
Population transcriptomics of cactus host shifts
in Drosophila mojavensis

LUCIANO M. MATZKIN*†
*Department of Biological Sciences, Huntsville, University of Alabama in Huntsville, AL 35899, USA, †Section of Ecology,
Behaviour and Evolution La Jolla, University of California, San Diego, CA 92093-0116, USA

Abstract

In the presence of environmental change, natural selection can shape the transcriptome.
Under a scenario of environmental change, genotypes that are better able to modulate
gene expression to maximize fitness will tend to be favoured. Therefore, it is important to
examine gene expression at the population level to distinguish random or neutral gene
expression variation from the pattern produced by natural selection. This study
investigates the natural variation in transcriptional response to a cactus host shift
utilizing the mainland Sonora population of Drosophila mojavensis. Drosophila mojav-
ensis is a cactophilic species composed of four cactus host populations endemic to the
deserts of North America. Overall, the change in cactus host was associated with a
significant reduction in larval viability as well as the differential expression of 21% of
the genome (3109 genes). Among the genes identified were a set of genes previously
known to be involved in xenobiotic metabolism, as well as genes involved in cellular
energy production, oxidoreductase ⁄ carbohydrate metabolism, structural components and
mRNA binding. Interestingly, of the 3109 genes whose expression was affected by host
use, there was a significant overrepresentation of genes that lacked an orthologous call to
the D. melanogaster genome, suggesting the possibility of an accelerated rate of
evolution in these genes. Of the genes with a significant cactus effect, the majority,
2264 genes, did not exhibit a significant cactus-by-line interaction. This population-level
approach facilitated the identification of genes involved in past cactus host shifts.
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Introduction

Transcriptional-level changes have long been implicated
in playing a large role in creating phenotypic variation
(Shapiro et al. 2004; Abzhanov et al. 2006; Werner et al.
2010). Examination of variants within a coding region
traditionally has been more tractable given the structure
of the genetic code. Although recent work suggests a
significant role for cis-regulatory changes in the tran-
scriptional divergence between species (Wittkopp et al.
2004, 2008), elucidating the distribution of sequence
variants affecting transcription and determining how

natural selection could shape this distribution has been
more difficult. Factors underlying the maintenance of
transcriptional variation in natural populations, while
not well understood, are likely to reflect an organism’s
ecology and evolutionary history (Whitehead & Craw-
ford 2006; Wittkopp et al. 2008; Meyer et al. 2011;
Williams & Oleksiak 2011).
The role of selection can best be captured by examin-

ing genetic variation in the ecological context of the
focal species (Feder & Mitchell-Olds 2003). In this
study, the transcriptional variation of Drosophila mojav-
ensis, a species for which large amount of ecological
data exist, was examined. A cactophilic fly endemic to
the deserts of northwestern Mexico and southwestern
United States, D. mojavensis, is composed of four,
recently diverged (0.5 Ma) populations or subspecies
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that each utilizes a distinct cactus host (Heed 1978;
Machado et al. 2007; Matzkin 2008; Pfeiler et al. 2009).
The different cactus hosts offer a unique set of chemical
compounds, some toxic, to which resident Drosophila
must adapt (Vacek 1979; Kircher 1982). The chemical
composition of the cactus necroses as well as the perfor-
mance of the D. mojavensis is largely dependent on the
yeast and bacterial communities that are known to
inhabit the necroses in the field (Starmer 1982a,b; Fogl-
eman & Starmer 1985; Starmer et al. 1990). Previous
studies revealed that both coding sequence and func-
tional variation in detoxification genes such as Alcohol
dehydrogenase and Glutathione S-transferase D1 have been
shaped by host usage (Starmer et al. 1977; Heed 1978;
Matzkin 2004, 2005, 2008). Several detoxification genes
appear to be differentially expressed in response to a
cactus host shift (Matzkin et al. 2006), although no pop-
ulation-level response could be assessed as only one
isofemale line was utilized in that study. Furthermore,
in considering host shifts, genes associated with host
preference might be involved in addition to those
related to detoxification and overall survival. Hence, it
is likely that variation at sensory pathway genes has
also been shaped by host shifts, as previously observed
for D. sechellia and its natural host Morinda citrifolia
(McBride 2007; Dworkin & Jones 2009). In addition to
being crucial for host recognition in adults, gustatory
and odorant receptors are important for the microhabi-
tat selection of larvae (Vosshall & Stocker 2007). A sub-
set of the adult-expressed odorant and gustatory
receptors are expressed in larvae. Drosophila mojavensis
larvae preferentially feed on specific species of yeasts,
while avoiding others (Fogleman et al. 1981). Thus, the
ecologically distinct and recently isolated D. mojavensis
populations are well suited to examine the transcrip-
tional variation and its evolution across the genome as
it relates to host adaptation (Starmer et al. 1977; Lofdahl
1985; Etges 1990; Matzkin 2005).
As proposed by Matzkin (2008), the pattern and level

of neutral genetic variation for transcriptional modula-
tion can be changed in different environmental contexts.
Under certain ecological scenarios, genetic backgrounds
(genotypes) that are transcriptionally plastic will be
favoured (Baldwin 1896; Waddington 1953; West-
Eberhard 2003), ultimately reducing the numbers of sig-
nificant genotype · environment (G · E) interactions
observed (Matzkin 2008). The prediction would be that
given standing genetic transcriptional variation in a
population, the alleles of genes whose modulation in
expression is advantageous in an alternative environ-
ment are more likely to get fixed. Once fixed, the pat-
tern of transcriptional variation observed would be one
of a reduced overall G · E, but a persistence of an envi-
ronmental response. If the environment change consis-

tently continues, it is possible that over time the
plasticity might be lost. Therefore, to be able to observe
such a pattern of transcriptional variation associated
with environmental change, recently diverged species
or populations must be examined (e.g. D. mojavensis).
Alternatively, it is possible that such a pattern of tran-
scriptional variation (environmental effect and no
G · E) would be observed in general stress genes.
Knowledge of gene ontology and of the ecology of this
species will be used to try to differentiate between these
two groups of genes. The aim of this study is to assess
the transcriptional response to cactus host use, as well
as to identify genes whose pattern of regulation have
possibly been shaped by past host shifts. This was done
by assessing the transcriptional variation of nine isofe-
male lines of D. mojavensis from the organ pipe cactus
(Stenocereus thurberi) population when reared in its
native host as well as in the chemically distinct ances-
tral host, agria cactus (S. gummosus).

Materials and methods

Experimental design

A total of nine D. mojavensis isofemale lines, each estab-
lished from a gravid female from Organ Pipe National
Monument, Arizona, USA, was used in this study. The
experiment was conducted approximately four genera-
tions after the isofemale lines were established in the
laboratory. Prior to the commencement of the experi-
ment, isofemale lines were maintained in standard
banana ⁄Opuntia media in half-pint bottles. One day
prior to collecting embryos, adults were transferred to
embryo collection cages (Genesee Scientific) each fitted
with a 100-mm petri dish containing banana ⁄Opuntia
media. Embryos were then removed from the petri
dishes and dechorionated to eliminate any surface con-
taminants with a bleach solution and washed with ster-
ile water (Starmer & Gilbert 1982). For each isofemale
line, approximately 400 embryos were placed in either
250 mL of necrotic organ pipe or 250 mL of necrotic
agria cactus. These necrotic cactus containers were
placed in a 25 "C incubator with a 12 ⁄ 12 hour light ⁄dark
cycle. Third-instar larvae were collected approximately
midday and placed in groups of 20 in 1.5-mL microcen-
trifuge tubes and snap frozen in liquid nitrogen. Sam-
ples were then stored at )80 "C until processing.
The microflora of the cactus necrosis is essential for

the formation of the larval resource in the wild. In the
laboratory, cactus necroses were recreated by incorpo-
rating the known microflora (Starmer 1982a; Fogleman
& Starmer 1985) following procedures outlined in
Matzkin et al. (2006). The native agria and organ pipe
microflora used was composed of five yeast species,
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Pichia cactophila, P. amethionina, Candida sonorensis,
C. ingens and Sporopachydermia cereana (provided by W.
T. Starmer, Syracuse University) and one bacteria, Pecto-
bacterium cacticida (American Type Culture Collection
#49482). The organ pipe cactus was provided by the
Arizona-Sonora Desert Museum in Tucson, Arizona,
and agria was collected near the Desemboque region in
Sonora, Mexico under CITES permit MX35032. The cac-
tus tissues were inoculated with the above microflora
after sterilization via autoclave. Cacti were maintained
at 25 "C in an incubator with a 12 ⁄ 12 hour light ⁄dark
cycle for 5 weeks (as in Lofdahl 1985) and then approxi-
mately 250 mL of each necrosis was placed in one-litre
sterile plastic containers to which the embryos were
added.

Microarray design and processing

To assess gene expression differences among treat-
ments, a complete D. mojavensis genome oligonucleo-
tide microarray was designed using NimbleGen’s
custom 4-plex platform. The design was based on the
GLEANR gene predictions of the published D. mojav-
ensis genome (Drosophila 12 Genomes Consortium
2007) and consisted of 69 997 60-oligonucleotide
probes representing 17 504 features (for all but 11 fea-
tures there were four probes per feature). The bulk of
these features, 17 477, were GLEANR gene predictions
(2506 of which contain transposable elements contami-
nants and were not used in the analysis), 19 were
mojavensis-specific genes (MSG) described in Matzkin
et al. (2006) and eight were unannotated D. mojavensis
transcripts from an expressed sequence tag library of
the lower reproductive tract from Kelleher et al.
(2007).
A minimum of 40 larvae were collected for all sam-

ples except for isofemale line OPNM25 on agria cactus,
from which only 27 larvae were recovered (these were
divided into two samples of 13 and 14 larvae each). All
third-instar larvae were collected until no more could
be seen or the total number collected per isofemale line
and treatment reached 220. Because of the differences
in developmental time (see Results) between flies reared
in the two cacti, cultures were vigilantly monitored to
select larvae that were at the same developmental land-
mark (third instar) from each cactus type. RNA extrac-
tion was performed by first a TRIzol reagent extraction
(Invitrogen) followed by processing through PureLink
Micro-to-Midi Total RNA Columns (Invitrogen) with an
inserted DNase I digestion step to remove genomic
DNA. Quantification of the total RNA was calculated
using a NanoDrop spectrophotometer (NanoDrop Tech-
nologies). For each isofemale line and cactus treatment,
two independent RNA extractions and hybridizations

were performed (36 total hybridizations). Total RNA
samples were then submitted to NimbleGen’s Reykja-
vik, Iceland microarray facility (http://www.nimblegen.
com) for cDNA synthesis, hybridization and scanning.

Microarray statistical analysis

The analysis of gene expression was performed on
Robust Multichip Average (RMA) normalized intensi-
ties (Bolstad et al. 2003; Irizarry et al. 2003). The log2 of
these normalized intensities was analysed using a two-
step mixed model ANOVA (Wolfinger et al. 2001). The
first step is a global ANOVA to remove any random
effects produced by having different microarray slides
per RNA pool as well as having multiple 60-oligonu-
cleotide probes per gene. The residuals from the first
step are used for subsequent gene-specific analysis. The
statistical model used in this study was:

Global

Yij = l + Slidei + Probej + Residualij

Gene specific

Residualikl = l + Slidei + Linek + Cactusl + Line · Cac-
tuskl + Errorikl
where i = 1–36, j = 1–4, k = 1–9 and l = 1–2, and both

the slide and probe effects were random. The analysis
was performed using the PROC MIXED model in SAS
(ver. 9.0; SAS Institute Inc.). Significance for each gene
was determined using the False Discovery Rate (FDR)
method (5% level) of Storey & Tibshirani (2003).
Genes whose expression was significantly modified

by cactus host use and for which functional knowledge
was available were subjected to a Gene Ontology (GO)
term analysis. The D. mojavensis FlyBase (Tweedie et al.
2009) orthologous calls to D. melanogaster genes were
used in the analysis. This orthologous gene list was
supplemented with additional gene annotations of
detoxification and chemosensory genes. GO terms, from
the D. melanogaster orthologs, for two categories (Molec-
ular Function and Biological Process) were utilized. This
functional annotation analysis was performed using the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) resource (http://niaid.abcc.ncifcrf.
gov/) (Dennis et al. 2003), which determines the over-
representation of GO terms. Significant overrepresenta-
tion was determined using a Fisher’s exact test (Hosack
et al. 2003), and multiple test corrections were per-
formed using the FDR method (set at 5%).
Given that the annotation was semi-complete in the

published genome, the D. mojavensis genome was
scanned for previously missing paralogs of odorant
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receptors (Or), gustatory receptors (Gr), cytochrome P450
(P450), glutathione s-transferases (Gst) and UDP-glyco-
syltransferases (UGT). Since the publication of the D. mo-
javensis genome, some further annotations of Or (Guo &
Kim 2007) and Gst (Low et al. 2007) have been pub-
lished. Drosophila melanogaster gene family members for
which no orthologous call had been originally made to
D. mojavensis were used to rescan the D. mojavensis
genome using BLAST (Altschul et al. 1990). E-value cut-
off was set to less than 1 · 10)10. The gene list is shown
in supportive information, Table S1 (Supporting infor-
mation).

Results

The viability of D. mojavensis larvae from Organ Pipe
National Monument (Sonora population) reared in the
alternative host, agria, was 40% that of the viability
observed in its native host, organ pipe (t-test, P < 0.001)
(Fig. S1, Supporting information). While larval develop-
mental time was not recorded, the time to first adult
emergence differed between the cactus treatments. Flies
reared on agria had a significantly (t-test, P < 0.01) fas-
ter eclosion time (12.1 days; SE ±0.21) than when reared
on organ pipe (13.2 days; SE ±0.24).
Two of the 14 998 genes in the array had only one

probe per gene and therefore were not included in the
analysis. All expression data have been placed in the
Gene Expression Omnibus under series entry
#GSE35937. The number of genes with significant Line,
Cactus and Cactus · Line effects using different FDR
levels is shown in Table 1. Differences in expression
between the D. mojavensis isofemale lines used in this
study was observed in 1578 genes, 10.5% of the gen-
ome. Of the 926 genes with D. melanogaster orthologs,
overrepresented GO terms involved metabolism and
the structural components of the cuticle (see Table S2,
Supporting information). A total of 1122 genes had a
significant Cactus · Line effect, in which D. melanogas-
ter ontology information was known for 655. The GO
terms observed to be overrepresented in this set of
genes were oxidation–reduction and metabolic process
(Table S3, Supporting information).

The number of genes whose expression was modu-
lated in response to cactus host utilization was approxi-
mately double to those that differ between isofemale
lines. This pattern of twice the number of genes with a
significant cactus effect relative to line effects was
observed at multiple FDR levels (Table 1). Twenty-one
per cent of the genes (3109) exhibited a significant cac-
tus effect at a FDR of 5%. The majority of these (2032)
had orthologous calls to a D. melanogaster gene. The
overrepresentation of GO terms was tested to examine
the functional characteristics of the differentially
expressed genes (Table 2). Sixteen Molecular Function
or Biological Processes GO terms were overrepresented
at a FDR less than 5%. Metabolism-related pathways
and genes associated with the response to abiotic fac-
tors and ⁄ or toxins were the major components of the
overrepresented GO terms (Table 2). The overrepre-
sented GO terms could be grouped in into five catego-
ries: (i) abiotic ⁄ toxin response, (ii) energy, (iii)
oxidoreductase ⁄ carbohydrate metabolism, (iv) structural
and (v) mRNA binding.
A smaller fraction of genes (1077) that exhibited a sig-

nificant cactus effect had no orthologous call back to
the D. melanogaster genome; these genes will be referred
as ORFans. When splitting the cactus effect genes into
those that are ORFans and those which have calls to
D. melanogaster, a different distribution of genes was
observed than expected (Fig. 1). Using the total fraction
of genes exhibiting a cactus effect (0.21) as the expecta-
tion, there is a significant departure of results for both
data sets: the D. melanogaster orthologs (v2 = 19.8,
P < 0.001) and the ORFan genes (v2 = 49.5, P < 0.001)
(Fig. 1). A greater number of ORFan genes appear to be
differentially affected by cactus use (Fig. 1).
Given the ecological importance of performance

(detoxification) and preference (sensory pathways)
genes in cactus host adaptation, their expression was
examined separately. When pooling the detoxification
gene families (P450, Gst and UGT), it was observed that
they were significantly overrepresented in the cactus
treatment effect (v2 = 5.6, P = 0.02) (Fig. S2, Supporting
information). No significant deviation from expected
was observed, however, for Or and Gr genes combined
(Fig. S2, Supporting information).
Overall, the fraction of genes that increased in expres-

sion in the organ pipe (45%) and agria (55%) treatment
was similar (Fig. 2). A slightly greater proportion of
genes with a D. melanogaster call were upregulated in
the agria treatment (60%), while fewer were observed
for the ORFans (46%). The pattern of expression differs
across the sets of genes that make up the five categories
of overrepresented GO terms (Table 2). Genes that play
a role in the abiotic ⁄ toxin response (66%) and mRNA
binding (94%) appear to be largely upregulated in the

Table 1 Number of genes with significant Cactus, Line or
Line·Cactus effects using different FDR cut-offs

Effect

False discovery rate (FDR)

5% 1% 0.1%

Cactus 3109 2066 1303
Line 1578 1070 640
Line·Cactus 1122 667 304
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agria treatment (Fig. 2). Conversely, fewer of the genes
associated with energy (32%), carbohydrate metabolism
(38%) and structural components (33%) are upregulat-
ed in agria.
Analysis of the effects of the ecological shifts depends

on the analysis of G · E interactions. The majority of
the genes (72.8% or 2264 genes) with a significant Cac-
tus effect did not exhibit a significant Cactus · Line
(G · E) effect. An example of two detoxification genes,
Cyp6g1 and Ugt86Dd, that exhibit a significant Cactus
effect and no G · E is shown in Fig. 3 (an example of a
gene with a significant Cactus and Cactus · Line effect
is shown in Fig. S3, Supporting information). Similar to
what was observed for Cactus effect genes, there was a
significant overrepresentation of ORFan (v2 = 19.3,
P < 0.001) within the set of genes that have a Cactus
effect and no G · E effect.

Discussion

Fitness consequences of host shifts

A large literature exists on the resource ecology of the
different Drosophila mojavensis cactus host populations
(Fellows & Heed 1972; Heed 1978; Ruiz & Heed 1988;

Table 2 Analysis of Molecular Function (MF) and Biological Process (BP) Gene Ontology terms of genes that exhibit a significant
cactus effect

Category (ID) Description Count Fold Enrichment Groupd

BP (09628) Response to abiotic stimulus 37 1.8b Abiotic ⁄ toxin response
BP (42221) Response to chemical stimulus 66 1.5b

BP (09636) Response to toxin 21 2.1c

BP (06118) Electron transport 80 1.8a Energy
BP (42775) Organelle ATP synthesis coupled

electron transport
28 3.0a

BP (42773) ATP synthesis coupled electron transport 28 2.9a

BP (06091) Generation of precursor metabolites and energy 95 1.7a

BP (06120) Mitochondrial electron transport,
NADH to ubiquinone

15 2.6c

MF (16491) Oxidoreductase activity 141 1.3b Oxidoreductase ⁄
carbohydrate metabolismBP (06119) Oxidative phosphorylation 35 1.9b

MF (16679) Oxidoreductase activity, acting on diphenols
and related substances as donors

8 3.9c

BP (05975) Carbohydrate metabolic process 82 1.4c

MF (05214) Structural constituent of chitin-based cuticle 32 2.2b Structural
MF (42302) Structural constituent of cuticle 34 2.0b

MF (05198) Structural molecule activity 114 1.3c

MF (03729) mRNA binding 49 1.6c mRNA binding

aFalse Discovery Rate (FDR) < 0.05.
bFDR < 0.01.
cFDR < 0.001.
dSee text for description of groups.
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Ruiz et al. 1990). Host shift experiments conducted in
the laboratory with these flies typically produce
changes in viability and life history characters, such as
developmental time and thorax length (Etges & Heed
1987; Etges 1989, 1990; Bono & Markow 2009). Thus, the
reduced survival of organ pipe breeding D. mojavensis
when larvae are forced to develop in agria cactus was
not unexpected.
The magnitude and nature of genetic changes that

underlie adaptation to different hosts can be addressed
by examining the transcriptional responses in an ecolog-
ical context. It has been proposed that D. mojavensis
originated in Baja California utilizing agria and later
colonized other regions and cactus species (Johnson
1980; Heed 1982; Ruiz et al. 1990). Genetic analysis sug-
gests that D. mojavensis and its sister species D. arizonae
diverged approximately 0.5 MYA (Reed et al. 2007;

Matzkin 2008). Therefore, it can be inferred that the four
D. mojavensis populations have recently (< 0.5 MYA)
shifted or specialized onto their respective cactus hosts.
Interestingly, as agria is assumed to be the ancestral
host, the large reduction in survival of Sonoran flies on
agria was surprising and strongly supports the interpre-
tation that genes, and their modulation, underlying host
use can evolve rapidly (McBride 2007).

Transcriptional response to cactus host shifts

The two cactus host plants present different ecological
and developmental challenges to the larvae feeding in
them. Drosophila mojavensis larvae from OPNM (Sonora)
appear more stressed in agria, as evidenced by their
low survival (Fig. S1, Supporting information). As the
larvae attempt to overcome the challenges presented by
the different chemical environment of the necrotic agria,
differential expression of certain types of genes, espe-
cially those involved in detoxification, development and
sensory perception, is expected.
Analysis of Gene Ontology terms can enhance our

understanding of the transcriptional effects of cactus
host shifts, although several D. mojavensis genes do not
have orthologous call to D. melanogaster and hence no
GO information. The overrepresentation of certain GO
terms (see Table 2) that are differentially expressed
suggest major functional groups are significantly
affected. Among those are members of known detoxifi-
cation families, such as Gst, P450 and UGT (Fig. S2,
Supporting information). These specific sets of genes
were found to be significantly overrepresented among
those modulated by the cactus environment. It should
also be noted that membership to either the Gst, P450
or UGT gene families does not necessarily imply that
the genes are directly involved in detoxification,
because some members of these families have other
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nondetoxification-related functions and for others, their
function is unknown (Feyereisen 2005; Ranson & Hem-
ingway 2005). While 14 Or and Gr were significantly
differentially expressed in third-instar larvae in
response to host use, GO terms associated with their
functions were not overrepresented in the set of cactus-
related genes. This does not negate the possible role of
some, if not all, of the observed receptors in host adap-
tation or in earlier developmental stages. The connec-
tion between host usage and genes involved in
structural components and mRNA binding is less clear
and warrants further investigation.
Although there are many chemical similarities

between organ pipe and agria (both are members of the
genus Stenocereus), there also are substantial chemical
differences (Vacek 1979; Kircher 1982; Fogleman &
Abril 1990). For example, agria has a greater concentra-
tion of unhydrolysed and partially hydrolysed glyco-
sides. More specifically, agria has twice the amount of
glucose, while organ pipe has five times the amount of
arabinose, which could influence the fermentation by
the microflora (Fogleman & Abril 1990). Prior analyses
indicate the existence of distinctly different concentra-
tions of volatiles between necrotic organ pipe and agria
(Vacek 1979). These and the other distinguishing chemi-
cal and physical characteristics between the cacti are
likely responsible for the transcriptional and life history
responses observed. What is yet to be determined is
linking the specific differences both within and across
cactus species with specific transcriptional and life his-
tory responses in D. mojavensis.
Among the five general groups of genes observed to

be differentially expressed, the majority (Fig. 2), associ-
ated with mRNA binding and abiotic ⁄ toxic response,
are expressed at higher levels in the alternative cactus
treatment (agria). At the same time, the majority of
genes associated with energy and carbohydrate metabo-
lism and structural components were expressed at
lower levels on agria. The upregulation of detoxification
genes on agria suggests that the larvae are responding
to a challenging chemical ⁄ toxic substrate. These com-
pounds also appear to have an affect on the metabolic
state and development of the D. mojavensis larvae as
demonstrated by the differences in survival rate (see
Fig. S1, Supporting information).
An earlier transcriptional study in D. mojavensis using

a cDNA array on one isofemale line from the Baja Cali-
fornia population showed the differential expression of
154 genes with D. melanogaster orthologs (Matzkin et al.
2006). Approximately 23% of the significant genes in
the earlier study were also differentially expressed in
this study. Similar to the previous study, Adh-2 experi-
enced an approximately twofold expression increase
when flies were reared in the organ pipe cactus. Inter-

estingly, GstD1 did not exhibit a significantly change in
expression. Using quantitative PCR, Matzkin et al.
(2006) found that the change in expression of GstD1
when reared in organ pipe was 1.3-fold. The failure to
observe a significant transcriptional difference in GstD1
in this study could be due to increased variance (multi-
ple lines used in this study) making significance testing
of a small expression difference difficult. Alternatively,
this difference in the GstD1 results suggests the possi-
bility of population-specific mechanisms of detoxifica-
tion.

Genetic variation of transcriptional response

Although the analysis of all genes that are differentially
modulated in response to host use (i.e., cactus effect) is
important, it does not take into account within-popula-
tion variation in transcriptional response. A certain
level of segregating variation exists within populations,
which is a function of mutation, selection and random
forces as well as the demographic properties of the pop-
ulation (Ohta 1992). Transcriptional variation is no
exception to this rule. Multiple studies have illustrated
the vast extent of transcriptional variation in experi-
mental systems, both within and between species (Rif-
kin et al. 2003; Wittkopp et al. 2004; Gilad et al. 2005).
In this study, 1578 genes exhibited significant within-
population variation, but double that number of genes
(3109) appear to be affected by cactus host utilization.
An important question is, how the pattern of transcrip-
tional variation is shaped by a change in the environ-
mental context in which a population resides?
In a constant environment, a certain level of tran-

scriptional variation is expected to exist (as observed in
this study by the genes with a significant Line effect).
Furthermore, given the ease in which DNA binding
sequences can arise via the mutational process (Stone &
Wray 2001; Wray et al. 2003), this can lead to silent var-
iation for gene modulation (i.e. transcriptional plastic-
ity). In a new environmental context, those genetic
backgrounds or genotypes able to modulate genes of
ecological importance will persist in the population
(Pigliucci & Murren 2003; West-Eberhard 2005; Badyaev
2009). Therefore, under strong enough selection, these
genotypes will become fixed in the population, result-
ing in a uniform transcriptional or plastic response to
the environmental perturbation within the population
(i.e. no G · E interaction).
If the new environmental conditions persist, over

time, subsequent mutations could canalize the alternate
expression pattern (Baldwin 1896; Waddington 1953;
West-Eberhard 2003). If captured sufficiently early in
the environmental shift, it may be possible to identify
some of the genes whose variation has been shaped by
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the adaptation. Such genes are expected to differentially
modulate between the ancestral (i.e. agria cactus) and
new environment (i.e. organ pipe cactus), but show no
G·E interaction. In this study 2264 genes were found to
fit this criterion. As previously stated, this transcrip-
tional pattern could alternatively be observed in general
stress genes and their respective downstream targets.

Although this could be the case for a great number of
the loci observed in this study, information relating to
the ecology of this species can narrow the list of candi-
date genes.
Given the known cactophilic ecology of D. mojavensis,

certain gene families, such as detoxification and sensory
pathways, are presumed to play a role in cactus host

Table 3 Summary of known functions of the detoxification gene family members with a significant cactus and no Cactus · Line
effect

Drosophila
mojavensis
annotation

D. melanogaster
ortholog

Gene
name

Gene
family

Function
and ⁄ or modulationA References

GI16623 CG17523 GstE2 GST Insecticide resistance in mosquito. 1–3
GI16624 GstE2b GST No available data.
GI19388 CG17522 GstE10 GST Transcriptional response to insecticides

and oxidative stress.
2–4

GI20124 CG17534 GstE9 GST Transcriptional response to insecticides
and oxidative stress.

2–4

GI23193 GstD1b GST No available data.
GI23196 CG17639 CG17639 GST Gst of no known function or modulation. 2, 3
GI10234 CG9716 Cyp313b1 P450 P450 of no known function or modulation. 5
GI13002 CG33503 Cyp12d1-d P450 Insecticide resistance; Transcriptional

response to insecticides, phenobarbitol and stress.
4–12

GI16117 CG3656 Cyp4d1 P450 Transcriptional response to cactus-derived
compounds (D. mettleri).

5, 7, 13, 14

GI16990 CG9964 Cyp309a1 P450 P450 of no known function or modulation. 5, 7
GI18674 CG3540 Cyp4d14 P450 Transcriptional response to phenobarbitol. 7, 11
GI18951 CG8859 Cyp6g2 P450 Insecticide resistance; Transcriptional

response to insecticides.
5, 7, 8, 12, 15

GI20221 Cyp9h1b P450 No available data.
GI20230 CG13977 Cyp6a18 P450 P450 of no known function or modulation. 5, 7, 15
GI20590 CG8453 Cyp6g1 P450 Insecticide resistance; transcriptional

response to insecticides and Morinda
citrifolia (host of D. sechellia).

4, 7, 8, 12, 16-19

GI24047 CG14680 Cyp12e1 P450 P450 of no known function or modulation. 5
GI10119 CG4739 Ugt86Dc UGT UGT of no known function or modulation. 20, 21
GI10120 CG18578 Ugt86Da UGT UGT of no known function or modulation;

expressed in olfactory organs.
20–22

GI10122 CG4772 Ugt86Dh UGT Transcriptional response to insecticides. 4, 20, 21
GI14390 CG11289 CG11289 UGT UGT of no known function or modulation. 20
GI17058 CG13271 Ugt36Bb UGT UGT of no known function or modulation;

expressed in olfactory organs.
20, 21, 23

GI17522 CG11012 Ugt37a1 UGT UGT of no known function or modulation;
expressed in olfactory organs.

20, 22

GI22627 CG6644 Ugt35a UGT UGT of no known function or modulation;
expressed in olfactory organs.

20, 22

GI22628 CG6649 Ugt35b UGT Transcriptional response to insecticides;
expressed in olfactory organs.

4, 20–22

GI22630 CG6633 Ugt86Dd UGT Transcriptional response to insecticides,
phenobarbitol.

4, 11, 20, 21

AUnless otherwise stated, studies were based on D. melanogaster.
1. (Lumjuan et al. 2005); 2. (Li et al. 2008); 3. (Ranson et al. 2001); 4. (Pedra et al. 2004); 5. (Tijet et al. 2001); 6. (Telonis-Scott et al.
2009); 7. (Chung et al. 2009), 8. (Daborn et al. 2007), 9. (Le Goff et al. 2006); 10. (Willoughby et al. 2006); 11. (Sun et al. 2006); 12.
(Festucci-Buselli et al. 2005); 13. (Danielson et al. 1998); 14. (Danielson et al. 1997); 15. (Daborn et al. 2001); 16. (Dworkin & Jones
2009); 17. (Bogwitz et al. 2005); 18. (Pyke et al. 2004); 19. (Daborn et al. 2002); 20. (Luque & O’Reilly 2002); 21. (Theopold et al. 1999);
22. (Wang et al. 1999); 23. (Sambandan et al. 2008).
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adaptation. Detoxification genes make up a small frac-
tion of those differentially expressed. Of the 2264 genes,
25 are either Gst, P450 or UGT (Table 3). Approxi-
mately half have been known to either be transcription-
ally modulated or to metabolize xenobiotics (Table 3).
Several of these genes, such as GstE2, Cyp12d1-d,
Cyp6g2 and Cyp6g1, are known to directly confer resis-
tance to insecticides such as dichlorodiphenyltrichloroe-
thane (DDT) when over expressed using transgenes
(Daborn et al. 2001, 2002, 2007; Ranson et al. 2001; Fest-
ucci-Buselli et al. 2005; Lumjuan et al. 2005). Similar
insecticide detoxification mechanisms demonstrated in
D. melanogaster and other insects may have actively
participated in the adaptation to detoxify cactus-derived
compounds.
The transcriptional response of P450s to cactus-

derived compounds was illustrated previously in
D. mettleri (Danielson et al. 1997, 1998), a Sonoran Des-
ert endemic in the same repleta species group (Wasser-
man 1982) as D. mojavensis. In D. mettleri, Cyp4d1 has
been implicated in the detoxification of the toxic iso-
quinoline alkaloids that are found in the necrotic tissues
of its host, the saguaro cactus (Carnegiea gigantea).
Although alkaloids are not present in either agria or
organ pipe necroses (Kircher 1982), the data suggest
that Cyp4d1 may have contributed to adaptation of
D. mojavensis to its respective hosts.
Although coding (Matzkin 2004, 2008), transcriptional

(this study, Matzkin et al. 2006) and functional (Matz-
kin 2005) changes in detoxification genes appear to be
associated with cactus host shifts in D. mojavensis, it is
likely that the adaptation to the distinct cactus hosts
that occurred in this species involved more that just
selection at detoxification genes (e.g. nutritional compo-
sition). This could largely explain the differential
expression of other nondetoxification genes observed in
this study. To better assess this, and to provide further
evidence of the role of the candidate detoxification
genes, future studies should examine the transcriptional
variation in all four cactus host populations.

Evolutionary rate of cactus host-associated transcripts

A disproportionally large number of the genes modu-
lated by cactus had no orthologous call to D. melanogas-
ter. The ORFan genes could be due to either a gain or a
loss of genes in either lineage, or reflect a decreased
efficacy of algorithms to properly make the orthologous
calls where there have been large numbers of substitu-
tions (Drosophila 12 Genomes Consortium 2007). Recent
genomic analysis suggests a high degree of gene gain
and losses in the Drosophila genomes, which is likely
contributing to the numbers of ORFan genes between
D. mojavensis and D. melanogaster (Hahn et al. 2007).

Although given the divergence time and vast ecological
differences between D. melanogaster and D. mojavensis,
there has been ample opportunity for molecular
changes associated with their respective ecologies to
accumulate.
An accelerated rate of evolution does not necessarily

imply selection, but could in some instances. The inabil-
ity to make an orthologous call can serve, therefore, as
a general metric for evolutionary change. An overrepre-
sentation of these ‘fast-evolving’ genes was present
within the set of genes affected by cactus host. It
appears, therefore, that these transcriptionally respon-
sive genes tend to have an accelerated rate of evolution.
The findings support the notion that both transcrip-
tional and sequence changes are involved in adaptation
and that both of these categories of changes can occur
at a given locus (King & Wilson 1975; Nuzhdin et al.
2004). Host shifts are common in evolution and require
adaptation in both adult and larval traits, particularly
those associated with preference and performance. The
large number of genes revealed here from olfactory,
gustatory and detoxification gene families provide good
candidates for further studies of the genetic underpin-
nings of host shifts during evolution.
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