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Regulatory changes underlying expression differences
within and between Drosophila species

Patricia ] Wittkopp'?, Belinda K Haerum'? & Andrew G Clark'

Differences in gene expression are an important source of
phenotypic variation, and can be caused by changes in

cis and/or trans regulation. cis-regulatory variants alter
allele-specific expression, whereas trans-regulatory variants
influence expression of both alleles in a diploid cell. Because
of this difference, we hypothesize that natural selection may
favor one type of change over the other. Here, we investigate
contributions of cis- and trans-regulatory changes to variable
intra- and interspecific gene expression using four strains of
Drosophila melanogaster, three strains of D. simulans and a
total of 78 genes. We show that cis-regulatory changes account
for a greater proportion of the expression differences observed
between rather than within species. These data are inconsistent
with a neutral model assuming equal probabilities of fixation
for cis- and trans-regulatory polymorphisms, suggesting that
natural selection influences the molecular mechanisms
underlying divergent gene expression. Specifically,
cis-regulatory changes seem to accumulate preferentially

over time.

The contributions of cis- and trans-regulatory changes to variable gene
expression within and between species have previously been exam-
ined'~7; however, the use of different techniques and different species
to measure intraspecific polymorphism and interspecific divergence
has precluded a comparison. This study uses the same species, the
same technique, and an overlapping gene set to directly compare the
molecular mechanisms underlying expression differences within and
between species.

The relative contribution of cis- and trans-regulatory changes to
variable gene expression is estimated by comparing the relative gene
expression between two strains to the relative allelic expression in F;
hybrids produced from crossing the two strains®. This strategy allows
the combined effects of cis-regulatory (that is, allele-specific) differences
to be separated from the combined effects of trans-regulatory differ-
ences. Asymmetric expression of two alleles under the same cellular
conditions indicates a difference in cis-regulatory activity and can result
from changes in enhancer or promoter sequences that affect transcrip-
tion, changes in the transcribed region that affect mRNA stability, or

allele-specific epigenetic changes that alter chromatin structure. In
this study, we infer trans-regulatory differences when the relative
cis-regulatory activity of strain-specific alleles does not fully explain
the expression differences between the two strains; these differences can
result from genetic and epigenetic changes affecting the activity or
availability of proteins and RNAs that mediate gene expression.

Extensive variation in gene expression exists both within and
between Drosophila species®'2. To compare the genetic bases of
these intra- and interspecific differences, we examined the relative
contributions of cis- and trans-regulatory differences to variable gene
expression between strains and species. Gene expression was examined
in seven crosses involving four inbred lines of D. melanogaster, three
crosses involving three inbred lines of D. simulans, and five inter-
specific crosses using a subset of these inbred lines. These two species
diverged approximately 2.5 million years ago!®, yet some strains are
still able to mate and produce offspring in a laboratory setting,
permitting this analysis.

We examined 45 genes within species and 49 genes between species,
with 16 genes analyzed in both intra- and interspecific comparisons
(Supplementary Table 1 online). These genes were divided into two
sets (Supplementary Table 2 online). Gene set 1 contained a subset of
randomly selected genes examined in our previous study?, with the
specific genes analyzed in each cross dictated primarily by allele
sharing. Gene set 2 was created to increase sample size and test for
consistency among gene sets. It contained genes selected from prior
studies of intra-® and interspecific'* expression that encompass the
variety of inheritance patterns observed (Supplementary Table 2).
Two genes from our previous study® were also included with gene set 2
for analysis because they were only sampled in one interspecific cross.
Additional discussion of the gene sets is provided in the Supplemen-
tary Note online.

We determined relative gene expression between strains and relative
allelic expression in F; hybrids using Pyrosequencing?, a technique
that yields measurements of gene expression comparable to those
from microarrays and quantitative PCR!®. Measurements of gene
expression were reproducible among assays, replicate samples, and
reciprocal crosses, but they varied among developmental stages, as
expected (Supplementary Note). cis-regulatory differences (C) were
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Figure 1 cis-regulatory changes explain more of a
the expression differences between rather than
within species. (a,b) Relative expression between
parental strains (P) is plotted against the

relative allelic expression in Fy hybrids (C)

for intraspecific (a) and interspecific (b)
comparisons. As shown in the inset of a, genes
for which cis-regulatory differences can explain
all (100% cis) of the expression differences
between strains fall on the diagonal y = x line.
Genes with no difference in cis-regulatory activity
between strains (0% cis) will fall along the _3 .
horizontal y = O line. In a, black diamonds
represent comparisons between D. melanogaster
strains for gene set 1, white squares represent -5
comparisons between D. simulans strains for

gene set 1, and gray circles represent

comparisons from gene set 2. In b, black circles
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and gray triangles represent interspecific comparisons from gene sets 1 and 2, respectively. Error bars show standard errors for each measurement of P and
C. The distribution of standard errors for P was similar for intra- and interspecific comparisons (Pywy = 0.77), with three interspecific and two intraspecific
comparisons having standard errors >0.5. Standard errors of C were significantly larger between than within species, decreasing power to detect small
interspecific cis-regulatory difference. This may reflect greater instability of gene expression in interspecific hybrids and/or increased environmental variance
from more replicate vials. This difference in power introduces a conservative bias, suggesting the true excess of cis-regulatory changes between relative to

within species may be even greater than reported in Supplementary Table 4.

calculated as the ratio of allelic expression in F; heterozygotes
(C = allele 1 / allele 2), and the expression difference between
parental strains (P) was calculated as the ratio of total transcript
abundance between strains (P = strain 1 / strain 2). We estimated
trans-regulatory differences (T) as the difference between these two
measures (T = P - C).

Ratios of expression for each gene were normalized using genomic
DNA216, log, transformed, and fitted to a mixed linear model
(Supplementary Methods online). We used least-squares means and
their confidence intervals from the mixed model to test for significant
differences between parental strains in total expression (P # 0), cis
regulation (C # 0) and trans regulation (T # 0). An experiment-wise
(n = 510) false discovery rate (FDR) of 3% (Q value <0.03, P value
<0.078) was used to determine significance!”. All least-squares means
and significance tests are summarized in Supplementary Table 3
online. We detected significant changes in both cis and trans regulation
more often between rather than within species, although this differ-
ence was not significant for all subsets of genes (Supplementary
Table 4 online).

We used estimates of cis-, trans- and total regulatory differences to
determine whether the genetic basis of regulatory variation was similar
within and between species. Figure 1 shows the relative contributions
of cis- and trans-acting changes as a plot of the relative allelic
expression (C) against the relative expression difference between
parental strains (P). If cis-regulatory changes are solely responsible
for the expression differences between parental strains, a linear
regression of C on P will result in a regression coefficient of 1, whereas
if trans-regulatory changes are solely responsible for the expression
differences between parental strains, the regression coefficient will be 0
(Fig. 1a, inset). Given two datasets with similar distributions of
expression differences (Supplementary Fig. 1 online) and similar
measurement errors, cis-regulatory changes account for more of the
total expression divergence in the dataset with the larger regression
coefficient!®, Regression analyses comparing the contribution of allele-
specific, cis-regulatory differences to variable gene expression within
and between species suggest that cis-regulatory differences account for
more of the total expression divergence between rather than within
species. We observed larger cis-regulatory effects between as compared

to within species using multiple regression models as well as subsets of
the data (Supplementary Table 5 online).

To further investigate whether cis-regulatory effects were larger
between rather than within species, we restricted our analysis to
genes with a significant expression difference between parental strains
(P # 0) and used nonparametric tests to compare the magnitude of
cis-regulatory differences within and between species. Again, we
observed that the median cis-regulatory effects were larger between
than within species (Fig. 2, left), although scaling by the magnitude of
expression differences between parental strains reduced the magnitude
of this difference (Fig. 2, middle). Scaling cis-regulatory differences by
total regulatory divergence (|C| + |T|) further reduced the difference
within and between species by lowering the interspecific measures
(Fig. 2, right), indicating that compensatory cis- and trans-regulatory
changes are more common between than within species. Although all
of the distributions are consistent with larger cis-regulatory differences
between species, the nonparametric Mann-Whitney U tests do not
show statistically significant differences in all cases (Fig. 2 and
Supplementary Fig. 2 online). This may reflect differences in the
gene sets examined within and between species.

To avoid the comparison of different gene sets, we carried out an
independent analysis that allowed us to compare intra- and inter-
specific regulatory variation using the same genes, the same alleles,
and even the same samples. This analysis used data only from
interspecific crosses; intraspecific regulatory differences were extracted
from interspecific comparisons using one species as a common
‘reference’ strain. That is, we calculated the difference between strain
A and strain B from differences between strains A and C and strains B
and C, where C was a different species than strains A and B. This
analysis directly compares intraspecific (A/B) and interspecific (A/C
and B/C) differences for the same genes. We calculated the magnitude
of each intraspecific cis-regulatory difference as the difference
between the log, expression ratios for interspecific comparisons:
Cintra = |Cinter 1 — Cinter 2|- Similarly, we calculated the difference in
trans regulation between strains as the difference between the log,
estimates of trans-regulatory effects: Tina = |Tinter 1 — Tinter 2I-

Our data contained 59 cases in which the same gene was analyzed in
two interspecific crosses using a common allele of D. melanogaster or
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Figure 2 Distributions of cis-regulatory effects 4
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of these data using a more stringent 1% FDR

excluded only 16 of the 115 cases and had very little effect on the overall distributions (data not shown). The comparison of ICI / IPI, however, did become
nonsignificant (P = 0.18) despite similar medians (intraspecific: 1% FDR = 0.57, 3% FDR = 0.55; interspecific: 1% FDR = 0.76, 3% FDR = 0.76).

D. simulans. For each case, the proportion of total regulatory diver-
gence resulting from cis-regulatory differences, |C| / (|C| + |T]), was
calculated for the one intraspecific and two interspecific comparisons.
We again found that cis-regulatory differences explained more of
the total regulatory variation between than within species (Fig. 3a,
Friedman’s test of related samples, P < 0.001 (% test, 2 degrees of
freedom)). The median percentage of regulatory divergence explained
by cis-regulatory differences was 35% within species and 64% between
species. The mean rank of the intraspecific comparisons was 1.31,
whereas the mean ranks of the two interspecific comparisons were
2.36 and 2.32.

To assess the significance of these ranks, we created 100 permuted
datasets by randomly pairing interspecific measurements from the
59 cases and calculating hypothetical intraspecific data. These ‘intra-
specific’ measurements had the smallest mean rank in only 18 of the
100 permuted datasets (minimum rank = 1.69), with P > 0.05 for
Friedman’s test of related samples in all 18 cases. The distribution of
cis-regulatory effects observed in one of these permuted datasets is
shown in Figure 3b for comparison.

The observation that cis-regulatory changes account for more of the
expression divergence between than within species is inconsistent with
a simple additive, neutral model of regulatory evolution in which all
new regulatory mutations (both cis and trans acting) have an equal

Figure 3 The percentage of regulatory divergence attributable to cis-
regulatory changes is larger between than within species. (a) Ranked values
of percent cis-regulatory divergence (ICI/ (ICl + ITI) x 100) are shown for
intra- and interspecific comparisons estimated using data from interspecific
crosses. Each column contains one intraspecific and two interspecific
comparisons. (b) One of the 100 datasets created by randomly pairing
interspecific data from the 59 cases analyzed in a is shown. In both plots,
gray triangles represent intraspecific comparisons, and black squares
represent interspecific comparisons.

probability of fixation. Even if cis- and trans-acting regulatory
mutations arise at different frequencies and have different distribu-
tions of effect sizes (which we suspect is true), in the absence
of selection, the proportion of regulatory divergence attributable to
cis-regulatory changes should remain similar over time (this logic is
analogous to the McDonald-Kreitman test used to compare the
rate of synonymous and nonsynonymous changes within and
between speciesw). Therefore, we infer that natural selection influ-
ences the molecular mechanisms underlying regulatory variation
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between species. Specifically, our data indicate that cis-regulatory
changes contribute more to interspecific expression divergence
than predicted by intraspecific variation.

To explain the observed patterns of cis- and trans-regulatory effects
within and between species, we propose that trans-acting mutations
arise more frequently than cis-acting mutations (because of a larger
mutational target size?®!), but that cis-regulatory mutations are more
likely to become fixed within a population. Results from a recent study
in Caenorhabditis elegans are consistent with this proposal: a compar-
ison of regulatory divergence between mutation accumulation lines
and natural isolates revealed that trans-acting changes arise frequently,
but are selected against in natural populations?’.. We anticipate that
new trans-acting mutations will include both highly pleiotropic
changes (presumably associated with large selection coefficients) as
well as mutations with more limited effects. The buffering and
stability inherent to regulatory systems may allow this latter class of
trans-regulatory mutations to be maintained within species by
mutation-selection balance. cis-regulatory divergence may accumulate
preferentially between species because of negative selection against
trans-acting variants (as observed in C. elegans) and/or positive selec-
tion for cis-regulatory changes?’. The relative impact of these two forces
on mechanisms of regulatory evolution is yet to be determined.

Although we believe that this is the best explanation for our data
based on published work, it is currently unknown whether population
genetic factors, such as demography, could also alter the relative
contribution of cis- and trans-regulatory variation over time. A second
factor to consider is that, because whole flies were used for this study,
the effects of cis- and trans-acting variants were combined across
tissues. (However, we expect the effects of pooling tissues to be similar
within and between species and find it unlikely that this pooling is
responsible for the difference in intra- and interspecific measure-
ments.) Regional differences in levels of polymorphism for genes
sampled within and between species are also unlikely to explain our
results (Supplementary Note and Supplementary Fig. 3 online).
Finally, it remains to be seen whether a similar pattern will be observed
in other species groups.

This study improves our understanding of regulatory evolution by
showing that selection may influence the relative contribution of cis-
and trans-regulatory changes to expression differences over time. It
emphasizes that selection acting on phenotypes (for example, gene
expression levels) alters the genetic mechanisms used to generate these
phenotypes and strongly supports the hypothesis that cis-regulatory
mutations are an important source of evolutionary change?3.

METHODS

Fly strains, crosses, RNA collections and cDNA synthesis. The strains, crosses
and genes surveyed in each cross are summarized in Supplementary Table 1.
For each cross, we set up 5-20 replicate mating vials, each containing three
male and three female virgin flies (interspecific crosses required more replicates
because of reduced mating success). We collected 7- to 10-d-old mated female
flies, combined them among replicates, and divided them into four replicate
pools of 14 flies each for F; hybrids and seven flies of each parental type for
comparisons of total expression between parental strains. Total RNA and
genomic DNA were extracted sequentially from each pool’. We synthesized
cDNA in duplicate for hybrid pools and in triplicate for parental pools using a
polyT primer. Note that expression levels were measured in whole flies and
reflect the combined expression in all tissues; this may mask offsetting
regulatory changes in different tissues.

Measuring gene expression. We carried out pyrosequencing reactions as
previously described®. For each gene analyzed in each cross, we measured
relative expression in the parental strains once in each of the 12 cDNA samples
and in duplicate for the four genomic DNA samples. Relative allelic expression

in hybrids was measured for the 8 replicate cDNA samples and once for each
hybrid genomic DNA sample. We selected these levels of replication on the
basis of variance components observed in our prior work?. Consistent with our
prior study?, biological replicates (pools of flies) were the largest source of
variance for most analyses (Supplementary Table 3). This variance does not
reflect a single outlier sample: the pool that deviated most from the mean
differed among comparisons (data not shown). Reciprocal crosses were also
analyzed and showed no evidence of genomic imprinting (Supplementary
Fig. 4 online), consistent with previously published results'>.

Genes analyzed. Gene set 1 consisted of 23 of the 29 genes with a significant
expression difference in our previous study? that were found to be suitable for
Pyrosequencing analysis within and between species (Supplementary
Methods). Gene set 2 consisted of 2 additional genes from our previous study?
and 24 (ref. 8) and 29 genes' from other prior studies (Supplementary
Table 2). Genes were selected from these studies®!* to sample the variety of
inheritance patterns observed for gene expression in these studies. Potential
implications of this gene selection are discussed in the Supplementary Note.

Statistical analysis. Ratios of allelic expression were normalized using mea-
surements of genomic DNA and fitted to a mixed linear model using SAS v8.2
as described previously!® and in Supplementary Methods. We carried out
additional parametric and nonparametric tests using SPSS 11 and orthogonal
regressions®*, and we calculated false discovery rates used to assess statistical
significance using QVALUE.

Note: Supplementary information is available on the Nature Genetics website.
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