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Abstract Changes in gene expression contribute to
reproductive isolation of species, adaptation, and devel-
opment and may impact the genetic fate of duplicated
genes. African clawed frogs (genus Xenopus) offer a useful
model for examining regulatory evolution, particularly
after gene duplication, because species in this genus are
polyploid. Additionally, these species can produce viable
hybrids, and expression divergence between coexpressed
species-specific alleles in hybrids can be attributed exclu-
sively to cis-acting mechanisms. Here we have explored
expression divergence of a duplicated heterodimer com-
posed of the recombination activating genes 1 and 2
(RAG1 and RAG?2). Previous work identified a phyloge-
netically biased pattern of pseudogenization of RAGI
wherein one duplicate—RAGI1—was more likely to
become a pseudogene than the other one—RAGI1«. In this
study we show that ancestral expression divergence
between these duplicates could account for this. Using
comparative data we demonstrate that regulatory diver-
gence between species and between duplicated genes
varies significantly across tissue types. These results have
implications for understanding of variables that influence
pseudogenization of duplicated genes generated by poly-
ploidization, and for interpretation of the relative
contributions of cis versus trans mechanisms to expression
divergence at the cellular level.
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Introduction

The impact of natural selection on regulatory evolution is
best understood through comparative analyses—either
between different genetic conditions (such as species,
populations, hybrids, strains, or tissues) or between dif-
ferent types of genetic information (such as gene
expression level, expression divergence, DNA sequence
divergence, breadth of expression, developmental timing of
expression, or protein-protein interactions). With the aim
of better understanding regulatory evolution across species
and tissue types, we have examined expression divergence
of a simple system—a heterodimer between the recombi-
nation activating gene 1 and 2 proteins (RAG1 and
RAG?2)—that was duplicated by whole-genome duplication
(WGD) in African clawed frogs, genus Xenopus. The
RAGI1/RAG2 heterodimer is required to carry out V(D)J
recombination—the somatic shuffling of “variable,”
“diversity,” and “joining” cassettes of DNA that makes
possible the adaptive immune response (Bassing et al.
2002; Spicuglia et al. 2006).

WGD occurred in Xenopus about 21-41 million years
ago (Chain and Evans 2006), or maybe earlier (Evans et al.
2004), generating a tetraploid ancestor with 36 chromo-
somes. WGD resulted in two copies (paralogs) of all
nuclear genes, although tetraploid genomes that descended
from this ancestor are mostly or entirely diploidized (Evans
2008). We refer to these WGD paralogs as o and f.
Octoploid and dodecaploid Xenopus species also exist. The
octoploid species have 72 chromosomes and were formed
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on three occasions through allopolyploidization of tetra-
ploid ancestors (Evans 2007). In the absence of gene
deletion or pseudogenization, these octoploids are expected
to have four paralogs of all nuclear genes (o, o, f3;, and
f2) because two paralogs (o and f§) were inherited from
each of the tetraploid ancestors.

The Xenopus RAG1/RAG2 heterodimer is an interest-
ing system for further study because of the unexpected
way in which pseudogenization sculpted interactions
between these proteins after WGD. In different species of
Xenopus, multiple paralogs of RAGI1 experienced pseu-
dogenization in a way that appears biased by ancestry
(Evans 2007; Evans et al. 2005). Analysis of multiple
species indicates that between 7 and 16 independent
instances of pseudogenization occurred in RAGI1f,
whereas only 2 instances occurred in RAGla (Evans
2007). In contrast, RAG2o was deleted from the genome
prior to the diversification of extant Xenopus species, so
their genomes now encode only RAG2f (Evans 2007).
One explanation for nonrandom pseudogenization of
RAGI1p is that low expression of this paralog made it
insufficient to carry out all necessary activities on its own
after WGD, whereas expression of RAGIla has been both
sufficient and therefore necessary after WGD. We call this
the “stoichiometric sufficiency of RAGIla*“ (SSRo)
hypothesis. To test this, we estimated the expression ratio
of RAGI paralogs (i.e., RAG1o«/RAG1f) of Xenopus
ancestors from observed expression ratios of eight extant
species. This heterodimer is particularly active in bone
marrow (Greenhalgh et al. 1993). A prediction consistent
with the SSRa hypothesis is that, after accounting for gene
deletion, RAGloa paralogs would still be more highly
expressed than RAG1f paralogs in extant and in ancestral
species of clawed frogs (Prediction 1).

We also examined mechanisms of expression diver-
gence in RAG1 and RAG?2, focusing our analysis on two
tetraploid species, X. laevis (XL) and X. borealis (XB), and
hybrids generated by a cross between these species
(Hxyxg). XL and XB diverged from a common ancestor
roughly 20-40 million years ago (Chain and Evans 2006;
Evans et al. 2004). On a genetic level, expression diver-
gence is achieved by mechanisms that operate in cis, which
affect transcription in an allele-specific manner, and by
mechanisms operating in trans, which affect regulation of
both alleles via direct or indirect interaction with cis-reg-
ulatory elements. Cis divergence is indicated if alleles are
divergently expressed in the same cell. Trans divergence is
indicated if alleles are differently expressed when in dif-
ferent cells, but not when in the same cell. These
mechanisms drive expression divergence between alleles
of a single gene, between alleles of genes generated by
duplication (paralogs), and between alleles of genes gen-
erated by speciation (orthologs).

Divergent expression of orthologs could be a conse-
quence of either cis- or trans-regulatory divergence, or
both (Fig. 1). Divergent expression of paralogs that are
coexpressed within a cell necessarily implies cis diver-
gence (Fig. 1). However, if each paralog is expressed in a
different tissue type within the same individual, then
divergent expression between them could also be
achieved by paralog-specific trans factors that interact
with unique cis-regulatory sequences on each one. The
same is true of paralogs that are expressed in different
species: expression divergence between paralog o in
species 1 and paralog f in species 2 could be achieved by
cis or trans divergence, or both (Fig. 1) (Evans 2008).
The relative contributions of these mechanisms can be
quantified by comparing expression divergence in parental
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Fig. 1 Expression divergence can occur between tissues, the sexes,
duplicated genes (paralogs), and between species (orthologs) and is
derived from cis- and/or trans-acting factors. In the absence of
intraspecific polymorphism, intraspecific expression divergence
between the sexes and between tissues must be caused by trans-
acting factors because the cis-acting factors are identical within a
species. An exception, indicated by an asterisk, is intraspecific
expression divergence between the sexes that arises due to differences
in allelic copy number at sex-linked loci. Because they share the same
cellular environment, divergent expression of paralogs (o, f§) that are
coexpressed arises from cis-acting mechanisms. If paralogs of a gene
are expressed in different species (i.e., not coexpressed), expression
divergence between them could occur by cis- or trans-acting
mechanisms, or both. Likewise, divergence between orthologs in
different species (sp.1, sp.2) can arise by cis- or trans-acting factors,
or both. (Modified from Evans 2008)
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species and hybrid individuals (Fig. 2) (Wittkopp et al.
2004).

With respect to the mechanisms of regulatory evolution
of the RAG1-RAG?2 heterodimer in Xenopus, we predicted
that the magnitude of cis divergence between orthologs
would be tissue-specific (Prediction 2). We reasoned that
cis and trans divergence between orthologs should be
detectable only to the extent that frans-acting factors that
interact with divergent cis-regulatory elements are
expressed in a given tissue. Following the same reasoning,
we also expected the magnitude of expression divergence
between coexpressed paralogs to vary among tissues
(Prediction 3). We expected this because different suites of
trans-acting factors may be expressed in different tissues
within an individual.

Methods
Prediction 1: Upregulation of RAG1«

We used a pyrosequencing assay (described below; Landry
et al. 2005; Wittkopp et al. 2004) to quantify the RAG1a/
RAGI1f expression ratio in eight species of clawed frog,
then used these ratios to estimate the expression ratio of
their ancestors in a phylogenetic context. The eight species
we examined include four tetraploids (X. borealis, X.
muelleri, X. laevis, and X. gilli) and four octoploids (X.
itombwensis, X. andrei, X. boumbaensis, and X. amieti).
The RAGIf3, paralog of three of these octoploids (X. an-
drei, X. boumbaensis, and X. amieti) was probably deleted,
but RAG1p, is still expressed in each of these species, even
though this paralog is degenerate at the coding level due to
nonsense and missense mutations (Evans 2007). In X.
itombwensis, RAG1f; and RAG1f3, are both present in the
genome, but both are degenerate at the coding level. All
eight of these species, however, still express RNA from at
least one RAG1la paralog and at least one RAG1p paralog
(Evans 2007).

The program BayesTraits (Organ et al. 2007) was used
to reconstruct ancestral expression ratios of RAGlo/
RAG1f based on the observed log,-transformed expression
ratios in the eight extant species. This reconstruction is
based on a Brownian motion model of regulatory evolution
in which the variance among the descendant expression
ratios increases over time. In other words, a long period of
evolution between an ancestor and its descendant species is
expected to be associated with more variance in the
expression ratios in the descendants than a brief period of
evolution. The first step in this analysis is to generate a
posterior distribution of the variance parameter given the
topology and the observed log,-transformed paralogous
expression ratios in bone marrow of the eight species

@ Springer

(Table 1).We generated this distribution from 5 million
Markov Chain Monte Carlo (MCMC) iterations, sampled
every 1000 iterations, after a burn-in of 50,000 iterations.
Then another MCMC chain was performed using a chain
length of 250 million iterations, sampling every 5000
iterations and using the same burn-in, but this time drawing
from the posterior distribution of the variance parameter.
We report the mean posterior probability of the null SSRa
hypothesis—that there is no ancestral upregulation of
RAGla (logy-transformed ratio <0)—based on 10 inde-
pendent MCMC chains. We did not implement topology
scaling parameters such as x, J, and 1 (Pagel 1997, 1999;
Venditti et al. 2006) in this analysis because of concerns
that estimates of these parameter values may be inaccurate
on a small phylogeny (A. Meade, personal communication).

The reticulating evolutionary history of clawed frogs
poses unique challenges to comparative analyses because
most approaches for analyzing continuous characters
within a phylogenetic context rely on a bifurcating evolu-
tionary relationship among species. However, because
sequences are available for essentially all paralogs of all
species from RAG1 and RAG2 (Evans 2007; Evans et al.
2005), one can construct a bifurcating phenogram based on
the average pairwise genetic distance between each
orthologous pair of paralogs and then use this topology for
comparative analysis. To accomplish this, an ultrametric

Table 1 Paralogous expression ratio in RAG1 in different species
including tetraploids (4n) and octoploids (8n)

Species Ploidy  Tissue log,(expression ratio)®
X. laevis 4n Bone marrow 0.1391
Liver —0.0462
X. borealis 4n Bone marrow  —0.2108
Liver —0.1992
X. gilli 4n Bone marrow 0.7985
X. muelleri 4n Bone marrow 0.9135
Heart 0.7117
Brain 3.2536
X. boumbaensis  8n Bone marrow 0.1519
X. andrei 8n Bone marrow 1.6814
X. itombwensis 8n Bone marrow 0.9425
Brain —0.2954
Heart 0.3293
X. amieti 8n Bone marrow 0.9308
Heart —0.1508
Liver 0.0051
Brain —0.3201

Note: Most log-transformed expression ratios of RAG1a/RAG1f are
positive, which is consistent with the SSRa hypothesis (Prediction 1)

* For X. boumbaensis, X. andrei, and X. amieti, the expression ratio
was divided by 2 before log, transformation to account for ancestral
deletion of RAGI1/2
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phylogeny was estimated with a strict molecular clock
enforced based on combined data from RAG1 and RAG2
using the program MrBayes version 3.1.2 (Huelsenbeck
and Ronquist 2001). For each pairwise comparison
between the eight species in our analysis, we calculated
and averaged the patristic distances between each pair of
orthologs to generate pairwise genetic distances between
each pair of species (Fig. 3c). In these comparisons, aver-
ages were performed in a hierarchical way to ensure that
each of the individual pairwise distance between orthologs
contributed appropriately to the aggregate pairwise dis-
tance between the species, including in comparisons
involving octoploid species in which the RAG1f, paralog
was deleted. Based on previously published phylogenetic
relationships (Evans 2007; Evans et al. 2005), we substi-
tuted the genetic distances between evolutionarily
equivalent comparisons with the mean genetic distance in
each evolutionarily equivalent comparison, for example,
between pairs of sister species. The program PHYLIP
version 3.6 (Felsenstein 2005) was then used to transform
the resulting triangular matrix into a bifurcating phenogram
using the UPGMA algorithm. While this phenogram is
topologically inaccurate because it does not reticulate, it is
nonetheless a reasonable (albeit rough) approximation of
genetic distance between species in terms of branch lengths
and evolutionary relationships (Fig. 3c; Supplementary
Fig. 1).

Because there could be biases in the efficiency of PCR
amplification between paralogs, and also because there is
an unequal number of RAGlo and RAGI1f paralogs in
some octoploid species, we standardized the paralogous
expression ratios by subtracting the log,-transformed
paralogous ratio that was obtained from genomic DNA
(gDNA). Biological replicates of these species were not
available, but at least two technical replicates were per-
formed for each one. To complement these assays, we also
inferred the paralogous expression ratios for XL and XB
with three biological replicates from data collected for
Predictions 2 and 3 (described next).

Predictions 2 and 3: Magnitude and Mechanisms
of Expression Divergence

Expression analysis of interspecies hybrids provides a way
to tease apart the contributions of cis- and trans-acting
mechanisms to expression divergence between orthologous
alleles (Landry et al. 2005; Wittkopp et al. 2004). To
quantify the relative contributions of cis- and trans-acting
factors in expression divergence between species, we
compared the expression ratios of species-specific alleles
in XL and XB to the expression ratio of these alleles
in Hx;xg (Fig. 2). For each locus we tested whether
(a) the log,-transformed parental expression ratio was

significantly different from the log,-transformed hybrid
expression ratio, which would be consistent with frans
divergence, and whether (b) the log,-transformed expres-
sion ratio in hybrids was significantly different from zero,
which would be consistent with cis divergence (Fig. 2)
(Landry et al. 2005; Wittkopp et al. 2004).

In hybrids, trans-acting factors from both species can
interact with the cis-acting factors of species-specific
alleles, so their differential expression in this type of
individual can be attributed exclusively to cis divergence
(Fig. 2). Under a scenario of exclusively cis divergence,
trans-acting factors expressed in a hybrid are the same,
even though they are encoded by parental alleles from
different species. This is true even though the overall
expression level of these transcription factors (in terms of
mRNA per cell) may differ between parental and hybrid
individuals. Alternatively, divergent expression between
species could be due only to trans-acting mechanisms
(Fig. 2). Under this scenario, both species-specific alleles
would be expressed at the same level in hybrids, even
though these alleles are expressed at different levels in each
parental species. Other scenarios involving both cis and
trans divergence between orthologs are possible. If cis and
trans mechanisms both act synergistically to upregulate
expression in one species compared to another, then
expression of species-specific alleles should be more sim-
ilar in hybrids than in the parental species (Fig. 2).
Alternatively, if cis- and trans- acting factors influence
expression divergence in opposite (antagonistic) directions,
then expression of species-specific alleles should be more
similar in the parental species than in hybrids (Fig. 2)
(Landry et al. 2005; Wittkopp et al. 2004; Yan et al. 2002).
This is because species-specific cis-trans antagonism is
disrupted in hybrids because trans-acting factors of both
species interact with cis elements of both parental alleles.

Laboratory procedures for quantification of parental and
hybrid expression ratios involve a few ingenious tech-
niques developed by others (Wittkopp et al. 2004). The first
challenge is to compare directly the expression intensity of
alleles in each parental species while accounting for dif-
ferences in the total number of cells from each parental
species used in each RNA extraction. This is accomplished
by homogenizing tissue samples from both parental species
to generate a “parental mixture” and then performing both
DNA and RNA extractions on this mixture. The parental
expression ratio is estimated by measuring expression of
alleles from each parental species in the parental mixture,
based on species-specific and paralog-specific single-
nucleotide polymorphisms (SNPs), and then standardizing
this expression ratio by (i) the proportion of tissue from
each parental species that was in the parental mixture and
(i) the PCR amplification bias for each species-specific
allele. This first proportion (i) is estimated from the ratio of
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Fig. 2 Characterization of cis and trans contributions to expression
divergence between species by comparison of allelic expression ratios
in parental and hybrid individuals. Cis-acting elements are depicted as
5" regulatory regions and trans-acting factors are depicted as
transcription factors that bind to these elements. Inferences based
on comparisons of expression ratios in parentals and hybrids assume
intraspecific variation in expression is small relative to interspecific
variation. Species-specific alleles are yellow and green rectangles;
only one allele is shown for the parental species but both are shown
for hybrids. In this example, red elements upregulate expression and
blue ones downregulate it. In hybrid individuals the two-headed
arrows indicate that transcription factors from both parental species
interact with cis-regulatory elements of the alleles from both parental
species. In these comparisons, P refers to the log,-transformed

each type of parental DNA in the genomic DNA extraction
from the parental mixture. The second proportion (ii) is
estimated from the ratio of amplified parental alleles from a
genomic DNA extraction from F; hybrids (which have
equal allelic concentrations from each parental species).
Parental mixtures were generated by combining simi-
larly sized tissue samples from each of the parental species,
adding a small quantity of RNAse-free water (~ 100 pl),
and homogenizing the mixture by passing it through a 20.5-
gauge needle or using a tissue homogenizer (PRO Scien-
tific Inc.). RNA was extracted and converted into cDNA
using the RNeasy extraction kit (Qiagen) and the cDNA
synthesis Omniscript Reverse Transcriptase kit (Qiagen).
Genomic DNA was extracted using the QLAmp kit
(Qiagen). The proportion of gDNA or cDNA from each
parental species that was in each type of extraction was
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Lcﬂ_:

hybrid ratio equals zero:
P#£H, H=0

CE‘:

Different ratios;
hybrid ratio closer to zero:
P#H,H nearer 0

E—_

: Different ratios;
parental or hybrid ratio
L could be closer to zero:
P#H
expression ratio of parental alleles in each parental species and H
refers to the log,-transformed expression ratio of each parental allele
in a hybrid. Cis divergence is indicated when the null hypothesis of
P = H is not rejected but the null hypothesis of H = 0 is rejected.
Trans divergence is indicated when the null hypothesis of P = H is
rejected but the null hypothesis of H = 0 is not rejected (which also
implies rejection of the null hypothesis, P = 0). However, if the log,
transformed parental expression ratio is closer to O than the hybrid
expression ratio, this suggests that cis- and trans-acting factors have
acted in opposite directions to stabilize expression levels in each
species. When the log, expression ratio in hybrids is closer to O than
the parental ratio, it may not be possible to distinguish between
scenarios involving synergy and opposition of cis- and trans-acting
factors

quantified using a Biotage PSQ96 pyrosequencer
(Kruckeberg and Thibodeau 2004; Nilsson and Johansson
2004). After amplification, species-specific alleles of
RAG2p were quantified with one pyrosequencing primer,
whereas amplified species-specific and paralog-specific
alleles of RAGla and RAG1p of XL and XB were quan-
tified with three different pyrosequencing primers. Primers
and SNP information are given in Supplementary Material
1 and are based on previously published sequences of
RAG1 and RAG2 (Evans 2007). We performed these
assays on RAGI1 and RAG?2 alleles expressed in adult bone
marrow, brain, heart, and liver. For each tissue type, ratios
were estimated in F; hybrids generated from a cross
between an XL female and an XB male (two females and
two males) or the reciprocal cross (zero females and two
males) and compared to the corresponding expression
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I Tetraploid ancestors
of octoploids (36)
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Fig. 3 Putative allopolyploid evolution of the tetraploids X. laevis
(XL), X. gilli (XG), X. borealis (XB), and X. muelleri (XM) and the
tetraploid ancestors of Xenopus octoploids. Daggers indicate extinct
diploid ancestors or genes. Nodes 1 and 2 correspond to the
divergence and union, respectively, of two diploid genomes; Node
3 indicates the MRCA of all Xenopus species; and Node 4 refers to
the MRCA of a subset of these species. a A reticulate phylogeny, with
ploidy in parentheses. b Nuclear genealogy assuming no recombina-
tion and no gene conversion between alleles at different paralogous
loci (o and f). The dashed portion of the paralogous lineages in (b)
evolved independently in different diploid ancestors. Octoploids,
which have 72 chromosomes, inherited the complete genomes of two
tetraploid ancestors, each of which had 36 chromosomes, so with no
gene deletion, they are expected to have two « and two f paralogs.
Some species experienced gene deletion (Evans 2007) so the actual
number of paralogs is lower in these species. ¢ Genetic distances
between species that evolved through allopolyploidization can be
estimated as the average of the branch lengths between each of the
MRCAs. For instance, in this example, an allotetraploid evolved from
two extinct diploids. This allotetraploid then speciated into two
descendant tetraploids (T1 and T2), ancestors of which underwent
allopolyploidization to form an octoploid (O). The genetic distance
between tetraploid T1 and the octoploid O is equal to the mean of the
red and blue branch lengths. Each of these branches can be calculated
from patristic distances from a genealogy that includes all paralogs in
each species (see text for details)

ratios in seven parental mixtures (three parental mixtures
between XL and XB females and four parental mixtures
between XL and XB males). For some treatments we
performed replicate DNA or RNA extractions on an indi-
vidual and/or replicate PCR amplifications on DNA or
RNA.

The manufacturer’s protocol for our RNA extraction kit
states that gDNA is efficiently removed from the extrac-
tion, but we nonetheless implemented an optional DNAase
digestion step in this procedure. We also developed a PCR
assay as a further test for gDNA contamination in our RNA
extractions. In this assay, the a-globin gene was amplified
using the primers alpha.107.forl 5 TGA CAA GAA ACA
CAT CAA GGC AAT TAT GC 3 and alpha.971.rev 5
CGA TAT TTG GAW GTC AGA ACA GTA GAT AC 3.
The amplified region includes two small introns, so
amplifications from gDNA are larger than those from
cDNA. We performed this assay on all of the cDNA
extractions we used (including the species examined in
Prediction 1 and the tissue crosses between XL and XB;
see below). Consistent with the expectation that our RNA
extractions did not contain gDNA, the amplifications from
the RNA extractions included only the smaller fragment
whereas amplifications of the gDNA extractions included
only the larger fragment (data not shown).

Expression ratios of species-specific alleles in the
parental mixtures and hybrids were standardized using the
method of Landry et al. (2005). We fit a regression line
between log,-transformed parental genomic ratios from the
three pyrosequencing assays (RAG2pf, RAGla, RAG1p)
and the median log,-transformed hybrid genomic ratio that
was calculated for each primer from at least six biological
replicates. The log,-transformed expression ratios from
parental mixtures were standardized by subtracting the
fitted estimate of parental DNA for each primer pair on the
median ratio of parental gDNA that was amplified in
hybrids with each primer pair. This accommodates PCR
bias, pyrosequencing bias, and differences in concentration
of each parental tissue in the parental mixture. The log,-
transformed hybrid ratios were standardized by subtracting
the median ratio from hybrid gDNA amplified with that
primer pair, which accounts for PCR bias and pyrose-
quencing bias.

Expression Hierarchy

If tissue-specific expression is low, the inferred mecha-
nisms of expression may not be biologically relevant and/
or subject to natural selection in that tissue. To explore
comparative expression levels across tissue types, we
evaluated the hierarchy of expression levels among tissue
types with a series of “tissue crosses” comprised of one
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tissue type from XL with another tissue type from XB. We
analyzed a mixture of XL liver with XB heart, XL heart
with XB brain, and XL brain with XB bone marrow, and
we did these comparisons separately for each sex. The
log,-transformed tissue cross-expression ratios were stan-
dardized by subtracting the corresponding log-
transformed gDNA ratio of the tissue crosses. The resulting
standardized ratios were then used to calculate intraspecific
expression ratios between tissue types. For example, the
XLjiver/ XBreary €Xpression ratio was divided by the parental
XLjiver/XBiiver €Xpression ratio to obtain the expression
ratio XByjjve/XBpearr. This allowed us to estimate the
expression hierarchy across four tissue types for each gene
within each parental species and within each sex.

Statistical Analysis

We used the methods of Landry et al. (2005) to test whe-
ther the expression ratios were significantly different from
each other and to test whether expression ratios were sig-
nificantly different from zero. Restricted maximum
likelihood (REML) was used to independently estimate
variance parameters for each treatment being compared.
Analyses were carried out using “proc mixed” in SAS
version 9.1.3 (SAS Institute) with modified scripts that
were graciously provided by Patricia Wittkopp. Similar to
Landry et al. (2005), this approach was justified to avoid
bias because the variance in expression ratio among rep-
licates was higher in the parental mixtures than in the
hybrids. Student’s #-tests were computed within the mixed
procedure and locus-level significance was interpreted after
sequential Bonferroni correction for multiple tests (Rice
1989). Calculations included a random effect estimated
from the variance between PCR replicates (same extraction
but different PCR reaction), which were nested in technical
replicates (separate cDNA extractions), and within bio-
logical replicates (different individuals). Results from these
analyses were very similar to those recovered from regular
Student’s #-tests.

Because an inference of cis-only divergence or trans-
only divergence is made on the basis of rejection of one
hypothesis but inability to reject another (Fig. 2), these
inferences suffer from Type II error. Neither inference,
therefore, is statistically inconsistent with an inference of
cis and trans divergence, which is based on the rejection of
two null hypotheses (indicating that P # H and H # O;
Fig. 2). Application of the Bonferroni correction therefore
makes the detection of antagonistic or synergistic cis and
trans divergence more conservative. We also applied the
Bonferroni correction to comparisons between hybrid
expression ratios across tissue types. This makes the test
for tissue-specific cis divergence more conservative.
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Results
Prediction 1: Ancestral Upregulation of RAG1«

The SSRa hypothesis predicts that RAGla is expressed
more highly than RAG1f in multiple extant species and
their ancestors. Consistent with this, we found that RAG1«
was expressed more highly than RAG1f in bone marrow of
seven of eight species that we examined. This was true
even in octoploid species in which the RAG1p, paralog
was deleted (X. andrei, X. boumbaensis, X. andrei); in
other words, in these species, even though there are two
copies of RAGlua and one copy of RAG1p, expression of
RAGIlo, plus RAGla, was more than twice as high as
expression of RAGI1f, (Table 1). Additionally, in some
other tissues this bias was extreme: expression of RAGlu«
in X. muelleri brain, for instance, was almost 10-fold higher
than RAGI1pf (Table 1). Ancestral reconstruction did not
reject the null hypothesis that the log,-transformed para-
logous expression ratio of bone marrow was <0 in the most
recent common ancestor (MRCA) of all Xenopus (node 3;
P=0.0726) (Fig. 3a and b), but it did reject the null
hypothesis that this ratio was <0 in the MRCA of a subset
of these species (node 4; P = 0.0497) (Fig. 3a and b).
We inferred species-specific paralogous expression
ratios in XL and XB with biological replication from the
parental mixtures, and these log,-transformed ratios did not
depart significantly from O in XL or XB bone marrow,
brain, heart, or liver (data not shown). When the ancestral
reconstructions were repeated with the expression ratio of
these species set to 0, the null hypothesis that the ancestral
expression ratio was <0 was again rejected for the MRCA
of the a subset of these species (node 4; P = 0.0492)
(Fig. 3a and b) and it not rejected for the MRCA of all
Xenopus (node 3; P = 0.0826) (Fig. 3a and b). Overall, we
interpret these results as providing support the SSRo
hypothesis—at least for a subset of these species.

Prediction 2: Tissue-Specific Expression Divergence
Between Species

Prediction 2 posits that the magnitude and mechanisms of
expression divergence between species could vary,
depending on which tissue is compared. To test this, we
compared expression ratios of species-specific alleles in
different tissues of parental and hybrid individuals using
the approach of Landry et al. (2005) and Wittkopp et al.
(2004). Because tests for parent of origin effects and sex
bias were not significant within each tissue type for
orthologous ratios of RAGla, RAG1f, or RAG2f or for
paralogous ratios of RAG1 (Supplementary Table 1), we
did not perform a separate test for males and females or for
each type of hybrid cross (XL or XB mother).
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Table 2 The log,-transformed parental and hybrid expression ratios of (XL/XB) and probabilities of Type I error for rejecting the null
hypotheses that the log-transformed parental ratio is equal to zero (P = 0), that these ratios are equal (P = H), or that the log-transformed hybrid

ratio is equal to zero (H = 0)

Parental ratio  p-value (P = 0)  Hybrid ratio

p-value (P = H) p-value (H = 0) Interpretation

RAG2p

Bone marrow —0.3530 0.2931 0.8839
Brain 0.0897 0.7329 0.3861
Heart 0.1576 0.5487 1.1566
Liver 0.2448 0.0021%* 0.0825
RAGIl«

Bone marrow —0.6271 0.1569 —0.2362
Brain —0.8851 0.1728 —0.1330
Heart —0.3575 0.0649 0.2301
Liver —0.2602 0.0028%* 0.3522
RAGI1p

Bone marrow —0.2383 0.5413 0.2532
Brain —0.3846 0.3007 0.3058
Heart —0.0041 0.9859 —0.2418
Liver 0.0299 0.6938 —0.1001

0.0061* 0.0002* C: XL up, T: XB up
0.3535 0.0441 Almost significant C: XL up
0.0102* 0.0001* C: XL up, T: XB up
0.2105 0.4524 C and/or T: XL up(?)*
0.3643 0.2160 -

0.2464 0.2941 -

0.1413 0.4298 -

0.0076* 0.0573 C:(?);° T: XB up
0.2563 0.0069* C: XL up, T: XB up(?)°
0.1439 0.2435 -

0.4046 0.1018 -

0.2055 0.1288 -

Note: Interpretations of cis divergence (C) and trans divergence (T) are based on two tests, (P = H) and (H = 0); for all tests, significance after

Bonferroni correction is indicated with asterisks

% Ambiguous interpretation because P = H and H = 0 are not rejected even though P = 0 is rejected

® Ambiguous interpretation because H = 0 is not rejected even though P = 0 is rejected

¢ Ambiguous interpretation because H = 0 is rejected even though P = 0 and P = H are not rejected

When considering expression divergence of each gene
individually, we did not find any unambiguous examples
where cis- or trans- divergence was significant but in
opposite direction in different tissues, but we did recover
support for significantly different magnitudes of tissue-
specific expression divergence. Significant or near-signifi-
cant upregulation of XL RAG2p due to cis divergence was
detected in bone marrow and heart, and this was almost
significant in brain (H # 0; Table 2). Parsimonious
explanations are that cis divergence is (a) driven by the
same trans-acting factors in each of these tissues or (b)
driven by different tissue-specific trans-acting factors that
have overlapping cis targets. In bone marrow and heart,
antagonistic trans upregulation of XB RAG2f was also
detected (P # H) (Table 2). In RAGI, orthologous
expression was generally not significantly different in the
parental species (null hypothesis of P = 0 not rejected;
Table 2) except in RAGla in liver, which exhibits antag-
onism between cis and trans divergence wherein cis
divergence upregulates XL and trans divergence upregu-
lates XB. As a result of these antagonistic mechanisms, the
parental expression ratio of RAGla in liver is not signifi-
cantly different from that in the other tissues (data not
shown).

Consistent with one aspect of Prediction 2—that the
magnitude of cis divergence could be tissue specific—
expression ratios of parental alleles of RAG2f in hybrids

were significantly different in multiple pairwise compari-
sons between tissues, even after correction for multiple
tests (Table 3). For example, the XL RAG2f allele was
much more highly expressed compared to the XB RAG2p
allele in hybrid heart (log,-transformed hybrid ratio =
1.1566) than in hybrid liver (log,-transformed hybrid
ratio = 0.0825; Table 2) and this difference is significant
(P = 0.0001; Table 3). Likewise, in hybrid liver the

Table 3 Probability of Type I error for rejecting the null hypothesis
of no difference in expression ratios of parental alleles in pairwise
comparisons between tissue types in hybrids: comparisons between
parental alleles (XL and XB) in hybrids

Bone marrow Brain Heart
RAG2p Brain 0.0332
Heart 0.1914 0.0019*
Liver 0.00027%* 0.1143 0.0001%*
RAGl«
Brain 0.6416
Heart 0.1663 0.2599
Liver 0.0248 0.0444 0.7018
RAGIp
Brain 0.8323
Heart 0.0017* 0.0640
Liver 0.0001%* 0.1252 0.2762

Note: * Significantly different ratio after correction for six tests
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expression ratio of XL RAGla and XB RAGl« is higher
than in hybrid bone marrow and brain (Tables 2 and 3),
which is also consistent with Prediction 2, but this differ-
ence is not significant after correction for multiple tests.
Cis divergence in bone marrow causes upregulation of
XL RAG1f compared to XB RAG1p (Table 2). This could
also include an antagonistic trans contribution—which
could explain why the RAG1f expression ratio is not sig-
nificantly different in bone marrow from the other tissues—
but evidence for trans divergence of RAGIfS was not
statistically significant in bone marrow (Table 2). As a
consequence of tissue-specific cis divergence, upregulation
of XL RAGIS compared to XB RAGIp is significantly
higher in hybrid bone marrow than in hybrid heart or hybrid
liver (Table 3), which is also consistent with Prediction 2.

Prediction 3: Tissue-Specific Paralogous Expression
Divergence

We predicted that coexpressed paralogs could have dif-
ferent levels of cis divergence in different tissues
(Prediction 3). Consistent with this, tissue specificity of
paralogous cis divergence was observed in XL paralogs in
hybrid liver compared to hybrid bone marrow (Table 4). In
liver, XL. RAGlu is significantly upregulated compared to
XL RAG1f (log,-transformed hybrid ratio = 0.4625), but
in bone marrow XL RAGI1p is upregulated (log,-trans-
formed hybrid ratio = —0.8587).

Expression Hierarchy Across Tissue Types

No significant difference was detected among RAGla,
RAG1f, and RAG2f in the hierarchy of expression across
tissues, and there was substantial qualitative consistency
among these hierarchies (Table 5). Expression was gener-
ally highest in bone marrow. The next highest expression
was in brain, followed by heart and then liver, except in

Table 4 Probability of Type I error for rejecting the null hypothesis
of no difference in expression ratios of RAG1 paralogs in pairwise
comparisons between hybrid tissue types

Bone marrow Brain Heart
XLo/XLf3
Brain 0.0363*
Heart 0.0140%* 0.2236
Liver 0.0010%* 0.1231 0.7356
XBo/XBf
Brain 0.0144%*
Heart 0.2492 0.5407
Liver 0.1399 0.0610 0.6745

Note: * Significant comparison. ** Significantly different ratio after
correction for six tests

@ Springer

Table 5 Fold difference in expression intensity within XL and XB in
different tissue types

Heart/liver Brain/heart Bone marrow/brain

RAG2p XL 1.424 2.301%* 1.005

XB 1.430 2.320% 1.530

RAGl«

XL 1.460 1.537* NP

XB 1.394 2.193* NP

RAGI1p

XL 0.619 1.534 1.811

XB 0.725 1.285 1.129

Note: Some comparisons were not performed (NP) because of failed
nucleotide extractions. * Significant difference between tissue types

RAG1f, where expression was higher in liver than heart.
These results are consistent with another study (Greenhalgh
et al. 1993) that found higher expression of RAGI1 and
RAG?2 in adult bone marrow than in liver. It is not clear
from these results whether expression levels in heart and
liver are appreciable enough to be biologically significant.

Discussion

In African clawed frogs of the genus Xenopus, genome
duplication gave rise to duplicated copies of the RAGI1
gene; these paralogs then degraded in a biased fashion
wherein one set of closely related paralogs became pseu-
dogenes more frequently than another (Evans 2007; Evans
et al. 2005). One explanation for this, which we call the
SSRa  hypothesis, posits that expression divergence
between RAGI paralogs favors the retention of the one that
was upregulated (RAGla) in an early ancestor. In multiple
tissues and species, this hypothesis is supported by higher
expression of RAGla (Table 1) and ancestral reconstruc-
tions support upregulation of RAG1« in bone marrow of an
ancestor of a subset of the species we examined. We note,
however, that there is a “chicken-and-egg” problem in the
testing of the SSRo hypothesis because it is not clear
whether low expression of RAG1f in octoploids is a cause
or a consequence of pseudogenization of RAG1pf. Xenopus
boumbaensis, X. andrei, X. amieti, and X. itombwensis all
have nonsense or frameshift mutations in RAG1f;; X.
itombwensis also has a frameshift mutation in RAG1f,,
whereas these other octoploids appear to be missing this
paralog, probably as a consequence of a single ancestral
deletion (Evans 2007). Additionally, one individual of the
tetraploid species X. borealis was identified that was het-
erozygous for a nonsense mutation in RAGI1f (Evans
2007). We therefore cannot rule out other explanations for
biased RAGI pseudogenization such as that (a) nonlethal
incompatibilities between RAGIf and cofactors in the
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other subgenome (the “o” subgenome) increase the prob-
ability of pseudogenization of this paralog or (b)
advantageous interactions between RAG1lo and RAG2f (or
some other gene) increase the probability of persistence of
this paralog compared to RAGI1f. These alternative
explanations make opposite inferences about the nature of
natural selection acting on paralogs of RAGI, i.e., that
either negative selection on RAGI1f or positive selection
on RAG1a contributed to the nonrandom pseudogenization
of RAG1p.

We found that the hierarchy of expression of RAGI
paralogs and RAG2f was qualitatively similar (Table 5),
which is consistent with these interacting proteins facing
similar selective pressures and/or perhaps being coregu-
lated. This result is echoed in fruit flies and yeast, where
interacting proteins tend to have similar levels of intraspe-
cific expression polymorphism and their expression levels
are positively correlated across strains (Lemos et al. 2004).
The overall similarity in the direction of trans divergence
across genes, wherein the XB allele is generally upregulated
(except in liver; Table 2) is consistent with shared regula-
tion in some tissue types. However, in liver significant
divergence between orthologs was detected in parental
individuals (RAG2f and in RAG1) but in opposite direc-
tions in each gene: XL RAG2p is upregulated compared to
XB RAG2f, possibly by trans divergence, but trans
divergence upregulates XB RAGla compared to XL
RAG1a (Table 2). At least some aspects of trans regulation
of RAGI1 and RAG?2, therefore, are unique.

Because gene duplication changes gene dosage, these
two phenomena have intertwined implications for devel-
opment and evolution. An increased understanding of the
relative contributions of cis and trans factors in expression
divergence, particularly after gene or genome duplication,
would offer perspective on fundamental genetic mecha-
nisms that underlie adaptation, reproductive isolation, and
phenotypic plasticity. However, conclusions regarding the
relative importance of cis and frans mechanisms in
expression divergence vary among studies, among genes,
and perhaps among species (Cowles et al. 2002; Landry
et al. 2005; Wittkopp et al. 2004). Expression analyses in
humans, yeast, flies, nematodes, and Eucalyptus suggest an
important role for frans-acting factors (Brem et al. 2002;
Kirst et al. 2005; Morley et al. 2004; Yvert et al. 2003),
whereas other reports on humans, flies, and mice recover
an important role for cis-acting factors (Cowles et al. 2002;
Wittkopp et al. 2004, 2008; Yan et al. 2002). This issue has
important implications for our understanding of the genetic
architecture and evolution of gene regulation. For example,
if cis divergence is less common than trans divergence,
either trans-regulatory factors are a comparatively larger
mutational target or they are under comparatively less
severe purifying selection (or more extensive positive or

diversifying selection) than cis-regulatory elements. Simi-
lar to some of these previous studies, our results indicate
that cis and frans mechanisms both sculpted expression
divergence of the RAGI1-RAG2 heterodimer in clawed
frogs. Many orthologous expression ratios of RAG1 and
RAG2 are not significantly diverged between these
parental species, but comparison to hybrid expression
uncovers antagonistic interactions between cis and trans
divergence, including cis upregulation of XL alleles cou-
pled with frans upregulation of XB alleles in some tissues,
such as bone marrow (Table 2).

Purifying selection can lead to a conserved level of
expression even when regulatory sequences have changed
considerably (Ludwig et al. 2000), and this could contrib-
ute to the origin of antagonistic cis and trans divergence.
This can happen if compensatory changes occur in differ-
ent components of the regulatory machinery. In the
nematode Caenorhabditis elegans, for example, compari-
son of mutation accumulation lines with a low effective
population size (N.) had more expression divergence than
divergent natural isolates with a larger N, suggesting
purifying selection on gene regulation in the natural iso-
lates (Denver et al. 2005). Comparison of orthologous
divergence in fruit flies, primates, and rodents suggests that
the overall level of expression is conserved in many genes,
which is also consistent with purifying selection (Jordan
et al. 2005; Lemos et al. 2005). Intraspecific polymorphism
in expression in Drosophila appears to be largely attrib-
utable to mechanisms, whereas interspecific
expression divergence appears to be primarily a conse-
quence of cis mechanisms, suggesting that purifying
selection may minimize trans divergence between species
to a greater degree than cis divergence (Wittkopp et al.
2008). Some aspects of regulatory evolution, however, may
evolve under relaxed purifying selection or even neutrally
(Jordan et al. 2005). Moreover, expression of RAG1 and
RAG2 may be under more severe purifying selection in
tissues where it is highly expressed, such as bone marrow,
than other tissues with lower levels of expression, such as
heart. Overall, however, antagonistic cis- and trans-regu-
latory divergence in multiple tissues, and similarities in the
hierarchy of expression of RAGI and RAG2, suggests the
action of purifying selection on regulation of these genes in
Xenopus. This could be further tested with comparative
studies that quantify the genome-wide rate and probability
of cis and trans divergence in expressed duplicates and
singletons of Xenopus.

WGD by allopolyploidization can lead to rapid or
immediate changes in gene expression that can be nonad-
ditive with respect to parental expression levels (Adams
et al. 2003; Albertin et al. 2006; Wang et al. 2006).
Additionally, rapid divergence of paralogous expression
profiles on a quantitative, spatial, or temporal dimension

trans
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could contribute to their propensity to continue to encode
functional proteins over the long term (Force et al. 1999;
Lynch and Force 2000). Regulatory evolution could also be
faster if purifying selection is relaxed after gene duplica-
tion. In the nematodes Caenorhabdites elegans and C.
briggsae, for example, protein and regulatory divergence is
weakly correlated in orthologs but not in paralogs (Ca-
stillo-Davis et al. 2004). In X. laevis, divergence of
paralogous expression profiles across multiple tissues and
developmental stages is not correlated with molecular
evolution of paralogous sequences, suggesting that selec-
tive constraints on protein sequence and expression are not
coupled soon after WGD (Chain et al. 2008).

Conclusions

These results are consistent with the prediction that
expression bias soon after gene duplication could influence
genomic restructuring (pseudogenization and gene dele-
tion) that occurs afterward (Prediction 1). We speculate,
therefore, that early changes in gene regulation are par-
ticularly significant in sculpting the genetic fates of
duplicate genes generated by WGD—even though these
fates (pseudogenization, deletion, persistent function) may
be realized many millions of years later. Additionally, we
found that the magnitude and direction of orthologous and
paralogous divergence can be tissue specific (Predictions 2
and 3). This suggests that variation in expression between
different cell types within a single tissue—for example,
between epithelial and mesenchymal cell types in the liver,
as analyzed in this study—could be modulated in unique
and nonoverlapping ways. Inferences made about regula-
tory mechanisms from the entire body (Landry et al. 2005;
Wittkopp et al. 2004) or from pooled differentiated cell
types within an organ (this study; Cowles et al. 2002; Kirst
et al. 2005), then, probably most strongly reflect a com-
bined influence of regulatory mechanisms in (a) the cell
type in which a gene is most highly expressed and (b) the
cell type that constitutes the highest proportion of the
sample. Because of this, the inferred impact of these
mechanisms actually might not correspond with those
operating in any individual cell. This poses a challenge to
the precise dissection of the mechanisms that drive
expression divergence at the cellular level.
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