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SUMMARY Pigmentation is a model trait for evolutionary
and developmental analysis that is particularly amenable to
molecular investigation in the genus Drosophila. To better un-
derstand how this phenotype evolves, we examined divergent
pigmentation and gene expression over developmental time
in the dark-bodied D. americana and its light-bodied sister
species D. novamexicana. Prior genetic analysis implicated
two enzyme-encoding genes, tan and ebony, in pigmenta-
tion divergence between these species, but questions remain
about the underlying molecular mechanisms. Here, we de-
scribe stages of pupal development in both species and use
this staging to determine when pigmentation develops and di-
verges between D. americana and D. novamexicana. For the
developmental stages encompassing pigment divergence,
we compare mRNA expression of tan and ebony over time

and between species. Finally, we use allele-specific expres-
sion assays to determine whether interspecific differences in
mRNA abundance have a cis-regulatory basis and find evi-
dence of cis-regulatory divergence for both fan and ebony.
cis-regulatory divergence affecting tan had a small effect on
mRNA abundance and was limited to a few developmental
stages, yet previous data suggests that this divergence is
likely to be biologically meaningful. Our study suggests that
small and developmentally transient expression changes may
contribute to phenotypic diversification more often than com-
monly appreciated. Recognizing the potential phenotypic im-
pact of such changes is important for a scientific community
increasingly focused on dissecting quantitative variation, but
detecting these types of changes will be a major challenge to
elucidating the molecular basis of complex traits.

INTRODUCTION

Pigmentation is a classic model for investigating the links
between gene sequence and morphology (e.g. McClintock
1967; Levis et al. 1985; Martin and Gerats 1993; Wittkopp
et al. 2002; Linnen et al. 2009; Cooley et al. 2011), in part
because it is one of the most variable traits within and be-
tween species. It is also easy to visualize and provides a direct
readout of the activity level of the underlying pigment biosyn-
thetic pathways. Finally, the genes comprising pigmentation
pathways in invertebrates, vertebrates, and plants are well
characterized (Clegg and Durbin 2003; True 2003; Hoekstra
2006; Cazzonelli and Pogson 2010), further contributing to
the emergence of pigmentation as one of the premier systems
for studying the evolution of development (Kopp 2009).
The genus Drosophila, which combines the advantages of
a well-developed model system with substantial phenotypic
diversity, has been a particular focus of pigmentation studies
(Waddington 1942; Levis, Hazelrigg, and Rubin 1985; Hol-
locher et al. 2000; Dombeck and Jaenike 2004; Gompel et al.
2005; Jeong et al. 2006; Rebeiz et al. 2009; Telonis-Scott et al.
2011). Pigmentation variation in Drosophila includes changes
in overall body color as well as changes in melanin patterns
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specific to the abdomen, wing, and thorax (reviewed in Wit-
tkopp, Carroll et al. 2003). Here, we focus on a difference in
overall body pigmentation between D. novamexicana and D.
americana, members of the virilis species group. Drosophila
novamexicana has a derived light-colored phenotype that is
both striking and recent (Fig. 1A). It is estimated to have
evolved from the dark body color seen in its sister species,
D. americana, during the last 0.4 million years (Caletka and
McAllister 2004). These two species appear to have allopatric
distributions, with the dark-bodied D. americana found east
of the Rocky Mountains and the light-bodied D. novamexi-
cana found in sparse populations confined to the southwest-
ern desert of the United States (Throckmorton 1982).

Prior genetic analysis has shown that changes linked to the
pigmentation genes tan and ebony explain 87% of the body
color difference between D. americana and D. novamexicana
(Wittkopp et al. 2009). Interestingly, alleles contributing to
this interspecific divergence also contribute to a longitudi-
nal pigmentation cline in D. americana that is apparently
maintained by natural selection (Wittkopp et al. 2009, 2011).
Biochemically and phenotypically, tan and ebony have op-
posite effects on pigmentation (Fig. 1B): the Ebony pro-
tein promotes the accumulation of light yellow sclerotin by
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Fig. 1. Pigmentation in the virilis group of Drosophila. (A) The
light body color of D. novamexicana is recently evolved and dra-
matically different from pigmentation in the other members of
the virilis group. Estimated divergence times (M YA = millions of
years ago), from Caletka and McAlllister (2004), are shown on
the scale at the bottom. (B) A simplified depiction of the melanin
and sclerotin biosynthesis pathway. Gene(s) controlling each en-
zymatic step are shown in italics. P.O., phenol oxidase-encoding
genes. Arrows indicate chemical reactions, and branches with
two consecutive dashed arrows indicate multiple enzymatic steps
that are not completely known.

catalyzing the conversion of dopamine into N-B-alanyl-
dopamine (NBAD), whereas Tan promotes the accumula-
tion of dark brown melanin via the reverse biochemical re-
action, converting NBAD to dopamine (Wittkopp, Carroll
et al. 2003). Consistent with these functions, Ebony protein
was reported to be more abundant in the lightly pigmented
D. novamexicana (Wittkopp, Williams et al. 2003) whereas
tan mRNA was reported to be slightly more abundant in the
darkly pigmented D. americana (Wittkopp et al. 2009).
Expression differences between species can result from
changes in either cis- or trams-acting sequences. The fact
that genetic changes contributing to pigmentation divergence
were found to be linked to zan and ebony suggests that the
observed interspecific expression differences for these genes
might be caused by divergent cis-regulatory sequences, al-
though this has yet to be demonstrated. Consistent with

this hypothesis, fine-scale genetic mapping has shown that
noncoding changes in the 5UTR and/or first intron of tan
(gene regions that often harbor cis-regulatory elements in
Drosophila) contribute to pigmentation divergence between
D. americana and D. novamexicana (Wittkopp et al. 2009).

Here, we take a closer look at how pigment patterns and
expression of pigmentation genes develop during the late
pupal stages of D. americana and D. novamexicana. Specifi-
cally, we answer the following three questions: (1) How and
when does pigment development visibly diverge between D.
americana and D. novamexicana? (2) How are the pigmen-
tation genes tan and ebony expressed in each species during
this developmental window of time? and, (3) at each devel-
opmental stage examined, are differences in tan or ebony
expression between species due to divergent cis-regulation?
Answers to these questions provide a more comprehensive
and integrated understanding of the mechanisms underly-
ing pigmentation divergence. They also illustrate how tests
for cis-regulatory divergence are influenced by the changing
cellular environment over developmental time and suggest
that small changes in gene regulation can have significant
phenotypic consequences.

RESULTS

Pupal development of D. americana
and D. novamexicana

In order to compare pigmentation development between
species, we generated a chronology for the sequential appear-
ance of developmental features in D. americana and D. no-
vamexicana. The definition of discrete developmental stages,
each marked by the appearance of one or more morpholog-
ical features, is an important tool within the melanogaster
group (e.g. Ashburner 1989; Warren et al. 2006; Ninov and
Martin-Blanco 2007), but has never been established for any
species in the virilis group. We timed the appearance of stage-
defining morphological features (supporting information Ta-
ble S1) in D. americana and D. novamexicana, with identically
aged D. melanogaster as a control, initiating data collection
when the first pupae in the sample reached pupal stage P8
and continuing through adult stage A2.

Drosophila americana reached the A2 developmental stage
208.5 & 5.7 hours (mean £ 95% CI) after the start of the ex-
periment. Drosophila novamexicana took a similar amount
of time (212.1 £ 3.3 hours; Fig. 2A). Consistent with qual-
itative observations of the closely related species D. virilis
(Markow and O’Grady 2005), these developmental times are
more than twice that in D. melanogaster (98.9 &+ 1.7 hours be-
tween start of experiment and occurrence of stage A2). Two-
sample, two-sided #-tests showed that the time taken to reach
stage A2 is significantly different between D. melanogaster
and D. americana (P < 0.0001) and between D. melanogaster
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Fig. 2. Developmental stages P13—A1 encompass most of the visible accumulation of abdominal pigmentation in D. americana and
D. novamexicana. (A) Drosophila americana and D. novamexicana develop more slowly than D. melanogaster. Beginning at stage
P8 of D. melanogaster, samples of five developing flies per species were collected at regular time points, and their developmental
stages were determined using morphological markers described by Bainbridge and Bownes (1981) (supporting information Table
S1). The data were used to calculate the mean value (hours after initiation of P8 in D. melanogaster) of each developmental stage.
Error bars indicate 95% confidence intervals. (B, C) Pigment accumulation differs between species in the late pupal and early adult
stages. Photographs of D. americana (B) and D. novamexicana (C) were taken at pupal stages P§—P15 and adult stages A1-A2. For
the eight pupal stages, flies were photographed both inside and outside of the pupal case (left and right photo, respectively, of each
photo pair). Because the initial photos (taken for an earlier, unpublished project; L. Shefner, undergraduate senior thesis) showed an
unusually dark stage P13 D. americana fly, we re-took the photos for that as well as the two surrounding stages (P12 and P14).

and D. novamexicana (P < 0.0001), but not between D. amer-
icana and D. novamexicana (P = 0.287).

Drosophila melanogaster accumulates melanic pigment
during the latter half of pupal development (Walter et al.
1991), followed by yellow-pigmented sclerotization (Wright
1987). Similarly, visible abdominal pigmentation differences
between D. americana and D. novamexicana accumulated be-
tween developmental stages P13 and Al (Fig. 2B and C).
The developing flies became darker in stages P13-P15, pre-
sumably reflecting melanization. They became more yellow
at stage A1, implying the deposition of yellow sclerotin. This
two-step process suggested that tan, which is necessary for
melanization, might be transcriptionally active earlier in de-
velopment than ebony, which is required for the production
of yellow sclerotin. We tested this hypothesis by measuring
changes in transcript abundance over developmental time for
both genes.

Developmental profiles of tan and ebony differ
over time and between species

To better understand the molecular changes underlying pig-
mentation divergence, we compared mRNA abundance of
the tan and ebony genes between D. americana and D. no-
vamexicana during the late pupal stages when the adult pig-
mentation differences are developing. mRNA levels were
quantified using pyrosequencing, which can reliably detect
expression differences as small as 10% between genotypes
(Wittkopp et al. 2008). Because pyrosequencing directly mea-

sures the relative frequency of two alleles, we combined Al
stage flies from one species with flies from each pupal stage
of interest from the other species (Fig. 3A). These Al flies
served as an internal reference that allowed us to compare
expression within and between each species across develop-
mental time, as described in the Materials and Methods.

For tan, the P13-P15 stages in which melanin visibly accu-
mulated were marked by maximal gene expression in D. amer-
icana and relatively high gene expression in D. novamexicana
(Fig. 4A and C). For ebony, expression increased dramati-
cally at A1, coincident with the visible appearance of yellow
sclerotin (Fig. 4B and C). Expression differences between the
species were observed for both tan and ebony, in directions
consistent with each gene’s biological function and previ-
ously published comparisons at single developmental time
points (Wittkopp, Williams et al. 2003; Wittkopp et al. 2009).
ebony expression was approximately 2-fold higher in D. no-
vamexicana than D. americana at each developmental time
point (Fig. 4B; supporting information Table S2), whereas
tan expression was generally higher in the dark-colored D.
americana than in the light-colored D. novamexicana. The
expression difference for ran was significant only at pupal
stages P14 and P15, with a marginally significant difference
at stage P13 (Fig. 4A; supporting information Table S2).

To obtain more precise estimates of the relative mRNA
abundance between species, we performed direct compar-
isons by combining D. americana and D. novamexicana flies
at the same developmental stage, for the stages at which
tan and ebony are highly expressed (Fig. 3B). This meant
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Fig. 3. Experimental designs for pyrosequencing assays of
mRNA expression. Each tube represents a collection of six flies
(three D. americana and three D. novamexicana, or six F, hy-
brids). Four biological replicates were collected for each stage,
with technical replicates obtained for each biological replicate as
described in the Materials and Methods. DNA and RNA were
extracted from each tube; RNA was converted to cDNA; and
the relative abundance of D. americana and D. novamexicana
alleles of tan and ebony in each tube was measured using pyrose-
quencing. (A) To measure changes in gene expression across
time, each stage of D. americana (black font) was combined
with D. novamexicana stage Al reference flies (gray font). Con-
versely, each stage of D. novamexicana was compared with D.
americana stage Al reference flies. To enable an indirect com-
parison between the species, the ratio of the two references (D.
novamexicana stage Al and D. americana stage A1) wasused asa
correction factor for the D. americana time series, as described in
the Materials and Methods. (B) Expression differences at stages
P14 and P15 were further investigated using a direct compari-
son of D. americana and D. novamexicana flies from the same
stage. (C) D. americana x D. novamexicana F, hybrids, col-
lected at each of the five focal developmental stages, were used
to determine whether the two alleles of each gene are still differ-
entially expressed when they share a common trans-regulatory
environment.
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Comparison of allelic
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creating new pools of flies for stages P14 and P15, which
showed the highest expression for fan. The Al stage, which
had the highest expression for ebony, was already directly
measured as part of our initial experimental design (Fig. 3A).
Relative to the indirect estimates obtained from the temporal
experiment described above, the direct comparison revealed
somewhat larger expression differences between the species
(supporting information Fig. S1). Again, ebony was more
highly expressed in D. novamexicana whereas tan was more
highly expressed in D. americana. The direct-comparison
data (stages P14, P15, and Al) revealed significant inter-
specific expression differences for ebony at all three stages,
and for tan at stages P14 and P15, but not Al (supporting
information Table S2).
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Fig. 4. Total mRNA expression of tan and ebony differs over
developmental time and between species. The log, of mRNA
abundance at tan (A) and ebony (B) are shown for develop-
mental stages P12-A1 (C). Each point represents the mean of
four log,-transformed biological replicates of either D. ameri-
cana (blue) or D. novamexicana (red) mRNA expression, relative
to D. americana stage Al. Drosophila americana stage Al, the
internal reference point, was arbitrarily assigned a log, value
of 0 for both genes. Error bars are the experiment-wise 95%
confidence intervals, calculated separately for tan and ebony.
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cis-regulatory variation contributes to divergent
expression of both tan and ebony

Variation in gene expression can arise from differences in cis-
or trans-regulation. In order to test whether cis-regulatory di-
vergence contributes to the expression differences observed
between D. americana and D. novamexicana, we quantified
the relative mRNA abundance of the two alleles for each gene
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in a D. americana x D. novamexicana F, hybrid at develop-
mental stages P12-A1 (Fig. 3C). Regulatory differences that
act in cis cause allele-specific expression, whereas regulatory
differences that act in trans affect expression of both alleles
in a diploid cell. These two types of changes can therefore be
differentiated by comparing allele-specific expression differ-
ences in an interspecific hybrid (Cowles et al. 2002; Wittkopp
et al. 2004). Because both alleles in the hybrid are exposed to
the same set of transcription factors, expression differences
between the alleles are inferred to result from differences in
cis-regulatory sequences.

In the F, hybrids, the D. americana allele of tan was ex-
pressed more highly than the D. novamexicana allele (Fig.
5A). This difference was nominally significant (P < 0.05)
for stages P13-P15, suggesting differences in cis-regulatory
activity, although only stage P14 survived a (conservative)
Bonferroni correction for multiple testing (supporting infor-
mation Table S2).

For ebony, the D. americana allele was expressed approx-
imately 2-fold lower than the D. novamexicana allele, at each
developmental stage (Fig. 5B). The cis-regulatory contribu-
tion to the expression differences between the two species
was significant at each developmental stage (supporting in-
formation Table S2). Divergent cis-regulation explained the
majority of the interspecific expression difference for ebony,
but less than half of the interspecific expression difference at
tan (Fig. 5). This suggests that trans-regulatory changes also
contribute to expression divergence between D. americana
and D. novamexicana, especially for tan.

DISCUSSION

The recent and dramatic difference between the dark-bodied
D. americana and the light-bodied D. novamexicana presents
an ideal opportunity for better understanding the mecha-
nisms of trait divergence. The visibility of the phenotype, the
lack of strong mating barriers between the two species, and
the extensive history of Drosophila pigmentation research all
make this system especially useful for genetic, molecular, and
developmental investigation.

Developmental genetic changes underlying
pigmentation divergence

Most of the body color evolution between D. americana
and D. novamexicana is explained by genetic variants linked
to two biosynthetic enzyme-coding genes, tan and ebony
(Wittkopp, Williams et al. 2003; Wittkopp et al. 2009). The
causal variant(s) at each locus could be amino acid changes
that affect protein function, or noncoding changes that affect
mRNA or protein abundance in either a cis-regulatory (al-
lele specific) or trans-regulatory (nonallele-specific) fashion.
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Fig. 5. Species- and allele-specific differences in tan and ebony
mRNA expression over developmental time. The log, of mMRNA
abundance at tan (A) and ebony (B) are shown for developmen-
tal stages P12-A1 (x-axis). Filled circles represent the ratio of
D. americana to D. novamexicana gene expression between the
species (parental data). Open circles represent the ratio of expres-
sion of the two alleles within FF| hybrids. A value of 0 corresponds
tono expression difference between the two alleles; alleles are sig-
nificantly differentially expressed (P < 0.05) at all except stages
P12 and Al (both parental and F, data) for tan, and stage P13
(parental data only) for ebony. Parental data were obtained using
indirect comparisons for stages P12 and P13, and direct com-
parisons for stages P14-A1. Each point shows the mean of four
biological replicates. Error bars are experiment-wise 95% confi-
dence intervals, calculated separately for each dataset (parental
indirect; parental direct; and F, hybrid).

Neither Tan nor Ebony protein sequences contain fixed dif-
ferences between D. americana and D. novamexicana (Wit-
tkopp et al. 2009), suggesting that nonsynonymous muta-
tions are unlikely to be responsible for the fixed difference in
pigmentation.

At tan, fine mapping has identified a functionally diver-
gent region that contains no coding differences. The fine
mapped region spans 2.7 kb, from the SUTR to the end
of the first intron (Wittkopp et al. 2009). It contains 56
single nucleotide polymorphisms (SNPs) and 19 insertions
or deletions (indels) in the first intron (which is a com-
mon location for regulatory elements in Drosophila) and one
SNP just upstream of the first exon. These data show that
the pigmentation phenotype must be controlled at least in
part by noncoding changes in tan. The location of these di-
vergent sites—5'UTR and first intron—suggests, but does
not prove, that an allele-specific (cis-regulatory) mechanism
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such as a mutation in a transcription factor binding site is
responsible for divergent ran activity. A cis-regulatory differ-
ence was previously looked for but, surprisingly, not found
(Wittkopp et al. 2009). In the present study, however, we
sampled developmental stages more broadly and precisely
and found evidence of significant cis-regulatory differences
between the D. americana and D. novamexicana tan alleles,
although the difference observed was small and limited to a
narrow window of developmental time.

Qualitative differences in the abundance of the Ebony
protein have been reported between D. americana and D. no-
vamexicana (Wittkopp, Williams et al. 2003); ebony mRNA
abundance has not previously been examined in these species.
The difference in Ebony expression could be due to genetic
changes at ebony itself or at other (trans-acting) loci. Ge-
netic mapping has shown that variation linked to ebony con-
tributes to pigmentation divergence; however, in the popu-
lation used for mapping, ebony was linked to approximately
20% of the second chromosome because of a chromosomal
inversion between species (Wittkopp, Williams et al. 2003;
Wittkopp et al. 2009). Consequently, genetic mapping be-
tween D. americana and D. novamexicana cannot be used to
discriminate genetic changes at ebony from genetic changes at
other loci within the inversion. The cis-regulatory difference
affecting ebony mRNA expression we report here therefore
provides the most direct evidence to date that genetic changes
at ebony itself contribute to pigmentation divergence.

Small changes in mRNA abundance may have
functional consequences

With many studies now using gene expression (i.e. mRNA
and/or protein abundance) as a way to understand how
genotypes are converted into phenotypes, it is important to
understand the relationship between changes in gene expres-
sion and changes (or lack thereof) in phenotype. We found
that cis-regulatory divergence for tan is modest, increasing
expression of the D. americana allele by only 29% compared
with the D. novamexicana allele, yet multiple lines of evidence
suggest that these cis-acting changes contribute to pigmen-
tation divergence (Wittkopp et al. 2009). This suggests that
even small and hard-to-detect differences in expression can
be biologically meaningful, although we cannot definitively
rule out a precise combination of cis- and trans-regulatory
changes between species that cause a smaller difference in
relative allelic expression in hybrids than between species
(Takahasi et al. 2011). Small yet highly repeatable expression
changes have also been observed in other studies, for example
in response to experimental diet manipulations in mice and
rats (de Boer et al. 2006; Patsouris et al. 2006; Rodenburg
et al. 2008) and among wild-caught Fundulus fish (Oleksiak
et al. 2005). In the latter case, small differences in gene ex-
pression were found to have just as much predictive power
for individual metabolic trait variation as larger differences.

These small differences in RNA abundance might translate
into small differences in protein abundance that nevertheless
have large effects on cellular function, but it is also possible
that small differences in RNA abundance might be amplified
to produce larger differences in protein abundance, perhaps
by producing stable proteins that accumulate overtime. Re-
gardless of the mechanism, the focus of molecular geneti-
cists on increasingly on complex, quantitative traits suggests
that the ability to accurately detect small as well as tempo-
rally limited changes in expression is likely to be ever more
critical.

cis-regulatory mutations can have temporally
restricted effects

Although genomic sequence remains constant throughout an
individual’s life, the effects of cis-regulatory sequence vari-
ants may only be seen in certain transcriptional contexts,
such as a particular sex (Bhasin et al. 2008), tissue type (Pe-
tretto et al. 2006), or environmental condition (Li et al. 2006;
Tirosh et al. 2009). Ontogeny creates, from the perspective of
a single cell, a dynamic environment within a single individ-
ual. For any cell, the surrounding tissue types, extracellular
molecules, and/or intracellular regulatory factors are sub-
ject to change over developmental time, and these changes
cause temporally dynamic gene expression. This is illustrated
by the temporal specificity of cis-regulatory divergence at
tan. The allele-specific expression difference is visible at de-
velopmental stages P13-P15, but is absent at P12 and Al
(Fig. 5)—despite the fact that the gene is still expressed at
those times. The ephemeral nature of the allele-specific ex-
pression difference may result from a cis-regulatory muta-
tion(s) that affects a binding site(s) for a transcription fac-
tor(s) that is important primarily at stages P13-P15 (Fig. 6).
Other cis-regulatory sequences, conserved between species,
presumably control expression at other times during devel-
opment (Fig. 6). This illustrates that although cis-regulatory
mutations with phenotypic effects can be mapped genetically,
assessing the impact of these mutations on gene expression is
dependent on the environmental and developmental context.

MATERIALS AND METHODS

Timing of developmental stages

Three fly strains—D. melanogaster Canton S; D. ameri-
cana AQ0 (strain 15010-0951.01); and D. novamexicana N14
(strain 15010-1031.14)—were raised on standard cornmeal
media at room temperature. Sixty wandering third instar
larvae of each strain were removed from their vials and dis-
tributed into new vials, with larval density standardized to
20 per vial. Vials were incubated at 20°C until pupal cases had
formed and the pupae had hardened. Pupae were affixed to
pieces of tape placed inside clear boxes, which were returned
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Fig. 6. cis-regulatory mutations are constant, but their effects
can be ephemeral. Here we illustrate a hypothetical example in
which two alleles of the tan gene are functionally differentiated
by a single SNP in the cis-regulatory region of the gene. The
derived allele, in D. novamexicana, contains a mutation that re-
duces the binding affinity of a stage-specific transcription factor
(green oval), leading to reduced gene expression. The blue trian-
gle represents a transcription factor controlling basal levels of
expression that binds similarly to each species’ allele. When this
type of scenario occurs, the effects of the cis-regulatory muta-
tion may only be noticed in environmentally or developmentally
specific environments, when a sufficient amount of the relevant
transcription factor is active.

to the 20°C incubator. Boxes were checked every 2-6 hours,
and each time a sample of five pupae from each species was
removed for analysis. The stage of each fly was determined
according to the traits listed in supporting information Table
S1 by examination under a dissecting microscope, removing
the pupa from its case when necessary for unambiguous stag-
ing. Data were recorded from stage P8 onward; time 0 was
defined as the time at which the first fly reached stage PS. One
individual from D. americana and one individual from D. no-
vamexicana was photographed for each pupal stage using
a Leica MZ6 microscope and a Scion color digital camera,
model CFW-1308C. Both males and females were used in this
experiment, as pigment patterning is not sexually dimorphic
in D. americana or D. novamexicana (Wittkopp et al. 2011).
Because the initial photos (taken for an earlier, unpublished
project; L. Shefner, undergraduate senior thesis) showed an
unusually dark stage P13 D. americana fly, we retook the pho-
tos for that as well as the two surrounding stages (P12 and
P14) in D. americana. The P12 and P14 stages were used as
references to verify that lighting conditions were consistent
between the two photo sets.

Experimental design for three types of gene
expression analyses

We used three experimental designs to investigate different
aspects of tan and ebony mRNA abundance: over time, be-
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tween species, and in F, hybrids (Fig. 3). In all three cases,
ratios of D. americana: D. novamexicana gene expression were
determined using pyrosequencing.

Gene expression over time. To track changes in expression
over time, we measured mRNA abundance of each D. amer-
icana developmental stage relative to D. novamexicana Al-
stage flies, and mRNA abundance of each D. novamexicana
developmental stage relative to D. americana Al-stage flies.
In order to compare the time courses between the species, we
wished to plot all of the time points relative to D. americana
Al. Because the raw pyrosequencing data provided the ratio
of D. americana alleles at each stage relative to D. novamex-
icana alleles at stage Al, a transformation was necessary to
make D. americana Al the common denominator:

AY age. N AY age.
log2< ‘[gx)—klogz(ﬁ):logz( ‘th)
Ny Ap Ap
where A,y = the mean D. americana value for stage X and

N4, = the mean D. novamexicana value for stage Al. This is
simply the log equivalent of:

Asmge)( > NA] _ Asmge)(

NAI AAl AA]

Gene expression differences between species. To more di-
rectly quantify differences in mRINA abundance between the
species, at developmental time points of particular interest,
we combined D. americana and D. novamexicana flies from
the same stage and measured their relative mRNA abun-
dance. This assay was performed for stages P14 and P15. A
direct comparison of mRNA abundance at the A1 stage was
obtained from the previous experiment (Fig. 3A).

Gene expression in F, hybrids. To test whether cis-
regulatory divergence contributes to the total expression dif-
ference observed between the species, the relative mRNA
abundance of D. americana:D. novamexicana alleles was mea-
sured in F, hybrids (Fig. 3B). Although the total expression
difference between the species can reflect both cis- and trans-
regulatory divergence, allelic expression differences in hy-
brids represent only the cis-regulatory component, because
both alleles in the hybrid share a common #rans-regulatory
environment.

Fly collection and processing

Drosophila americana A00 and D. novamexicana N14 lines for
gene expression analysis were raised on standard cornmeal
media at 20°C. F, hybrid females were obtained by mating
virgin female D. americana flies with male D. novamexicana
flies (three of each gender per vial). Parents were discarded
prior to hybrid eclosion, in order to prevent backcrossing.
Prior work shows that female hybrids from reciprocal crosses
have comparable pigmentation (Wittkopp et al. 2003).
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Drosophila americana, D. novamexicana, and F, hybrid
females were collected at stages P12-A1l. Stages P12-P15
were first removed from pupal cases. Al flies were collected
within 15 min of eclosion. Because we wished to enrich for
abdominal expression of tan and ebony, and wings are visibly
pigmented from stage P12 on, wings were removed and dis-
carded. Heads were also removed because ebony is expressed
strongly in the eyes (Hovemann et al. 1998; Richardt et al.
2002) and both tan and ebony are expressed in the brain
(True et al. 2005). The remaining tissue (thorax, abdomen,
and legs) was frozen on dry ice and stored at —70°C until
used for DNA and RNA extraction.

Each sample, containing either three flies of each species
or six F, hybrids, was homogenized and used for sequential
RNA and DNA extractions followed by cDNA synthesis,
as in Wittkopp et al. (2004). The success of each extraction
and cDNA synthesis was verified by visualizing 5 pl of final
product on an agarose gel.

Pyrosequencing analyses of gene expression

In order to quantify species differences in ran and ebony
mRNA expression, we compared the abundance of D.
americana and D. novamexicana alleles using pyrosequenc-
ing (Ahmadian 2000). Polymerase chain reactions (PCR)
and pyrosequencing primers were developed for both tan
and ebony, in each case surrounding a site that dif-
fers between D. americana and D. novamexicana (sup-
porting information Table S3). PCR and pyrosequenc-
ing reactions were performed as described in Wittkopp
et al. (2008), using four biological replicates per develop-
mental stage. For each biological replicate, cDNA was mea-
sured in triplicate. Genomic DNA, used to correct for allelic
differences in extraction or PCR efficiency, was measured
in duplicate for the indirect (Fig. 3A) and direct (Fig. 3B)
parental comparisons. Genomic DNA from the F, hybrids
(Fig. 3C) was measured once per biological replicate, and
measurements were pooled across all four biological repli-
cates for analysis purposes. We took this approach because
there is no concern about disproportional representation of
the two alleles within F, hybrids—genomic DNA from each
hybrid is expected to contain the same number of D. novamex-
icana and D. americana alleles. Pyrograms were examined by
eye to remove failed or poor-quality reactions. Ratios of al-
lelic abundance were calculated as described in Methods in
supporting information.

Statistical analyses

Pyrosequencing expression data were analyzed using PROC
MIXED in SAS v9.2 (Cary, NC, USA), with models fitted
using restricted maximum likelihood. The “indirect” dataset
(Fig. 3A) was fitted with the following model to test for
differences between species and over time:

Yy =8+ T;+ ST, + PST . + e

where Y, is the log, of the ratio of D. americana to D.
novamexicana mRNA abundance, corrected using genomic
DNA controls. S; and 7} are fixed effects of species and
time point (developmental stages P12-Al), respectively. ST
is a fixed-effect interaction of species and time; PST; is the
random effect of biological replicate (P) nested within species
and developmental time point; and e, is the residual error.
The “direct” and “F,” datasets (Fig. 3B and C) were fitted
to the same set of variables, minus the effect of species. (For
these two datasets a single ratio comparing the two species
was obtained, whereas in the “indirect” comparison, the two
species were measured separately.) The model used was:

with variable names as above. Least-squares means and 95%
confidence intervals of the log-transformed gene expression
ratios were calculated and used to plot Figs. 4, 5, and S1.
For the “direct” and “F,” datasets, one-sample #-tests were
performed within PROC MIXED to test the least-squares
means for a significant difference from zero; that is, for sig-
nificant difference in D. americana versus D. novamexicana
allele abundance. For the “indirect” dataset, the D. ameri-
cana and D. novamexicana data were compared at each stage
using two-sample z-tests, again within PROC MIXED.
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