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phototransduction network in Drosophila

Christian R. Landry**, Cristian I. Castillo-Davis*$, Atsushi Ogura*, Jun S. Liu*, and Daniel L. Hartl*7

Departments of *Organismic and Evolutionary Biology and *Statistics, Harvard University, Cambridge, MA 02138

Contributed by Daniel L. Hartl, December 21, 2006 (sent for review December 12, 2006)

Networks of interacting genes are responsible for generating life’s
complexity and for mediating how organisms respond to their
environment. Thus, a basic understanding of genetic variation in
gene networks in natural populations is important for elucidating
how changes at the genetic level map to higher levels of biological
organization. Here, using the well-characterized phototransduc-
tion network in Drosophila, we analyze variation in gene expres-
sion within and between two closely related species, Drosophila
melanogaster and Drosophila simulans, under different environ-
mental conditions. Gene expression levels in the pathway are
largely conserved between these two sibling species. For most
genes in the network, differences in level of gene expression
between species are correlated with degree of polymorphism
within species. However, one gene encoding the light-induced ion
channel TRPL (transient receptor potential-like) shows an excess of
expression divergence relative to polymorphism, suggesting a
possible role for natural selection in shaping this expression
difference between species. Finally, this difference in TRPL expres-
sion likely has significant functional consequences, because it is
known that a high level of rhabdomeral TRPL leads to increased
sensitivity to dim background light and an increased response to a
wider range of light intensities. These results provide a preliminary
quantification of variation and divergence of gene expression
between species in a known gene network and provide a foun-
dation for a system-level understanding of functional and evolu-
tionary change.
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G enes act together in networks to generate important organ-
ismal phenotypes. Understanding the general properties of
gene networks and how they adapt to environmental changes is
of fundamental importance to evolutionary biology. Elucidating
the structure of gene networks represents a major goal of systems
biology and ecological genomics in the postgenomic era. Recent
approaches have primarily exploited genomic and computational
methods to focus on distantly related organisms (1). However,
very little is known about the basic microevolutionary properties
of known genetic networks, information that is crucial for
understanding network function, regulation, and evolution, be-
cause key adaptations first emerge at the population level. For
example, very little is known about natural variation within gene
expression networks in different populations, different species,
and under different environmental conditions. How much ex-
pression variation is present in a gene network within a popu-
lation? Do genes that show low variation within one species also
show low variation in closely related species? To attempt to
answer these fundamental questions, we analyzed variation in
gene expression in the phototransduction network under two
different environmental conditions within and between species
of Drosophila melanogaster and its sibling species Drosophila
simulans, which diverged ~3 Mya (2).

The Drosophila phototransduction network is one of the best
characterized genetic networks to date at the biochemical and
cellular level. The network is composed of ~25 genes that
encode structural proteins and signal transducers responsible for
transforming light energy entering the eye into a nerve impulse
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(3). The topology of this network has been extensively studied,
and the molecular functions of the majority of the molecules in
the network are known. The cascade of transduction signals is
triggered by as little as one photon of light inducing the activation
of rhodopsin into metarhodopsin, which in turn activates down-
stream targets, subsequently leading to the activation of the
calcium channels, TRPL and TRP, and ultimately neural acti-
vation (details in Fig. 1).

Light perception is central to many ecological and sexual traits
from foraging behavior to mate recognition. Although the
number and type of genes involved in phototransduction exhibits
extensive conservation across animal evolution (3), recent in-
vestigations of specific genes, such as rhodopsin, have revealed
functional regulatory variation associated with ecological adap-
tations in vertebrates (4). Genetic variation within and among
Drosophila species in characters related to vision is abundant
(5-7). Although few physiological and behavioral differences of
ecological importance are known to differentiate D. melano-
gaster and D. simulans (8, 9), traits related to vision stand out as
being important. For instance, it has been reported that D.
melanogaster preferably courts in the dark and that females of D.
simulans are more responsive to the visual aspects of male
courtship than are females of D. melanogaster (10). Locomotion
in response to light also differs between these species. A study
of phototaxis along a gradient of light intensity by Parsons (11)
demonstrated that Drosophila simulans shows greater positive
phototaxis than Drosophila melanogaster, and it is more tolerant
of high light intensity (10). Furthermore, the genetic architecture
of phototactic behavior is different between D. simulans and D.
melanogaster (12).

Here, we quantify absolute levels of mRNA abundance for 20
genes in the phototransduction network for 11 different strains
each in D. melanogaster and D. simulans, using real-time quan-
titative PCR (rt-qPCR). Between species, transcript abundance
of orthologous nodes (genes) in the network was highly corre-
lated, which implies conservation of the gene network over a
short evolutionary time span. We find that levels of expression
polymorphism and divergence at nodes in the gene network are
generally correlated. However, a single gene, encoding the
light-induced ion channel TRPL, stands out from the others in
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Fig. 1. Major proteins of the phototransduction network. Colors indicate the
observed relative levels of gene expression between D. melanogaster and D.
simulans. Color coding indicates expression difference between species as a
ratio (D. melanogaster/D. simulans). Red is =1/4; orange is >1/2; yellow is 1/1;
light blue is <2/1; dark blue is =2/1; black, no data. The Drosophila photo-
transduction network is a paradigm for the study of signal transduction (3, 14,
23, 31, 32). The end point of the cascade is the depolarization of the photo-
receptor cell, resulting from the opening of Na*- and Ca2*-permeable chan-
nels, TRP and TRPL. Light initially activates rhodopsin into active metarho-
dopsin, which catalyzes the activation of a heterotrimeric G protein. The Ga
subunit of the activated heterotrimer then activates an effector enzyme,
phosphoinositide-specific phospholipase C (PLCB, encoded by the gene
norpA), which leads to the production of two signaling molecules, DAG
(diacylglycerol) and InsPs (inositol triphosphate) from PIP, (phosphatidylino-
sitol-4,5-biphosphate). This ultimately leads to the activation of the light-
sensitive channels TRP, TRPL, and TRPy (the latter is not studied here). The gray
arrow indicates a mechanism of action that is not totally elucidated. TRPL and
TRPy form heteromultimers with TRP and with each other. Modulation of the
ratio of TRP/TRPL subunits in the rabdhomeres through the light-sensitive
translocation of TRPL has been suggested as a physiological mechanism
increasing sensitivity to dim background light and allowing response to a
wider dynamic range of light intensities (13). A sharp response is provided by
theinactivation reactions that take place soon after activation. Two important
players in the inactivation are the arrestins, which bind to and inactivate
rhodopsin. Activity of both the GTP-bound Gqa subunit and PLC is terminated
by the GTPase activity of the G protein and other components. Light-sensitive
channels are inactivated by Ca2* through the action of calmodulin. RDGC is a
rhodopsin phosphatase that is regulated by calmodulin. Its function in deac-
tivation of the response, by means of the deactivation of rhodopsin-mediated
signaling, is mostly inferred from mutant phenotypes. Many of the molecules
are assembled in a signalplex whose core component is INAD, a scaffold
protein with five PDZ protein-interaction modules. Other proteins interact
with INAD, but their localization in the rabdhomeres does not depend on
INAD. InaF serves as a regulator of the calcium-channel activity, but its mode
of action is not completely elucidated. NinaA is responsible for transporting
rhodopsin from the endoplasmic reticulum to the cell membrane. PKC is a
protein kinase encoded by inaC, whose role is not fully understood, but
mutant phenotypes suggest a role in adaptation to light and termination
response.

showing substantially greater between-species divergence rela-
tive to within-species polymorphism. This expression difference
is likely to have important functional consequences for photo-
transduction between the two sibling species, because rhab-
domeral TRPL abundance plays a role in the fine tuning of light
perception in D. melanogaster (13).

Results and Discussion

Transcript abundance for 20 genes in the visual network was
quantified in 11 geographically diverse strains of D. melanogaster
and 11 strains of D. simulans. Individuals were collected midway
through the light portion of a 12-h:12-h light:dark cycle. Addi-
tionally, individuals from seven D. melanogaster strains and five
D. simulans strains, chosen randomly, were collected after a 1-h
exposure to total darkness. In total, there were 34 strain-
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Fig. 2. Relative transcript abundance. Expression level of the genes of the
phototransduction pathway in D. melanogaster and D. simulans are largely
conserved between the two sibling species (Pearson correlation, r = 0.94, P =
4.6 X 10710, n = 20).

treatment combinations (22 light, 12 dark) X 20 genes X 2
rt-qPCR replicates each, for a total of 1,360 rt-qPCRs plus
several controls. The experimental design that was used pooled
cDNA reactions to reduce experimental error and biological
noise, which entailed 68 separate mRNA extractions and two
rounds of cDNA synthesis per extraction for a total of 136
reverse-transcriptase reactions. Using cloned DNA fragments of
each of the 20 genes as controls, we estimated the absolute
number of transcripts for each gene (see Methods). Naturally
occurring transcript abundance was found to range across three
orders of magnitude from 5,600 to 1.5 million transcripts per
gene. The reproducibility between replicate rt-qPCR experi-
ments was excellent (Pearson correlation, r = 0.99, P < 2 X
10716, n = 660). The expression level of all genes in each
experiment and the significance of particular factors on expres-
sion were determined by using a mixed-model analysis of vari-
ance [supporting information (SI) Table 1].

Transcript Abundance in the Network Is Similar Between Species.
Examination of 20 genes in the phototransduction networks of
D. melanogaster and D. simulans showed that mean transcript
abundance was highly correlated between species (r = 0.94, P =
4.6 X 10719 (Fig. 2). The general constancy in expression level
across the network, maintained between species over the last 3
MY, suggests that the topology of the network has likely not
changed substantially between D. melanogaster and D. simulans.
Likewise, there was no coordinated directional change in ex-
pression across the network between species, because roughly
half the genes (11/20) showed higher average expression in D.
melanogaster relative to D. simulans (binomial test, n = 20, P =
0.82). This comparison eliminates the possibility that morpho-
logical differences between species, such as eye size, are respon-
sible for differences in transcript abundance between species.

Up-Regulation of Entire Network Under Dark Conditions. We found
no significant species X environment effect, which suggests that the
two species are affected similarly by the short treatment in the dark.
Five genes showed significant up-regulation in the dark treatment
(one hour of total darkness) compared with the light treatment
(ANOVA, P < 0.05). The most significant change (1.26-fold, P =
0.0023) is observed for the gene encoding the first signal transducer
in the cascade, Gy30A, which acts downstream of metarhodopsin
(Fig. 1). As might be expected of genes encoding interacting
proteins, GB76C, which encodes the next protein in the cascade, is
also significantly induced (1.23-fold, ANOVA, P = 0.028). These
two proteins interact with each other and form a heterotrimer with
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the product of Ga49. We saw no significant increase in expression
of the gene for this last signaling molecule (ANOVA, P = (.87).
However, any increase in expression might be obscured by the fact
that Ga49 is the only G protein of the three whose expression
appears not to be limited to the Drosophila eye, whereas most other
genes we studied have their expression localized in the photore-
ceptor cells (www.flybase.org) (14). Because expression in the eye
is likely to be only a small fraction of expression in the body, a slight
increase in abundance would be more difficult to detect for Ga49.
Our results also support this interpretation, because the gene is
expressed at much a higher level than that of the two other genes
whose products form the heterotrimer (SI Table 1). Interestingly,
the gene for two calcium-channel proteins (TRP and TRPL), which
act as heterodimers, were also significantly induced in the dark
(1.27- and 1.21-fold, P < 0.05). One surprising result is that all 20
genes in the phototransduction network were qualitatively up-
regulated in the dark compared with the light. This coordinated
directional change in gene expression is highly unlikely by chance
alone (binomial test, P = 1.9 X 107°). This finding strongly suggests
that all of the genes respond to dark conditions via up-regulation of
transcription. The up-regulation of the entire network conflicts
with models in which the modification of gene network outputs
under different conditions is achieved by the manipulation of
particular key nodes to increase sensitivity, for example, the up-
regulation of activators such as the rhodopsins and down-regulation
of repressors such as the arrestins. Here, in the dark treatment
compared with the light treatment, all components of the network,
including activators, repressors, structural genes, and genes in-
volved in signal transduction, are up-regulated, albeit not neces-
sarily stoichiometrically. This transcriptional response represents a
unique mode of network regulation, one where the entire network
acts as a single module. A large-scale gene-expression study in
Drosophila also recently reported changes in transcript abundance
in response to light conditions for several of the genes in the
phototransduction pathway with a longer dark treatment (15). Our
findings also contrast with the classical view that transcription has
little to do with short-term light adaptation, because it is a slow
process, and rather support Hardie’s view (16) that modulation of
transcription may be an important part of the eye’s overall physi-
ological strategy for light adaptation.

Polymorphism and Divergence. Our data also address the extent to
which the level of genetic variation at specific nodes of a network
in a species can be used to predict how much variation would be
found in a closely related species. We found that polymorphism
for expression levels in D. melanogaster, as estimated by the mean
sum of squares (MS) for lines, is significantly correlated with that
found in D. simulans (Spearman correlation, r = 0.47, P = 0.038),
suggesting that genetic variation tends to be found at the same
nodes of the network in these two closely related species. This
variation among strains does not appear to depend on the total
expression level, because the polymorphism did not correlate
with absolute expression level (Spearman correlation, rme =
—0.14, P = 0.54, rsm = —0.08, P = 0.73). Five genes showed a
significant difference in average expression between the two
species (Fig. 1, P < 0.05). For instance, inaF shows a 1.6-fold
relative up-regulation in D. melanogaster (P = 0.0099). The
INAF protein serves as an activator of calcium-channel activity,
but its mode of action is not completely elucidated (17). Another
transcript, rdgc, whose product is involved in response termina-
tion, also shows relative up-regulation in D. melanogaster (1.4-
fold, P = 0.0089). The largest and most significant change in
expression was observed in the gene encoding TRPL, which
showed a 4.7-fold up-regulation in expression in D. simulans
relative to D. melanogaster (P < 0.0001) (Fig. 3). TRPL is a major
structural component in a calcium channel located in the rhab-
domere membrane, whose opening is the final step of light
activation (see Functional Significance of TRPL and Fig. 1).
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Fig.3. Expressionlevel of trp/in D. melanogaster and D. simulansin light and
after a 1-h exposure to complete darkness. Expression level is shown relative
to the lowest expression level, which is arbitrarily set to one. ANOVA: P, <
0.0001; Peny = 0.03; Pint = 0.88.

To assess which evolutionary forces may be acting on the
expression of the genes in the visual network, we compared the
variance in expression level among strains within each species to
the average difference in expression level between species.
Under stabilizing selection, the average value of a phenotype is
expected to be conserved between species, and most variation
should be found within species, because the variance in the trait
will be maintained by slightly deleterious mutations (18, 19).
Thus, we tested whether differences in transcript abundance
observed between species (divergence) were correlated with
differences within species (polymorphism). We found that poly-
morphism within species was generally correlated with diver-
gence observed between species (Spearman correlation, r =
0.65, P = 0.0025). However, one gene, encoding TRPL, showed
a large excess of expression divergence compared with polymor-
phism (47-fold). This excess of divergence relative to polymor-
phism suggests that diversification or directional selection has
acted to change the expression of TRPL between the two species.
The probability of observing different levels of divergence
relative to polymorphism can be estimated by using neutral
models of quantitative trait evolution (20). Following the pro-
cedures described in refs. 21 and 22, the ratio of the variation
between species to variation within species (scaled by their
expectations) should follow an F distribution:

[MSbatween/MSwithin] X [ZNeVm/th] -~ Fl,lO:

where N is the effective population size, V7, is the mutational
variance, and ¢ is the number of generations separating the two
species. If we assume that these two species diverged for 32 X 10°
generations and that their effective population size is ~3 X 109,
the expected distribution of F ratios should be 2.7 times the
standard Fy 1 distribution. Because F1,100.025 = 6.94, a ratio of
polymorphism to divergence exceeding 21 is indicative of evo-
lution by diversifying selection (Fig. 4). The high level of
divergence observed for #rpl and the low amount of polymor-
phism observed for this gene suggest that the action of direc-
tional selection has shaped the difference of TRPL expression
between the species.

Functional Significance of TRPL. TRPL is a member of the TRP
cation channels, which are key to animal physiology and sensory
perception and thus play fundamental roles in ecological adap-
tations. In Drosophila, they form a superfamily of 13 proteins
with roles in phototransduction, taste, thermosensation, osmo-
sensation, touch, and hearing (23). TRP is the main cation
channel in Drosophila, and the importance of TRPL has been
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Fig.4. Distribution of divergence (MSspecies) to polymorphism (MSsirain) ratio
across the phototransduction pathway. The solid lines represent the theoret-
ical expectation; i.e., 2.7 times the F;,1o distribution. The gene at the far right
of the distribution is trpl.

underappreciated because of the lack of apparent phenotype of
atrpl-null mutant in standard assays (24). TRPL is unique among
the three-phototransduction ion channels, because under dark
conditions, it is translocated from the main cell body to the
rhabdomere, where phototransduction takes place. High levels
of rhabdomeral TRPL enable flies to be more sensitive to dim
or background light and allow them to respond to a wider range
of light intensities (13). Increasing rhabdomeral TRPL has been
suggested to be a mechanism to fine tune the visual response
(16). TRPL expression in D. melanogaster peaks at the end of the
day, and it has recently been proposed that the accumulation of
trpl transcript at night would facilitate efficient accumulation of
TRPL protein in the rhabdomeres at dusk (15). This suggests
that up-regulation of #pl in D. simulans would result in an
increased sensitivity to light relative to D. melanogaster.

Our study provides an estimate of genetic variation and
divergence in gene expression of the well characterized photo-
transduction gene network. Analysis of these data reveals that
the network appears globally conserved between D. melanogaster
and D. simulans, because few genes show significant differences
in expression level between species. However, the expression of
a single gene, trpl, has dramatically diverged between D. simulans
and D. melanogaster, while at the same time showing very little
variation in expression within each species from a world-wide
population sample. This result suggests that the change in #rpl
expression in the network was driven by directional selection
with functional consequences. The nature of the selective forces
acting on the expression level of #pl remains to be investigated.
Given the importance of visual cues in mate choice in D. simulans
(10), one can speculate that sexual selection may have played a
role. Another possibility is that the association of D. melano-
gaster with human activities may have been associated with new
visual requirements that resulted in selection for different
expression phenotypes in this species, as suggested by David et
al. (9). Functional analyses of the consequence of high TRPL
expression difference in D. simulans and how this expression
relates to the species’ enhanced phototaxic behavior (11) and its
reported tolerance to higher light intensity (10) will help to
refine further these hypotheses. Finally, investigation of visual
physiological activity and sensitivity coupled with the analysis of
variation in network components within species will help to
elucidate the evolutionary and ecological mechanisms that may
drive selection for differences in gene expression between spe-
cies in the phototransduction network.

Materials and Methods

Fly Species and Strains. D. melanogaster and D. simulans strains
were obtained from stock centers and individual collections. D.
simulans strains: Yun Tao kindly provided S5 (South Africa), S9
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(Southern France), S13 (Tunisia), S17 (Congo), S25 (Australia),
S30 (Japan), S34 (Polynesia), and Japan/S2 (Japan); Turrumurra
(Australia) was obtained from the Tucson Drosophila Stock
Center (Tucson, AZ); Siml (Chapel Hill, NC) was obtained
from D.L.H. D. melanogaster strains: Harwich (England), Ore-
gon-R (Oregon), and Hikone-R (Japan) were obtained from
D.L.H.; ICA (Peru), Toonda (Australia), and Taiwan (Taiwan)
were obtained from the Tucson Drosophila Stock Center; BS1
(Spain), CA1 (South Africa), M2 (Australia), PYR2 (Spain), and
Reids3 (Portugal) were obtained from the Bloomington Dro-
sophila Stock Center (Bloomington, IN). BS1, CAl, Harwich,
M2, PYR2, Taiwan, Toonda, S25, S30, S34, Sim1, and Japan
were subjected to the dark treatment.

Both species were reared in glass vials on standard Drosophila
medium at 25°C for several generations until 30-60 flies were
available for RNA extraction. Flies were then transferred to a
controlled 12-h:12-h light:dark-cycle environment at 25°C for
one generation in a light chamber with UVA/U VB full-spectrum
bulbs, with vials positioned randomly. Recently eclosed (<5 h
old) males were then collected and transferred to fresh vials and
again arranged randomly in the light chamber. After 3 days, male
flies of the same strain were transferred to empty plastic 15-ml
transparent tubes (BD Biosciences, Carlsbad, CA), with 10-15
flies per tube. Tubes with strains marked for dark exposure were
covered completely with aluminum foil. Both sets of tubes were
returned to the light chamber for 1 h for CO; anesthesia recovery
and then flash-frozen in situ by rapid submersion in liquid
nitrogen halfway through the day light cycle. To obtain at least
15 flies per strain per mRNA extraction, collections were made
on two separate days and combined. Flash-frozen flies were
stored at —80°C. All fly handling was done by using CO».

Expression Analysis. Two RNA extractions were performed for
each strain-treatment for a total of 68 extractions. Pools of 12-15
frozen flies were crushed on dry ice, and RNA was extracted by
using the SV RNA extraction system (Promega, Madison, WI) as
described in ref. 25 (DNAfree; Ambion, Austin, TX). Because
the majority of the proteins known to function in Drosophila
phototransduction are either highly enriched or expressed solely
in photoreceptor cells (14), we extracted RNA from whole flies.
RNA quality and concentration were estimated first by using a
spectrophotometer and second by using RiboGreen (Molecular
Probes, Eugene, OR) in quadruplicate, according to manufac-
turer protocols. One microgram of total RNA per extraction was
used for each of two reverse transcription cDNA syntheses
(SuperScript II; Invitrogen, Carlsbad, CA), using both poly(dT)
and random hexamers, for a total of four reverse transcription
reactions per strain-treatment combinations (136 in total).
cDNA products from the four reactions were pooled for each
strain treatment and diluted 1:10. Ten microliters of this 1:10
dilution of cDNA was used for each rt-qPCR. cDNA for all
treatments was stored at —80°C. From each cDNA reaction, 0.5
wnl was used to verify the success of each reaction by means of
PCR amplification and gel imaging of one of the target genes
(Arr2).

We set out to study all of the known genes in the pathway,
excluding genes that were obviously expressed ubiquitously, such as
calmodulin. We created PCR primers for 22 genes. To create
perfect-match primers that could be used for amplification in both
species, we aligned the longest coding sequence of each D. mela-
nogaster gene (26) with the unassembled draft sequence of the D.
simulans genomes (Genome Sequencing Center, Washington Uni-
versity, St. Louis, MO; July 2004), using BLASTN (27). Primers
were designed only for conserved regions between the two species
by using Primer 3 software (http://fokker.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi) and then checked for amplification per-
formance in silico with Amplify (28). Primers were then compared
with the D. melanogaster and D. simulans genome sequences by
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using BLASTN to ensure that each primer had no significant
homology to other regions of the genome. Primers were synthesized
by Qiagen (Valencia, CA). Amplicons were between 125 and 318
bp long. Primer sequences are available in SI Table 2. While
completing the manuscript, we again verified our primers with more
advanced genome drafts of the D. simulans genome. We aligned the
coding regions of the genes against the most completed genome of
the strain w501 available at http://biology574.dhcp.unc.edu/
~cdjones/blastsim.html (accessed on April 25, 2006, and
September 20, 2006). We found that all the primers used had
perfect matches except Rh6 and Rdga, which had mismatches.
Because rt-qPCR artifact seemed most likely to account for the
apparent strong difference in expression of these genes between the
species (data not shown), we excluded these genes in the study.
DNA controls for use in creating standard curves to determine
absolute transcript abundances via rt-qPCR for each of the 20
genes were constructed as follows: PCR products for each gene
were individually cloned into plasmids and transformed into
Escherichia coli by using the pPGEM-T Vector System (Promega).
Transformed colonies of E. coli were transferred to LB media
and allowed to grow for 24 h at 30°C in an orbital shaker, after
which they were purified by using PCR purification columns
from Qiagen. Incorporation of each amplicon was verified by
restriction digestion and gel visualization. Purified plasmids were
then linearized by using the restriction enzyme Xmnl, which
targets a single site in the vector. Next, the DNA concentration
of linearized plasmid (nanograms per microliter) was deter-
mined by light absorbance, using a low-volume spectrophotom-
eter with two to four replicate measurements per gene (Nano-
Drop, Wilmington, DE). The absolute number of plasmid copies
per microliter was then calculated by determining the mass of
each plasmid + amplicon for each gene, using the forumla
masSamplicon = total number of base pairs X nucleotide mass (660
g/mol of nucleotides). Dilutions (1:10) of linearized amplicon-
incorporated plasmids were then used to construct standards for
each gene. The mean range of standards across all genes was
1,270-12.7 billion molecules per 10 ul used in each rt-qPCR.
Sample and control cDNA for each gene was analyzed in
96-well plate format: one plate was used for each gene and
included 78 sample wells (two replicates per sample, arranged
randomly), two no-template control wells, and eight wells com-
prising the plasmid DNA standards. Sample template cDNA and
rt-qPCR mix plus primer for 14 targets of the genes were
aliquoted from 96-well plates by using a Beckman BioMek FX
liquid handling robot (Beckman Coulter, Fullerton, CA). Eight
genes were prepared manually. All DNA standards were ali-
quoted into 96-well plates by hand. rt-qPCRs were run on an MX
3000p rt-qPCR instrument (Stratagene, La Jolla, CA) by using
the following cycling protocol: 15 min at 94°C, and 15 s at 94°C,
30 s at 55°C, and 30 s at 72°C for 45 cycles. The gene Rh4 showed
extremely low cDNA abundance according to its amplification
curve and was run de novo for 66 cycles. The threshold cycle for
all genes was manually set at the cycle where log-linear ampli-
fication began. Melting-curve analysis was performed after
completion of each rt-qPCR, to confirm the absence of primer
dimers or the amplification of nonspecific DNA sequences. No
primer dimers or nonspecific amplification was observed.
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trpl Expression Difference in Heads. During the course of the
experiment, it was reported that TRPL was expressed not only
in Drosophila eyes but also in the Malpighian tubules (29). We
therefore tested whether the highly significant difference in
TRPL expression was maintained if RNA from heads only was
measured. We therefore raised flies as described in Fly Species
and Strains for one D. melanogaster (Hikone R) and one D.
simulans strain (S17). Heads were detached from the body by
plunging tubes with flies into liquid nitrogen for 5 s. This process
was repeated five times. The heads and body were then placed
on a plastic dish floating in a liquid nitrogen bath. Heads were
then handpicked by using a sterile pipette tip. All of the
subsequent steps were the same as those performed for whole-
flies extraction, except that RNA concentration was estimated by
using a low-volume spectrophotometer. Consistent with whole-
body results, trpl showed a significant up-regulation in D. simu-
lans relative to D. melanogaster (SI Fig. 5).

The differential expression of #pl could result from a sequenc-
ing error in the D. melanogaster reference strain that would result
in a mismatch in the region covered by the PCR primers. To
verify that this was not the case, we sequenced the region covered
by the primers in six strains of D. melanogaster and two strains
of D. simulans and extracted the region from two additional
strains from the D. simulans genome project. Genomic DNA was
amplified by using the primers seqTRPL-F (5'-GCATCT-
TCGGGACGACCAGG-3') and seqTRPL-R (5'-TAAT-
GACGCTGTACGAGCCG-3"), and both strands of the purified
PCR products were sequenced. We found that our PCR primers
perfectly matched both species (SI Fig. 6).

Statistical Analysis. Individual rt-qPCRs for a given treatment that
failed were excluded, as were both replicate reactions if signif-
icant disagreement between replicates was observed; together,
these comprised ~1% of 1,360 reactions. All statistical calcula-
tions were carried out by using R (www.r-project.org) (30) with
the exception of the mixed model ANOVA, which was carried
out by using SAS, Version 9 (SAS Institute, Cary, NC). The
log-transformed data were subjected to a linear model: expres-
sion = species + environment + species X environment, where
replicates are nested within strains. We used the SAS procedure
PROC MIXED to estimate the effect on gene expression of
species, of environment, and potential species X environment
interactions and their significance levels. The results are pre-
sented in SI Table 1. Polymorphism and divergence data were
obtained by analyzing data that were gathered in the light with
a standard ANOVA by extracting the mean sum of squares for
lines and species in R (30).
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