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One common goal in evolutionary biology is the identification of genes underlying adaptive traits of evolu-
tionary interest. Recently next-generation sequencing techniques have greatly facilitated such evolutionary
studies in species otherwise depauperate of genomic resources. Kangaroo rats (Dipodomys sp.) serve as
exemplars of adaptation in that they inhabit extremely arid environments, yet require no drinking water
because of ultra-efficient kidney function and osmoregulation. As a basis for identifying water conservation
genes in kangaroo rats, we conducted a priori bioinformatics searches in model rodents (Mus musculus and
Rattus norvegicus) to identify candidate genes with known or suspected osmoregulatory function. We then
obtained 446,758 reads via 454 pyrosequencing to characterize genes expressed in the kidney of
banner-tailed kangaroo rats (Dipodomys spectabilis). We also determined candidates a posteriori by identifying
genes that were overexpressed in the kidney. The kangaroo rat sequences revealed nine different a priori candi-
date genes predicted from our Mus and Rattus searches, as well as 32 a posteriori candidate genes that were
overexpressed in kidney. Mutations in two of these genes, Slc12a1 and Slc12a3, cause human renal diseases
that result in the inability to concentrate urine. These genes are likely key determinants of physiological water
conservation in desert rodents.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Evolutionary adaptations are myriad, and all have a genetic basis.
This genetic basis can be manifested through changes in gene
sequence or gene expression that contribute to adaptive phenotypes
(Orr and Coyne, 1992; Feder and Mitchell-Olds, 2003). For instance,
multiple studies have identified loci associated with the loss of
lateral plates and pelvic armor in freshwater threespine stickleback
(Gasterosteus aculeatus) populations (Cresko et al., 2004; Shapiro et al.,
2004). Another example is the role of various melanocortin-1-receptor
(Mc1r) substitutions in the expression of adaptive colormorphs of pocket
mice Chaetodipus intermedius (Nachman et al., 2003; Nachman, 2005).
The search for cognate genes underlying such traits is a major focus of
modern evolutionary genetics. In model species such as Arabidopsis
thaliana and Drosophila melanogaster, these searches are usually aided
by entire genome sequences and comprehensive genetic maps that aid
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in population genomic and/or quantitative genetic approaches (Feder
and Mitchell-Olds, 2003). In non-model species, the search for such
genes proves more difficult (Stinchcombe and Hoekstra, 2007). Fortu-
nately, advances in DNA sequencing provide an avenue by which biolo-
gists who study non-model species can begin to identify adaptive genes
underlying traits that have been targets of strong natural selection
(Hudson, 2008; Wheat, 2010; Ekblom and Galindo, 2011).

One adaptive trait presumably under strong selection is water
conservation in desert animals. Water is scarce in deserts and many
organisms are forced to satisfy their water requirements by feeding
on succulent foods or tolerating drastic dehydration coupled with an
increased drinking capacity (Schmidt-Nielsen and Schmidt-Nielsen,
1952; Schmidt-Nielsen, 1964). Themaintenance of homeostasis creates
numerous avenues forwater to be lost, including evaporativewater loss
during thermal regulation, respiratorywater loss, and loss duringwaste
excretion (Schmidt-Nielsen, 1964; Cain III et al., 2006). These sources of
water loss impose strong selective pressures on osmoregulation, and
both behavioral and physiological adaptations for water conservation
have evolved accordingly.

Behavioral adaptations help organisms avoid situationswherewater
loss occurs as a result of thermal regulation or through respiration.
Physiological adaptations can further limit water loss. One physiological
adaptation for water conservation is to increase water retention during
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waste production (Schmidt-Nielsen B. et al., 1948; Schmidt-Nielsen and
Schmidt-Nielsen, 1952). There is ample evidence to indicate that
various desert animals have enhanced kidney efficiency that leads to
the production of concentrated urine (Schmidt-Nielsen and Schmidt-
Nielsen, 1952; Schmidt-Nielsen, 1964). Enhanced kidney efficiency is
realized by the higher relative medullary thickness seen in manymam-
mals from arid and marine environments (Schmidt-Nielsen and O'Dell,
1961; Beuchat, 1996; Al-kahtani et al., 2004), including those in
the Heteromyidae. This family of New World rodents largely inhabits
arid and semi-arid environments in southwestern North America and
includes the kangaroo rats (genus Dipodomys) (Eisenberg, 1963;
Alexander and Riddle, 2005).

The banner-tailed kangaroo rat (Dipodomys spectabilis) has long
been noted for its ability to survive in xeric habitats with little to no
drinking water (Vorhies and Taylor, 1922; Holdenried, 1957; Schmidt-
Nielsen, 1948; Schmidt-Nielsen, 1964). Its diet is dominated by seeds
(Vorhies and Taylor, 1922; Holdenried, 1957; Best, 1988) and this
species seldom feeds on highly succulent food, so it must efficiently
conserve thewater it obtains from its diet and the environment. Behav-
iorally, water conservation is achieved by 1) fossorial denning in large
burrows with elevated humidity (Schmidt-Nielsen and Schmidt-
Nielsen, 1950, 1952; Holdenried, 1957) and 2) nocturnal activity that
limits water loss by reducing exposure to high temperatures that
would necessitate excessive thermal regulation (Holdenried, 1957).
However, D. spectabilis is most famous for its ability to retain water
duringwaste production. In particular, banner-tailed kangaroo rats pro-
duce extremely concentrated urine (Schmidt-Nielsen B. et al., 1948;
Schmidt-Nielsen et al., 1948a, 1948b) by means of elongated loops of
Henle (Howell and Gersh, 1935; Schmidt-Nielsen, 1952; Vimtrup and
Schmidt-Nielsen, 1952). Thus far, the genetic basis of this adaptation
is unknown.

There are several genetic mechanisms that could explain the
urine-concentrating ability of kangaroo rats. For instance, efficient
osmoregulation could result from the evolution of one or a few genes
by strong positive and/or purifying selection on protein-coding
sequence(s) in kangaroo rats. Alternatively, selection might act on reg-
ulatory regions to alter the expression of existing genes common to
many species. For example, upregulation of a key gene during urine
production could produce an abundance of kidney proteins essential
for efficient transport of water from the filtrate back into the blood
stream. Finally (and perhaps most likely), urine-concentrating ability
may have evolved through selection on protein-coding sequences and
on regulatory control of gene expression.

We used massively-parallel sequencing and other approaches to
identify candidate osmoregulatory genes. First, we identified a list of
gene ontology (GO) terms related to water retention from the
AmiGO database and downloaded a priori candidate Mus musculus
and Rattus norvegicus genes annotated with these terms. Next, we
used 454 pyrosequencing (Roche) of cDNA from four individual kanga-
roo rats to identify the major components of the kidney transcriptome
and to identify target genes responsible for efficient osmoregulation.
Finally, we identified additional candidate genes a posteriori that were
significantly overexpressed in kangaroo rat kidney relative to a refer-
ence tissue (spleen). Candidate genes were then compared to the
remaining genes identified in the de novo kidney transcriptome assem-
bly regarding the distribution of GO terms, presence of molecular
markers, and molecular measures of natural selection.

2. Materials and methods

2.1. Sample collection, RNA extraction and cDNA synthesis

Four adult D. spectabilis individuals were collected from our long-
term field site near Portal, Arizona in December, 2009 (see Busch et
al., 2009 for GPS coordinates). These individuals were trapped with
Sherman live traps (Jones, 1984), and included two males (♂0828
and ♂0812) and two females (♀0862 and ♀0871). Each individual
was euthanized according to IACUC approved protocols and dissected
to remove target (kidney) and reference (spleen) tissue. We used a
reference tissue to identify distinctive patterns of gene expression in
D. spectabilis kidney; we chose spleen in an attempt to characterize
major histocompatibility complex genes as part of a separate study
(Marra et al., in prep). Each tissue was immediately minced and part
of the sample was frozen in liquid nitrogen while another section was
placed in TRIzol® reagent (Invitrogen) and frozen on dry ice for trans-
port back to Purdue University.

Separate RNA extractions were conducted for kidney and spleen
tissue from each individual; thus there were a total of 8 “libraries”. We
chose kidney to capture candidate genes involved in osmoregulation,
and spleen as a control tissue. We used TRIzol® reagent (Invitrogen)
for RNA extractions according to the manufacturer's instructions. RNA
quality and quantity was assessed via gel electrophoresis and spectro-
photometry (Nanodrop 8000; Thermo Scientific). These tests revealed
possible genomic DNA contamination in the four spleen RNA extracts,
so we treated them with DNaseI (NEB) prior to cDNA synthesis. Subse-
quently, all extracts were used for separate cDNA synthesis using the
ClonTech SMART cDNA synthesis kit (Zhu et al., 2001) with a modified
CDS III/3' primer (Hale et al., 2009, 2010; Eo et al., 2012).

Second strand cDNA synthesis was conducted using the ClonTech
PCR Advantage II polymerase and a thermal profile that included a
1 min denaturation at 95 °C followed by 25, 28, or 30 cycles of
95 °C for 15 s, 68 °C for 6 min; the number of cycles was optimized
for the quality and size distribution of each cDNA library. Each
cDNA library was digested with SfiI and subsequently purified with
a QIAquick PCR purification kit (Qiagen) to remove oligos. The quality
and quantity of each library was checked with spectrophotometry
(Nanodrop 8000; Thermo Scientific) and gel electrophoresis, revealing
that the main size distribution of these double-stranded cDNA libraries
was 500–3000 bp.

2.2. 454 sequencing and transcriptome assembly

Each of the eight cDNA librarieswas prepared for 454 pyrosequencing
according to standardmethods (Margulies et al., 2005). Briefly, the cDNA
was sheared by nebulization, ligated to adaptor sequences, captured on
individual beads, and then subjected to emulsion PCR and flowed into
individual wells of a picotiter plate (PTP device) for sequencing. During
this preparation, a library specific Multiplex IDentifier (MID) sequence
was ligated to the fragments from each library, which allowed us to
sort the reads according to their library of origin. The eight cDNA libraries
were sequenced on 1/2 of a PTP device using the Roche GS-FLX (454)
platform and Titanium chemistry.

The resulting sequence reads were screened to remove poor quality
reads and adaptor sequences, and then trimmed to remove any remnant
sequence from the cDNA synthesis primers using custom Perl scripts
adapted from Meyer et al. (2009). The program PCAP (Huang et al.,
2003) was used to assemble the trimmed reads into unique de novo
assemblies for each cDNA library as well as tissue specific assemblies.
All assemblies were conducted using the default settings for PCAP (min-
imum identity cutoff of 92%, see Huang et al., 2003). Previous studies
utilized this program for successful de novo assembly of transcriptome
data from other non-model species (Hale et al., 2009, 2010; Eo et al.,
2012). For tissue specific assemblies, all reads were assembled together
from the four kidney or the four spleen libraries. The contigs from each
assembly were given preliminary gene descriptions using a BLASTx
search (e-value≤1.00×10−6 and bit score≥40) against NCBI's non-
redundant (nr) database.

2.3. A priori candidate genes identified via model species

We presumed that D. spectabilis genes integral to efficient osmo-
regulation might include sequences previously identified in other



330 N.J. Marra et al. / Comparative Biochemistry and Physiology, Part D 7 (2012) 328–339
rodent genomes (namely M. musculus and R. norvegicus), but that
such a search might not be straightforward given that these three
species diverged from one another over 60 Ma ago (Meredith et al.,
2011). Towards this end, we identified 38 candidate genes (Supple-
mentary Table 1; GO terms current as of GO database release on 6/
25/2011) by searching the gene ontology database for M. musculus
and R. norvegicus genes annotated with the direct children GO terms
of Renal System Process (GO:0003014) using the AmiGO browser
(Carbon et al., 2009, version 1.8). See Table 1 for a list of the GO
terms used and the number of candidate genes that possessed this
annotation.

To determine if theM.musculus or R. norvegicus candidate genes we
identified a priori matched any of our expressed sequence tags (ESTs)
from kangaroo rats, we downloaded amino acid sequences from the
Mouse Genome Informatics (MGI) database for each of the proteins
encoded by the genes listed in Supplementary Table 1. We queried
these mouse and rat sequences with the contigs from the pooled kanga-
roo rat kidney assembly using standalone BLAST (Altschul et al., 1990)
with the BLASTx program (e-value≤1.00×10−10 and bit score≥40),
which translates sequences in all six reading frames before comparing
to the collection of amino acid sequences. We considered a contig as a
match to a candidate gene only when the candidate also matched the
contig's best hit from the non-redundant (nr) database or when the
standalone BLAST search gave a better match (lower e-value than the
match in nr).
2.4. A posteriori candidate genes identified via differential expression

In native libraries (i.e., those that have not been normalized), the
number of sequence reads per gene can serve as a proxy for relative
levels of gene expression (i.e., digital transcriptomics; Murray et al.,
2007; 't Hoen et al., 2008; Hale et al., 2009). We reasoned that genes
underlying water conservation might be specific to kidney and not
expressed at high levels in other tissues. To identify a posteriori candi-
dates we tested for transcripts that were significantly overexpressed
in kidney relative to spleen tissue. A second BLASTx search against the
Swissprot database was conducted for all contigs and singletons from
each of the 8 individual libraries with a more conservative threshold
of e-value≤1.0×10−10. We assigned corresponding gene names of
the Swissprot blast hits to contigs and then summed the read counts
that comprised each contig with an identical gene name. Read counts
for each gene also included singletons ascribed to the same gene (e.g.,
those spanning a gene region not covered by a contig).

The use of four individuals for each tissue allowed us to obtain
replicate read counts for each gene. Thus there were two treatment
types (K for Kidney and S for Spleen) and four libraries in each treat-
ment. The program DESeq (Anders and Huber, 2010) was used to test
for differential expression between these two treatments by comparing
the mean read counts for each gene. DESeq is an R/Bioconductor pack-
age that infers differential expression between groups of biological rep-
licates by modeling count data with a negative binomial distribution,
Table 1
List of GO terms used to identify the a priori candidate genes from Mus musculus and Rattu

Gene ontology term Accession number

Glomerular filtration GO:0003094
Micturition GO:00060073
Regulation of urine volume GO:0035809
Renal absorption GO:0070293
Renal sodium excretion GO:0035812
Renal sodium ion transport GO:0003096
Renal system process involved in regulation
of systemic arterial blood pressure

GO:0003071

Renal water homeostasis GO:0003091
Renal water transport GO:0003097
estimating variance and means from the data. Additionally the package
controls for variance due to differences in library size through linear
scaling (Anders and Huber, 2010). Differentially expressed genes were
identified after a Benjamini–Hochberg procedure was utilized in order
to account for multiple testing at a 5% false discovery rate.
2.5. GO terms and molecular markers present in candidates

Blast2GO® (Götz et al., 2008) was used to assign GO terms and
annotation for sequences with top BLAST hits that had an e-value≤1×
10−6. We identified GO terms that were significantly overrepresented
in annotations of the a priori candidates as well as those a posteriori DE
genes that were overexpressed in kidney. To do so we used the
GOSSIP (Blüthgen et al., 2005) package in Blast2GO to run a Fisher's
Exact Test. This tested for GO terms that were more frequently present
in the annotation of the genes in our subset of candidates relative to
annotation of the rest of the genes in the kidney data set. To correct
formultiple testing, we allowed the program to employ a false discovery
rate (FDR) correction and filtered the results for the most specific terms
at a FDRb0.05.

Molecular markers such as single nucleotide polymorphisms and
microsatellites within these genes could prove informative for re-
searchers conducting population genetic studies within this or related
species. Thus we scanned our data for single nucleotide polymor-
phisms (SNPs) and SNPs were detected in both pooled assemblies.
SNPs called by PCAP were discarded if they were encompassed by
fewer than 4 reads, if the minor allele was present in only a single
read, or if the minor allele frequency was b0.05. In addition to SNPs,
we identified microsatellites using Msatcommander (Faircloth, 2008)
with a minimum repeat length of six for di-nucleotide repeats and
four for tri-, tetra-, penta-, and hexa-nucleotide repeats.
2.6. Testing for positive selection

To test for positive or purifying selection on D. spectabilis genes, we
conducted comparisons between the D. spectabilis sequences and ho-
mologous sequences from M. musculus and R. norvegicus. We evaluated
any a priori defined candidate genes found in the kidney assembly, and
the a posteriori candidates that were differentially expressed (DE). The
tested set of DE genes included only those that were overexpressed in
the kidney relative to spleen and had orthologous sequences in both
M. musculus and R. norvegicus. The coding sequence (CDS) of each
M. musculus gene was obtained from Ensembl (Release 64). We further
limited our comparisons to cases where Ensembl indicated a one-to-
one orthologous relationship between gene scaffolds of another kanga-
roo rat, Dipodomys ordii, M. musculus, and R. norvegicus. This was done
in order to avoid cases where recent gene duplications (after splitting
of these taxa) would confound the underlying phylogenetic relation-
ships. Below we describe the methods for aligning D. spectabilis, M.
musculus, and R. norvegicus sequences followed by a three taxon test
s norvegicus.

Candidate genes annotated with term

Aqp 1, Adora 1, Ednra, Uts2r
Cacna1c, Chrna3, Chrnb2, Chrnb4, Tacr1, Kcnma1, Trpv1
Adrb1, Adrb2, Oxt, Avpr2
Aqp 4, Aqp 1, Aqp 7, Aqp 3, Slc9a3r1, Hnf1a, Slc12a1, Slc12a3
Tacr1, Adora1, Uts2r, Agt, Agtr2, Oxt, Avpr2, Avp, Anpep, Avpr1a
Slc9a3r1
Adora1, Uts2r, Cyba, Agtr1a, Agtr1b, Cyp11b2, G6pd, Hsd11b2, Ren, Pcsk5, Cyp11b3

Aqp 4, Aqp 1, Aqp 2, Aqp 7, Aqp 3, Wfs1
Aqp 4, Aqp1, Aqp 2, Aqp 7, Aqp 3
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for identifying selection in the heteromyid lineage relative to muroid
rodents following a methodology similar to Clark et al. (2003).

We collected all D. spectabilis contigs which had significant BLAST
hits to the a priori candidate or DE gene and created a consensus
D. spectabilis sequence. Sequencher version 5.0 (Genecodes) was used
to align each D. spectabilis contig in the proper orientation to the pre-
sumptiveM.musculus orthologue by eye and to join contigs that aligned
to overlapping or adjacent portions of the gene. This was accomplished
by comparing BLASTx searches of each contig against the M. musculus
transcript. The consensus D. spectabilis sequence was then aligned to M.
musculus and R. norvegicus transcripts using DIALIGN-TX (Subramanian
et al., 2008). The reference frame for the translation of the D. spectabilis
sequence was inferred from the BLASTx search.

These alignments started with the region of similarity from the
BLASTx hit and continued until the end of the M. musculus transcript
or until a stop codon was encountered in the D. spectabilis sequence.
In the latter scenario we encountered cases where the BLASTx search
indicated additional regions of similarity between D. spectabilis and M.
musculus separated by gaps in the D. spectabilis consensus sequence or
in different reading frames. Shifts in reading framewere often preceded
by a poor quality base or homopolymer run and thus assumed to be due
to sequencing errors. Meanwhile, gaps in theD. spectabilis sequencewere
often the result of incomplete coverage of long transcripts (e.g., one contig
covering the 5′ end of the transcript and a second contig at the 3′ end of
the transcript but lacking overlapping reads). See Supplemental Fig. 1
for alignment methods in these scenarios. Alignments were constructed
for each separate stretch of continuous overlap between the D. spectabilis
contigs, M. musculus sequence, and R. norvegicus sequence (e.g., if there
was overlap for the first 300 bp, followed by a gap of 50 bp and another
overlap of 300 bp, then two separate 300 bp alignments were made).
Thus for each gene, we were left with one to several alignments of
D. spectabilis sequence to different portions of the corresponding M.
musculus transcript.

Maximum likelihood trees were constructed for each alignment
using PhyML 3.0 (Guindon and Gascuel, 2003) followingmodel selection
withMrAIC (Nylander, 2004). Each alignment and treewas subsequently
used to test for selection along the kangaroo rat lineage relative to the
mouse and rat lineages using the dn/ds ratio (ω) along each branch of
the tree. In general,ω=1, b1, and>1 are indicative of neutral evolution,
purifying selection, and positive selection, respectively. The codeml pro-
gram in PAML version 4.4 (Yang, 1997, 2007) was used to calculate ω
using a three taxa comparison as in the model 1 test of Clark et al.
(2003); we used the M0 and M1 models to fix ω or to allow ω to vary
along each branch of the tree. A likelihood ratio test was used to evaluate
whether the model used to calculate ω was significantly different from
the M0 model (where ω is fixed). Positive selection was inferred when
ω>1 and was elevated along the D. spectabilis branch relative to the
M. musculus and R. norvegicus branches. When multiple alignments
corresponded to a single gene, the analysis was first conducted for each
separate alignment and then for an overall gene estimate. For the overall
gene estimates, separate alignmentswere concatenated prior to analysis.
Table 2
Descriptive statistics of the 10 PCAP assemblies (8 individual libraries and 2 pooled). Trimmed
and cDNA synthesis primers.

Library Trimmed reads Mean read length Contig

Male 0828 kidney 41538 289 5051
Male 0812 kidney 30626 307 3518
Female 0862 kidney 36931 286 4325
Female 0871 kidney 121204 298 12439
Total kidney assembly 230299 296 20484
Male 0828 spleen 19146 277 2353
Male 0812 spleen 17192 280 2071
Female 0862 spleen 19752 264 1854
Female 0871 spleen 147006 298 19566
Total spleen assembly 203096 292 23376
3. Results

3.1. Sequence, assembly, and BLAST annotation

Weobtained446,758 reads spanning 143.75 Mb.After quality control
to remove adaptors, cDNA synthesis primers, and readswith poor quality
scores, we were left with 433,395 trimmed reads spanning 127.33 Mb.
Table 2 shows the distribution of these trimmed reads among the eight
libraries as well as the PCAP assembly data for each library. The pooled
kidney assemblywas derived from230,299 reads that had amean length
of 296 bases (after trimming). About 58% of these reads assembled into
20,484 contigs with a mean length of 464 bp. Of the 203,096 spleen
reads (mean trimmed length of 292 bases), 115,653 assembled into
23,376 contigs (mean length of 435 bp). Thus, the two pooled libraries
were similar with respect to the number and length of both reads and
contigs.

The BLASTx analysis revealed 9129 contigs in the kidney assembly
(44.6% of contigs) and 8237 contigs in the pooled spleen assembly
(35.2%) that had significant hits to sequences in the non-redundant
(nr) database. These hits were to 6314 (kidney) and 5992 (spleen)
unique proteins. This indicates that in some cases, multiple contigs
are derived from the same gene, either from alternative splice variants
or from different regions of the same transcript for which intervening
sequence is lacking.

3.2. A priori candidate genes identified via model species

Our BLASTx search found that 31 kangaroo rat contigs from the
pooled kidney assembly had a similarity match to one of our 38 candi-
date genes. For 13 of these 31 kangaroo rat contigs (42%), the candidate
murine gene was also the top BLAST hit recovered from the non-
redundant (nr) database. These 13 contigs matched 9 of our candidate
genes (i.e., two murine genes matched multiple kangaroo rat contigs;
Table 3 lists these contigs and their candidate gene match). Thus, the
kangaroo rat sequence reads include at least 9 genes known to also be
expressed in murine kidneys.

3.3. A posteriori candidate genes identified via differential expression

The DESeq analysis revealed 59 differentially expressed (DE)
genes between kidney (n=4) and spleen (n=4) at a 5% false discov-
ery rate (see Fig. 1; points in red represent genes with significant DE).
Fig. 2 is an expression heat map of the top 59 DE genes. Of these DE
genes, 32 were overexpressed in kidney tissue (Table 4). Interestingly
one of these 32 is Slc12a1, which is also one of our a priori candidate
genes. Slc12a1 (solute carrier family 12member 1) is a chlorine coupled
sodium and potassium transporter that acts in renal salt reabsorption
(Herbert, 1998).

Fig. 3 illustrates the variance functions for read counts within each
treatment (i.e., kidney or spleen). Each dashed line corresponds to
the variance of an individual sample (e.g., male 0828 kidney). The
reads refer to the number of reads after quality control and removal of both sequencing

s Mean contig length Mean contig depth Assembled reads

415 4.87 24589
439 5.27 18523
412 5.02 21700
457 5.94 73924
464 6.51 133283
392 4.72 11102
389 5.03 10425
383 5.99 11109
433 4.46 87322
435 4.95 115653



Table 3
A priori murine candidate genes present in the pooled kangaroo rat kidney data set.

Contigs numbers⁎ Gene symbol Gene name Reads in contigs

4857.1 Agt Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) 5
1042.1 Agtr1a Angiotensin II receptor, type 1a 22
1069.1 Aqp2 Aquaporin 2 22
453.1 Cyba Cytochrome b-245, alpha polypeptide 44
19505.1 Hsd11b2 Hydroxysteroid 11-beta dehydrogenase 2 2
14973.1 Pcsk5 Proprotein convertase subtilisin/kexin type 5 2
0.1, 8266.1, 8490.1, 9053.1 Slc12a1 Solute carrier 12 (sodium/potassium/chloride transporters), member 1 304, 3, 3, 3, respectively
2746.1 Slc12a3 Solute carrier 12 (sodium/potassium/chloride transporters), member 3 9
7591.1, 18299.1 Slc9a3r1 Solute carrier family 9 (sodium/hydrogen exchanger), member 3 regulator 1 4, 2, respectively

⁎ PCAP naming convention starts with the first contig as contig 0.1, the second contig is 1.1, and so on. We retained this convention for consistency.
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variance is composed of the shot noise, defined as the noise inherent
to read counts, and the raw variance, which is the signal in the data
revealed by the biological replicates (solid lines). Thus, the difference
between the dashed line and its corresponding solid line is the shot
noise (see Anders and Huber, 2010). Fig. 3 shows that for genes with
low read counts, the difference between mean counts is dominated by
shot noise, but as coverage increased these two lines converge and the
variance function beyond this point can be attributed to biological
replication (Anders and Huber, 2010). This means that for genes with
deep coverage, we have the power to detect biological differences in
expression. At base means ≥1000 there are no genes with that many
reads and the variance functions are no longer accurate.
3.4. GO terms and molecular markers present in candidates

Among the 9 a priori defined candidate genes expressed in kanga-
roo rat kidney, only two genes (Slc12a1 and Cyba) contained SNPs.
The total number of SNPs in Slc12a1was 7 and the ratio of transitions
to transversions was 6:1. The only SNP in our Cyba reads was a tran-
sition. In addition to SNPs, we found a tri-nucleotide repeat (AGG) in
Fig. 1. Scatter plot of the fold change for each gene versus the mean number of reads
across all libraries for that gene. Red dots represent genes that were significantly differ-
entially expressed between kidney and spleen tissue at a 5% false discovery rate.
Arrows at the top and bottom of the plot indicate genes where the fold change difference
is>15 or b−15, including values of∞ or−∞ that resultwhen there are 0 reads per gene in
one of the two treatments. Genes with a positive fold change value are overexpresssed in
spleen tissue while genes with a negative fold change are overexpressed in kidney tissue.
Aqp2 that consisted of five repeats. Within the set of 32 genes over
expressed in kidney, we found 92 SNPs spread across 24 genes. The
other eight genes did not contain any SNPs that passed our criteria.
Additionally, 40 different microsatellites were located in 17 of these
same 32 genes.

The Fisher's exact test revealed 88 GO termswhich were overrepre-
sented in annotations of our a priori candidates relative to the remain-
der of the kidney data set (Supplementary Table 2). Among these, 4
were terms in the cellular component (C) category, 15 from the molec-
ular function (M) category, and 69 frombiological process (P). Blast2GO
(Götz et al., 2008) was used to filter these terms to include only GO
terms at the most specific level of the gene ontology hierarchy. These
filtered terms are displayed in Fig. 4, which shows the proportion of
contigs from the a priori candidate genes that have been annotated
with a given term along with the proportion of all other kidney contigs
annotated with the same term.

There were 175 GO terms overrepresented among the annotations
of the a posteriori DE genes relative to non-DE genes. Of these, 41
terms belong to the cellular component category, 58 to the molecular
function category, and 76 to biological processes (Supplementary
Table 3). As above, Blast2GO was used to produce a subset of most
specific terms that are displayed in Figs. 5–7 (C, M, and P, respectively).

3.5. Testing for positive selection

We examined the a priori candidates as well as the DE genes for
preliminary signs of positive selection through a comparison of M.
musculus, R. norvegicus, and D. spectabilis sequences to estimate ω.
The values of dn, ds, and ω for each alignment are presented in Sup-
plementary Tables 4 and 5 for the a priori candidates and the a
posteriori candidate genes, respectively. Each fragment represents a
portion of the alignment before a stop codon was reached in the
experimental D. spectabilis sequence. Values of ω>1 would have indi-
cated positive selection and divergence in the amino acid composition
of the D. spectabilis sequence from the M. musculus and R. norvegicus
sequences. However, all of the alignments except for one had ωb1
and thus fail to show signs of positive selection over the alignment as
a whole. The one alignment with ω>1 was slc13a1 portion 1, and
even in this case themodel predicting positive selection was not signif-
icantly different from the nullmodel 0, thus positive selection cannot be
inferred. Additionally this was a small fragment and ωb1 for both a
second portion of the gene and the concatenated sequence containing
both fragments.

4. Discussion

We sought to identify genes that influence the ability ofD. spectabilis
to retain water during waste production with such efficiency that it is
able to survive without drinking water. We employed a two pronged
approach to achieve this goal. First, we defined a small set of candidate
genes a priori from annotation of genes previously defined in distantly
related model species. Second, we searched for differentially expressed
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Fig. 2. Heat map illustrating the 59 most differentially expressed genes between kidney and spleen tissue. Sample names are listed along the bottom of the figure and gene names
are listed along the right vertical axis. Fold-change values were transformed with a variance-stabilizing transformation to allow distance calculations for infinite fold-change
differences that result when a gene is expressed in one tissue but has zero counts in the other. Orange is for hot or high expression, blue corresponds to cold or low expression.
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genes and used those overexpressed in kidney to define another set of a
posteriori candidate genes. The genes we identified in this study will
form the basis for future comparative work examining in the role of
natural selection on their sequence evolution and expression.

4.1. A priori candidate genes identified via model species

Out of our list of 38 a priori candidate genes annotated with Renal
System Process related gene ontology terms, at least 9 a priori candi-
dates were expressed in D. spectabilis kidney tissue. These nine genes
include several involved in water reabsorption from kidney filtrate
either through direct transport of water (Aqp2 transports water
back into the kidney from the collecting duct (Gomes et al., 2009;
Ishibashi et al., 2009)) or through transport of solutes to create a con-
centration gradient for further transport of water. For instance,
Slc12a3 and Slc12a1 encode solute carrier proteins that are involved
in sodium reabsorption from the distal convoluted tubule and thick
ascending limb, respectively, of the loop of Henle (Herbert, 1998;
Herbert et al., 2004). As sodium is transported out of the filtrate by
these channels, the surrounding kidney tissue becomes hypertonic
relative to the filtrate. This in turn drives further transport of water
out of the filtrate and back into the kidney through osmosis.

In addition to genes involved in water and solute transport, sever-
al a priori candidates were detected that control urine output and
concentration through their interactions with other proteins in the
kidney. Specifically, Slc9a3r1 is not an actual transport protein, but it
interacts with multiple proteins in the kidney, including sodium-
hydrogen antiporter 3 (NHE3 which is encoded by Slc9a3) and Na-
phosphate cotransporter 2a (Npt2a) (Weinman et al., 2006;
Cunningham et al., 2007). Mice without functional copies of Slc9a3r1
have been found to have increased phosphate and uric acid concentra-
tions among other symptoms (Weinman et al., 2006; Cunningham et
al., 2007). The ability of this gene's product to interact with multiple
transport proteins and the changes in urine composition that occur in
Slc9a3r1 deficient mice highlight it as an appropriate candidate under-
lying osmoregulation.

Five other a priori candidate genes (Agt, Agtr1a, Cyba, Hsd11b2, and
Pcsk5) were included as candidates due to annotation with the GO
term “renal system process involved in regulation of systemic arterial
blood pressure”. Some of the mechanisms for control of blood pressure
such as the renin-angiotensin system (RAS) can affect kidney function
through reduced urine production and increased sodium absorption
(Peart, 1965; Hall, 1986; Tamura et al., 1998; Paul et al., 2006).
Angiotensinogen (product of Agt) is cleaved by renin in the kidney to
produce Angiotensin I which is then converted to Angiotensin II by
Angiotensin Converting Enzyme and binds to Angiotensin II receptor 1
(encoded by genes Agtr1a and Agtr1b in rodents, Mangrum et al.,
2002) to exert its effects (Mangrum et al., 2002; Paul et al., 2006).
Among the impacts of Angiotensin II are directly causing increased
reabsorption of sodium in the proximal tubules, restricting blood flow
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Table 4
32 genes significantly overexpressed in kangaroo rat kidney relative to spleen. Fold change values have been made positive to reflect higher expression relative to spleen, in cases
where there are no reads in the spleen data set for a gene, a value of ∞ has been substituted. Read counts refer to the number of reads summed across all four libraries of each
treatment.

Swiss-Prot symbol Gene symbol Gene name Kidney read count Spleen read count Log2 fold change P-value*

ak1c4 Akr1C4 Aldo-keto reductase family 1 member C4 184 0 ∞ 0.0230
aldob Aldob Aldolase B, fructose-bisphosphate 383 0 ∞ 0.00528
all4 All4 Allergen Fel d 4 747 0 ∞ 0.000403
asb9 Asb9 Ankyrin repeat and SOCS box protein 9 105 0 ∞ 0.0450
cs077 C19orf77 Transmembrane protein C19orf77 homolog 131 0 ∞ 0.0446
cad16 Cdh16 Cadherin-16 186 0 ∞ 0.00918
fibg Fgg Fibrinogen gamma chain 368 0 ∞ 6.37E-05
atng Fxyd2 FXYD domain-containing ion transport regulator 2 427 0 ∞ 0.00499
gsta1 Gsta1 Glutathione S-transferase A1 104 1 6.97 0.0364
gsta2 Gsta2 Glutathione S-transferase A2 477 1 8.29 0.00975
itih4 Itih4 Inter-alpha-trypsin inhibitor heavy chain H4 139 0 ∞ 0.0289
klk1 Klk1 Kallikrein-1 279 0 ∞ 0.00148
kng1 Kng1 Kininogen-1 108 0 ∞ 0.0361
leg2 Lgals2 Galectin-2 240 0 ∞ 0.0119
lrp2 Lrp2 Low-density lipoprotein receptor-related protein 2 203 0 ∞ 0.0138
mup20 Mup20 Major urinary protein 20 498 2 6.97 0.00399
nu4m Mtnd4 NADH-ubiquinone oxidoreductase chain 4 1536 27 5.07 0.0313
nu4lm Mtnd4L NADH-ubiquinone oxidoreductase chain 4 L 296 9 3.71 0.0446
ph4h Pah Phenylalanine-4-hydroxylase 156 0 ∞ 0.0289
pdz1i Pdzk1ip1 PDZK1-interacting protein 1 120 0 ∞ 0.0477
pe2r Ptgr2 Prostaglandin reductase 2 265 0 ∞ 0.0130
sal Sal1 Salivary lipocalin 1137 1 11.64 0.000219
s12a1 Slc12a1 Solute carrier family 12 member 1 263 1 9.24 0.00888
s13a1 Slc13a1 Solute carrier family 13 member 1 123 0 ∞ 0.0361
s22a9 Slc22a9 Solute carrier family 22 member 9 250 1 9.80 0.0312
s27a2 Slc27a2 Very long-chain acyl-CoA synthetase 250 0 ∞ 0.00650
ostp Spp1 Secreted phosphoprotein 1 382 0 ∞ 0.00168
st2a1 Sult2a1 Bile salt sulfotransferase 1 359 0 ∞ 0.00455
tm174 Tmem174 Transmembrane protein 174 91 0 ∞ 0.0450
tmm27 Tmem27 Collectrin 301 0 ∞ 0.00719
ud17c Ugt1a7c UDP-glucuronosyltransferase 1-7 C 150 0 ∞ 0.0280
udb15 Ugt2b15 UDP-glucuronosyltransferase 2B15 328 0 ∞ 0.00634

* Significant p-values after a Benjamini–Hochberg correction.
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to affect filtration rates in the kidney, and causing the release of aldoste-
rone which further causes increased sodium absorption (Tamura et al.,
1998; Mangrum et al., 2002). This increased sodium absorption as a re-
sult of the RAS has long been noted to result in decreased urine
production (Peart, 1965; Hall, 1986).
Fig. 3. Plot displaying the variance function for kidney (K, solid red line) and spleen
(S, solid green line) treatments. The squared coefficient of variation is plotted versus
the base mean values, which is related to the mean number of reads per gene across
all libraries. The dashed lines represent the variance of all 8 individual libraries. The
difference between the dashed and solid lines is the shot noise which is indicative of
variance due to low read counts. When these converge, variation between samples is
due to biological variation.
Knockout studies in mice show that the absence of two of our a
priori candidates (Agt and Agtr1a) disrupts the ability of the RAS to
increase sodium absorption. Under similar diets, mice without a func-
tional Agt gene producemore urine and urine with a lower overall con-
centration when compared to wildtype mice that have a functional Agt
(Tamura et al., 1998). Similarly, mice without functional Angiotensin II
receptor 1a drink more water and produce more urine than wild type
mice under identical salt intake (Mangrum et al., 2002). Our detection
of these nine a priori candidate genes in D. spectabilis confirms that
our methods have indeed identified heretofore uncharacterized genes
involved in sodium reabsorption. Our data raise the possibility that
salt reabsorption, a process that is common to general kidney function,
is under strict control in D. spectabilis and is largely responsible for the
increased ability of kangaroo rats to conserve water during urine
production.

We failed to detect 29 of the a priori candidate genes, but of course
the absence of evidence of genes in our dataset is not evidence of
their absence from the D. spectabilis kidney transcriptome. The
apparent absence of our other 29 a priori candidate genes may be due
to several biological factors. The Heteromyidae and Muridae diverged
60–90 mya (Adkins et al., 2003; Huchon et al., 2007; Meredith et al.,
2011) with the Timetree estimate at 78.9 mya (Honeycutt, 2009).
Thus, the candidate genes we identified from murine rodents may be
too divergent from the orthologous D. spectabilis genes to identify and
annotate using a strict BLAST search. Furthermore, >50% of the contigs
did not yield a significant BLAST hit from the non-redundant (nr) data-
base. Many of these unidentified contigs could include orthologues of
murine candidate genes, or could represent novel genes that perform
similar functions. However, we chose to employ a conservative cut-off
rather than risk erroneous annotation of contigs with paralogous se-
quences. Other candidate genes may have been expressed and sampled
but were represented only as singletons. Singleton reads were included



Fig. 4. GO terms that are significantly enriched in the a priori candidate data set relative to the total kidney data set after an FDR cutoff of b.05 and after Blast2GO filtered for the most
specific terms. Bars represent the proportion of contigs in the subset that have been annotated with the GO term. *regulation of systemic arterial blood pressure, †renin-angiotensin
regulation of aldosterone.
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only in our expression test, and there at a conservative threshold of an
e-value≤1.00×10−10. Some recent transcriptome studies have utilized
singleton sequence data because many are biologically real (Meyer et
al., 2009; Babik et al., 2010), but we have avoided them because many
contain sequencing errors.

4.2. A posteriori candidate genes identified via differential expression

We identified 32 genes that were overexpressed in kidney tissue rela-
tive to spleen tissue; of these, 24were expressed only in kidney.We used
sequence read counts to estimate relative gene expression and to identify
potential a posteriori candidate genes. Some of these genes are of interest
due to their functions in the kidney (including Slc12a1) or the function of
genes with which they interact or regulate. For instance, fxyd2 encodes
the sodium/potassium-transporting ATPase subunit gamma, and al-
though it is not required for the sodium/potassium-transporting ATPase's
function of sodium transport, fxyd2 can modify the activity of sodium/
potassium-transporting ATPase in the kidney (Therien et al., 1997). The
a posteriori candidates also include multiple genes involved in
reabsorption of sodium in the kidney. This is of interest due to the fact
that this function was seen in many of the detected a priori genes and is
the function of themost highly expressed gene in our total kidney dataset
(Slc12a1) aswell. Such genesweremissed in the screening for apriori can-
didates either due to the lack of annotation with a renal system process
GO term or annotationwith GO terms that were too specific to be includ-
ed in the general categorieswe used. Their presence highlights the impor-
tance of a strong osmotic gradient to retention of water in the kidney of
D. spectabilis.

Fig. 3 shows a great deal of shot noise at low andmediumbasemean
values (which correspond to the mean number of reads from a gene
across the eight libraries). At these read count levels we could increase
our signal to noise ratio through increasing sequencing depth and thus
would have greater power to detect fine scale expression differences.
However, Fig. 3 shows that at high base mean values there is little
shot noise (area where the dashed and solid lines converge) and suffi-
cient power to detect significant expression differences for 59 genes
from 1/2 plate of 454 sequencing. The genes overexpressed in kidney tis-
sue provide defined targets formore extensive study and the sequences
obtained in our study provide the genomic infrastructure needed for fu-
ture q-PCR or further RNA-seq experiments to test for differential gene
expression at a finer scale in this and other Heteromyid species.

4.3. GO terms and molecular markers present in candidates

The GO terms overrepresented in the sequences of the a priori and a
posteriori candidate genes provide a set of annotations that are congruent
with the notion that these genes play a significant role in limiting urine
output. For instance, these include terms such as “drinking behavior”
and “cellular ion homeostasis” in the overrepresented terms for the a
priori candidates. Overrepresented terms for the a posteriori data set in-
cluded several transport related terms which were absent from the a
priori candidate gene enriched terms such as “bile acid and bile salt trans-
port”, “lipoprotein transport”, and “sodium:potassium-exchanging
ATPase complex”. Other GO termswere overrepresented in both a priori
and a posteriori candidates, including “sodium ion transport”, “potassi-
um ion transport”, and “sodium:potassium:chloride symporter activi-
ty”. The presence of these terms in both sets of candidates provides a
framework for classifying other genes present in our kidney data set
that are annotated with these terms as additional candidates and tar-
gets for further study.

The molecular markers identified in this study provide useful
markers for population genetic studies in this species. SNP and micro-
satellite identification has been successfully conducted as part of
several transcriptome sequencing projects using next generation
sequencing (see examples in reviews by Ekblom and Galindo, 2011
and Garvin et al., 2010). As in the studies described in those reviews,
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Fig. 5.Most specific biological process GO terms that are significantly enriched in the overexpressed data set relative to the total kidney data set after an FDR cutoff of b.05 and after
Blast2GO filtered for the most specific terms. Bars represent the proportion of contigs in the subset that have been annotated with the GO term. *mitochondrial electron transport,
NADH to ubiquinone.
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the markers identified here are predominantly from coding sequence.
Existing ‘neutral’ microsatellite markers in D. spectabilis (Davis et al.,
2000; Waser et al., 2006) provide a suitable backdrop for population
genetic comparisons among marker sets (e.g. Busch et al., 2009).

4.4. Testing for positive selection

We have performed initial tests for selection using transcriptome
data, but these estimates of ω failed to demonstrate any evidence of
positive selection on the portions of the genes tested in this study.
Instead ω values were b1 (except for one fragment of slc13a1),
which is indicative of a low proportion of non-synonymous changes
and purifying selection. The failure to detect positive selection is
somewhat unsurprising as it has been argued that pairwise and
whole gene estimates of dn/ds ratios are conservative (Nielsen, 2005),
and more often selection will act on individual sites within a gene
(Yang et al., 2000). For this reason many studies using dn/ds ratios
and similar divergence based tests for selection have taken advantage
of codon based models (Nielsen and Yang, 1998; Yang et al., 2000)
which utilize a phylogenetic framework to compare multiple models
in a likelihood ratio test to detect selection (Yang, 2007). These include
studies that have utilized partial or full CDS derived from next genera-
tion sequencing data (Künster et al., 2010; Renaut et al., 2010; Brieuc
and Naish, 2011). In the Brieuc and Nash study, 15 of 152 surveyed
genes showed signs of positive selection and of these only three se-
quences had a ω >1, with 9 of the genes displaying sequence wide
values ofω b.05. Therefore the possibility still exists that positive selec-
tion is acting on some of the candidate genes identified in this study. For
confident inference of selection from such divergence tests, robust phy-
logenetic relationships and further taxonomic sampling are needed
(and are under way in our lab).

5. Conclusions and future directions

This project has generated more than 400,000 sequence reads that
have been used to identify the presence of expected candidate genes
as well as to identify novel target genes that may underlie the physi-
ological adaptation of water conservation in desert rodents. Efficient
osmoregulation in D. spectabilis is no doubt influenced by behavior
and other physiological mechanisms (e.g., hormonal control). However,
the genes identified in this study – particular those which show high
levels of DE and have known functions in water or solute transport –
are likely to be important drivers of evolutionary adaptations to arid
environments.

Of particular interest is Slc12a1, one of the murine candidate genes
that was identified in D. spectabilis and overexpressed in the kidney
transcriptome. Mutations in Slc12a1 cause Bartter's syndrome in
humans (Simon et al., 1996a; Herbert, 1998; Adachi et al., 2007).
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Fig. 6. Most specific molecular function GO terms that are significantly enriched in the overexpressed data set relative to the total kidney data set after an FDR cutoff of b.05 and after
Blast2GO filtered for the most specific terms. Bars represent the proportion of contigs in the subset that have been annotated with the GO term. *3-alpha-hydroxysteroid dehydrogenase
(B-specific) activity.
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Among the symptoms of this disorder is a compromised ability to
concentrate urine (Herbert, 1998). Meanwhile, mutations in Slc12a3
are responsible for another human kidney defect, Gitelman syndrome
(Simon et al., 1996b), and additional SNP variants of Slc12a3 have
been associated with susceptibility to diabetic nephropathy (Tanaka
et al., 2003). These lines of evidence underscore the likelihood that
these genes and others responsible for renal sodium and ion transport
are integral to the enhanced urine concentrating ability of D. spectabilis.

In terms of future directions, we aim to expand our analysis of
osmoregulation to include other heteromyid species from the two
remaining subfamilies within this group. These include species from
wet (rainforest;Heteromys desmarestianus) and dry (desert; Chaetodipus
baileyi) environments to permit a comparative evaluation of sequence
evolution and gene expression in the kidney. The candidate and DE
genes identified in the current study will serve as a necessary starting
point for our broader phylogenetic and environmental comparison.
Additionally, the spleen data (used as a reference in this study) will
allow for evolutionary comparisons of the immune response genes
that are expressed in heteromyid rodents.
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Fig. 7. Most specific cellular component GO terms that are significantly enriched in the overexpressed data set relative to the total kidney data set after an FDR cutoff of b.05 and
after Blast2GO filtered for the most specific terms. Bars represent the proportion of contigs in the subset that have been annotated with the GO term.
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