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Abstract
The genome of the red vizcacha rat (Rodentia, Octodontidae, Tympanoctomys barrerae) is the largest of all mammals, and
about double the size of their close relative, the mountain vizcacha rat Octomys mimax, even though the lineages that gave
rise to these species diverged from each other only about 5 Ma. The mechanism for this rapid genome expansion is controversial, and hypothesized to be a consequence of whole genome duplication or accumulation of repetitive elements. To test
these alternative but nonexclusive hypotheses, we gathered and evaluated evidence from whole transcriptome and whole
genome sequences of T. barrerae and O. mimax. We recovered support for genome expansion due to accumulation of a
diverse assemblage of repetitive elements, which represent about one half and one fifth of the genomes of T. barrerae and
O. mimax, respectively, but we found no strong signal of whole genome duplication. In both species, repetitive sequences
were rare in transcribed regions as compared with the rest of the genome, and mostly had no close match to annotated
repetitive sequences from other rodents. These findings raise new questions about the genomic dynamics of these repetitive
elements, their connection to widespread chromosomal fissions that occurred in the T. barrerae ancestor, and their fitness
effects—including during the evolution of hypersaline dietary tolerance in T. barrerae.
Key words: whole genome duplication, repetitive DNA, mammals, Rodentia, Caviomorpha, Octodontidae.

Introduction
Mammalian gametes have an average genome size of !3.5
picograms (pg) (Gregory 2005), which corresponds to !3.5
billion base pairs of DNA (Dolezel et al. 2003), placing the
gamete genome size (the C-value) of humans (3.1 pg)
slightly below average. However, a common ancestor of
the red and golden vizcacha rats (Rodentia, Octodontidae,
genera Tympanoctomys, and Pipanacoctomys), underwent a striking genome expansion, resulting in C-values
of !8.4 and 7.7 pg, respectively (Gallardo et al. 1999,
2004, 2003, 2006) (fig. 1), and making them the largest
of any mammal by a considerable margin (the next

highest is 6.3 pg in the golden mole Chrysochloris,
Gregory 2005). These massive genomes are packaged
into about twice as many chromosomes as their close
relative, the mountain vizcacha rat Octomys mimax,
whose genome is about half as large, even though the
lineages that gave rise to these two species diverged
from each other only !5–6 Ma (Upham and Patterson
2012, 2015; Su!
arez-Villota et al. 2016, fig. 1). These
observations raise the question of how the genomes of
some vizcacha rats became so large so quickly.
Two mechanisms have been proposed to explain these
enormous genomes: (1) whole genome duplication (WGD)
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FIG. 1.—Evolutionary relationships, somatic chromosome number (2n), and genome size in picograms (C-value) of vizcacha rats and other members of
the family Octodontidae (left) based on the analysis of Upham and Patterson (2015) and data from Gallardo et al. (2003). Scale bar is in millions of years; dark
branches on phylogeny subtend focal species in this study, with the presumed timing of genome expansion indicated with a red branch. According to
Upham and Patterson (2015), the divergence of vizcacha rats from other members of the family Octodontidae has a 95% confidence interval (CI) of 7.4–
10.5 Ma, divergences of the Octomys from other vizcacha rats has a 95% CI of 3.9–7.3 Ma, and divergence of Pipanacoctomys from Tympanoctomys has a
95% CI of 1.8–4.3 Ma. Not depicted in this phylogeny are the Tympanoctomys species T. loschalchalerosorum and T. kirchnerorum. Some researchers have
included P. aureus as a member of Tympanoctomys (Diaz et al. 2015), but we opt to maintain this separate genus to reflect their molecular divergence.
Depicted on the right is the red vizcacha rat T. barrerae in El Nihuil, Mendoza, Argentina (photo credit: Fernanda Cuevas).

and (2) expansion of repetitive genomic elements (RGE). The
WGD and RGE hypotheses both involve genomic redundancy
and are nonexclusive in that either one or both could have
contributed to genome expansion. A key factor that distinguishes these hypotheses is that genomic redundancy generated by WGD is genome-wide (or perhaps partially so, see
proposed hybrid/allotriploid origin below), whereas genomic
redundancy generated by RGE affects only repetitive elements
that 1) constitute a portion rather than the entirety of the
genome and 2) should be rare in genes due to purifying selection. In order for the RGE hypothesis to fully account for
observed genomic characteristics in T. barrerae, it would also
have to be preceded, accompanied, or followed by chromosomal fissions, which resulted in their high diploid chromosome number (2n ¼ 102). As such, the RGE hypothesis
requires more steps than WGD to accomplish the transformation in both genome size and karyotype.
The WGD hypothesis is supported by (1) entirely metacentric chromosomes, except the acrocentric Y (Gallardo et al.
2004), (2) a haploid number (n) of 51 and 46 for T. barrerae
and P. aureus, respectively, and DNA content that is about
twice that of O. mimax (n ¼ 28, C-value ¼ 4.0 pg) (Gallardo
et al. 2003), and (3) the detection of a few duplicated genes
(Bacquet et al. 2008; Gallardo et al. 2006, 2004). In plants,
WGD can increase the sizes of structures such as leaves, flowers, and cells (including gametes); this is collectively known as
the gigas effect (Acquaah 2007). Related to this, another line
of evidence supporting the WGD hypothesis is (4) the large
head size of spermatozoa (Gallardo et al. 2002). Gallardo
et al. (2007) also proposed a hybrid/allotriploid origin of T.
barrerae wherein an unreduced (2n ¼ 56) diploid gamete
from O. mimax and a haploid (n ¼ 46) gamete from P. aureus
fused to generate the 102 chromosomes in somatic cells of T.

1712

barrerae. Using silver staining of chromosomal preparations,
one active pair of chromosomes containing a nucleolar organizer region was detected in T. barrerae and in O. mimax but
four and two hybridization spots, respectively, were identified
using fluorescence in situ hybridization (FISH) with ribosomal
DNA probes to metaphase spreads (Gallardo et al. 2006). This
information was interpreted to suggest nucleolar dominance
in an allopolyploid genome of T. barrerae, in which one of two
the sets of duplicated ribosomal RNA (i.e., the ribosomal DNA
from one of the two putative ancestral species of an allopolyploid descendant species) were transcriptionally silenced by
epigenetic modifications (Gallardo et al. 2006, 2007).
The RGE hypothesis is supported by FISH with 14
chromosome-specific probes from another caviomorph rodent, Octodon degus, that painted only one orthologous
chromosome pair, or portion of a pair, of T. barrerae
(Svartman et al. 2005). This study also found four
chromosome-specific probes from O. degus that painted several chromosomes of T. barrerae and, based on reciprocal
hybridizations with whole genome probes, identified a
greater proportion of the genome as species-specific in T.
barrerae than O. degus (Svartman et al. 2005). Extensive heterochromatin in the karyotype of T. barrerae was also considered to support RGE-based genome expansion in association
with tandem fissions (Contreras et al. 1990).
Cytogenetic evidence for unique genomic regions in the
expanded genomes of vizcacha rats was also recovered by
Su!
arez-Villota et al (2012). When meiotic chromosomes of
T. barrerae were blocked with genomic DNA from P. aureus
and then probed with genomic DNA from O. mimax, 30
chromosomes were painted and 26 were not, but when
the blocking and probe DNA were reversed, 26 chromosome
pairs of T. barrerae were painted (Su!
arez-Villota et al. 2012).
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This result was interpreted as being consistent with the hybrid/
triploid origin proposed by Gallardo et al. (2007) (Su!
arezVillota et al. 2012). On balance, another explanation is that
expansion of RGE disproportionately affected a subset of the
chromosomes in an ancestor of (T. barrerae þ P. aureus), a
possibility that was proposed by Svartman et al. (2005).

Different Types of Genetic Similarity Are
Predicted by the WGD and RGE Hypotheses
In general, genetic similarity within or among genomes can
either be due to descent from a common ancestor (homology)
or convergence (homoplasy). Here we focus on homologous
similarity, which can be further divided into similarity due to
speciation from a common ancestor (resulting in orthologous
sequences in different species), versus similarity within or between species due to small scale gene duplication (resulting in
paralogous sequences) or WGD (resulting in homeologous—
also known as ohnologous—sequences). If species hybridize,
gene flow can homogenize orthologous sequences.
Introgressed genes in different species, including new variation
that arises after gene flow, can still be considered orthologous
because they are not convergently evolved (homoplasious)
and because they are not derived from gene or genome duplication (paralogous and ohnologous, respectively).
Considering nucleotide sequences from transcriptomes
and genomes, the WGD hypothesis predicts that redundancy
in the expanded genomes will generally be ohnologous, although paralogous variation is also expected because duplication of genes and expansion of RGEs also occur in
polyploids (i.e., independently from WGD). With the exception of ohnologous redundancy stemming from very ancient
genome duplications (Dehal and Boore 2005), the RGE hypothesis predicts that all genomic redundancy is paralogous.
This is the first study to leverage sequence data from complete transcriptomes and whole genomes of vizcacha rats to
explore the origin of their huge genomes, the largest known
among mammals. We studied both types of data because
they are expected to be influenced in distinct ways by RGE
and WGD. For comparison, we additionally analyzed transcriptome and whole genome data from a diploid and tetraploid
species pair—the African clawed frogs Xenopus tropicalis and
X. laevis—whose ploidy levels have been confirmed by whole
genome sequences. Our goals were thus to search for
diverged ohnologs and repetitive DNA in the genomes and
transcriptomes of T. barrerae and O. mimax, and to evaluate
our findings in the context of the WGD and RGE hypotheses.

Materials and Methods

AO248). Vouchers for each individual are deposited in the
mammal collection at the Instituto Argentino de
!
Investigaciones de Zonas Aridas
(IADIZA), Mendoza,
Argentina. The T. barrerae individual was collected in El
Nihuil, Mendoza Province, Argentina, and the O. mimax individual was collected in Ischigualasto Provincial Park, San Juan
Province, Argentina. RNAlater (Thermo Fisher Scientific) and
ethanol preserved genetic samples were then exported from
Argentina to McMaster University, Canada, for analysis.
RNA was extracted from six tissues (liver, heart, muscle,
lung, kidney, and gonad—testis or ovary) for each individual
using the RNeasy Mini kit (Qiagen). Libraries for RNAseq were
prepared with New England Biolab’s NEBNext Ultra RNA
Library Prep kit for Illumina. RNAseq was performed using
100 bp paired-end sequencing on two lanes of an Illumina
HiSeq 2500 machine, with the six transcriptomes from each
species multiplexed on one lane per species. Total cellular DNA
(including mitochondrial and nuclear DNA) was extracted from
muscle tissue from each individual using the DNeasy extraction
kit (Qiagen). Libraries for WGS were prepared using the
Illumina TruSeq Nano DNA library Preparation kit. WGS was
performed for both individuals and multiplexed on one HiSeqX
lane, using 150 bp paired-end sequencing, and with 2/3rds of
the lane loaded with the T. barrerae library and 1/3rd with the
O. mimax library. In this way, we ended up with a similar level
of coverage for each individual (See Results). All sequence data
from this study are deposited in the Sequence Read Archive of
the NCBI (study SRP102508, bioproject PRJNA380259).

Sequence Trimming and Assembly; Transcriptomes
RNAseq data were trimmed with TRIMMOMATIC version 0.32,
retaining sequences with a minimum length of 36 base pairs
and an average Phred-scaled quality score of at least 15 in a
sliding window of four base pairs. After trimming, a total of
132,894,650 and 144,063,591 paired-end RNAseq reads were
used to assemble transcriptomes of T. barrerae and O. mimax,
respectively. Analysis with FASTQC (Andrews et al. 2010) indicated that, in general, these RNAseq data were of very high
quality, with almost all reads having very high per base sequence qualities their entire length, very high per tile and per
read sequence quality, and a long trimmed sequence length.
TRINITY version 2.1.1 was used to assemble, for each individual,
concatenated RNAseq data from the six transcriptomes. Only
read pairs where both partners passed the trimming step
were assembled. The “cd-hit-est” function of CDHIT version
v4.6.1-2012-08-27 was then used to remove identical
sequences from the transcriptome assemblies.

Samples and Data

Sequence Trimming and Assembly; Draft WGS

We collected RNAseq and WGS data from a female T. barrerae individual (field identification number AO245) and a
male O. mimax individual (field identification number

WGS data were trimmed with TRIMMOMATIC version 0.36, respectively, using the same settings as for the RNAseq data
detailed above. We then used the k-mer based approach of
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(Kelley et al. 2010) to identify and filter reads in the
WGS data. K-mers are sequence motifs of size k, and their
analysis can provide insights into genome size and redundancy, and also sequencing error. In high coverage WGS
data, most low frequency k-mers are due to sequencing
errors. JELLYFISH (Marçais and Kingsford 2011) was used to
count 19-mers, and the cov-mod.py script of QUAKE was
used to assess the cutoff value for trimming, which was 1
for both WGS data sets. Then the “correct” program of
QUAKE was used to filter the WGS data. Similar to the
RNAseq data, analysis with the program FASTQC (Andrews
et al. 2010) indicated that the trimmed and filtered WGS
data were of very high quality.
A total of 342,002,329 and 168,247,437 paired-end and
7,202,820 and 3,375,490 single-end WGS reads were used
to assemble the genomes of T. barrerae and O. mimax, respectively, using ABYSS version 1.9.0 (Simpson et al. 2009) with
a k-mer value of 64. Each genome assembly included pairedend and single-end reads.
QUAKE

Read Mapping and Genotyping
Under the WGD hypothesis, diverged ohnologous genes are
expected in T. barrerae but not O. mimax. To test this, we
mapped RNAseq data from T. barrerae to the transcriptome
assembly of O. mimax, and vice versa. Under the WGD hypothesis, we expected heterozygosity to be substantially
higher for the heterospecific mapping where RNAseq data
from T. barrerae is mapped to the transcriptome assembly
from O. mimax than for the heterospecific mapping where
RNAseq data from O. mimax is mapped to the transcriptome
assembly from T. barrerae. This is because in the former mapping, divergent ohnologous sequences from T. barrerae are
expected to co-map to one ortholog of O. mimax, with their
divergent sites generating heterozygous genotypes.
The MEM function of BWA version 0.7.8-r455 (Li and Durbin
2010) and SAMTOOLS version 1.3.1 (Li and Durbin 2010) were
used to map sequence reads to conspecific or heterospecific
transcriptome or genome assemblies. Prior to mapping, PCR
duplicates were removed with PICARDTOOLS version 1.131
(http://broadinstitute.github.io/picard/). Genotype calling and
filtering was performed with SAMTOOLS and BCFTOOLS (Li and
Durbin 2010). Genotype filtering removed insertion/deletions,
and genotypes that were missing, had a depth of coverage
below 10X, or a phred-scaled genotype quality below 20.

recombination (Wolfe 2001). If the T. barrerae genome was
formed by WGD, two ohnologous genes would initially be
present in the T. barrerae genome for every one orthologous
gene in O. mimax. Eventually one or both of the ohnologous
genes may become pseudogenized, but the expectation that
both copies of some ohnologous pairs continue to be
expressed holds for many millions of generations (e.g.,
Lynch and Conery 2000). The disomic genome of the tetraploid frog Xenopus laevis, for example, still expresses both
copies of >60% of its ohnologous pairs even though allopolyploidization occurred >15 Ma (Session et al. 2016).
Thus, homologous genes from a tetraploid species and a
closely related diploid species include “triads” comprising two
expressed ohnologs from the tetraploid and one ortholog
from the diploid or, if one ohnolog is lost or lowly expressed
in the polyploid, “diads” comprising one ortholog in the tetraploid and one in the diploid. We identified triads and diads in
T. barrerae and O. mimax using an approach (Chain et al.
2011) based on reciprocal best megablast matches (“hits”)
identified with the basic local alignment tool for nucleotides
(BLASTN) version 2.2.25þ (Altschul et al. 1990). In triads, two
sequences from T. barrerae both had the same top BLASTN hit
to the O. mimax transcriptome which, when queried against
the T. barrerae transcriptome, also had both T. barrerae
sequences as its top two hits. BLASTN searches used an expect
value of 1– 20, with the task set to megablast (to match highly
similar sequences). A minimum match between orthologous
comparisons of 200 base pairs (bp) was required in order for a
triad to be recognized. Expression of a gene also might only
be detected in one species, and these were not considered in
the diad/triad analysis. Perl scripts were used to compile triads
and diads based on BLASTN results, extract homologous
sequences and generate fasta files which were piped to
MAFFT version v7.205 (Katoh and Standley 2013) for alignment
using the “adjustdirectionaccurately” option. We then used
another perl script to quantify uncorrected pairwise genetic
distances between the aligned sequences.
For comparative purposes, we performed the same analysis
using the O. mimax transcriptome as the putative polyploid
and the T. barrerae transcriptome as the diploid. We also
performed this exercise on assembled transcriptomes from
another closely related species pair, described next, whose
ploidy levels are established to be diploid and tetraploid by
whole genome sequencing.

Analysis of Assembled Transcriptome Sequences: Disomy,
Triads, and Diads

Transcriptome Analysis of a Confirmed Tetraploid/Diploid
Pair

The genome of T. barrerae is disomic (Gallardo et al. 2006),
meaning that chromosomes form bivalents during meiosis
rather than multivalents. One possibility is that this genome
has always been diploid and disomic. Alternatively disomy can
evolve after WGD. In disomic polyploids, ohnologous genomic regions diverge from each other due to a lack of

As a proof of concept, we performed a parallel analysis of an
RNAseq data set from an uncontroversial polyploid species,
the African clawed frog X. laevis (Session et al. 2016), and a
closely related diploid species X. tropicalis (Hellsten et al.
2010). Similar to the disomic genome of T. barrerae
(Gallardo et al. 2006), the genome of X. laevis is disomic
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(Tymowska et al. 1991). RNA was extracted from liver tissue
from one individual from each of these species using the same
protocol as above, and RNAseq was performed as described
above. The sex of the X. laevis individual (identification number BJE4168) is unknown and the X. tropicalis individual (identification number BJE3909) was female. After trimming using
the same TRIMMOMATIC parameters as for the rodent RNAseq
data detailed above, a total of 47,952,989 and 54,091,238
reads were retained for X. tropicalis and X. laevis, respectively.
Similar to the rodent data, these frog data were also of very
high quality in terms of per base sequence quality, per tile
sequence quality, and per read sequence quality.
An important caveat to this comparison (discussed below)
is that the timing of WGD in the ancestor of X. laevis was
!17 Ma (Session et al. 2016), considerably older than the
hypothesized timing of WGD in T. barrerae after divergence
from O. mimax !5–6 Ma (Upham and Patterson 2012, 2015;
Su!
arez-Villota et al. 2016).

Analysis of Draft WGS Assembly
As a complement to the transcriptome analyses, we generated and analyzed data from the entire genomes of T. barrerae and O. mimax. We used these data to explore the
possibility that there was widespread pseudogenization in T.
barrerae that could have occurred following WGD. This could
have been favored by natural selection, for example, to restore pre-WGD dosage of autosomal and sex-linked genes.
If WGD occurred very recently in T. barrerae, some ohnologous exons may not be substantially diverged from one
another. However, divergence in linked, noncoding regions
may nonetheless be present, and for this reason even nondiverged ohnologous exons might be assembled into different contigs in the draft genome assembly. To test this
possibility, we used each species’ conspecific transcriptome
assemblies to query their draft genome assemblies. We then
quantified how often each section of each unique
assembled transcript (which potentially correspond to separate exons) matched more than one genomic region in the
genome assembly. We considered an assembled transcript
to match multiple genomic regions if one or more portions
of the query sequence had more than one megablast hit
with an expect value of <1–20, and where portion of the
query sequence with multiple hits was at least 20 bp long.
One concern with our analyses of the draft genome assemblies is that repetitive sequences may be under represented
because their repetitive nature makes them difficult to assemble. As a complement to this analysis, the frequency distribution of k-mers can provide insights into the degree of
redundancy in a genome (Liu et al. 2013), by showing how
many times a k-mer is observed (the occurrence; x-axis) relative to the number of unique k-mers that are observed that
many times (the count; y-axis). K-mer analysis can be performed directly on raw sequence reads, and thus is not

influenced by the degree to which sequences can be
assembled. With no redundancy and low heterozygosity,
the frequency distribution of k-mers follows Poisson expectations with the mean ("x ) equal to the average depth of coverage. "x is thus the number of times that the highest number of
unique k-mers are observed in the data (i.e., the highest peak
in a frequency distribution of k-mers). Each heterozygous sites
increases the frequency that unique k-mers are observed 0.5 "x
times. In a genome that has experienced WGD, divergent
ohnologous genomic regions are expected to generate a kmer peak at 1"x , with the height of this peak proportional to
the time since recombination between ohnologous regions
stopped. Nondiverged ohnologous regions generate a kmer peak at 2"x because their k-mers are observed twice as
often as diverged ohnologous regions. Heterozygous sites in
polyploid genomes generate additional k-mer peaks at 0.5"x
and 1.5"x , respectively, due to k-mers associated with single
nucleotide polymorphisms that are present on one or three of
the two pairs of ohnologous alleles, respectively. Depending
on the age of a polyploid, multiple k-mer peaks may or may
not be observed. For example, a k-mer distribution for X.
laevis is unimodal because most ohnologs are diverged
(Session et al. 2016), but a k-mer distribution for another
younger polyploid Xenopus (X. mellotropicalis) is bimodal (unpublished data not shown).
After trimming and filtering as described above, we used
JELLYFISH (Marçais and Kingsford 2011) to count k-mers of size
19, 25, and 35 bp in the WGS data of T. barrerae and O.
mimax. We ignored k-mers containing bases with a quality
below 20. The occurrence distribution was used to estimate
genome size and the proportion of the genome containing
highly repetitive sequences.
With an aim of identifying and classifying the nature of
high abundance repetitive elements in the genome of T. barrerae, we used REPARK (Koch et al. 2014) and VELVET (Zerbino
and Birney 2008) to assemble high abundance k-mers into
contigs. The threshold was selected by REPARK and was 46 for
AO248 and 50 for AO245 and a k-mer size of 31 was used in
this analysis. We then used BLASTN to attempt to match the
high abundance k-mer contigs to conspecific whole genome
and transcriptome assemblies. A Perl script was used to determine, in each sample, the proportion of bp of the
assembled transcripts that matched any of the conspecific
high abundance k-mer contigs. This proportion was calculated in putative noncoding and coding regions in the unique
sequences from each assembled transcriptome based on coding regions that were identified by TRANSDECODER version 2.0
(Haas et al. 2013). A few of the most abundant or longest
of the high abundance k-mer contigs were also used as
queries to search GenBank to determine whether any
were similar to annotated repeat elements in other species,
and all of them were used as a query against a rodent
database of repetitive sequences (Repbase version 21.12;
Bao et al. 2015).
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Results
A Similar Number of Transcripts Are Assembled for
T. barrerae and O. mimax
Under the WGD hypothesis, we expected more unique transcripts to be assembled from the RNAseq data of T. barrerae
than O. mimax. However, we instead found more transcripts
for O. mimax (n ¼ 308,854) than T. barrerae (n ¼ 280,712), of
which 306,324 and 279,172 were unique, respectively. The
mean length of all transcripts was somewhat higher for
T. barrerae than O. mimax, but less so when only the longest
isoform of each gene was considered, and the median lengths
were similar either way (supplementary Table S1,
Supplementary Material online). As detailed in the Methods,
the number of reads used in each assembly was somewhat
lower for T. barrerae (133 million pairs) compared with
O. mimax (144 million pairs). Sex-related differences in expression between the female T. barrerae and male O. mimax
individuals—especially in the gonads—probably contribute
to some degree to differences in the number and composition
of transcripts in these assemblies.
For comparison, we assembled and analyzed transcriptomes of a species pair—the African clawed frogs Xenopus
tropicalis and X. laevis—whose ploidy levels are established to
be diploid and tetraploid, respectively, by WGS (Session et al.
2016; Hellsten et al. 2010). As expected for a tetraploid genome, considerably more assembled transcripts were generated
for the tetraploid X. laevis (n ¼ 123,88) than for the diploid X.
tropicalis (n ¼ 71,067), of which 123,277 and 70,747 were
unique. As expected for a comparison between a tetraploid
and diploid transcriptome, the total length of assembled transcripts was higher for X. laevis than X. tropicalis (supplementary Table S1, Supplementary Material online). This disparity in
total length was less pronounced for the longest isoforms,
which is probably because some ohnologous transcripts of
X. laevis were incorrectly classified as isoforms in X. laevis by
TRINITY. The number of reads used in each assembly was somewhat higher for X. laevis compared with X. tropicalis. The considerably lower number of assembled transcripts in the
Xenopus transcriptomes compared with the rodent transcriptomes is presumably largely a consequence of them being
from only one tissue type instead of six, and the lower number
of reads used in the Xenopus assemblies. Overall, these results
are consistent with the expectation that more transcripts
would be assembled from a tetraploid than a diploid transcriptome, although the higher number of reads from the tetraploid X. laevis (Materials and Methods) may have contributed
to the magnitude of this difference.

A Similar Change in Heterozygosity in Heterospecific
Mappings of RNAseq Data from T. barrerae and O. mimax
Under the WGD hypothesis, heterozygosity is expected to be
substantially higher for the heterospecific mapping where
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RNAseq data from T. barrerae is mapped to the transcriptome
assembly from O. mimax than for the heterospecific mapping
where RNAseq data from O. mimax is mapped to the transcriptome assembly from T. barrerae. Indeed, levels of heterozygosity were mildly elevated in both heterospecific mappings
by factors of 1.35 and 1.27 for RNAseq data of T. barrerae
and O. mimax, respectively, compared with conspecific mapping. The relative increase in heterozygosity of heterospecific
mapping is thus 1.11 (¼1.35/1.27) fold higher for the heterospecific mapping of RNAseq data from T. barrerae compared
with that for O. mimax. Conspecific mapping of each RNAseq
data set indicates that the heterozygosity within the T. barrerae individual was higher than that within the O. mimax
individual (0.00083 and 0.00048, respectively). Together
these findings are consistent with expectations of the WGD
hypothesis, but the magnitude of this increase (1.11-fold) is
modest.
When the same analysis was performed for the Xenopus
assemblies, a much more pronounced signature of WGD in
the tetraploid X. laevis was recovered. Heterozygosity in the
heterospecific mapping with tetraploid X. laevis RNAseq data
to the diploid X. tropicalis transcriptome assembly increased
almost 6-fold (0.02011) and compared with the conspecific
mapping for X. laevis (0.00346). In X. tropicalis, the heterospecific mapping to the X. laevis transcriptome assembly had
slightly lower heterozygosity (0.00134) compared with the
X. tropicalis conspecific mapping (0.00193).

No Sign of Diverged Ohnologs in the T. barrerae
Transcriptome
We used a modified reciprocal best BLASTN approach to identify
triads and diads in the transcriptome assemblies of T. barrerae
and O. mimax (Methods). When T. barrerae was the putative
tetraploid, a total of 81,733 diads and triads were identified,
but only 3,044 (3.7% of the total) of them were triads (i.e.,
with ohnologous divergence >0%), and 849 of these triads
(1.0% of the total) had ohnologous divergence >1%. For
comparison, when the O. mimax assembly was used as the
putative polyploid transcriptome, a total of 61,742 diads and
triads were identified, and 1,219 (2.0% of the total) of them
were triads, and 1,057 of these (1.7% of the total) had ohnologous divergence >1%. Thus, contrary to the WGD expectation, similar proportions of diverged expressed duplicates
were detected in the transcriptomes of T. barrerae and
O. mimax, and in both species these proportions were low.
Conducting the same analysis on the Xenopus transcriptomes found an unambiguous indication of divergent ohnologous variation in the tetraploid X. laevis. Using X. laevis as the
putative tetraploid identified 17,018 triads and diads, 5,572
(32.7% of the total) were triads, and 4,530 (26.6% of the
total) had divergence >1%. For comparison, when the diploid
species X. tropicalis was used as the putative tetraploid,
17,173 triads and diads were identified, 698 (4.1% of the
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total) were triads, and only 42 (0.2% of the total) had ohnologous divergence >1%. These results verify that the modified
reciprocal best BLASTN approach can identify triads in a polyploid species with diverged ohnologs, including in transcriptomes assembled from much less data than we collected for
the vizcacha rats. Of course, this approach has less power
when the ohnologous divergence is of similar magnitude to
within locus heterozygosity, which might be the case if a
polyploid originated very recently. This analysis also carries
caveats of not identifying all triads that have divergent patterns of expression between ohnologs, or triads that were
sequenced incompletely or in nonoverlapping (nonhomologous) regions of their transcripts.
Overall, we failed to identify a substantial number of triads
representing diverged ohnologs in the transcriptome of
T. barrerae and an ortholog in O. mimax, suggesting either
that WGD did not occur, or that if it did, it occurred so recently
that the level of divergence between ohnologous transcripts
in T. barrerae is extremely low.

No Genome-Wide Evidence of a Partner Pseudogene for
Expressed Transcripts
The draft genome assemblies of T. barrerae and O. mimax
that we assembled were very similar in size, with the total
lengths of these assemblies being 2.43 Gigabase pairs (Gbp)
and 2.45 Gbp, respectively. The contig N50 and scaffold N50
values (i.e., the shortest length N for which 50% of the bp are
in contigs or scaffolds whose lengths are smaller than N) were
4,794 and 5,293 for the draft T. barrerae assembly and 4,872,
and 5,223 for the draft O. mimax assembly. The contig L50
and scaffold L50 values (i.e., the number of contigs or scaffolds whose length is ! the N50 value) were 135,809 and
120,691 for the draft T. barrerae assembly and 139,636
and 129,153 for the draft O. mimax assembly. The number
of scaffolds in the draft T. barrerae and O. mimax assemblies
was 18,311,798 and 5,510,567, respectively. Thus, even after
accounting for the "2-fold larger genome size, the draft assembly of T. barrerae was considerably more fragmented than
that of O. mimax. After removing PCR duplicates from reads
that were mapped to each assembly, the average depth of
coverage per site of conspecific reads mapped to each conspecific genome assembly was 22.3# and 15.2#, respectively, for T. barrerae and O. mimax. These estimates are
higher and less accurate than the k-mer based estimates of
coverage discussed below, because they are inflated by reads
from repetitive regions in different genomic regions that were
assembled into one contig.
Overall, the fragmented nature and small size of these
draft genome assemblies indicates that both are far from
complete; this effort thus is best considered as a random
sequencing survey of genomic variation in each one. The similar sizes of the draft genome assemblies of these species,
which are known to differ dramatically in their actual genome

size, could arise if 1) WGD occurred so recently that the subgenomes within T. barrerae are essentially identical and
assembled together, or 2) the genome of T. barrerae consists
of a high proportion of repetitive elements which were either
assembled together or that generated complexities that
obfuscated assembly (e.g., bubbles in the de Bruijn graph;
Simpson et al. 2009).
Under the WGD hypothesis, we expected exons from individual transcripts from a putative polyploid to match two
(ohnologous) genomic regions in a conspecific genome assembly. However, BLAST analysis indicated that a similar proportion of assembled transcriptome sequences in each species
had at least one portion (putative exons) that matched multiple genomic regions in the conspecific genome assembly.
Specifically, 45% (138,020 out of 306,324 unique queries) of
the assembled O. mimax transcriptome sequences had portions with multiple hits to the conspecific draft genome assembly and 47% (131,598 out of 279,172 queries) of the
assembled T. barrerae transcriptome sequences had portions
with multiple hits to the conspecific draft genome assembly.
That these proportions are similar in each species is inconsistent with the expectations of the WGD hypothesis. Instead,
these multiple hits in transcriptomes of both species could be
due to paralogous (e.g., due to small scale duplication of individual genes or individual exons) rather than ohnologous
variation (i.e., due to WGD).
When the same analysis was performed using our
assembled transcriptomes and the published whole genome
sequences from the Xenopus species (versions 7.1 and 9.1 for
X. tropicalis and X. laevis, respectively), results were consistent
with the expectations based on the ploidy level of each species. We found 36% of the assembled transcripts (25,523 out
of 70,747 queries) from the diploid X. tropicalis had portions
of the query sequence that matched multiple genomic
regions of the conspecific genome assembly, whereas more
than double of the assembled transcripts from the tetraploid
X. laevis (85% of sections, 104,887 out of 123,277 queries)
had portions with multiple matches. That the proportion of
matches is higher than the estimate of the proportion of
retained duplicates in X. laevis ("60%; Session et al. 2016)
is consistent with the conclusion from the triad analysis that
some of the unique assembled transcriptome sequences are
nonoverlapping portions of the same transcript. Overall, this
comparison between these frog species confirms our expectation that assembled transcripts from a tetraploid species
match multiple conspecific genomic regions more frequently
than do assembled transcripts from a diploid species.

The T. barrerae Genome Contains More Highly Redundant
Sequences Than O. mimax
Highly repetitive sequences, such as those from transposable
elements, are associated with much higher occurrence than
the genome-wide coverage (!x , see Methods). To test for this,
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FIG. 2.—Occurrence of 35-mers in trimmed and filtered WGS data from O. mimax (left) and T. barrerae (right). The occurrence of 35-mers that were
observed only once is not shown; the sum of occurrences of 35-mers that were observed >100 is represented by a bar on the right side of each graph (which
were 5.7 million and 35.7 million occurrences for O. mimax and T. barrerae, respectively).

we generated k-mer distributions from the trimmed WGS
data from T. barrerae and O. mimax with an aim to further
characterize the extent and nature of redundancy in these
genomes; an example of the 35-mer distribution is shown
in figure 2. It is clear from this analysis that the genome of
T. barrerae contains considerably more highly redundant
sequences than does that of O. mimax. For example, even
though the depth of coverage in each species was similar
(see below), in T. barrerae, 35,697,009 different 35-mers
were detected >100 times whereas in O. mimax, only
5,683,317 different 35-mers were detected >100 times
(fig. 2). Results were consistent using other k-mer sizes
(data not shown).
The peak occurrence of k-mer distributions suggests coverage was 9! for 35-mers (11! and 12!, respectively, for 25mers and 19-mers; hereafter results are itemized in this order)
for T. barrerae and 9! (10!, 11!) for O. mimax. A rough
estimate of genome size was obtained by summing the product of the k-mer counts and occurrence and then dividing this
sum by the coverage. We excluded from this estimate k-mers
with frequency equal to 1, the bulk of which are due to
sequencing error. The (rough) genome size estimate for T.
barrerae was 6.19 (5.47, 5.11) Gbp and for O. mimax was
3.16 (3.14, 2.99) Gbp. The magnitudes of the genome size
estimates based on k-mers are consistent with previous inferences of a large disparity in genome size between these species, but are lower and less accurate than the other estimates
based on flow cytometry (Gallardo et al. 2003) due to variation in coverage, genomic regions that are difficult to sequence, and the omission of rare k-mers in the k-mer
estimates.
The portion of the k-mer distribution that corresponds to
the single copy regions can be approximated by overlaying a
Poisson distribution with mean equal to the depth of coverage

1718

on the k-mer distribution. Applying a conservative threshold
of 40! (i.e., much higher than the Poisson expectation, fig. 2)
for both species yielded similar estimated sizes of the single
copy portion of each genome: 3.35 (2.79, 2.44) Gbp for the
T. barrerae genome and 2.79 (2.64, 2.34) Gbp for the O.
mimax genome. Expressing this as a proportion of the total
genome size and subtracting from 1 yields estimated genomic
proportions of highly redundant sequences, which are 45.8%
(48.9%, 52.3%) and 11.7% (15.7%, 21.6%) for T. barrerae
and O. mimax, respectively. Thus, k-mer analysis suggests
highly redundant sequences comprise about half of T. barrerae genome but only one fifth or less of the O. mimax
genome.

Assembly of Highly Redundant Sequences
Using the programs REPARK and VELVET, highly abundant
31-mers were assembled into 309,756 and 41,854 high
abundance k-mer contigs for T. barrerae and O. mimax, respectively, with a median coverage of 3.0 and 3.0 and median
length of 57 and 88 bp, respectively. Thus there are many
more types of highly repetitive elements in the genome of
T. barrerae, although they are typically shorter than the highly
repetitive elements in O. mimax (fig. 3).
In O. mimax, two high abundance k-mer contigs had coverages of 244! 236!, and were 59 and 61 bp long, respectively (fig. 3). Neither one had a close match in NCBI GenBank.
All of the other high abundance k-mer contigs in O. mimax
had coverage <50!. The longest high abundance k-mer contig in O. mimax was 16,330 bp and matched with 89% identity the complete mitochondrial genome sequence of T.
barrerae (the mitochondrial genome sequence of O. mimax
is not currently in GenBank). The coverage of this longest high
abundance k-mer contig was 3!.
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FIG. 3.—Length and coverage of high abundance k-mer contigs in O. mimax (left) and T. barrerae (right). In both plots, gray dots indicate contigs with
length >200 that match mitochondrial DNA of T. barrerae GenBank accession number HM544132.1.

In T. barrerae, 217 of the high abundance k-mer contigs
had coverage !50". Thus, many more high abundance contigs had very high coverage in T. barrerae than in O. mimax.
The longest of these was 10,301 bp, had coverage of 3.5X,
and matched with 98% identity the complete mitochondrial
genome sequence of T. barrerae (fig. 3).
We also searched for matches to the complete mitochondrial genome sequence of T. barrerae (GenBank accession
number HM544132.1, length 16,863 bp) in the high abundance k-mer contigs from T. barrerae and O. mimax. A total
of 15 and 2 matches, respectively, were recovered and the
sum of the lengths of matches in each species was 16,501
and 16,654 bp. These results indicate that the vast majority of
the high abundance k-mer contigs from each species are not
of mitochondrial origin.
To explore the degree to which the high abundance k-mer
contigs were different from each other, we used BLASTN to
query each high abundance k-mer contig against all conspecific high abundance k-mer contigs, and then quantified how
many of the queries had more than one match (a unique
contig should only match itself). Out of 309,756 high abundance k-mer contigs from the T. barrerae WGS data, 90,953
(30%) matched at least one other conspecific high abundance k-mer contig. Out of 41,854 high abundance k-mer
contigs from the O. mimax data, 9,080 (22%) matched at
least one other conspecific high abundance k-mer contig.
Thus, there is a much higher number of distinct sequence
motifs that are highly repetitive in T. barrerae compared with
O. mimax. These results also suggest that genome expansion
of T. barrerae was not due to just one or a small number of
repetitive sequences, but instead due to expansion of many
distinctive and highly repetitive small sequence motifs.

What Are the Highly Redundant Sequences?
With a goal of better understanding the nature of the highly
redundant sequences we identified, we blasted the high abundance k-mer contigs against the rodent database of repetitive
DNA in Repbase version 21.12 (Bao et al. 2015). When the
search was performed using discontinuous megablast (for
somewhat dissimilar sequences), 6% of the high abundance
k-mers from T. barrerae had a match and 9% of those from
O. mimax) had a match. In both cases, they were mostly to
LINE-1 sequences (80% for T. barrerae and 75% for O. mimax).
Overall then, almost all of the high abundance k-mer contigs
did not have a close match to known rodent repetitive sequences; the small proportion of these sequences that did match
annotated repetitive sequences generally were to LINE-1
sequences. Summaries of high abundance k-mer contigs of
T. barrerae and O. mimax discontinuous blast hits to annotated
Repbase sequences are presented in supplementary Tables S2
and S3, Supplementary Material online, respectively.

Highly Redundant Sequences in the Transcriptome
Assemblies
When the high abundance k-mer contigs from each species
were blasted against their conspecific transcriptome assembly
for T. barrerae there were 226,206 hits to 42,872 transcripts
out of a total of 279,172 assembled transcripts. For O. mimax,
there were 83,844 hits to 30,928 transcripts out of 306,324
assembled transcripts. The proportions of bp in each assembly
that matched high abundance k-mer contigs was 1.9% and
3.3% in putative coding and noncoding transcribed regions
of T. barrerae, and 0.7% and 1.6% in putative coding and
noncoding transcribed regions of O. mimax. These results
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indicate that high abundance k-mer contigs are more prevalent in 1) noncoding than coding regions of transcribed DNA
in both species, 2) nontranscribed than transcribed DNA in
both species, and 3) nontranscribed and transcribed DNA of T.
barrerae than the corresponding regions of O. mimax.

with unknown function (satellite or microsatellite DNA). We
note that these characterizations are anecdotal in nature, and
do not take into account differences in scaffold sizes in the
genome assemblies, or differences in the coverage of high
abundance contigs that they contain.

Highly Redundant Sequences in the Genome Assemblies

Discussion

We also evaluated how high abundance k-mer contigs from
each species matched their conspecific genome assemblies
using BLASTN. When those from O. mimax were blasted against
the draft genome assembly from this species, there were
4,913,004 hits to 2,139,053 scaffolds out of a total of
5,510,567 scaffolds in the draft assembly (39%). The maximum number of unique hits on one scaffold was 189, and
the scaffold with the maximum number of hits was 10,334 bp
in length. When this scaffold was used as a query to NCBI, it
was found to match a predicted vomeronasal type-2 receptor 116-like (LOC101592925) mRNA from the caviomorph rodent O. degus. Similarly, the four O. mimax
scaffolds containing the next highest numbers of unique
high abundance contigs (which ranged in length from
10,611 to 29,674 bp) matched vomeronasal type-2 receptor 116-like from O. degus or uncharacterized
LOC105742023 from O. degus. Overall, this indicates
that some genomic regions of O. mimax that carry a
high diversity of repetitive elements (that are abundant
elsewhere in the genome) are associated with protein
coding regions, including (in the case of the vomeronasal
receptor) detection of conspecific pheromones (Francia
et al. 2014).
When this analysis was performed for the high abundance
k-mer contigs for T. barrerae, there were 48,340,064 hits to
12,512,520 scaffolds out of a total of 18,311,798 scaffolds in
the draft assembly (68%). Thus, the number of scaffolds with
highly repetitive elements in T. barrerae was higher than in O.
mimax. The maximum number of unique hits on one scaffold
was 346, and the scaffold with the maximum number of hits
was 10,004 bp in length. When this scaffold was used as a
query to NCBI, it was found to match a clone of 1_c RPCS
satellite sequence from the caviomorph rodent Ctenomys
haigi. Similarly, the four T. barrerae scaffolds (which ranged
in size from 4,679 to 10,398 bp) containing the next highest
numbers of unique high abundance contigs also all matched
sequences that were annotated as satellite or microsatellite
DNA from species in the caviomorph rodent genus Ctenomys.
However, in all of these matches, <10% of the T. barrerae
query sequence matched the Ctenomys sequences, indicating
that most sequence in each of these scaffolds had no close
match in NCBI.
Overall, a diversity of redundant elements was detected in
several genomic regions of O. mimax with known biological
function, whereas the highest diversity of highly redundant
elements in T. barrerae were detected in genomic regions

There is considerable debate about why the red vizcacha rat
(T. barrerae) has such a huge genome (Gallardo et al. 1999,
2004, 2003, 2006; Svartman et al. 2005; Su!
arez-Villota et al.
2012). Our analyses of RNAseq and WGS data demonstrate
that about half of the T. barrerae genome is diverse but highly
repetitive sequences, but found no strong evidence for WGD.
The only support we recovered for the WGD hypothesis was
slightly higher heterozygosity (1.1!) of the heterospecific
mapping of T. barrerae RNAseq data to the O. mimax transcriptome assembly. However, we speculate that this modest
increase could have been associated with the higher withinindividual heterozygosity of T. barrerae, as opposed to stemming from WGD. Furthermore, the WGD hypothesis was not
strongly supported by other findings such as that, in both
species, a similar number of transcripts were assembled,
and a similar proportion of diverged expressed duplicates
were detected, and putative exons in assembled transcripts
generally had similar levels of redundancy in the conspecific genome sequence. In contrast, when we performed
the same analyses on a pair of tetraploid and diploid frog
species whose ploidy levels have been confirmed by high
quality WGS, we found strong signs of tetraploidy as
expected in each of these analyses (the tetraploid had
much higher heterozygosity when mapped to a heterospecific diploid transcriptome, and compared with the
diploid, the tetraploid had many more assembled transcripts, many diverged expressed duplicates, and putative
exons from the tetraploid had a higher degree of redundancy when compared with the conspecific genome
sequence).
Using k-mer-based approaches and draft assembly of WGS
data, we identified thousands of distinctive and highly abundant sequence motifs in the genome of T. barrerae that are
either not found or not common in the genome of O. mimax,
a closely related species whose genome is about half as large
(fig. 1). Most of these elements had no close match in the
rodent repeat element database (RepBase). One reason for
this could be that most of the rodent data in RepBase are from
mice or rats, and the ancestor of these two species diverged
from the ancestor of (T. barerae þ O. mimax) early during the
diversification of the Order Rodentia, some 64–74 Ma
(Meredith et al. 2011). Thus, that most of the high abundance
kmer contigs did not closely match annotated repetitive elements does not demonstrate an absence of homology to
known repetitive elements. Some of these elements were
identified in transcribed DNA of T. barrerae—more frequently
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in putatively noncoding than in coding portions of the transcriptome—but in general they were far less common in transcribed genomic regions than nontranscribed regions.
Taken together, these results provide insights into the
origin of the largest mammalian genome and support that
1) it evolved by expansion of a diverse mosaic of repetitive
sequences, and 2) the genomic distribution of these elements is not uniform. The nonuniform distribution of
repeats could either be because they expanded throughout the genome and then were removed from most transcribed regions by natural selection, or because they
mostly originated in genomic regions with a dearth of
transcribed regions (e.g., telomeres or centromeres), or
some combination of these possibilities. That some chromosomes appear to contain more repetitive elements
than others (Svartman et al. 2005; Su!
arez-Villota et al.
2012) suggests that their expansion involves mechanisms
acting in cis rather than trans. The major type of satellite
DNA in the caviomorph rodent of the genus Ctenomys, for
example, has been proposed to expand via a cis-acting
rolling mechanism (Rossi et al. 1995). We were not able
to test this hypothesis due to the fragmented nature of
our draft genome assemblies. Additional data from long
read sequences will be important to permit more comprehensive characterization of repetitive elements and their
genomic distributions.
The Y chromosome of placental and marsupial (therian)
mammals is relevant to the WGD hypothesis because it is
“degenerate” in that during divergence from the X it lost
almost all of the genes it once carried (Charlesworth and
Charlesworth 2000). Caveats to our analyses discussed below
notwithstanding, there are at least two reasons that WGD
would be surprising in a species that has a degenerate Y
chromosome. The first, articulated by Orr (1990), is that a
newly generated dioecious polyploid individual would have
to backcross with a diploid from the ancestral population;
this would generate a triploid individual whose dosage of
autosomal and X-linked genes would be different from the
ancestral dosage. This difference and the associated disruption of the ancestral dosage compensation system presumably would be highly deleterious. The second reason relates to
the genotypic consequences of having a genome with two
pairs of sex chromosomes that were generated by WGD after
a breeding population of polyploids became established.
Offspring could inherit from zero Y chromosomes (an XXXX
individual) to three (an XYYY individual with one Y being sexlinked and the other two being paleo-Ys with autosomal inheritance). Because the Y chromosome is missing many genes
that are carried by the X, variation in gene dosage associated
with these different genotypes could pose substantial challenges to a newly formed polyploid population, at least until
the nonsex linked paleo-Y were removed by natural selection
(Evans et al. 2012). Hence, our data support the long-standing
view that polyploidization is an unlikely mode of speciation in

mammals that have a degenerate (Y) sex chromosome
(Coyne and Orr 2004).

Caveats and Future Directions
Overall, this study supports the conclusions of Svartman et al.
(2005) based on cytogenetic evidence that genome expansion
in T. barrerae was due to the expansion of highly repetitive
elements. However, caveats exist to our interpretations and
many questions remain. Data analyzed in this study are
derived from a female T. barrerae individual and a male
O.mimax individual. It would have been ideal if the sexes of
our samples were the same, and this difference between
samples generates caveats to our interpretations. For example, when mapped to a heterospecific assembly, sequence
data from the O. mimax Y chromosome could map to gametologous regions of the T. barrerae X chromosome. This could
increase the genome-wide level of heterozygosity compared
with the reciprocal mapping (where reads from a female
T. barrerae were mapped to an assembly from a male
O. mimax), which would make our inferences based on heterozygosity of heterospecific mapping less conservative with
respect to the WGD hypothesis. However, we expect this factor to have a negligible effect on our conclusions because the X
and Y chromosomes of therian mammals diverged from each
other >160 Ma, and differ dramatically in size, structure, gene
content, and repetitive elements (Graves 2015), and thus are
unlikely to extensively comap to one another. A recently
sequenced complete Y-chromosome from a mouse provides
support for the assertion that rodent sex chromosomes are
diverged from each other in gene content: only 2% of the
genes on the male-specific portion of the mouse Y chromosome are derived from the ancestral autosomes and >95% of
genes on the mouse Y chromosomes are within three ampliconic (extensively duplicated and homogenized by gene conversion) gene families (Soh et al. 2014). The number of
ampliconic genes on the mouse Y chromosome is unusual
compared with other mammalian Y chromosomes but in general, gene content on the X and Y chromosomes of placental
mammals tends to be very different (e.g., Bellott et al. 2014).
The timing of WGD and the associated statistical power to
detect it is also a potential issue with our searches for the
divergent ohnologs. Using data from a confirmed diploid
and tetraploid species pair of African clawed frogs
(Xenopus), we demonstrated that our analyses can detect
genomic signatures of WGD in a tetraploid (X. laevis) with
fairly diverent ohnologs (!7%; Evans and Kwon 2015).
However, these analyses may fail to detect signs of WGD
that occurred so recently that there exists almost no divergence between ohnologs. We view this possibility as exceedingly unlikely because the estimated divergence time between
T. barrerae and P. aureus—whose large genomes suggest a
common mechanism—is !2.9 Ma (Upham and Patterson
2015; Su!
arez-Villota et al. 2016; fig. 1). Thus genome
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expansion in the ancestor of (T. barrerae þ P. aureus) may
have predated the Pleistocene, which provides many rodent
generations for mutations to distinguish duplicated genes, if
they were present.
Another concern with the transcriptome analyses is that
gene silencing may potentially occur very soon after WGD
and/or affect a large number of ohnologous gene pairs. For
example, transcriptional silencing after polyploidization can
occur within a few generations in several plants (Adams
et al. 2004; Kashkush et al. 2002; Feldman and Levy 2009).
Transcriptional shock, in which expression patterns of ohnologous genes are rapidly partitioned soon after WGD has been
reported in allotetraploid Tragopogon miscellus (Asteraceae)
plants (Buggs et al. 2011). However, whatever the causes,
patterns, or extent of gene silencing after WGD, if diverged
ohnologous sequences were present in the T. barrerae we
would expect to identify some in the draft WGS assembly.
This expectation holds even if DNA from one half of the
duplicated genome (the subgenome) were lost at a greater
rate than the other, such as in Nicotiana tabacum (tobacco)
(Renny-Byfield et al. 2011, 2012), Arabidopsis (Thomas et al.
2006), and Xenopus laevis (Session et al. 2016).
Even though they appear to not be derived from WGD, the
rapid evolution of the large genomes of some vizcacha rats is
nonetheless striking, and the support for the RGE hypothesis
presented here raises new questions. For example, it remains
unclear why a dramatic increase in chromosomal complement
occurred alongside the expansion in genome size in the
(Tympanoctomys þ Pipanacoctomys) lineage. Chromosome
numbers in Octodontidae are among the most diverse for
mammalian families, and in 13 species range from 38 to
102 (mode of 2n ¼ 58), including the 2n ¼ 78 Octodon lunatus, in addition to the vizcacha rats (Gallardo et al. 2003).
Chromosomal rearrangements are common in the
Ctenomyidae sister family (tuco-tucos), where chromosome
numbers are also highly variable (2n ranges from 10 to 70),
and where changes in satellite DNA abundance have been
linked to cladogenesis (Slamovits et al. 2001). It is therefore
possible that chromosomal number variation in these rodents,
and in the broader South American radiation of caviomorph
rodents (2n ranges from 10 to 118; Dunnum et al. 2001), may
promote or be driven by RGE accumulation. Alternatively, it is
possible that RGE evolution is decoupled from chromosomal
changes entirely. The diversity in chromosomal number in
Caviomorpha does not appear to be mirrored by correlated
genome size variation, although only 13% of species have
known genome sizes (34/264 extant species; Gregory 2005).
Species of Tympanoctomys and Pipanacoctomys also have
a highly specialized ecophysiology that allows them to feed on
hypersaline vegetation from the saltbush plant Atriplex (Diaz
et al. 2000; Berman 2003; Ojeda et al. 1999; Torres-Mura
et al. 1989; Giannoni et al. 2000; Ojeda et al. 1996; Mares
et al. 1997). This is an exceedingly rare adaptation in mammals that allows them to survive in arid habitats of Argentina’s
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Monte and Patagonian Deserts. Their close relative O. mimax,
which is also a desert specialist, lacks this adaptation and instead feeds to a greater extent on watery plants such as cactus (Ojeda et al. 1996; Sobrero et al. 2010). The consequences
of genome expansion on this adaptation are unknown, although the few other species that independently evolved
this adaptation have genome sizes that are fairly typical for
mammals (e.g., kangaroo rats; Hatch et al. 1976).
Also unclear is why the genomic distribution of repeat
elements appears to be clustered on a subset of the chromosomes (Svartman et al. 2005), what accounts for the high
diversity of repetitive elements in T. barrerae, as well as why
these chromosomes (except the Y) are all metacentric
(Contreras et al. 1990). Additionally, the degree to which
these expanded genomes are deleterious, whether mechanisms to suppress further expansion have already evolved,
and whether expansion is still underway are open questions.
Thus there is still much to learn about the largest mammalian
genome.

Supplementary Material
Supplementary data are available at Genome Biology and
Evolution online.
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