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Ecological speciation occurs with the adaptation of populations to different environments and concurrent evolution of reproductive

isolation. Phenotypic plasticity might influence both ecological adaptation and reproductive traits. We examined environment-

specific gene expression and male mating success in cactophilic Drosophila mojavensis using transcriptome sequencing. This species

exhibits cactus-dependent mating success across different species of host plants, with genotype-by-environment interactions for

numerous traits. We cultured flies from egg to eclosion on two natural cactus hosts and surveyed gene expression in adult males

that were either successful or unsuccessful in achieving copulation in courtship trials. We identified gene expression differences

that included functions involved with metabolism, most likely related to chemical differences between host cactus species. Several

epigenetic-related functions were identified that might play a role in modulating gene expression in adults due to host cactus

effects on larvae, and mating success. Cactus-dependent mating success involved expression differences of genes implicated in

translation, transcription, and nervous system development. This suggests a role of neurological function genes in the mating

success of D. mojavensis males. Together, these results suggest that the influence of environmental variation on mating success

via regulation of gene expression might be an important aspect of ecological speciation.
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Environmentally induced phenotypic variation is an under-studied

aspect of speciation, particularly its role in the evolution of re-

productive isolation (Butlin et al. 2012). However, phenotypic

plasticity provides a way for the same genotype to produce

different traits according to environmental context and thus may

be an important process facilitating ecological adaptation and

speciation (Thibert-Plante and Hendry 2011). Assessment of the

role of phenotypic plasticity in ecological adaptation is difficult
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due to a poor understanding of the developmental processes pro-

ducing plastic traits and how these link to environmental adap-

tation (Ghalambor et al. 2007; Scoville and Pfrender 2010). If

an organism possesses the developmental flexibility necessary

for a plastic response then ecological adaptation may result

in particularly rapid divergence due to ecological selection on

relevant traits (Schluter 2001; Rundle and Nosil 2005). When

such traits diverge, speciation may follow if reproductive iso-

lation evolves as a direct or indirect consequence (Funk et al.

2006).

Speciation may be more likely when ecological and sexual

selection interact (Ritchie 2007; Van Doorn et al. 2009; Sobel

et al. 2010; Maan and Seehausen 2011), if traits that influence

mating success are under divergent ecological selection. De-

termining how intimate any such associations are (e.g., if this

involves pleiotropy or covariance between traits) is central to

understanding debates about the likelihood of so-called “magic

trait” speciation (Servedio et al. 2011) or how extensive traits

with multiple effects are (Smadja and Butlin 2011). Plasticity

of ecological and reproductive traits may be important for adap-

tation and speciation if selection in an environment facilitates

genetic population divergence perhaps via genetic accommoda-

tion (West-Eberhard 2005a,b), or adaptive plasticity could sim-

ply allow persistence for long enough to allow genetic adapta-

tion (Crispo 2008). There are multiple ways in which plastic-

ity could either accelerate or inhibit speciation (Pfennig et al.

2010), but most current methodologies to detect genes involved

in ecological adaptation ignore expression variation (Pavey et al.

2010).

Drosophila species are commonly used for both gene expres-

sion and plasticity studies (Levine et al. 2011). The cactophilic

species, Drosophila mojavensis, is an excellent candidate for such

studies due to the use of different host cacti during development,

and has been used as a model system for divergence during spe-

ciation. This species is endemic to northwestern Mexico and the

southwestern United States and its range is comprised of four al-

lopatric regions with little evidence of contemporary gene flow be-

tween them (Ross and Markow 2006; Machado et al. 2007; Reed

et al. 2007). Populations of D. mojavensis that occupy Baja Cali-

fornia and the mainland Mexico-Arizona regions are of particular

interest as they demonstrate a significant level of environmentally

influenced premating sexual isolation between them, mediated by

divergent epicuticular hydrocarbon profiles (CHCs), which act as

contact pheromones and courtship songs (Etges et al. 2007, 2009).

This premating isolation is seen only between the Baja and main-

land populations, with little evidence of postzygotic isolation be-

tween any population pair (Ruiz et al. 1990). The Baja California

population is thought to be ancestral based on genetic and eco-

logical evidence (Ruiz et al. 1990; Wasserman 1992; Matzkin and

Eanes 2003; Matzkin 2004), with all populations diverging from

an ancestral group around 230–270,000 years ago (Smith et al.

2012). Colonization of the mainland Mexico involved a host-plant

shift from the favored pitaya agria cactus, Stenocereus gummosus,

to organ pipe cactus, Stenocereus thurberi, that is distributed in the

southern half of Baja California, mainland Sonora and Sinaloa,

and southern Arizona (Heed 1982; Etges et al. 1999). A suite of

phenotypic changes in life history and reproductive traits accom-

panied this host shift and many of these phenotypes demonstrate

plasticity when flies are raised on differing cactus hosts (Etges

et al. 2007, 2009; Etges et al. 2010). Therefore, D. mojavensis has

undergone ecological selection with concurrent divergent selec-

tion of reproductive traits, and shows plastic expression of many

key traits across cactus hosts.

Plasticity due to gene expression variation is potentially an

important component of adaptation to a varying environment and

can act alongside gene–environment interactions in determining

levels of adaptation during ecological specialization. A series of

quantitative trait locus (QTL) studies revealed the genetic ar-

chitecture of life-history traits involved in host-plant adaptation

and sexual isolation in D. mojavensis (Etges et al. 2007, 2009,

2010). F2 males from crosses between Baja and mainland pop-

ulations were reared on either agria or organ pipe cactus and

QTLs were identified for mating success, courtship songs, CHCs,

and egg to adult development time. All traits showed evidence of

genotype-by-environment interactions (G×Es) influencing their

expression. Hence this system displays extensive genetic vari-

ability influencing viability and mating success. The extent of

variation in gene expression due to rearing cactus (or other en-

vironmental variation) in D. mojavensis is only beginning to be

studied. Microarray analyses revealed approximately 1500–3000

genes with cactus-specific expression in third instar larvae in Baja

and mainland populations reared on agria versus organ pipe cacti

(Matzkin et al. 2006; Matzkin 2012), thousands of genes in adults

under dessication stress (Rajpurohit et al. in press), and thou-

sands of genes assayed across the entire life cycle (W. J. Etges,

unpubl. data). Many of these genes were involved in metabolism

and detoxification pathways as would be predicted due to host-

plant chemical differences (Fogleman and Danielson 2001), as

well as fatty acid biosynthesis and olfaction (Matzkin et al. 2006;

Matzkin 2012).

Here we describe an RNA sequencing study of gene expres-

sion variation associated with different cactus substrates in adult

D. mojavensis that explicitly examines the link between ecological

variation and courtship behavior. We examined gene expression

in adult males from a mainland population reared from egg to

eclosion on either organ pipe or agria cactus after identifying the

first males to succeed in mating trials with mainland females. Our

aim was to (1) enumerate and identify genes or functional gene

networks that showed plastic expression responses to host cac-

tus, (2) identify expression variation associated with rapid mating
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success, and (3) examine the interaction between cactus and mat-

ing success variation. The latter is particularly important for

identifying genes and functional pathways involved in cactus-

dependent mating success; for example, pleiotropic linkage be-

tween cactus adaptation and mating behavior would predict that

the same genes are involved in both traits. Note that we reared

flies to fermenting cactus from egg to eclosion and surveyed ex-

pression differences in adults; here, we use the term “epigenetics”

to include induced gene expression changes during development

(e.g., Chittka et al. 2012) and when used does not imply that we

have identified trans-generational effects.

Methods
FLY MAINTENANCE

All experiments were performed with a population of D. mojaven-

sis from Organ Pipe National Monument (OPNM), Arizona, col-

lected in 2002 by T. Markow. This multifemale stock was reared

en mass on banana food in 8 dr shell vials at ambient temperature.

Although this population was known to be homokaryotypic for

gene arrangements on the second and third chromosomes (Etges

et al. 1999), we made multiple pair-mated lines and cytologically

verified that no inversions were segregating. We then sib-mated

these lines for five generations and one inbred line was selected

for the mating trials described below. Flies from this inbred line

were derived from an isofemale line established in 2004. This is

the same line used in the QTL crosses analyzed recently (Etges

et al. 2007, 2009, 2010). We chose to analyze the mainland line

because this derived population has successfully performed a host

shift, and females from the mainland are more discriminating in

mate choice (Markow 1991; Etges 1992). Flies were reared on

banana food at moderate larval densities in half-pint bottles in an

incubator at 27◦C during the day and 17◦C at night on a 14-h

light:10-h dark cycle. Emerging adults were aged until sexually

mature (10–12 days), then placed into oviposition chambers (ap-

proximately 400 adults per chamber), allowed to mate, and then

oviposit for 10 h each day. Eggs were washed in deionized water,

70% ethanol, and again in sterile deionized water. Groups of 200

eggs were transferred to a 1 cm2 piece of sterilized filter paper and

then placed on fermenting cactus tissue, either agria, S. gummo-

sus, or organ pipe cactus, S. thurberi, in an incubator programmed

as above. Experimental flies were reared on each cactus species

from egg to eclosion, and thereafter on banana food until sexual

maturity.

Fermenting cactus cultures were set up in half pint bottles

with 75 g of aquarium gravel covered with a 5.5-cm diameter

piece of filter paper. Bottles were autoclaved, 60 g of either agria

or organ pipe tissues were added then autoclaved again for 8 min

at low pressure (Etges 1998). After cooling to room temperature,

each culture was inoculated with 0.5 mL of a pectolytic bacterium,

Erwinia cacticida (Alcorn et al. 1991), and 1.0 mL of a mixture

of seven yeast species common in natural agria and organ pipe

rots (Starmer 1982): Dipodascus starmeri, Candida sonorensis,

Candida valida, Starmera amethionina, Pichia cactophila, Pichia

mexicana, and Sporopachydermia cereana. Inoculation was per-

formed to ensure that microorganisms found in nature, rather

than those present in the laboratory environment, populated the

necrotic tissue, and differential growth of the inoculants will gen-

erate variation between cactus types. Eggs were then added and,

once eclosed, adults from four replicate cactus bottles were sepa-

rated by gender and kept on banana food in vials in the incubator

until sexually mature at 10–12 days.

MATE CHOICE EXPERIMENTS

We identified males who were successful in mating trials to assess

the influence of preadult cactus rearing on the mating behavior

of male flies. Males used in the mate trials were reared on agria

or organ pipe cactus, whereas all females were reared only on

organ pipe cactus to identify the effects of rearing substrates on

male mating success. Organ pipe cactus reared females are more

discriminating in mate choice trials than agria cactus-reared fe-

males (Etges 1992). A total of four treatments (two rearing cacti

and two mating statuses) were performed, with four replicates per

treatment.

Mate choice trials were carried out using a multiple-choice

design (Etges 1992; Etges and Ahrens 2001). Twenty female

and male virgin adults 12–16 days old were used in each trial.

A 50 mL Erlenmeyer flask was used as a mating chamber and

changed after each trial. Each trial lasted until half of the pairs

copulated or for a maximum of half an hour. All trials were per-

formed at room temperature (18–20◦C) in the morning (10:00

a.m. to 12:00 p.m.; lights on at 6 a.m.) over no more than a 2-

h time period. We define the first mating males as “successful”

and the nonmating as nonsuccessful, so our measure of mat-

ing success potentially includes measures of male mating speed

and vigor as well as female discrimination. However, previous

studies suggest that male mating success is due overwhelmingly

to female choice and not male–male interaction or unwilling-

ness to mate (Havens et al. 2011). In mating trials with cactus-

reared adults, usually almost all flies mate by the end of the

trials.

Copulating pairs were observed for at least 10 sec to avoid

any pseudo-copulating pairs (Markow et al. 1983), then flash

frozen in liquid nitrogen and stored in RNA later at −20◦C prior

to RNA extraction. After half of the flies had mated, the remaining

unmated flies were also flash frozen. Males from two mate choice

trials, that is, 20 male whole bodies, were pooled together per

sample.
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RNA SEQUENCING AND ANALYSIS

RNA was extracted from each pooled sample using a Qiagen

RNeasy Mini Kit (Qiagen, Valencia, CA), and the high quality

of the RNA was confirmed using an Agilent 2100 Bioanalyzer

(Agilent Technologies, Palo Alto, CA). Library preparation was

carried out at the Centre for Genomic Research, University of Liv-

erpool and included poly(A) tail selection using the Dynabeads

messenger RNA (mRNA) purification kit (Invitrogen, Paisley,

UK). A total of 100 ng of the resulting mRNA was used as in-

put for library production using the SOLiD Total RNA-Seq kit

(Life Technologies, Paisley, UK). Sequencing was performed on

a SOLiD 4 sequencer (Life Technologies, Paisley, UK), generat-

ing reads of 50 bp length. The sequence data have been deposited

in the European Nucleotide Archive (ENA) at the European Bioin-

formatics Institute (EBI, accession ERP002218).

Reads were filtered for quality and mapped on to the D.

mojavensis genome (Clark et al. 2007) using the Tuxedo suite

(Bowtie/Tophat v1.4.0), with only uniquely mapped reads re-

tained for analysis. HTSeq (Anders 2010) was used to quantify

read counts for two different types of features, genes and exons.

This enabled a quantitative examination of expression levels at

the level of whole genes as well single exons within a gene.

Raw count data were normalized across sequenced libraries

and a generalized linear model was fitted with a negative bi-

nomial distribution using the EdgeR package in R (Robinson

et al. 2010). The full model was Y = g−1(AX) + ε, where Y

is a vector of normalized count numbers for one gene, g−1(.) is

the inverse link function, A is the model matrix, and X incorpo-

rates the model parameters. X includes an intercept and effects of

factors, cactus (organ pipe or agria), mating success (success or

fail), and an interaction effect, whereas ε represents the random

noise of sampling a negative binomial population. A likelihood

ratio test was used to compare a full model to models with each

term removed to test for significance of each treatment effect.

Gene specific P values were corrected for multiple testing using

the false discovery rate (FDR) approach of Storey and Tibshirani

(2003) with significance taken at 10%. A heatmap was constructed

for significantly differentially expressed (DE) genes overall and

clusters of coregulated genes were obtained using the k-means

clustering (Hartigan and Wong 1979) from the R package.

Analysis at the level of exons can identify those genes where

alternative exon expression arising from alternative transcript ini-

tiation, alternative splicing, or alternative polyadenylation occurs

due to treatment (Griffith et al. 2010). For this, we used a modified

version of the function spliceVariants from the EdgeR package.

This fits a negative binomial generalized linear model for each

gene, given the counts for the exons within that gene. The same

approach was adopted as for the gene-level testing except that

term X (see previous paragraph) now includes terms reflecting

the difference among the exons, treatment effects, and interaction

of exon and treatment. Thus, the model becomes E(Z) = g−1(Bβ)

+ ε, where ε is random noise, Z is a vector of normalized count

numbers for all exons within one gene, g−1(·) is the same as stated

before, B is the model matrix, β is the vector of model parameters

which includes the intercept and terms reflecting the difference

among the exons, treatment effects, and interaction of exon and

treatment. Because exon expression is modeled according to the

other exons within the same gene, significance represents inde-

pendent responses of exons by treatment or alternative expression

(AE). That is, the test reveals genes for which there is an exon-

specific signature across treatments or interactions between exons

and treatments. Significant AE was taken for each gene at 10%

FDR.

FUNCTIONAL ENRICHMENT

Functional enrichment or overrepresentation analysis aims to de-

tect common functions within the DE or AE gene sets. For catego-

rizing genes, we used Gene Ontology (GO) annotations from the

D. mojavensis entries in QuickGO (Binns et al. 2009), as well us-

ing corresponding GO terms for orthologous genes in Drosophila

melanogaster FlyBase entries (vFB2012 01, D. melanogaster re-

lease 5.43) taken from the ortholog conversion tool (McQuilton

et al. 2012).

Two test methods were employed and each were undertaken

separately for both DE and AE genes across the three contrasts

(cactus, mating success, and their interaction) using FDR < 10%.

First, we developed a “rank mean test” written in R (marrayRank-

Test, available from Y. Fang), which ranks genes by P value and

takes the mean of the rank for members of gene sets (i.e., biolog-

ical process GO categories, downloaded from QuickGO; Binns

et al. 2009) as the test statistic for enrichment. This method em-

ploys a corrected normal distribution that more accurately esti-

mates P values for enrichment with small gene sets, which can

occur with poorly annotated genomes.

Second, D. melanogaster orthologs of the responding DE and

AE genes (FDR < 10%) were analyzed in DAVID v6.7 (Database

for Annotation, Visualization and Integrated Discovery v6.7; Den-

nis et al. 2003; Huang et al. 2009). DAVID uses Fisher’s exact

test to identify significantly enriched GO categories. A “Fuzzy”

clustering algorithm then groups annotation terms into functional

clusters of genes. Clusters are considered significant with an en-

richment score >1.3 (the geometric mean of annotation P values;

Dennis et al. 2003; Huang et al. 2009).

Several small, noncoding RNAs (ncRNAs) were identified

as significantly DE. For each, the orthologous ncRNA in D.

melanogaster was found through a BLASTn search on the NCBI

website, using the nucleotide database (Altschul et al. 1997). Hits

were called as having significant orthology when the E-value was

<10e-6, and GO annotations for each ncRNA were obtained from

FlyBase.
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Table 1. Number of genes with significant cactus, mating success,

and interaction effects. The number of differentially expressed

(DE) and alternatively expressed (AE) genes in Drosophila mo-

javensis are presented, along with the number of genes that had

confirmed Drosophila melanogaster orthologs and the total num-

ber of unique genes across all effects.

Mating Total unique
Test Cactus success Interaction gene models

DE D.
mojavensis

111 19 147 212

DE D.
melanogaster

71 11 92 144

AE D.
mojavensis

64 28 48 115

AE D.
melanogaster

51 24 38 100

Results
The experimental design consisted of a pooled sample of 20 males

for each of the two factors (mating success) and two treatment

(rearing cactus diet) groups. Four biological replicates were pro-

duced independently from rearing to mating success producing

16 RNA samples each of which was subjected to RNA-Seq. Frag-

ment data were analyzed by analysis of variance (ANOVA) for

DE gene and AE, each generating three contrasts between rearing

cacti, differential mating success, and their interaction. The num-

ber of reads obtained per sample was typically 45 million reads

of 50 bp length. Of these, approximately 30% mapped uniquely

to the reference genome, producing a final average of 15.3 mil-

lion reads per biological replicate. The number of DE genes was

relatively small with 111 showing main effects of cactus, 19 as-

sociated with mating success, and 147 due to their interaction

(Table 1), all from 212 unique gene models. Fewer genes were

generated by the AE analysis, with 64 and 48 for cactus and in-

teraction effects, respectively. However, in contrast to DE genes,

there was a greater involvement of AE in male mating success (28;

Table 1).

DIFFERENTIAL EXPRESSION

Figure 1 indicates the fold-change responses of all DE genes as a

heatmap across the three ANOVA contrasts. K means clustering

generated eight clusters; clusters three to eight were upregulated

by the organ pipe relative to agria diets, and clusters five, six,

three, and eight were upregulated and one, two, and seven were

downregulated by successful relative to unsuccessful mating. Full

details of all DE and AE genes and all functional enrichment re-

sults are given in Supplementary Tables S1–S6, and GO term

annotations for genes within each heatmap cluster in Supplemen-

tary Table S7.

Functional enrichment of cactus-specific DE genes showed

functions for several processes linked to metabolism (Fig. 2).

These included glycerol ether metabolic processes, the tricar-

boxylic acid (TCA) cycle, and cell redox homeostasis. Annota-

tions for protein modification were also significant, specifically

protein ubiquitination and ubiquitin-mediated protein catabolism.

Other significant annotations included immune response, methy-

lation, tRNA processing, and calcium-based signaling. Genes

showing expression differences by male mating success were en-

riched for two terms, translation and glycerol ether metabolic

process (Fig. 2). The interaction of cactus and mating success

produced only one significant annotation, for translation (Fig. 2),

despite having the greatest number of significantly DE genes.

Functional enrichment of DE genes using D. melanogaster

orthologs produced several significant terms for cactus and

the interaction effects, although there was no main effect for

mating success. Cactus effects produced a single cluster, con-

taining several different terms involved in immune response

(Fig. 2). Several terms were individually significant across cacti,

although not as a cluster. These included four genes for olfactory

behavior, chemosensory behavior, and cognition (Fig. 2; Obp99A,

Or83A, Gr94A, and drk). Two functional clusters were enriched

in the interaction between rearing cactus and mating success.

The first included terms for ribosome, ribonucleoprotein com-

plex, and translation. The second had an enrichment score <1.3,

but included significant single annotations for protein targeting to

mitochondria.

Several ncRNAs were DE due to both cactus and interaction

effects (Table 2). These were small nuclear RNAs (snRNAs) and

small nucleolar RNAs (snoRNAs). snoRNAs are often located in

the introns of genes, particularly those associated with ribosome

structure, and are excised from introns by the spliceosome. Alter-

natively they are transcribed as polycistronic transcripts by RNA

poymerase II and processed into multiple RNAs (Terns and Terns

2002). The majority of snoRNAs in Table 2 originated from the

introns of protein coding genes. Transcription of these genes by

RNA polymerase II means that both snRNAs and snoRNAs would

have survived size selection from the RNA extraction protocol

and poly(A) tail selection, and thus were accurately quantified.

These ncRNAs do not have detailed functional annotations and

thus were not part of the enrichment analyses. However, of the DE

protein-coding genes, 14 were identified as known constituents of

ribonucleoprotein complexes. Most of these were ribosomal but

one, U2af38, forms part of the spliceosome, attaching to the 3′

splice site during alternative splicing. Both this and another signif-

icantly expressed gene, LSm-4, have roles in alternative splicing.

Consistent upregulation of gene expression in one treatment

group over another is often associated with an increased func-

tional importance. The majority of significantly DE genes were

upregulated on organ pipe cactus, the host used in nature in this
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Figure 1. Heat map displaying all differentially expressed genes across the three contrasts indicated. The color key representing the

log2 fold change values for each gene in each contrast is shown to the left, and the grouping of genes into eight clusters indicated in

the main panel. S and F denote successfully and unsuccessfully mated male treatments, respectively, OP is the organ pipe cactus host

treatment and AG is the agria cactus treatment.

population, as were genes involved in methylation (Fig. 3). The

methylation GO term (GO:0032259) involves the attachment of

a methyl group to a molecule and is not limited to DNA methy-

lation, but includes RNA and protein methylation. Interestingly,

the most consistently upregulated genes in successfully mated

males were involved in methylation, the other DE categories sur-

prisingly being downregulated in successful males. Most glycerol

ether metabolism and translation genes were also upregulated.

ALTERNATIVE EXPRESSION

Fewer AE genes were detected than DE genes, except in the case

of mating success (Table 1). Surprisingly, the interaction effect

showed only one significant annotation; however, more functions

were identified using the most significant D. melanogaster or-

thologs in DAVID.

Rank mean test enrichment suggested functions for cellu-

lar signaling and ion transport genes differed across cactus hosts

(Fig. 4). Annotations included signal transduction and G-protein

coupled receptor-signaling pathways that function in the cellular

response to extra-cellular signals. The end point of cellular sig-

naling pathways is often the regulation of transcription, and this

term was also significantly enriched due to cactus effects. Ion

transport and sodium ion transport were seen, along with calcium

ion transport via voltage-gated channels. These terms are often as-

sociated with synaptic transmission. Histone deacetylation genes

were also AE across cacti, indicating a potential epigenetic re-

sponse to cactus.

Functional annotations for both transcription, ion trans-

port and chitin metabolic process were seen in the mating suc-

cess contrasts, along with multicellular organismal development

(Fig. 4). Lastly, the interaction effect contained only one sig-

nificant functional annotation, for the regulation of calcium ion

transport via voltage-gated channels.

DAVID analysis of AE orthologs revealed a similar set of

functional annotations to the rank mean test, with the exception

of mating success which showed no significantly enriched GO

terms (Fig. 4). Cactus-specific genes were enriched for one clus-

ter that included terms for transmission of nerve impulses and
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Glycerol ether metabolic process** 16

Protein process** 35

Microtubule-based movement** 46

Cell redox homeostasis** 49

Tricarboxylic acid cycle** 26

Ubiquitin-dependent protein catabolic process** 55

Protein ubiquitination** 26

tRNA aminoacylation for protein translation* 36

tRNA processing* 28

Translation* 195

Methylation* 60

Intracellular protein transport* 75

Protein folding* 95

DNA recombination* 10

Olfactory behavior**/

Chemosensory behavior**/ 4

Cognition*

Translation* 195

rRNA binding**/

Ribosomal protein**/

Ribonucleoprotein complex**/ 11

Intracellular non-membrane-
bounded organelle**

Protein targeting to mitochondrion**/

Mitochondrion**/ 7

Protein localization in organelle**

Translation** 195

Glycerol ether metabolic process* 16

CACTUS MATING SUCCESSINTERACTION

Gene ID Biological GO term

aay* Behavioral response to alcohol;
peripheral nervous system development

Acp32CD** Negative regulation of female receptivity

Bgb** Regulation of transcription from RNA 
polymerase II promoter

esg* Olfactory behavior;
nervous system development;
regulation of transcription from RNA 
polymerase II promoter

Defense response to 
bacterium**/

Defense response**/ 4

Immune response**

Figure 2. Summary of functional enrichment results for differentially expressed genes. Gene Ontology (GO) terms are grouped by

experimental effect; cactus in large solid round box, mating success in large dashed round box, and their interaction. All GO terms are

one per line with the number of associated genes indicated. Overlapping and root GO terms were removed for brevity. Rank mean

test results are presented as unboxed, bold GO terms along with significance for each term (**, FDR < 0.05 and *, FDR < 0.1). DAVID

enrichment clusters are shown inside fine dashed boxes; bold and fine dashed boxed terms denoted significant DAVID clusters with

an enrichment score of >1.3, fine dashed boxes represent clusters with enrichment score <1.3, yet, containing individually significant

terms. Significance for each term from DAVID is indicated (**P < 0.05 and *P < 0.1). The solid table presents interesting significant genes

(Drosophila melanogaster orthologs), and corresponding biological GO terms (**, FDR < 0.05 and *, FDR < 0.1). FDR = false discovery

rate.

synaptic transmission. Other individually significant terms were

seen, including alternative splicing. The interaction of cactus and

mating success contained two significantly enriched clusters of

AE genes. The first included several terms for neuron-related de-

velopment and axonogenesis, consistent with the results of the

rank mean test. The second included terms for the regulation of

transcription and chromatin modification and regulation. Interest-

ingly, the slowpoke (slo) gene was AE in both the main cactus

and interaction effects. This gene encodes an ion channel protein

with biological functions in song production and structure and

male courtship behavior, and is necessary for ethanol tolerance

(Cowmeadow et al. 2005). It has also been shown to influence

male courtship song in D. melanogaster (Peixoto and Hall 1998).

Discussion
Ecological speciation involves the adaptation of populations to

new environments and concurrent evolution of reproductive iso-

lation (Nosil 2012). Functional genetic links between genes in-

volved in ecological adaptation and sexual behavior have rarely

been examined. It is likely that environmental plasticity is com-

mon in ecological adaptation and thus traits potentially influenc-

ing both adaptation and isolation may often be influenced by

coordinated changes in gene expression and plasticity (Thibert-

Plante and Hendry, 2011). However, incorporating the analyses

of such genes into studies of speciation is in its infancy. Here, us-

ing high-throughput transcriptome sequencing, we distinguished

the gene expression changes due to both host-plant variation and

mating success in cactophilic D. mojavensis, and identified the

functions of genes involved in cactus-dependent mating success.

The D. mojavensis genome is poorly annotated with only

32% of all genes having at least one biological GO annota-

tion, most of which are nonspecific (root) terms, and approxi-

mately 32% of D. mojavensis genes have no known orthologs

in D. melanogaster (Tweedie et al. 2009). In comparison, 72%

of D. melanogaster genes have been annotated, 67% of which

are specific (nonroot) annotations (Tweedie et al. 2009). Here,

approximately two thirds of the significant genes across effects
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Table 2. Significantly differentially expressed noncoding RNA products, their orthologs in Drosophila melanogaster, and their corre-

sponding Gene Ontology (GO) functional annotations.

Drosophila mojavensis ID D. melanogaster ID GO term annotations

Dmoj\snoRNA:GI25318 Dmel\snoRNA:Psi18S-110 Nuclear gene
Dmoj\snoRNA:GI25328 Dmel\snoRNA:Psi28S-2566 Nuclear gene; nucleolus
Dmoj\snoRNA:GI25330 Dmel\snoRNA:Psi28S-3327b Nuclear gene
Dmoj\snoRNA:GI25333 Dmel\snoRNA:Me28S-G980 Nuclear gene
Dmoj\snoRNA:GI25343 Dmel\snoRNA:Psi18S-841d Nuclear gene
Dmoj\snoRNA:GI25349 Dmel\snoRNA:Psi18S-841a Nuclear gene; nucleolus
Dmoj\snoRNA:GI25354 Dmel\snoRNA:Me28S-C3420a Nuclear gene
Dmoj\snoRNA:GI25358 Dmel\snoRNA:Me28S-G2703a Nuclear gene
Dmoj\snoRNA:GI25368 No orthologous hits -
Dmoj\snoRNA:GI25378 No orthologous hits -
Dmoj\snoRNA:GI25382 Dmel\snoRNA:Me18S-C1096 Nuclear gene
Dmoj\snoRNA:GI25384 Dmel\snoRNA:Psi28S-2442b Nuclear gene
Dmoj\snoRNA:GI25385 No orthologous hits -
Dmoj\snoRNA:GI25391 No orthologous hits -
Dmoj\snoRNA:GI25394 Dmel\snoRNA:Psi18S-1377d Nuclear gene
Dmoj\snoRNA:GI25402 Dmel\snoRNA:Psi28S-3305b Nuclear gene
Dmoj\snoRNA:GI25408 No orthologous hits -
Dmoj\snoRNA:GI25409 Dmel\snoRNA:Psi28S-1060 Nuclear gene
Dmoj\snoRNA:GI25413 Dmel\snoRNA:Psi28S-1135a Nuclear gene
Dmoj\snoRNA:GI25418 Dmel\snoRNA:Psi28S-1135f Nuclear gene
Dmoj\snoRNA:GI25426 Dmel\snoRNA:U14:30Eb Nucleolus; rRNA modification guide

activity
Dmoj\snoRNA:GI25427 Dmel\snoRNA:Me18S-A1576 Nuclear gene; nucleolus
Dmoj\snoRNA:GI25433 No orthologous hits -
Dmoj\snoRNA:GI25436 No orthologous hits -
Dmoj\snRNA:U2:2 Dmel\snRNA:U2:34ABa U2 snRNP; nuclear mRNA splicing,

via spliceosome
Dmoj\snRNA:U4:2 Dmel\snRNA:U4:25F U4 snRNP; nuclear mRNA splicing,

via spliceosome

had no functional information (biological process GO terms) and

one third of these genes had no discovered orthologs in the

D. melanogaster genome. Functional enrichment analyses of

poorly annotated genomes is thus challenging, especially when

the number of significantly DE genes is small. Consequently,

a combined approach was taken using two different enrichment

methods to identify functional information. We uncovered clusters

of coregulated gene sets (Fig. 1), and using functional enrichment

tests with D. mojavensis annotated genes and D. melanogaster

orthologs produced comparable results on the functions of these

genes.

FUNCTIONAL ANALYSES

Cactus-specific differential gene expression showed significant

enrichment for GO terms that were also detected in two mi-

croarray studies examining cactus-specific gene expression dur-

ing larval development in D. mojavensis (Matzkin et al. 2006;

Matzkin 2012). These included functions in immune response,

metabolism, signal transduction, and the nervous system. Pre-

vious work has also shown that the transcriptomic response to

cacti in larvae, and to desiccation, involve key metabolic path-

ways, including the TCA cycle (Matzkin and Markow 2009).

Here, DE genes were seen that function in chemical metabolism,

including glycerol ether metabolism, which aids in the assimi-

lation of volatile alcohols. D. mojavensis is able to metabolize

ethanol vapor, with consequent effects on life-history traits, such

as longevity, life-time fecundity, and metabolic rates (Starmer

et al. 1977; Etges and Klassen 1989). Cactus-specific effects also

included genes involved in the TCA cycle and cell redox home-

ostasis. Cellular oxidative stress is known to accelerate cellular

damage and shorten lifespan in Drosophila (Ruan et al. 2002),

and is often linked to changes in metabolism. We studied sex-

ually mature flies and found that the preadult rearing environ-

ment therefore has a carryover effect onto adult gene expression

functioning in chemical metabolism. The chemical environment

of columnar cacti is well documented. Alkaloids, medium chain
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Top significant genes
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Figure 3. Proportion of genes upregulated on organ pipe cactus (A) and according to mating success (B). Genes are presented by several

categories including all significantly differentially expressed genes, nonorthologous genes (i.e., no identified orthologs in Drosophila

melanogaster), and three different functional categories of genes that were significantly enriched in the rank mean tests.

fatty acids, sterol diols, and triterpene glycosides have all been

shown to be largely species-specific for Sonoran Desert cacti, and

are causal factors in explaining patterns of host-plant use in cac-

tophilic Drosophila (Fogleman and Danielson 2001). D. mojaven-

sis is oligophagous due to its ability to metabolize medium chain

fatty acids, sterol diols, and high levels of triterpene glycosides

found in organ pipe and agria cacti (Fogleman and Danielson

2001). Organ pipe and agria differ in their triterpene glycoside

content with agria containing higher levels than organ pipe cac-

tus, however, it is not known if these compounds are differentially

metabolized in Baja California versus mainland populations of

D. mojavensis.

The fermenting cactus environment also caused differential

expression of genes that function in protein modification, specifi-

cally protein ubiquitination in protein catabolism. Ubiquitination

of proteins marks them for degradation by proteasomes and regu-

lates protein levels for a host of critical cellular functions, includ-

ing gene expression regulation (Pickart 2001; Shilatifard 2006).

Ubiquitination also plays a role in stress and immune system re-

sponses and the latter term was significantly enriched under the

rank mean test (Fig. 2).

Ecological links to speciation would predict a connection be-

tween adaptation to cactus and mating success, but relatively few

enriched functional groups were found to differ between males

who were successful and unsuccessful in mating, either directly or

in interaction with cactus, regardless of the number of DE genes.

Only one broad term, translation, was strongly enriched for the in-

teraction effect using the rank mean test. Functional clustering of

these genes showing interaction effects produced terms for ribo-

some function, ribonucleoprotein complex, and translation. These

genes also included several ncRNAs and splicing factors. Such

ncRNAs are involved in the production of mature mRNA, RNA

modifications, and translation. They also included snRNAs, which

are the backbone of the spliceosome, and snoRNAs, which mod-

ify snRNAs, rRNA, and mRNA (Kiss 2002). Further, it has been

shown that snRNAs and snoRNAs can function in pre-mRNA pro-

cessing through involvement in splice site selection (Kishore and

Stamm 2006; Matera et al. 2007; Khanna and Stamm 2010). Two

splicing factors were significantly DE, orthologous to U2af38

and LSm-4 in D. melanogaster, which regulate alternative splic-

ing (Park et al. 2004; Tritschler et al. 2007). U2af38 is a core

splicing component that forms part of the spliceosome, attaching

to the 3′ splice site during alternative splicing and Sm-like pro-

teins, such as LSm-4 associate with small RNA components of the

spliceosome, influencing the AE of genes (Will and Lührmann

2011).

1 9 5 8 EVOLUTION JULY 2013



TRANSCRIPTOME-WIDE EXPRESSION VARIATION

CACTUS MATING SUCCESSINTERACTION

Ion transport** 136

Signal transduction** 294

G-protein coupled receptor protein signaling** 165

Regulation of calcium ion transport via voltage-
gated calcium channel activity**

4

Cell adhesion* 58

Transcription, DNA-dependent* 245

Histone deacetylation* 3

Sodium ion transmembrane transport* 28

Chitin metabolic process* 53

Ion transport* 136

Chitin metabolic process* 53

Multicellular organismal development* 49

Transcription, DNA-dependent* 245

Regulation of calcium ion transport via 
voltage-gated calcium channel activity*

4

Neurological system process**/

Transmission of nerve impulse**/ 6

Synaptic transmission*

Calcium ion binding**/

Alternative splicing*/ 9

Phosphoprotein*

Neuron differentiation**/

Neuron development**/ 6

Axonogenesis*/

Transcription regulation**/

Chromatin regulator**/

Phosphoprotein**/ 11
RNA polymerase II transcription factor 

activity**/
Nucleoplasm*

Gene ID Biological GO term

gro** Nervous system development;
regulation of transcription

Syx16* Neurotransmitter secretion

wun* Germ cell migration

CG6133* tRNA (cytosine-5)-methyltransferase

Figure 4. Summary of functional enrichment results for alternatively expressed genes. Figure details are the same as in Figure 2 above.

Alternatively expressed genes had roles in cellular signal-

ing, neurological development, gene expression regulation, and

organismal development. Cactus-specific functional enrichment

implicated a role for intracellular signaling in response to extra-

cellular cues. G-protein coupled receptor signaling pathways are

a large family of cell surface molecules that act as receptors for a

range of stimuli, including neurotransmitters, hormones, growth

factors, odorant molecules, and light (Marinissen and Gutkind

2001). Other enriched functions among AE cactus-related genes

included terms for the transmission of nerve impulses. These in-

cluded calcium and sodium ion transport through voltage-gated

channels, and synaptic transmission itself. Thus, rearing flies on

differing hosts until eclosion had lasting effects on the expression

of genes involved in extracellular signaling and transmission of

nerve impulses and possibly adult behavior.

LINKS TO BEHAVIORAL PHENOTYPES

A potential link between larval cactus effects and adult behav-

ioral phenotypes leads to an a priori expectation of an expres-

sional response from behavioral loci. Several chemosensory be-

havior genes were DE across host plants, most likely relating to

chemical differences between cacti. Such behavior includes sens-

ing of volatile chemicals for host-plant detection (Fogleman and

Danielson 2001), and evidence suggests that gustatory receptor

genes, such as Gr94A, have neuronal links to the reproductive

organs in Drosophila (Park and Kwon 2011). The AE of nervous

system-related genes suggests that alternative exon use might

be particularly important for behavioral plasticity. However, 10

significantly DE genes in the interaction effect were also anno-

tated with neurogenesis/nervous system development functions.

The expression of chemosensory and impulse transmission genes

indicates cactus-specific differences in sensing and parsing of

cues from the external chemical environment. This, in turn, has a

potential influence on adult male mating success, through cactus-

specific expression of nervous system development genes. The

peripheral and central nervous systems both play a major role in

Drosophila mating behavior (Villella and Hall 2008). Mutations

in Drosophila ion channel genes are known to influence behavior,

such as learning and olfaction, as well as courtship song produc-

tion (Peixoto and Hall 1998; Gleason 2005). Ion channel genes

are therefore good candidates for controlling mating behavior

(Kyriacou 2002) and demonstrate complex expressional regula-

tion through alternative splicing (Smith et al. 1996). Expression

variation in ion channel and nervous system development genes,

such as slo, which we found to be significantly AE, may have

an influence on courtship behavior in flies. Further evidence of a

role for slowpoke in D. mojavensis evolution comes from a QTL

study in which slo was identified as a potential candidate gene un-

derlying courtship song production (Etges et al. 2007). Thus, the

expression of chemosensory and nervous system-related genes
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across cacti and mating success treatments provide a potential

link between cactus hosts and adult courtship behavior through

nervous system development.

QTL studies have shown strong G×E effects between

host cactus and traits involved in mating behavior in D. mo-

javensis through differences in epicuticular hydrocarbons (used

as contact pheromones) and courtship song production (Etges

et al. 2007, 2009, 2010). Surprisingly, few genes directly related

to CHC production were seen here, although genes involved in

metabolism, seen in both cactus and mating effects, might also

play a role. Genes such as the �9 desaturases are thought to be

important in pheromone production (Keays et al. 2011), were im-

plicated in D. mojavensis QTL studies, and may influence repro-

ductive isolation between D. melanogaster populations (Dallerac

et al. 2000; Takahashi et al. 2001). However, no desaturase genes

were significantly differentially or alternatively expressed in these

analyses perhaps suggesting that any G×E effects of these genes

do not involve an expression response. This suggests there may

be a greater role for plasticity of neurological function, poten-

tially involving courtship song and chemosensory behaviors in

D. mojavensis.

GENE EXPRESSION CHANGES OVER THE LIFE CYCLE

We examined the effect of larval environmental manipulation

on adult gene expression (rather than cross-generational effects)

and found significant functional enrichment of several different

types of epigenetic modifications. Because flies were raised on

cactus hosts only during egg to eclosion, cactus-specific gene ex-

pression patterns may have been laid down during this period,

and propagated through adulthood. Several processes that can

play such a role were identified. Cactus-specific expression in-

cluded genes functioning in methylation (e.g., ortholog of pr-set7

D. melanogaster gene), protein ubiquitination, and histone mod-

ification (e.g., orthologs of Snp and CG31703). The significant

methylation GO term broadly includes any attachment of a methyl

group to protein, DNA, or RNA. Interestingly, a higher propor-

tion of methylation-related genes were upregulated in success-

fully mated males and most other DE genes were downregulated

(Fig. 3). Increased methylation is thought to repress gene ex-

pression (Wolffe and Matzke 1999), meaning that mating success

might be particularly influenced by methylation-based control of

gene regulation.

Epigenetic modifications of RNA and proteins rather than

DNA might be particularly important in Drosophila as this group

does not have the full complement of DNA methyltransferases

commonly found in other organisms, having only retained one

methyltransferase, orthologous to the human Dnmt2 gene (Lyko

and Maleszka 2011). Dnmt2 is only thought to function in the

methylation of tRNA (although this has been disputed; Goll

et al. 2006; Krauss and Reuter 2011), meaning that the methylation

GO term seen in this study will mainly involve RNA and proteins.

tRNA processing was a significantly enriched term in the rank

mean test of DE genes, and a tRNA methyltransferase, Nsun2,

was significantly AE. Nsun2 functions in spermatogenesis in

Drosophila (Gerbasi et al. 2011) and splicing mutations within it

can cause short-term memory loss, demonstrating the importance

of correct splicing for function of this gene (Abbasi-Moheb et al.

2012). Alternative splicing has also been suggested as an impor-

tant mechanism underlying phenotypic plasticity (Marden 2008)

and histone modifications and chromatin remodeling are known to

play a role in alternative splicing (Luco et al. 2010, 2011). Chro-

matin remodeling genes are important for temperature-related

plasticity in D. melanogaster (Levine et al. 2011) and chromatin

assembly genes were DE in cactus-specific larval plasticity in

D. mojavensis (Matzkin et al. 2006).

Evidence for a suite of epigenetic processes associated with

host-plant plasticity suggests that Drosophila employ gene regu-

latory mechanisms other than DNA methylation, and that these

mechanisms might play a role in ecological adaptation. There has

been some controversy surrounding the role of epigenetic mech-

anisms in Drosophila species, specifically whether DNA methy-

lation routinely occurs in the Drosophila genome. Recent studies

suggest that methylation does occur (Krauss and Reuter 2011),

yet experimental evidence indicates this is at low levels genome-

wide, and the functional significance remains unclear (Lyko et al.

2000). Our results suggest a potential role for RNA and protein

methylation that links larval cactus plasticity with adult pheno-

types. Recent evidence suggests an important role of chromatin

modification in gene expression plasticity in Drosophila (Levine

et al. 2011). Therefore, species lacking the core Dnmt genes, the

“Dnmt2 only” species (Krauss and Reuter 2011), might regulate

their genome through mechanisms other than, or in addition to,

DNA methylation. This might include RNA and histone protein

modifications, and involve snRNAs and snoRNAs.

Potential links between ecological adaptation and reproduc-

tive success have rarely been addressed at a transcriptomic level.

Agria cactus causes decreased mate discrimination and higher

mating success, particularly for Baja California males, in multi-

ple choice studies (Etges 1992). QTLs for mating success and the

phenotypes involved often show G×Es (Etges et al. 2007, 2009).

Few DE or AE genes were seen to be present in both the cactus

and mating success main effects, indicating little evidence for a

shared genetic basis or pleiotropy. However, models of ecological

speciation include other modes of linking ecological adaptation

and reproductive isolation, such as physical linkage (Rundle and

Schluter 2004). Here, we found that larval host cactus influenced

adult male mating success by modulating the expression of genes

involved in translation, transcription, and nervous system devel-

opment. Gustatory receptor genes, such as Gr94A, and nervous

system genes, such as slo, have been linked to reproduction and

1 9 6 0 EVOLUTION JULY 2013



TRANSCRIPTOME-WIDE EXPRESSION VARIATION

courtship behavior in Drosophila (Peixoto and Hall 1998; Park

and Kwon 2011). The expression of such genes here suggests

that the genetic basis of mating success in D. mojavensis is likely

to involve nervous system development genes that link the cac-

tus environment to reproductive behavior. Mainland populations

diverged from an ancestral Baja California population around

230–270,000 years ago (Smith et al. 2012). This suggests that the

adaptation of D. mojavensis to organ pipe cactus and the concur-

rent evolution of reproductive isolation has been fairly rapid, and

that plasticity in gene expression may have played an important

role in this. Examining the molecular architecture that underlies

plasticity of gene expression is therefore an important step toward

understanding the role of gene expression in ecological speciation

(Pavey et al. 2010).
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Table S1. All significantly DE genes (FDR < 10%) separated by treatment contrast on different Excel sheets.

Table S2. All significantly AE genes (FDR < 10%) separated by treatment contrast on different Excel sheets.

Table S3. Full results of rank mean test for DE genes. Test results are presented by treatment contrast and each line shows a

significant biological-process GO term, the number of genes associated with that term and the significance level.

Table S4. Full DAVID functional enrichment results for DE genes. Results are presented for cactus and interaction terms only

(mating success genes did not show significant clustering). Cluster enrichment scores are shown with significance considered at

>1.3, however some individual terms might show significance, as indicated. The numbers of genes are shown for each significant

GO term.

Table S5. Full results of rank mean test for AE genes. Test results are presented by treatment contrast and each line shows a

significant biological-process GO term, the number of genes associated with that term and the significance level.

Table S6. Full DAVID functional enrichment results for AE genes. Results are presented for cactus and interaction terms only

(mating success genes did not show significant clustering). Cluster enrichment scores are shown with significance considered at

>1.3, however some individual terms might show significance, as indicated. The numbers of genes are shown for each significant
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Table S7. Details of clustered DE genes used in the heatmap (Fig. 1, see text for details). Biological-process GO terms for all

clustered genes are included along with cluster membership and log fold change values.
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