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Abstract

Massively parallel sequencing has enabled the creation of novel, in-depth genetic tools for nonmodel, ecologically

important organisms. We present the de novo transcriptome sequencing, analysis and microarray development for a

vertebrate herbivore, the woodrat (Neotoma spp.). This genus is of ecological and evolutionary interest, especially

with respect to ingestion and hepatic metabolism of potentially toxic plant secondary compounds. We generated a

liver transcriptome of the desert woodrat (Neotoma lepida) using the Roche 454 platform. The assembled contigs

were well annotated using rodent references (99.7% annotation), and biotransformation function was reflected in the

gene ontology. The transcriptome was used to develop a custom microarray (eArray, Agilent). We tested the micro-

array with three experiments: one across species with similar habitat (thus, dietary) niches, one across species with

different habitat niches and one across populations within a species. The resulting one-colour arrays had high tech-

nical and biological quality. Probes designed from the woodrat transcriptome performed significantly better than

functionally similar probes from the Norway rat (Rattus norvegicus). There were a multitude of expression differ-

ences across the woodrat treatments, many of which related to biotransformation processes and activities. The

pattern and function of the differences indicate shared ecological pressures, and not merely phylogenetic distance,

play an important role in shaping gene expression profiles of woodrat species and populations. The quality and func-

tionality of the woodrat transcriptome and custom microarray suggest these tools will be valuable for expanding the

scope of herbivore biology, as well as the exploration of conceptual topics in ecology.
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Introduction

Gene expression patterns are an important component of

phenotype and may be an adaptive element linking an

organism to its variable environment (King & Wilson

1975; Ellegren & Sheldon 2008). Because many gene

expression analyses require extensive genetic knowl-

edge, in-depth analyses of gene expression patterns

have been restricted historically to model systems and

humans. Indeed, our understanding of gene expression

as an adaptive component of an organism’s biology has

almost certainly been shaped by the biology of the lim-

ited number and taxonomy of model systems in which

expression has been well studied (King & Wilson 1975;

Ellegren & Sheldon 2008). On the other hand, ecologi-

cally important organisms are likely to have experienced

more complex selective landscapes than laboratory

models and to have responded over time with similarly

complex adaptive strategies and phenotypic diversity.

Exploring gene expression profiles in nonmodel, outbred

organisms reacting to ecologically relevant challenges is

the next step to understanding mechanisms of biodiver-

sity as well as the coadaptive interactions that occur

between species in natural communities.

Next-generation sequencing technologies allow ecolo-

gists and others with genetically under-studied organ-

isms to begin to probe the genetic basis of ecological

phenomena without requiring a huge amount of a priori

genetic knowledge (Rokas & Abbot 2009; Wheat 2010).

Next-generation sequencing has become more afford-

able, reliable and rapid. However, to be of greatest util-

ity, this method requires a genomic (or transcriptomic)

scaffold to which reads can be mapped and can be

limited by transcript coverage, because many of the

non-normalized reads will be for rRNA subunits.
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One way around these limitations is to use next-

generation sequencing data to build a custom gene

expression microarray (Garcia-Reyero et al. 2008; Vera

et al. 2008; Bellin et al. 2009; Babik et al. 2010). Custom

microarrays have an advantage in that they do not need

an extensive genomic scaffold and can be designed to

focus on transcripts or hypotheses of interest. Several

instructive and interesting illustrations of this approach

have been published recently (Vera et al. 2008; Babik

et al. 2010; Wheat et al. 2011). For example, the heart

tissue transcriptome of the bank vole (Myodes glareolus)

was sequenced with next-generation technology (Babik

et al. 2010). By taking a high-throughput sequencing

approach, Babik et al. (2010) were able to describe

90–95% of heart-expressed genes in voles. The vole

heart transcriptome microarray that resulted from

this sequencing effort is a useful tool for investigating

the relationship between heart function and aerobic

metabolism.

Woodrats (Neotoma spp) are an excellent system for

the implementation of functional genomics tools to

explore ecological and evolutionary questions. Woodrats

are herbivorous rodents distributed across North

America, and their diets differ across habitats (Patton

et al. 2008). Different species, and populations within a

species, consume unique plant diets, some of which are

heavily defended by plant secondary compounds. This

diversity of diets has made woodrats an important eco-

logical study system for examining how mammalian her-

bivores deal with plant defence (Lamb et al. 2004; Haley

et al. 2007a; Magnanou et al. 2009; Skopec & Dearing

2011). In addition, recent efforts have begun to explore

the molecular basis of detoxification in woodrats using

tools such as heterologous microarrays. Woodrat mRNA

has been hybridized to Norway rat chips (Skopec et al.

2007; Magnanou et al. 2009). In these cross-platform

studies, the woodrat RNA hybridized to approximately

70% of the probes for Norway rat (Rattus norvegicus)

and revealed patterns of differential expression across

treatments. Finally, woodrats are a good candidate for a

next-generation sequencing effort because there is a clear

target tissue to assay for studies related to diet. Much

of the metabolism of plant secondary compounds

occurs through biotransformation pathways in the liver

(Klaassen 2001), and other woodrat studies have

revealed differences in expression and activity of specific

liver biotransformation enzymes or enzyme classes with

respect to diet (Haley et al. 2007a,b, 2008). By concentrating

on the liver transcriptome, there is a limit to the number of

transcripts expressed, ensuring better coverage of existing

messages (Babik et al. 2010; Wheat 2010).

In this study, we describe the de novo sequencing,

transcriptome analysis and subsequent creation of a gene

expression microarray customized for the woodrat liver.

We assessed the value of the custom array by comparing

the performance of the homologous probes (from the

Neotoma transcriptome) with that of the heterologous

probes (from the Norway rat catalogue). The functional-

ity of the woodrat array was tested by comparing gene

expression patterns at two levels of taxonomic compari-

sons: interspecific comparisons between Neotoma lepida

and two populations of Neotoma bryanti, and an intraspe-

cific comparison of the two populations of N. bryanti.

Methods

Hepatic transcriptome sequencing and annotation

A single representative of N. lepida (female, mass:

103.4 g; captured near Barstow, CA, USA) was selected

for 454 sequencing. Four days prior to dispatch, foliage

from creosote bush (Larrea tridentata) was offered ad lib in

addition to rabbit chow (Harlan Teklad 2031). Creosote

foliage is a natural part of the diet of N. lepida near

Barstow (Karasov 1989) and the animal readily consumed

the offered foliage. One day after creosote foliage, the

animal was given a single injection (IP) of Aroclor 1254

(1 mg/kg in 1 mL corn oil). Aroclor is a mixture of >200
polychlorinated biphenyls (Frame et al. 1996). It causes

long-lasting induction of hepatic enzymes (Beebe et al.

1992) and is often used to induce hepatic enzymes in

pharmacological studies (Richardson & Klaassen 2010).

Dispatch of the animal was delayed for 3 days post-injec-

tion to permit adequate time for induction of detoxifica-

tion enzymes (Pratt & Taylor 1990). The animal

maintained mass over this time (final body mass:

106.8 g). The animal was dispatched, the liver removed

and a 200 lg section was treated with RNA later.

RNA was extracted from liver tissue using RNeasy

(Qiagen). Construction of the normalized cDNA library

and sequencing was conducted at the Purdue University

Genomics Core Facility using a protocol previously

described (Meyer et al. 2009) modified to incorporate

Titanium pA and pB priming sites in the final library

molecules. Reads from the GS-FLX instrument were

assembled into contigs using the Roche GS De Novo

Assembler software. Contigs were annotated using

TBLASTX against sequences from the REFSEQ database. We

compiled a total of 74504 sequences in the reference data-

base from the following species sources: Rattus norvegi-

cus: 30785; Mus musculus: 42760; Peromyscus and other

rodent genes: 959. We used the reciprocal best BLAST hit

method to annotate the transcriptome, that is, each Neo-

toma contig was compared with the known rodent

sequence database using TBLASTX. The best hit to the data-

base was recorded (along with per cent identity, length

of the region of similarity, e-value and number of bits),

and that best hit was compared back to the Neotoma
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contigs. A contig was annotated as the ‘mutual best hit’

to a rodent sequence if that contig was the top hit to the

rodent sequence and vice versa. It was ‘similar to’ if the

reference sequence was a best hit for the Neotoma contig,

but not the reverse. To estimate number of unique genes

and the coverage of the rat transcriptome by the woodrat

contigs, the woodrat contigs were blasted against the

30 785 rat RNA sequences used in the annotation data-

base and vice versa, and the number of matches tallied.

Matches were those BLAST hits with e-values � 0.1.

We used the GOSlim function in Blast2Go to generate

Gene Ontology (GO) terms to describe the transcriptome.

GOSlim uses a standardized set of terms from the Gene

Ontology project and, therefore, permits comparisons

across different data sets.

Custom microarray design

The custom Neotoma microarray was designed using

eArray (Agilent). An 8 9 15 K array was implemented

(15 744 total features), with the Agilent control grid con-

sisting of 536 spots with positive and negative controls.

The array was filled mostly with probes designed from

woodrat transcriptome contigs using the ‘GE Probe

Design’ tool with ‘base composition methodology’. The

entire transcriptome was uploaded to eArray to evaluate

quality and cross-hybridization potential of the probes.

Four probe groups were designed from the targeted

sets of woodrat contigs. The target contigs for the first

probe group (Table 1) were contigs whose annotation

matched a list of biotransformation genes (n = 297)

extracted from heterologous woodrat-to-Norway rat

arrays (Skopec et al. 2007; Magnanou et al. 2009). For this

probe group alone, two probes per target sequence were

designed using the ‘best distribution methodology’.

After these detoxification contigs were removed, the

remaining contigs of the transcriptome were evaluated

for their proximity to the 3′ end of the rodent message to

which they were most homologous. Contigs that were

not within 800 bp of the 3′ end of the annotated message

were excluded. The target contigs for the second probe

group were all contigs remaining that had � 90%

sequence identity with their BLAST match in the region of

highest homology (Table 1). The third probe group was

created from those target contigs that had 80–89.99%

sequence identity with their BLAST match in the region of

highest homology and the fourth probe group from tar-

get contigs with 75–79.99% sequence identity with their

BLAST match. One probe was designed for each contig in

the second, third and fourth groups (Table 1). All probes

with a base composition value =4 were excluded, which

was <1% of all probes in each group.

To compare heterologous to homologous binding effi-

ciency, two additional probe groups were created from

existing probes in the Agilent Norway rat catalogue. One

consisted of probes related to liver detoxification

pathways. It included the biotransformation features

extracted from the Norway rat arrays used in previous

cross-species hybridization arrays (Skopec et al. 2007;

Magnanou et al. 2009), and probes returned from a GO

search of Norway rat probes, using the GO terms ‘drug

metabolic process’ (GO:0017144), ‘xenobiotic metabolic

process’ (GO:0006805), ‘superoxide metabolic process’

(GO:0006801), ‘nicotine metabolic process’ (GO:0018933),

‘quinolinate metabolic process’ (GO:0046874). The sec-

ond group consisted of Norway rat probes returned from

a GO search using the term ‘oxidative stress response’

(GO:0006979).

A replicated noncontrol probe group was created

from 23 probes from the 90% to 100% group and spotted

on the array 10 times. Other probe groups were also

spotted multiple times (Table 1). All probes were 60-m.

Feature layout was randomized by eArray.

Woodrat trapping and feeding trial

To validate the sensitivity of the custom array, we desi-

gned experiments to compare expression across Neotoma

species and populations. Desert woodrats (N. lepida) were

trapped at Lytle Ranch Preserve in southern Utah (lat:

37.117514, long: �114.009661 Washington Co., UT, USA).

Bryant’s woodrats (N. bryanti) were trapped from two

locations in California: Bryant’s woodrats were trapped

near Palm Springs, CA, USA (lat: 33.679616, long:

�116.362018, Riverside Co., CA, USA) and from Ronald

W. Caspers Wilderness Park (lat: 33.53367, long:

�117.54965, Orange Co., CA, USA). Trapping locations

Table 1 Neotoma custom expression microarray probe groups

Probe group names

Target

contigs

Probes

(final)

Replicated on

Array

Woodrat

biotransformation

480 (29) 940 3

Woodrat 90–100%
matches

2394 2389 2

Woodrat 80–89%

matches

2085 2076 2

Woodrat 75–79%

matches

881 881 1+*

Norway Rat

detoxification

metabolism

n.a. 374 3

Norway Rat

oxidative stress

n.a. 288 2

*The 75–79% woodrat group used to fill in the remaining spots,

and as a result, all probes in it were spotted once, and 649 of the

881 were spotted twice.
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were determined using trapping records and species

taxonomy from Patton et al. (2008). Lytle Ranch (LR)

N. lepida and Palm Springs (PS) N. bryanti include creo-

sote bush as a dietary component (Karasov 1989;

Mangione et al. 2001). The Caspers Wilderness (CW)

N. bryanti include oak (Quercus agrifolio) foliage in their

diet and have no exposure to creosote bush. Animals

were housed individually in the animal facilities at Uni-

versity of Utah and were given food and water ad libi-

tum (Harlan Teklad formula 2031, rabbit chow) prior to

the feeding trial. Experimental procedures were

approved by the Institutional Animal Care and Use

Committee (IACUC #07-02015).

Prior to the microarray trial, four animals from each

of the three populations were fed Harlan Teklad 2031 for

8 days. The diet was prepared by mixing powered rabbit

chow with acetone equal to 25% of the weight of the

chow. To remove the acetone, the diet was dried under a

fume hood for 24 h followed by vacuum for 1 h. Com-

plete evaporation was confirmed gravimetrically. The

addition of acetone served as a control reagent for other

treatment diets that have plant secondary compounds

added in acetone. Animals had ad libitum access to water

and food. Leftovers were collected, additional diet was

presented and animals were weighed, daily.

After the feeding trial, animals were dispatched using

CO2 asphyxiation; liver tissue and spleens were pre-

served in RNAlater (Sigma) following the manufac-

turer’s protocol and frozen. Frozen tissues were kept at

�80 °C. For the microarray analysis, RNA was extracted

(RNAqueous) from the livers and sent to the University

of Utah Microarray Core facility.

Microarray protocol

For each sample, the quality and concentration of the

RNA was measured with an Agilent Bioanalyzer RNA

Nanochip. The Agilent One-Color Quick Amp Labeling

Kit was used to generate fluorescently labelled cRNA for

one-colour microarray hybridizations. Agilent RNA

spike-in controls were combined with input total RNA

samples (50–1000 ng). The polyadenylated fraction of the

total RNA sample was primed with oligo dT/T7 RNA

polymerase promoter oligonucleotide sequences and

cDNA synthesis accomplished by MMLV-RT. Following

cDNA synthesis, T7 RNA polymerase and cyanine

3-CTP nucleotides were combined with the reaction mix-

ture to simultaneously amplify the target material

through the generation of cRNA and incorporate cyanine

3-CTP. Fluorescently labelled cRNA molecules were

purified from the reaction mixture using the Qiagen

RNeasy mini kit. The concentration of the purified sam-

ples was determined using a NanoDrop ND-1000

spectrophotometer.

Fluorescently labelled cRNA samples were fragmented

and combined with Agilent Hi-RPM hybridization buffer.

Microarray hybridizations were performed using Agilent

SureHyb and incubated at 65 °C for 17 h, 10 r.p.m.

Following incubation, microarray slides were washed

for 1 min in each of the two wash buffers (69 SSPE,

0.005% N-lauroylsarcosine and 0.069 SSPE, 0.005%

N-lauroylsarcosine), dipped in a solution of acetonitrile

and dried.

Microarray slides were scanned in an Agilent Tech-

nologies G2505C Microarray Scanner at 5 lm resolution.

Data captured from the scanned microarray image were

loaded into Agilent Feature Extraction software version

10.5.1.1. The software automatically positions a grid and

finds the centroid positions of each feature on the micro-

array. This information was used to calculate feature

intensities, background measurements and spot statis-

tics. Agilent’s Feature Extraction software was used for

spatial detrending.

Analysis of microarray performance

Prior to analysis, all control spots, nonuniform spots and

population outlier spots were removed from the data set;

intensity values were log2-transformed using Agilent Fil-

ter, software designed to simplify the processing of Agi-

lent data (http://bioserver.hci.utah.edu/BioInfo/index.

php/Software:AgilentFilter). Data from duplicate probes

were combined, but different probes with the same

annotation were maintained separately because it is

possible that the original contigs were from different

isoforms despite the shared match to a rodent gene.

In the resulting data set, we compared the perfor-

mance of the microarray probes created from the N. lep-

ida liver transcriptome to those probes mined from the

Agilent Norway rat catalogue using the four LR N. lep-

ida. Only the N. lepida samples were used because the

original transcriptome was created from an N. lepida

individual. We compared the intensities and qualities in

several different ways. First, the intensities and qualities

for each probe were averaged across the four N. lepida

samples and then the averages for Rattus (n = 640) and

Neotoma (n = 6286) probes were compared using a t-test.

Because of the differences in probe number and the

potentially important difference in function of those

probes, a second analysis was performed limited to those

probes with identical Genbank accession numbers in

both the Rattus and Neotoma probe sets (a result of anno-

tating the Neotoma transcriptome with rodent reference

sequences). Where there were multiple probes for a

given accession from either rat or woodrat, the intensities

and quality values were averaged. The resulting 60

matched pairs of Rattus and Neotoma probes were

compared using a paired t-test. For an interspecific
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evaluation of the custom array, the LR N. lepida samples

were compared with the PS N. bryanti samples using all

Neotoma probes or the 60 woodrat-derived probes from

the previous analysis. Intensities and quality values were

analysed with a paired t-test.

To compare gene expression profiles across woodrat

populations and species, the array data were batch

uploaded to Genesifter 3.7. Due to significant differences

in the probe performance, only the woodrat-derived

probes were included. Prior to comparing expression

profiles, the consistency of transcriptome response was

evaluated by comparing overall gene expression profiles

across individuals. In Genesifter, after normalizing the

intensity data, individuals were clustered by gene

expression using all woodrat-derived probes (n = 6286).

Clustering parameters were distance/correlation, link-

age/average, row centered/by genes.

Interspecific and intraspecific comparisons of woodrat
gene expression

In Genesifter, three pairwise comparisons were created.

The first was an interspecific comparison between LR

N. lepida and PS N. bryanti. Both populations consume

creosote and are from desert regions (Mojave and Sono-

ran, respectively), and thus might be expected to face

similar ecological conditions. The second comparison

was between LR N. lepida and CW N. bryanti, a popula-

tion that inhabits ecologically distinct coastal woodland

areas (Atsatt & Ingram 1983). The final comparison was

between the PS and CW N. bryanti populations that

consume different diets in different habitats (Atsatt &

Ingram 1983). In all comparisons, the quality requirement

was set to 1, and all individuals from both treatments

were required to pass. The fold threshold for differences

in gene expression was 2, and a t-test was performed

(a = 0.05). The Benjamini & Hochberg (1995) false dis-

covery rate was applied to the resulting significant gene

list. Treatments were compared by examining the num-

ber and annotation of upregulated probes as well as the

KEGG pathways and Gene Ontology terms represented

by those probes. Z-scores were used to determine signifi-

cant associations in these functional assays. Pathways or

ontology terms with z-scores of >2 are considered to be

significantly overrepresented in the results.

qPCR validation of microarray results

To validate the microarray results, qPCR was used to

determine the relative expression of three genes: P450

(cytochrome) oxidoreductase (POR) and catechol-O-

methyltransferase (COMT), which exhibited significant

differences between specific pairs of populations, and

superoxide dismutase (SOD), which exhibited no

difference in expression. These genes were chosen

because they are important in liver function and have

been of significance in other studies examining woodrat

detoxification strategies. b-actin was used as an endoge-

nous control. For additional methods, please see the

Supporting information.

Results

Transcriptome assembly and analysis

We obtained a total of 763 893 high-quality reads from

the normalized N. lepida sample after 1.75 runs on a 454

platform. During assembly, 501 299 reads were fully

incorporated into contigs, and an additional 72 341 reads

were only partially incorporated into contigs. Average

read length was 334 bp. The total number of contigs was

18 316 with an average size of 694 bp. Over 5000 contigs

were between 1107 and 5601 bp in length (Fig. S1, Sup-

porting information). Of the total number of contigs,

44.6% (8174) produced a mutual best hit from our refer-

ence database of rat, mouse, Peromyscus and other rodent

sequences. Another 55% (10 076) were ‘similar to’ rodent

reference sequences. Only 66 contigs did not blast to any

known sequences.

By blasting the woodrat contigs against the rat RNA

database, we found 9163 contigs had hits to 10 596 rat

genes (34.4% coverage). The reverse BLAST search (rat

genes against woodrat contigs), 10 603 rat genes (34.4%)

had hits to 9173 contigs.

With respect to GO terms within biological process

(Level 2), the woodrat liver transcriptome was character-

ized by terms related to cellular and metabolic processes

and biological regulation (Fig. 1). Terms included in

‘response to stimulus’ were also abundant and com-

prised >10% of the terms in the transcriptome. This cate-

gory includes terms related chemical stimulus such as

drugs, toxins and other xenobiotics. With respect to

molecular function (Level 2), the majority of GO terms

were related to ‘binding’, which includes toxin binding

(Fig. 2). ‘Catalytic activity’ represented more than 25% of

all terms and includes activities such as oxidoreductase

and hydrolase.

Analysis of microarray performance

Two of the 12 arrays failed to pass all 9 of Agilent’s qual-

ity metrics. The two imperfect arrays passed seven and

eight of nine quality metrics, respectively. On average,

<0.2% of the features (spots) across all the arrays were

flagged as nonuniform features.

The performance of probes designed from the Neo-

toma hepatic transcriptome was significantly better than

that from the Agilent Norway Rat catalogue when

© 2013 Blackwell Publishing Ltd
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exposed to Neotoma samples. Over the entire array, the

probes from the Agilent Norway Rat catalogue had

average intensity values 38% lower than the Neotoma

probes and quality values 40% lower (Table 2A). A sim-

ilar pattern was found in the paired comparison

between Rattus and Neotoma probes annotated to the

same Genbank reference sequence. The per cent reduc-

tions were 37% and 35% for intensity and quality,

respectively (Table 2A).

There were also significant differences in array perfor-

mance between samples from N. lepida, the species from

which the original transcriptome was sequenced, and

those from N. bryanti, a closely related woodrat species.

The N. bryanti samples had significantly higher intensity

and quality values than the N. lepida samples (Table 2B).

However, the differences were much smaller in this com-

parison relative to the Neotoma versus Rattus compari-

sons (Table 2A); the intensity of N. lepida samples were

5% lower across 60 matched probes than N. bryanti, and

the quality values were, on average, 6% lower.

Using all the custom probes, woodrat samples were

clustered according to overall gene expression profile,

including probes that were not significantly different in

any analyses. Individuals grouped by treatment, indicat-

ing shared responses within a treatment relative to

between treatments (Fig. 3).

Fig. 1 Woodrat transcriptome gene ontol-

ogy terms from level 2 of the biological

process category. Percentage of transcrip-

tome contigs comprising each term shown

adjacent to term.

Fig. 2 Woodrat transcriptome gene ontol-

ogy terms from level 2 of the molecular

function category. Percentage of tran-

scriptome contigs comprising each term

shown adjacent to term.
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Interspecific and intraspecific comparisons of woodrat
gene expression

In the comparison of ecologically similar LR N. lepida

and PS N. bryanti, there were 191 probes with signifi-

cantly different expression. Ninety-three probes were

upregulated in the LR animals (i.e. downregulated in

PS), and 98 probes were upregulated in the PS animals

(Table S1, Supporting information). The difference in

expression for the most upregulated probes in N. lepida

was 10-fold; the top probe in N. bryanti was upregulated

35-fold.

When the upregulated genes (not probes) in each

treatment were categorized by KEGG pathway, there

were fewer significantly represented KEGG pathways in

N. lepida than in N. bryanti (Table 3). The top two KEGG

pathways (by gene numbers) upregulated in N. bryanti

were ‘drug metabolism—cytochrome P450’ and ‘metabo-

lism of xenobiotics by cytochrome P450’, possibly

indicating overlapping detoxification genes. KEGG path-

ways may have only one characteristic gene upregulat-

ed and still be significantly better represented than

expected by chance. Likewise, a single upregulated

gene may co-occur in multiple pathways. The best-rep-

resented pathways in N. bryanti were different than

N. lepida (‘chemokine signalling pathway’ and ‘osteo-

clast differentiation’).

Significant GO terms were assembled from each of the

three main categories: biological processes, cellular com-

ponent and molecular function. Within a category, terms

across the tiers were first filtered to include only those

with significant, positive z-scores (>2) and ordered by the

number of genes upregulated in each category. GO terms

were kept only if they had � 10 genes contributing to

their overrepresentation in a category. This method

revealed more significant GO terms, as well as biotrans-

formation functionality, associated with PS woodrats

than LR woodrats (Table S2, Supporting information).

There were 354 probes differently expressed in the

ecologically distinct, interspecific comparison between LR

N. lepida and CW N. bryanti. About 240 were upregulated

in N. lepida; 154 were upregulated in N. bryanti

Table 2 Probe performance on the custom woodrat microarray

(A) Comparison between probes derived from the Neotoma lepida hepatic transcriptome and the Agilent Norway Rat catalogue

Probe origin comparison Neotoma (�SD) Rattus (�SD) % Reduction

All probes

Intensity 10.00 � 3.81 6.14 � 3.86 38.63 d.f. = 771.6, t = �24.19, P < 0.0001

Quality 0.864 � 0.295 0.514 � 0.441 40.51 d.f. = 698.2, t = �19.62, P < 0.0001

Matched probes

Intensity 11.59 � 3.77 7.31 � 4.20 36.91 d.f. = 59, t = �7.27, P < 0.0001

Quality 0.899 � 0.247 0.584 � 0.429 35.04 d.f. = 59, t = �5.41, P < 0.0001

(B) Comparison between N. lepida and Neotoma bryanti samples on a small subset of detoxification-related probes of N. lepida origin

Interspecific comparison LR N. lepida PS N. bryanti % Reduction

All probes

Intensity 10.00 � 3.81 10.48 � 3.80 4.58 d.f. = 6279, t = 52.37, P < 0.0001

Quality 0.864 � 0.295 0.945 � 0.203 8.57 d.f. = 6279, t = 31.96, P < 0.0001

Matched probes

Intensity 11.59 � 3.77 12.20 � 3.71 5.03 d.f. = 59, t = 5.27, P < 0.0001

Quality 0.899 � 0.247 0.955 � 0.159 5.86 d.f. = 59, t = 2.75, P < 0.01

LR, Lytle Ranch; PS, Palm Springs.

Fig. 3 Cluster analysis of individual woodrat samples calcu-

lated from overall gene expression profiles. Individuals are

specified by species and population designations.
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(Table S3, Supporting information). The top differen-

tially expressed probe in N. lepida was upregulated by

1663-fold; the top probe in N. bryanti was upregulated

by 131-fold.

There were relatively few KEGG pathways overrepre-

sented in theN. lepida, and those reflected a number ofmet-

abolic processes, including ‘drug metabolism—other

enzymes’ (Table 4A). There were more KEGG pathways

for N. bryanti, a number of which had biotransformation

functions (‘drug metabolism—cytochrome P450’, ‘metabo-

lism of xenobiotics’ and ‘drug metabolism—other

enzymes’; Table 4B). In N. lepida, metabolic processes

played a large role in the biological process GO terms,

whereas transferase activities played a dominant role in the

molecular function terms. In N. bryanti, response to stimu-

lus terms were overrepresented in biological process, and

terms related to membranes were common in the cellular

component category (Table S4, Supporting information).

There were 100 probes differently expressed in the

intraspecific comparison between PS and CW N. bryanti.

Seventy-two were upregulated in the PS animals; 28 up-

regulated in the CW animals (Table S5, Supporting infor-

mation). The most upregulated probe in the PS animals

had 62-fold higher expression than the CW equivalent.

The top probe for CW was 37-fold upregulated. The

best-represented KEGG pathways for PS N. bryanti were

‘drug metabolism—cytochrome P450’ and ‘metabolism

of xenobiotics by cytochrome P450’, similar to the results

in the interspecific comparison (Table 5). The paucity of

genes in the KEGG pathways for the CW animals likely

reflects the smaller number of genes that responded posi-

tively in these animals. This was also the case for GO

terms; no terms passed the filtering requirements for CW

woodrats (Table S6, Supporting information).

qPCR validation of microarray

The qPCR results for COMT, POR and SOD corroborated

the microarray data (Fig. S2, Supporting information).

For each gene, we chose a specific pair of populations to

compare. Consistent with the microarray results

(Table S1 and Table S3 respectively, Supporting infor-

mation), the COMT gene was expressed higher by PS

N. bryanti than by LR N. lepida (2.95-fold), and the POR

gene was expressed higher by CW N. bryanti than by LR

N. lepida (3.04-fold). SOD exhibited no differences

between the CW and PS N. bryanti. Data were submitted

to Dryad database (Malenke et al. 2013).

Discussion

Woodrats (Neotoma spp) are ecologically interesting animals

that have been used to inform topics from paleoclimate

Table 3 Overrepresented KEGG pathways: (A) Lytle Ranch

(LR) Neotoma lepida (B) Palm Springs (PS) Neotoma bryanti

KEGG pathway

No.

genes

Total on

Array Z-score

(A) Upregulated in LR N. lepida

Chemokine signalling

pathway

3 35 2.77

Osteoclast differentiation 3 28 3.29

Bladder cancer 2 16 2.99

Chagas disease (American

trypanosomiasis)

2 27 2

Cysteine and methionine

metabolism

2 23 2.28

Toll-like receptor

signalling pathway

2 21 2.45

Galactose metabolism 1 7 2.31

Maturity onset diabetes

of the young

1 5 2.86

Olfactory transduction 1 7 2.31

Pantothenate and CoA

biosynthesis

1 7 2.31

Primary immunodeficiency 1 7 2.31

(B) Upregulated in PS N. bryanti

Drug metabolism—

cytochrome P450

8 66 6.56

Metabolism of xenobiotics

by cytochrome P450

5 54 4.28

Protein processing in

endoplasmic reticulum

5 69 3.56

Steroid hormone biosynthesis 4 26 5.35

Circadian rhythm—mammal 3 9 7.25

Starch and sucrose

metabolism

3 23 4.16

Tryptophan metabolism 3 28 3.65

Ascorbate and aldarate

metabolism

2 19 2.94

Butanoate metabolism 2 17 3.17

Fat digestion and absorption 2 10 4.42

Glyoxylate and dicarboxylate

metabolism

2 13 3.77

Lysine degradation 2 30 2.08

Other types of O-glycan

biosynthesis

2 15 3.44

Pentose and glucuronate

interconversions

2 21 2.74

Porphyrin and chlorophyll

metabolism

2 26 2.33

Propanoate metabolism 2 29 2.14

Pyruvate metabolism 2 27 2.26

Synthesis and degradation

of ketone bodies

2 5 6.54

Terpenoid backbone

biosynthesis

2 7 5.43

Tyrosine metabolism 2 22 2.65

KEGG pathways assembled from lists of upregulated genes

ordered by the number of gene representatives in each pathway

with a significant z-score (>2). To limit comparisons, the number

of pathways was capped at 20.
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reconstruction (Nowak et al. 1994; Jackson et al.

2005), population genetic structure (Matocq 2002;

Mendez-Harclerode et al. 2007) and behavioural strategies

for dealing with plant secondary compounds (Torregrossa

et al. 2012). In this study, we contribute transcriptomic

and gene expression tools. The individual reads of the

woodrat transcriptome were relatively long and

Table 5 Overrepresented KEGG pathways for (A) Palm Springs

(PS) and (B) Casper’s Wilderness (CW) Neotoma bryanti

KEGG pathway

No.

genes

Total

on Array Z-score

(A) Upregulated in PS N. bryanti

Drug metabolism—cytochrome

P450

4 66 3.07

Metabolism of xenobiotics by

cytochrome P450

3 54 2.46

Arachidonic acid metabolism 2 29 2.39

Ascorbate and aldarate

metabolism

2 19 3.22

Lysine degradation 2 30 2.32

Other types of O-glycan

biosynthesis

2 15 3.75

Pentose and glucuronate

interconversions

2 21 3.01

Porphyrin and chlorophyll

metabolism

2 26 2.59

Starch and sucrose metabolism 2 23 2.83

Steroid hormone biosynthesis 2 26 2.59

Fat digestion and absorption 1 10 2.2

Fatty acid elongation in

mitochondria

1 8 2.54

Intestinal immune network

for IgA production

1 11 2.06

Lysine biosynthesis 1 3 4.51

Renin-angiotensin system 1 6 3.04

Synthesis and degradation

of ketone bodies

1 5 3.38

Terpenoid backbone

biosynthesis

1 7 2.76

(B) Upregulated in CW N. bryanti

Regulation of actin cytoskeleton 2 54 2.76

Amoebiasis 1 20 2.37

Arrhythmogenic right ventricular

cardiomyopathy (ARVC)

1 16 2.73

Cell adhesion molecules (CAMs) 1 16 2.73

Cytosolic DNA-sensing pathway 1 21 2.3

Dilated cardiomyopathy 1 11 3.42

DNA replication 1 11 3.42

ECM–receptor interaction 1 6 4.79

Glycerophospholipid

metabolism

1 22 2.23

Glycosaminoglycan

biosynthesis—heparan sulphate

1 12 3.25

Hypertrophic

cardiomyopathy (HCM)

1 13 3.1

Intestinal immune network

for IgA production

1 11 3.42

Jak-STAT signalling pathway 1 25 2.04

Melanoma 1 21 2.3

Mismatch repair 1 8 4.09

Nucleotide excision repair 1 19 2.45

KEGG pathways assembled from lists of upregulated genes

ordered by the number of gene representatives in each pathway

with a significant z-score (>2). The number of pathways was

capped at 20.

Table 4 Overrepresented KEGG pathways: (A) Lytle Ranch

(LR) Neotoma lepida and (B) Casper’s Wilderness (CW) Neotoma

bryanti

KEGG pathway

No.

genes

Total

on

Array Z-score

(A) Upregulated on LR N. lepida

Arachidonic acid metabolism 6 29 4.62

Drug metabolism—other enzymes 5 39 2.84

Glycine, serine and threonine

metabolism

5 29 3.67

Pyrimidine metabolism 4 34 2.33

Nitrogen metabolism 2 13 2.1

Lysine biosynthesis 1 3 2.6

(B) Upregulated on CW N. bryanti

Drug metabolism—

cytochrome P450

8 66 3.73

Tryptophan metabolism 7 28 6.06

Protein processing in

endoplasmic reticulum

6 69 2.27

Fatty acid metabolism 5 37 3.22

Metabolism of xenobiotics

by cytochrome P450

5 54 2.22

Drug metabolism—other

enzymes

4 39 2.22

Retinol metabolism 4 42 2.05

Steroid hormone biosynthesis 4 26 3.21

Bile secretion 3 28 2

Butanoate metabolism 3 17 3.09

Circadian rhythm—mammal 3 9 4.75

Pyruvate metabolism 3 27 2.08

Starch and sucrose metabolism 3 23 2.41

Fat digestion and absorption 2 10 2.76

Glyoxylate and

dicarboxylate metabolism

2 13 2.26

Nonhomologous end-joining 2 6 3.88

Other types of O-glycan

biosynthesis

2 15 2

Synthesis and degradation

of ketone bodies

2 5 4.33

Terpenoid backbone

biosynthesis

2 7 3.52

Cyanoamino acid

metabolism

1 2 3.49

KEGG pathways assembled from lists of upregulated genes

ordered by the number of gene representatives in each pathway

with a significant z-score (>2). To limit comparisons, the number

of pathways was capped at 20.
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combined into large, well-annotated contigs. The subse-

quently designed custom woodrat array had high techni-

cal quality scores, and the biological replicates for a

given treatment were similar in their overall gene expres-

sion patterns, indicating repeatability. In addition, the

woodrat samples had higher quality and intensity values

when hybridized to woodrat-specific probes compared

with the cross-hybridized Norway rat probes. Finally,

comparisons of the gene expression profiles between

woodrat species and within woodrat species suggest that

the activities and processes captured by the arrays reflect

important ecological and evolutionary patterns, with

specific focus on the biotransformation functions of

woodrat livers.

One unique advantage of working with woodrats is

that they are in the same rodent superfamily (Rodentia:

Muroidea) as rats and mice. This phylogenetic related-

ness allows some molecular and genetic tools that have

been developed for rats and mice to be used successfully

on woodrat samples (Haley et al. 2007a; Skopec &

Dearing 2011). This relatedness is likely also responsible

for the thoroughness of contig annotation in the woodrat

transcriptome. Using a custom BLAST database made

exclusively of rodent reference sequences (41% Rattus,

57% Mus, 1.3% Peromyscus and other rodents), we were

able to annotate all but 66 contigs (0.3% of contigs) as

either a ‘mutual best hit’ or ‘similar to’ in a reciprocal

best BLAST search. This is a higher rate of reliable annota-

tion than reported in similar de novo transcriptome

sequencing efforts, where the per cent of annotations

with equivalent e-values ranges from 24% to 60% (Babik

et al. 2010; Bruder et al. 2010; Pauchet et al. 2010; Castoe

et al. 2011; Milan et al. 2011).

In terms of functionality, the woodrat transcriptome

revealed both similarities to other transcriptomes as well

as unique markers that reflect the nature of the tissue

sample (liver) and the animal’s ecology. The most heav-

ily represented GO terms in the molecular function

ontology were binding and catalytic activity. These

umbrella terms include activities and processes (such as

toxin binding and oxidoreductase activity, respectively)

that relate to hepatic function and, thus, might be

expected because liver tissue was sequenced and wood-

rats are of particular interest due to their ability to

metabolize xenobiotics. However, binding and catalytic

activity are also the two most common molecular func-

tion GO terms in recent transcriptomes built from a vari-

ety of tissues and taxa, including caterpillars (Manduca

sexta, Pauchet et al. 2010), clams (Ruditapes philippaina-

rum, Milan et al. 2011) and pythons (Python molurus

bivittatus, Castoe et al. 2011) indicating a universal

expression pattern. On the other hand, within the biolog-

ical process ontology, there is less overlap between well-

represented woodrat terms (cellular and metabolic

processes and biological regulation) and the top terms in

other de novo transcriptomes. In addition, the term,

‘response to stimulus’ that includes many of the enzyme

pathways related to xenobiotic metabolism, encom-

passed >10% of the transcriptome. In another nonmodel

mammal, the domestic ferret (Mustela putorius furo), the

‘response to stimulus’ term composes 6% of the tran-

scriptome (Bruder et al. 2010), while in Manduca sexta, an

insect in which xenobiotic metabolism has been studied

extensively, the ‘response to stimulus’ term makes up

only approximately 3% of the transcriptome (Pauchet

et al. 2010). This reflects the functional importance of the

woodrat liver for metabolizing plant secondary com-

pounds.

The success of the woodrat transcriptome annotation

using other rodent reference sequences begs the question

of whether it is worthwhile to develop species-specific

genetic tools when cross-species tools are available. Pre-

vious work on woodrats has indicated that cross-species

molecular tools are useful but limited. For example,

Magnanou et al. (2009) used Agilent’s Norway rat micro-

array to compare gene expression across populations of

woodrats. Although there was a multitude of expression

differences across experimental treatments, overall, only

72% of the genes had quality scores high (>0.75) enough
to be included in the analyses suggesting a loss of a quar-

ter of the data as a result of cross-species hybridization.

We directly tested the value of species-specific hybridiza-

tion by including both Norway rat probes and woodrat

probes on the woodrat microarray. Our results under-

score the importance of species-specific probes. The qual-

ity values of sample hybridized to Norway rat probes

were 35% lower than for woodrat probes matched for

function. Of greater concern were the significantly

lower-intensity values of Norway rat probes compared

with the woodrat probes. Low-quality spots should be

excluded from analyses by quality thresholds, but low-

intensity spots might be maintained in the data set and

cause pattern misinterpretation (Bar-Or et al. 2007). The

shape of the frequency distribution of intensities was

also different for Norway rat and woodrat probes (not

show here), which makes correcting for differences in

intensity not simply a matter of examining relative fold

change effects. In the light of these differences, the data

from the Norway rat probe were excluded from the

remainder of analyses.

Interestingly, when the performance of N. lepida and

N. bryanti samples were compared, the differences in

quality and intensity were much smaller (c. 5%) and in

an unexpected direction. N. bryanti samples performed

better on the array, even though the probes were

designed from the N. lepida transcriptome. Obviously,

the congeneric woodrat species are much more closely

related than woodrats and Norway rats, but the reason

© 2013 Blackwell Publishing Ltd
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for the increase in hybridization quality and intensity is

unclear. Perhaps this result is due to population-level

differences between the LR (UT) experimental animals

and the Barstow (CA) individual used to develop the

transcriptome. Differences in cross-strain hybridization

have been noted in other systems (Bar-Or et al. 2007).

Unfortunately, building additional microarrays for every

species of Neotoma, not to mention every population, is

not feasible at this time.

Microarrays are broad scale assays, designed to give

an overall profile of gene expression across treatments.

In ecological studies, microarrays have been used to

examine how taxa share gene expression profiles or dif-

fer in their gene expression profiles under certain condi-

tions, with the goal of understanding how selection has

shaped gene expression responses (Whitehead 2012).

However, in interspecific comparisons and even in inter-

population comparisons, the effect of selection on gene

expression profiles is confounded by the effect of genetic

drift. As phylogenetic distance increases, differences in

gene expression between taxa accumulate by random

chance (Whitehead & Crawford 2006). The solution to

this problem is to perform multiple comparisons, hold-

ing either phylogenetic distance constant or ecological

similarity constant. For example, in a study on fish adap-

tation to water temperature, Oleksiak et al. (2002) com-

pared cold and warm water populations of one killifish

species (Fundulus heteroclitus) to a warm water popula-

tion of a sister species (Fundulus grandis), thus varying

either the ecological conditions or phylogenetic distance.

Using these comparisons, the researchers found a suite

of genes that behaved more similarly in the interspecific,

ecologically similar comparison than in the conspecific,

ecologically distinct comparison, suggesting the action of

nonrandom evolutionary forces (Oleksiak et al. 2002;

Whitehead & Crawford 2006).

As a test of the custom array, we conducted a similar

set of comparisons on separate species that share a simi-

lar ecological niche in the desert southwest and feed on

creosote foliage (LR N. lepida and PS N. bryanti; Karasov

1989; Patton et al. 2008). Conversely, the CW N. bryanti

animals are conspecific of the PS animals, but live in oak

habitat, where they feed on oak foliage and other local

plants (Atsatt & Ingram 1983). Thus, they are ecologically

distinct from both other populations. If selection for

ecological adaptation was affecting the gene expression

profiles of these populations, one hypothesis is that the

interspecific comparisons between the two desert popu-

lations should have fewer differentially expressed genes

than the interspecific comparison between the desert

population and the coastal population. This could result

either from stabilizing selection acting on the ecologically

similar populations or from directional selection differ-

entiating the ecologically distinct populations.

Differences accumulated via genetic drift should be the

same in both comparisons because the phylogenetic dis-

tance is the same. Indeed, this is the pattern we see in

these comparisons. There were 85% more differentially

expressed genes across woodrat species with different

ecological niches than across species with similar ecolog-

ical niches. The fewest differences occurred in the con-

specific comparison between PS and CW animals, as

would be predicted for two closely related populations

of the same species.

What are the potential functional differences that

distinguish these populations from each other? In the

comparison between the ecologically distinct LR

N. lepida and CW N. bryanti, there are many GO terms

overrepresented by upregulated genes in both popula-

tions. In the LR animals, the biological process ontology

is dominated by terms relating to metabolic processes,

and the molecular function ontology has a number of

terms relating to transferase activity. Transferase activity

is one of the primary functions of conjugation enzymes

(e.g. glutathione-S-transferase, GST), which comprise

one of two major classes of biotransformation enzymes

in the liver. In the CW animals, biotransformation func-

tion is also well represented in the biological process

ontology through terms relating to ‘response to stimulus’

and in transferase activity and oxidoreductase activity in

the molecular function ontology. As expected, biotrans-

formation is also well represented among upregulated

KEGG pathways. In LR animals, ‘drug metabolism’ is

among the top KEGG pathways, whereas in CW animals,

‘drug metabolism—cytochrome P450’, ‘metabolism of xe-

nobiotics by cytochrome P450’ and ‘drug metabolism—

and other enzymes’ are all significantly overrepresented.

This preponderance of biotransformation-related func-

tional terms might appear to be an artefact of the array

design, which specifically included gene sets focused on

biotransformation. However, all of the terms have signif-

icant z-scores, meaning that biotransformation function

is more commonly upregulated than expected by chance,

even given the large number of biotransformation fea-

tures on the array.

Conversely, in the comparison between the ecologi-

cally similar LR N. lepida and PS N. bryanti, the biotrans-

formation signal is much weaker. Overall, there were

fewer significantly different GO terms in this compari-

son, perhaps as a result of the smaller number of probe

differences. This patterns fit the hypothesis that the two

ecologically similar populations would not have as many

differentially expressed genes in the suite of genes relat-

ing to plant secondary compound metabolism because

they have experienced similar selection for gene expres-

sion via a shared diet. Indeed, the differences in expres-

sion revealed by this comparison may give some clues as

to how these two populations differ in their dietary

© 2013 Blackwell Publishing Ltd
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biotransformation. For instance, there are members of

the cytochrome P450 (P450s) enzyme superfamily upreg-

ulated in both populations (Table S1, Supporting infor-

mation). Many P450s are hepatic enzymes that oxidize

xenobiotic substrates and are thought to be involved in

75% of phase I (functionalization) metabolism (Guengerich

2007). In woodrats, P450 enzyme activity and expression

levels have been correlated with multiple plant compo-

nents, including the phenolic resin produced by creosote

bush and terpene-rich juniper foliage (Lamb et al. 2004;

Haley et al. 2007b, 2008; Skopec et al. 2007; Magnanou

et al. 2009), suggesting they are commonly used biotrans-

formation tools. Conversely, members of GST and UDP

glucuronosyltransferase (UGT) families appear as rela-

tively highly expressed only in the PS N. bryanti animals

(Table S1, Supporting information). Both GST and UGT

are important phase II (conjugation) enzymes, which

add conjugate groups to xenobiotic compounds to make

them more excretable in the bile or urine (Klaassen

2001). Their upregulation in PS N. bryanti relative to the

LR N. lepida suggests that these two populations may

have evolved divergent strategies to cope with similar

dietary challenges.

Species in the genus Neotoma have been the subject of

many ecological and physiological studies exploring

how mammalian herbivores deal with the variety and

abundance of plant secondary compounds in their diets

(Mangione et al. 2001; Lamb et al. 2004; Haley et al.

2007a,b, 2008; Skopec et al. 2008; Skopec & Dearing

2011). Much of this body of work compares woodrat

individuals fed different diets—with components of their

native plant toxins in contrast with novel plant compo-

nents or control diets. In this data set, all the animals

were fed what has been considered a ‘control’ diet

(alfalfa-based rabbit chow), yet there are many metabolic

and biotransformation differences in gene expression

across the treatments. It is possible that these differences

are constitutive; that is, they represent evolutionary (or

developmental) differences in gene expression that exist

regardless of actual diet. Constitutive differences might

be more likely between the populations that are both

ecologically distinct and phylogenetically distinct, thus

differing as a result of both selection and drift. Another

possibility is that the differences in metabolism-related

expression are induced by the rabbit chow diet and that

different populations of woodrats consuming rabbit

chow respond by differentially regulating suites of hepa-

tic genes. In other work, woodrats on rabbit chow have

not experienced weight loss or intake reduction, as have

animals on many of the treatment diets augmented with

plants secondary compounds (Mangione et al. 2001;

Skopec et al. 2008; Torregrossa et al. 2012). However,

alfalfa produces minor quantities of secondary metabolites

[e.g. phytoalexins (Baldridge et al. 1998) and flavones

(Maxwell et al. 1989)], so the expression differences

observed may be a response to the control diet. These

results suggest the woodrat-specific microarray is sensi-

tive enough to document expression differences ensuing

from even relatively benign diets.

Conclusion

The introduction of next-generation sequencing technol-

ogy has enabled a new burst of genetic and genomic tools

for organisms with little likelihood of attracting the kind

of intensive time and money required to create those

resources via older methods. The woodrat transcriptome

and microarray represent prime examples of functioning

and informative tools where little prior genomic informa-

tion existed until recently. The normalized woodrat

transcriptome appears to have captured a biologically

relevant snapshot of liver function. Using this, the cus-

tom woodrat array outperforms previous cross-species

hybridizations and has already resulted in informative

comparisons of ecologically and phylogenetically distinct

woodrat populations with respect to selection and

genetic drift. Now, the opportunity exists to combine our

ecological understanding of the diverse Neotoma genus

with the genetic underpinnings of behaviour and physi-

ology. This combination of ecology and genetics may

facilitate an understanding of the strategies employed by

wild, outbred mammals to adapt to their environment.
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