs have a lower ka/ks ratio than the diploid lineage and, under
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assumptions and caveats discussed earlier, functional constraints of these loci either
did not change or even became more extreme after duplication.

Many scenarios exist in which these paralogs could be retained without
substantial changes in functional constraints, and our results indicate that this class
of mechanisms is pervasive in the early stages of duplicate gene evolution.
Selection to maintain stoichiometry, selection for over expression, and quantitative,
temporal, or spatial subfunctionalization (Figure 1.1) preserve paralogs with
identical function. Functional differences can be achieved by a small number of
amino acid substitutions (Gibson and Spring 1998; Golding and Dean 1998) and a
small number of activity-reducing substitutions could sufficiently impair function of
both paralogs to the extent that both are required (Stoltzfus 1999).

Multiple Mechanisms

We have used a simple paradigm to associate duplicate genes to
nonoverlapping categories of retention mechanism, although in reality there is
reason to believe that a combination of factors may operate on a single duplicate
copy. A functional study of Saccharomyces cerevisiae indicates that multiple
mechanisms promote the retention of duplicate genes and that these mechanisms
sometimes collaborate to promote retention of the same paralogs (Kuepfer et al.
2005). Evidence from X. laevis also supports this notion. Duplicated copies of the
estrogen receptor o, ERal (AY310906) and ERa2 (AY310905), for example,
exhibit signs of a combination of types of subfunctionalization in X. laevis: ERa2 is
missing the N-terminal domain and splice variants of each paralog are expressed in
different tissues (Wu et al. 2003). A combination of mechanisms is also suggested
by X. laevis embryonic fibroblast growth factor (FGF4), which is a secreted protein
with mesoderm-inducing activity: one X. laevis FGF4 paralog (X62594) has five out
of six amino acid mutations in a hydrophobic signaling domain, part of which gets
cleaved after expression, whereas the other paralog (X62593) has seven out of eight
substitutions and a four amino acid deletion in a different domain that elicits
fibroblast growth factor activities (Figure 1.4C; Isaacs et al. 1992). These paralogs
also have divergent timing and stoichiometry of expression (Isaacs et al. 1992).
Likewise, both nonsynonymous substitutions of one paralog (U05003) of the F'7Z-
F1 related nuclear receptor gene are in the “E domain III” which is involved in
dimerization and transcriptional activation or suppression, whereas the other paralog
(U05001) has eight substitutions including two in an otherwise highly conserved
zinc finger-containing C-domain that is responsible for DNA binding and one
substitution in the FTZ-F1 box (Figure 1.4D; Ellinger-Ziegelbauer et al. 1994).
These paralogs are also differently expressed during embryogenesis (Ellinger-
Ziegelbauer et al. 1994).

CONCLUSIONS

Thus, evolution of some paralogs (6%) is consistent with
neofunctionalization in that they have different rates of nonsynonymous substitution
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with one of them evolving faster than a singleton; this is most obviously suggested
by substitutions in paralogs of liver-type arginase. There remains a lack of
consensus regarding the significance of neofunctionalization (Conant and Wagner
2003; Dermitzakis and Clark 2001; Kondrashov et al. 2002; Robinson-Rechavi and
Laudet 2001; Van de Peer et al. 2001; Zhang et al. 2003) and further
characterization of the expression domains of these asymmetrically evolving
paralogs is of interest. With the caveat that substantial functional transitions could
be achieved by a small number of amino acid changes, complementary degeneration
or enhancement of complementary protein functional domains appears rare in these
relatively young paralogs (~30 million year old). Functional constraints on most of
these paralogs are similar to singletons. Synthesis of molecular evolution and
expression of these paralogs indicates that multiple mechanisms operate sequentially
or concurrently to promote their expression within the same genome, in genes of the
same functional class, and over the same period of time following duplication.

MATERIALS AND METHODS

Identification of Paralogs

We used multiple approaches to test whether X. laevis sequences were
derived from genome duplication (tetraploidization) as opposed to another gene
duplication event, and to test whether these sequences were paralogous rather than
allelic. Outgroup sequence from another amphibian, a reptile, a mammal, or a fish
were selected from Genbank in order to maximize the number of bases with
unambiguous homology and phylogenetic proximity to clawed frogs. A rooted
genealogy of the X. laevis paralogs, the S. tropicalis ortholog(s), and the outgroup
was estimated using maximum likelihood with PAUP* (Swofford 2002) and a
model of substitution selected with Modeltest version 3.06 (Posada and Crandall
1998). We included X. laevis paralogs that formed a clade with respect to the S.
tropicalis ortholog(s), as expected because tetraploidization of X. laevis occurred
after divergence of Xenopus and Silurana (Evans et al. 2005). We excluded genes
that were duplicated in Silurana after the divergence of Xenopus. To explore the
possibility that the sequences were actually allelic variants of one gene rather than
alleles of separate paralogous genes, we compared the patristic distance between X.
laevis paralogs to the average patristic distance between each paralog and the S.
tropicalis ortholog. We applied a rule of thumb based on our estimates of the
divergence times, that X. /aevis paralogs should be at least one third as divergent
from each other as they were from the S. tropicalis sequence. One possibility that
we could not rule out is that duplication of one of the paralogs occurred in one X.
laevis paralog after tetraploidization, which would result in more than two post-
tetraploidization paralogs in X. laevis. However, we expect this possibility to
comprise a small portion of the genes that we analyzed, and to not substantially
compromise conclusions drawn regarding the impact of gene duplication in X. laevis
relative to a singleton ortholog in S. tropicalis. We included all genes analyzed by
Hughes and Hughes (1993) except calmodulin because our analyses suggested that
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the sequences from this gene (accession numbers K01944 and K01945) are not
paralogs derived from the tetraploidization of X. laevis.

We identified some expressed putative paralogs in which phylogenetic
analysis did not reveal the expected relationship between the Xenopus paralogs and a
closely related S. tropicalis ortholog, but instead provided weak support for an
alternative relationship (Table 1.1), even though these genes had only one closely-
related ortholog in the S. tropicalis genome, and the ratio of patristic distances was
within our expectations. We used parametric bootstrapping (Goldman et al. 2000;
Huelsenbeck et al. 1996) to test the null hypothesis that each of these genealogies is
consistent with the expected topology depicted in Figs 2 and 3, and included those
duplicates that did not reject this null hypothesis. For subsequent analyses without
an outgroup, we sometimes included more data because homology within clawed
frogs was unambiguous for all nucleotides.

Models for the Retained Expression of Duplicate Genes

We compared alternative models with different branch-specific ka/ks ratios
and rates of nonsynonymous substitution using the codeml program of PAML,
version 3.14 (Yang 1997). A model of codon evolution was assumed in which sites
have a ka/ks ratio equal to zero, one, or another value estimated from the data, and
the proportion of sites in each of these rate ratio categories is estimated from the data
(model M2 in Yang et al. 2000). One ratio or rate was estimated over all sites and
the transition/transversion ratio was estimated from the data. Equilibrium amino
acid positions of the codon substitution model were calculated from the average
nucleotide frequencies at each codon position. Significance of improvement in
likelihood of the more parameterized model was assessed with a i test with degrees
of freedom equal to the difference in the number of free parameters of each model.
We performed five independent estimations of the maximum likelihood of each
model for each gene.

The baseml program of PAML was used to perform marginal reconstruction
of the sequences of the node ancestral to the X. laevis paralogs based on a model
partitioned by each codon position with a different transition/transversion rate ratio,
different base frequencies, and branch lengths proportional for each partition. The
ancestral reconstruction and the extant sequences were used to estimate the number
and positions of synonymous substitutions with DNAsp, version 4.0 (Rokas et al.
2003).

Codon Bias

If codon bias is positively correlated with expression levels, the rate of
synonymous substitution would be underestimated to a greater degree in duplicated
genes, and this could inflate estimates of the post-duplication ka/ks ratio (Li 1997,
Shields et al. 1988). To explore this possibility, we compared the codon bias of each
X. laevis paralogs to the codon bias of the S. tropicalis sequence and a maximum
likelihood reconstruction of the sequence of the diploid ancestor of X. laevis (Node 1
on Figure 1.2). Codon bias of each pair of sequences was quantified with the scaled
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+” statistic (Shields et al. 1988) as calculated by DNAsp. Significance of the partial
correlation coefficients between this estimate of codon bias and number of extra
gene copies (zero or one) was assessed while holding constant the impact of the
number of synonymous substitutions on the branches connecting each pair of
sequences constant (Davis and Petrov 2004; Sokal and Rohlf 2003).

Equal Means Skellam Distribution

We used an approach described by Lynch and Katju (2004) to evaluate the
null hypothesis of equal evolutionary rates. This test is based on a special instance of
the Skellam distribution that describes the probability distribution of differences
between two samples drawn from the same Poisson distribution (Irwin 1937). For
each pair of duplicates, the number of sites that experienced a nonsynonymous
substitution or a synonymous substitution since divergence was estimated by
comparing each sequence to the reconstructed ancestral sequence. This is a
conservative estimate of the magnitude of the difference in evolutionary rates
because multiple substitutions in the same site are not counted.

In order to improve the statistical power for this test (Lynch and Katju 2004)
we concatenated data from multiple loci into two “superparalogs”. A randomly
chosen paralog from each locus was concatenated into one of the superparalogs and
the other paralog from each locus was concatenated into a second superparalog. The
difference in the number of mutations in each superparalog (dsp) was then
calculated, and superparalog construction was pseudoreplicated for 10,000 iterations
to generate a probability distribution of dsp. Under the null hypothesis of equal rates
of nonsynonymous substitution, this probability distribution approximates an equal
mean Skellam distribution with the expected number of substitutions equal to the
sum of the mean number of substitutions in each superparalog (Asp). This is the true
because the sum of multiple Poisson distributions is a Poisson distribution with
mean equal to the sum of the constituent distributions.

To evaluate significance, we compared the fit of the observed and simulated
probability distributions of dgp to the expected equal mean Skellam distribution. For
each simulated locus, the number of mutations on each paralog was drawn from a
Poisson distribution. The mean of this Poisson distribution was drawn from another
Poisson distribution with a mean equal to the average number of substitutions at the
locus being simulated. This approach accommodates uncertainty in the expected
number of substitutions at each locus in the test, as well as stochastic sampling of
the number of mutation from the distribution defined by this mean. Superparalogs
were constructed out of the simulated paralogs and a probability distribution of dsp
was obtained in the same way as for the observed data. Fit of the observed and 1,000
simulated probability distributions relative to the expected equal mean Skellam
distribution were compared with the %’ statistic; the median * value from nine
iterations of the observed data was used as the test statistic.

Because variation in the nonsynonymous substitution rate could stem from
different evolutionary rates in different genomic regions rather than different
functional constraints at the amino acid level, we excluded from the equal means
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Skellam test loci in which the number of synonymous substitutions in each paralog
did not meet the Poisson expectations that the mean number of substitutions in each
paralog equal the variance. This deviation could stem from variation in the genome-
wide rate of evolution, sequencing errors, or other unknown factors, and this would
confound efforts to test whether nonsynonymous substitutions have different
evolutionary rates due to differential selection on nonsynonymous sites of each
paralog. Substitutions in arginase, for example, are suggestive of different
evolutionary rates that affect both classes of substitutions (Table 1.1), because one
paralog has many nonsynonymous and synonymous substitutions whereas the other
is identical to the reconstructed ancestral sequence (i.e. Node 1 in Figure 1.2).
Significance of the departure of the variance in the number of synonymous
substitutions from the Poisson expectation that it equal the mean was tested with a
% test with Yates correction for small sample size, a d value for infinite degrees of
freedom and a liberal rejection criterion (o = 0.20). Using this criterion, we
eliminated 32 of the 290 genes from this analysis (Table 1.1).

Complementary Substitutions in Each Paralog

We used two methods to test whether substitutions occurred in
complementary locations in each paralog. The first method is the paralog
heterogeneity test of Dermitzakis and Clark (2001), which was derived from a test
for heterogeneous substitution in a singleton protein (Goss and Lewontin 1996;
Tang and Lewontin 1999). We applied this approach to the two paralogs in X. laevis
by considering new mutations in each paralog as opposed to variable mutations
between paralogous pairs of orthologs (2001). Significance of the absolute
differential of the longest region of different substitution heterogeneity between
paralogs ("R" from Dermitzakis and Clark 2001) was assessed by comparison to a
null distribution of absolute differentials. This distribution was generated from 1000
simulated paralogs with the same number of substitutions as the observed paralogs
and the locations drawn from a permutated set of all observed variable sites in either
paralog or in the diploid lineage. This is a more conservative approach than
generating a null distribution of R values from a random assignment of mutations
(Dermitzakis and Clark 2001) because it assumes that substitutions in a homologous
singleton are also heterogeneous.

The second test we used is the runs test for dichotomous variables (Sokal and
Rohlf 2003) which tests whether substitutions occur adjacently on the same paralog
more frequently than expected by chance. Mutations on each paralog were ordered
and converted to a string of binary variables to indicate whether they were on the o
or f paralog. We assumed that mutations in the same position on both paralogs
interrupt a run. Significance was estimated as the rank of the observed number of
runs relative to the number of runs in 100,000 permutations. The paralog
heterogeneity test and the runs test were performed only on paralogs that both had at
least three mutations. Perl scripts that perform these tests are available by request.
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Estimation of the Age of X. laevis Paralogs

The age of genome duplication in Xenopus (between Nodes 1 and 3 in Figure
1.2) was estimated from two nongapped sequences using a relaxed molecular clock
with r8s version 1.7 (Sanderson 1997; Sanderson 2002). To minimize the impact of
duplication on our estimates, we analyzed only synonymous substitutions at fixed
amino acid positions and four-fold degenerate synonymous substitutions in pipoid
frogs. We included 302 variable sites from RAGI and 162 from chemokine receptor
4. Calibration points were obtained from fossil evidence (23.8 million years as a
minimum age of Xenopus based on the derived morphology of the fossil species
Xenopus arabiensis (Henrici and Baez 2001)) and geological evidence (112 million
years for the separation of Pipa and Hymenochirus due to the separation of Africa
and South America (Maisey 2000; McLoughlin 2001)). The maximum age of the
root of the topology was limited to the age of the earliest frog fossil, 195 million
years (Shubin and Jenkins 1995). For cytochine receptor 4, we assumed that an
unidentified species (AY523691) is either X. borealis, X. muelleri, or X. “new
tetraploid’ (2004), thereby providing an estimate for Node 3 in Figure 1.2B. If this
unknown species is actually another tetraploid with a closer relationship to X. laevis,
the estimated time of this node would be younger than the actual age of Node 3 in
Figure 1.2B. Confidence intervals were obtained by bootstrapping the data as in
Evans et al. (2004); an appropriate outgroup (Scaphiopus or Spea) was used to root
Pipoids and then pruned from the topology. Average dates and confidence intervals
weighted by the number of variable sites analyzed from each gene are reported.

Accession Numbers

Most of the Genbank (http://www.ncbi.nlm.nih.gov/Genbank) accession
numbers for the nucleotide sequences are listed in Table 1.1. The Genbank
accession numbers for sequences specifically mentioned in the text are as follows:
calmodulin (K01944) and (K01945); cytochine receptor 4 (AY364174, AY523685,
AY523691, AY523699, AY523701, BC044963, CR942369), and (Y17895);
estrogen receptor al (AY310906); estrogen receptor a2 (AY310905); fibroblast
growth factor receptor (M55163) and (U24491); embryonic fibroblast growth factor
(X62593) and (X62594); FTZ-F I-related nuclear receptor (U05001) and (U05003);
liver-type arginase (BC043635) and (X69820); RAGI (AY874301), (AY874302),
(AY874303), (AY874305), (AY874306), (AY874315), (AY874328), (AY874341),
and (AY874357); and transcription factor XCO2 (AF041138).
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Figure 1.1. A non-exhaustive diagram relating various models for the fate of
duplicate genes. Some citations that either propose mechanisms or discuss them
are listed (Clark 1994; Ferris and Whitt 1979; Force et al. 1999; Gibson and Spring
1998; Goodman et al. 1987; Gu et al. 2003; Hughes 1994; Jensen 1976; Kondrashov
et al. 2002; Li 1980; Li 1982; Lynch and Conery 2000; Lynch and Conery 2003;
Lynch and Force 2000; Ohno 1973; Ohta 1987; Piatigorsky and Wistow 1991;
Rodin and Riggs 2003; Sidow 1996; Stoltzfus 1999; Takahata and Maruyama 1979;
Wagner 1999; Wagner 2000b; Zhang et al. 1998).
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(A)
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tetraploids (36) @—é other tetraploids
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S. tropicalis
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Figure 1.2. Putative allopolyploid evolution of the tetraploid X. laevis. Daggers
indicate extinct diploid ancestors or genes. Nodes 1 and 2 correspond with
the divergence and union, respectively, of two diploid genomes and Node 3
marks the diversification of Xenopus tetraploids. (A) A reticulate phylogeny
with chromosome number in parentheses. (B) Nuclear genealogy assuming
no recombination and no gene conversion between alleles at different
paralogous loci (o and ). The dashed portion of the paralogous lineages in
(B) evolved independently in different diploid ancestors.
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Figure 1.3. Assignment of putative retention mechanisms based on molecular
changes in the coding region. We assigned a retention mechanism to paralogs
based on the results of three analyses. The first one compared a model with no
change in the ka/ks ratio after duplication (Model A where the ka/ks ratio on all
branches is indicated by R0) to a model with a higher ka/ks ratio after duplication
(Model B with ka/ks ratios R1 > R0). The second one compared a model with no
difference in the nonsynonymous substitution rate (B, where R0 and R1 are
nonsynonymous rates on each branch) to a model with different rates of
synonymous substitution in each paralog (Model C where RO, R1, and R2 are
nonsynonymous rates on each branch), with the stipulation that the faster paralog
also have a higher ka/ks ratio than the slower paralog and also than the diploid
lineage based on another test. The third analysis tested complementary pattern of
amino acid substitution in each paralog. In the table, a minus sign indicates either no
significant difference between the models or no significant complementary pattern
of substitution. A plus sign indicates a significant improvement in likelihood of the
more parameterized model or significant complementarity of substitutions in each
paralog. An asterisk denotes the caveat that an increased substitution ratio could
stem from relaxed purifying selection even though this is not a mechanism for
retention.
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Figure 1.4. Nonsynonymous substitutions in each X. laevis paralog (o and B)
and the diploid lineage (d) in representative genes. Substitutions in the
diploid lineage occurred on the thick branches in the rooted topologies to the
right of each locus. The length of each gene is arbitrary. (A) liver-type
arginase, (B) fibroblast growth factor receptor, (C) embryonic fibroblast
growth factor, and (D) FTZ-F1-related orphan receptor. In (A) a gap
indicates a single amino acid deletion, an arrow above the paralog indicates a
single amino acid insertion, and this paralog is shortened due to an early stop
codon. In (B) three red boxes and a blue box indicate three immunoglobulin
domains and a tyrosine kinase domain. In (C) arrows below the paralog
indicate predicted cleavage sites in each paralog (Isaacs et al. 1992). In (D)
yellow, green, and two light blue boxes indicate the DNA-binding C-domain,
FTZ-F1 box, and DNA binding domain regions II and III (Ellinger-
Ziegelbauer et al. 1994).
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Figure 1.5. Probability versus distribution of the number of differences
between superparalogs constructed from (A) nonsynonymous
substitutions from paralogs identified by the likelihood analysis as
having asymmetric rates of evolution, and (B) synonymous substitutions
from these paralogs, and (C) nonsynonymous substitutions from the
other paralogs that were not identified as having asymmetric rates and
(D) synonymous substitutions from these paralogs. Black circles are the
expected Skellam distribution, gray dots are dsp distributions from 10
example simulations (out of 1000 total), and white circles are the observed
distribution of superparalog differences.
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Figure 1.6. The relationship between ka/ks and ks corresponds with
simulations that predict a negative relationship under neutral or near-
neutral evolution of synonymous substitutions because of stochastic
sampling of synonymous substitutions in slowly evolving genes (Wyckoff
et al. 2005). The plot shows the average ka/ks ratio on each branch of 290
genealogies versus average ks of bins of 50 lineages ranked by ks of each
one. The last bin has only 20 lineages. Bars indicate the standard deviation
of each bin.
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Figure 1.7. The ka/ks ratio is often slightly higher in the paralogs, even though
it was not significantly higher than the diploid lineage. Only ratios from
genes with no significant difference are shown (226 out of 292 genes). A
diagonal line indicates no difference between the ka/ks ratio in either type of
lineage.
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Table 1.1: Information on genes including base pairs (bp) analyzed, accession
numbers of X laevis paralogs and outgroup, number of polymorphic
nonsynonymous and synonymous sites on each paralog and the diploid lineage,
and the expected (mean) number of polymorphic sites (IML). Note that the
number of polymorphic sites is less than or equal to the number of substitutions
because multiple substitutions could occur at a single site. Genes analyzed by
Hughes and Hughes (1993) are indicated with an asterisk after the name. Genes
which only partial coding sequences were analyzed are indicated with an asterisk
after the bp analyzed. Accession numbers with an asterisk are Silurana tropicalis
sequences obtained from Genbank instead of the genomic scaffolds. Genes not
included in the equal means Skellam test due to overdispersion of synonymous
substitutions have an asterisk after the synonymous (IML). If the expected rooted
topology between X. laevis paralog a (XLA), p (XLB), S. tropicalis, and the
outgroup was not estimated with phylogenetic analysis, we report the P values of a
parametric bootstrap test of this null hypothesis; nonsignificant values indicate that
the expected topology cannot be rejected by the data. Significance after Bonferroni
correction for Analyses 1, 2 and 3 is identified identified by a "+"; P values for these
tests are in Tables 1.2, 1.3, and 1.4.
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Table 1.1 (continued 1)

Analysis
repiscerent substitubons. FENOMMOUS SUbSHRUbONS. . number

*eropus. &

Quitgraup.
Xenopus. Gene Name: -3 Accessions @
%1252%
X(3470
Actin (skejetsl, sipha 33 Tu3r 00068 a Q 2 o 23 15 24 1%
ABOQIO73
Actrein Receptar-Like Kinase-2 AFQU245
{AdLK-2) 1455 AlI18064 k3 g
BLO7734%
MBE594 +
Activim recegtor L1 53¢ NM 204217 ] 13 n o b3
AF 184090
BCO82331
Adipophibn (fateg) 1194 XM 424822 22 13 5.4 183 30 28 a9 9 0.105
x6277t
MISO32
AE (Amudating Enzyme) 2619 M 424857 24 30 hod r 7t 71 Ry ]
M18350
M2 1442
Aburmn (serum)” 1809 Y0452 38 29 RR KA 39 20 83 ot
ABOL6717
ALDH {Akiehyde dehydrogenase ABO16718
classi) 1503 X58569 14 12 12 13 17 24 41 R ]
X14259
X14261
Alpha Gloten 426 M63797 3 € pas 45 12 8 15 16
AFQ9556%
AFQ95570
Amelogerun 489 AFQ95568 13 18 N 145 10 15 16 128
X6009%
Xenopus Antenor Neurat Folds, U28370
Homeobox gene 555 XM 541834 1t 10 13 ws 14 20 > e
AJ608932
Amylowd-Beta-iike proten AJ608933 + o+
precursor 2244 BCON0373 30 13 3] 39 43 56 $1
8C043%06
BCO77529
Apoptosts Inhibitor S 1485 BCOO7133 6 11 [ s
U67129
X58955
AR (Androgen Receptor) 471 AY324233 [+] 2 3 1 0 5 20
BCO4363S
X69820 + o+
Liver L-arginase 945 038303 0 25 25 123 1] 19 it 9 5*
UC8406
uoB408
Arginase Type 2 1080 AY074489 3 7 i N 25 27 31 o6
BCO76815
BC072973
Arrestin 1128 Z11501 10 7 [ RS 32 34 58 33
BC042227
BCO72839
Aspartyl tRNA synthetase 1590 NM 001006528 7 4 v s
U93170
Atonat Homolog 5 u93171
414 A)630209 9 4 3 6.8 7 10 1 "5
AF187862
BC082702
ATP synthase subunit B 750 AY522571 9 7 9 X 13 29 33 21
A)243576
B8CQ79987
Bambi (TGF-beta signating) 780 BX934061 4 13 13 EN 15 27 X 2t
BCO56095
Barren {brrm1, 133 condensin BCO68643
XCAP-H subunit) 2064 BCO24211 23 24 23 UM 51 59 “6 58
AY273825
AY273826 +
Bestrophin-2 {VMD2L1) 1530 NM 017682 25 32 A1l 2R3 28 37 ~s RN
100978
BCO71139
Beta Gloin 438 DQO91201 10 13 2% {13 9 13 i it
029796
Complement factor B (Bf 8) DAag373
{MHC class 1 gene) 2235 XM 532086 75 73 el 4 59 48 o 38

=™

DY ke e # Dk Pesue 12 3

o
%
h
[
~

29 56 33

»
v
&
[V

[
'8

)

39 46 8 s

rs
n
4

h

39 35 ] ka

34



PhD Thesis — Frédéric Chain McMaster - Biology

Table 1.1 (continued 2)
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Table 1.1 (continued 3)

BCOs 1662
Chormgdererma (Rab escort protesm 8rovsoLt
1Y 1384 Npt Q17067 22 25 it 335 39 EH +2 ) Q.12
BCO36117
Cartohydrate sutfotransferase 1 BCo8seL37 +
(Chst11) 993 AM 218372 7 a & 8522 20 3y 21
BCOITE7L
Cell death-inducing OFFA-like BCOB2372
effector ¢ (CIDE-3aipha) 708 A¥ 364620 ] 3 jEY 9% 15 22 a3 RS
Al243935%
C-Jun prota-oncogene AJ243954 +
{AP-1, Activatar Proten) 236 A15547 12 13 (4 [P - 21 ke (B3
BCO7S171
o 2¢ BCO56069
M20 family) 1422 NM 001006385 17 10 i 135 31 24 32 P
ME3595
ME3596
apha-1 Cotlagen type It 4458 ABQ22046 22 39 ¥y s 48 &7 B4 sTSs
AY¥0S7997
Conmexin 31 (Gap jurction beta-3 BCO72821 +
proten) 801 NM 001009780 11 7 K o 20 14 iy il
D8650S
ComactinyF3/F11 ABO15205 -
{Contactin &) 3018 KA QQ1004381 3% 43 3y +i 56 82 93 59
ABO2524%
ABO25246
Cororn 1440 AKQTIOTI 16 15 i3 i35 33 31 42 32
ABQZ7611
BCO7345¢
Cortactn 1590 BCO11434 18 15 2t s 46 39 (] 425
LU14169
Cytoplasmic polyadenylation BLO7?702
element binding prote:n 1704 AF329403 13 7 o 14 38 36 32 i
AYQ45034
AYD49035
CRY2 {cryptochrome 2} 1503+ AY256684 2 8 g 20 46 59 b 825
BCOS3794
BCO82450
Crystaiin, beta Al 633 X87759 i1 [ s R B [ i -
B8L056059
BC077285
Cathepsin S (CTSS) 999 MIV696 16 17 25 165 14 23 3" XS
BCO77239
8co73186
Cuhing (Cul3) 2304 AF129738 1 2 ) 15 a6 S6 68 5
123857
LA3513
Cyching 1224 u28981 22 14 13 i% k3 28 h et 0.22
X59500
x72902
Srain Doparmine receptor D2 1035* X17458 9 13 [ i 24 19 18 LA
BCO?77380
Dapper 1, antagonist of beta- AF393622
caterun {Frodo) 2454 NM 016651 33 51 24 e 52 89 4 oy s
B8CO77360
BCO70744 +
Death-associated proten kinase 1 4281 X76104 19 33 1e 20 77 87 134 ]2
BC044296
B8C074277
Orebnn-like 1125 NM 013810 21 22 1" s 2% 15 4 22
BL0O46698
8co73223
Debranchung enzyme homoiog 1 1596 NM 031403 26 14 16 23 44 34 5 39
U10986
Deleted in colorectal cancer tumor U10954 +
suppressor 486° X76132 S 14 1 98 6 7 6 05
X16842
BCO77922 +
Desmin 1374 ABO11672 13 18 i [ 33 26 oy s
AF286645
AF 286646 +
Hand2 396 NM 133803 1 S [t} ) 3 8 H -
AF317841
Cyteplasmic dynen hight- 8C045030
mermediate ¢chain 1 (DUICI) 1524 AK222653 11 12 = s 9 29 3 2
BC06049S
8077244
Dipeptidylpeptidase 3 2187 NM 133803 36 33 3 248 68 37 R S22 8e
ABOB4264
B8C082639
Dnattard 732 XM 536616 0 2 2 1 15 7 R 11
BCO46260
BCO73500
Dystroglycan (DAG1) 2655 XM 343483 24 16 18 20 €0 55 oX 574
X99700
BCOB2429
Dystroptun i761" NM 004007 4 o s 2 i3 0 b S5
U25959
Helix-loop -helix transenpban U25960
factor XE1 4431 MB3233 4 7 3 83 7 9 18 N
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Table 1.1 (continued 4)

BC044064
X66959 *
€2 (transcnption factor £2) 1962 NM 003200 25 8 [ Ins 42 27 8 s
AF040993
met-mesencephaion-olfactory AFOa1138 +
transcripbon factor 1 (Ebf2) 1713 uz1189 11 19 25 32 = 3
BCO41714
CCAAT/enhancer binding protein BC072168
(C/EBP), aiphs 891 U0B604 ? 19 M 15 13 25 RS 19
BCD44316
06633
Endothelin receptor type A 1242 NM 204119 14 9 12 s 24 44 40 a4
X52976
EF (Elongation Factor-1 aipha, X52977
425p4ag) 1362+ AB124568 2 7
217206
217207
Aurora iinase A (EG2) 1218 BC005425 8 16 29 12 37 43 69 L
X62973
X62974
Engraded 2 (EN2) 789 NM 010134 3 8 18 b 14 15 23 143
X00852
X00853
Enkephaiin A (proenkephalin A)* 672 AF195886 8 4 4 0 8 10 19 9
8C054169
ENO (2-phosphoglycerate Y00718
dehydratase, enclase) 1302 D37900 [} [ 24 2 37 26 o ALS
AY310906
AY31090S
Era (Estrogen Receptor alpha) 1281 AB0SS5221 3 8 R
BC077170
AF289027
Enhancer of split groucho 2268 AF186092 0 H 9 25 34 33 92 s
AF351126
8C097526 +
Enhancer of zeste 2244 XM 418879 8 1% N 133 44 $3 L2 L
133920
8C071046
Focal adghesion kinase 3147 M86656 10 20 x 15 45 76 12X o se
X64759
X64760 +
Transcription factor (XLFB1) 31 NM 000545 4 S i L 4 8 4 o
A)249225
A)249224 -
XFD-4 1377 Y08223 13 16 B 45 14 29 41 21 5.
AF036327
uss141
Flap endonuciease-1 1146 X26771 9 9 13 9 28 46 52 3.
BC043891
BC078490
Fetuind 1326 XM 422765 36 43 5 98 28 41 as AN
U05001
Fz-Fl-related orphan receptor V05003
(xFF1r) 1392 ABO35498 8 2 2 N 23 23 3 23
X62593
FGF (embryonic fibroblast growth X62594 +
factor 4) $61 U76998 8 6 10 - 14 4 13 9
M55163
U24491 + + o+
Fibroblast growth factor receptor 2436 X59380 15 27 13 21 49 54 93 sis
BCOA1754
BCo73502 +
Fibnnogen alpha 2244 U44830 26 52 n 39 43 38 o) 05
AF545659
AF54566 1
Fiotithin 1254 NM 005803 16 17 (&) ihs 25 29 a5 b 0.125
BCOM64
BCO56023
frms-reiated tyrosme lanase 1 2043 XM 534520 50 338 3 49 36 55 ~3 455
BCOASOYS
Fmsanderacting probein 8C076720 .
{NF2/roeningoms region) 2034 NN 001008195 25 19 [P} 2 42 51 91 n s
X06041
alpha-fodnn (Xen aipha 1) X06042
SPECtnn, Non-eryhrocytic 1 708 BCO34956 L3 8 - - 20 u R11 158
AJ224511
BCo79689
¢-fos proto-oncogene 261 x06769 2 H 4 s 3 ] - 4
BCOA7261
Suctinate dehydrogensse BCO60AAE
complex, Ravoproten 1995 XM 319054 18 13 i 188 33 +* o) W
u2727%
BCO2004
Frequenn 520 X84048 1 1 A 1 16 it 23 [N
BCO77947
8C097600
Fascin 16 AYQRA229 18 8 19 13 50 n 9 S
W04 71
AY901983
Fuen® 779 X5¥3E 7 L} [ 198 33 37 S W

[
<
n

v,

38 32 39 82 s X

»
A
I
~

32 3T M
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Table 1.1 (continued 5)

BCO77318
8COB4320
Fused toes homolog 876 N 001005838 L 8 + S 16 21 2 I8 s 5.3
BCOS374%
M27502
FYN {proto-oncogens c-fym} 1608 NM 002037 2 2 N M 23 7 S52 28
ABOGOITC
BLC8110% +
Galectn 858 Xx7$303 14 16 i is 3.7 13 4 %S
105540
aipha subumt of Gg Gipr-trinhng BCOS1L26
proten (G protes) 1077 UKIORT 3 1
MIE566
GATA-binding protesss M76563
transcripbon factor GATA-L 1077 KM 002049 20 3 2u s 2 3% el XS
Lr3zor
L13702
Transcnption: factor xGatas: 1155 NV 205421 134 L 1% RS 26 21 HR NG
AF193797
N14641
Growth hormone A a7 M33697 2 8 4
BCO78071
BCO7 7482
Guanylate kinase 1 594 XM 825960 10 5 123 TS 7 12 33 9%
BCO77236
Giycogenn 1 AF219148
{rmitobc phosphoproten 45) 924 NM 001006558 12 16 [12) 4 23 36 3 293
B8C045005
Holorytochrame ¢ synthase (heme- BCO78076 +
fyase) (hces-prov) 897 AlB53i811 11 22 b 19 i8 15 2 ns
U26349
cephaiic Hedgehog, U26350
sonic hedgehog protesn 4 1188 NM 009170 13 19 | g in 23 29 3 20
U94992
BCOB4434
Transcription factor XHENS 384 XM 424510 3 3 * by 10 7 4 RS
AY189821
BC0O43769 +
Hypowa-nducible factor 1 aipha 1461~ NM 204297 17 10 - 135 32 3 41 bl
AFQ68847
BCO7281¢
SafA - scaffold attachment factor A 2313 XM 419539 41 26 3 335 1 57 13 i
%06592
M23916
Homeobox 2/2.3" 474~ M16937 5 3 8 + 9 3 19 L3
M24442
M24443
Insubn” 318 V00565
M20140
M20180
Integnn beta-1 subunt™ 2394 X07979 9 10 1~ @5 58 74 @2 a6
AF321228
AF321229
inversin 2982 NM 204551 73 58 o1 6R S 80 74 130 -
BCO79778
Ubiquitin carboxyi-terminal AY376839
hydrolase 5 (Isopeptidase T) 2562 u47927 19 16 N 1~ s 44 57 R3 505
ABO83246
ABOB3247
Kf-1 proten (Adgr34) 2001 AF306394 24 26 23 28 41 53 9 -+
BCO61947
248770
Kit receptor tyrosine lanase (¢-kit) 2739° X06182 55 52 RS 835 76 42 108 9%
X94082
B8CO71083
Kinesin-irke protemn 2 2712 AB035898 25 23 A3 p2) 45 54 “n 493
X05216
x05217
L1 {nbosomat proten L1) 1173 KM 001007479 7 1 3 “4 24 42 3in 33*
X06222
X06223
114 (nbosomal protesn L14) 564 BCO21743 4 5 o B 9 12 12 15
AF077838
X06344
Lamn B 1749 M34458 23 25 ped 4 42 $3 oy 478
Y17861
AFQ48817
Lamina associated potypeptide 2 1548 BC0S3675 31 22 4% 268 33 20 43 PO
BCO77312
BCO60412
Clathnn, iight polypeptide {Leb) 615 AJ720113 9 [ 3 & 17 15 1] 113 09.32
w7179
Uo7176
Lactate dehydrogenase 1002 XM 534868 11 ¢ 24 1] 32 18 L1 25
AF287147
AF287148 +
LEF-1 (lymphowd enhancer factor) 1116 AF2B857) 7 8 2 % 15 14 pa 145
AF283562
AF 283563
TGF-beta tamily member LeRy-A 1032° NM 130080 1t 3 M NS 25 18 n 23

"
ta
1
»

13 22 tas
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Table 1.1 (continued 6)

LIM domain binding protein

Upocaln (Ptgds)

LpatR (lysophosphatihc aad
receptor)

LR {Leptin Receptor)

Lpoproten (LDL) receptor-related
protein 6

Autoantigen La {La proten)

Microfibniiar-associated proten 1

Myristoylated alanine-rich C kinase
substrate

XMax2 and XMax4
Myogenin
Myozenini

N-CAM (neursi cell adhes:on
molecule)*

NF-M1 (mddie molecutar
neurofilament)
neurogenin-related 1 (X-NGNR-1)

internexin neuronal intermediate
filament protemn

NK3 transcnption factor related,
kozra

:onmuscle myosin 11 heavy chan
Nonmuscie myosin heavy chamn 8
Nucleoiar-localized protesn NO38
Nucleobmndin 1

Nucieoplasmm

Nucteoponn (Nup§8)

OLPA (Dorptun)

Otfagtory marker protesn {XOMP)

OncogenesC-ets-1 {<-ets-1 proto-
oncogene)™

OncogenesC-ets-2 {C-ats-2 prevd-
oncogene)”

OncogenesC-myc
(Myelocytomates:ss)™
Dynactn 2 (p50)

PACSING

1128

447-

1098

393

636

1278

1320

561

38

705

933

3252

26319

594

1380

633

2655

1062*

882

630°

585

2178

474

1311

1392~

1263

1206

1026

V74360
BCOA4043
BCO13624
BCO74438
BCO74439

LO6806
AJ249843
A3249844

u20622
BC053822
BCo78594
BCO56250
AF276084
AFS08961
AFQ74265

Xx68817

X68818
B8Co81 780
BC044036
B8C090193
8C050742
AF187864
BCO84888

NM 205480
109738
L09739

NM 001009866

AY046531

AY046532

XM S47345

BC042928

BCOS4224

XM 573691

M25696

M76710

D85084

ugs969

UBS970

NM 005382
u67778
u67779

NM 204796

BCO77476
M86653

NM 199534

BCo47968

AF127225

B8C074863

BCOS7729

AFO55895

NM 022410
L09740
L1123

NM 175260
X05496
X56039

NM 205267

8C041205

BCO68842

AF450266

BCO68668

X04766
8C068078
A)617672
A¥617673

YO9612
AY188504
AY188503
AY 188505
AX10978
AN010979

NM 011010

X$2692
BCO7S161 (used
msvoad of
X52691)
104101
™M81683
XS2635
108102
BCOAL189
X56870
VOUS68
BCOMAD69
B8CO81081
AK22693
ARTINSH
BCO8S213
CRESES36

21

20

22

51

3

11

21

16

14

10

n

I

23

15
30

35

22

9

13

13

11

39

1

"

s

s8

45

16

16

19

39

28

20

59

52

33

1n

48

22

22

13

30

15

23

51

42

20

23

29

22

20

17

20

37

W

27

P2

14

16

~8

¥

®)

56

3~

&=~
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Table 1.1 (continued 7)

X66493
BCO74270 +
Convertase PC2 a2 ABLOSL7E k4 12 i 1Y 30 54 Tt e
ABTIGP60
BCO77181
Prolyl iIsomerase {Pint) 477 BNISQ4%3 3 3 3 R 3 % 1% I
AB109739
AB109740
PKC (proten lanase C deita) 2049 BCO43IZ0 17 20 s w5 53 35 bl 358
MIE593
BLORE?87
Plakogiomn 2205 268228 tr 2 L8 A &7 59 1 =
BCQ7 7830
acos1727
Penpheral mryelin protmn 22 375 NM QO8%8% 5 bd o K 13 11 3 E2
#Q3I843
%03844
POMC {pro-opromelanocoron)™ 2?7 AF115251 10 tt L3 LIRS 12 32 42 e
X59Q56
BCO93556 . o+
POU domarn Gene 1 1068 NM 131161 it 2 M 68 17 13 Ay [
AEREIS
X96423
POUS 840~ XM 539052 7 1 - < 10 9 1% @5
BCO33624
Phosphorylase phosphatase BCO73612
(Ppo28) 1767 CRE8E60766 7 H H 4 26 439 o ™ se
BCO77952
Protern phosphatase 4, reguiatory BCOB8H94
suburiit 2 (Ppp4r2) 1191 NM 174907 26 31 22 P 2% a3 L 32
AF387815
AY055473
LIM protein Prckie 2488 XM 416036 25 17 21 21 42 51 “o RIS
AF193800
AF193801
Prolactin Receptor 1821 AB158367 38 42 = R 41 54 o 473
BCOS4174
BC045213
Prothymosin 324 Al312835 7 6 1 HS 6 8 N -
BCO47245
BCO72163
Phosphorylase, glycogen; bran 2529 BCO30795 18 15 14 In3 45 74 s 59 8
BCO74233
RAB1S (member RAS oncogene BCO56054
family) 615 AY357728 2 6 2 4 13 15 I8 13
AF174644
8C092101
Rax GTPase 576 AY279384 1 2 H 18 10 13 18 115
D38488
03848%
Rads1 1008 ABO20740 4 2 2 3 29 32 +9 L
AY874341
AYS74315
Rag-1 1134* AY874303 8 10 13 © 28 25 85 S
AJZ04845
Ral interacting peotein (riip) - RatA AJ25216S +
{RaiB-binding protein) 1833~ AB209924 5 16 i 148 30 39 43 b N 0.53
Y16259
B8CO72046
RaI8 570 X15015 2 o ® 1 18 12 ol 15
X87365
L11445 * +
Retinoic acid receptor aiphs 1185 X73972 s 18 N ns 37 16 ~1 26 5%
179913
RDS25 (retinal degradation L79%914
slow/peripherin} 1035 AF031238 11 23 9 1~ 19 33 X 26 0.16
179915
BCO54965 + o+
RDS38/penphenn 972 302884 19 4 “ 115 20 18 b o
AB021737
BLoB2478
Requiem 1155 XM 341998 10 11 ] 143 16 33 2 24 &
BCO54145
104692
Rhodopsin 1062 Us59922 1 S 13 2 6 5 I8 R
AJ133499
AJ133500
Ringo (P33 nngo, 1526) 888 XM 128768 20 11 i3 IR 33 13 3 23
BCO77472
BCOB416S +
RIO knase 2 1626 NM 001006581 28 28 23 3 40 36 s iR
BLOS008S
BCo73326
Rwdd] (RWO doman comtaining 1} 717 AJ720663 13 9 1 12 16 14 L] 15
AFG01048
AFQD1049
Retinal homeobox A 966 BC058757 S 9 1 - 22 23 LN PR
8LO73179
8coz2132
Rurb {retinowd X receptor beta) 1338 B8LO01167 4 7 o R 23 1%

2
"~
°©
bl
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Table 1.1 (continued 8) o

Sister chromatid cohesion AY661733
estabkshment factor (SCC2) 759 BC063859 ? 6 ¥ 6s 15 9 | nd 12
BCO71080
Syndecan 2 (heparan sulfate BCC41490
proteogiycan 1) 570 NM 001001462 5 4 s <43 9 6 26 N
BC043626
x91191 *
Sek-1 receptor tyrosine kinase 2958 X65138 7 8 3s 50 (D4 25
B8C076643
BCO71114 +
Selenoprotein | 1101° BC021229 12 18 9 15 16 3 1 23 5e
BC043894
B8L044996 +
Selenoprotein T 414 AY358096 3 4 b) 3s 6 11 11 X5
BCO77941
BC073250
Septin 11 981" XM 420341 6 6 3 o 22 24 9 pal
AF212298
BC082859 +
Septin A (XiSeptA) 1056 NM 010891 3 3 ] R 21 16 A1 [N
BC073077
serum/glucocorticond reguiated 8C074305 +
knase 1302 NM 204476 1 11 L 3 29 24 R 268
AF279245
U20342
Shabi2 540~ AF450111 3 3 i 3 10 14 13 12
BC046706
BC074445 +
Siah-interacting proten 678 NM 009786 13 8 ] s 10 9
X68683
9 U89999 +
homoiog 2145 M28517 15 13 1 4 38 26 °s 32
U75681
Histone stem-loop binding proten BC073461
(SLBP) 762 BT007433 14 8 21 i 18 17 P I
AF390895
Suct-associated neurotrophic BCO46943
factor target 1527 AF036717 16 19 4] 1”8 33 26 3 298
D83650
087209
Sox11 (X1s13) 1041 NM_205187 9 13 21 1 23 1n s 17
AN01730
Sox17a (HMG box transcription ABOS2691
factor Sox17-alpha) 1122 NM 022454 12 25 13 IR5 25 27 26 26 0.56
ABOS2692
Sox 18 (Transcnption factor SOX- ABOS2693
18) 897~ NM_204309 9 12 pu] s 15 23 M 19
AF394958
DQU0663S
SP22 489" ABO 73864 2 3 11 28 15 11 22 13
X62483
eco45013 +
Sparc 837" AB116365 14 6 s w 18 18 3 ¥
Bco77749
Spats2 (spermatogenes:s BC057748
S5500ted, senne-rch 2) 168) NM 139140 32 13 23
Bco738118
Sparmatid pennuciesr RNA bmding BCOB298
proten 1338~ BCO17732 29 16 13
AF331824
AF331825
Sprouty-2 921 AF176904 13 8 - |CE S ¥ 12 20 iss

[
3
n

t
"
Y

i3
"
4

42 23 383

4
”

33 26 R 93

Sulfide quinone reductase-ike 1329 BCO28247 14 3 R 145 38 24 43 3

Src (ppd0c-src protemn) 1596 VOO 02 3 5 3

e
"

33 26 “9 W3

BCo60382

AY705672
Sadlen 1 1281° NM 001012831 15 11 12 13 32 27

BCOA6708

BCO78016 *
Stress-mnduced-phosphoprobem 1 1620 u27830 18 21 2 95 32 47 53 295

BCOA235%6

BCOSA07
Skomatm 420~ NM 004099 L} 2 3 3 n 1?7 16 14

AF38781%6

AYOE9979 -
Stratesmus 1563 W 20335 L ) 0 1 3 43 33 oy ™

X81986

&
¢
A

SUG1 1200 XM 425832 2 1 1 15 3 29 <+ 4

TRNSADON MRNION Yactor SUTY 339 XM 534229 0 0 9 0 s X = 4%
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Table 1.1 (continued 9)

37073
BCOIG2 L0
Sumo 303 XM SLE03S ¥ 0 [ 15 3 4 4 s
ABIS7247
AFEA24F2
Survian (Xsuwl) sy ABLI2320 4 3 o 33 12 2 id 16
AFQ35016
AFG3SQY7
Synaptobrevin 3% NN 009497 3 & 2 18 < & 12 5
AFQ35014
AFOISALS
Synaptoptysin 882 BCO64SSO 34 9 + 1] 16 21 n (10N
AFQSB570
Xwnt8 nhuixtor sizzied {sxi) AF136184
(putative wnt inhibtor frzp3) 840 AF308869 3 3 1 65 1% e b S P 53
ABO22691
ABQ22692
TAF-Ibeta 828 AJBS1581 2 2 2 M 15 9 14 12
AF133036
ABO32944
T-box transcription factor Thx’ 360" US4433 1 1 ' i s 9 1 -
AF499688
BCOo896 L
TCRreta subumt 477 NM 206879 13 7 L3 th 18 131 A M3
BCOA713L
Bax Inbiter-1, testis enhanced BCO?9707 +
gene transcript 712 BCO05588 10 8 3 @ 10 14 ha 12
BCO73440
BCO4R7G
TRK-fused proten TFG 1188 U94662 8 10 % k] 26 30 25 ey 0.18
M35343
M35344
Thyroid Hormone Receptor aipha® 1254 LO60G4 2 & 4 £ 11 16 33 135
M35359
M35361
Thyrosd Hormone Receptor beta® 1107 L27344 2 s i 3 18 16 3] 1~
Y14446
Y14447
Mesoderm Pasterior (Mesp) 924 ¥17043 20 18 14 19 26 23 I M5
AJ416632
cytotoxic granule-assoctated RNA BCOBO10S
binding protein (TIA1) 1164 KM 022173 8 3 2 S8 32 25 30 P
AJ416631
8C045086
TIAR 1167 NM 003252 6 10 3 3 3t 19 3R ol
ME4659
ME4660 +
Tyrosine kinose 468 M69243 4 & D] S 185 7 18 1t 031
M64661
1GF (Insukn-like Growth Factor) AFU55980
Receptor 462 M£9244 1 3 2 2 6 6 i7 6
ABOS6893
B8C078542
Transducer of erbB 894 CR456594 1 7 0 4 10 20 Y is
BC0O5495C
BCOS6840
Transferrin 2100 V05246 a2 28 0n3 35 52 37 Ry + 5
M34699
X64056
Thyrotropin-reieasing Hormone 672 B8C069375 18 18 o9 3.3 9 11 31 10
AF305620
Thyrotropin-releasing Hormone AJ420782
Receptor 1 1188 NM (003301 7 3 9 s 1?7 18 o8
BCO44959
Neurotrophn receptor 8 xTrkB- BCo87462
alpha 1416 X77251 2t 13 M 1~ 23 29 2 26
ABOQ3078
ABO03079
fast skeletat Troponin C 483 AB110088 1 o ] 98 11 4 - T3
AF441126
urutary non-NMDA giutamate x93491
receptor subunit U1 1437 X17314 14 11 i4 125 35 30 59 328
BCO?7923
BC077801
Ubiquiton-conjugating enzyme e2e 597 NM 009455 4 4 4 4 4 12 13 ®*
X59863
XUBF mRNA for upstream binding X57201
factor 1911 X53390 22 22 30 22 58 48 ] 3
A)S06039
endoplasmic reticulum UDP- 8C072878
Gic/UDP-Gal transporter 1017 B8CO11888 2 S 17 s 14 12 53 13
AY112732
UDP-glucose ceramde B8C084966 +
ghucosyltransferase 1182 BCO38711 3 3 ) 3 33 16 ¥ s 0.25
B8C077361
BC077369
Uroplakin 1A 627 NM 007000 5 4 Q@ 45 14 12 82 13
BCO42931
Utrquenel-cytochrome C reductase BCo??31y
complex 1383 NM 025899 15 11 1% 13 29 29 St 2
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Table 1.1 (continued 10)

BCO77932
Vasodiiator-shmuisted BCO72836
phosphoproten 1101 NM 003370 15 ) 13 1= 18 17 42 =8
AF064601
Ventra!l antenor homeobox proten AJ271730
{vaxi) 792° XM 544036 10 4 23 - 13:] 4 i e
AI238649
Ventral anterior homeobox protein AF113517
{vax2+3) 873 Y17791 4 6 " s 10 9 X WS
BC054252
von tippei-Lindau binding protein B8C092334 +
1 531 XM 420327 6 8 2 - 9 13 X H
AF064633
AFO64634
Vg1 RNA binding protein 1779 NM 001006359 6 9 2 -3 31 25 ] e 0.325
X16843
X16844
Vimentin™ 1368 XS56134 17 13 - is 16 25 oS PSS
BC046713
BC068695
Tryptophanyl -tRNA synthetase 1425 XM 421368 15 13 26 14 37 22 = 8
U13962
AF035443
WeelA kinase 1560° AK131218 14 24 29 1 48 35 Loz 415
AF358869
AB071983
WeelB, weel-itke proten kinase 957 D30743 9 9 ] 9 39 30 3 W3
AY255636
AY319928 overlap
Utenne sensitization-associated with BCO78598
protein-1 (Wise-A) 639 AY319926 9 S 11 = 17 8 4 28
M55054
L07538 +
Xwnt-3 399~ NM 204675 2 3 " 25 15 8 25 s
u42011
D82051
Wilms’ tumor suppressor {WT1) 131" AB033633 7 3 X N 22 27 S8 M43
U26270
U26269
Cofilin (XAC) 504 NM 001004406 7 5 1] o 8 14 21 1
BC0O86475
XE2 (helix-loop-helix transcnpton U25961
factor £2) 363 NM 003199 3 1 M 2 7 4 4 R
Ue3711
BCOS7721 + o+
Xefiin 1440 XM 543999 12 31 X M 26 42 w2 Al
ABO18694
Eprdermis specific senne protease BCO83024
Prss27 (Xepsin) 1044 NM 031948 39 37 - w 31 34 40 28
U65751
ues750
Fork head related (XFD1) 1197 NM 204770 13 16 1 45 14 20 hay 1~
X74315
X74316 *
Fork head protein (XFD2) 1074 XM 220287 29 i2 b 08 18 30 3 24
089783
Interleukin-1 beta-converting D8978S
enzyme (Caspase 1) 1068~ NM 001223 31 43 (2] 7 23 21 = 22
X73316
Ximb (materna! 89.10 and B9.15 X73317
proten) 696 NM 017589 5 % 14 L 19 1% R 17 %
BCOBAIS
L11363 +
LMy oncogene (xL-myc) 1032 NM 001033082 20 14 " 1~ 22 18 B 2
219577
119566 +
Xnot {(homeobox protem) 546 NM 208354 5 n 3 ¥ 6 15 22 I R
AFI10800
TGF -beta related growth factor Xnr u79162
4 (Xrwd) (Yo7 2 At NM 01805% 37 18 Chy 278 30 135 9 RARS
AB114039
AB114030
XerF12 1668° XM 228541 18 16 24 1" 43 35 R 9
BCO¥6663
Xrpt (XrpFl beta 1) GA bmdmng X91243
protein transcnptron factor 1158 b 7 8 4 -3 1% 34 AR 24
AF368041
ZFTF (ainc finger transcnption AF368043 +
factor SLUG) 798 X77572 L 6 3 3 13 16 23 45
URA950
ABO37700 +
2ZPB (2ona peiucida giycaprotesn) a3 ABO2SA28 18 3 R [t 1% 26 N3 s
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Table 1.2. Comparison of ka/ks ratios before versus after gene duplication
using a branch test and across diploid and tetraploid lineages (Model A versus
B in Figure 1.3). An asterisk indicates individually significant improvement of an
additional parameter at ®=0.05. Individually significant improvements require a
higher ka/ks ratio in the diploid lineage in the branch test, which is against our
expectation are assigned a P value of 1.0.
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Table 1.2 (continued 1)

—... 15 the average substitution ratio higher sfter duplication?

(L) ntL) tet wd  diplosd x2

Gene raw  2me UMDYl e
Actin (skeletal, alpha 3} -1797.22 -1795.43 000 003 s 1.0000
Activin Receptor-Like Kinase-2
{ALK-2) -2625 56 -2622.8% 009 003 5.42 0.0199*
Activin receptor IT -2821238 -2817 40 on 003 2.96 0.0048~
Adipophilin (fatva} -2339 44 -2339.18 019 0.14 0.52 0.4718
AE (Amidating Enzvme) -494215 -4942.00 011 009 0.30 0.5854
Albumin (serum)™ -3884 53 -3884.29 034 029 0.47 0.4940
ALDH (Aldehyde dehydrogenase
class1) -2624.70 -262280 017 oos 39 0.0514
Alohs Globin -915.38 -308 67 on 080 13.40 1.0000
Amelogenin -1019.09 -101893 049 036 0.3 0.5679
Xenopus Antenor Neural Foids,
Homeobox qene <1164 62 -1164 33 020 014 0.58 0.4456
Amyloid-Beta-like protein
precursor -3941 42 -3908.47 013 005 991 0.0016"
Apoptosis Inhibitor S -2756.02 275378 006 002 4.48 0.0344*
AR (Androgen Receptor) 77025 -769.68 on 003 1.16 0.2823
Liver L-arqinase -1908 63 ~1894.70 087 012 27.87 0.0000"
Arqinase Type 2 -1873.94 -1871.78 007 001 4.32 0.0377*
Arrestin -2125.88 -2124.55 007 003 2.66 0.1030
Aspartyl tRNA synthetase ~2881.09 -2880.25 005 003 1.67 0.1957
Akonal Homolog S

-178.73 -778.28 02% 013 09 0.3409
ATP synthase subunt B -146303 -1462.33 01s 009 1.40 0.2363
Bambi (TGF-beta sianalling) -1514.93 -1514.80 o1 014 0.27 1.0000
Barren (brm1, 135S condensin
XCAP-H subunit) -3943.90 -3943.56 012 010 0.69 0.4065
Bestrophin-2 (VMD2L1) -312197 -3197.20 032 013 9.55 0.0020*
Beta Globin 10173 -101953 038 106 4.39 1.0000
Complement factor B (Bf B)
(MHC class HI qene) 4899 06 4887.76 047 632 2.61 0.1062
Bighvcan -201583 -2015.17 008 013 %+ 1.0000
Bicaudal-C -348338 -3401 16 010 004 443 Q.0354"
Bridging integrator 1
(Amohiphvsin IT) -2658 59 -2656 34 018 008 451 0.0336*

-3092 97 309256 025 013 000 0.395
BMP (Bone Morphogenetic
Protein) receotor 25023 256317 00S 006 013 1.0000
Block of proliferstion 1 RE- ] -1358 34 L AH) 009 1.74 0.1958
Brachvury M 237399 23386 o 07 UM 0.3
Serine/Thweonine protwin kinase
{c-RMILY 414108 A0 58 [ ] V06 oM w3
Basic tronscription slernent
birding protesn 8752 1888 33 0903 o2t 238 1.0000

™D 902782 033 08 493 005"

Cakiumn homeostasis endoplasric

reticylumn proten S0 7Y 508877 Qs (1) 1 Q.0001"
Calnexn 83 37 396335 LAL) 017 -2~ o823
Calponn H3 {clon3) -1818.36 Rl Bl o 06 .50 0805
Calreticulim 22543 IR 308 o0 1.0 1.0000
Carbonic anhydrese I BEN 3 ~15 S L ) LA} ) 1.30 V.25
Caowin kinase | siphs S

(Cenklal} BLViR ] ~160.37 LL) ] °00 o5 045X
CASK imracting Drodewn X 730012 ~T208 61 L AL) a6 102 D.313%
Procathessn 8 -9ty 79 ~1939.73 [ R14] 02 012 10000
Sete Catenn WRRTAKTING proten 1

(canbipl) 87 2 7.0 005 60 VS0 DAY
Tymathonine-bets-svrthase AW Y2308 L2 00N .1 D705
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Table 1.2 (continued 2)

woltage-dependent Cakwm

Channel Dets subumt -2555 85 255453 912 008 2.2% 0.1336
COCT {coll dursiom cycie 2,

ksmase) - 1855 34 -1654 68 2908 aor - 524 Q.00358
Cathepnin € 2282 7T -228278 913 o2 €01 G.9001
Cardaxvi estar hpase -2788 18 S27AT 4t 008 205 1.4t Q 219
Carbaxy! ester hpuse (inie sair.

stnulated hoase) -3370 83 337063 Q13 Q1 L85 3 0.522%
Centria -BAT TY 24738 ¢oa q07 o.62 10000
Carebeflin I precunsor peotesn ~122807 Be d g 830 oor €01 Q0142
Cornplement factor T

{CIDACAD i tivador} ~3638 83 363874 832 028 <9 Q6669
CTystic hbrons transmembrane

comductance requlator N 7a b -] -T568 44 @17 009 5.82 Q0158
Cartwcall aramibe lacte 202319 -202298 o1 02t ©.25 1.0000
Choroidererwa (Rab escort

protess 1) 3854 97 <3664 80 o27 032 0.34 1.0000
Carbohydrate sulfotransherase 11

{Chatra) ~1758 6% -175G 44 208 T08 ¢.52 04763
Colt death-nducmg DFFA-ike

effector ¢ (CIDE-aioha) S22 N0 1422 8% .16 o118 602 05861
€ Jun proto-ancogene

{AP-1. Activator Prodeir) ~1758 2 -17548 47 234 Q1w 7.47 Q.0063*
Dipeptdase 2 (metalicpeptatase

M20 famik) -2602 08 -2599 89 AL 006 441 00387
aloha-1 Cottagen tvpe I Basi Bl 72099t 02 013 .54 QX113
Connexin 31 (Gap juncton beta-3

protesn) -148204 -1479 11 017 ao4 5.8% Q0185
Contactin/FIfFLL

{Contachn A} -9600 82 -5597 88 13 910 607 60137
Coromn 2875 8% -267552 04 LR 1] 0.67 Q4143
Cortachn -3053 50 -3053 50 01 Q10 0.00 9688
Crioplasmu polyadenylation

wsiement binding oroten -3044 61 -3042 82 009 aoe 357 00582
CRY2 {crvotochrome 2} -3092 56 -309179 010 207 1.54 0.2152
Crystalhn, beta Al -1105 00 ~1104 02 033 014 1.9% C 1622
Cathepsin S (CTSS) -187922 -1978 60 028 018 128 0.2641
Cultind (Ci3) -3797 06 -3795 64 201 900 2.84 0.0918
CychinE -230182 -230156 o7 015 .12 9.7330
Bran Dopcamine receotor D2 -183104 -1830 69 016 ¢10 a.69 G. 4049
Dapper 1, antagonst of beta-

¢atenin (Frodo} -483158 -4829 26 019 (LR 3} 4.64 Goxn2*
Death-associated protem knase 1 748969 -74384 45 on J04 10.47 2.0012°
Orebrin-tike -2190 23 -2188 38 030 014 in 0.0542
Debranching enzyme homoiog 1 -3027 0% -3025 28 018 008 3.44 0.0635
Deleted in colorectal cancer

TUMOF SUDDrEsSOr 99379 -989.34 068 014 8.90 0 0029
Desmin -2591.27 -2585 40 014 004 11.74 0.0006*
Hand2 67178 -667 77 on aoce 8.01 0.0046"
Cytoplasmx dynesn hght-

intermediate chain 1 {DLICY) -2646 83 2646 06 on Q06 1.54 0.2148
Diveptdvipeptdase 3 -4323 38 -4322 81 020 018 1.18 0.2828
Oullard <1279 69 -1278 28 c03 a0 0.83 03619
Dvstrogivean (DAG1) -4803 34 480197 LR 218 2.76 1.0000
Dvstropiwn -2743 80 -274195 012 o0l 369 0.0547
Hehx-loop-hein transcnption

factor XE1 81348 -812866 G186 067 1.65 1993
£2 (transcrpbon factor E2) <3504 58 -3503 57 816 00% 202 0 1882
met-mesencephalon-olfactory

transcrnbon factor 1 (EbI2) -3053 48 -3042 30 01 001 223 00000
CCAAT/enhancer binding protein

{C/EBP). aipha -1750 38 ~17%0 30 018 Q15 0.17 0 6841
Endotheln receptor tvoe A -2359 98 2369 96 on Q0 0.04 08434
£F {Elongation Factor-1 aipha,

415048) 240123 -2398 09 008 [ a2 0.0384"
Aurors kmase A (EG)Y 2494 99 2494 62 010 014 e 1 6000
Engraded 2 {(END) -1851 9% ~1450 80 on 223 238 3.0000

Enkephatin A (proenkephahn A)* <1157 55 1158 78 014 Q07 159 02078
ENG {2-phosphogiveerate

dehvdratase. enciase) -2403 39 2397 17 003 ¢ 14 1165 1 0000
Era (Estrogen Recentor aipha) 220288 S2222%4 oor Q0T [eX:3} 09081
Enhancer of spht groucho -3843 99 -3843 54 o0 903 (2] 1.0000
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Table 1.2 (continued 3)

Enhancer of zeste -3855 18 3048 86
Focal adhesion kinase -8615 85 -5614 28
Transcrebon factor (XLFB1) 547 56 547 1%

XFD-4 -2423 86 -2419 99
Flap endonuciease-1 219571 219568
FetuinB -2933 88 -293303
Rz-Fl-related orphan receptor

{xFF1r) 232677 2324 91
FGF (embryom fibroblast growth

factor 4} -1041 38 -1041 53

Fibroblast growth factor receptor 445212 444733

Rbrinegen alpha -4305 27 -4304 89
Fotlkn -2318 61 -2316 61
frne-related tyrosine knase 1 423379 -423264
Fons -interacting protesn

(NF2/meningoma region) -3790 03 -3784 .42
alpha-fodnn (Xen alpha 1)

Spectn, non-erythrocytx 1 -1308 47 -1307 68
c-fos proto-oncogene -479 57 479 80

Succinate dehydrogenase

complex, Flavoproten <3593 24 -359277
Frequenin -97242 -97132

Fascin -287027 2069 53
Furn® -321864 -3218 54
Fused toes homoloq 152924 -1526 84
FYN (proto-oncogene ¢-fyn) -2652 64 -2651 83
Galectn 172596 72532
aipha subunk of Gg Gtp-bnding

proten (G proten) -1751 4t ~175106
GATA-binding proten

transcription factor GATA-1 -2240 79 223968
Tramcripbon factor xGata$ -2177 64 -2176 87
Growth hormone A -796 28 -7 18

Guanyiate kinase 1 N9 78 -1178.88
Glycogemn 1

(msotic phosphoprotewn 45) 182342 1823.2¢
Holacytochrome ¢ synthase

(heme-lyase) (hecs-prov) -1765 3% -1764 56
cephale Medgehog,

sonic hvedgehoq protesn 4 -228538 -228507
Transcrpbon factor XHENL -738 58 -73829

Hypoxia-nducible factor 1 alpha -2603 06 -2%99.88
SafA - scaffold attachment factor

A 4544 87 454323
Homeobox 2/2. 3 -840 59 -840 2Y
Insuim® 564 95 -563 0%
Integnn beta-1 subunt® 4338 82 433843
Inversn $32937 6327 82
Ubiquitin carboxyl-termenad

hydrolase S (Isopepbdase T) ASTI 0 457087
K1-1 provedn (Ager)s) 388267 3850 69
K& recepior tyrosine knave {T-

tat) $50853 551307
Kirveem- K proten 2 4903 §3 A3 7S
LL {rbosomal protesn (1) 2083 26 2083 2%
L14 (nbosomal protes L14) 101280 -1012177
Lamn B ~3282 00 ~3451.93

LaminG assocated poivbedtilte 2 R eral ) 3023 09
TN, Wt poivpeptiie (1cb) N2 ~1130 82
Lacte dehvivopensse ~1959 06 1958 2%
UEF-1 {fymphod enhancer Yaxwor) 488123 187738
TGF-bets famuly nvevnbaer Lefty A 203938 2039 34
UM domam brnding prodesn 1758 8y Bie 2]
Livocatin (Prads) AT S8

008
007
027
015
007
035
007
028
014
027
019
034
015
012
033
013
002
015
010
012
003
026
004
029
010
014
022
01
036
0
LAR)
01
LRL
013
027
008
028
012
08
o2e
015
o002
[AR]
(A1)
028
o
o
0
on
00
oR

001
004
009
005
008
052
002
030
065
02t
008
023
005
006
020
009
000
0.06
oos
oor
on
016
008
017
006
003
012
on
o1
017
008
005
009
0907
o004
00s
0
008
008
[ )4
013
004
01s
LAR]
033
008
022
o2
on
000
[N

1265
3.19
08
174
0.07
1.70
3In
010
958
075
4.01
2.30
11.23
1.587
033
0.94

220

0.20
079

162

069
222
2.14
239
178

043

0.63
0.52
6.37
329
Q.78
382
o8

389

395
.32
R 1]
0.00
0.06
Q3%
0.30
2%
16
816
0.00
088
057

47

00743

0 3465

1.0000
1.0000
0.0541

1.0000

0 388$
0.0453"
0.129%
0.0008°
0.2097
0.5628
0.3323
0.1376
0.225%
06525
0.3753
0.20%
0.2
1.0000
0.13%1
0.1436
0.1385
0.1862
0.5136
0.2198
04287
0.4204
0.0126"
0.0697
0.38563
0.0%7
1.0000
0.0616
0.0~
0.0%63~
0.0265"
D.8877
0.0
1.0000
06980
1.0000
ocom®
1.0000
0.0083*
o518
019

0.9388
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Table 1.2 (continued 4)

LpalR flysophosphabdx acut

receptor} -1782 &0 NTTH T G.06 009 558 0.0803
LR (ueptin Recegtor) -B77 83 -7 &0 &n3 003 2 4% Q.1
Ligoprotess (LDL} receptos-retabed:

protesn & SAEEY 22 -1 20 Q3 [id:x Q.06 Qaer
Autoarbaen La (La proten) 2568432 -2564 09 o a8 Q.48 10000

1 roBlbriliar -SASOCUMING Broten § -235127 -2348.92 Q07 903 .66 0.12e
Myristovited slacume-rich C

umase substrate ~TTS0 9% TS0 W o &7 02 133 Q.24B4
XMax2 and KMaxe 8778 8§77 7Q 204 [ ] X 24 1.0000
Myogenin RLFas Bead -1209:30 o 324 383 0.0803
Myozeninl -5 81 ~H8t e (<3 018 118 0.2841
N-CAM {(neural cell adheson

moiecule)™ -5804 07 -$203 93 0% o2 028 Q.5%72
NF-M1 (muddie molecular

neurofilament) 4752 00 -a750 & (g3 o3 327 G.07%
neurcoenn-related 1 (X-NGNR-1) -129288 -1295 88 o8 A1} @00 09792
Internexin neuronal interrediate

flament proten -2624 80 ~2621 80 G4 006 578 ©.0162%
NK3 transcription factor related,

koza -1333 40 -133289% 437 Q24 103 0.30%

Nonmuscle revosin It heavy chain
A -4580 85 4599 71 007 ¢o8 Q.28 0.5979

Noamuscie myosmn heavy chain B -1922 40 -1921 78 906 004 1.24 0.265%

Nucheoter-iocakzed proten NO3S -1T16 58 -1716 55 016 LALY 006 08126

Nucteobindmn § -102172 -1021 61 ¢0s 003 043 0.5103

Nucteopiasmin 1110 68 -1110 26 o113 020 081 1 0000

Nucleoparin (NupBS} -A276 52 -4276 49 215 012 0.47 0. 7965

OLPA (Dorphin} -1525 51 -152070 937 o1 962 ©.0019*
Offactory marker orotern {XOMP) <966 19 965 82 918 413 0.58 0.4458

OncogenesC-ets-1 (c-ets-1 proto-

oncogent)™ 227675 2276 67 003 004 014 1.0000

OncogenesC-ets-2 (c-ets-2 proto-

oncogene)® -2682 81 -2680 53 Q10 004 455 0.0328"
OncogenesC-myc

{mvelocytomatosis)* -2330 86 -232872 Q12 008 426 0.0390
Ovnactin 2 {p50} -2205 81 220569 Qo7 009 024 1.0000

PACSINZ 1982 96 -197929 012 004 732 0.0068*
Convertase PC2 3264 99 -3259 68 007 001 1063 0.0011°
Prolvl isomerase (Pinl) -876 12 -876 09 007 008 0.07 1.0000

PKC {protesn kinase C,delta) 3826 52 -3824 62 013 007 3.81 0.0509

Plakoakebm -4098 80 4088 20 006 005 0.81 0.3695

Perioheral myeiin protein 22 806 20 506 18 010 o1 0.04 1.0000

POMC (pro-opiomelanccortin)* ~1541 28 -153879 014 005 499 0.0255
POU domain Gene 1 -178593 -178232 013 002 i) 0.0072"
POU3 -1406 18 -1406 05 012 009 0.25 06143

Phosphorylase phosphatase

{PoD28) ~3009 31 3006 81 004 901 5.00 ©.0253*
Protein phosphatase 4, regulatory

subunit 2 (Pppdr2) -2416 56 -241615 028 018 0.82 0.3642

LIM proten Prciie -4439 27 -4437 83 o013 008 327 0.0704

Prolactn Recestor 317119 -3789 81 029 018 2.74 00977

Prothymown -504 30 502 95 019 0.03 27 01000

Fhosphorviase. aivcogen; bram -4566 04 4564 71 007 004 2.66 01027

RABIS (member RAS oncogene

familv) -1084 62 -1083 56 009 903 152 0.2179

Rac GTPase -9Te %2 977 1§ 005 060 33 0.06%8

Rad51 -1836 96 183672 003 Q02 Q47 04912

Rag-1 -2155 88 2154 89 012 007 199 0.1586

Ral interacting protewn (rhp) -

RaiA {RatB-binding proten} ~312504 -3124.88 207 006 0.31 0.5757

Rai8 1090 30 -1090 21 0902 002 019 1.0000

Retnow acd recestor diohs -2260 21 225519 an ¢02 16.03 00015
ROS3S {retinal degradaton

skaw/perpivenin) 199278 <1991 78 220 010 200 1577

ROS I8/ penchenn 183574 ~1811 32 D18 004 883 0.0030"
Requiem -2060 52 -2087 77 012 {03 S.49 ¢.0191
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Table 1.2 (contin
Rhodopsin

Ringo {p33 nngo, 1526)

RIO kinase 2

Rwdd1 (RWD domain contaming
1)

Retinal homeobox A

Rxrb (retinodd X receptor beta)
Suter chromatid cohesion
establishment factor (SCC2)
Syndecan 2 (heparan sulfate
proteogiycan 1)

Sek-1 receptor tyrosne knase
Selenopeotein |

Selenoproten T

Septn 11

Septn A (XISeptA)
serum/glucocorticoid regulated
kinase

Shabl12

Siah-interacting protein
Sloan-Kettenng viral oncogene
homolog

Histone stem-loop binding protesn
{SLBP)

Suc 1-assocusted neurotrophic
factor target

Sox11 (XLS13)

Sox173 (HMG box transcripbion
factor Sox17-alpha)

Sox18 (Transcripbon factor SOX-
18)

SP22

Sparc

Spats2 (spermatogenesss
associated, secine-rich 2)
Sparmatid pernuciedr RNA
binding proten

Sprouty-2

Sulfde quinone reductase-ike
Src (pp6Oc-src proten)

Stanmocakn 1

SUGL

transiation intiabion factor SULL
Sumo

Survvin (Xsvvl)

Synaptobrevin

Synaptophvsn

XwntB inhibitor sizzied (s2i)
{putative wnt inhibstor frzb3)
TAF-lbeta

T-box transcripbion factor ThxS
TCR2eta subunt

Sax Inhibetor-1, testis enhanced
Qene ranscnpt

TRK-fused protes TFG

Thyroid Hormone Receptor alpha®
Thyrodd Hormone Receptor bata™
Mesoderm Postencr (Mesp)
Cytotoxc gransie-assocated RNA
iading protein (TIA1)

TIAR

ued 5)

-172097
<777 51
-315256
-138221
-1794 51
-2259 35
-1327.03
-1015.41
-496261
-2296.88
71318
-161525
-1830 62
226578
-919.81
-1232 00
-3769 40
-1527 82
-2740.83
-1949 11
-212367
-1778 30
84474
-1627 99
<3127 53
-2583 21
-1658 33
-2476 37
-2796 21
-1439 65
-2396 15
-301490
-781.82
-2694.05
-2086 85
51716
47503
-861 17
-577 88
-1614 25
-152199
-1286.13
61852
-1043 09
-1287 90
-2105.83
-2045 57
-1810.07
-1813.70
-2048 49
-2073 98

-1720 82
1776 98
-3151 20
-1380 60
-1794 47
-2259 29
-1327.02
-1013.58
-4955.57
-2291.42
-71027
-181524
-182509
-228559
91895
122935
376565
-1527 18
273961
-1947 91
-2123.43
-1778 21
-943 39
-1624 71
-3127.04
-2580 85
-1658 69
-2474 60
279517
-1438.54
-2396 21
-301% 96
-78178
-2692 53
-2086 63
-517 16
47388
-861 15
ST 73
-161290
-1521 97
-1206 03
-617.00
-1043.06
-1283.1%
210583

-1809.12
-181368
-2046.97

-207167

o
024
020
019
009
0.09
017
022
Q08
020
014
006
008
007
007
031

014

018
01t
018
01
006
017
022
026
024
014
006
G114

018

Q06
002
001
000
010
012
on

019

0.05
004
023
024
on
009
.08
025
008

010

017
015
012
008
008
007
015
0.08
001
007
000
005
000
005
002
009
00s
027
009
006
013
009
017
004
016
012
013
006
001
007
010
006
005
000
001
000
000
g1s
006
008
015
003
000
026
003
on
.04
002
022
0.02
003

0.10
1.07
272
3.22
0.08
0.13
0.03
.66
14.07
1091
5.82
0.01
11.07
0.39
.71

5.28

047
2.18
269
6.56

0.98

1.29
3.54
6.08
P23
188
5.84
0.07
3.04
0.44
0.00
2.29
0.04
0.29
.70
0.04
0.20
3.04
0.08
9.50
0.00
1.25
19
0.04
304

462
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0.7516
0.3010
0.0992
0.0727
0.7833
0.7219
0.8609
0.0557
0.0002*
0.0010"°
0.0159°
0.9294
0.0009"
0.5308
0.1912
0.0216"
0.0062°
1.0000
0.1174
0.1221
0.4911
0.1399
1.0000
0.0104*
0.3218
0.0297*
0.2562
0.0601
0.0137*
0.1372
0.1701
0.0157*
0.7993
©0.0810
0.508%
1.0000
0.1298
1.0000
0. 5880
0.1002
1.0000
0.6576
0.0813
1.0000
0.0021*
0.9690
0.2636
01605
0.8477
0.0812

0.0316"
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Table 1.2 (continued 6)

Tyrosine kinase ~83817 $31.75 014 a.00 8.96 0.0029"
IGF (Insulin-like Growth Factor}

Receptor -782.95 78224 010 003 1.43 0.2312
Transducer of ertB ~1541.08 -1541.02 0.09 co8 0.08 0.7825
Transfervin -431397 -4313.88 028 024 0.22 0.6392
Thyrotropin-releasing Hormone ~1467 08 -148579 056 029 2.58 0.1079
Thyrotropin-releasing Hormooe

Receptor 1 -2128.36 ~2127.04 010 004 2.65 0,1034
Neurotrophin receptor 8 xTrkB-

alpha -263631 ~2635 68 025 018 0.85 0.3568
fast siketetal Troponin C -72963 -72851 002 004 0.23 1.0000
unitary non-NMDA giutamate

receptor subunit U1 -2679 88 -267848 on 008 0.80 0.3716
Ubiquiton-conjugating enxyme

ele -1004.42 -1004 19 017 010 0.47 0.4926
XUBF mRNA for upstream binding

factor -3674 88 -3674.85 008 oo0s 0.06 0.8083
endoplasmu reticulum UDP-

Gic/UDP-Gal transporter -1874 90 -1874.88 009 008 0.03 0.8629
UDP-glucose ceramide

qlucosvitransferase -1872 71 -1969.63 005 000 6.17 0.0130"
Uroplakin 1A 1224 81 -1224 53 009 008 0.76 0.1830
Ubiquinoi-cytochrome C

reductase complex -2538 45 ~2538.06 016 012 0.80 0.3720
Vasoditator-stimulated

phosphoprotein -2024 82 -2023.14 027 013 3.36 0.0669
Ventral antenor homecbox

orotein (Vaxi) -1566 59 -1564 85 019 009 3.27 0.0704
Ventral anterior homeobox

protein (Vax2+3) -151065 -1509 66 023 010 1.99 0.1586
Von Hippei-Lindau binding protein

1 -970.30 -966 .99 018 003 6.61 0.0102"
Val RNA binding protein ~2848 84 -2046 52 008 002 4.64 0.0313"
Vimentin® -2604.31 -2602 98 02t 0.12 2.67 0.1024
Trvptophanvi-tRNA synthetase -2707 49 2707 46 014 013 0.05 0.8242
WeelA kinase -3164.21 -316245 013 008 3.52 0.0607

WeelB. Weel-fike protein kinase -192097 -1928.30 0907 0.03 335 0.0672
Uterine sensitzation-associated

protein-1 (Wise-A) -1199.95 -1199.93 0.15 014 0.04 0.8398
Xwat-3 -73561 -731.90 008 000 7.42 0.0064™
Wilms* tumor suppressor (WT1) -2042 62 -2042.12 006 004 1.01 0.3140
Cofitin (XAC) -963.33 -863.32 014 013 0.02 0.8986
XE2 (helix-loop-hetix transcription

factor €2) 82222 -621.54 014 005 1.37 0.2410
Xefittin -2914.25 -2909 58 018 007 9.34 0.0022*
Epidermis specific senne protesse

Prss27 (Xepsin) -2417 67 -2417.48 039 047 0.38 1.0000
Fork head related (XFD1) -2136 14 -2134 92 025 012 2.45 Q.1176
Fork head protein (XFD2) -224335 -224327 020 018 Q.16 0.6938
Intereukin-1 beta converting

enzvme (Caspase 1) -249291 -2492.81 053 0.52 0.00 0.9903
Ximb (matema! BS.10 and 89.15

protein) -1367 53 -1367.30 0.15 011 0.46 0.4979
L-myc oncoqene (xL-mvc) ~1946.26 -1941.20 027 0.08 10.13 0.0015*
Xnot {homeobox protein) -1026.79 -1022.13 022 0.03 9.32 0.0023*
YGF-beta related growth factor

Xar-4 {Xnr4) -2205.24 -2204 65 038 027 118 0.2773
XmF12 -3147.93 -3147.73 0.15 019 0.40 1.0000
Xrpf (XrpF! beta 1) GA binding

protein transcription factor -1995.12 -1983.77 009 003 2.69 0.1008
ZFTF (zinc finger transcription

factor SLUG) -1368 70 ~1368 53 005 003 0.33 0.5678

ZPB (zona pellucida glvcoprotein) -2832.59 -283250 019 021 0.19 1.0000
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Table 1.3. Results of test for different nonsynonymous substitution rates in
each paralog. A three-rate model was compared to a 2-rate model (Models C and B
in Figure 1.3). Individual significance of the rate test is indicated with an asterisk at
a=0.05 and a P value of 1.0 is assigned if the ka/ks ratio (estimated by a separate
test) of the paralog with the faster rate was lower than the other paralog and/or lower
than the diploid lineage. Maximum likelihood estimates of ka/ks ratios are listed;
these ratios are not necessarily equivalent to the ratio of the number of
nonsynonymous and synonymous sites in Table 1.1 because those listed here
consider multiple substitutions at each site. See text for further details and tablewide
significance.
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Table 1.3 (continued 1)

InL) (L) ka/&s. ragier ks e ka/ks. rakio
Gane raee | ewtm | ydeall Pealee B dGplod

Actie {sheletal. alpha
e ~1107 14 ~1107 14 a0 10000 0001 2.000 Q029
Actin Receptor-Like
Kimase-2 (MLK-2) -1558.9¢ -1558.93 0% 1.0000: G.083% Q102 0.028
Activin recector It -1682.18 ~1686. 74 Q8% Q.363% 2021 2158 ©a28
Adipaphilia -
Adigese differentiation- -1464.08 -1463 22 b 4 21903 Q222 G158 Q145
AE (Amidabng Enzcene) ~3041.93 -3081. 69 Qas G488 Q0958 e.12% Q.00
Albumin (serum)™ -2576.29 -2%75.48 1.62 10000 <3126 Q.397 0287
ALDH {Aldehyde
debrvdrogendse classy -1695.87 ~160%.86 aos Q8463 Q2126 0.136 007%
Apha Globie ~S67.45 ~867.37 Q2e 1.0000 0261 Q.15% 079

-673 41 -STLR 3 GOS0 Q376 0.590 0.367
Xenopus Antence Newrat
Folds, Homeohox gene 2209 -F22.08 ao1 09149 02289 Q1% 0.139
Amvioid-Beta-le
protess precursor -2515. 71 -2511.93 7.56 Q0060 0260 2.103 0.055
Apoptosis Inhibiter 5 ~1545.94 ~1545.52 ass Q3582 Q0453 0.074 @022
AR (Androgen Receptor) -485. 22 -483 85 27 1.0000 Q0003 9.109 0.03¢
Liver L-arginase ~1220.90 -1203.75 3430 20000 ©.0001 0.8% 0.115
Arginase Tvpe 2 -1111.95 -1111.13 1.65 ©.1991 0.0435 0.099 0.011
Asrestin -1228.15 ~1227.86 Q.58 0.4455 0.092 0.058 0.033
Asparty! tRNA
synthetase -1653.61 -1653.3% 0.53 0.4685 0.0629 0.031 0.026
Aronal Homoloq 5 -508 64 -507.59 200 0.1482 0.4483 0.127 0.133
ATP synthase subunk B -867.41 -862.35 0.13 0.7152 0.2928 0.101 0.085
Bambi (TGF-beta
signating) 937.47 -935.41 412 1.0000 0.0797 o1n 0.144
Barren (brm}, 135
condensin XCAP-H -2412.75 -2417.75 0.0 1.0000 0.125 o1 0.09
Bestrophin-2 (VMD2L 1) -2003.05 -2003.03 0.05 1.0000 0.3477 0.292 0.127
Beta Globin 676.22 -575.85 0.7% 1.0000 0.2977 0.431 1.068
Complement factor 8 (8f
B) -3289.18 -3289.16 0.08 0.8282 0.4727 0.461 0.320
Biglvean -1216.00 -1215.56 0.88 1.0000 0.0487 o.111 0.126
Bicaudal-C -2057.11 -2056.48 1.26 0.2612 0.0988 0.092 0.041
Bridging integrator 1
{Amphighysin I1) -1612.92 -1611.54 277 0.0963 0.2342 0.124 0.084
Bing4 -2028.20 -2025.84 4.72 0.0298~ 0.1481 0.365 0.184
BMP (Bone
Morphogenetic Protein) -1548.64 -1548.35 0.59 1.0000 0.0458 0.058 0.061
Block of prokferation 1 -1170.45 -1169.89 112 0.2900 0.0739 0.289 0.099
Brachvury (T) -1431.37 -1430.18 2.39 0.1224 0.0601 0.143 0.067
Serine/Threonine
protein kinase -2461.01 -2460.59 0.85 1.0000 0.093 0.085 0.064
Basic transcnption
element binding protein -933.63 -933.08 1.09 1.0000 0.0848 0.079 0.210
B-cell translocation gene
1, ant-proliferative -595.49 -595.26 0.46 0.4957 0.8109 0.203 0.059
Calcium homeostasis
endoplasmic reticulum -3079.78 -3075.21 9.07 0.0026* 0.206 0.093 0.042
Calnexin -2220.62 -2220.25 0.75 0.3880 0.2773 0.120 0171
Calponin H3 {clpM3) -963.90 -963.88 0.03 1.0000 0.136% 0.063 0.056
Calreticulin -1390.33 -1390.32 0.02 1.0000 0.0478 0.074 0.093
Carbonic anhvdrase It -990.91 -989.89 2.04 0.1533 0.495 0.161 0.185
Casein kinase  alpha S
Casen kinase 1, alpha 1 -985.72 -985.02 1.40 0.2361 0.0001 0.014 0.000
CASK interacting
protens 2 -4472.90 ~4472.40 0.99 0.3194 0.2341 0.160 0.158
Procathepsin B -1185.41 -1184.99 0.84 1.0000 0.0851 0.117 0.118
Beta Catenin interacting
protein 1 -230.19 -229.50 1.39 0.2380 0.0001 0.192 0.000
Cystathionine-beta-
svnthase -707.63 -707.56 013 0.7134 0.0581 0.039 0.039
voltage-dependent
Cakium channel beta -1570.68 -1569.47 243 0.1194 0.0785 0.163 0.062
COC2 {coll dvision cycle
2. nase) ~950.92 -049.35 314 00766 0.04 0.115 0.007
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Table 1.3 (continued 2)

Catheosin £ +1360.10 -1359.73 o7 0.3841 0.1044 0.147 o
Carboxyl ester bpase -1601.04 -1600.53 102 03128 01 0.066 0.052
Carboxyl ester kpase
{bie sak-sbmulated -2007.85 -2007.67 038 1 0000 0 1469 0112 0108
Centrn -$14 7S -514.58 0.38 1 0000 0.0407 0030 0.074
Cerebetlin 2 precursor
protemn -774.15 -77386 0.59 G441l 0.2746 0326 0071
Complement factor [
(C3b/Cab inactvator) -2444.96 -2443.89 215 0.1425 0.395S 0243 0.278
Cystic fibrosis
transmembrane -4819.42 -4819.39 0.0¢ 0.8141 0.1428 0.19¢ 0.090
Cortical graniie lectin -1255.47 -1254.36 2.22 1.0000 0.1673 0.179 0.208
Choroddererma (Rab
ascont protein 1) -2445.10 -2442.40 540 0.0201° 01792 0.367 0.326
Cardohydrate
sulfotranslerase 11 -1072.50 -1071.89 121 0.2705 0.0977 0.069 0.056
Cett doath-nducing
DPFA-Wka effector ¢ -872.78 87278 0.01 [R>¥ ] 0.2069 0.128 0.149
C-Jun (c-jun proto
oncogene) -1110.08 -1110.04 0.08 1.0000 1.1428 0210 0.101
Dipeptidase 2
{metatiopeptidase M20 -1608.81 -1608.34 0.9 0.3294 Q1719 0.110 0.062
alpha-1 Collagen type I -4303.92 -4302.15 383 0.0604 01642 0227 013
Connexin 31 (Gap
Juncbon beta-3 proten) -921.02 92068 067 Q.4129 018 0140 0.042
Contactin/F3/F11
(Contacon A) -3600.35 -3600.33 0.04 0.8422 0.1801 0183 0.096
Coromn -1686.76 -1686.76 0.00 0.9977 0.153% 0129 0.10)
Cortactin -1867.07 -1866.91 032 0.5717 0.1061 0.097 0.103
Cytoplasm
polvadenylation element -1815.61 -1814.67 187 01712 0.1266 0.0587 0.036
CRY2 (cryptochrome 2) -1847.24 -1847.20 0.10 0.7555 0.1192 0.088 0.069
Crystalin, beta Al -765.68 -764.92 1.54 0.2153 0.3642 0.276 0.136
Catheosin S (CTSS) -1299.16 -1299.16 001 1.0000 03478 0237 0.183
Culind (Cu3) ~2234.9 -22M4 82 034 0.5618 00055 0.010 ©0.000
CyehnE -1503.61 -1503.18 0.86 0.3527 0.2048 0.1% 0.149
Bram Dopamine
receptor D2 -117%.53 -1175.18 077 0.3816 0.1149 0.210 0.099
Dagper 1, antagonst of
beta-catenn -3004 .40 -3002.7¢ 339 0.0655 0.187%9 0.194 0.105
Death-associated
protewn knase 1 -4610.16 ~4608.11 411 Q.0427¢ 0.0825 0.125 0.080
Drebrn-hke -1407.14 -1407 12 0.04 0 8408 0.2466 0.388 0.142
Debranching enzyme
homolog 1 -1899.47 -1897 8S 324 00719 ¢.1815 0.133 ©.084
Deleted i colorectal
cancer tumor ~621.87 41961 451 0.0338" 0 2898 1029 0.145
Desrwn ~1519.07 -1518 86 o4a3 05127 0.1035 0.18% 0.03%
Hand2 808 75 -407.34 28t Q.09 0.095% 0.126 0.000
Cytoplasmu dyoen ight:
nterediate chawm 1 -1662. 79 ~1662.78 o0 0.8756 01075 o7 0.063
Otpeptd vipeotdase 3 -2697 45 -2697.43 0.04 1.0000 0.1638 0271 0.189
Duilard 23 X~ 1224 2.3 C09%e 0.0001 0112 0011
Dystrogiycan (DAG1) ~3002. 26 -3002 58 03s 1.0000 ou 0.106 0.182
Ovstroptwn ~1764 %6 RE S 5.54 0 0186~ 0.128 0.000 0028
Hahx-Soop -t
tranmcnpbon factor XEL -505.1% ~SON. My 083 0.3%12 [At2, ) 0.193 0.066
2 (rarscrption factor
®) ~2137.3%6 1177 718 0.0074~ 0.19 0102 0.0
Rt rvesencephalon -

TeNECTEON -1839.06 -1838.73 V6 VA9 0.3 01628 Qo011
CCAAT fambhancer bindmy
prote (C/EDP), attha 3L R -2 296 '0.0920 0.1¥% 0.205 0.158
Endothabn racaptor type
A S1A30.42 -1429.5% 175 01861 0.208 0.060 ©:0%8
EF (Blonpaton Factor-1
aWpha, 425pd8) ~13%6.60 S139SA7 296 0.0908 0.018 son o0
Aurora knase A (BG2) 1498 96 <1970 o 1.0000 0079 0127 013
Engraded 2 (EW2) 91690 9156 3 1.0000 0.0605 [ RESY 0.228
Endoaphobn A
{proeniaphain A}~ M3 6L -743.20 082 Q. D68 0.2353 0.0% 0.087
£M0 (aipha endlse)
(2-phosphogivcavare -128.27 S1R22 29 397 3.0000 0.0008 0.085 0.1%0
Ere (Estrogen Receptor
sipha) REL R ] “1372.0% 29 0.088 0.0558 0077 0.0
Enhancer of spin
qroucho 226309 2200 .64 4.80 '0.0285° 0.0001 0.0% 0033
Enhancer of sevte 03 48 2399.14 468 0.0308 ©.06% ©.093 0000
Focal afhesion kinave -3396.32 B3, K .3 27 oo 0 052 0.087 0.042
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Table 1.3 (continued 3)

Transcepon fator

{tlone XLFBL) ~F5L23 -¥81 18 orn 0008 D377 0232 0086
XF0-4 ~1862 18 ~1562 03 2.2% 1.oe a.251% Q.118 G.006
Flap endonuciease- 1 ~1280.68 -1283: 52 Q32 Q5728 GO 0084 a.ore
Fetwnl -2022 10 -202t. 38 142 R 2.35¢ 034t 518
Far-Fl-related orphan

receptor {xFF1r) -1431.9¢ -1432.01 387 Q0491 3 1088 0.027 GQ17
FGE (eembryomec

Abrobiast growth factor 687 19 -687F 62 ¢33 10000 [s 3¢ 23 Qa8 0.29%
Fibroblaxt growth factor

eceptor s X ] 27 46 40a QO Gaa3* QO97%. 2173 C.048
Frnogen alohas -2850.21 ~204T 1% ©.0% 122 1593 0809 ©.21%
Fiptdhn -1817.32 -181F 29 207 1 0000 $.208 o172 0.08%
fms-related tycosine

wease 1/vascular ~2823.81 -2823 65 0.3 o578t G 4305 Qe 6.231
Frrs-mteracting proten

{NF2/meningoma -2321.61 -2321 04 118 92837 01932 0119 ©.043
alpha-fodrin {Xen aipha

4 -TOL13 IR Q.08 QITN 2.0855 0.201 0.063
<-fos proto-oncoaens -296.58 29592 132 3.2506 Q. 2441 Q.376 Q.202
Succinate

dehydrogenase -2235.14 ok Jid c78 Q 3767 2 1683 Q093 0.09¢
Frequemn -569 &2 ~56% 42 Q.0% Q.8483 20175 Q019 Q.000
Fasan -1647.17 164623 1.87 1 0000 2.091 Q0091 Q.061
Furn* ~1964 40 ~1982 83 310 [e257.+1 © 0666 Q130 0.082
Fused toes homalog -946. 42 -948 74 136 0 2441 0828 Q143 0.06%
FYN (c-Fyn, Fyn prote-

oncogene} ~160% 57 -1609.57 Q.00 10000 Qoxr 0.03% Q.011
Galectin ~1064.71 -1064.5¢ Q.34 T 56QY Q2548 0261 ©0.163
atpha subunit of Gg Gtp-

binding protewn -1100.02 -1099.50 108 1.0000 00643 ©.023 0.080
GATA-binding prodein

transknption factor -1375.95 -1375.8% @18 1.0000 23920 Q.229 Q.16%
Transcription factor

xGatas -1297.08 -1296 31 1.54 02140 G124 0.077 0.05¢
Growth hormone A <485 58 -483.57 401 G 0452 0.0501 2.268 ©.054
Guanviate inase 1 -73288 <732 16 142 02308 0.4128 2121 0.119
Givcogenn 1

{mitotic phosphoprotein -1115.08 ~1114.90 o3 05788 0.1308 0160 £.109
Holocytochrome ¢

svnthase {cytochrome ¢ -1200 74 -1197 78 593 Q0149 21613 0.705 ons
cephaix Hedgehog,

sonic hedgehog proten ~1444 97 -1444 67 0.61 0O 4353 0.2256 0237 0.170
Transcnption factor

XHENL -427 70 427 58 Q.25 06185 Q1222 0.145 Q.079
Hypoxia-nducibie factor

1 sipha -1628.67 -1627 60 2.14 01438 01676 0123 0.047
SafA - scatfold

attachment factor A -2804.6% -2803 44 249 0.1145 0.1648 o122 0.0%0
Homeobox 2/2. 3* -547.22 -$42.01 o4 1.0000 0.102 0.209 0.074
Insuln® -355.40 -354.98 31.03 0 3107 0.2341 ©.303 ©.037
Integrin beta-1 subunit® -2550.93 -2559.93 001 1.0000 0.0406 0.033 ©.051
Inversin ~4147.08 -4146.88 0.40 08277 0.3213 ©.240 0.195
Ubiquitin carboxyl-

terminal hvdroiase & -2813.14 -2813.09 Q.00 0.7679 0.14351 0097 0.056
Kf-1 protesn (Adar34) -2413 41 -2413.40 003 1.0000 031799 0.132 0.083
Kit receptor tyrosine

kinase {c-kut) -3877.21 -3877 20 0.02 1 0000 o.2273 0354 Q165
Kinesin-like oroten 2 -3095.42 +309%.37 010 07520 0.1627 0132 0.130
L1 (rédosomal proten

in -1188.43 -1187 34 215 0.142% 2.0901 oo 0.041
114 (nbosomat protein

114} -622 20 -622.20 2.00 1.0000 2.1338 o128 0.154
tamin 8 -2056.23 -2056.12 0.21 1.0000 0.151 0.138 0.128
Lamina assotiated

polvpeptude 2 -1995.50 -1994.88 1.22 1.0000 02711 0.292 0.331
Clathon, kght

polvpeptide (Lcd) 679 10 -679.06 2.08 0.7841 0.1609 0.115 0.03%
Lactate dehvdrogenase -1194.51 -1194.30 o.41 1 GO0 91167 0 166 0.219
LEF-1 (lvmphoid

enhancer factor) -1179.90 ~1179 87 0.07 0.7913 0.126% 0158 0.020
TGF -bets famdy

member Leftv-A ~1267.13 -1266.99 .28 05978 01193 0102 G114
LIM domain binding

proten +1103 34 -1102 66 1.37 0 2419 Q0001 0.018 £.000
Lipocatin (Ptads) -562.33 -$61.87 92 0.3366 Q2783 0.129 0132
LpaiR {tysophosphatidic

acid receptor) -1004 97 1004 63 .69 0 4077 0.0803 0.043 ©.000
LR {teptin Receptor) -387 a8 -387.3% .20 G653 0.1344 0.128 ©.026
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Table 1.3 (continued 4)

Upoprotein (LDL)
receptor-related proten -663 39 4639 0.00 0.97¢8 0.029¢ 0.039 0.028
Autoantigen Ls (La
protan) -1612.49 -1612 46 0.08 1.0000 o129 0.162 0179
M rofibridiar-assoc iated
oroten 1 -1361.84 -1361 83 0.01 0.9163 0.0726 0.064 0.031
Mynstoylated alanine-
nch C kinase substrate -715.64 -714.24 2.80 0.0945 0.681 0.241 0.247
XMax2 anct XMaxd -355.81 =354 92 1.38 3 0000 0.0594 0.000 0.106
Myogenn <743 15 -742.95 0.40 05295 01179 0.147 oo
Mvorennl -1153.56 -1152 70 1.7 0.1904 0399 0197 0178
N-CAM (neural cell
adhenon molecule)* -3840.77 -1837 77 6.00 0.0143° 0 310 0.201 0.22¢
NF-M1 (middle
molecuiar -3902 80 “2902 75 0.09 0 7667 0.201 onz 013
neurogensn-related 1 (X-
NGNR-1) -816.3% -816.19 0.41 1 0000 © 1907 0173 o1ire
Intemexn neuronal
intermediate flament -1577 68 -15726.87 162 1 0000 01362 0144 0.059
NK3 tranecnption factor
reiated, jocus 1 -906.58 -906.55 0.08 08105 04125 0.337 0.240
Nonmuscie myosw [I
heavy chan A -2838.50 -2838.30 0.40 0.5285 0.0866 0.059 0.05%
Nonmuscle myos
heavy chain 8 -1057.96 -1054.81 629 0.0121° 0.1306 0.012 0.036
Nucleolar-locakzed
protein NO38 -1095.93 -1093.39 5.08 0.0242- 0.0822 0 256 0.14S
Nucleobindn 1 617.99 -617.65 0.68 1.0000 0.0545 0051 0.025
Nucleoplasmin -668 03 -667.86 0.34 1 0000 0.115% 0140 0.205
Nucleovonn (Nyp88) -2630.12 -2628.34 3.56 0.0591 0.0973 0.203 0.140
OLPA (Dorphn} -956.32 -956.12 0.40 0.5265 02879 04ar3 o111
Olfactory marker protein
{XOMPY 63077 -630.69 0.16 1.0000 o 0.378 0122
OncogenesC-ets-1 (¢
et3-1b proto- -1363.14 -1363.09 o 1.0000 0.0018 0.027 0.082
OncogenesC-ets-2 {(ets-
2a proto-oncogene)* -1607.82 -1607 .81 0.03 0.9681 0.126 0.080 0.042
OncogenesC-myc
(myelocvtomatoss -1407.29 -1407.24 0.09 Q.75%6 0.094 0171 0.053
Dvnactin 2 (050} -1303.85 -1303.76 0.19 1.0000 0.0654 0.080 0.090
PACSIN2 -1232.49 -12309 314 Q02 0.148 00% 0.042
Convertase PC2 -1942 7% -1942 33 0.54 1.0000 ooTR 0072 0.012
Proivl womerase (Pnl) -525.01 -525.00 0.02 0.8849 0.08 0.057 0.080
PXC (proten inase
C.deta) -2348.88 -2348 7S 024 o619 %1002 0163 0.069
Paloglobn -2377 19 -2317 19 0.00 1 0000 0.0709 Q0S8 0.087
Panpheral myein
protesn 22 -524.87 52419 1.3% 0 2484 0.143 0055 o1l
POMC (pro-

1 93616 -936.16 Q.01 1.0000 0.26%9 0108 0.048
POU domam Gene 1 -112.08 -1118.60 6.90 0.0006° Q.1843 0.088 0.019
U3 -905.52 -902.93 sa8 0.0228" 0222 o027 oon
Phosphorylase
phosshatase (Poo28) -1730.29 -1N27.74 S.08 0.024* 01012 0.007 0.005
Protem phosphatase 4,
requlatory subunt 2 -1547.25 -1547.01 048 1 0000 0338 0.203 oarn
LIM protesn Prickie -2830 12 ~2829.73 119 02784 0185 0095 0.0%
Prolactm Raceptor ~24%0 50 -2450.0% 0.%0 1 0000 Q.30 0373 0183
Prottwmosn NVSY BitAl 0.08 07720 oxaanr 016S 0.032
Phosphorylase,
alvcogen; bram -2761.33 2961.27 o1l onn 0 1083 0.0% d.08n
RABIS (mamber RAS
oncoaene fanvity) 4.0 ¥ 19 1.02 0312 Q ONes 01 0.033
Rac GTrase -570.80 -570.62 0.5 05506 (2033 0.0 0.000
RadS1 -3008.02 -1007 68 2] 0 ¥77 Q.05 0.01% 0.0t8
Raa-1 129827 R%) B33 028 6199 0.0%Q 0.196 ©0.066
Rl mbevacting proven
(rhp gere) RaWA 192597 RN 6.06 0.0138 003 0305 0.05%
e -596.9% -596.62 067 1.0000 0.0227 0.000 o0
Ratinox acil recepor
soha -13R 37 ANB A2 %0 .00%0™ 0038 0Ny 0.0
RDEIS (retmat
Sewragation REes B41 1296 33 48 00278~ 0 Y6a? oy 0.106
TO/DenEenn (16 38) AP AW 1082 .0030 2N o0 0.083
L -1265 ¥ 1268 a1 .08 1.0000 0189 LX) X
Rhodoosm Rt 2.3 118y 120 02638 0.085% 0a7s o
Ringo (933 nnpo, 826)
{romnd mducer of G 2M -uys. [RE3 % (] P24 ] 1.0000 01928 .58 0.480
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Table 1.3 (continued 5)

RIO snane 2 ~205%.42 ~2058. 40 204 Q.8403 . 194ar 0.0 9 128
Rwddt (RWO doman

contmmeg LY -B6% 37 BELGT 140 23 0. 2687 0.13¥3 0.08«
Retinal homeobox & -Y078.3§ ~LATR ST 78 0 384 OMF ¢ 514 Q080
Rxtd (retimond %

recegtor beta) -13R a8 -L¥F 62 24308 D 0582 Q.12% 0072
Sister chromsatd:

cabeson estabfishment 254 3% -B56. 30 [¢19 03 1.0000 Q1817 Q24 Q151
sxmdecan 2 (Pepanan

suifabe probeogivean 1, 62608 62898 210 L0000 @.387t o278 G063
Sek- 1 recapior tyrosine

indie ~3004.62 - 3004 86 Q.07 £ G000 0063 0.048: 0.005
Selercprotein 1 -1370.88 ~1370.18 139 10000 Q. 206 o178 0.067
Selencproten T 42 66 ~4R2, 5B o118 1.00600 Q 1943 0.120 Q000
Septin 11 -1010 26 -1010.26 .00 1.0000 LR34 Q.0&F Q054
septin A (NISeptA) -1096. 18 -1096. 18 e .] 10002 0781 a073 @000
serumigiicocormcid

regutated lonase -1¥7%.08 -1360.08 1400 GO002 .01 0.243 Q.050
Shab 1l {detared

rectifrer potasswm e -565 96 -363.87 &18 Q.6¥5 0261 0.058 o017
Sush-nderacting prodesn 811 1% -B10. 14 262 0. 1555 0.3826 Q230 0.092
Sloan-Kettering virat

ancagene homalog -2307 30 -2307.27 a7 10000 0.128 0.154 0.050
Histene stemn-loop

binding protesn {SLBP) -987.60 -987. 14 108 1.0000 0.2134 ¢.221 027t
suc L-assaciated

neurotroghic factor SATSE2 -1787 20 Q05 C.8283 o137 G.242 0.09¢
Soxll (AS1Y) ~1242.28 -1242 53 34 2 5600 0.0678 .19 0.05%
Sox17a (HMG hox

transcrotion factor ~137%.31 ~1373.93 ary Q0290 © 2106 0.245 Q132
Soni8 (Transcription

factor SOX-18) -1103.03 ~1102 73 Q.60 1.0000 0.1917 Q.13 0.085
P22 -549 87 -548 77 220 1 0000 0.0465 0.082 0171
Sparc -1017.59 -1015.41 43S @.0370* O 2467 Q101 0.044
Spats2

{spermatogenesrs -3964.55 -1962 01 5.08 0.0242° 0.420¢ ©.100 0.160
Spermatid perinuciear

RNA binding protein -1633 67 -1631 70 3193 0.0474" Q297 0213 0.116
Sprouty-2 105590 -1055 30 119 Q.2745 02637 0.204 0.132
Sulfde gunone

reductase-tike (veast) -1522 53 -1522 47 018 0. Y454 ©.1095 0177 0.060
Sre (ppélc-sre protemn) -1645 5% -1645 50 G0 1.0000 0.057 0.066 0.013
Staonwcakn 1 -881 87 -880.69 1.76 0.1847 © 1693 0.108 0.070
Stavfen | -1450 62 ~1450.60 006 08138 0.1882 ¢.161 0.100
Stress-induced-

phosghoproten 1 -1837.99 -1837 77 D 4a 1.0000 0.1874 0.130 @061
Stomatn 45591 -455.56 0.68 0.40%0 0.1148 0.030 0.046
Strabssmus ~1558 21 -1554 0S5 8133 0.0039* 0.0455 ©.000 0.008
SUG1 ~1166 7% -1166.58 034 0.5597 0.0156 0.011 0.007
transiation mitiation

facror SUIL -319.22 -319.22 0.00 1.0000 0.0001 0.000 0.000
Sumo -302 70 -300.61 4.1 0.0407° 0 2404 ©.000 0.000
Survivin (Xgvvl) -548 96 -548 91 014 1.0000 01112 0133 0136
Synaptobrevin -349.33 -347.27 413 0.0422* 0.2793 0.000 0.060
Synaptophvsin -1011 08 -1010 9% 023 0.6348 0.2607 0.144 0076
XwntS inbubitor sqried

{s2l} -970 3% -969.81 110 1.0000 Q.1416 2138 0154
TAF-beta -795. 51 -795.81 000 O 9% 0 0464 0.054 0.033
T-box transcnption

factor ToxS -365.56 -365.56 201 09145 0.0548 0.034 0 000
TCRaeta subunt -656. 30 ~655 0 or 1 0000 Q2344 9228 0258
Bax Indudator-1, testss

enhanced gene -779 13 -779.03 021 0.6462 0.3343 Q179 0034
TRX-fused protew TFG £1256.21 ~1256.19 0.06 1.0000 01182 o108 0.10%
Thyrowd Hormene

Receptor alpha* -1309.97 -1308 31 332 0.063¢ 0.0517 0110 0.043
Thyroid Hormone

Receptor beta™ -1137.02 -1136.78 Q48 0 4881 00654 0.101 0.022
Mesoderm Postenor

{(Mesp) -1190.88 +1190.84 009 1 9000 0.2263 0 267 0224
cytotoxe granule:

assocated RRA binding -1215 41 $1214.22 238 01229 00738 003 0.016
TIAR -1259 .56 -1258 98 117 0.2802 00523 0.174 0.026
Tyrosine kinase -508 3% -508.10 039 05338 0075 0.324 0.000
IGF (Insubin.tike Growth

Factor) Recepter -483. 58 -483.03 108 0.30% 0 0807 0145 0033
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Table 1.3 (continued 6)

Transducer of erb8 -939.50 -936.92 5.16 0.0221" 0.0319 0.119 0.079
Transferrin -2744.61 -2742.98 3.28 0.0714 0.279 0.244 0.236
Thyrotropin-releasing
Hormone -1001.41 -1001.15 0.51 0.4701 0.6228 0.509 0.293
Thyrotropin-reledsing
Hormone Receptor 1 -1271.59 -1270.76 1.67 0.1961 0.139 0.060 0.044
Neurotrophin receptor B
xTrkB-alpha -1704.67 -1704.04 1.26 0.2620 0.3707 0.169 0.181
fast skeietal Troponin C -447.63 ~446.93 1.39 1.0000 0.025 0.000 0.040
unitary non-NMDA
alutamate receptor -1625.32 -1625.29 0.06 0.8108 o173 0.106 0.080
Ubiquiton-conjugating
enzyme e2¢ -647.60 -647.60 0.00 0.9681 0.3764 0.108 0.099
xUBF mRNA for
upstream binding factor -2230.17 -2230.17 0.01 0.9227 0.0859 0.100 0.087
endoplasmec reticuium
UOP-Gic/UDP-Gal -1107.87 -1107.63 0.48 0.4895 0.0561 0.139 0.083
UDP-gilucose ceramide
glucosyitransferase -n12.1 -1212.70 0.03 08711 0.0324 0.073 0.000
Uroplakin 1A -N6.72 -716.67 0.09 0.7593 0.095 0.078 0.054
Ubiquinol-cytochrome C
reductase comolex, -1530.74 -1530.64 0.19 0.6647 0.202 0.127 0.116
Vasodilator-stimulated
phosphoorotein -1235.12 -1233.74 2.7¢ 0.0968 0.3691 0.181 0.125
Ventral anteror
homeobox orotein 975.47 -974.31 231 1.0000 0.1796 0.231 0.0688
Ventral anterior
homeobox protein -912.94 912.73 0.43 0.5125 0.1763 0.287 0.102
Von Hippel-Lindau
binding probein 1 -601.05 -602.90 Q.30 0.5818 0.17% 0.181 0.027
Va1 RNA binding proten -1805.61 -1805.29 0.65 0.4216 0.055 0.105 0.018
Vimentin® -1625.30 -1624.60 1.40 0.2366 0.3532 0.136 0.120
Tryptophanyi-tRNA
svynthetase -1700.97 -1700.92 0.09 1.0000 0.1188 0.169 0.128
WeelA kinase -1913.28 -1912.26 1.99 0.1586 0.0771 0.228 0.077
WeelB, Weel-lie
vrotein kinase -1009.34 -1089.34 0.00 1.0000 o.08 0.066 0.032
associated protein-1 -766.25 76582 0.85 1.0000 0.1458 0.173 0.138
Xwnt-3 -415.24 -415.13 0.21 0.6454 0.0341 0.115 0.000
Wilms' tumor
suporessor (WT1} -1209.61 -1209.45 0.32 0.5730 0.0995 0.036 0.037
Cofilin (XAC) -595.44 -595.26 0.37 0.5422 0.2643 0.0812 0.125
XE2 (hedix-loop-hetix
transcription factor E2) -362.86 -36213 1.05 0.300 0.1487 0.1117 0.045
Xefiktin -1745.75 -1742.77 5.97 0.0146° 0.1503 0.1932 0.0
Epidermis specdic serine
protense Prss27 -1622.08 -1622.08 0.00 1.0000 [ X% ) 0.3615 0.4a68
Fork head related
(XFD1) -1398.08 “1397.93 0.30 1.0000 0.287 0.2408 0123
Fork head protein
{XFO2) -1445.08 -1441.53 1 0.0077* 9.3813 0.1054 0.1%%
Interdeukin- 1 beta-
CoNverting enzvme -1733.46 -1733.32 0.27 0.6020 0.4472 0.6068 .58
Ximb (maternal 89.10
and 89.15 protwin} 8795 |73 9 0.1688 00777 0.2514 0.109
L-mye oncogene (xt-
mve) -1225.21 ~1224.63 116 0.2909 .28 0.255 0.050
Xnot (hormeobox
protein) -648.13 5069 .44 .0000 S22 0.223 0031
TGF-beta relasted growth
factor Xne-4 (Xrwd) -1500.96 -1498.69 4.5 0.0334 398 0.3794 0.269
XmF12 ~1907.36 -1907.36 0.00 1.0000 ¢ISB 0.1538 6.198
Xrpf (XrpFl beta 1)
GA binding protein -1212.90 REisX o.08 1.0000 €137 0.0668 0%
ZFTF (zinc Ginger

factor N 8749 8.3 0.0039" ©.0001 0.1058 0.034
278 (2one pefucids
Qivoopromin) ~1776.40 -1773.26 ©.27 90123 Q4215 %.08 o
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Table 1.4. Tests for complementary patterns of substitution using the paralog
heterogeneity test and runs test for dichotomous variables on nonsynonymous
and synonymous substitutions. P values of paralog heterogeneity tests are
reported for two (P2) or three domains (P3). Tests were not conducted if there were
a small number of substitutions in one paralog (see text); individually significant
values (P < 0.05) are indicated with an asterisk.
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Table 1.4 (continued 1)

paralog parslog
heterogeney test Runs haterogenedy test Runs

Gene name [2] P3 test (23 (4] test
Actin (sheletal aipha 3)° - . - 0.7400 01220 00789
Actvin Recepior-Like Kinase-2
{ALK-2) 01000 0.0920 0.4093 0.9950 0 9860 0.645)
Activin receptor I 0.9e20 0.5800 0.7317 0.9900 09770 0.2607
Adipoptulin (fatvg) 0.8370 0.9420 0.4892 0.9040 0.0980 0.302¢
AE (Amudating Enzyme) 0.4300 0.0150" 0.334 06140 0.2600 0.0325*
Albumin (serum)* 0.0670 0.1480 0.0978 0.0340* 00270 0.0030*
ALDH (Aldehyde dehydrogenase
class1) 0 4040 0.5930 0.0245* 09310 0 9280 0.7483
Alpha Globm 0.0580 0.1290 0.3911 0.1130 01110 09449
Amelogenin 0.9460 0.9490 0.7877 03210 0.5720 06611
Xenopus Antenor Neurai Folds,
Homeobox qene 0.6340 0.2430 0.8382 0.505S 0.5850 0.1097
Amnylod-Beta-like proten
precursor 0.1890 0.0690 0.7964 0.9470 0.8260 0831
Apoprosss Inhidsor S 0.5590 0.7620 0.5438 0.0680 0.0000"  0.2401
AR {Androgen Receptor) . - . . . .
Liver L-arginase - . - - - -
Arginase Type 2 0.9605 0.3690 0.9160 0.0420 0.1330 0.0263°
Asrestn 0.8500 0.9520 0.0744 0.2410 ©0.3350 0.5997
Aspartyl tRNA synthetase 0.0390* 00500 0.7193 0.8010 0.7460 0.6021
Atonal Homolog S

0.4560 0.6530 0.9517 0.3490 0.4740 0.2661
ATP synthase subunt 8 0.2150 0.3730 0.8601 0.4210 0.4670 0.6387
Bamb: (TGF-beta signalimq) 0.1640 0.1990 0.2208 0.1110 0.48¢0 0.7151
Barren (brm1, 135 condemsin
XCAP-H subunit) 0.2580 0.1580 0.4487 0.6180 0.785%0 0.5241
Bestrophin-2 (VMO2L.1) 0.6130 0.3680 0.6110 0.3750 0.5800 0.0398=
Beta Globin 0.8320 0.2550 0.6675 02020 0.3870 0.0539
Complement factor B (Bf B)
(MHC class 1T gene) 0 1060 0.2570 0.0263" 0.7600 0.3280 0.7251
Bagivcan 0.8110 9.8570 0.2370 0.7615 0.9020 0.9060
Bacaudal-C 0.0990 0.1840 0.4466 0.0260* 0.0580 0.2421
Bridging integrator 1
{Amohohysmn I1) 0.4140 0.0590 0.0489° 0.2790 0.1000 0.0159
Bng4 0.5030 0.3060 0.8368 0.8370 0.7930 0.2028
BMP (Bone Morphogenetx
Protasn) receptor 0.2950 0 4630 0.082% 0.96%0 0.9340 0.5981
Block of prodiferaton 1 0.8470 0 9680 0.4702 0.920 0.9720 0.5475
Baachyury (T) 0.7340 98290 0.8311 ©.3200 0.2140 0.9600
Serine/Threonne protewn kinase
{c-RMIL) 0.3610 Q.3880 0.0799 0.0920 ©.3110 0.3378
Basic rancnption slement
tending protewn - - - 0.1560 0.0730 osny

0.0020° Q000 Q2248 0.9360 ©.9%60 0.4624

Calcum homeostass endoplasmm

retcylum protewm 0.3930 0.6020 0.5054 0.9630 0.9260 05813
Cainexmn 0.12720 0.0410° 0.1412 0.1050 0.3100 04393
Calponin H3 (clpH3) 0.6890 0.1180 ©0.85008 0.5410 03980 ©.0332*
Calretic Jlin 0.9660 0.6980 0.5890 ©£.0820 0.1230 0.3Nn9
Carbon anhydrase 11 0.7540 0.8250 0.8223 ©0.1570 0.2430 0.2826
Casemn lonase [ aipha S

(Csnkial) - - - 0.6480 0.8260 0.3338
CASK mtera<tng protesn 2 0.72150 0.3920 0.6820 0.8890 0.9810 0.3%09
Procathepsn 8 0.2950 0.5220 0.1503 0610 0.8300 o8rs2
Beta Caterwn snberactmg protesn 1

{catnbiol) - - - - - -
Crstathwnme-bata syrthase 0.9055 0.9780 0.98%9 03290 0.2900 ©0.0220°

-dependent Cakwm
channel beta subunt 0.2210 0.370C 0.7708 0.0030* 00010* O0.0016"

COC2 (colt deersion cycie 2.
knate) 0.75%0 97275 06180 04510 06620 0.50D8
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Table 1.4 (continued 2)

Cathepsin E 0. 7390 0823 9.2405. Q630 08130 26720
Carbour! ester lipsse Q 408Q Q. 3060 Q.1230 B 0.9820 29987
Cartoxyl ester lipase {die saits

shimegiated ipase) Q. 2600 Q. 4630 X 1366 0. 1220 0.2550 Q6596
Centrin - - - 028G 00640 a.7910
Ceredeltin 2 precursor protesr QIO O 4840 0287 Q. 7430 o3>3 ) 3.3 8
Complement factor T

{CToACal mactvator) Q5450 0 1890 2622% Q1150 Q30 2.9131
Crstic Abrosss tansmemivane

conductance regilaton Q.2330 Q1230 [iXek- 04 8- 7403 02130 Q7162
Comcall granuie lectin Q9030 Q0% 0.6420 Q1878 00600 09816
Choncuberermn {Rad escort

protein 1) Q9N 0. 9580 Q3848 Q.9080 Q8220 .32
Carbohydrate sulfotransierase 11

{Chatil) QO800* 0050 QGe8L 2.0850 Q1210 [ 3¢31:]
Cell OFFA-Ble

effector ¢ (CIDE-Jalpha) 0.8900 0.0950 Q1297 Q390 04880 068538
C-Jun proto-oncogens

(AP-1, Activator Protesn) 05330 0.3180 02779 Q.8340. Q.8780 0.882%
Digeptidase 2 { metallopeptdase

MO famiiv} 20820 Q.0680 Q€265 Q9720 06230 Q2856
alpha-1 Cotiagen type IT 4680 Q.6020 Q.277& Q.774Q 0. 4640 03927
Conpexn 31 {Gap runction beea-3

protew) 0.45%0 07090 0. 5085 2.3350 0 5310 2111%
ContactnfF3/F12

{Contactin &) Q6620 06330 [+ 34553 Q €030 Q7100 2.3673
Coromn 0.6960 0 7560 G 1042 Q.1880 0.0840 Q6329
Cortactin ©.3380 02220 Q.1964 03250 0.2430 2.24390
Cytoplasmic polyadenylabion

element binding protewn 0.5150 95510 1500 ©.0810 01160 ©.503%
CRY2 {ceyptochrome 2} 0.605%0 Q.7140 09125 08280 Q.3240 [
Crystaiin. beta A 0.4790 0.2740 Q.7333 6.0470*  0.1710 Q3194
Cathepsin S (CTSS) 0.22%0 0.3150 0.3667 0.9040 0.9180 a.5787
Culhnl (Cuid) - - - 0.9600 09800 Q1359
CychnE 0.7740 0.8660 0 4828 0.2905 ©0.5040 09573
8cain Doparrune receptor D2 0.1905 0.3920 0.9106 Q.7660 09070 06155
Dapper 1, amtagomst of beta-

catenin {Frodo) o110 0.279%0 0.0330* G.1670 0.3930 01575
Death-associated proten kinase 1 01160 02520 G 2031 0.1680 02480 06978
Drebrin-hike Q.5960 0.3390 07424 0. 4060 07530 Q.7693
Debranching enzvme homolog 1 00840 00230 01703 02750 0.3600 3.6467
Deleted :n colorectal cancer

tumor suppressor 0.7980 0.8880 Q.2120 0.0320* 0.0870 0.6148
Desmin 0.3950 ©.1030 0.7144 0.2150 03320 0.3864
Hand2 - - - 0.0870 01760 0.3609
Cytoplasrmic dynein ight-

mtermediate chain 1 (DLICI) 0.1120 €.3120 0.2669 0.0450°  0.0150* 0.4997
ODipeptidyipeptidase 3 0 4620 0.3870 09269 0.4830 0.6660 0.6671
Duilard - - - 0.9970 0.2390 0.7573
Dvstrogivean (DAGL) 0.0200*  0.0180* 04725 0.9880 0.9720 0.6865
Ovstrophin - - - - -

Helix-loop-hekx transcription

factor XEL G.7510 0.8880 0 4700 0.4400 07140 0.5255%
E2 {transcnption Factor £2) 0.0750 01690 O 4547 0.0810 0.0830 6111
et-mesencephalion-olfactory

transcnption factor 1 (Epf2) 0.7320 0.18%0 0.1397 0.6830 2.8520 0.2250
CCAAT/enhances binding proten

{C/EBF}. aipha 0 8830 0.9420 0.8050 0.1565 ©.4400 0 7463
Endothehn receptor type A 0.8160 0.8900 09590 0 2060 0.0520 0.3882
EF {Elongation Factor-1 aipha.

425048) - - - 06735 0.6400 0.6702
Aurora lunase A (EG) ©.3510 0.6200 0.7224 G.1830 00170 0Q.6086
Engraded 2 (EN2) 00860 01510 0.038%" 0.2880 0 4300 21781
Enkephaiin A {proenkephahn AY* 0 3460 Q1860 9.1074 0.0060* 00230 O 335
ENO {2-phosphogivcerate

dehydratase. enclase) - . - 06460 0 6550 0.0764
Era {Estrogen Receptor aipha) O 850 09580 08933 0 2800 0 080 O.1%%
Enhancer of spik groucho - - . 39710 0 9840 06392
Enhancer of reste Q080 01220 Q6242 02060 O 1450 [
Focal aghesson kenase Q490 Q6820 04403 0 9550 O 9960 0.8084
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Table 1.4 (continued 3)

Transcnption factor (XLFB1) 00065" 0.0135° 0645 00810 © 0860 04077
XFD-4 0.0640 0.2600 01903 00490 00100 0 1606
RAap endonuciease-1 04820 0.1360 01732 0 1800 0.1740 0.7857
FetunB 02430 0.0460*  0.1642 Q0970 0.178% 0.8815
Rz-F1-related orphan receptor

(xFF1n) - - - 0.2580 03030 0.7223
FGF (embryonw fibroblast growth

factor 4) ©0370°  0.1190 00161 0 8960 Q.9440 0.4253

Fibroblast growth factor receptor 01220 0.0390*  0.0096° 0.1170 0 2820 0.3214

Fibrnogen alpha 0.9360 0.8470 0.6547 0.0290 0.1480 0.9566
Flotdbn 0 2900 0.3810 0.5994 01060 01100 0.7183
fms -related tyrosine kinase 1 0.1570 0.0860 0.1745 09250 0.9295 08388
Fms-interacung protein

(NF2/meningioms reqion) 01090 0.2410 08749 0.4720 0 1460 0.1974
alpha-fodrn (Xen alpha 1)

spectnn, non-ervthrocytic 1 0.7290 0.2140 0.8795 0.2800 01920 0.4670
c-fos proto-oncogene - - - 09110 07200 0.5726
Succnate dehydrogensse

compiex, Flavoprotem 0.2180 0.5340 0.4492 0.2970 0.3850 0.0920
Frequenin - - - 05350 0.6050 0.2395
Fasan 0.9360 0.2290 06556 04370 0.7640 0.4719
Funn® 0.2300 0.8900 062313 0.2700 0.0230°  0.2427
Fused toes homolog 0.6440 0.9130 0.4064 0.8050 0.1930 0.2861
FYN (proto-oncogene ¢-fvn) - - - 0.6440 0.8310 06285
Galectin 0.0120"  0.0240" 0.0067" 06210 0.7610 05696
alphd subunat of G Gtp-binding

protan (G protemn) - - - 0 0850 0.0090°  0.0896
GATA-binding proten

transcnpton factor GATA-1 0.6110 0.7870 0.5850 0.9630 0.7578 ¢.7088
Transcnption factor xGataS 0.1780 0.3270 0.5439 0.8810 0 8680 0.5995
Growth hormone A - - . 0 3020 0 4050 09931
Guanviate kinate 1 0 6450 0.5520 0.7104 0385 0.0610 01831
Glycogenn 1

(wutotic phosphoprotemn 45) 02920 0.4810 0.0168* 04530 0.5320 0.0426"
Holocytochrome ¢ synthase

{heme.lvase) (hcts-prov) 08270 0.8800 0 6069 0.0000* 00030~ 011N
caphaix Hedgehog,

sonic hedqehoq protem 4 0.1360 0.25%0 0.7%61 10000 0.2430 229
Transcnpbion factor XHENT 0.5965 0.8335 0.8002 0.4720 0 3660 0.6467

Hypoxss-inducible factor 1 alpha 0.3860 0.4590 04948 0 2890 Q3720 9.3111
SafA - scaffold attactment factor

A 00830  0.0400° 052 0.0020° 00320° ©0.9182
romeobox 2/2.3" 0.2830 0.1520 04867 00430° 00730 06198
Insuba" 02435 0375 0282 07480 01270  ©3%27
Integrin deta-1 subune* 02110 0.0120° 0122 00770 02850  0.7%90
Inversin 0.37%60 0.1510 0 0062 © 5350 0.8610 Q 2as7
Ubiquitin carboxyi-mrmenal

hydrolase S (Isopeptdase T} 0320 00890 005" 09170 0330 02310
Kf-1 proten (Adgr34) 0.4800 0.5%20 0.4633 02820 0.0880* 03209
KR receptor tyrosene unase (<-

k) 0 9880 0.9720 03827 03110 06370 04323
Kinesin-hie protesn 2 03860 05980 08SM 07350 02580 0ANS
L1 (nbosomal provem L1) - - - 02470 0680 0.7082
L14 [rbosomal proten L14) 03205 06370 0573S 08860 09290 04501
Larnn 8 0.1300 0.0380* 0.39a3 0 9800 0.9200 0. 7841
Lamina assocuted polvpeptde 2 0.9880 0S7S0 0.1%66 05910 06820 08860
Clathnn, kgt polypeptide (Led) 08260 09380 06637 02010 02860  0.0051*
Lactate getydrogenase 07910 0.7%0 0430 00770 01800 OO
LEF-1 (lymohod enhancer factor)  0.03%0° 0.1130 0.78%0 0.0280° 0.0650 0.8752

TGF-beta famuly member Leftv-A O 0600 0.1750 00729 0 9070 0170 0.1087

UM domam dndmg protenn . - - 0 3020 08630 01558
Loocin (Pmds) 01710 0.2980 0433 0a320 03150 0 0834
pe1R (Iysophosphatadx acdd

receptor) - - - 0 3450 0.0910 0 0093~
LR (Lt Receptor) - - - 0.73%0 053160 03189
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Table 1.4 (continued 4)

Lepoprotan (LDL} raceptor-reiated
orotn & - - - 09160 D 1930 0 821s

Auzoantaen La {La proten) O %40 0.0880 ¢ 3856 0.2680 0 3845 0.5%43

Mg rohbeilar-associaed proten & Q7820 O 060 2508y 03908 L6050 0.B731
Myristoyiated slanne-nch €

kinase substrace 0.04¥  0.13%C 04264 29825 9830 O.4k53
XMax2 and XMand . - . 0.0985 0,283% 0 4237
Meoqemn Q.7340 08170 G.9276 0.015G* Q.0470% G167
Mvopemint 0.9160 2.4210 2.7304 0.4280 23700 O 4516
R-CAM (neural cell adhesion

molecube)” 300 20610 0.2543 0.8070 02460 0.1001
NF-ML (rruddie mmolax war

neurofiament) o730 Q6870 0.765% QII7C 0335C 0.7672

Aeurcgemn-related 1 (X-NGNR-1)  0.8650 Q9730 LR Fo4:3 03230 & 3000 0.7386
Internenin meuronal intermediate

filament proten 00510 00160 000583 7430 7870 02816
NK3 transcnption factor related,
koze Q.4280 Q6400 ©.0406 00370 020%%0 Q0308

Honmuscle myosin I heavy chain
A 0.9980 0.9420 S3INne 02110 0.0800 0.225%

Nonmuscle myvosin heavy chan B - - . 00930 0.0580 09894
Rucleolar-iocatized protein NO38 0.9130 Q9320 T Q8350 07310 Q.3799
Nucleohndin 1 - - - Q.8760 0.6070 0.4252
Nucleoplasemin 0.9280 08993 G993 0.960G 09230 0.8325
Nucleoponn (NupSE) Q7300 08010 0.4510 0.25%0 o580 0.2907
OLPA {Dorpiun) 0.4540 0.e580 01583 0 947G 09780 0 5285
Olfactory marker proten (XOMP} 0 1330 0 2650 0.5306 05180 O 7480 0 021%*
OncogenesC-ets-1 (¢c-ets-1 proto.

oncogene)™ 0.4370 0.5880 Q8562 ¢ 3230 0.4850 0.748%
OncogenesC-ets-2 {c-e2s-2 proto-

oncogene)” 0.1075 0.3050 02922 0 9440 06940 0.9549
OntogenesC-my

{mvelocviomatosis}® 08950 08800 Q6704 DR :-¥i vl 3820 0 6145
Dunactin 2 (050} Q7620 ©.88% £.437% 2 6740 01360 01604
PACSING 0.6450 0.§570 0.4387 0.1490 C0X0™  0.73%0
Convertase PCY 09310 0.9200 08661 Q9770 @. 7990 10000
Protvl isomerase (Pinl} 0.9520 09340 04904 0.810 0.9180 0.9834
PKL (protesn kinuse C delta) 0.8900 G975 G.3247 0 5820 0.7520 Q.790%
Plakogiobm 0 9010 0.97C £.825% 0.9120 0.9540 0.9874
Pencheral mvelin proten 22 - - - 00490 90170* 00831
POMC {pro-opromelanacortin}* 1680 Q290 0.9937 00590 01780 05733
POU domain Gene 1 - - - 06580 0.8700 0 5370
POU3 . - - 0.0730 01500 0.5944
Phosphorylase phosphatase

(Pop2B) . B 04770 0.075C 0.8485
Protein phosphatase 4, requistory

subunit 2 {Popard) 0.3360 0.4300 £.3293 0.8360 08900 0.1810
LIM protemn Prickie 0.5210 05850 D235 0.6660 0 7960 0 1445
Protactin Receptor 0.8250 0.940G 0.5260 Q3670 0.6460 0.0834
Prothymos:n 06825 0 7520 09170 Q 2450 Q2720 01542
Prosphorvisse. givcogen. brawn 0780 0 2840 G BSO4 00720 02070 0 581%
RAB18 (member RAS oncogene

famity) . . 01870 03570 0.5402
Rac GTPase - . - Q4420 0.4800 0.4481
Rad Sl - B - 00780 0.267¢ 00483~
Raa-1 0.4860 Q729¢ 0.437% 01530 0.3000 00198
Rat mteracting proten {thp) -

RAIA (RalB-tindmq proten) 0639 O 7080 Q.9260 G.3500 0 6870 06030
Ralg - - - O 460 071 o B398
Retinone acx receptor alpha O 8690 0.93%¢ oM Q1050 Q01720 03800
RDSIS (retinat degradation

slow/penphenn) 0 1450 0.048G" 00883 Q887C 0930 Q 5518
ROS 38/penphenn 4350 VEISH 0.2368 22150 00060 05074
Regusem 0B 8800 a9277 LR35 0 7810 o158
Rhodopsin - - - 0. 7880 01360 0.82¢C
Ringo (P33 ringo. K26} D 4820 O 8930 33147 2 P08 08100 o 189
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Table 1.4 (continued 5)

RIC kinase 2

Rwdd1 (RWD doman contamng
1

Retnal homeobox A

Rxrb (retinod X receptor beta)
Sister chromatd cohesion
estabishmaent factor (SCC2)
Syndecan 2 (heparan sulfate
protecqivean 1}

Sek-1 receptor tyrosine kunase
Seienoproten |

Selencproten T

Septin 11

Septin A (XISeptA)

sarum/gh ocortic o reguisted
nase

Shabi2

Sesh-interacting proten
Sloan-Kettering vical oncogene
homolog

Hisone stem-loop bnding protewn
(SusP)

Sucl-associated neurotrophx
factor target

Sox11 (XLS13)

Sox17a (HMG box transcrpbon
factor Sox17-alpha)

Sox18 {Transcnption factor SOX-
18)

SP22

Sparc

Spats2 {spermatogenes:s
astociated, senne-nch 2)
Spermatd pernuciear RNA
binding proten

Sorouty-2

Sulfide quinone reductase-bia
Src (ppSOC-sre protesn)
Stannwcakn 1

Staufen 1

Stress -nduced -phosphoproten 1
Stomabin

Strabsmus

SUG1

translabion mtiabon factor SUEL
Sumo

Survivin (Xsvvl)

Synaptobrevn

Synaptophysin

XwrtB inhibtor sizzied (s2l)
{pative wnt inhibinr frab3)
TAF-Tbeta

T-box transcripion factor ToxS
TCRrets subunt

Bax Inhitor-1, testrs enhanced
Qane transcript

TRX-fused protesn TFG

Thyros tHormone Receptor aipha*

Thyrod Hormone Receptor beta™

binding protern (TIAL)
TIAR
Tyrosine knase

IGF (Insulin-lke Growth Fector)
Receptor

0.0080*
09650
0.6920
0.0690
0.1740
0 0%60
0.4450
0 9560
0.5485
07230

04365

0 5655
0.7%60
G.2605
0.6610
0 9550
09730
0.9110

03730

Q.7860
0.2910
0.2420
0 0490
0.0730
02630
0 5290
Q 6000

04100

0.2610

0.0700

0 5800

0.6870
0.9190

0.9500

.01
0.4630
02810
o.52%

04330

0.0080*
0.9300
0.7470
0.170
0.3000
0.1240
0.27200
0.3960
0.4950
0.8160

0 6628

0.6585
0.9400
0.5020
0.6700
0.6790
0.7600
0.9370
0.3430

0.2890
0.2280
0.1680
0.1910
0.1980
0.4510
0.3150
08130

0.520

0.1200

0.2660

0.1720
0.4110

095720

0.13%
0.3200
0.0570
06300

0.63%0

0.1706
0.6986
0.8166
0.1411
0.1234
0.6430
078852
0.6204
06713
0.4990

08733

0.7982
0.7601
0.9736
0.57297
0.3862
[+X:3¢:)
0.6604
0.9661

0.1551
0.183%6
0.2962
0.12%
0.8676
0.629%
02126
0.2474

0.6479

01277

0.4390

0.1814

0.323
0.083S

0.7028

0.a98
0.9606
0.1501
0.30n0

0.1190

0.1520
0.9830
0.1990
0.6290
0.8160
0.6160
0.62¢0
0 0890
0.5470
0.8600
0.32%0
0.72720
0.2110
0.80720
0.5360
0.0030*
0.7130
0.9280
0.1985
0.1230
0.8350
08310
0.2930
0.8430
0.5870
0.2%0
04295
0.6770
0.2915
0.0090*
0.8120
0.7430
0.8220
0.2230
0.7260
0.0610
0.0190°
0.0220*
0.7:00
0.2660
0.0900
0.1470
0.3650
0.80%0
0.2520
0.9530
08120
0.0990
09210
0.3170

0.1030

©.3850
0.350
0.4380
0.8350
0.7580
0.7800
0.7470
©0.1000
0.5950
0.8290
0.2040
0.6350
0.41%
0.8500
0.6530
Q.0020°
0.3240
©.8150
0.37%0
0.29%
0.5630
0.9380
0.4000
09310
0770
0.2850
0.71480
0 203
0 4800
0.0680
0.39%0
0.8270
0.3380
0.4310
0.6540
0.0%60
0.05%0
0.0050*
0.8320
0.425%0
01310
0.22%
0.9540
0.900
0.380
0.7620
0 7180
0.20%0
Q.7800
0.5000

©.1880
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0.7642
0.5107
09749
09051
0.951
o.on2*
03719
0.0917
Q.7794
0.7254
01428
0.3501
0.5980
0.9484
0.3125
0.8836
06108
0.6637
0.0410
0.0399
0.3881
0.72497
0.5665
0.7448
©.3808
0.0242
0.59%
0.9
08918
0.6135
0.8533
0.6505
0.7509
0.3948
0.8864

0.0150"

06087
063N
0.1651
06234
[-X 2.
0.55%
0.7929
0.0537
oNned
[-X %)
0.1358
02212
0.5804
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Table 1.4 (continued 6)

Transducen of echB - - - 0 8EFS [ 7c o [T 13
Tranafersim AR 02500 ©.$726 QB3 Qo290 QXRTF

pre-raie 2.9500 [ i Q247> o F0 Q.20 & 3408
Raceptor L .33 o.0Ma* 02020 3o v QPP [32-:.1
Neurotrophin receptor B xTrki~
alpha Q.90 T Qnrr QT Q130 O.0064
fast shaletal Woparmn C - - - DOFA 02000 0.5226
umitary nee-NIMOA glutamate
recepton sisbumit U1 Q. 7040 ey o] Q. 2989 0 M O a0 S3T%
(> Q4920 B0 Q4993 2000 Q3090 4857
XUBF mRNA for upstream inding
factor Q. 2980 O B860 Q2009 o850 [ 0] ©.8087
endoplasaic reticulsm DR
G AUDP-Gall transporter - - - QR Q06 Q. 7941
UDP-ghacose cerarmide
glucosyitransierase DY va 3 ¥ Y 2. Q9406 QETIR REeTX 0.445%%
Uroplakin 1A Q. 4600 0,550 Q.0ess™ worn 0082 .5115
Ubiquinct-cytachrome C
reductase complen 06230 0.0 Q1405 2.3330 ©.1720 0.6988
Vasodilator -stirmukated

" 0.5510 06800 ©.3386 0.1890 0.346C 0.199¢

Ventrat anterior homeobox
prote:n {Vaxl) 0.8400 2.3190 0.7649 0.8850 0.3990 08373
Ventral anterior homeobox
protein (Vax2+3} 0.6000 0.5930 0.1202 0.7720 0.8220 0.7571
Von Hippel-Lindau binding probein
1 ©.1505 0.1650 0.3194 0.7070 .70 0.5620
Vg1 RNA binding protein 0.5360 0.6320 0.8041 6.8670 0.5650 0.3260
Vimentin* 0.1470 0.3280 0.3921 0.7860 0.7540 0.5623

Tryptophanyi-tRNA synthetase 0.7810 0.3300 0.5103 0.6000 0.6990 0.0039™

WeelA kinase 0.0970 0.2020 0.0660 0.2340 Q.5120 0.9277
WeelB, Weel-like protein kinase  0.96840 0.7280 0.7931 0.7710 0.9380 0.1604
Ukerine sensitization-associated

protein-1 (Wise-A) 0.0620* 0.0810 0.1216 0.1900 0.1670 0.1914
Xwent-3 - - - 0.318% 0.36%0 0.4151
Wilms® tumor suppressor {WT 1} 0.7780 0.8320 0.7008 0.1450 0.4540 0.3598
Cofilim (XAC) 0.1640 0.2510 0.9734 0.8820 0.889%0 0.6422
XE2 (helix-loop-helix transcription

factor E2) - - - 0.7920 0.7570 0.2385
Xefiitin 0.4580 0.1710 0.0494* 0.0220 0.0270* 0.0595
Epidermis specific serine protease

Prss27 (Xepsin) 0.9450 0.2570 0.1439 0.9700 0.9770 0.4597
Fork head related (XFD1) 0.2590 0.3860 0.0002 0.9960 0.7630 0.5750
Fork head protein (XFD2) 0.3585 0.0660 0.7029 0.9400 0.9670 0.8595
Interleukin-1 beta-converting

enzyme (Caspase 1) 0.1570 0.1240 0.8462 0.1510 0.3260 0.5056
Ximb (maternal B9.10 and B9.15

protein) 0.2820 0.3970 0.0270* 0.1200 0.1450 0.1260
t-myc oncogene (xL-myc) 0.2650 0.1680 0.1837 0.0250* 0.0070*  0.1856
Xnot (homeobox protein) 0.2560 0.1340 0.8942 0.0950 0.1770 0.5087
TGF-beta related growth factor

Xne-4 (Xnrd) 0.5660 0.0350 0.2998 0.0730 0.1270 0.9123
XenF12 0.1590 0.1970 0.7625 0.9740 0.9970 0.6248
Xrpf {XrpFl beta 1) GA binding

protein transcription factor 0.1800 0.2550 0.0086* 0.1360 0.1890 0.3775
ZFTF (zinc finger transcription

factor SLUG) - - - 0.7740 0.2720 0.5955
ZPB (z0na pellucida giycoproten)  0.9910 0.6300 0.3384 0.7100 0.857% 0.6232
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CHAPTER 2

Duplicate gene evolution and expression in the wake of vertebrate
allopolyploidization

Chain, F.J.J., D. llieva, and B.J. Evans (2008) BMC Evolutionary Biology 8: 43.

PREFACE

The findings from chapter one led us to explore the possibilities (i) that our
estimates of functional constraints have become obscured with time, and (ii) that
duplicate gene expression divergence might play a prevalent role in preserving
paralogs. Because we found most duplicate genes had similar functional constraints
yet relaxed compared to a singleton ortholog, we examined the possibility that
selective forces acting on them changed over time. We also compared duplicate
gene expression in search for patterns consistent with temporal, spatial and
quantitative subfunctionalization across 5 distinct developmental tissue types.

ABSTRACT

The mechanism by which duplicate genes originate — whether by duplication
of a whole genome or of a genomic segment — influences their genetic fates. To
study events that trigger duplicate gene persistence after whole genome duplication
in vertebrates, we have analyzed molecular evolution and expression of hundreds of
persistent duplicate gene pairs in allopolyploid clawed frogs (Xenopus and
Silurana). We collected comparative data that allowed us to tease apart the
molecular events that occurred soon after duplication from those that occurred later
on. We also quantified expression profile divergence of hundreds of paralogs during
development and in different tissues. Our analyses indicate that persistent duplicates
generated by allopolyploidization are subjected to strong purifying selection soon
after duplication. The level of purifying selection is relaxed compared to a singleton
ortholog, but not significantly variable over a period spanning about 40 million
years. Despite persistent functional constraints, however, analysis of paralogous
expression profiles indicates that quantitative aspects of their expression diverged
substantially during this period. These results offer clues into how vertebrate
transcriptomes are sculpted in the wake of whole genome duplication (WGD), such
as those that occurred in our early ancestors. That functional constraints were
relaxed relative to a singleton ortholog but not significantly different in the early
compared to the later stage of duplicate gene evolution suggests that the timescale
for a return to pre-duplication levels is drawn out over tens of millions of years —
beyond the age of these tetraploid species. Quantitative expression divergence can
occur soon after WGD and with a magnitude that is not correlated with the rate of
protein sequence divergence. On a coarse scale, quantitative expression divergence
appears to be more prevalent than spatial and temporal expression divergence, and
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also faster or more frequent than other processes that operate at the protein level,
such as some types of neofunctionalization.

INTRODUCTION

Gene duplication can catalyze the evolution of novel function by providing a
respite from purifying selection (Ohno 1970). The most common fate of a
duplicated copy, however, is nonfunctionalization (pseudogenization), raising the
question of how and why both copies of some duplicates manage to persist as
functional entities. Interestingly, duplicate gene longevity is positively correlated
with the scale of gene duplication — duplicate genes derived from whole genome
duplication (WGD) typically persist for a longer period and evade pseudogenization
at a higher frequency than those generated by segmental duplication (Amores et al.
1998; Ferris and Whitt 1979; Nadeau and Sankoff 1997; Wendel 2000). Therefore it
appears that mechanisms that promote duplicate gene persistence in polyploid
genomes are either different from or more effective than those that operate on
duplicated genes generated by segmental duplication. This is probably because
mechanisms specific to polyploid genomes, such as stoichiometric requirements /
genic balance, increase their longevity (Freeling and Thomas 2006; Lynch and
Conery 2000; Papp et al. 2003a; Veitia 2003), whereas characteristics specific to
segmental duplicates, such as incomplete coding regions and regulatory elements
decrease theirs (Katju and Lynch 2003). Furthermore, prezygotic isolating
mechanisms could increase assortative mating within ploidy levels (Husband and
Schemske 2000), facilitating speciation of polyploids and fixation of their duplicated
genome in a new species. In clawed frogs, for example, second generation
backcrossed hybrid females can produce a clutch comprised of fertile polyploid
individuals of both sexes (Kobel and DuPasquier 1986; Kobel 1996). Sympatric
speciation could be essentially instantaneous if these polyploid siblings interbreed
and if reproductive incompatibilities exist between them and the lower ploidy
parental species. In contrast, segmental duplicates begin as polymorphisms whose
probability of fixation and time to fixation depend on genetic drift and natural
selection (Clark 1994).

If stoichiometry is important, then an incentive immediately exists to
preserve unadulterated versions of both copies of duplicates generated by WGD.
Duplicate genes could also persist without functional change after duplication if
overexpression is advantageous (Kondrashov et al. 2002; Larhammer and Risinger
1994), if there is selection against expression of a defective protein (Gibson and
Spring 1998), or if neofunctionalized alleles were already segregating prior to
duplication (Lynch et al. 2001). However, if neofunctionalizing mutations are rare
or not very advantageous, or if population size is small, pre-duplication
neofunctionalization is unlikely to be a common mechanism for duplicate gene
persistence (Lynch et al. 2001; Walsh 1995), although clearly it has occurred (Dulai
et al. 1999). Duplication could also facilitate the resolution of conflicts that arise
from gene sharing — when two distinct protein phenotypes arise from the same
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transcriptional unit — such as if an altered expression level is advantageous in one
tissue but disadvantageous in another (Piatigorsky and Wistow 1991). In duplicates
generated via WGD by allopolyploidization, heterosis from interactions between
diverged subgenomes could contribute to duplicate gene longevity without
necessitating altered function after duplication (Evans 2007).

An alternative explanation is that persistence of duplicates is triggered by
genetic modification of one or both paralogs after duplication. For example,
duplication could permit each copy of a multifunctional protein to specialize on a
subset of the ancestral activities, thereby reducing pleiotropy (Hughes 1994; Hughes
1999). Duplicates might also be preserved if each paralog degrades in a
complementary fashion (Force et al. 1999; Stoltzfus 1999) or if one or both paralogs
acquire novel function (Goodman et al. 1987; Ohno 1970). The post-duplication
neofunctionalization model, for example, posits that one gene copy carries out the
ancestral function(s), while the other one evolves neutrally and then acquires
beneficial mutations by chance during the early stages of evolution (Ohno 1970).
Once a new function is achieved, purifying selection is expected to dominate later
stages of evolution. Neofunctionalization could occur with complete loss, partial
degradation, or retention of ancestral function (He and Zhang 2005b). The
duplication-degeneration-complementation model, also known as
subfunctionalization, posits that after duplication each paralog degenerates in a
complementary fashion such that the action of both is necessary to accomplish the
full suite of ancestral activities (Force et al. 1999; Lynch and Force 2000).
Subfunctionalization could occur at the expression level through degeneration of
paralogous expression profiles in a spatial, temporal, or quantitative dimension
(Force et al. 1999; Lynch and Force 2000; Postlethwait et al. 2004). It could also
occur at the protein level through complementary degeneration of different
functional domains (Force et al. 1999) or as a consequence of activity compromising
substitutions (Stoltzfus 1999). The cellular location of expression also has an impact
on protein function, and subcellular relocalization could facilitate or catalyze the
evolution of unique functions in paralogs (Byun-McKay and Geeta 2007).

If genetic modification triggers the persistence of both paralogs, it must
occur within a few million years after duplication or else one copy will likely
become a pseudogene (Lynch and Conery 2000). Moreover, the tempo of genetic
modification after duplication may be dynamic, wherein changes that occur when
the duplicate is young differ in frequency or nature from those that occur later on.
After subfunctionalization or post-duplication neofunctionalization has occurred, for
example, purifying selection is expected to increase. Additionally, some of these
mechanisms for duplicate gene retention are not mutually exclusive and could
operate concurrently or sequentially (Chain and Evans 2006; He and Zhang 2005b)
and this could also be associated with temporal changes in functional constraints. To
better understand the genetic basis of duplicate gene survival, it is therefore useful to
consider their early stages of evolution separately from their later stages (Lynch and
Conery 2000; Moore and Purugganan 2003; Su et al. 2006; Wendel 2000).
Comparison of young to old duplicates suggests that the rate of nonsynonymous
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substitutions is higher on average in younger duplicates (Jordan et al. 2004; Lynch
and Conery 2000; Nembaware et al. 2002). This observation was interpreted as
evidence of relaxed purifying selection immediately after duplication that was then
followed by increased selective constraints as the duplicates aged. However,
because pseudogenization rapidly transforms most young duplicates to singletons, it
is not yet clear the degree to which evolution of young duplicates is indicative of the
early stages of evolution of those exceptional duplicates that evade pseudogenization
for dozens of millions of years.

To understand why so many duplicates persist after WGD, such as those that
occurred in the ancestor of jawed vertebrates (Dehal and Boore 2005), teleost fish
(Amores et al. 1998), and salmonid fish (Allendorf and Thorgaard 1984), additional
information is needed about temporal dynamics in protein evolution and expression
in the earliest stages of this type of genomic metamorphosis. In particular, we
would like to dissect apart the molecular changes in the protein-coding region that
occurred when persistent duplicates were young (an early stage of duplicate gene
evolution) from those changes that occurred in the same duplicates after they
became old (a later stage of duplicate gene evolution). Also of interest is the
question of whether and how quickly paralogous expression profiles diverge after
WGD. Polyploid clawed frogs (Xenopus and Silurana) are a useful model for
studying early genetic events in vertebrate WGD because two independent instances
of tetraploidization occurred fairly recently (Chain and Evans 2006; Evans et al.
2004) and because subsequent speciation events occurred after both of these WGDs
(Figure 2.1A).

Previous studies have used this system to compare molecular evolution
before and after WGD (Chain and Evans 2006; Hellsten et al. 2007; Hughes and
Hughes 1993; Morin et al. 2006). These studies indicate that purifying selection on
X. laevis paralogs is relaxed compared to single-copy genes in the diploid species S.
tropicalis (Chain and Evans 2006; Hellsten et al. 2007; Morin et al. 2006), compared
to single-copy orthologs in mammals (Hellsten et al. 2007; Hughes and Hughes
1993), and compared to single-copy genes in X. laevis (Hellsten et al. 2007). Using
different statistical methods, independent tests on different genes found evidence for
asymmetric amino acid substitution in 4-6% of expressed paralogs in X. laevis
(Chain and Evans 2006; Hellsten et al. 2007). We have used this system to explore
duplicate gene evolution over different time intervals after WGD (tetraploidization),
and to evaluate expression divergence of the resulting paralogs in X. laevis.

RESULTS

In Xenopus and in Silurana, because a tetraploid ancestor speciated, the
timing of molecular changes that occurred after allopolyploidization can be
dissected apart into two stages: an “early” stage of duplication — after
allopolyploidization but before speciation of the tetraploid ancestor — and a “later”
stage of duplicate gene evolution — after allopolyploidization and speciation of the
tetraploid ancestor (Figure 1). This permits the testing of alternative evolutionary
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scenarios of duplicate gene evolution. Moreover, the likelihood of sequence data
can be quantified under a model with no change in the rate ratio of nonsynonymous
to synonymous substitution (Ka/Ks ratio) before versus after tetraploid speciation,
and it can be compared to the likelihood of an alternative model in which there is a
different Ka/Ks ratio during these two stages of duplicate gene evolution. This
analysis is not the same as a comparison of young to old duplicates, which involves
comparing different genes that were duplicated at different times — instead it allows
comparison of an early stage of evolution to a later stage of evolution of the same
duplicates.

Synonymous divergence

We collected and analyzed sequence data from fragments of hundreds of
expressed paralogs from multiple species with an aim of teasing apart early from
later mutations in the protein coding region of persistent paralogs generated by
WGD (Figure 2.1). In Xenopus, an analysis of 80,856 concatenated base pairs (bp)
of expressed paralogs indicates that synonymous substitutions per synonymous site
(Ks) between X. laevis paralogs (XLa and XL in Figure 2.1B) is 0.2111, and Ks
between the alpha paralogs of X. laevis and X. borealis (XLa and XBa in Figure
2.1B) is 0.1393. This suggests that Ks between paralogs in the “early” stage of
duplicate gene evolution is up to 0.0718, depending on the location of node 2 in
Figure 2.1B. Most synonymous divergence between paralogs therefore accumulated
after tetraploidization in Xenopus (Figure 2.5), which occurred roughly 20 to 40
million years ago (Chain and Evans 2006) or maybe more (Evans et al. 2004).
Silurana allotetraploids are about half as old (Evans et al. 2004).

Rapid and persistent purifying selection after duplicate gene evolution

After allopolyploidization, these paralogs were rapidly (immediately or soon
after WGD) subjected to strong purifying selection. The level of purifying selection,
while relaxed relative to singletons (Chain and Evans 2006; Morin et al. 2006), did
not vary substantially between early and later stages of duplicate gene evolution.

More specifically, a combined analysis of thousands of codons from
hundreds of expressed paralogs from X. laevis, a X. borealis ortholog, and a S.
tropicalis ortholog, indicates that a more parameterized model of sequence evolution
with a higher Ka/Ks ratio during the early stage of duplicate gene evolution than the
later stage is not preferred (P = 1.00, Table 2.1, Figure 2.1B). In fact, a branch-
specific model of evolution indicates that the estimated Ka/Ks ratio in the early stage
of duplicate gene evolution is slightly lower than in the later stage (Table 2.1). When
these data were partitioned by gene fragment the results were the same — there also
was not a significant difference in the Ka/Ks ratio at the early compared to the later
stage of duplicate gene evolution (Table 2.1). Additionally, a model in which the
Ka/Ks ratio of the early lineage is allowed to be lower than one is significantly better
than a model in which this rate ratio is fixed at the neutral expectation of one (P <
0.00001, Table 2.2) and this analysis also produced the same result when the data
were partitioned by gene fragment (Table 2.2). Similarly, branch-site models reveal
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a higher proportion of positively selected sites in the later lineage (0.00893%) than
the early lineage (0.00061%; data not shown).

Tests of the individual loci have low power because many are small
fragments (see Table 2.3). Nonetheless, analyses of 660 fragments from 350
individual loci echo the results of the analyses of combined multi-locus data. The
distribution of Ka/Ks ratios in the early and later stages of duplicate gene evolution
is similar (Figure 2.2A) and more fragments have a significantly higher Ka/Ks ratio
at a later stage (8 fragments) than at an earlier stage (6 fragments), and this
difference is not significant (% test, P=0.997). Additionally, the number of
fragments with a higher Ka/Ks ratio in the early stage than the later stage
(significant or not) was lower (156 fragments) than the alternative (262 fragments; P
= 1.0; see Table 2.3). That Ks in the early stage of duplicate gene evolution was
similar to or lower than in the later stage (Figure 2.1, see Supplementary
Information), indicates that sampling bias of synonymous substitutions (Chain and
Evans 2006; Wyckoff et al. 2005), if present, would bias our analysis of individual
fragments towards detecting a higher Ka/Ks ratio in the early stage, which is not
what we observed.

The neutral expectation (Ka/Ks equal to one) is significantly rejected in the
early lineage of 62 out of 136 individual loci with more than 200 bp (see Table 2.3),
and when this ratio is estimated for the early lineage, only 7% of them have an
estimated Ka/Ks ratio above one. Taken together, these results indicate that
purifying selection was as strong, if not stronger on these duplicates in the early
stage of their evolution compared to the later stage.

Early neofunctionalization could potentially result in no difference between
the Ka/Ks ratio in the early and later stages of duplicate gene evolution if genes in
the early stage experience either positive selection or purifying selection, whereas
genes in the later stage experience either relaxed purifying selection or purifying
selection. While we can not rule this possibility out because positive selection and
relaxed purifying selection both increase the Ka/Ks ratio, a regression of Ka/Ks to
Ks for each fragment in the early and later stage of evolution indicates that (positive
+ relaxed purifying) selection is less prevalent in the early stage than the later stage
(Figure 2.2B).

Radical amino acid substitutions are not more common in early versus later
stages of duplicate gene evolution

New functions may be achieved by “radical” substitutions — replacement of
one amino acid with another that has very different physical properties (Hughes
1999; Hughes et al. 1990). While this is certainly not a requirement for new
function to evolve, we nonetheless explored this possibility using a Bayesian
approach to estimate the number and frequencies of elemental substitutions — the 75
amino acid substitutions that can occur via a single nucleotide change — at an early
and a later stage of duplicate gene evolution, and also in the diploid lineage (see
Supplementary Information). Results indicate that elemental substitutions were not
more radical in an early stage (Mantel Z statistic =2.4119) than in a later stage (P =
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1.0000). In fact, radical substitutions were slightly more prevalent in the later
lineage (Mantel Z statistic = 2.4680). Elemental substitutions also were not
significantly more radical in the entire X. laevis paralog o lineage (between node 1
and XLao of Figure 2.1B, Mantel Z statistic = 2.43823) than in the diploid lineage
(between ST and node 1 in Figure 2.1B; Mantel Z statistic = 2.3920, P = 0.1396).
Similar results are obtained when the radicalness of elemental substitutions is
categorized according to alternative criteria (data not shown; Zhang 2000).

Simulations were performed to test whether ancestral bias toward more
conservative substitutions in the early stages of duplicate gene evolution could
explain these results, but this was not the case. Simulated elemental substitutions
from a reconstructed ancestral sequence were not more conservative in the early
stage of duplicate gene evolution than the later stage (P = 0.6529). As expected,
these simulations, which were not under purifying selection, were significantly more
radical than the observed data (P < 0.001).

Caveats

We performed additional analyses to address various concerns about the
sequence dataset from X. laevis, X. borealis, and S. tropicalis. One consideration is
that differences or changes in population size could affect the Ka/Ks ratio because
slightly deleterious nonsynonymous substitutions are more likely to become fixed
when the effective population size is small. Based on the geographic distribution and
molecular diversity of mitochondrial DNA (Evans et al. 2004), the effective
population size of X. borealis is smaller than that of X. laevis. However, we found
that the Ka/Ks ratio of X. laevis paralogs during the later stage was slightly higher
(0.1555) than the corresponding lineage of X. borealis (0.1338). This discrepancy
was not significant in a two—sided test (P = 0.1790) or in a one-sided test because we
expected the ratio to be larger in X borealis (P = 1.0). To ensure that we were
comparing ratios in expressed duplicates in both species, we included in this
comparison only those data for which expression of both paralogs of both species
was confirmed (37,194 bp). We note that more substitutions of both types occurred
in X. borealis suggesting that the overall rate of evolution may be slightly higher in
this species. A lack of significant difference in the Ka/Ks ratio suggests that the
difference in effective population size between X. laevis and X. borealis had a
negligible impact on the Ka/Ks ratios of many of their orthologs.

A second consideration stems from the possibility that a substantial portion
of the early lineage of duplicate gene evolution evolved in a diploid (between nodes
1 and 2 in Figure 2.1B) as a result of the putative allopolyploid origin of the ancestor
of Xenopus tetraploids. Because the Ka/Ks ratio of clawed frog paralogs is slightly
higher after genome duplication than before it (Chain and Evans 2006; Morin et al.
2006), the Ka/Ks ratio of this entire branch (between nodes 1 and 3 in Figure 2.1B)
could be lower than the Ka/Ks ratio of the portion of this branch that evolved after
duplication (between nodes 2 and 3 in Figure 2.1B). To explore this issue, we
analyzed expressed sequences from another dataset derived from S. tropicalis and
two closely related tetraploids (9717 bp). Similar to the analysis of X. lgevis and X.
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borealis paralogs, the branch-specific tests of Silurana paralogs do not provide
evidence for an increased Ka/Ks ratio in an early stage (between nodes 7 and 8 in
Figure 2.1C) versus a later stage of duplicate gene evolution (between node 8 and
EPa in Figure 2.1C; P = 1.0; Table 2.1), nor an increased frequency of radical amino
acid substitutions at an early stage of duplicate gene evolution (Mantel Z statistic =
2.7193) compared to a later stage (Mantel Z statistic = 2.1991, P = 0.0882).
Simulations indicate that the early stage of duplicate gene evolution in Silurana was
not significantly biased towards more conservative substitutions (P = 0.5651), the
branch-site test reveals no evidence in the concatenated data for positively selected
sites in the early branch (although it does on the later branch; data not shown), and
the partitioned branch model analysis reveals the same results as the concatenated
branch model (Tables 2.1 and 2.2). Also similar to the analysis of X. laevis and X.
borealis paralogs, the branch-specific tests of Silurana paralogs illustrate that
functional constraints during the early stage of duplicate gene evolution were
significantly below neutral expectations (Table 2.2).

A third consideration is that allotetraploidization of the common ancestor of
Xenopus tetraploids occurred immediately before the first speciation of this ancestor
(in other words that the time between nodes 2 and 3 in Figure 2.1B is very small). If
this were the case, then it would be more informative to compare an “intermediate”
stage of duplicate gene evolution — a period after the first tetraploid speciation in
Xenopus but before subsequent tetraploid speciations (i.e. between nodes 3 and 4 in
Figure 2.1D) — to a later stage of duplicate gene evolution — after an even more
recent tetraploid speciation event (between node 4 and XL« in Figure 2.1D). This
issue was addressed with additional sequences (6966 bp) from the tetraploid species
X. gilli and X. muelleri that made possible the further dissection and hypothesis
testing of the temporal dynamics of evolution after duplication (Figure 2.1D).
Based on their close phylogenetic relationships (Evans 2007; Evans et al. 2005;
Evans et al. 2004), we used X. gilli when we knew both X. laevis paralogs were
expressed, and we used X. muelleri when we knew both X. borealis paralogs were
expressed. Similar to the other analyses, this comparison revealed that the Ka/Ks
ratio is not significantly higher in the intermediate stage compared to the later stage
of duplicate gene evolution (P = 0.16; Table 2.1) and that the frequency of radical
amino acid substitutions at the intermediate stage of duplicate gene evolution
(Mantel Z statistic = 2.4073) is not significantly higher than at a later stage (Mantel
Z statistic = 2.0645, P = 0.0887). Simulations again confirm that the intermediate
stage was not significantly biased towards more conservative substitutions (P =
1.0000), the branch-site test reveals no evidence in the concatenated data for
positively selected sites in the early branch or the later branch (data not shown), and
the partitioned branch model analysis again reveals the same results as the
concatenated branch model (Tables 2.1 and 2.2). These additional analyses thus
provide strong support that purifying selection acted rapidly — within millions of
years — and persistently — over tens of millions of years — after WGD in clawed
frogs.
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Expression divergence

We used microarray data to compare expression profiles from five
developmental stages and adult tissue types (treatments) of hundreds of paralogous
pairs generated by WGD. Our analyses included developmental treatments from four
distinct developmental stages (egg, tadpole stage 11, tadpole stage 18, and adult).
Unlike the egg and tadpole stages, however, the adult stage is represented by data
from each type of gonad instead of the entire individual. Because the primordial
germ cells appear long after the tadpole stages that we assayed (stage 44;
Nieuwkoop and Faber 1956), these data provide a coarse perspective on spatial
expression in four distinct tissue types: undifferentiated egg, pooled embryonic
tissue (which do not have developed gonads), adult testis, and adult ovary.

We performed a power analysis to explore the possibility that cross-
hybridization of non-target paralogs could affect the inference of paralogous
expression profiles. We compared results from (a) a low paralog specificity analysis
that included all probes on the microarray, including ones that cross hybridize to
both paralogs, (b) a medium paralog specificity analysis that excluded probes whose
sequences cross-hybridized to both paralogs, and (c) a high specificity analysis that
excluded probes having up to three mismatches with a nontarget paralog.
Additionally, we used two intensity thresholds, “standard” and “conservative”, as a
basis for the detection of expression of each paralog in each treatment (Methods).

Qualitative comparisons across this developmental series and these tissue
types indicate that the bulk of paralogous expression divergence after WGD in
clawed frogs is on a quantitative rather than a temporal dimension (Figures 2.3, 2.4).
This would be expected if these paralogs were expressed in a highly specific manner
in only one of the developmental stages or tissue types that we analyzed. However,
many of these paralogs were expressed in multiple tissue types and multiple
developmental stages. Consider for instance the 841 paralogous pairs for which the
presence/absence expression profile of each paralog was identical in the medium and
high paralog specificity analyses (Figure 2.3). In the medium specificity analysis at
the standard threshold, 94% of these paralogous pairs were both expressed in at least
two treatments and 75% were both expressed in all five treatments.

When both paralogs are expressed, comparison of their expression profiles
can indicate either that (a) both are expressed at the same developmental stages and
tissue types (identical spatial and temporal expression), (b) the profile of one paralog
is a subset of that of the other one (overlapping spatial and temporal expression), or
(c) both paralogs have distinct components to their expression profiles (distinct
spatial and temporal expression). In the microarray expression data from X. laevis,
when expression of both paralogs was detected, almost all pairs had identical or
overlapping expression profiles in terms of the developmental stages and tissue
types in which expression was detected (Figure 2.3). This was true regardless of how
conservatively we scored presence/absence of expression or the specificity of the
probes on the microarray. Only 2—7% of these pairs included paralogs that both had
a unique expression profile wherein one paralog is expressed at a developmental
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stage or a tissue type where the other one is not expressed, and vice versa (Figure
2.3).

In contrast to the overall similarity in the developmental timing and locations
of paralogous expression, quantitative aspects of a high percentage of paralogous
pairs have diverged substantially (Figure 2.4). In the medium paralog specificity
analysis for example, 62% of the paralogous pairs also had a Pearson correlation
coefficient that was below 0.866, a value below which were 95% of the correlation
coefficients between non-paralogous genes. 27% of the paralogous pairs had a
correlation coefficient below 0.5. Similar proportions were found in the high
paralog specificity analysis (results not shown). At the end of this extreme, 0.3% of
the paralogous pairs (3 pairs) in the medium paralog specificity analysis had a
correlation coefficient that was more negative than -0.861, a level below which were
only 5% of the correlation coefficients of the non-paralogous expression profiles.
These three paralogous pairs are expressed in all treatments according to the
standard detection threshold and have the following accession numbers
(NM_001092603 and NM_001091285, NM_001091759 and NM_001093475, and
NM_001091931 and NM_001094047). Their annotations are rudimentary, but the
first pair may be involved with RNA splicing and the third pair has sequence
similarity to collagen alpha (1) precursor. The normalized expression level of each
pair indicates that in most of these treatments, the expression of one paralog is above
the median expression level of that paralog across the five treatments whereas the
expression of the other paralog is below it.

DISCUSSION

Neutral evolution of gene duplicates eventually leads to pseudogenization of
one copy, and the time for this to occur depends on the size of the mutational target
(sequence and length of the gene and the level of degeneracy of cis-regulatory
elements), the rate and biases of molecular evolution (such as the rates of nucleotide
substitution, insertions/deletions, and transposable element mobility), and the
effective population size of the species (pseudogenes take longer to fix in larger
populations) (Kimura 1980; Takahata and Maruyama 1979; Watterson 1983). Non-
neutral evolution, however, can curtail pseudogenization. In polyploid clawed frogs,
duplicates generated by WGD are subject to more severe functional constraints than
the neutral expectation, even though these constraints are relaxed relative to a
singleton gene (this study; Chain and Evans 2006; Hellsten et al. 2007; Hughes and
Hughes 1993; Morin et al. 2006). Furthermore, even though the typical half-life of
duplicates from a variety of organisms (Lynch and Conery 2000) is much lower than
the time since tetraploidization of clawed frogs, it is clear that many paralogous
pairs are still expressed in Xenopus (Chain and Evans 2006; Hellsten et al. 2007;
Hughes and Hughes 1993; Morin et al. 2006), suggesting the action of natural
selection to preserve their expression. If these paralogs are retained for enough time,
functional constraints presumably would increase to a pre-WGD level. However,
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here we demonstrate that these constraints did not substantially fluctuate for dozens
of millions of years following genome duplication.

One explanation for this observation is that the early stages of duplicate gene
evolution occurred before these genomes became disomic (diploidized), and that this
resulted in increased purifying selection on both duplicates in the early stages of
their evolution. Indeed, some chromosomes may take longer than others to evolve
disomic inheritance after WGD (Allendorf and Danzmann 1997; Ferris and Whitt
1979; Gaut and Doebley 1997) and polysomic inheritance has been reported at one
locus in the dodecaploid species X. ruwenzoriensis (Sammut et al. 2002). However,
we removed from our analysis sequences that exhibited signs of gene conversion or
recombination (see Supplementary Information) — events that might indicate
polysomic rather than disomic inheritance. Additionally, disomic inheritance can
occur instantly or soon after WGD by allopolyploidization (Osborn et al. 2003) and
disomic inheritance of alleles occurs immediately in laboratory generated polyploids
of Xenopus (Miiller 1977). These observations argue against functional constraints
on these paralogs being buoyed by polysomic inheritance in an early stage after
allotetraploidization.

The stasis of functional constraints over these early stages of paralog
evolution in clawed frogs contrasts sharply with studies of young and older
duplicates generated from WGD in non-vertebrates and from segmental duplication
in vertebrates. For example, over a level of synonymous divergence similar to
Xenopus paralogs, older paralogs of the fungus and plant polyploids Saccharomyces
cerevisae and Arabidopsis thaliana are more constrained than younger ones (Lynch
and Conery 2000). Likewise, human paralogs with synonymous divergence
between 0.05 and 0.1 have a Ka/Ks ratio of about 0.47 but those with synonymous
divergence between 0.1 and 0.5 are more constrained with a Ka/Ks ratio of about
0.37 (Jordan et al. 2004). Although those comparisons involve different sets of
genes in each taxon, it is worth noting that functional constraints immediately after
WGD are more severe in Xenopus paralogs, which have a lower Ka/Ks ratio of
0.105 — 0.158 (Table 2.1). These results suggest that (a) the evolutionary trajectories
of duplicates generated by segmental duplication differ from those of paralogs
generated by WGD and/or that (b) the early stage of evolution of duplicates that are
destined to persist differs substantially from that of most young duplicates (the bulk
of which rapidly degenerate to singletons). These results are consistent with the
observation that young paralogs that evolve quickly are less likely to be retained in
the long run (Brunet et al. 2006; Davis and Petrov 2004; Jordan et al. 2004;
Shakhnovich and Koonin 2006). Stoichiometric constraints/genic balance is one
plausible explanation for more severe and persistent functional constraints on WGD
paralogs in clawed frogs as compared to singletons in other organisms (Freeling and
Thomas 2006; Lynch and Conery 2000; Papp et al. 2003a).

Temporal dynamics of molecular evolution of expressed duplicates appear to
differ in frogs (this study) and yeast (Scannell and Wolfe 2008). While purifying
selection is relaxed after WGD in yeast and in X. laevis, nonsynonymous
substitutions were more prevalent during an early stage of duplicate gene evolution
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than a later stage in yeast (Scannell and Wolfe 2008) but not in X. laevis (this study).
There are multiple possible explanations for this difference. Because the yeast
species examined in (Scannell and Wolfe 2008) have a larger effective population
size than the frogs we studied, purifying selection in frogs would have to be stronger
in order to substantially curtail the fixation of slightly deleterious nonsynonymous
substitutions by genetic drift. Perhaps then, the initial phase of duplicate gene
evolution — a period during which purifying selection is relaxed compared to
singletons but before post-WGD increases in functional constraints are apparent at a
molecular level — is more drawn out in frogs than in yeast as a consequence of their
different population sizes. Another possibility is that the selective regime following
WGD varies between yeast and frogs as a result of fundamental differences in the
nexus of protein-protein interactions, functional specialization, complexity, and/or
redundancy. It is also possible that the periods of time after WGD that were
compared in each of these studies could differ substantially.

If post-duplication neofunctionalization of protein structure is to promote the
persistence of both paralogs, amino acid changing nucleotide substitutions must
occur in at least one paralog soon after duplication, and this should be followed by
increased purifying selection once new function is acquired (Ohno 1970; Ohno
1973). Molecular signs of neofunctionalization of protein structure may include a
higher Ka/Ks ratio in early than in later stages of duplicate gene evolution, a higher
frequency of radical amino acid changes in early than in later stages of duplicate
gene evolution, and/or significantly different rates of nonsynonymous substitution
between paralogs. In clawed frogs, multiple lines of evidence suggest that this
mechanism is not a prevalent trigger for the persistence of duplicates generated in
the initial millions of years after WGD. First, in the early stage of duplicate gene
evolution in X. laevis only a handful of these persistent paralogs have a Ka/Ks ratio
greater than one (i.e. consistent with positive selection; see Table 2.3) and a higher
proportion of sites exhibit evidence of positive selection in the later stage of
duplicate gene evolution than in the early stage (data not shown). Of course, the
Ka/Ks ratio is a very rough metric of positive selection and new protein function
could arise by neutral evolution, even via very few amino acid substitutions
(Golding and Dean 1998). However, similar to yeast (Scannell and Wolfe 2008),
radical amino acid substitutions are not more prevalent in the early stage of duplicate
gene evolution. We also did not observe increased purifying selection in the later
stage of duplicate gene evolution that would be expected if neofunctionalization
occurred in the early stage after WGD. Similarly in yeast, duplicates with a level of
divergence similar to X. /aevis paralogs (Ks < 0.25), subfunctionalization as opposed
to neofunctionalization is suggested by a loss of shared interactions (He and Zhang
2005b; Wagner 2001).

These analyses find a much higher incidence of quantitative divergence than
the 14% suggested by (Morin et al. 2006), but they are similar to another study that
suggests 40-50% quantitative expression divergence (Hellsten et al. 2007). Hellsten
et al. (Hellsten et al. 2007) found evidence of spatial expression divergence in four
out of six in situ hybridizations, whereas we found this type of expression
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divergence — where each paralog has a unique component to its expression domain —
in only 2-7% of the paralogs (Figure 2.3). This disparity is in part a consequence of
lack of resolution in the microarray data that we analyzed relative to in situ
hybridization performed by (Hellsten et al. 2007). Spatial and temporal expression
subfunctionalization may be more common on a finer spatial or temporal scale than
we were able to detect with these microarray data.

Unequal expression and low correlation of paralogous expression profiles
has also been reported in several allopolyploid plants (Adams 2007; Blanc and
Wolfe 2004). Genome duplication in plants is associated with non-additive changes
in gene expression, suggesting that expression divergence between paralogs can
immediately accompany allopolyploidization (Adams et al. 2003; Albertin et al.
2006; Wang et al. 2006). In synthetic allopolyploid Arabidopsis, for example,
expression of over 5% of genes in synthetic allopolyploid lines deviated from the
midpoint of each parental species (Wang et al. 2006). In the recently formed
allohexaploid plant species Senecio cambrensis, expression analysis of re-
synthesized lines suggests that the impact of hybridization and genome duplication
on expression divergence are distinct, and that the latter phenomenon can reduce
expression divergence, at least in the early stages of polyploid evolution (Hegarty et
al. 2006). Later on, for example in Arabidopsis thaliana which experienced WGD
between 20 and 60 million years ago, 57% of the resulting duplicates have an
expression profile with a correlation coefficient less than 0.52 (Blanc and Wolfe
2004). Likewise in yeast the correlation between paralogous expression profiles is
lower than 0.5 in 55% of pairs that have a similar level of synonymous divergence
(0.1-0.3) as the X. laevis paralogs in this study (Gu et al. 2002). Substantial
quantitative expression divergence between paralogs soon after WGD therefore does
not appear to be unique to X. /aevis, and is likely the culmination of divergence over
evolutionary time and also divergence that occurred immediately upon
allopolyploidization.

Without additional information on expression profiles of orthologous genes,
at this point we cannot determine whether the observed spatial and temporal
expression divergence arose through expansion (expression neofunctionalization) or
degradation (expression subfunctionalization) of each expression profile or both. In
yeast, expression neofunctionalization occurs via recruitment of cis-regulatory
elements, but this appears to take a long time (Papp et al. 2003b). In human
paralogs that are more diverged (Ks > 0.25) than the ones we studied here, the
combined expression domains of segmental duplicates is typically larger than that of
singletons, and the magnitude of this difference is positively correlated with
synonymous divergence, suggesting expression neofunctionalization (He and Zhang
2005b). Expression divergence is correlated with synonymous and nonsynonymous
divergence in yeast duplicates with Ka < 0.3 or Ks < 1.5 (Gu et al. 2002), and this
correlation has also been found in humans over similar levels of divergence
(Makova and Li 2003). However, we did not find this correlation in X. laevis
paralogs (see Additional file 4). This difference could derive from distinct genetic
fates of duplicates generated by WGD versus segmental duplication on either an
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expression or functional level (Kim et al. 2006). Other factors that could play a role
in the degree to which paralogous expression profiles diverge over time include
tissue-specific developmental constraints (Gu and Su 2007), expression intensity and
specificity (Liao and Zhang 2006), and the essentiality of a paralog’s gene family
(Shakhnovich and Koonin 2006).

CONCLUSIONS

It has been suggested that allopolyploidization rather than
autopolyploidization preceded the diversification of jawed vertebrates (Spring
1997). Allopolyploids have the advantage that diploidization might occur instantly
or more rapidly than in autopolyploids, thereby preventing complications associated
with mis-segregation of chromosomes in a polysomic genome (Osborn et al. 2003).
By analogy, duplicate gene evolution in allopolyploid clawed frogs offers insights
into how the transcriptome of our ancient ancestors may have been sculpted in the
wake of these genomic metamorphoses (Dehal and Boore 2005; Ohno 1970), and
also after subsequent WGDs in other vertebrates (Amores et al. 1998; Taylor et al.
2003). To the extent that this analogy applies, the initial dozens of millions of years
of vertebrate evolution after WGD were likely characterized by strong and persistent
functional constraints at the amino acid level. Despite these functional constraints,
however, quantitative expression divergence probably occurred in many duplicates
during this period and, as has been suggested (Ferris and Whitt 1979), the magnitude
of regulatory and structural change was not correlated (see Additional file 4). We
speculate therefore that stoichiometric requirements and quantitative expression
subfunctionalization commonly trigger persistence of WGD paralogs in the earliest
stages of their existence. Following WGD, it appears that other mechanisms that
trigger the retention of duplicate genes, such as neofunctionalization of the coding
region or spatial expression subfunctionalization (e. g. Amores et al. 2004; Force et
al. 1999; He and Zhang 2005b; Huminiecki and Wolfe 2004; Rastogi and Liberles
2005), tend to operate less frequently, later, or over a longer period of time.
Interestingly, analysis of teleost paralogs demonstrates that duplicates continue to be
lost over hundreds of millions of years (Amores et al. 2004), indicating that the
steadfast functional constraints and substantial expression dynamics soon after
vertebrate WGD do not immortalize these duplicates.

METHODS

Molecular data

We compiled sequences of expressed paralogs of X. laevis from Genbank
and various publications (Chain and Evans 2006; Hellsten et al. 2007; Morin et al.
2006) and aligned them with orthologs from the S. fropicalis genome assembly 4.1.
454 pyrosequencing was used to obtain sequences of fragments of expressed
paralogs of X. borealis from testis cDNA and contigs were assembled from these
data using BLAST (Altschul et al. 1997) and ALIGNO (Myers and Miller 1988)
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from the FASTA 2.0 package (Pearson and Lipman 1988), and manual alignment in
MacClade (Maddison and Maddison 2000). Manufacturer protocols were followed
to isolate RNA using an RNA extraction kit (Qiagen), to prepare cDNA using BD
SMART PCR c¢DNA synthesis kit (Clontech), and to normalize the cDNA using the
Trimmer cDNA normalization kit (Evrogen JCS). Additional targeted sequencing of
paralogs from X. laevis, X. borealis, X. gilli, X. muelleri, S. epitropicalis, and S. new
tetraploid was performed by co-amplifying portions of these paralogs from cDNA
from a variety of tissues (blood, heart, brain, testis, liver, muscle). Portions of
individual paralogs were then cloned with the TA cloning kit (Invitrogen) and
sequenced. These data are deposited in Genbank (see Table 2.3).

Using a combination of targeted amplification, cloning, and sequencing of
cDNA, 454 pyrosequencing of cDNA, and database searches, 80,856 bp were
collected from 660 fragments of 350 expressed paralogous pairs from the tetraploid
X. laevis, one expressed paralog from the tetraploid X. borealis, and an ortholog
from the diploid S. tropicalis. An additional 9,717 bp were sequenced from portions
of thirteen expressed duplicated loci of the tetraploids S. epitropicalis and S. new
tetraploid, and 6,966 bp were sequenced from portions of nine expressed duplicated
loci of the tetraploids X. muelleri or X. gilli. To minimize analysis of paralogs
whose evolutionary history may have been homogenized by gene conversion or
recombination, we excluded from our analysis sequences with signs of these
phenomena (see Figure 5).

Because data were usually obtained from only one expressed X. borealis
paralog but two X. laevis paralogs, most of our molecular analyses focused on
molecular evolution of one X. laevis paralog — the “a” paralog (Figure 2.1B). This
is because, without evidence of expression of the other X. borealis paralog, we do
not know whether X. borealis paralog a is still an expressed duplicate, and we also
cannot determine at what point after duplication nonsyonymous substitutions
occurred in the other X. laevis paralog — paralog “f” (Figure 2.1B). Phylogenetic
methods (maximum parsimony, maximum likelihood) were used to identify to
which one of the expressed X. laevis paralogs that the X. borealis paralog was most
closely related.

Models of evolution

To test whether the rate ratio of nonsynonymous to synonymous
substitutions per site (hereafter the Ka/Ks ratio) differs at early versus later stages of
duplicate gene evolution, the likelihood of alternative models of branch-specific
evolution (Figure 2.1) was calculated using PAML version 3.15 (Yang 1997). This
analysis was performed on concatenated datasets and with the data partitioned by
gene fragment. We also used the branch-site test for positive selection (test 2 in
Zhang et al. 2005) to test whether there were more sites under positive selection at
an early stage compared to a later stage of duplicate gene evolution. In addition, we
tested for significant departure from neutrality by comparing a model in which the
Ka/Ks ratio of the early lineage was fixed at one and another Ka/Ks ratio was
estimated for all other branches, to a model in which one Ka/Ks ratio was estimated
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for the early branch and another ratio was again estimated for all other branches. For
each comparison, significance of the more parameterized model was evaluated with
a ° test. Note that, as a result of a suspected allotetraploid origin of the ancestor of
X. laevis and X. borealis, an unknown portion of the early lineage probably evolved
in a diploid species; the potential impact of this and other caveats was explored with
additional comparative data and analyses (Figs. 1C, D).

Expression analyses

We collected expression data from previous studies that used a X. laevis
microarray prefabricated by Affymetrix (Gurvich et al. 2005; Malone et al. 2006;
Sinner et al. 2006). Expression data was analyzed from five developmental stages or
tissue types: egg, embryonic stages 11 and 18, adult testis, and adult ovary. Raw
intensity data were converted to CEL files using GeneChip Operation System
software (GCOS v. 1.4 Affymetrix). The robust multi array average (RMA)
algorithm was implemented to quantify gene expression in GeneSpring version
GX7.3 (Agilent, Inc) using either the Affymetrix library file or custom CDF files
("probe masks") that were generated following Hammond et al. (2005). The data
were then normalized to the median of each gene across all arrays and the 50th
percentile of each array. A high intra-treatment correlation (R* = 92-98%) was found
between the biological replicates for each treatment.

The Affymetrix X. laevis microarray consists of “probe sets” that are
composed of 16 “probe pairs”, each of which includes a 25 base pair oligo that is
intended to perfectly match the target sequence. Cross hybridization of paralogs
could homogenize their expression profiles if it is bidirectional or could amplify
differences between them if it is unidirectional. To explore this possibility, we
performed a power analysis in which we used probe masks to evaluate paralog
specificity of each probe set — i.e. the degree to which the probes on the microarray
match one paralog but not the other. We tested three paralog specificities: “low”,
“medium”, and “high”. The low paralog specificity analysis included probes that
exactly matched (and cross-hybridize to) both paralogs. The medium paralog
specificity analysis excluded probes that exactly matched both paralogs. The high
paralog specificity analysis excluded probes that perfectly matched both paralogs
and also those that had up to and including three mismatches with the non-target
paralog. We required each probe set in our analysis to have a minimum of at least 8
probe pairs (and up to 16) at the highest specificity. These probe masks were
developed based on comparisons of the probe sequences to a sequences of expressed
paralog pairs from previous publications (Chain and Evans 2006; Hellsten et al.
2007; Morin et al. 2006) that were carried out using BLAST searches (Altschul et al.
1997). We evaluated each of these probe specificities under two thresholds for
calling presence/absence of expression (“standard” and “conservative” thresholds;
Figure 2.3). For the “standard” threshold, a paralog was scored as expressed if its
raw intensity was above a background level of 50. For the “conservative” threshold,
a paralog was scored as expressed if its raw intensity was above a background level
of 200. We note that these thresholds are somewhat arbitrary because some
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probesets may hybridize with lower affinities than others, and therefore reveal lower
than background raw intensities even though a transcript is in fact expressed. This
approach therefore provides only a rough metric of whether or not a transcript is
expressed. The Pearson correlation coefficients provide an alternative extreme,
because they are based on the expression intensities in all treatments (even those that
have below-background raw intensities). These correlation coefficients therefore
must be interpreted with the caveat that higher correlations between tissue profiles
could be obtained when neither transcript is expressed in many treatments. To
contextualize the paralogous correlations, we also calculated the Pearson correlation
coefficients between all non-parlaogous expression profiles as in (Blanc and Wolfe
2004).
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SUPPLEMENTARY INFORMATION

Tests for recombination and gene conversion.

To explore the possibility that recombination or gene conversion occurred
among these paralogs, multiple tests were used because their performance varies
with the level of divergence, the extent of recombination, and among site rate
heterogeneity (Posada 2002; Posada and Crandall 2001). Tests for recombination
include the recombination detection program, geneconv, chimera, bootscan, and
siscan, as implemented by the Recombination Detection Program (Gibbs et al. 2000;
Martin and Rybicki 2000; Maynard Smith 1992; Padidam et al. 1999; Posada and
Crandall 2001; Salminen et al. 1995). A variety of parameter settings were explored
for each method as in (Evans et al. 2005), and only paralogs with more than 300 bp
were analyzed using these tests.

A site is parsimony-informative if it contains at least two types of
nucleotides that each occur in at least two taxa. Thus, when analyzing phylogenetic
relationships among four taxa, the only character pattern that is parsimony-
informative is one in which two taxa share one nucleotide and the other two share a
different nucleotide. Using this principal, we tabulated the number and order of
parsimony-informative “non-recombined” character patterns, in which the &
paralogs of X. laevis and X. borealis both had the same nucleotide and the B paralog
of X laevis and the ortholog of S. tropicalis both had a different nucleotide.
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Additionally, we tabulated the number and order of parsimony-informative
“recombined” character patterns in which the o paralog of X. laevis and X. borealis
each had a different nucleotide, but where each one was identical to the homologous
nucleotide of the § paralog of X. laevis or the ortholog of S. tropicalis. Loci that
had three or more consecutive “recombined” character patterns (which could derive
from recombination or gene conversion between alleles of different paralogs), were
excluded from our analysis. In one gene (Xmegs), a run of four recombined
character patterns turned out to be a combination that included two nonrecombined
character patterns when a fifth paralog was considered (X. borealis paralog B), so
this locus was retained.

Conservative versus radical changes after duplication.

We used a Bayesian approach to estimate the number and frequency of each
of the 75 elementary amino acid changes at different time points after genome
duplication. This approach employed a simulation procedure to stochastically map
mutations on a fixed topology (Nielsen 2002). We attempted to accommodate
uncertainty in branch lengths and parameter values by sampling 100 sets from a
post-burnin posterior distribution that was generated from Bayesian analysis with a
constrained topology using MrBayes version 3.1.2 (Huelsenbeck and Ronquist
2001). This sample was used to simulate character evolution conditioning on the
observed data and allowing all possible character states for each ancestral node with
sampling of these states drawn according to their likelihood (Nielsen 2002).
Simulations were performed using SIMMARP version 1.0 (Bollback 2006) and PERL
scripts were used to reconstruct and tabulate each of the simulated elemental amino
acid changes along each branch. Results were similar to those obtained from
maximum likelihood analysis of amino acid substitutions.

A lineage with many radical amino acid substitutions has a low correlation
between the frequency of each type of substitution and the magnitude of the
biochemical differences between the ancestral and descendant amino acid residues.
Mantel tests were used to calculate the correlation between the number of each type
of elementary amino acid change and the associated biochemical transition
associated with each substitution, based on eight physical properties (Urbina et al.
2006). To test whether this correlation was significantly different in the early stage
of duplicate gene evolution than in a later stage, the Mantel Z statistic (Sokal and
Rohlf 2003) from the early stage was compared to a distribution of Mantel Z
statistics generated from 100,000 bootstrapped datasets derived from # draws from
the multinomial frequency distribution estimated for the later stage, where n is a
maximum likelihood estimate of the number of observed elemental substitutions in
the early stage.

Simulations were performed to test whether phylogenetic inertia (an
ancestral bias towards more or less conservative substitutions) could account for the
observed proportion of radical and conservative substitutions at each stage of
duplicate gene evolution. A maximum likelihood estimate of the ancestral sequence
of nodes 1 and 3 in Figure 2.1A, nodes 2 and 3 in Figure 2.1B, and nodes (23) and 4
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in Figure 2.1C, was obtained using PAML. For each branch, 100,000 simulations
were performed from these ancestral sequences under the general time reversible
model of evolution with a proportion of invariant sites and a gamma distributed rate
heterogeneity parameter, using SeqGen version 1.3.2 (Rambaut and Grassly 1997).
The posterior sample of 100 sets of parameter values and corresponding
branchlengths that were used in the stochastic mapping of mutations in the observed
data were also used in these simulations. Simulated elemental substitutions were
then inferred by maximum likelihood and maximum parsimony. Additionally, the
PSEUDOGENE program was used to obtain a rough estimate expected half lives of
these loci under neutral evolution, using values for the rate of point mutations and
the rate of insertions and deletions estimated from old world primates, as in Zhang
and Webb (2003). A reconstruction of the ancestral sequence of these paralogs was
used for the simulations and the half-life was estimated for only those loci for which
complete transcripts were available in both X. laevis paralogs.

83



PhD Thesis — Frédéric Chain McMaster - Biology

(A) ’f XL
g . !—\L XG

\{sﬂrﬂm!ccm:n\w\-—‘(j\_,/— XM
ek 5)
-~} XB

N}

_(ﬁ 1‘
b 1 — EP
\S T ] 6 (. r'? .' <
gall-am!’yc‘urlzam\ﬂ(—— NT
ST
(B) () - () J—
—a— ~—XLa —en— EPa vt XLt
+-Q ® @

(1:} XBu NTa 520 XGa
-for \ XL§ r\_ST -@) XBa

e St £

Figure 2.1 - Phylogenetic and genealogical relationships of species and paralogs
in this study. Phylogenetic relationships are depicted among species, orthologs, and
paralogs of a diploid with 20 chromosomes, Silurana tropicalis (ST), two tetraploids
with 40 chromosomes, S. epitropicalis (EP) and S. new tetraploid (NT), and four
tetraploids with 36 chromosomes, Xenopus laevis (XL), X. borealis (XB), X. gilli
(XG), and X. muelleri (XM). (A) Speciation by allopolyploidization has occurred
independently in Xenopus and in Silurana and produced two paralogs in the
resulting tetraploid ancestor — a and f — that are indicated as brown and green
lineages respectively. After allotetraploidization, some of the diploid lineages went
extinct (daggers). As a result of these extinctions, the portion of some paralogous
lineages that evolved in a diploid (dashed lines), cannot be dissected apart from the
portion that evolved in an allopolyploid. Numbered nodes indicate (0) divergence of
the genera Xenopus and Silurana, (1) divergence of the diploid (2n=18) ancestors of
Xenopus, (2) allotetraploidization in Xenopus, (3) the first speciation event of the
tetraploid ancestor of extant Xenopus, (4 and 5) more recent speciation events of
Xenopus tetraploids, (6) divergence of the diploid (2n=20) ancestors of Silurana, (7)
allotetraploidization in Silurana, (8) speciation of a tetraploid Silurana without
change in genome size. Sequences from individual paralogs were used to construct
genealogies to compare (B) an early to a later stage of evolution after WGD in XLa,
(C) an early to a later stage of evolution after WGD of EPa and (D) an intermediate
to a later stage after WGD in XLa. Depending on the paralog for which data were
obtained, sometimes NTa was considered in (C) or XBa was considered in (D).
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Figure 2.2 - Functional constraints are similar in early and later stages of
duplicate gene evolution in X. laevis paralogs. (A) Binned Ka/Ks of early (blue)
and later (red) stages of duplicate gene evolution. (B) Regression of Ka/Ks versus
Ks in the early and later stages indicates that selection (relaxed purifying + positive)
is not more common in the early stage of duplicate gene evolution (blue dots) than
the later stage (red dots). The Y-intercept of these regression lines was set to zero
and Ka/Ks ratios greater 2 (including undefined ratios) were given a value of 2. In
(A) and (B), a dashed line indicates the neutral expectation. Fragments with Ka/Ks
> 2 are on average half of the size of those with Ka/Ks < 2. Ka/Ks ratios above 2
may therefore be attributable in part to stochastic variance in Ks (Wyckoff et al.
2005).
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Figure 2.3 — Expression of both paralogs is generally detected in the same
treatments, irrespective of the probe specificity (the degree to which each probe
matches one but not the other paralog) or the detection threshold (the
minimum raw intensity scored as expressed). These data are based on (A)
“Standard” and (B) “Conservative” threshold levels for detection of expression and
three probe specificities were compared that are labeled low, medium, and high (see
Methods). We report paralogous profiles whose presence/absence scores in all five
treatments were identical in the medium and high specificity at the standard
threshold (shaded in gray on the left of each chart). 1789 and 1462 genes had
consistent present/absent expression profiles in the medium and high specificity
analyses using the standard and conservative thresholds. These sets of genes
included 841 and 632 paralogous pairs, respectively. The tables on the right compare
paralogous profiles by tabulating whether they are both present or absent in the same
treatments (identical), the expression profile of one overlaps entirely with the other
(overlap), or paralogs in which each duplicate has a unique component (distinct).
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Figure 2.4 - Binned expression profile correlations between 841 pairs of
paralogs over five developmental stages or adult tissue types in the medium
specificity analysis. The proportion of Pearson correlation coefficients between
non-paralogous expression profiles (white bars) and between paralogous expression
profiles (black bars). Ninety percent of the non-paralogous expression profiles have
a Pearson correlation coefficient that is greater than —0.861 but less than 0.865. The
Pearson correlation coefficients of 62% of the paralogous expression profiles are
less than 0.865, and 0.3% of them are less than —0.861.
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Figure 2.5 - Binned rates of synonymous substitution per site (Ks) of paralog a
of gene fragments greater than 200 bp suggest that Ks is lower in the early
stage than in the later stage. Ks values were calculated using a free ratio model on
the phylogeny depicted in Figure 2.1B in which Ks is estimated independently for
each branch. The early stage of evolution (blue bars) corresponds with the paralog
o lineage between node 1 and 3 and the later stage of evolution (red bars)
corresponds with the XLa lineage between node 3 and XLa.
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Figure 2.6 - No correlation between expression divergence and (A) Ka, (B) Ks,
or (C) Ka/Ks (R2 ~0.0002 and P > 0.50 for all correlations). Expression
divergence is quantified by In(1+R)/(1-R) where R is the Pearson correlation
coefficient between each paralogous expression profile (Gu et al. 2002). In (C) two
outliers that have a Ka/Ks ratio over 1 are excluded. There also is not a significant
correlation between the Ka/Ks ratio and In(1+R)/(1-R) (data not shown). Ka/Ks
ratios were calculated from complete or large fragments of expressed X. laevis
paralogs; the average length of these sequences was 1119 bp.
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Table 2.1 - Comparison of alternatively parameterized models of evolution in
Figure 2.1 indicates no significant difference in the Ka/Ks ratio at an early and
a later stage of duplicate gene evolution. Indicated for comparisons depicted in
Figure 2.1B, C and D are likelihoods of the null model (early and later Ka/Ks are the
same) and the alternative model (early and later Ka/Ks are not the same), the one-
sided probability of the Ka/Ks ratio being higher in the early stage, and the Ka/Ks
ratios estimated from each of these models. For the first two tests, the Ka/Ks ratio
of the diploid lineage was estimated using a different model where a unique Ka/Ks
ratio was estimated for each branch (a free ratio model). Also listed are the joint
likelihoods of these models from an analysis partitioned by gene fragment. For the
partitioned analyses, Ka/Ks ratios for each fragment are either listed in Table 2.3,
not listed (NL), or not applicable (NA).

Ka/Ks
combined
# base early and Ka/Ks Ka/Ks Ka/Ks
Comparison pairs -lnL Ho -InL Ha P value late ratio early ratio late diploid
Fig. 1B 80856 -165602.720 -165602.386 0.414 0.164 0.158 0.169 0.126
Fig. 1C 9717 -15699.366 -15697.250 1.000 0.208 0.124 0.346 0.198
Fig. 1D 6966 -13187.865 -13186.872 0.160 0.126 0.187 0.105 NA
Fig. 1B (partitioned) 80856 -160085.863 -159889.926 1.000 NL Af2 Af2 NL
Fig. 1C (partitioned) 9717 -15400.349 -15393.089 0.888 NL Af2 Af2 NL
Fig. 1D (partitioned) 6966 -12983.343 -12978.034 0.807 NL Af2 Af2 NA
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Table 2.2 - Comparison of alternatively parameterized models of evolution
indicates significant departure from neutrality at an early stage of duplicate
gene evolution. Likelihoods of a null model with the Ka/Ks ratio fixed at one at an
early stage of duplicate gene evolution and an alternative model with this ratio
estimated are indicated. Species acronyms are the same as in Figure 2.1 and
abbreviations are the same as in Table 2.1.
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Table 2.3 - Information about sequence data including gene acronym, length in
base pairs (bp), and Genbank accession numbers, and results of model based
analysis of individual fragments. Gene acronyms refer to the name of one Xenopus
paralog or, if a name was not available, an acronym of a closely related named
homolog. Xenopus borealis sequences less than 50 bp in length were not submitted
to Genbank and are available upon request (AUR). Species and paralog
abbreviations are the same as in Figure 2.1. Discontinuous fragments of the same
paralog have separate accession numbers. For each fragment, the likelihood of a null
(Ho) and alternative (Ha) model of evolution is listed for two tests that correspond
with the combined analyses presented in Tables 2.1 and 2.2. If the P value is greater
than 0.05 the null model is not rejected. For the first test, in which the alternative
model has a different Ka/Ks ratio in the early and later stages of duplicate gene
evolution, the estimated Ka/Ks ratios are listed. Note that the null model of no
difference between these ratios is not rejected for most fragments.

XLa, XBa, XL§, and ST; modals are tested on the phylogeny depictad In Fig. 18.

One way test for signficant departure from

One way test for signficantly higher Ka/Ks ratio in early than jater nautrality in sarly stage of duplicate gene

stages of duplicate gene evolution.

evolution
' y Karks  KafKs . .
Gene bp Xla xs x8 sT InL Ho In. Ha Pvaia  Kas KoUK InL Ho 0L Ha P value
INS69 72 BCO72143  BCOS1601 EU441281 (XBS) BC075546 -133.62 -133.62 0.994 >2 0.0001 “133.81 “133.62 0533
Aadat 114 BCO71002  BCO59968 EU441262 (XBo) 8C087790 -250.61 -250.61 0995 02455  0.0001 -251.28 -250.61 0.249
Acly 63 BC084776  BC08A253 EU441639 (XBa) BC080908 -110.28 -110.28 1000 0.0001  0.0001 -110.38 -110.28 0.660
Acty 42 BCOB4776  BCOSAZS3 EU441283 (xB6) BCO8090S 7240 7240 1000 0502t  0.0001 -72.40 -72.40 0.995
Activin 1137 Uag914 BC077763 EU441284 (XBa) . -2180.76 -2190.70 0750 00389 0.0595  -2194.96 -2190.75 0.004
Adipors 3 BCOM4035  BCO9592S EUA41285 (XBf) BC080374 -162.43 -161.27 0128 0383 0.0001 -162.33 -162.13 0.530
ADPrh 72 BCO72297  BCOB1147 EUA41286 (XBE) - -138.29 -138.29 1000 00001 00001 -138.67 -138.29 0382
Adrp 144 AF184090  BCOB23S1 EU441287 (XBa) - -328.68 -320.34 0.413 >z 088 -330.24 -329.91 0419
adrp % AF184050  BODB2351 EU441288 (XBA) - -151.20 -151.20 1000 0.0001  0.0001 -152.31 -151.20 0.136
Adssi 60 BCO93568  BCDS0025 EU441290 (XBG) BCO75419 -137.45 -136.42 0.151 >2 0.0001 -137.44 -137.28 0573
Adsst 174 BoOgSISSS  BCDBOO2S EU441289 (XBo) BCO75419 -351.89 -351.89 1000 00001  0.0001 -353.60 -352.73 0.187
AIP1 63 BCOG0007  BCD77202 EU441251 (XBa) BCO7S588 -120.21 -119.69 0.307 00001 0.1383 -121.81 -110.73 0.041
Albumin 93 M18350 M21442 EU441262 (XBa) - -201.48 -200.76 0231 00001  >2 -201.68 -200.87 0.204
Alcam 105 BCO74313  BCO73670 EU441293 (XBa) cTo3oss2 -207.73 -207.10 0262 00001  0.0407 -210.52 -207.20 0.010
ALDH 1230 ABOI6717  ABO16718 EU441294 (XBE) . -2272.00 -2271.63 0391  0.0681 0572  -2277.50 -2271.88 0.001
Aldh3a2 162 BCOSSIOS  BCOTII06 E"'“‘”(f(:;’“‘“" 8C091032 -319.41 -318.77 0259 08468  0.133 -318.84 -318.83 0.900
Alpha 252 Beo7Ise  BCO7S196 M32455 (XBo) - -619.54 -619.51 0801 0129  0.1823 -620.68 -619.75 0173
An2 72 BCDS4959  BCOBOOS4 EU441296 (xBp) BC091067 -142.05 -142.08 1000 0.0001  0.0001 -142.58 -142.23 0403
Anapc10 105 BCO9O1S1  BCDB9OSS EU441297 (XBa) BX732858 -154.51 -154.51 1000 00001  0.000t -155.94 -154.51 0.091
Ankrda5 462 BCOS7400  BCOB7290 E”“‘”&;E;’“‘“‘ BC084990 -1002.51 -1001.36 0129  1.2706 03061  -1001.48 -1001.43 0.758
£U441299; EU441642; . . . K
Anp328 324 BCOTI08  DQU9SE72 Hoaitens Oy BC090607 552,71 552.53 0554 0.1999  0.0736 553.40 552.91 0322
Anp328 38 BCO73408  DQO96E72 AUR (XBB) BC090607 74.79 -73.67 0134 00001  >2 -76.33 -75.87 0.338
Anxa1 1011 BCO7A339  BCOS378E EU441300 (XBa) B8C075412 -2224.92 -2224.80 0624 0273 03804  -2228.92 -2225.14 0.006
EU441301; EU441644; . . . .
Anxalike 735 BCOSA187  BCO7S1SY s BCOB4261 1514.79 1513.74 0149 05444 01222 1514.09 1513.93 0.564
EU441302; EU441646; . . . .
Anxez 486 BCO44693  BOD42238 e i o BCO75523 516.90 916.39 0311 0.0098  0.1768 921.88 916.39 0.001
Anxaz 270 BCO44693  BCOAZ238 EU““‘(’?XB:)U“l“Q BC075523 577.84 -577.82 0841 01345  0.0965 -578.37 -577.83 0.299
Anxas 63 BCO73582  BOOS038S EU441303 (XBa) BC084510 -105.99 -105.99 1000 0.0001  0.0001 -106.59 -106.59 1.000
Anxas 123 BCO77e42  BOD71087 EU441304 (XBp) BCOB2506 -264.95 -264.25 0.236 02978  0.0001 -264.91 -264.54 0350
Anxa? %0 BCO78086  BCDS1070 EU441306 (XBA) BC06803S -220.94 -22093 0.521  0.5068  0.423 -221.03 -220.93 0.666
Anxa? 66 BCO78086  BC0S1070 EUA41305 (XBa) 8C068035 11479 -114.79 1000 00001  0.0001 -116.95 -115.42 0.080
APIM2 7 BCO77578  BCO70627 EU441307 (XBB) 80076939 -162.60 -16260 1000 00001 0.0001 -166.53 -162.60 0.005
Apzm1 93 BCO72057  BCOAT969 EU441308 (XBa} BC061374 -162.05 -162.05 1000 00001  0.0001 -184.78 -162.05 0.020
Ap2m1 8 BCO72057  BCOA7969 EU441309 (XB6) BCO61374 -134.48 -134.48 1000 0.0001  0.0001 -135.18 -134.48 0.237
EU441310; EU441650;
Apbaz 471 BCOS4963  BCO7BI09  EU441651; EUA41652; - -850.21 -850.21 1000 00001  0.0001 -856.02 -851.44 0.002
EU441653 (XBF)
ApoAl 246 Bcos3e3  booanss  EUMIBLL &‘é;;lﬁﬂ; BCO77663 -509.48 -508.58 0178 02806  >2 -510.54 -509.73 0.202
Aprin 72 BCDSE289  BC100220 EU441313 (XBA) . -150.91 -149.10 0058 0.0001  0.1991 15447 -149.10 0.001
Aprin 81 BCOS6289  BC100220 EU441312 (XBa) - -122.91 -122.91 1000 00001  0.0001 123.41 12201 0.530
A4 87 BCOS2352  BCO77817 EU441314 (XBa) BCO75432 -143.84 -143.84 1000 00001  0.0001 14475 -143.84 0178
Arpet 33 BCO45043  BCO73411 AUR (XBa) BC076887 -46.61 -45.14 0087 00001  >2 -46.64 4504 0.084
ATPSC1 210 BCOGEBS?  BCO7Z367 EU“’:;:;&:::“”; NM001016407  -364.82 -363.32 0.084  0.0001 0.155 -373.83 -363.42 0.000
ATP6AP2 87 BC097537  BCOS6060 EU441316 (XBa) 8C088056 -161.42 -160.56 0.188 00001  >2 -164.52 -161.33 0.012
ATPGAP2 192 BCO9SI7  BCDSE0SO EU441317 (xBf) BC08BOSE -364.36 -364.36 1000 ©.0001  0.0001 -369.73 -365.11 0.002
Atpevid 57 BCO72761  BOO77888 EU441318 (xB6) BX743285 -137.06 -136.16 0180  0.0001 13499 -138.07 -137.07 0158
ATPssb 81 AF187862  BCD82702 EU441320 (XBS) . -134.71 13471 1000 0.0001 0.0001 -135.65 -134.98 0.249
ATPssb 357 AFle7862  Bcosazox  EU4AL319; EUM1GSS; - -738.19 -738.01 0541 02619  0.0965 -738.40 -738.04 0.395

EU441657 (XBx)
Axin2 96 BCOB2364  AF140243 EU441321 (XBa) - -204.24 -203.68 0.289  0.0992  0.0001 -206.24 -204.82 0.092

92


http:222'4.80

PhD Thesis — Frédéric Chain McMaster - Biology

Table 2.3 (continued 1)

Boaty 3 BCDS1075  BCOS1OM9 EU441322 (XBo) - -159.76 -159.76 1000 00001  0.0001 -161.86 -159.76 0.040
B3gnts 288 Boosses?  mcoyrszz  COMISTILEMMISER  pegeagis -632.88 -632.62 0742 05243 07598  -633.43 -633.11 0.425
Barran 9 BCOSE095  BCD6B643 EU441324 (XBa) - -169.02 -169.02 1000 00001  0.0001 -172.56 -168.30 011
Bat3 6 BCOSS307  BCOG0479 EU441325 (XBF) CTa8s5713 -128.34 -127.88 0342 03438  0.0001 -128.54 -128.32 0.506
Bel6 0 BCO77915  BCOB491Z EU441326 (XBS) - -132.27 13227 0996 0296  0.0001 -132.35 13227 0.685
Bats 2 Vo433 8c071139 M32456 (XBo) - -934.73 -933.46 0111 06168 0222 -836.19 -836.13 0742
Y 114 029796 D49373 EU441327 (xBa) - -265.68 -265.45 0497 09944 03789 -265.54 -265.54 0.988
Bzt 66 BCOSS762  BCOB4AlS EU441328 (XBp) BC08092¢ -124.08 -120.19 0.005 00001  >2 -129.52 -124.63 0.002
Bnipt 7 BCO77345  BCOS4986 EU441325 (xBp) Cx918049 137.84 -137.84 1000 00001  0.0001 139.66 13821 0.088
Brap29 477 BCO76818  BCO72342 EU441330 (XBa) cTo30383 -985.86 -985.64 0.502 0162 02999 -988.99 -985.78 0.011
Bl 123 AB026243  BCD41244 EU441331 (XBa) - -227.97 -227.54 0352 >2 12009 -228.34 227.71 0261
C2orf25 102 BOOS7TIZ  BC092030 EUA41332 (XBa) NMO01016731  -204.80 -204.62 0559 04836 0.1033 -204.69 -204.67 0.829
corr111 87 BCOB1125  BCO72160 EU441334 (XBA) - -193.77 -192.41 0099 00001 1.1954 194.45 -192.73 0.064
Csorf111 63 BCOS1125  BCO72160 EU441333 (XBa) - -121.26 -121.26 0.997  0.494  0.0001 -121.99 12126 0.227
csorts? 408 BCDASOA7  BCOS3271 EU441335 (XBo) BCO61349 -925.34 -925.05 0447 02449  0.0804 -928.10 -925.69 0.028
cror20 240 BCO74468  BCO70733 EU““?;:;’““” NM001016708 44870 44814 0290 00001  0.0569 -a52.62 -a48.44 0.004
Calnextn 702 BODM4S70  BODAITIS EU441337 (XBa) - -1321.24 -1320.88 0401 0273 13423 -1323.59 -1323.20 0377
Caksticulln 750 BOD4G69S  BODA406S EU441338 (XBS) - -1503.56 -1503.41 0583 0.0545 00918  -1510.90 -1503.68 0.000
A 9 BCO41224  BCDT7282 EU441339 (XBS) BC067981 -200.33 -200.33 0961  0.4034  0.3556 -200.52 -200.44 0.693
Cart 75 Booe002  sooastoz  UMISCLEIANISE0  enpesens -639.29 -630.18 0.638 >z 0.5208 64032 -640.28 0782
Carhsp1 105 BODB439SS  BCDA40A7 EUA41341 (XBa) - -230.95 23095 1000 00001  0.0001 23243 -232.43 1.000
Cask 78 8077777 BCO92148 EU441342 (XBa) - -169.06 -168.32 0227 00001 >2 -169.79 -169.17 0.267

EU441343; EUA41661;
EU441662; EU441663;

Caspasel10 m BCOS8638 BCO60356 EU441664; EU441665 BCD89EAE -1596.18 ~1594.60 0.07% 0.379% 1.8687 -1598.31 -1597.17 0.130
Cav2 57 BCO72274 BCO77468 EU441344 (XBa) BCO8SEIS -104.98 -104.98 0.996 »2 0.0001 -104.99 ~104.98 0.888
CB1 $? BCO88950 BCO41302 EU441345 (XBp) BC061430 -120.52 ~120.52 1.000 0.0001 0.0001 -122.30 -120.52 0.059
Ceng2 102 BC074293 BCO70835 EU441346 (XBa) CUO025046 ~214.47 -214.47 0.978 0.2353 0.2475 -215.16 -214.75 0.363
Ceng2 75 BO074293 BC070835 EU441347 (XBg) CU025046 -175.71 ~175.71 0.995 0.0818 0.0001 -176.85 -175.71 0.131
CD63 105 BCO54557 BCO77961 EU441348 (XBa) BCO80O508 -188.56 ~188.56 1.000 0.0001 0.0001 -190.48 -189.21 0.110
cdez 552 M60S81  BCOASO7S EU441349 (XBa) - 110222 110148 0220 00377 0652  -1110.23 -1108.52 0.002
[=:1o71 159 BCO71092 BOO60414 EU“lss(.*:;j«l“s BC061333 -312.52 -312.02 0.320 0.0001 0.0615 -314.69 -312.07 0.022

Cantrin 471 u37s38 BCO54948 EU441667; AUR (XBg) - -803.76 -803,13 0.263 0.0634 0.0001 -805.95 -803.68 0.033
om 25 Booso3s2  soosesso  CUMISRILEUMIEES  gogeaigy 53242 -531.63 0322 04335 05734  -532.77 -531.69 0.142
o 189 X59956 Booarzsy  EUMIST Baarees - -459.40 -458.89 0312 02253 09728 -460.70 459.43 0111

Chehd2 75 8C068623 BCO73239 EU441353 (XBp) BCO80141 ~121.10 -121.10 1.000 0.0001 0.0001 -122.04 -121.10 0.169

Cheha3 s0  BoO72880  BCO42358 EU441670 (XBp) - -120.35 12035 1000 2 »2 -130.38 -129.95 0.348
CHML 198 BCO61662 BCO78011 EU441671; AUR (XBa) - -433.85 -431.84 0.898 0.3962 0.4817 -432.12 -431.85 0.466

Chmps 528 BCD77776 BLO41499 EU441354 (XBa) BCO89E52 -943.26 -943.06 0.531 0.0001 0.0339 ~944.18 -943.19 0.159
ce 129 BCOBBI4S BCO84822 EU441355; AUR (XBa) BCO8877?9 -240.83 ~240.27 0.287 0.1151 0.0001 -242.04 -240.72 0.104
CkH7 66 B8C056111 BCO76766 EU441356 (XBp) BC090372 -124.10 ~124.10 0.997 0.0001 0.0001 -124.10 -124.10 1.000
Clics n BC076836 BC072787 EU441357 (XBg) BCO80344 ~342.89 -142.18 0.233 0.0001 0.2041 ~144.90 -142.32 0.023

EU441358; EU441672; . - -

CNDP2 237 BCO75171 BCO56069 EU441673 (XBa) -475.64 ~475.40 0.488 0.0857 0.0001 -478.61 475.84 0.019
Cain 66 BC080391 BCO78462 EU441359 (XBa) BCO809SE -130.30 -110.30 1.000 0.0001 0.0001 -114.24 -110.30 0.005

Cnot10 105 B8C077237 BCO68748 EU441360 (XBa) CR761656 -219.02 ~217.65 0.098 >2 0.0001 -218.12 -217.92 0.528

Commds 573 8C075209 8C088938 EU441361 (XBp) BX709875 ~1147.90 -1147.54 0.354 0.0328 0.1074 -1155.65 ~1147.84 0.000
Cpdi 105 BCO94475 BC043585 EU441362 (XBa) CRO42787 -179.22 -178.33 0.181 0.0001 0.3153 -182.42 -179.75 0.021

Cprotein 132 BCO71084 BCO41534 EU441363 (XBa) 8C077013 -279.93 -278.21 0.064 >2 0.1134 -278.69 -278.22 0.330

EU441365; EU441676;
Ctdpy 378 BC092306 BCOB2378 EU441677; EU441678 - -827.56 -827.39 0.556 0.1073 0.1543 -834.18 -827.45 0.000
EU441364; EUA41674; B . . .

Crdpy 282 BC092306 BC082378 EU441675 (XBa) -601.94 -600.29 0.069 0.0001 0.3122 -603.42 -600.30 0.012

Cullind 213 BCO77239 BCO73186 Eu“‘ﬁnx;?“‘579 - -360.75 -360.75 1.000 0.0001 0.0001 -363.38 -361.28 0.041

Culing 135 BCO77239  BCO73186 EU441366 (XBa) - -208.67 -207.80 0486 00001 00001  -208.67 -207.80 0.186

CyclinB2 177 BC100180 BCO60466 EU441368 (XBp) BC0B0491 -379.27 ~377.49 0.059 0.2098 ©0.0001 -380.70 -379.75 0.167
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Table 2.3 (continued 2)

Cyciing 159 L23857 143513 Eu“us(;i.:;‘“““ - 254,61 -254.61 0.995 2 0.0001 -255.05 -254.61 0.348
Cyeling2 9 BCOBA929  BCOA3ESS EU441370 (XBa) CcR781678 -240.02 -237.94 0041 00001 2 -241.38 -238.83 0.024
CycinE2 6 BCOB4929  BCDA38SS EU441371 (xBB) CR761678 -145.24 -143.93 0.105 >z 0.0001 -144.52 -144.28 0.487
cyp2p2 117 BCO77934  BCOS4243 EU441372 (XB6) BCO89E51 -255.41 -253.97 0.034 0055 15168 -260.95 -256.99 0.005
AP 201 BCO77360  BCO70744 E”“‘”&;i’““” - -386.40 -385.22 0425 >2  0.0001 -385.78 -385.73 0.765
De2 138 BCOS7303  BCO73364  EUA41682; AUR (XBS)  ALBOS744 -265.13 -264.66 0333 03255 0.0001 -264.80 -264.66 0.601
ez 48 BCOS7303  BCO73364 EU441374 (XBa) ALBOS744 -91.84 9184 1000 0.0001  0.0001 -92.91 -91.84 0.142
Ddah1 99 BCO78574  BCOB1168 EU441375 (XBa) BCO75381 -221.90 -221.79 0632 01833  0.0759 22227 -221.84 0.354
Dneict 60 BCO8S292  BCO70833 EU441376 (XBa) BCDS7997 -67.08 -97.08 1000 0.0001  0.0001 -50.97 -97.08 0.016
Dnel1 102 BCO73042  BCOST21S EUA41683 (XBa) BC076999 -170.88 -170.88 1000 0.0001 0.0001 -173.28 -170.88 0.028
EU441377; EU441684;

EU441685; EU441686; . E - -
Dor2 12 Boostoes  Booraroo  ANERNEMAMSEE crezsase 118721 118452 0.020  1.0885  0.0562 1184.86 1184.86 0.930
DP1 222 BCO0383  BCopzear  TUHISSL &::;uez; BCO87763 -449.22 -449.06 0572 0.6635  0.0001 -449.39 -449.22 0.561

EU441378; EU441689; N ; . ]
oP1 315 BCOSO3BI  BCOS2841 Eettes0 Oty BC087763 550.15 550.15 1000 0.0001  0.0001 559.06 550.52 0.000
Dpys13 a2 BCOS2618  BCO46836 AUR (XBa) BCO74633 -76.27 76.27 1000 0.0001  0.0001 -78.05 -76.27 0.059
Dystroglycan 81 BCOAS260  BOO73500 EU441379 (XBa) . -146.70 -146.30 0371 0.0001 0.0001 -146.70 -146.30 03711
EDNRA 51 BC044316 06633 EU441350 (XBR) - -54.09 -84.09 1.000 00001  0.0001 -94.60 94.09 0313
EEF1D 87 BCO72139  BCOSB696 EUA41381 (XBa) BC08B544 -193.23 -193.23 1000 00001  0.0001 -193.43 -193.23 0.526
EF 87 X52676 X52077 EU441382 (XBP) - -176.86 -176.86 0992  0.0001 0.0001 -178.30 177.52 0211
1A 75 BCOSB786  BCO74155 EU441383 (XBa) BCO74588 -115.54 -115.54 1000 0.0001  0.0001 -118.05 -115.54 0.025
alF4s 246 BCO78129  BCOB9136 £U441693 (XBo) NMOO1015909  -440.30 -440.28 0843 0.398 0.2134 -441.08 -440.29 0.209
alF4e ) BCO7S129  BCOBS136 EU441384 (XBB) NMOD1015908 -149.26 -149.26 1000 0.0013  0.0001 -149.26 -149.26 1.000
Emiz 603 BCO97694  BCOsggln  CUA4I38SI EUAAIESS  cpugyags -1418.77 -1418.77 0.990 02366 02343  -1421.64 -1418.90 0.019
Emit 102 BCOS7694  BCO8SILO EU442385 (XBa) CcR761353 -271.08 -270.35 0237 00434 04183 -273.02 -270.41 0.020
Encri 63 BCO73388  BCO469S3 EU441387 (XBa) BC080910 -106.63 -106.63 0.993 00001  >2 -107.43 -106.63 0.204
ENO 360 BCO41279  BCD54169 EU441389 (XB8) - -733.57 -733.57 1000 0.0001  0.0001 -740.81 -735.18 0.001
ENO 516 BCOA1279  BCOS4169 EU441388 (XBa) - -1103.25 -1097.49 0.001 04722 00253  -1099.19 -1098.31 0.186
Enpp2 9 BCO44675  BCOB9138 EU441390 (XBa) CR926368 -213.04 -212.83 0.514 03922 0.0965 -212.96 -212.90 0735
Enpp2 7 BCO44675  BC08S138 EU441391 (XBp) cro26388 -141.65 -141.28 0393 00001 0.1711 -142.86 -141.48 0.098
24 270 AF351126  BC097526 E”“”’&:;‘““” . -524.54 -524.54 1000  0.0001  0.0001 -529.50 52637 0.012
Fabp4 105 BCOS1925  BCO7BA99 EU441393 (XBa) - -234.60 -233.32 0.110 >2  0a23 -234.05 -233.75 0.438
Faim2 132 BCO4272  BCo7a3es EU441304 (XBB) - -274.51 -274.45 0728 00001 02211 -274.57 27451 0728
Faim2 45 BCO74272  BCO74388 AUR (XBa) - -68.15 -68.15 1.000 >2 >2 -68.47 -68.15 0424
Fam79 162 BCoS37T32  Beosages U189 E;’“’s” - -331.02 -330.63 0376 012 >2 -331.10 -331.02 0.697
Fam79 75 BCOS3732  BCOS2905  EU441395; AUR (XBE) - -144.65 -144.85 1000  0.0001 00001 -145.94 -144.65 0.108
Fbxos 105 BCO73016  BCO74433 EU441396 (XBB) - -182.08 -182.08 0987  0.845  0.0001 -182.70 -182.08 0.266
FGFR 207 M55163 V24431 EUA441397 (XBa) - -603.01 -602.70 0432 02898  0.0595 -602.81 -602.70 0634
Flzzy1 150 BCo4z288  Beovesos CUMAIFNBIEUAISSE  pingags -207.45 -297.06 0374 0065  0.0001 -299.67 -287.30 0.030
ATt 66 BCO44264  BCOS6023 EU441399 (XB§) - -180.94 -180.66 0454  0.8685  0.0001 -180.95 -180.94 0911
Forminbp21 225 BCO77383  BCO77747 £U441400 (XBa) CR761869 -506.26 -506.15 0631 03007  0.1609 -507.52 -506.83 0.242
P 246 BCOA7261  BCOG0446 E”““i;{;;’““” - -500.15 -500.05 0658 02476  0.1258 -501.30 -500.06 0.115
Fscnl 153 BCO77847  Beos7soe  CU441402; EU441700 . -275.90 -275.90 1000 00001  0.0001 -282.76 -278.01 0.002
Fundct 174 BCO76744  BCOSZ01s  EUAATIOL: &‘;;;‘7"27 BX744732 -331.94 -328.76 0012 00001  >2 -334.05 -330.39 0.007
Fundc1 9% BCO76744  BOO92015  EU441403; AUR (XBa)  BX744732 -158.16 -155.79 0.029 00001 2 -161.33 -156.18 0.012
Furin 171 M8047L AY901983 EU441404 (XBS) - -377.93 -377.70 0495 10671  >2 -378.62 -378.61 0.968

EU441405; EU441703; B ; . . .
ARL 333 DQUS3ITS  BCO43638 Eearion oiom 612.15 612.14 0.874  0.0559  0.0726 615.57 612.14 0.009
Gabpa 66 BCO77619  BC100222 EU441406 (XBo) crozs1s2 -114.87 -114.79 0681 00001 0.0001 -114.87 -114.79 0.681
Gaddasg 81 BCO450S5  BCO78567 EU441407 (XBa) BCO75545 -173.79 -173.79 0.941 03537 o278 -174.28 -174.14 0.595
Gaddasg 93 BCOASOS5  BCU78567 EU441408 (XBS) BCO75545 -165.50 -165.50 1.000  0.0001  0.0001 -165.55 -165.50 0.756
Galectin 99 ABOSOS70  BC081109 EU441403 (XBp) - -225.66 -223.02 0022 00001  >2 -227.48 -225.78 0.065
Galectinl 216 ABOS6A78  BCOS38LS EU441410 (XBA) - -452.94 -452.50 035 13807 0.2382 -452.57 -452.55 0.884
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Table 2.3 (continued 3)

Gaq 165 LOS540 BC081126 EW“’(;;B:;’“‘”S - -303.95 -303.95 1000 00001  0.0001 -308.93 -304.72 0.004
Gass 81 BCO603S5  BOO76835 £UA41706 (XBa) NMOO1015065  -204.57 -204.50 0.715 04746 02197 20460 -204.51 0.676
Gbel 93 BCOBAS21  BCO76746 EUA41412 (XBp) cxss2649 -195.27 -195.27 1000  0.0001  0.0001 -196.43 -195.56 o.185

Geapt 60 BCDSOOSS  BCD74337 EU441413 (XBa) - -99.88 59.88 1000 00001 0.0001 -101.29 99.88 0.093
Genty 111 BOOB4257  BCDA8021 EUA41414 (XBa) - -196.47 -105.56 0.a78 00001  0.296 -198.39 -195.76 0022

Geminin 63 AFOSTESS  AFOSB781  EUAA141S; AUR (XBa)  NMO01039736  -116.28 -116.28 1000 0.0001  0.0001 -ar.s2 -116.28 o.116

Geminin 441 AFOG7ES6  AROS8781 Ew:u(s&;)«nw NM001039736  -975.78 -973.14 0.022 04523  0.0462 -975.50 57494 0.289

Gene.20 192 BODB4087  BCOS4I3E EUA41708 (XBa) CTassses -366.43 -366.23 0532 00908 02506 -369.34 -367.69 0.069

Gene743 114  BCOTO9B4  BCDSAAO4  EU441710; AUR (XEH) - -239.48 -239.30 0.551 00001 00852  -240.93 -240.01 0176

Gene.743 ) BCO70984  BCDI404 EU441709 (XBa) . 22188 -221.58 0441 »2 02279  -22183 22175 0.679

Gene.863 81 BCO72938  BOO7S122 EU441711 (Ba) NMO01036812  -163.15 -183.15 1000 00001 2 -183.94 -183.54 0998

Gene863 348 BCO72938  BCOPS1zz  PUMWIZ EUAMLZLY  puiiniessz -727.89 72747 0624 02464 02411 -728.99 727.48 0.082
EUs41714 (XEg)

Gene.920 81 8C0S6657  BCOTS214 EU441715 (XBa) R761813 17166 17166 0.993 0204 0.2007  -173.03 -172.01 0.154

Gene77 126 BODYS4s3  BCD7I6S6 EUA41716 (XBo) NMOO1016478  -271.50 -268.98 0.025 >2 00001 27125 27079 0337

GenaXL310 285  BCOSIISO  BO72032 Eu“‘"&;;;’“”“ BC081310 -587.59 -587.58 0526  0.5343 04729 -588.02 -587.84 0.541
GenaXL367 132 BODMGSS4  BCOAIZIO E““"‘gj‘:;‘“"” BC050115 -284.87 28441 0334 >2  0s814  -285.36 -284.94 0.350

Grap42 192 BOD7MSO  BODM1228  EU4ALAIT; AUR OBa)  BCD87S74 -389.42 -388.44 o0.162 >2 02538 -389.40 -388.61 0.207

£UA41418; EVA41721; B . N )

Gkapez S16  BCO73450  BOM1228 pwipait BC0B7974 1045.49 1045.13 0395 07049 0251 104571 1045.67 0.780
Glo1 69 BCOS0129  BCOTE7S2 EU441419 (Bo) 8c090582 12591 12591 1000 00001  0.0001 -125.94 -125.91 0530
Ghp 168 BODESYS?  BONB28S57 EU441420 (XBa) AL967440 -361.43 -361.43 0973 03287 03078 -361.82 -361.69 0.605
Gmig 204 BCOSSESE BCOT84E7 EUA41421 (XBa) BC091700 34 -343.41 1000 00001 0.0001 -344.78 -343.60 0125

Goraspz 9 BC097604  BCD43840 EUA41422 (XBa) BCO74543 -186.31 -165.57 0225 00001  >2 16671 -166.09 0.264
Gpan2 108 o®8) BoDBO1Ae 20141 -200.48 0171 00898 2 -205.40 -203.61 0.059

GsTS1 ) BCDS3774  BODGO4S2 EU441424 (XBa) eco77016 -137.68 -137.33 0204 04548  0.0001 -137.88 -137.79 0.665
Hagf 141 AUR (XBa)  BCD90580 -273.21 272.82 0380 0128  0.0001 -275.05 -272.98 0.042
Hach 204 BOD7S9SS  BCOAESTO E“““z&:;‘“‘"’ cToz5208 51619 -515.29 0182 01211 00001  -516.26 -515.64 0.26¢
Hech 114 BCO79995  BCOA6570 E““"%;‘a:;"“"z‘ cTo25206 17224 -172.24 1000 00001  0.0001 -173.99 -172.24 0.061

Harpud1 6 BCDSA211  BCO46268 EU441427 (XB) 8067925 -01.08 -91.08 1000 00001  0.0001 -02.86 -s1.08 0.060

EUA41726; EVA41727;
Wgene.137 390  BCOB2840  BODBY3SS  EUAALTZS; EUAAIT2S O333056 -708.45 -708.21 0486 00416 006 -713.27 -708.34 0.002
Hgane.3s3 105  BCOA7SIS  BOD7S254 EU441730 (x86) Boos2533 22184 -220.77 0144 >2 0.9 -221.09 -220.83 0.476
Hgenedsz 90 BCosOD1Z  BCOT4271 EU441731 (XBa} Cxa26543 -181.10 -180.26 0194 05471  0.0001 -181.18 -183.11 0701
Hoene.47s 180  BCOSAISI  BOUBIOLS E“'“m&:;‘“"” BCD88770 424.37 42343 0.169 >2 07268 -425.75 42483 0175

Hibadhy % BC0B4329  BOO70B4S EU441428 (XBS) BCD91056 -181.03 17748 0008 00001 2 -182.44 -178.40 0.004
Hipt % BCO70829  BCO77182 EU441429 (XBp) - -189.86 -189.04 0200 023  0.0001 -190.47 -189.38 0.139
Hmg3 519 BCOA400S  AY652624 E“““’&:;’“”” 8075290 -1031.31 -1030.30 015 02617 0.0615  -1031.92 -1030.52 0.157

Hevgbl 354 BOO7M49  BODSAS Eu““w;‘“"” BC063332 -713.89 713.02 0216 00337  0.1806 718.23 -713.79 0.003

Hmgb1 39 BO073449  BCOSAL48 AUR (Ba) 80063332 4978 4975 0995 00001  0.0001 4875 4975 1.000

EUA41432; EUM41736; . ; ; !

HArpAB 273 BCO74212 BCOA3S14 phwilapeiis cTo30339 587.98 587.04 0788 00469 00812 580.54 587.95 0.074
Hnrpal 105 Booss7es  BCOS12e EUA41738 (XBo) BODB2729 -170.93 -170.06 0186 02568  0.0001 -170.92 -170.50 0.361

Hsast1 105 Bc63731  BCOISIe3 EU441433 (XBS) BCDBB545 22344 22314 0443 00001 0.1801 -226.63 223.14 0.008
Haps 108 BCO41200  BCD77IST EUA41434 (XBa) - 209.75 -209.75 1000 0.0001  0.0001 22122 -209.83 0.000

EUA41435; EU441739;
Hps 303 BCO41200  BCOTIIS?  EU441740; EU41Z41 - 735.02 73495 0.707  0.0681  0.0443 740.38 73499 0.001
0®p)
Haps 180 eco46262  BCD41201 EU“"’&;:;‘“”‘Z - 37846 -377.48 0158 01801  0.0001 -377.97 37759 0.388

HSPASE 438 BCOAS10  BODASZSY E“““w)"“‘"’ eco67910 829.29 -829.29 1000 0.0601  0.0001 -833.97 -830.3% 0.008

Hapd1 201 BOOMGEST 8072058 wam;&:::ms; Cro2s413 -404.32 402.92 0.08¢ 00001 0.1706  -408.73 -402.96 0.001
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Table 2.3 (continued 4)

BCO83040, A

Irdt 39 Boosyms  BCOSIMAO, EU441438 (xBF) NMOD1016124 77 7701 0235 0315 0.0001 -77.90 -77.63 0462
Impdh2 72 BCO44122  BCDA231S EU441439 (XBa) BC080SSS -169.98 -163.98 1000 0.0001  0.0001 17188 -169.98 0.074
IngS 144 Bcone7s3  ecopazoy  EVAHMELIMAITAE  peosgres 23871 23571 1000 0.0001  0.0001 -238.38 -236.08 0.032
Integrin 126 M20140 M20180 V441441 (XBS) - -223.50 -223.50 1000 0.0001  0.0001 -226.01 -223.50 0.025
1rap 255  BCOS9334  BODBATAY E”‘““&l.:;"“ 1747 - -641.06 -639.62 009  0.0001 07589 -642.06 -639.62 0.027
1rap s BCOS9IM  BOOBATAS EU441442 (XBa) - -164.78 -164.78 1000 0.0001 00001  -168.28 -166.38 0.051
12 141 BCO77187  BCOS?IIB E““‘“&';;’“"“ BCOBUSS2 -324.67 32434 o416 o626 >2 -324.89 324,83 0745
12 4 BCO77S?  BCOS7IZE AUR (XBf) 8C080892 -36.80 -36.69 0.638 >2 0.0001 -36.53 -36.49 0.796
IRF6 ss  BoO7ILML Des4s2 EU441445 (XBa) NMO01030322  -217.67 -216.64 0151 00387  »2 -222.10 -217.13 0.002
Itgbibp3 459 BCOS4382  BCO71072 EU““‘(Gjm:;’“’7‘9 80080978 -864.89 -864.74 0.584  0.2683  0.5596 -867.69 -867.03 0.249
EU441447; EU441750;
™zA 345 BCOT2047  BCOA4320  EUSAITSI; EU441752  BCO74629 -726.04 72083 0001 00262 11233 -734.70 72221 0.000
(XBa)
™A 126 BCO72047  BCO44320 EUA41445 (XBS) BO074629 -233.32 -232.88 0334 02328  0.0001 -233.37 222,93 0.350
Kenlp1 93 BCOS2465  BCO74264 EU441449 (XBs) - -153.87 -153.87 1000 0.0001 0.0001  -154.24 -153.87 0.391
Kenlpt 18 BCOB2465  BCO74264 AUR (XBS) - -33.37 -32.40 0.163 >2 00001 -32.63 -33.20 1.000
Kdelr1 222 BCOS0380  BCOSO126 EU441450 (XBG) BCOB4170 437.35 -436.22 0133 0.0001 0.1685  -440.87 -436.89 0.005
KAM0103 283 Beorzan  Beoazss  UMMSEAMANTEE possen -449.40 -449.33 0702 00576  0.0001 45391 449,39 0.003
KIAMI3T 207 ecoasazs  Beosrgr  FUMMEREWMATEL georges -358.47 -358.28 0538  0.0503  0.0001 -362.86 -358.59 0.003
K1AAL387 63 BCOS225  BCDATST70 EU441453 (XB6) BC076650 -101.92 -101.82 1000 0.000: 0.0001  -105.26 -101.92 0.010
Kir208 63 BOO7ZZA  BCOSA9ZZ EU441454 (XBF) cT4ss689 -156.61 156,26 0204 02873 »2 -157.15 -156.57 0.281
it 102 BOOSIS47  Z48770 EUA41455 (XBa) - -222.20 -221.80 0322 0319  0.0001 22273 -222.36 0.387
Kt % BCOG1947  Z48770 EUA41455 (XBR) - -246.14 24614 0.990 >2 2 -249.28 24857 0.235
Kipz 24 94082 BCO71083 AUR (XBR) - -47.14 -46.55 0279 00001 0.0001 4814 -46.94 0121
K1 99 BCDATIES  BOO4ESTS EU441457 (XBS) BCos7987 -195.41 -194.22 0124 00001 02922  -199.34 -194.66 0.002
Ket18 6  BCOS49Z  BCO72305 EU441458 (XBa) BC061366 -150.01 -150.01 1000 0.0001 0.0001  -154.84 -150.01 0.002
Kitts 76 BCOS4%93  BCO7Z305 EU441459 (XBR) BCOS1366 147.84 -147.03 0.204 >2 o3 -147.69 -147.22 0332
L 954 05216 x05217 EU441460 (XBa) - 177674 177547 0110 00783 00001  -1779.36 -1775.83 0.008
L30 159 BOO73S60  BCOS37SE EU441461 (XBa) 8C077047 -259.01 -259.01 1000  0.0001 00001  -263.08 -259.01 0.004
Laming 102 Aro77e3s X06344 EU441462 (XBF) - -170.75 -1705 1000 00001  0.0001 -171.59 -170.90 0239
LoH 42 07178 07176 AUR (XBa) - -69.70 -69.70 1.000 >2 2 -69.87 -69.70 0.566
LEFL 1017 AF287147  AF287148 EU441463 (XBa) - -1881.14 168109 0747  0.1906 01367  -1882.86 -1881.32 0.079
R 276 BCOS3622  BOO78S%M EU441464 (XBo) - -538.04 -538.52 0360 00001 0.1615 54131 -538.59 0.020
Lupus 192 X68817 xeperg  EUAAICE TIaL7S - -444.49 44385 0265  0.0793  0.0001 44635 44515 0.121
Lyar 72 BCO77174  BCO73300 EU441756 (XBa) - -139.26 13924 0825 07127 03633  -139.28 -139.26 0.924
Mad21 51 BCOSST14  BCOAS227 EU441456 (XB5) BX739935 -93.64 -e2.64 1000 0.0001  ©0.000% -96.40 -s3.64 0.019
Mak16l 72 BCOA379S  BCO7B4s4 EU441467 (XBa) BC061599 -143.84 -142.41 0.091 04181 0.0001  -142.55 14241 0.593
AP 261 Booss03s  Bcosoiez  EUAALASSEUAA17T - 459,02 -459.02 1000 0.0001 0.0001 -459.37 459,37 1.000
Map 57 BCO44036  BCO90193 EU441468 (XBo) - -75.69 7569 1.000 2 >2 -75.69 -75.69 1.000
Maplica 72 BODSE047  BCO43%4E £U441470 (X85) BCDBO4SS -162.83 -163.62 0.650 >2 00001 -163.62 -162.83 0.200
Maptie3b 201 BODGO3SS  BCOSAOT2 EU441471 (XBG) BC064267 -389.78 -389.55 0483 0322  0.087 -389.79 -369.55 0.450
MAP2KIIPL 189  BCOS6049  BCOseoze  CUMMILIEUAITSE  ppqnag +392.96 -393.65 0628 00325 00638  -408.47 -393.87 0.000
Mapkapiz 84 BCOB30O  BCO70986 EU441473 (XBo) 761979 -144.43 14443 1000 0.0001 00001  -144.71 -144.43 0449
maria 71 Amosra7  mcosarz  EUAITE FUALTS - -296.30 -296.30 1000 0.0001  0.0001 -302.17 -206.30 0.001
Mars 102 BCO77ISI  BCOSTIST EU441475 (XBF) - 219.47 21771 0087 01007 1.3672 222.02 -219.51 0.025
MatG10 165 BOO4OSTL  BCDBATSS EUA41476 (XBa) - -291.26 -291.26 1000 00001  0.0001 -284.80 -291.26 0.008
Mbcz 60 BCOS293  BCOASTOY EU441477 (XB6) - -116.93 -116.08 0193 02777 »2 -117.88 -117.46 0.358
Mamas 9% BCOS3031  BCO72870 EU441478 (XBF) BOD74670 -173.96 17396 1000 00001  0.0001 -175.94 -173.96 0.047
Mets 78 BCO70753  BCOSTA44 EU441479 (XBo) BCO77034 -118.86 -118.58 0454 0235 0.0001 -119.10 -118.58 0311
Mais3 ) BCOB4920  BOOA4024 AUR (XB6) BCO75589 -67.30 -67.30 1000 0.0001  0.0001 -69.33 -67.30 0.044
Matapt 54 BCOS4204  BCO70567 EU441480 (XBF) BCOSESS4 -99.53 -99.00 0303 03832 0.0001 -99.74 -99.52 0.513
Mfn1 147 BCOB4774 BCO72898 EU441481 (XBg) NM001016189 -348.89 -347.83 0.145 0.2856 0.0001 -349.76 -349.18 0.284
Mgtz 102 BCO4371  BCOGB949 EU441482 (XBa) BCO75542 -209.52 -208.91 0270 00001 02508  -21157 -209.42 0.038
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Table 2.3 (continued 5)

Mgtz 117 BCOT4ITY  BCOSSIS EU441483 (XBE) 8C075542 -217.49 -217.49 1006 00001  0.0001 -219.59 21812 0.087
MMPL3 72 BODS6040  BLO46939 Eusst4s4 (XBR) BCO76908 -180.98 -180.97 0.992 >z 00001 -181.16 -180.98 0.538
More3 s BCO70772  BCOITSA2 EUA41485 (XBa) - 18482 -183.96 0490 02362  >2 -185.47 -185.01 0.335
Myogenin S61  AYOAESI1  AYDASS32 EU441486 (XBE) - -1039.42 -1038.40 0153 00001 02687  -1042.23 -1039.75 0.026
Myoz2 14 Bcoazos  Bcosasos  FUMMETLEVANITEO posarges 2751 277.08 0354  osss 2 -277.96 -277.80 0.572
Napl 240 BCO43903  DQO20268 E"‘E‘un‘l‘;é“&‘;‘“ BCO68215 435.52 435.43 0.663  0.1178 02374 -436.81 -435.45 0.100
NCAM 177 25696 wrer1o UM BuLzes - -368.75 -367.42 0104 00001 03346  -370.11 -367.43 0.021
NCAM 138 25696 M76710 EU441489 (XBa) - 25467 -254.67 1000 00001 0.000% -257.82 28515 0.021
EUA41491; EU441764; .
Nduta10 315 BCOBM3ES  BODSSSS? bse65 Ocney BC0s7982 51541 61455 o.188 >2 01316 61460 61455 0.748
Ndufa10 213 Beosass  Bovsssgy  EVAAMSTEUMITES  geogres; -384.03 -384.03 0998 03639  0.0001  -384.43 -384.03 0.368
EUA41493; EUA41767; . ’ ’ !
Nfa22 363 BCOMM4E2  BCO43997 Easires O BC079927 838.74 838.42 0430  0.3886  0.1817 839.44 838.59 0191
NMHCA 204 BCOST729  AROS5895 E“““’&:;"“”” - 42996 42996 1000 0.0001  0.0001 43166 429.96 0.065
NMHCA 201 BCOST729  AFOS5895 E“““’&’;;‘“m° - -399.88 -399.88 1000 00001 00001  -402.82 -399.89 0.016
Nno38 780 X05496 X56039 EU441497 (XBR) - -1643.80 164193 0053 09815 01737  -1642.04 -1642.03 0.971
No3s 9 X05456 X56039 EU441496 (XBo) - -211.90 21178 0601 00127 00413 -214.08 21177 0.032
Npal3 78 BCOATST  EC100197 £U441499 (XB5) NMD01016927  -177.00 -177.00 1.000 2 »2 -178.06 17777 0.448
Npai3 309 BOD479ET  BC100197 E”““’&:;’“‘T“ NM001016927  -641.29 -640.10 0122 0.0001 0.1666 64417 -640.10 0.004
Npe2 252 scososz  ecossses  FUAMISEEMAITIZ geqgnsen 54773 -547.70 0805 02355 0.560  -548.62 -548.00 0.267
w2 M2 BCOS4170  BCOTIIVL EU441501 (XBF) BC084526 -650.38 650.30 0699 01342 00663  -650.92 -650.33 0275
Nude 27 Bcos2700  BCO706S1 AUR (XBa) CTo10535 -38.93 3893 1000 00001 00001 4002 -38.93 0.138
£U441502; EUA41773; )
Nupss 91 Ae76712 A617673 Toasie Oy s16.1 61607 0767 0272 04749 61821 516.07 0012
ncogeneCatsl 96 Xs2692  BCOTS16L EUA41503 (XBg) - -168.79 -168.79 1006 00001 0.0001 -169.59 -168.79 0.206
EUA41504; EUA4177S;
PSSP 453 BCOS1193  BCOITB14  EUALTT6; EU4ALTIT;  CRT60256 -780.06 -788.35 0233 01018 03868  -794.08 -790.48 0.007
£U441778 (XBg)
Pazge 36 BCOSATEO  BCOT3401 AUR (xB§) 80080337 43619 -36.19 0996 00001  0.0001 38.24 36.19 0.043
Pabet 7 BCOS2100  BCO72110 EU441505 (XBa) 8C076931 -157.34 15734 1000 00001 00001  -15827 15811 a.562
Penad 192 Booaisas  poosyzss  EUAMLSGSLEUANTS  goomgnes -301.33 -301.33 1006 00001 0.0001  -305.34 -301.33 0.008
Pdhela 165 BCOS099S  BCOTT220 EW‘”&:;’“"‘" - 288.81 28841 0369  0.398  0.0001 -289.69 -288.52 0.126
Phf10 318 BCOTI418  BCOB2869 Eua:w:;:zuuxzn; . -580.09 -578.58 0082  0.000t 0257 s83.88 -578.59 0.001
Plkdca e BCO77604  BCO76796 EU441509 (XBo) - -104.83 -104.83 1.000  0.0001  0.0001 -105.75 -104.83 0.175
Phm2 2 BCO44007  BCOTIS2L AUR (XBa) CR750921 2038 2938 1006 00001  0.0001 3076 2038 0.007
Pmp2 351 BCDSESSS  BCO72965 E”“"‘&;‘:’“‘"’ BC090106 3341 -721.90 0120 05125  0.0677 722.64 722,64 0.986
EUA41511; EUA41784; ; . . .
Pmpch 303 BCOSSTIE  BCOT2067 Eoatiise ooy CR942796 586.02 585.89 0612 00437  0.0001 591.41 586.08 0.001
Pame 635 X03843 X03844 EUA41512 (XBa) - -1354.09 -1354.06 0.794  0.4202 01693  -1356.17 -1355.21 0.165
Pphing % BCOB4I4  BCOTSLSO EU441513 (XBF) 80061358 -130.20 -129.83 0.394 >2 06748 13047 -129.85 0424
Ppib 102 BCOSA3ZEY  BCOS4168 V441514 (XBY) CcN103294 -203.46 -203.46 1.000 »2 >z -204.40 -204.08 0.431
EUA41515; EUA41706;
Ppplec 357  BCOSA188  BCO0213  EU441787; EUA4I788  BLOSTSNL -578.08 -s78.08 1000  0.0001  0.0001 -582.25 -578.20 0.004
(XBa)
Pppice 162 BCosatss  Bcosoasy  EUAAISES; &‘;;"”‘ 8C067911 -209.47 -289.47 1000 0.0001  0.0001 -289.70 -289.47 0.504
Poplrac 9 BCOS2028  BCO6B8ZS Evas1517 (XBR) - -146.35 -146.35 1000 0.0001 00001  -147.88 -146.35 0.080
Ppp28 150 Booasze  BComserz  FUMISISLEMNTI0 - 275,55 27555 1000 0.0001  0.0001 -280.42 27565 0.002
Popér2 a2 BCO77952  BCOSSES4 AUR (XBR) - 7274 7274 1000 00001  0.000% 7469 7331 0.087
Prdx1 a2 Beoszez  ecoasyy  EUMMSIS ML gcnprey -675.88 -675.19 0.240 00001 0.0567  -684.54 676,14 0.000
Prdxa 201 BCOA?S12 BCO73S32 EU441520 (XBa) BC076652 36411 36411 1006 00001 ©0.0001  -367.25 -364.79 0.027
EU441521; EUA41792;
Prdx4 270 Boos7S1IZ  BCOTISER2 Eoaisn oty BC076692 45799 467.99 1000 0.0001 0.0001 478.29 -468.11 0.000
Pr 159 BCOS21S1  BCOTS6 EU441522 (XBa) cx852073 -364.86 -363.27 0074 00001 07108  -366.97 -365.08 0.052
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Table 2.3 (continued 6)

Prothymosin 231  BCO54174  BCO45213 EU441523 (XBa) . -393.79 -393.70 0666 00791 0.3136 -394.51 -394.22 0442
EU441524; EU441794;
Protocadherin 741 BCOA7955  BC072235  EU441795; EU441796; . -1647.59 -1647.21 0389 01962 04018  -1650.57 -1648.30 0.033
EU441797 (XBf)
EU441525; EU441798; B y ; P 2
Psap 627  BCOS4988  BC080997 trrrlospacit 1453.76 1453.76 0942 02352 02497 1456.40 1453.90 0.026
Psma3 n BCO41518  BC0S8201 EU441526 (XBa) BC087567 -30.81 -30.81 1000 0.0001  0.0001 -30.81 -30.81 0.998
Psma3 150  BCOA1S18  BCOS8201 EU441527 (XBB) BC087567 21971 -218.87 0194 00001 0418 -223.18 22147 0.064
Psma7 72 BCO74225  BC084072 EU441800 (XBf) BC061282 -128.71 -128.71 0994 00001 0.0001 -131.98 -128.71 0.011
Psmb2 240 BCO72908  BCO70836 Euu:sz&;:;)« 001 BC084185 -457.21 -456.83 0382 0072  0.0001 -458.60 -456.92 0.067
Psmd12 195 BCo7ess0  Beoroses  EUMISESLEMAAISOZ wmooioreor 43z -432.64 0.536 >2 02586 43334 43327 0713
EU441530; EU441803; . y ’ .
Psmd14 303 BCO73436  BCO45094 vy Pty BC091596 521.83 521.83 1000 0.0001  0.0001 526.34 522.38 0.005
Psmds 132 BCOA1SI2  BCO74472 EU441531 (XBR) BX723168 -255.48 -253.67 0.057 >2 00001 -254.41 -253.90 0310
Psme1 216 Bcos2461  BCo73I0  BUAEE &::;1“5? BC088020 -459.78 -459.78 0973 02102 02229 -460.92 -460.55 0.390
EU441533; EU441806; ; } ; ;
Psme1 267 ecosast  mcoaseo WSS EUMARSST ecossozo 550.71 546.17 0.003 52 00001 547.11 546.87 0.485
PSMES 93 BCOG8SS2  BCOS2675 EU441534 (XBa) BC090116 -161.61 -159.81 0.058 >2 0.0001 -160.28 -159.81 0332
PdInsTP 108 BCO72371  BCO77831 EU441535 (XBa) - -200.21 -200.21 1000 0.0001  0.0001 -201.82 -200.21 0072
Ptpdal 234 AB127963  BCO77539 EU441536 (XBF) BC080902 -393.87 -393.14 0226 02876  0.0001 -393.67 -393.36 0433
Pyp 54 BCO70619  BC097793 EU441537 (XBG) NM001017130  -110.27 -11027 0996  0.0707  0.0001 -111.65 -110.27 0.09
Rab11b 93 BCOS2421  BCO41250 EU441538 (XBF) BC084173 -178.58 -178.58 1000 0.0001  0.0001 -179.24 -178.79 0343
Rab27a 132 BCOS2420  BCO73442 EU441539 (XBa) BC080481 -203.81 -203.81 1000  0.0001  0.0001 -205.04 -203.81 0417
Rabin3 117 BCO77516  BCOS4310  EU441540; AUR (XBP)  BC061285 -218.39 -216.68 0.065 >2  0.0001 217.72 -217.30 0.362
Rabl2b 213 BCO77550  BCO74476 EU“”‘&:;’“"“ - -396.41 -396.11 0437  0.0691 02423 -399.23 -396.57 0.021
EU441542; EU441809; p 5 J =
Racgapl 237 BCO70771  BCO46676 iR et BC067994 522.72 522.57 0588 0729  0.2998 522.89 522.86 0.797
Racgap1 105 BCO70771  BCO46676  EU441543; AUR (XBR)  BCO67994 -193.75 -193.75 0997  0.3398  0.0001 -193.97 -193.75 0.508
RAG1 1134 AY874341 AY874315 EF535912 (XBg) - -2332.46 -2332.44 0.872 0.1388 0.1571 -2338.19 -2333.06 0.001
EU441544; EU441811; ; : P 3
Ranbp1 321 Y09128 BCOS4182 s BC061426 534.17 534.08 0680 02551 0.1128 534.63 534.35 0.453
RAP1A 177 BCO73286  BCO78112 EU441545 (XBA) « -287.48 -287.48 1000 0.0001  0.0001 -290.16 -287.48 0.021
Rap1Gds1 75 BCO79775  BCO87423 EU441546 (XER) : -146.30 -146.30 1000 0.0001  0.0001 -147.55 -146.30 0.114
Rassfé 129 BCOA3762  BCOBA7S9  EU441813; AUR (XBa)  BCO75422 -262.81 -261.94 0188 03043  0.0001 -262.89 -262.87 0.841
Rassf6 210 BCO43762  BC084799 E”“”’&;y“““ BCO75422 -368.31 -367.75 0291 00001  0.0836 -369.62 -367.79 0.055
Rbm12b 102 BCO438S8  BCOS0345 EU441548 (XBp) CRS84843 -230.06 -229.30 0.220 >2 04015 -229.55 -220.40 0.575
Rebtb1 93 BCOSBESS  BCOSSE34 EU441549 (XBa) NM001017352  -226.51 -226.48 0750 00521  0.0001 -227.07 -226.47 0270
EU441550; EU441815;
Ren2 354 BCO77865  BCO72037  EU441816; EU441817  CR848220 792.22 -792.22 0524  0.5665 05169 -793.95 793.69 0.470
REcS 87 BCO72889  BCO44712 EU441551 (XBF) BC0B4510 -146.22 -146.22 1000 0.0001  0.0001 -147.33 -146.22 0.136
RGs2 222 Bcosssz  Bciosssy  FUMISTELEMMAISIS wwooiosoest  -ase0 -486.22 0330 08321 0.1582 -486.24 -486.24 0.976
Riok2 78 BCO77472  BCOBA165 EU441554 (XBg) - -156.75 -155.07 0.066 >2 00001 -155.70 -155.55 0.578
EU441553; EU441819; N ¥
Riok2 225 BCO77472  BCOB416S irelame -439.94 438.07 0053 00001 0.2227 44535 -438.85 0.000
RPL34 63 BC099259  BCO78541 EU441821 (XBa) CT025306 -108.36 -108.36 1000 0.0001  0.0001 -109.59 -108.36 0.116
RplS 204 BCO42258  BCO41227 EUMISS&;B:;JMIBZZ BCOS9751 -421.68 42011 0.076 0061  1.6989 42418 -421.59 0.023
RplS 87 BCO42258  BCO41227  EU441556; AUR (XBP)  BCO59751 -144.67 -144.43 0482 >2  0.0001 -144.76 -144.57 0.53
RPN1 69 BCOA5212  BCO44106 EU441823 (XBa) BCOG4882 -120.20 -119.69 0313 02403  0.0001 -120.10 -119.69 0.365
RpS12 111 BCO44028  BCOS665S EU441824 (XBa) BC0B0154 -200.96 -200.96 1000 0.0001  0.0001 -203.87 -201.06 0.018
Rps28 93 BC099294  BCO78605 EU441557 (XBF) NM001016950  -145.05 -145.05 1000 0.0001  0.0001 -146.23 -145.05 0.125
Rps8.1 87 BCO41282  BCO41307 EU441558 (XBa) BCO77028 -157.16 -157.16 1000  0.0001  0.0001 -158.51 -157.28 0117
Rrbp1 201 BCO59298  BCO73565 E"'““i;:;"“"zs 8C074706 -452.04 -451.88 0.566  0.2608  0.5035 -453.45 -452.16 0.108
EU441560; EU441826; .
Rebp1 210 BCOS59298  BCO73565 Prrreieia 8C074706 -457.24 456.76 0324 0998  0.1919 -456.76 -456.76 1.000
sco7azzs,  EUA41S6L; EUA41828;
Rwdd1 327 BCOS00Ss  UTS02%  EU44182S; EU441830 . -688.14 -688.13 0902 02474 0288 -689.45 -688.26 0.122

(XBa)
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Table 2.3 (continued 7)

Rwdd1 102 Bcosooss  BCO7336  euasiss2; AR (xp) - -207.62 -207.43 0.536  0.0001 0.0802 -207.89 207.76 0.609
EUA41564; EUA41833; ; ; . .

Saps3 37 soorosoz  Bcovoyro ‘AR RUIRN cxsuseo 772.73 772.00 0228 04378  0.0927 77235 772.07 0455
EU441563; EU441831; . . . .

saps3 309  BCO70B02  BCO70770 vrrrdpaind Cx430880 576.55 576.15 0373 01566  0.507% 580.32 578.52 0.058
Scap2 201 BCOB4386  BCOSATET E”“‘“&:;"““” 8C089739 -418.55 -413.42 0.001 >2 00001 -416.65 415.98 0.248
Searb2 6 BC0BA242  BCOAS028 EU441566 (XBa) CR760704 -215.26 -214.50 0217 >2 046 -215.26 215.03 0.498
Scarb2 153 BCOB4242  BODASO2S EU“‘“&;;’“““ CR760704 -320.45 -320.45 1000 0.0003  0.143 -320.52 -320.52 0.999

Sec2 159 AY661732  AVE61733 Eu‘““&;:;’“ 1837 - -320.62 -320.10 0.307  0.0001 0.3714 -321.32 -320.11 0.119
Serpt % BCOTS17S  BOOBA248 EUA41569 (XBa) BCD64859 16147 -160.31 0191 07885  0.0001 -160.90 -160.88 0.851
Sdovp 63 o®s) BCD76670 -96.75 9675 1000 0.0003  0.0001 -99.47 675 0.020
Secs1g % BC076558  BCO97730 E£U441570 (XBa) - 13519 -135.19 1000  ©0.0001  0.0001 -136.82 -135.19 0072
Secb1g [ BCO78558  BODS7730 EUA41571 (cep) - -101.22 -101.22 1000 00001  0.0001 -101.96 -101.22 0222

EU441572; Eu441839;
Sec63 585  BC072820  BC110927  EUA41840; EU441841 . -1045.47 -1045.00 0333 00586 02131  -1049.25 -1045.56 0.007
OBa)
Senps 195  BoDS93S3  BCOBS291 E““"?j‘f;“"“z CcTo30060 42550 424.76 0.130 >2 03086 -425.44 42518 0.480
Senps 267 BOOS93SI BCOB9Z9L E“““’&:;’“‘“’ cTo3o0s0 52984 -529.77 0707 03117 01988  -531.38 -529.78 0.073
EU441575; EUAS1845;
Septiniy 42 BCO7IS1  BOOTIZS0  EUA41845; EU441847 - -598.52 -598.52 0971 00737 00781 -601.88 -598.52 0.010
(xBg)
Septini1 ™ BCO77941  BCOT3250  EU441844; AUR (XBa) - -138.46 -138.46 1000 00001  0.0001 -142.39 -138.46 0.005
EU441576; EUA41843;
Serpinl S61  BCD74366  AMOS06S8  EU441849; EU441850 - -1038.08 -1035.08 0970 01725 01833  -1039.02 -1038.50 0305
EUA41577; EVA41851;
Serpin 381 s . 731.22 72092 0108  0.0967  0.0001 -735.86 73177 0.004
(xBp)

SGK 9 BOD73077  BCO74305 EU441854 (XBa) - 22427 -224.27 1000 0.0003 0.0001 22430 22427 0.807
SH3pa 57 BCOSTTIS  BCDB890S EUA41578 (XBF) - -78.55 -78.55 1000 0.0001  0.0001 -79.62 -78.55 0.142
Shebpt 243 BCOS2676  BCO73190 swxs?x;;;muss CR761438 -509.66 -509.28 0382 02391 12713 -510.15 -500.74 0.363

Sise e BCDS9983  BCOBA103 €U441580 (XB8) . -148.20 -148.20 1000 0.0001  0.0001 -148.40 -148.29 o.652

siah 246 BCOAS706  BOD74M4S EU““‘&:;‘“““ - -502.00 -501.76 0483 06227 0207 -501.83 -501.26 0753

sk 81 X68683 us999s EUA41582 ((Bo} . -205.53 -205.36 0560  0.0001 0.2456 -205.57 -205.37 0527
Sieson1 60 BC100176  BODAG6T7S EU441583 (XBa) BC080M47 -149.27 -148.25 0.154 >2 02353 -149.14 -148.53 0.270

EU441504; EU441857;
Sic30a6 504  BCO72974  BCO7I520  EUA41858; EUA41859,  BCDSSS26 -985.97 -985.61 0392 0098 02636 -990.22 -985.76 0.003
EUA41660 (X86)
Snap29 6 BCO9S298  BCO41208 EU441585 (x86) 8c061308 ‘13429 -133.41 o185 o526 2 -136.46 13624 0.509

SNT a2 AF390895  BODAG943 AUR (XB8) - 9421 -92.62 0075 11677  0.0001 -94.56 -94.56 0.904
sP22 483 AF304958  DQUOSE35 €U441586 (XBa) . -1008.17 -1009.10 0701  0.0687 00369  -1011.55 -1010.00 0.078
Spats2 816 BCO77749  BODSTT4B EU441587 (XBa) 80063897 -1733.89 1732.92 0164 10732 02811  -1734.70 -1734.70 0.966
Sposa 186 BCD87304 (XBa) -375.75 374.70 0148 03535 00273 -376.13 -375.96 0.559
SPNR 885 BCO7B1IS  BODESZ98 EU441589 (XBa) - -1881.92 188120 0.230 07141 02038  -1881.25 -1881.20 0.758

ssr1 %0 BC077979  BODS68S3 EU441590 (XBF) BCD68212 140,43 -140.43 1000 0.0001  0.0001 14174 140,43 0.105
stats 51 BOOMTI?  ABO17701 EU441851 (XBa) - -112.18 ‘11218 099 13374  0.0001 -112.20 -112.18 0.825

sm % BCO46709  BCD78016 EU441551 (XBa} - -158.02 157.21 0202 00001 03353  -159.65 -157.22 0.028
stmny a7 os) BC08048Z 78427 -784.25 0849 01375  0.0067 -785.06 -784.29 0214
Sumo 123 297073 80090210 E”“‘m?m““’ - -210.96 -210.96 1000 00001  0.0001 213.52 -211.26 0.033

Survivinz 11 AB197249  BCOB92TL Eu«xssg(;;;luxus cReas11y -224.78 -224.78 1000  0.0001  0.0001 -227.38 -224.98 0.028
Suv420 78 BCO8G459  BCO7IIIY EU441593 (XBa) R760868 -160.71 -160.71 1.000 >2 >2 -161.29 -160.82 0333
Suvazo 183 Bossass  BCO7AII EU441594 (XBp) CR760868 247.71 -346.97 0.224 >2 022 -347.99 -347.92 0715

Syapt 7 BCM43829  BCD71003 EU441596 (g} BoD64154 -138.67 -138.17 0318 00001 03986 -139.35 13817 0.125
Syapt s 8043829 BC071003 EUA41595 (XBa) BCO64154 -163.69 -163.69 0994  0.1608  0.0001 -165.49 -163.69 o058
Tact 102 Bo092125  BO09232S EU441597 (Ba) - -189.80 -189.80 1000  0.0001 0.0001 -190.65 -189.80 0.192
Tagin 132 B8 232.29 23229 1000 00001  0.0001 -233.59 -232.88 0.234
Taoki 152 Boose7e:  Bopadves  EUMISESLRudeises . -378.87 -378.57 0993 0.3544  0.0001 -378.76 -378.57 0543
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Table 2.3 (continued 8)

TB1 81 BCO72218 BC082843 EU441600 (XBp) NM001016130 -158.07 -157.64 0.352 0.1909 0.0001 -158.56 -158.00 0.288
TCP1 216 BC044673 BC068901 EU“‘GQ(;:;J«1°57 - -380.25 -380.10 0.583 0.0001 0.0995 -380.77 -380.44 0.419
TEF 54 BCO54981 BC082861 EU441602 (XBp) NM001017319 -114.89 -114.40 0.326 >2 0.3799 -114.98 -114.69 0.447
Tegt 63 BC047131 BC079707 EU441603 (XBp) - -121.64 -121.18 0.340 0.518 0.0001 -121.59 -121.49 0.659
Tekt3 75 BC088703 BC056029 EU441604 (XBa) CR760902 -162.10 -162.10 1.000 >2 >2 -163.43 -163.06 0.389
TrElys 99 BCO86281 BCO76775 EU441605 (XBp) - -275.25 -274.78 0.335 >2 0.355 -275.29 -275.06 0.501
TFlIAQ 210 BC088977 BC072888 EU441868 (XBa) BCO77041 -354.71 -354.71 1.000 0.0001 0.0001 -358.54 -354.71 0.006
TFIIAg 51 BCO88977 BC072888 EU441606 (XBp) BC077041 -76.24 -76.24 1.000 0.0001 0.0001 -77.40 -76.24 0.128
TFIIS 33 BC070555 BCO077765 AUR (XBp) BC059769 -53.05 -51.49 0.077 0.0001 >2 -54.56 -53.32 0.116
Tgm2 123 BC072304 BC056053 EU441607 (XBa) - -239.63 -239.58 0.753 1.2734 0.5116 -240.81 -240.77 0.786
Thap1i 96 BC077429 BC084824 EU441608; AUR (XBa) BCO75499 -173.42 -173.29 0.599 0.5344 1.332 -174.34 -174.23 0.642
Thap1 465 BCO77429 BCO84824 EU‘;J‘S‘O:S;7§U(‘;B1:)59; BCO75499 -860.10 -859.83 0.465 0.1793  0.0619 -860.93 -859.83 0.139
TIAR 123 AJ416631 BC045086 EU441610 (XBp) ~ -191.79 -190.94 0.192 0.3967  0.0001 -191.18 -190.94 0.488
Tig1 114 BC059975 BCO73285 EU441611; AUR (XBa) = -206.92 -206.92 0.995 0.3691 0.0001 -207.01 -206.92 0.674
Timm10 48 BC097518 BC072896 EU441612 (XBa) BC064213 -109.86 -109.86 1.000 0.0001 0.0001 -112.64 -110.08 0.024

EU441613; EU441871; N 4 p q
Tmem59 294 BC073604 BC084373 EU441872 (XBB) 629.22 628.00 0.119 0.052 0.3817 633.00 -628.13 0.002

EU441614; EU441873

Tmpit 117 BCO77325  BC090205 s BC082959 -224.63 -223.54 0139 1.093  0.0001 -224.03 -224.02 0.944
Tnpoz % BC084097  BCOB4978 EU441615 (XBa) - -194.26 -194.26 1.000  0.0001  0.0001 -195.69 -194.26 0.091
Tprkb 519 BCO77299  BCO45235 EU441616 (XBa) BC064176 -951.66 -951.26 0371 00534 02309 -953.74 -951.26 0.026
Trap 75 BCO41301  BCO53768 EU441617 (XBa) BC077002 -135.50 -135.25 0480 00001  >2 -135.50 -135.25 0477
Trap 66 BCO41301  BCO53768 EU441618 (XBF) 8C077002 -138.61 -138.44 0557 01129 03454 -140.20 -138.46 0.062
Tsha 360 Lo7619 BC072372 EU441619 (XBA) . -670.32 -668.76 0078  0.0001  0.3197 -672.82 -668.96 0.005
Tubb2c 84 BC043974  BC054297 EU441620 (XBa) . -120.88 -120.88 1000 00001  0.0001 -126.18 -120.88 0.001
Txnde10 87 BC092019  BCO73549 EU441621 (XBS) . -155.79 -154.94 0192 0265  0.0001 -156.18 -155.89 0.447
ut 84 AF441126 93491 EU441622 (XBa) - -186.44 -186.23 0513 01708  0.5387 -188.25 -187.24 0.156
Ube2c 186 BCO75141  BCOBBS1S E““’“&i':;’““" AL679209 -349.49 -349.49 1000 0.0001  0.0001 -351.05 -349.79 0.113
Ube2d1 96 BCO76728  BC084B49 EU441624 (XBP) CN114651 -137.90 -137.90 1.000 00001  0.0001 -139.55 -137.90 0.069
Ube2e 69 BCO77923  BC077801 EU441625 (XBa) . -134.42 -133.85 0288 00001  0.3003 -135.53 13431 0.118
UDPgeg 96 AY112732  BCO84966 EU441626 (XBa) . -146.84 -146.84 1000 00001  0.0001 -147.27 -146.84 0.355
urdl 222 BCO72284  BCO61930 EU'““&:‘;’“‘”S BC076680 -435.42 -433.88 0080 031  0.0001 -435.90 -434.96 0.170
Uncso 102 BCOB48ES  BCO71145 EU441628 (XBa) . -177.37 -177.37 099 00001  >2 -178.13 177.37 0217
VATPase 93 BC063729  BC060343 EU441629 (XBP) 8C075390 -159.77 -159.77 1000 0.0001  0.0001 -163.10 -159.77 0.010
Vps29 429 BC097520  BCo73zsy  EU441