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ABSTRACT

Allopolyploid species form through the fusion of two differentiated genomes and, in the earliest stages
of their evolution, essentially all genes in the nucleus are duplicated. Because unique mutations occur in
each ancestor prior to allopolyploidization, duplicate genes in these species potentially are not inter-
changeable, and this could influence their genetic fates. This study explores evolution and expression of a
simple duplicated complex—a heterodimer between RAGI1 and RAG2 proteins in clawed frogs (Xenopus).
Results demonstrate that copies of RAG1 degenerated in different polyploid species in a phylogenetically
biased fashion, predominately in only one lineage of closely related paralogs. Surprisingly, as a result of
an early deletion of one RAG2 paralog, it appears that in many species RAG1 /RAG2 heterodimers are
composed of proteins that were encoded by unlinked paralogs. If the tetraploid ancestor of extant species of
Xenopus arose through allopolyploidization and if recombination between paralogs was rare, then the genes
that encode functional RAGI and RAG2 proteins in many polyploid species were each ultimately inherited
from different diploid progenitors. These observations are consistent with the notion that ancestry can
influence the fate of duplicate genes millions of years after duplication, and they uncover a dimension of
natural selection in allopolyploid genomes that is distinct from other genetic phenomena associated with

polyploidization or segmental duplication.

N allopolyploid species, the complete genome of two
species are fused, genes are duplicated, and the
level of genetic redundancy that results is determined
by divergence of protein coding and regulatory regions
of genes in each ancestor and by epigenetic phe-
nomena after allopolyploidization. In these genomes,
natural selection and stochastic processes govern the
genetic fate of each paralog—fates that include re-
dundancy, subfunctionalization, neofunctionalization,
and gene silencing (Ouno 1970; HucHEs and HUGHES
1993; FoRCE et al. 1999; LyncH and Force 2000; LyncH
et al. 2001; Gu 2003). After allopolyploidization, in-
teractions between the subgenomes derived from each
ancestral species included exchange of chromosome
segments (MOSCONE et al. 1996; SKALICKA et al. 2005),
concerted evolution (WENDEL et al. 1995; VoLKOV et al.
1999), recombination (ZWIERZYKOWSKI et al. 1998),
and epistasis (JIANG et al. 2000). Restructuring can then
alter the stoichiometry of protein interactions by modi-
fying regulatory elements or changing gene copy number.
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Presumably these events trigger or permit compensatory
responses including changed regulation, degeneration,
or deletion of superfluous upstream or downstream
paralogs. Modulation of the transcriptome can occur
on an extraordinarily fine scale: a silenced paralog from
one ancestor can be tightly linked to loci in which only
the paralog from the other ancestor is silenced, or
linked to loci in which paralogs from both ancestors are
expressed (LEE and CHEN 2001). Genomic changes
such as subfunctionalization, gene deletion, and gene
silencing can occur within generations after allopoly-
ploidization, and these changes can be nonstochastic
and repeatable, and biased by ancestry (VOLKOV ¢t al.
1999; OzKAN et al. 2001; SHAKED et al. 2001; ADAMS et al.
2003, 2004; WANG et al. 2004; Apams and WENDEL
2005). Allopolyploidization can also lead to completely
novel expression patterns that were not present in
either parental species, perhaps as a result of dosage-
dependent gene regulation (WANG et al. 2004). Ex-
pression can be influenced by the direction of the
hybrid cross (Sovrtis et al. 2004), and coadapted pro-
teins that were inherited from one ancestor may
function more efficiently with one another than with
proteins that were derived from a different ancestor
(Comar 2000). Epigenetic phenomena, such as nucle-
olar dominance, gene silencing, alteration of cytosine
methylation patterns, and activation of mobile elements,
can also foment genetic change (Liu and WENDEL
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2002, 2003). However, variation exists among allopoly-
ploid species in the extent of genomic rearrangement—
genomic modulation is less common, for example, in
the early stages of evolution in synthetic cotton allopoly-
ploids (Liu et al. 2001) than in other allopolyploids
such as wheat and Arabidopsis (MADLUNG et al. 2002;
Levy and FELDMAN 2004; LUKENS et al. 2004).

African clawed frogs (genera Xenopus and Silurana)
offer a promising model with which to examine the
impact of ancestry on gene fate in an allopolyploid
genome because multiple independent instances of al-
lopolyploidization occurred (Evans et al. 2004, 2005),
and the long term effects of this type of genome du-
plication can be explored with replication. All extant
species of clawed frogs in the genus Xenopus (i.e., those
species with multiples of 2x = 18 chromosomes) share a
common tetraploid ancestor (Evans et al. 2004, 2005). A
definitive test of allopolyploid vs. autopolyploid origin
of this ancestor is not currently possible because no
extant Xenopus diploids (2x = 18) are known. However,
this ancestor is suspected to have been an allotetraploid
because (a) other polyploid clawed frogs are defini-
tively allopolyploids (Evans et al. 2005), (b) Xenopus
genomes are diploidized and duplicated pairs of chro-
mosomes have visible differences in secondary constric-
tions (Tymowska 1991), (c) allopolyploid individuals
can be created in the laboratory by crossing extant
species (KoBEL 1996), and (d) multiple unlinked loci
indicate that the phylogenetic signal of many paralogs
is not blended by recombination (Evans et al. 2005;
CHAIN and Evans 2006; F. J. J. CHAIN, D. ILIEVA and
B.]. Evans, unpublished results). Silurana and Xenopus
diversified from one another ~53-64 million years ago
(MYA) and tetraploidization in Xenopus occurred ~21-
41 MYA (EvaNs et al. 2004; CHAIN and Evans 2006).

RAGI1 and RAG2 proteins form a heterodimer that is
crucial for the process of somatic rearrangement of
DNA known as V(D)] recombination, making possible
the extraordinary molecular variation of B-cell and T-cell
antigen receptors that is needed to combat pathogen
attack. The core region of RAGI, which, when paired
with RAG2 is sufficient to carry out V(D)] recombina-
tion, spans human residues 386-1011 out of a total of
1040 amino acids in the protein (SADOFSKY et al. 1993).
The core region of RAGI was derived from the Transib
transposon superfamily, whereas the RAG2 and the
N-terminal domain of RAGI probably was derived from
other sources (Kaprronov and Jurka 2005). These genes
are tightly linked in jawed vertebrates; a recent build
(version 4.1) of the complete genome sequence of the
diploid clawed frog Silurana tropicalis indicates that
there is only one copy of RAGI1 and one of RAG2, and
that each is convergently transcribed and tightly linked
by an ~6.5-kb intergenic region. This is consistent with
findings in Xenopus laevis that suggest that this tetraploid
was derived from the fusion of two diploid genomes and
that each of these diploid genomes carried only one

copy of RAG1 (GREENHALGH et al. 1993; EVANS et al.
2005). Thus, in the absence of paralog deletion and
degeneration, a null expectation is that the number of
RAGI and RAG2 paralogs corresponds with the ploidy
level of a species: diploids should have one copy of each
gene, tetraploids should have two, octoploids should
have four, and dodecaploids should have six (Figure 1).
Each of these paralogs would have two alleles.

Contrary to this null expectation, a previous study
reported that in different polyploid species of Xenopus,
many RAGI paralogs had become pseudogenes due to
stop codons and frameshift insertion/deletions (EvAaNs
et al. 2005). These species of Xenopus were all ultimately
derived from a tetraploid ancestor that probably formed
through the amalgamation of two diploid genomes by
allopolyploidization; this tetraploid ancestor therefore
initially had two paralogs of RAGI and two paralogs of
RAG2. If recombination between paralogs was rare or
absent after allotetraploidization, then all of the de-
generate paralogs detected by Evans et al. (2005) were
ultimately derived from only one of these diploid
progenitors—diploid “B”—as opposed to being derived
from both of the diploid ancestors (“a” and “B”).

This pattern of degeneration could be explained
by (a) a shared ancestral degeneration of a coding or
regulatory region of RAGI paralog B that was not se-
quenced by Evans et al. (2005), (b) multiple inde-
pendent and biased degenerations in different species,
or (c) some combination of shared and independent
degenerations (EvaNs et al. 2005). This study aims to
further investigate these possibilities and track the evo-
lutionary history of this heterodimer through multiple
episodes of speciation and genome duplication. To
this end, (a) new sequences were obtained from most
or all upstream coding regions of RAGI paralogs to
test for shared coding-region degeneration, (b) expres-
sion analyses were performed on multiple species to test
for ancestral silencing of paralogs, and (c) sequences
were obtained from paralogs of the linked partner gene
RAG2.

MATERIALS AND METHODS

DNA sequencing: Sequence data were obtained from all or
almost all RAGI and RAG2 paralogs from all known species of
clawed frog, averaging 2341 bp out of ~3135 bp total per
RAG]1 paralog and 1123 bp out of 1575 bp total per RAG2
paralog (supplemental Figure 1 at http:/www.genetics.org/
supplemental/). The sequenced portion of each RAGI
paralog varied but generally covers most or all of the core re-
gion of RAG1 (supplemental Figure 2 at http:/www.genetics.
org/supplemental/). Some paralogs were not detected using
a variety of primer combinations, and these may have been
deleted (supplemental Figure 1). Sequencing of individual
paralogs was accomplished through a combination of TA clon-
ing (Invitrogen) and targeted amplification using paralog-
specific primers (supplemental Figure 1). Allelic clones with
the least number of autapomorphic mutations were selected
for analysis. When both alleles of a paralog were directly
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Ficure 1.—Diploidization of allopolyploid genomes means that recombination between alleles of different paralogs of the
same gene is rare. The evolutionary history of linked paralogs in diploidized allopolyploid genomes, therefore, can be inferred
by combining information on synteny with information on the evolutionary relationships among paralogs of each gene. The RAG1
and RAG2 genes, for example, are tightly linked. The evolution of the expected number of paralogs of each of these genes in
species with different ploidy levels (tetraploid, octoploid, and dodecaploid) if no deletion or degeneration occurred is depicted.
An allotetraploid species inherits a linked set of RAG1 and RAG2 « paralogs from diploid ancestor 1 and a linked set of RAG1 and
RAG2 @3 paralogs from diploid ancestor 2. An allo-octoploid species inherits two sets of linked RAG1 and RAG2 paralogs from two
different allotetraploid ancestors. In these species the a1l and a2 paralogs of RAG1 and RAG2 are derived from diploid ancestor 1
and the 1 and B2 paralogs of RAG1 and RAG2 are derived from diploid ancestor 2. An allododecaploid inherits an allo-octoploid
and an allotetraploid genome and has three a paralogs (al, a2, a3) derived from diploid ancestor 1 and three 8 paralogs (1, B2,
B3) derived from diploid ancestor 2. Note that the observed number of functional RAG1 and RAG2 paralogs is less than this
expectation in most (RAG1) or all (RAG2) species of Xenopus due to degeneration or deletion.

sequenced with paralog-specific primers, polymorphic positions
were analyzed using IUPAC degenerate nucleotide symbols.
Some sequence data from expressed paralogs were obtained
from nonvouchered individuals; these data were conatenated
with sequences from the corresponding paralog from other
individuals that usually were vouchered, as detailed in EvaNs
et al. (2004, 2005). Following Evans et al. (2005), paralogs of
RAG1 and RAG2 that are closely related to the linked X. laevis
paralogs identified by GREENHALGH et al. (1993) are referred
to as B paralogs and the others are referred to as o paralogs.
In Silurana, tetraploid paralogs closely related to the diploid
S. tropicalis are designated o paralogs and the others are 3
paralogs.

Attempts to amplify and clone the a paralogs of RAG2 failed
in all species of Xenopus using a variety of primer combina-
tions (supplemental information 1 at http:/www.genetics.org/
supplemental/), even though both paralogs were detected in
the Silurana tetraploids. To rigorously test whether RAG2 o
paralogs were deleted in clawed frogs as opposed to just not
being amplified, a systematic effort was made to coamplify
both paralogs using seven pairwise combinations of three
forward and three reverse primers (supplemental Figure 1
at http:/www.genetics.org/supplemental/). S. tropicalis was
used as a positive control to demonstrate that in addition
to Xenopus RAG2 paralog $3, these primers can successfully

amplify RAG2 in a more distantly related lineage than Xenopus
RAG2 paralog a.

Amplification of expressed RAG1 paralogs: To determine
which RAG1 paralogs are expressed in various species, cDNA
was amplified across an intron in the 5’ untranslated region of
the RAGI transcript (GREENHALGH el al. 1993). Negative
controls with no DNA and with genomic DNA were performed
to ensure that only expressed and spliced paralogs were am-
plified; previously published and new primers were used (sup-
plemental Figure 1 at http:/www.genetics.org/supplemental/;
GREENHALGH et al. 1993). RNA was extracted using the RNeasy
mini kit (QIAGEN) and converted to cDNA using the Om-
niscript RT kit (QIAGEN). Individual expressed paralogs were
amplified from cDNA generated from different tissues (brain,
liver, spleen, testis, and/or bone marrow) from a variety of
species (X. laevis, X. gilli, X. bovealis, X. muelleri, X. amieti, X.
andrei, X. new octoploid, and X. boumbaensis), and then cloned
and sequenced. Additionally, cDNA from some tissues was
directly sequenced and chromatograms were inspected for
paralog-specific single nucleotide polymorphisms.

Phylogenetic analyses: Phylogenetic analysis was performed
on coding portions of RAG1 and RAG2 in three types of data
configurations: (1) each locus was analyzed independently, (2)
putatively linked paralogs were combined into single taxo-
nomic units, and (3) for Xenopus only, a “synthetic” data set
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was constructed in which o and 8 paralogs of RAG1 and RAG2
that were derived from the same most recent tetraploid an-
cestor were combined into a single taxonomic unit. This third
configuration exploits the redundant phylogenetic informa-
tion available in co-inherited paralogs. For example, in the
third data configuration, tetraploid o and B paralogs were
combined, octoploid a1 and B1 paralogs were combined, but
octoploid al and B2 paralogs were not combined. For the
third analysis, S. tropicalis was used as an out-group to RAG1 a
and RAG2 paralogs and no out-group sequence was used for
the portion of the sequences that was composed of RAGI1
paralogs.

MrBayes version 3.1.2 was used for Bayesian phylogenetic
analysis, and Bayes factors were used to select a model of
evolution, as described by NYLANDER et al. (2004). Seven
partitioned models were explored (supplemental Table 1 at
http:/www.genetics.org/supplemental/). These models were
compared on the basis of the harmonic mean of the posterior
probability of trees sampled after a conservative burn-in of
1 million generations from two independent MCMC runs,
each of 2 million generations. A highly parameterized model
of evolution was favored for phylogenetic analyses of RAG1
and RAG2 (supplemental Table 1), and this model was also
used for the combined analyses, using 5 million generations
and the same burn-in. Branch support was also evaluated with
2000 nonparametric bootstrapping replicates, each with a
single replication of random taxon addition, a limit of 10
million rearrangements per replicate, and the maximum
parsimony criterion using PAUP version 4.0b10 (SWOFFORD
2002). Almost all of the well-supported relationships from the
Bayesian analyses also have nonparametric bootstrap values
of >80% (supplemental Figure 3 at http:/www.genetics.org/
supplemental/).

To test hypotheses of fewer gene silencing events in RAG1
than was suggested by phylogenetic analysis, parametric boot-
strap tests (HUELSENBECK et al. 1996; GOLDMAN et al. 2000)
were performed as in EVANS et al. (2005). This procedure tests
the fit of the data to alternative phylogenetic hypotheses that
are different from the consensus tree that was obtained from
the Bayesian analysis, and that would be consistent with fewer
instances of independent gene degeneration (supplemental
Figure 4 at http: /www.genetics.org/supplemental /). To max-
imize the phylogenetic signal of these tests, simulations were
performed according to the synthetic data configuration using
Seq-Gen version 1.3.2 (RaMBAUT and GRrRAssLY 1997). A Perl
script was written to modify the simulations to match the
observed data in terms of the quantity and positions of missing
data for each taxon.

A caveat to the interpretation that autapomorphic degen-
erations occurred independently is that recurrent substitu-
tions could have erased an ancestral degeneration in one or
both descendant paralogs. To explore this possibility, marginal
ancestral reconstruction of ancestral character states was
performed with a general time-reversible nucleotide model
and a gamma-distributed rate heterogeneity parameter using
the baseml program of PAML version 3.14 (YaNG 1997).
Reconstructed sequences were then translated into protein
using MacClade version 4.08 (MADDISON and MADDISON
2000) and inspected for stop codons.

Testing for phylogenetic bias in RAG1 degeneration: To
explore whether there is significant bias in gene degeneration
of RAG1 with respect to ancestry of each paralog, two ap-
proaches were taken. The first approach used a maximum
likelihood framework to compare rates of degeneration (3),
using Discrete version 4.0 (PaceL 1994). This framework
tested whether rates of degeneration in RAG1 and RAG2 were
significantly different, and also whether rates of degeneration
in the RAG1 « and B lineages were significantly different. The
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FiGure 2.—Combined phylogenetic analysis of RAGI and
RAG2 paralogs. Nodes with <95% posterior probability or
that were inconsistent between the a and B lineages are col-
lapsed, asterisks indicate RAG1 paralogs for which expression
was confirmed, and linked X. laevis RAG1 and RAG2 paralogs
(GREENHALGH el al. 1993) are connected by a line. Degener-
ate paralogs are in red and missing paralogs are in gray. Num-
bers 1-9 indicate the minimum independent degenerations
of RAGI mentioned in the text, and 10, 11, and 12 refer to
degeneration of RAG2 lineage o, degeneration X. andrei
RAG2 paralog B2, and a suspected ancestral deletion span-
ning paralogs of RAG1 and RAG2, respectively.

rate of resuscitation of degenerate paralogs was set to a neg-
ligible value, missing paralogs were coded as degenerate, and
the most recent ancestor of expressed paralogs with autapo-
morphic degenerations was set as nondegenerate. Likelihood
ratio tests were used to compare models with two degeneration
parameters to models with only one, and these tests were
performed with and without a gamma-distributed approxima-
tion for rate heterogeneity (y). To be conservative, modified
topologies were used in which the independent degenerations
(numbered 1-12 in Figure 2) were each forced to be a clade.
Branch lengths were estimated under the GTR+I+I" model
and imposing a molecular clock using PAUP* (SwWOFFORD
2002).

A second approach to test for bias in RAG1 degeneration
used simulations to estimate the probability that the observed
number of “chimerical” heterodimers—those composed of
RAGI1 and RAG2 proteins from different paralogous lineages—
occurred by chance if there were no bias to RAG1 degeneration.
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It was assumed that the number of observed degenerate paralogs
in each species follows a binomial distribution with a species-
specific probability density for the mean of this distribution that
was calculated from the observed data. It was also assumed that at
least one RAGI paralog must remain functional in each species,
that no simulated degeneration could occur in species with no
observed degeneration, that each nondegenerate paralog is
expressed at the same intensity, time, and place, and that RAG1/
RAG2 heterodimers form from paralogs from the same ancestral
lineage (o or B) whenever possible. For eight extant or ancestral
species with observed independent RAGI degeneration (see
RESULTS), 100,000 simulations drew k degeneration events from
n — 1 paralogs, where 7 is the total number of nondegenerate
paralogs inferred to be present when that species originated.
Degeneration was modeled as a delayed transformation phe-
nomenon wherein paralogs degenerated after allopolyploi-
dization, and it was also performed in a phylogenetically
independent manner such that ancestral degenerations were
inherited and not “resimulated” in descendant species. Chime-
rical heterodimers were quantified for each simulation on the
basis of observed and suspected degenerations and deletions of
RAG2 (i.e., degenerations 10-12 in Figure 2).

Recombination between alleles of different paralogs: Re-
combination between alleles of different paralogs could blend
their phylogenetic signal, and recombination between the
intergenic regions of paralogous chromosomes could alter
the synteny of paralogs (GREENHALGH et al. 1993). To test for
evidence of recombination in Xenopus and Silurana sequences,
multiple tests were used because their performance varies
with the level of divergence, the extent of recombination, and
among site-rate heterogeneity (Posapa and CRANDALL 2001;
Posapa 2002). These tests included the recombination de-
tection program, geneconv, chimera, bootscan, and siscan, as
implemented by the Recombination Detection Program
(MARTIN and Rysickr 2000). Details of these methods can
be found elsewhere (MAYNARD SMITH 1992; SALMINEN et al.
1995; PApIDAM et al. 1999; GiBBS et al. 2000; MARTIN and
RysIckr 2000; Posapa and CRANDALL 2001). A variety of para-
meter settings were explored for each method as in EvaNs
et al. (2005).

RESULTS

New data lead to a reassessment of the evolutionary
history of X. boumbaensis: Evolutionary relationships in-
ferred from RAGI (this study; EVANS et al. 2005), mito-
chondrial DNA (Evans et al. 2004), and RAG2 (Figure 2,
supplemental Figure 3 at http:/www.genetics.org/
supplemental/) can be synthesized into a reticulate phy-
logeny (Figure 3). New data identified an exception to
expected relationships among paralogs in an individ-
ual herein referred to as X. ¢f. boumbaensis. Additional
sequencing from X. ¢f. boumbaensis identified a third
RAGI1 a paralog and two RAG2 paralogs whose relation-
ships are suggestive of dodecaploidy (Figure 2). This
suggests that this individual from Younde, Cameroon,
was previously incorrectly classified as X. boumbaensis
(Evans et al. 2004, 2005), which is an octoploid species
(LoumonT 1983; Tymowska 1991). It appears that X. ¢f.
boumbaensis is a dodecaploid derived from allopolyploid-
ization between an octoploid ancestor of X. boumbaensis
and a tetraploid ancestor of X. ¢f. fraseri 2 (Figure 3).
Data from an X. boumbaensis individual from the type

S. tropicalis (20)

S. new tetraploid 2 (40)
S. epitropicalis (40)

S. new tetraploid 1 (40)
diploid B (20)

X. longipes (108)

X. pygmaeus (36)

X. ruwenzoriensis (108)
X. amieti (72)

X. boumbaensis (72)

X. cf. boumbaensis (108)
X. cf. fraseri 2 (36)

X. cf. fraseri 1 (36)

X. andrei (72)
X. new octoploid (72)

X. wittei (72)
X. vestitus (72)

diploid o (18)

diploid g (18)

X. largeni (36)
X. laevis (36)
X. gilli (36)

X. borealis (36)
X. muelleri (36)
X. new tetraploid (36)

X. clivii (36)

FIGUrE 3.—Evolutionary relationships merge when a spe-
cies evolves by allopolyploidization, and a reticulate phylog-
eny can be constructed from well-supported nodes in the
genealogies of RAGI and RAG2 in Figure 1. The ploidy level
follows each species name including three diploids indicated
with daggers whose existence is predicted in the past but for
whom an extant descendant with the same ploidy level is not
known. Additionally, three tetraploid ancestors (each with 4x =
36), also indicated by daggers, are predicted but not known by
an extant representative.

locality of Moloundou, Cameroon, which were not
included in Evans et al. (2005), are consistent with
octoploidy (Figure 2 and 3) and lead to a re-evaluation
of the evolutionary history of this species. Moreover,
it appears that X. boumbaensis, X. ameiti, and X. andre:
share a common octoploid ancestor, as opposed to
each originating independently as was previously pro-
posed (Evans et al. 2005). Thus these genealogies
support three rather than five independent allopoly-
ploid origins of most extant octoploids: (1) X. vestitus,
(2) X. witteiand X. new octoploid, and (3) X. amieti and
X. andrei and X. boumbaensis, but three rather than two
independent origins of dodecaploids: (1) X. ruwenzor-
iensis, (2) X. longipes, and (3) X. cf. boumbaensis (Figure
3). This new information also changes the number of
ancestral species that are predicted but for whom an
extant descendant with the same ploidy level is un-
known, from three diploids, three tetraploids, and one
octoploid (EvANS et al. 2005) to three diploids and three
tetraploids (Figure 3). Mitochondrial DNA sequences
from X. ¢f. boumbaensis are almost identical to a X
boumbaensis sample from the type locality (EVANS et al.
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2004), suggesting recent dodecaploidization of this
individual.

Deletion of RAG2 and RAG1 paralogs: Both paralogs
of RAG2 were amplified, cloned, and sequenced from
genomic DNA in Silurana tetraploids but only one
divergent lineage of RAG2 was amplified in Xenopus.
Systematic attempts to amplify additional RAG2 paral-
ogs in Xenopus with seven combinations of other
primers (supplemental Figure 1 at http:/www.genetics.
org/supplemental/) were unsuccessful, even though
these primers successfully amplified a more divergent
RAG2 ortholog in the diploid S. tropicalis. Southern
blotting of X. laevis genomic DNA also detected only one
RAG2 paralog but two RAGI paralogs (GREENHALGH
et al. 1993). This suggests that one RAG2 paralog was
deleted in an early tetraploid ancestor (deletion 10 in
Figure 2), as opposed to the alternatives that gene con-
version occurred or that another paralog is present but
undetected. All Xenopus species are therefore sus-
pected to have half of the number of RAG2 paralogs
than RAGI paralogs.

Another suspected deletion of RAG2 occurred in an
ancestral paralog from which paralog B2 of X. amieti, X.
ruwenzoriensis, X. boumbaensis, and X. longipes and RAG2
paralog B3 of X. ¢f. boumbaensis would have descended
(deletion 12 in Figure 2). These predicted paralogs were
not detected in amplifications from genomic DNA, even
after multiple attempts with different primer combina-
tions (supplemental Figure 1 at http:/www.genetics.org/
supplemental/). Linked RAGI paralogs from these spe-
cies also were not detected (deletion 12 in Figure 2),
suggesting that the deleted region spans both of them.
Apart from these putative deletions, the only other ob-
served gene degeneration in RAG2 was in X. andrei
RAG2 paralog B2, which experienced a frameshift
deletion.

Independent degeneration of RAG1 paralogs: To test
whether the unique degenerations in the 3’ region of
RAGI1 (Evans et al. 2005) could have occurred after a
shared ancestral degeneration in the 5’ coding region,
RAGI sequences were obtained from most of the coding
region of most or all RAG1 paralogs of all known species
of clawed frog (supplemental Figure 2 at http:/www.
genetics.org/supplemental/). Including previously iden-
tified degenerate paralogs (Evans et al. 2005), a total of
17 degenerate RAGI B paralogs and 2 degenerate RAG1
o paralogs were detected in various Xenopus species
(Figure 2, supplemental Figure 2). The only shared stop
codons or frameshift mutations that were identified
were (1) one frameshift and one stop codon shared by
X. pygmaeus paralog B and X. ruwenzoriensis paralog 33,
(2) a stop codon shared by X. vestitus paralog 31 and X.
longipes paralog 33, and (3) a stop codon shared by the
X. ruwenzoriensis paralog 1 and X. vestitus paralog 2.
Maximum likelihood reconstructions indicate that the
first example is due to shared ancestry, but that the
other two evolved independently.

Expression of at least one RAG1 paralog was con-
firmed in heart, brain, liver, testes, spleen, and bone
marrow (Table 1). Xenopus laevis and X. gilli each ex-
press both of their RAG1 paralogs and neither is
degenerate. Likewise, no degeneration was observed
at the DNA level in either RAG1 paralog of some other
tetraploids including X. clivii, X. largeni, and X. muelleri
(supplemental Figure 2 at http:/www.genetics.org/
supplemental/).

Degeneration of many paralogs appears to have
occurred independently because (a) the stop codons
and frameshift mutations are not shared with other
paralogs and because (b) these degenerate paralogs are
either still expressed or closely related to other expressed
paralogs. X. andrei RAG1 paralog B1, X. boumbaensis
RAGI paralog B1, and X. amieti RAG1 paralog o2, for
example, are expressed even though each one is de-
generate (degenerations 4, 7, and 9, respectively, in
Figures 2 and 4). Overall, under the assumptions of no
resuscitation of silenced genes, phylogenetic analyses
support a minimum of seven independent episodes of
degeneration of the Xenopus RAGI {3 paralogs and two
independent episodes in the Xenopus RAG1 a paralogs
(Figures 2 and 4).

The minimum seven instances of gene silencing
RAGI B paralogs, listed by numbers corresponding with
Figures 2 and 4, include (1) a heterozygous stop codon
in X. borealis RAGl paralog B—expression of this
paralog also was not detected in multiple tissues (Table
1), (2) RAGI paralog B of a tetraploid ancestor of both
of the tetraploid ancestors of X. westitus, (3) RAGI
paralog B3 of X. longipes or its tetraploid ancestor, (4)
X. andrei RAGI paralog B1, (5) X. wittei RAG1 paralog
B1, (6) X. amieti RAG] paralog B1, and (7) X. boumbaen-
sis RAG1 paralog B1; the two examples of degeneration
in the RAGI a paralogs are (8) X. ruwenzoriensis paralog
a2 and (9) X. amieti paralog o2 (Figure 2). Both in-
stances of degeneration of RAGI paralog a occurred
very recently and potentially after interactions between
RAGI paralog o and RAG2 paralog B proteins were
already established by pseudogenization of other RAG1
paralogs.

Nine additional instances of degeneration of RAG1 3
paralogs are possible but their independence depends
on whether ancestral gene silencing preceded autapo-
morphic degeneration of the coding regions of various
paralogs (Figure 2). Expression of X. muelleri RAG1
paralog B, for example, was not detected in multiple
tissues (Table 1) and expression of this paralog may
have been silenced ancestrally prior to the speciation of
X. muelleri and X. borealis and coding-region degenera-
tion in X. borealis (degeneration 1 in Figures 2 and 4).
Likewise, a lack of detected expression of X. new octo-
ploid RAGI paralog 32 could be explained by silenced
expression of paralog B in one of the tetraploid an-
cestors of X. vestitus, X. wittei, and X. new octoploid. If
this were the case, then degeneration of RAG1 paralog
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TABLE 1

Expression of RAG1 paralogs in different Xenopus species
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Observed Cloned (C) or
Expected expressed directly sequenced

Species (ploidy) Tissue paralogs paralogs (DS)

S. new tetraploid 1 (4x = 40) Brain o, B o, B C
Testes o, B o, B DS
Liver o, B o, B DS

X. laevis (4x = 36) Bone marrow o, B o, B C, DS
Heart o, B a DS
Liver o, B o, B DS
Spleen a, B o, B DS
Liver a, B o, B DS

X. gilli (4x = 36) Bone marrow o, B o, B C

X. borealis (4x = 36) Brain o, B a DS
Liver o, B o DS
Testes o, B o DS

X. muelleri (4x = 36) Brain o, B a DS
Testes o, B o DS
Bone marrow o, B a DS

X. amieti (8x = 72) Liver al, a2, B1, B2 al, a2 C
Brain al, a2, B1, B2 al DS

X. andrei (8x = 72) Bone marrow al, a2, B1, B2 al, a2, B1° C, DS
Spleen al, a2, 1, B2 al DS
Brain al, a2, B1, B2 al DS

X. new octoploid (8x = 72) Bone marrow al, a2, B1, B2 al, a2 C
Brain al, a2, B1, B2 al, a2 (low) DS
Heart al, a2, B1, B2 al (low), a2 DS
Testes al, a2, B1, B2 al, a2 C

X. boumbaensis (8x = 72) Bone marrow al, a2, B1, B2 al, a2, B1° C
Brain al, a2, B1, B2 al, B1° DS
Heart al, a2, B1, B2 B1« DS

Expression was confirmed by amplifying cDNA across an intron and either cloning (C) or directly sequencing (DS) the PCR

product.
“Expressed paralogs that are degenerate.

B1 and B2 in X wvestitus, paralog B2 in X. wittei, and
paralog B2 in X. new octoploid should be considered a
single event (degeneration 2 in Figures 2 and 4), even
though no shared degeneration of the coding region of
these paralogs was observed (supplemental information
2 at http://www.genetics.org/supplemental/).

Parametric bootstrap tests strongly reject hypotheses of
fewer independent degenerations in the 3 lineage of
RAGI (P < 0.001). Of note is that the full sequence
of X. boumbaensis RAG1 paralog B1 was not obtained
(supplemental Figure 2 at http:/www.genetics.org/
supplemental/) so the possibility of shared degenera-
tion with another closely related paralog cannot be
completely dismissed. Also of interest is the observa-
tion that in X. new octoploid, the intensity of paralog-
specific polymorphisms on sequence chromatograms
suggests that expression of RAGI paralog a1 was higher
than paralog a2 in the brain, whereas the opposite
was observed in amplifications of RAGI1 from heart
cDNA from this species (Table 1), a pattern of expres-
sion that is suggestive of subfunctionalization (FORCE
et al. 1999).

Significant bias to RAG1 degeneration: Comparison
of alternative parameterizations of a model of sto-
chastic degeneration indicates that the rate of degener-
ation of the RAG1 B lineage is significantly higher than
the RAGI « lineage with a gamma rate heterogeneity
model (P=0.0274, drac1o = 6.5519, Sracip = 50.0343,
YraGla = 0.0082, yragig = 0.0042, d.f. = 2), or without
one (P = 00054, 6RAG10L = 48927, SRAGIB = 344187,
d.f.=1). Additionally, the overall rate of degeneration of
RAGI is significantly higher than the rate of degenera-
tion of RAG2 when modeled with a gamma rate het-
erogeneity model (P=0.0431, 8gac1 = 31.2407, Srace =
3.08511, yrag1 = 0.0082, yrage = 0.0096, d.f. = 2), or
without one (P = 0.0323, drag1 = 7.8978, Brage =
1.8141, d.f. = 1).

Because some species may have inherited RAG1 3
paralogs that were already degenerate, even if sub-
sequent degeneration of RAGI1 were unbiased, chime-
rical heterodimers would still be expected to occur.
However, under the assumptions discussed above and
given the observed pattern of deletion in RAG2, simu-
lations indicate that the observed number of chimerical



1126 B. J. Evans

diploid [3

= 3] Spr SP |
ax N X i /N /N \ | X longipes
0
- /‘4,. X. pygmaeus
VY .
,—I—S— FAS /\.4 X. ruwenzoriensis
[12x '
\ V2 \, X N VI P *
{ pmr124 N X7 9 .
ax X PAY == Sl P \ B2 /\ A X amieti
\O* Q, )
/N N\ |X boumbaensis
L 7— 8x
[ —F - FAWA \, | X cf boumbaensis
X
3 I a —
= 4x \ X t >3 \f X. cf. fraseri 2 **
_ | 4)(/ A X. cf. fraseri 1
—11 . * oY .
¥ sk = 4 /f \, | X andrei
\ = X
4x N\
\ O * ‘p * P X. new octoploid
—m2{ A s/ N\ | X wittei
4x A
/‘p = /p A | X vestitus
4xf N 8x
diploid «
R “b..‘ X X. largeni
|_ I\ 4x
[2x
X X. laevis
RAGL A X. gilli
Xenopus| % \/ \
% 7\ e N\ X 1[ vP* | X borealis
RAG2 i = ‘ i VA X muelleri **
I_ >< — “@\ X X new tetraploid
2x 4x

X. clivii

ax

F1cure 4.—Evolution of RAGI and RAG2 in Xenopus. The RAGI and RAG2 heterodimer is depicted as a scissor and the evo-
lutionary trajectory of this heterodimer is followed through the reticulate phylogeny that is depicted in Figure 3, including de-
generation and deletions of paralogs encoding each protein that are depicted in Figure 2. Proteins encoded by paralogs inherited
from diploid ancestor a are yellow-green and those encoded by paralogs inherited from diploid ancestor 3 are blue. Numbered
deletion and degeneration events from Figure 2 are labeled and the ploidy of each ancestor or extant species (2x, 4x, 8x, or 12x) is
indicated inside each box. Species and ancestors for which simulations were performed are indicated by a red box. As a result of
biased degeneration of RAGI, heterodimers of many extant species must form between proteins that were ultimately inherited
from different diploid species (i.e., the scissor is composed of a yellow-green RAG1 protein and a blue RAG2 protein). Single
asterisks indicate a minimum of seven independently evolved chimerical heterodimers. Double asterisks indicate caveats that
X. ¢f. fraserihad no observed degeneration of RAG1 paralog 3, but that only a small fragment of this paralog was sequenced (sup-
plemental Figure 2 at http:/www.genetics.org/supplemental/), and that expression of paralog  was not detected in X. muelleri
but no degeneration was observed in the coding region.

heterodimers that resulted from RAG1 degeneration is
significantly in excess of expectations if RAG1 degener-
ation were unbiased (P < 0.0001, Figure 5).
Recombination between RAGI1 paralogs and be-
tween RAG2 paralogs is rare: Using congruence of
multiple tests as a criterion for credibility (Posapa and
CRANDALL 2001; Posapa 2002), there is not convincing
evidence of recombination between paralogs of RAGI,
including when new data are included, or between
paralogs of RAG2 (this study; EvaNns et al. 2005). No two
tests recovered significant evidence of recombination
for the same region of any paralog of RAG1 or RAG2

and most tests did not recover any signal of recombina-
tion at all. A few putative recombination events that had
a parent sequence within the same species were in-
dividually identified by various tests but these were
deemed not credible on the basis of a visual inspection
of the data and a lack of corroboration by other tests
(Posapa and CRANDALL 2001; Posapa 2002).

Linkage of RAGI paralog 3 and RAG2 paralog 8 has
been demonstrated (GREENHALGH et al. 1993) and a
similar linkage structure is suggested by a putative
deletion that spanned RAG1 and RAG2 paralogs of
an ancestor of X. amieti, X. ruwenzoriensis, X. boumbaensis,
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F1GURE 5.—Simulations of the expected distribution of chi-
merical heterodimers (those formed between proteins en-
coded by from paralogs derived from different diploid
ancestors) given the observed degeneration and deletion of
RAG2 and phylogenetically independent and unbiased dele-
tion of RAGI. Simulations were performed on the eight spe-
cies or ancestors as indicated in Figure 4. An asterisk indicates
the 10 observed chimerical heterodimers in the species for
which the simulations were performed, including 7 that
evolved independently, but not counting the one of the chi-
merical heterodimers in X. wittei that may have been inherited
from one of the tetraploid ancestors that was simulated. The
observed number of chimerical heterodimers depart signifi-
cantly from expectations under no bias (P < 0.0001).

X ¢f. boumbaensis, and X. longipes (deletion 12 in Figure
2). The possibility that recombination occurred be-
tween the intergenic region that separates linked alleles
of RAG1 and RAG2? is difficult to conclusively rule out
because a diploid Xenopus (2x = 18), which could
confirm the ancestral synteny of RAGl and RAG2
paralogs, is not available. However, phylogenetic con-
gruence among RAGI, RAG2, and mtDNA, and the
internal consistency between the a and 3 genealogies
of RAGI support the contention that recombination
between these paralogs is rare (Figure 2; EVANS et al.
2004, 2005). Recombination among paralogous alleles
is expected to be rare if diploidization of these allopoly-
ploid genomes occurred soon after their formation,
which is typical of allopolyploid cotton, for example
(CRONN et al. 1999).

DISCUSSION

Evolution of a heterodimer that was duplicated by
allopolyploidization: The crucial process of V(D)] re-
combination requires the action of a heterodimer that is
made up of the RAG1 and RAG2 proteins, which are
encoded by tightly linked genes. The genes whose
protein products form this heterodimer were dupli-
cated, probably by allo- rather than autopolyploidiza-
tion, to generate a tetraploid ancestor of all extant
species in the genus Xenopus. Because allotetraploids
inherit a complete genome from two different diploid
species, this tetraploid ancestor initially had two linked
sets of RAG1 and RAG2 paralogs. Immediately after

allopolyploidization, the RAGI/RAG2 heterodimers
probably had essentially identical functions, but their
dosage could have varied as a result of unique mutations
that occurred in each of the diploid ancestors. At this
point the paralogous expression domains were also
probably similar, making possible interactions between
proteins encoded by paralogs that were inherited from
different diploid ancestors. These linked sets of paral-
ogs were then duplicated again when multiple indepen-
dent episodes of allopolyploidization generated new
octoploid and dodecaploid species (Figure 3; Evans
et al. 2005).

Before the tetraploid Xenopus ancestor diversified to
give rise to the extant species, it appears that one RAG2
paralog—paralog o—was deleted, leaving only the
other RAG2 paralog—paralog p—but still two func-
tional paralogs of RAGI, a and B (Figures 2 and 4).
Later, after speciation of this tetraploid ancestor without
change in genome size and also after further episodes
of allopolyploidization, paralogs of RAGI in different
species independently degenerated, making their copy
number similar or equal to RAG2. Surprisingly, until
very recently degeneration of RAG1 paralogs occurred
exclusively in closely related members of paralog line-
age (. As a result, many Xenopus species have func-
tional paralogs of RAGI that are exclusively a paralogs,
and their protein products must heterodimerize with
proteins encoded by RAG2 8 paralogs (Figures 2 and 4).
Moreover, in many species it appears that the functional
copy of RAGI is linked to a region where a paralog of
RAG2 was deleted, and the functional copy of RAG2 is
linked to a paralog of RAGI that either degenerated or
was deleted. While the tetraploid species X. laevis and X.
gilli still express functional linked B paralogs of RAGI
and RAG2 and also an a paralog of RAGI, in most other
Xenopus species the only functional paralogs of RAGI
and RAG2 are unlinked, suggesting that each one was
derived from a different diploid ancestor. In contrast,
allotetraploid clawed frogs that evolved independently
in the genus Silurana (4x = 40) retain both paralogs of
RAGI1 and of RAG2, all appear functional at the DNA
level in the portions of these genes that were sequenced,
and both RAGI paralogs are expressed in at least one
Silurana tetraploid (S. new tetraploid 1).

The rate of degeneration is significantly higher in
RAGI1 B paralogs than in RAG1 o paralogs and signif-
icantly higher in RAGI than in RAG2. Simulations also
indicate that, given the observed pattern of degenera-
tion of RAG2, the probability of unbiased degeneration
of RAGI producing by chance such a high number of
chimerical heterodimers derived from unlinked paral-
ogs of RAGI and RAG2 is very low. It is surprising that
degeneration of RAGI1 paralogs occurred in this man-
ner because an allopolyploid origin of the tetraploid
ancestor of Xenopus would suggest that unlinked paral-
ogs share a shorter coevolutionary history than do the
linked ones.
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Unique characteristics of each subgenome could
account for the biased degeneration of RAGI paralog
B. Epigenetic phenomena after allopolyploidization
could contribute to this bias, for example, if paralog
expression were differently affected by asymmetric mo-
bility of transposable elements in each subgenome.
Alternatively, genetic explanations for nonrandom de-
generation of RAGI paralogs include (1) “intraparalog”
phenomena, such as differences in dosage of each
RAGI paralog, or (2) “intermolecular” phenomena in-
volving selection on interactions between the protein
products of specific RAG1 paralogs and other mole-
cules. This second genetic explanation includes scenar-
ios involving a disadvantage (negative selection) or an
advantage (positive selection) to interactions between
proteins derived from specific paralogs of RAGI and
other molecules, which may or may not include proteins
encoded by specific paralogs of RAG2.

Dosage as an explanation for nonrandom gene si-
lencing of RAGI1: One explanation for biased degen-
eration of RAGI is that, after allotetraploidization in
Xenopus, expression of the RAGI paralog that was de-
rived from diploid ancestor a was greater than the
one that was derived from diploid ancestor . If this
difference in dosage meant that the RAGI1 paralog o
could operate alone in a polyploid genome whereas
RAGI paralog B could not, then the former would be
both necessary and sufficient. Under this scenario, the
function of each RAGI paralog would be identical and
interchangeable, and the difference driving degenera-
tion of RAGI lineage 3 would be one of quantity, not of
quality, of proteins encoded by RAGI paralogs. How-
ever, because copy number of RAG2 was reduced by
deletion in an ancestor before any RAGI copies degen-
erated, dosage constraints on RAG1 after allopolyploid-
ization would have to have been imposed by other
cofactors of RAGI.

Haplo-insufficient phenotypes result from reduced
expression or activity of a heterozygous locus, and these
phenotypes could stem from multiple mechanisms in-
cluding altered enzymatic stoichiometry (VEITIA 2002).
The importance of stoichiometric requirements is sug-
gested in yeast in that proteins that form complexes are
rarely members of large gene families and underexpres-
sion or overexpression of these genes can be deleterious
(PaPp et al. 2003). In the same way, ancestral differences
in gene dosage could influence allopolyploid pheno-
types and ultimately affect the genetic fate of paralogs in
an allopolyploid genome. For example, laboratory gen-
erated allopolyploids with two Z chromosomes from X.
gilliand one W chromosome from X. laevis were mostly
male whereas individuals with the same W chromosome
but one Z chromosome from X. gilli and one Z chro-
mosome from X. muelleri (or X. laevis) were only female
(KoBEL 1996). Dosage could also be an important factor
in the evolution of dominance. That wild-type alleles are
generally dominant over new mutations could be a

byproduct of selection for surplus capability that is
needed to operate under heterogeneous conditions
(WricHT 1934; CHARLESWORTH 1979; KAcser and
Burns 1981; Orr 1991; FORSDYKE 1994).

Selection on interactions between specific paralogs
of RAGI and other molecules: If the tetraploid an-
cestor of Xenopus evolved through allopolyploid-
ization, negative selection on molecular interactions
could arise from Dobzhansky-Muller incompatibili-
ties (DoBzHANSKY 1937; MuLLEr 1942). However,
Dobzhansky—Muller incompatibilities between paralogs
of RAG1 and RAG2 could explain the degeneration of
specific RAGI paralogs only if the paralogs that are
currently functional were derived from the same diploid
ancestor. But this does not appear to be the case because
comparison to linked paralogs in X. laevis (GREENHALGH
et al. 1993) suggests that in most species the only func-
tional RAG1 and RAG2 paralogs are not in synteny.
Thus, similar to the dosage hypothesis, if Dobzhansky—
Muller incompatibilities drove degeneration of RAGI
paralog 3, they would probably involve an interaction
other than that with the protein product of the RAG2
gene. This could include interactions with other protein
cofactors of V(D)J recombination or with the recombi-
nation signal sequences (RSSs) or the spacer regions
between RSSs that flank variable, diversity, and joining
segments (SAKANO el al. 1979; RAMSDEN et al. 1994).

If the tetraploid ancestor of Xenopus was allopoly-
ploid, positive selection could account for this pattern
of gene silencing in at least two ways. First, coadaptation
of paralogs of RAGI and RAG2 could have occurred in
one of the diploid ancestors and then these paralogs
could have been unlinked by recombination after allo-
polyploidization. However, the coadaptation hypothesis
is disfavored for the same reason that Dobzhansky-
Muller incompatibilities between RAG1 and RAG2 are
an unlikely explanation: recombination between alleles
of different paralogs appears rare and functional RAG1
and RAG2 paralogs in many species therefore are
probably derived from different diploid ancestors. A
second possibility is that there is a performance advan-
tage to protein—protein interactions between RAG1 and
RAG2 paralogs that are derived from different diploid
ancestors. This scenario posits an advantage, or heter-
osis, to a combination of two evolutionarily naive pro-
teins over a heterodimer whose constituents have a
longer period of coevolutionary history. Heterosis is also
suggested, for example, in Xenopus polyploids that are
resistant to parasites that infect both of their parental
taxa (JacksoN and TINSLEY 2003).

Explanations for heterosis include overdominance,
dominance, or epistasis. The overdominance hypothe-
sis posits that heterozygous loci are more fit than homo-
zygous loci (whether dominant or recessive) (SHULL
1908; HurL 1945), and this could apply to allopoly-
ploids that coexpress alleles from each parental species.
In fact, allopolyploidization provides a way to maintain
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heterosis associated with heterozygosity because alleles
from each parental species are forced to cosegregate in
disomic allopolyploids. In the current case, however, the
overdominance explanation for heterosis does not apply
because, while many allopolyploids have a RAG1/RAG2
heterodimer composed of proteins derived from genes
with different ancestry, each paralog that encodes the
proteins in these heterodimers is homozygous with
respect to their diploid ancestry. The dominance ex-
planation for heterosis posits that if dominant alleles are
more fit, hybrids (or allopolyploids) would benefit from
the dominant alleles from each parent (DAVENPORT
1908). Dominance can result from differences in
dosage, which was discussed earlier, and could also be
a consequence of epistasis, so these explanations for
heterosis are not mutually exclusive. Epistasis could lead
to heterosis in an allopolyploid if there were a perfor-
mance advantage to interactions between proteins de-
rived from different ancestors.

Taken together, these observations suggest that allo-
polyploid transcriptomes are sculpted by natural selec-
tion on each subgenome. Mutational or regulatory
differences that accumulated in each ancestor may be
advantageous or deleterious, and their paralogs can be
preserved or discarded after genome fusion on the basis
of their performance and their interactions with mole-
cules from the other subgenome. In some cases, pseudo-
genization is strongly biased with respect to ancestry
over millions of years, and chimerical interactions be-
tween proteins from different ancestors may be favored
over interactions between proteins that share a longer
period of coevolution.
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