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Owing to the relevance to evolutionary theories of genotypic and phenotypic evo-
lution, the correspondence of differentiation among natural populations in complex 
phenotypic traits and genetic markers has been studied extensively, and generally 
found to be poor. In contrast, the correspondence of differentiation among natural 
populations in gene expression, now often considered a genomic era proxy for the 
phenotype, and genetic markers, remains largely unexplored. Here, an analysis of 
expression and nucleotide sequence polymorphism of 106 genes in Drosophila
melanogaster strains of the Cosmopolitan (M) and Zimbabwe, Africa (Z) mating 
races showed that differentiation of gene expression and of coding sequences, mea-
sured as QST and GST, respectively, were uncorrelated and, generally, QST > GST.
However, an exploratory analysis showed that GST of the 5 prime sequences of 
genes was correlated with QST calculated from expression data, while GST of the 
coding sequences remained uncorrelated with QST. This scenario is consistent 
with the population differentiation at cis-regulatory regions that is decoupled from 
differentiation of the coding regions. However, despite evidence for selection on 
global levels of gene expression (deduced from QST > GST), 5 prime sequence poly-
morphisms generally were compatible with selective neutrality, suggesting differ-
entiation in cis-regulated gene expression for these genes has been promoted by 
drift or selection too weak or too long ago to be detected, or higher organizational 
levels underlying the genetic architecture of expression are targets of selection. In 
all, this raises the question how selection on the expression changes (i.e. the phe-
notype) can be so obvious yet elusive at the level of the nucleotide sequence. Our 
contrasts between genetic differentiation of populations in expression and sequ-
ences revealed that even when genotype and phenotype can be connected the 
sources of variation that are the target of selection remain to be identified.
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INTRODUCTION

Diversity in phenotypic complex traits is a virtually 
ubiquitous natural phenomenon, and so is genetic diver-
sity. One goal of molecular population genetic studies is 

to identify some of the mutations underlying this diver-
sity in phenotypic complex traits, e.g. by means of DNA 
coding sequence surveys for genes that stand out in their 
levels of differentiation among populations (Black et al., 
2001; Greenberg and Wu, 2006; Merila and Crnokrak, 
2001; Purugganan and Gibson, 2003). In addition to 
such diversity at the level of proteins, diversity in pheno-
typic complex traits could be due to gene regulatory 
changes, both cis- and trans-regulated (Brem et al., 2005; 
Coffman et al., 2005; Demuth and Wade, 2006; Edwards 
et al., 2006; Fay et al., 2004; Phillips, 2005; Prud’homme 
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et al., 2006; Tao et al., 2006). Diversity at this level 
could be quantified on gene expression arrays (Gibson, 
2002). Following other such studies of complex traits 
(Merila and Crnokrak, 2001), i.e. assuming gene expres-
sion is a complex trait, e.g. (Crawford and Oleksiak, 2007; 
Gibson and Weir, 2005; Wang et al., 2006; Wray, 2003), 
differentiation between populations in gene expression 
could be summarized by the QST statistic. Thus, we are 
now entering an era in which it is possible to compare and 
contrast population differentiation at the nucleotide 
sequence level as measured by FST or its analogs, and at 
the levels of gene expression, as measured by QST.

One promise held by this era is the ability to close the 
gap between genotype and phenotype, granted we view 
gene expression as a valid genomic-era proxy for more 
classical complex phenotypes studied within this frame-
work. The numeric comparison between QST calculated 
from gene expression data and FST could reveal specific 
biological factors affecting such comparisons that were 
difficult to disentangle during more classical such com-
parisons, in particular selection (Merila and Crnokrak, 
2001). Moreover, such studies may help identify a 
framework to more broadly search for the link between 
genotype and phenotype. For example, results may 
reveal whether selection on gene expression would trans-
late into selection on the regulatory regions of individual 
genes, and how pervasive selection on transcription is in 
general (Fay and Wittkopp, 2008; Whitehead and 
Crawford, 2006a; Wray et al., 2003; Yan and Zhou, 2004).
Moreover, results may reveal the relative role of cis- 
versus trans-regulatory changes in the evolution of gene 
expression within and between species (Brem et al., 2002; 
Brown and Feder, 2005; Doss et al., 2005; Hahn, 2007; 
Johnson et al., 2005; Ludwig et al., 2000; Osada et al., 
2006; Pastinen et al., 2004; Ranz and Machado, 2006; 
Ronald et al., 2005; Wang et al., 2007; Wayne et al., 2004; 
Whitehead and Crawford, 2006a; Wittkopp, 2005, 2006; 
Wittkopp et al., 2004; Wray et al., 2003; Yan and Zhou, 
2004). If cis-regulatory changes were of notable impor-
tance, then, by factoring in their specific effect on the QST-
FST relationship, we finally would be able to link the 
genotype with the phenotype and study some of the unac-
counted variance components in more detail.

Our goal here was to study the correspondence of QST

as deduced from gene expression data collected from 
microarrays with FST (here Nei’s GST, see below) at the 
coding regions of genes, and to examine possible explana-
tions for the observed patterns in the Drosophila system 
that we study (Fang et al., 2002; Fay and Wu, 2003; 
Greenberg et al., 2003; Greenberg and Wu, 2006; 
Hollocher et al., 1997a, 1997b; Kohn et al., 2004; Osada 
et al., 2006; Shapiro et al., 2007; Wu and Ting, 2004).
The study is part of a long-term effort to identify some of 
the mutations that underlie the differentiation of D.
melanogaster strains from Zimbabwe (Z), Africa, from 

most other African and Cosmopolitan strains (M), in that 
they preferentially mate with their own kind (Fang et al., 
2002; Hollocher et al., 1997a; Takahashi and Ting, 
2004). During mating experiments this sexual isolation 
is manifest as apparent female choice. The genetics of 
this M and Z differentiation in this phenotype is complex 
and could be a good model to study complex trait differ-
entiation in general terms and the genetic architecture of 
gene expression differentiation in particular (Osada et al., 
2006; Wang et al., 2008).

We draw upon a published dataset on gene expression 
differences between M and Z strains of Drosophila
(Meiklejohn et al., 2003) and a second dataset on coding 
sequence polymorphism in M and Z strains of Drosophila
(Shapiro et al., 2007) to compare genomic patterns of 
differentiation levels in these two measures. In addi-
tion, we conduct an exploratory study that considers the 
expression levels of genes and sequence polymorphisms in 
their 5 prime regions and coding regions.

METHODS

Nucleotide sequences
Sequence data: Sequence polymorphism and diver-
gence data were taken from Shapiro et al. (2007), whose 
study included information on 6 Cosmopolitan M strains 
and 11 African strains from Zimbabwe, as well as D.
simulans, that were informative for our study (c.f. 
Shapiro et al. (2007) for accession numbers). The data 
on coding sequence polymorphism were searched for over-
lap with the expression data (see below), yielding 106 
genes that were common to both surveys and were based 
on African Z strains and Cosmopolitan M strains. D.
simulans was used as an outgroup for sequence analyses 
(Shapiro et al., 2007). In addition, an exploratory anal-
ysis of sequence polymorphism and divergence in the 5 
prime regions and the coding regions of eight genes 
(CG11426, CG7966, Irp-1B, MtnA, trpl, CG16926, CG4757,
and Cyp6a23) was done. Briefly, primers amplifying 
about ~1 kilobasepairs (kb) long segments of 5 prime non-
coding sequence and ~1 kb of coding region were designed 
(Fig. 1). Sequencing was done as described (Shapiro et 
al., 2007).

Analysis: Sequences were assembled and aligned in 
PHREDPHRAP (Nickerson et al., 1997) and CLUSTAL 
(Li, 2003). Genetic differentiation between M and Z 
strains of D. melanogaster, calculated as Nei’s GST, an 
analog of Wright’s FST for DNA sequences, were estimated 
from the data with LIBSEQUENCE C++ (Thornton, 
2003). Significance of GST was determined by permuta-
tion of sites and Fisher’s exact test. Basic population 
genetic parameters were calculated for the set of 8 genes.

Gene symbols, Flybase identifiers, chromosomal loca-
tion, accessions, and recombination rates as determined 
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by using the D. melanogaster recombination rate calcu-
lator (implemented by Nadia Singh, Peter Arndt and 
Dmitri Petrov available at http://cgi.stanford.edu/~lipatov/
recombination/recombination-rates.txt) are provided in 
Supplementary Tables 1 and 2. Rates of intragenic 
recombination were calculated (for the set of 8 genes) fol-
lowing Hudson and Kaplan (1985) as implemented in 
DNASP (Rozas et al., 2003).

Gene expression
Printed cDNA arrays: Published gene expression data 
for the whole fly collected by Meiklejohn et al. (2003) were 
retrieved from the Gene Expression Omnibus (GEO, acces-
sion series GSE539; http://www.ncbi.nlm.nih.gov/geo).
These were obtained from four Cosmopolitan M strains 
(Canton-S, Oregon R, Hikone R, St. Louis) and from four 
African Z strains (Z53, Z30, Z29, Z2). Those genes that 
were common to the sequencing survey by Shapiro et al.
(2007) were retained for analysis. The relative tran-

script abundance for each gene was expressed relative to 
the strain with the lowest transcript abundance (set to be 
1), and these were adopted as reported from Meiklejohn 
et al. (2003).

Quantitative Real Time-PCR (qRT-PCR): For an
exploratory analysis the eight genes CG11426, CG7966,
Irp-1B, MtnA, trpl, CG16926, CG4757, and Cypa23
expression data were collected with quantitative real 
time-PCR (qRT-PCR). These genes were drawn from a 
set of 364 genes that emerged as significantly different in 
expression between females of one M strain and one Z 
strain (Z30) (Osada et al., 2006) GO accessions 
GSM29579 and GSM29581 [France; M], and GSM29584 
and GSM29585 [Z30; Z].

Briefly, RNA was harvested from the female head tis-
sues of 4 M isofemale strains French, LA20, LA47, LA66 
(LA designating the origin from Zambia, Africa) and the 
4 Z strains ZS30, ZH18, ZH21, ZH12 from Sengwa and 

Fig. 1. Overview of sequence data collected for exploratory analysis of the relationship between QST and GST in the 5 prime regions 
and coding regions of genes. For each of the eight genes the 5 prime- and coding regions (CDS) (grey shaded areas), the length of 
sequence (~1kb, c.f. top bar for scale), the annotated gene (black arrow pointing from 5’ to 3’) and the transcript (dashed arrow) are 
shown. In addition, other annotated genes and their transcripts are depicted correspondingly (grey arrows).
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Harare, Zimbabwe, Africa. RNA extractions and qRT-
PCRs using the SyberGreen chemistry were conducted as 
described (Osada et al., 2006) (c.f. Supplementary Table 
3). Cycle thresholds (CT), i.e. expression levels, for a 
control gene (actin 57B; CG10067) were adjusted such 
that the CT difference between strains was set as zero.
CT-values for each gene were then adjusted using the 
multiplication factor used to adjust actin. Normalized 
CT-values were used to compute log2-ratios and relative 
expression levels for each gene. These were expressed 
relative to the strain with the lowest transcript abun-
dance (set to be 1) following Meiklejohn et al. (2003) 
(Supplementary Table 3).

Initially, we replicated the results obtained by Osada et 
al. (2006), who assayed expression from the M strain from 
France and Z strain ZS30 on microarrays. Here, first, 
expression from the M strain from France and Z strain 
ZS30 was assayed with qRT-PCR. Then, expression 
from the M strain from France and the Z strains ZS30 
and ZS53 was assayed a second time with qRT-PCR based 
on different RNA extracts (c.f. Supplementary Table 
3). Subsequently, a separate set of concurrently ran 
qRT-PCR reactions were used to assay expression in the 
strains Fr, LA20, LA47, LA66, ZS30, ZH18, ZH21, ZH12, 
and these were used for the computation of QST. Note, 
while the three different runs based on different RNA 
extracts were compared with respect to the up or down 

regulation of genes, they were not compared in magnitude 
(c.f. Supplementary Table 3).

Analysis: QST, a measure for differentiation among pop-
ulations in complex traits, was computed as an estimator 
of differentiation in gene expression as follows.

The within population variance σw
2 was computed as:

The between population variance σb
2 was computed as:

Where a is the number of populations, n the number of 
expression measurements (i.e. samples) per population, 
Yij is the relative expression level of gene j in population
i,  is the average expression level in population i, 
and  is the grand mean (Sokal and Rohlf, 1995).

The variance estimators where used to calculate, anal-
ogous to Wright’s (1951) FST, a per gene QST:

Table 1. Sequence differentiation and polymorphisms underlying exploratory analysis

Gene name GST P(GST)
M
θW

M
θπ

M
θH’

M
D

M
F

M
H’

Z
θW

Z
θπ

Z
θH’

Z
D

Z
F

Z
H’

5 prime region

CG11426 0.30 0.008 0.002 0.002 0.003 –0.17  0.44 –0.74 0.001 0.001 0.000 –0.05 –0.16  0.73

CG16926 0.00 1.000 0.014 0.013 0.013 –0.57 –0.62  0.70 0.021 0.021 0.018  0.04  0.44  1.65

CG4757 0.05 0.236 0.005 0.005 0.003 –0.40 –0.78  1.44 0.012 0.012 0.007 –0.06 –0.49  1.55

CG7966 0.27 0.010 0.006 0.004 0.001 –1.24 –1.83  1.40 0.006 0.005 0.008 –0.78 –0.39 –0.85

Cyp6a23 0.11 0.104 0.001 0.001 0.002 –0.75 –0.56  0.14 0.006 0.006 0.009  0.29  0.76 –0.45

Irp–1B 0.37 0.012 0.002 0.002 0.004 –0.83  0.13 –1.40 0.002 0.002 0.001 –0.41 –0.89  0.78

MtnA 0.10 0.185 0.002 0.001 0.002 –1.30 –1.04 –0.12 0.002 0.002 0.002  0.97  0.63 –0.23

trpl 0.06 0.071 0.008 0.008 0.012 –0.13  0.80 –0.75 0.027 0.023 0.070 –0.92  1.77  –4.38*

CDS

CG11426 0.13 0.066 0.003 0.003 0.003 –0.19  0.54 –0.26 0.004 0.003 0.003 –0.72 –0.93  0.26

CG16926 0.04 0.138 0.012 0.011 0.010 –0.65  0.10  0.66 0.018 0.018 0.016 –0.23 –0.24  0.44

CG4757 0.17 0.028 0.005 0.005 0.003 –0.45 –0.78  1.27 0.007 0.007 0.007  0.24  0.63  0.16

CG7966 0.03 0.182 0.003 0.003 0.001 –1.16 –1.97  1.52 0.015 0.014 0.008 –0.42 –1.87  1.37

Cyp6a23 0.10 0.034 0.006 0.007 0.006  1.22  1.49  0.73 0.005 0.006 0.006  0.48  0.46  0.02

Irp-1B 0.41 0.009 0.002 0.001 0.000 –1.34 –0.58  1.60 0.001 0.001 0.000 –0.17  1.45  1.90

MtnA 0.10 0.178 0.002 0.002 0.001  0.31 –0.16  0.37 0.001 0.001 0.000 –0.93 –1.13  0.55

trpl 0.12 0.028 0.004 0.004 0.003 –0.20 –0.74  0.68 0.011 0.011 0.009 –0.03 –0.09  0.37

Provided are gene name, genetic differentiation between M and Z strains (GST). The polymorphism estimates for 4Nu θW, θπ, θH’

and the corresponding tests for deviations from neutral expectations based on tests by Tajima’s D, Fu and Li’s F, and Fay and Wu’s 
H’ are provided. Significance of each at α = 0.05 (*) after corrections for multiple testing were made was α = 0.0016.
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The average QST across genes was calculated as:

RESULTS AND DISCUSSION

Genomic inferences The comparison between differ-
entiation of M and Z populations in coding sequence, 
expressed as GST, with gene expression differentiation 
expressed as QST, showed that these two measures were 
uncorrelated (R2~0.2%; Mantel’s test n.s., Fig. 2). Genes 
with significant GST values (α = 0.05, n = 45) only had 
slightly higher average QST than genes with non-signifi-
cant GST (n = 60) (QST = 0.35 versus 0.27, Wilcoxon Rank 
Sums test, Chi-square approximation, n.s.). This non-
correlation is consistent with at least four biological inter-
pretations, among them: no differentiation, non-additivity 
and/or epistasis of gene expression, and selection. A 
fourth interpretation relies on the assumption that gene 
expression changes should be governed by genetic poly-
morphisms located either in the cis-regulatory region of 
genes or in trans-factors. The non-correlation that we 
observe would then be consistent with the evolutionary 
decoupling of the cis-regulatory regions and coding region 
of genes as well as with the overwhelming importance of 
trans-regulation of genes.

First, when there is no differentiation in expression or 
sequence no correlation is expected (Fay et al., 2004), but 
this was not observed; 45 of 106 genes (42.5%) showed sig-
nificant GST values (e.g. at α = 0.05), indicating that there 
were genes in the data for which coding sequence differ-
entiation between M and Z was substantial (Fig. 2). Sim-
ilarly, 70 of the 106 (66.0%) genes had QST values ~10% 
or larger, 28 of the 106 genes (26.4%) had QST values 

~50% or larger, suggesting that differentiation of M and 
Z strains in gene expression was considerable (Fig. 2).
However, after applying the stringent Bonferroni correc-
tion for 106 tests at α = 0.05 (i.e. α = 0.0005) none of the 
GST values remained significant and, moreover, stringent 
analyses of the expression differences as done by 
Meiklejohn et al. (2003) indicated that none of the gene 
expression differences were fixed between M and Z.
Thus, our study was concerned with the more common 
type of differentiation where natural populations differ in 
allele frequencies, not fixed differences.

Second, an assumption underlying the expected 1:1 
relationship of Qst with FST is that the effects of the 
genetic loci underlying the phenotype are additive. Here, 
we need to assume that the effects of gene expression are 
additive and no epistasis occurs. However, violation of 
this assumption is expected to result in the reduction and 
underestimation of QST (Goudet and Buchl, 2006; Goudet 
and Martin, 2007), resulting in potentially false QST < FST

relationships. However, here QST > FST was observed, 
and thus, other biological phenomena or violations of 
assumptions likely are of greater relevance. However, 
this topic remains disputed (Lopez Fanjul and Toro, 2007; 
Lopez-Fanjul et al., 2003) and more studies on additivity 
and epistasis of gene expression in natural populations 
are needed.

Third, contrasts between QST and GST provide insights 
into the importance of selection as a cause for differenti-
ation. Under neutrality as well as other assumptions 
(Merila and Crnokrak, 2001) there should be a 1:1 corre-
spondence between QST and GST. When genetic markers 
are neutral violation to this correspondence is consistent 
with divergent selection (QST > GST) or stabilizing selec-
tion (QST < GST) on the phenotype (Merila and Crnokrak, 
2001). Here, QST generally exceeded GST for genes with 
non-significant GST as well as for genes with significant 
GST (Wilcoxon Sign-Rank tests, p < 0.0001 and p = 0.011, 
respectively). Note that GST values < 0 were set to be 
zero for this comparison. This pattern is compatible 
with divergent selection promoting the differentiation in 
gene expression between M and Z. However, it is also 
conceivable that balancing selection on the nucleotide 
sequences, which would lead to a reduction of GST, 
resulted in the overall pattern QST > GST. However, an 
increasing number of reports on (recurrent) divergent 
selective sweeps between African and Non-African 
populations of D. melanogaster suggest that the risk of 
overestimations of GST is higher than the risk of 
underestimations. When genes that potentially are sub-
ject to divergent selection were excluded, i.e. those with a 
significant GST, the slope in Fig. 2 became (non-signifi-
cantly) negative. In other words, differentiation between 
M and Z strains in gene expression tended to be more pro-
nounced in genes with lower levels of DNA sequence 
differentiation. The observed pattern QST > GST indica-

Fig. 2. Inferring the relationship of QST with GST for a set of 
106 genes.
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tive of divergent selection reminds of the same pattern 
observed for numerous other comparisons between differ-
entiation in genetic markers and classical phenotypic 
traits (Merila and Crnokrak, 2001), suggesting global lev-
els of gene expression (inferred as QST across numerous 
genes) behaves similar to other complex traits.

Fourth, consider the discussion surrounding the rela-
tive importance of cis- versus trans-regulation of gene 
expression (Doss et al., 2005; Goto et al., 2005; Hahn, 
2007; Kulkarni and Arnosti, 2005; Osada et al., 2006; 
Prud’homme et al., 2006; Ranz and Machado, 2006; 
Ronald et al., 2005; Wittkopp, 2005; Wittkopp et al., 
2004). A correlation between the differentiation in the 
coding region of genes and the 5 prime regions of genes 
would be expected only if it is assumed that the expres-
sion changes are caused in large part by mutations in the 
cis-regulatory regions of genes. In contrast, if most gene 
expression differences among natural populations were 
due to trans-factors then there would be no correlation 
between differentiation in the expression of a gene and its 
coding sequence expected. Our observed non-correlation 
between expression and coding sequence differentiation is 
consistent with trans-regulation of gene expression 
differences. However, cis-regulation can also account for 
the result as long as it is assumed that recombination has 
decoupled coding and non-coding regions of genes. We 
will address this issue further by means of an exploratory 
analysis in the following section.

Exploratory inferences of cis versus trans regulation
Because of the possibility to link gene expression with 
genetic differentiation at the molecular level contrasts 
between gene expression and genetic differentiation 
potentially reveal specific factors affecting the QST-GST

relationship. This should be an advantage compared to 
studies examining this relationship based on QST com-
puted from more classical phenotypes. The potential 
reward of such an analysis has been documented, for 
example, during a high-profile single-gene study in maize 
(Wang et al., 2001), which reported that whereas domes-
tication selection has elicited evolutionary changes in the 
promoter of the tb2 gene that are associated with the 
domesticated phenotype the coding region of the gene 
remained unaffected (c.f. also Hubbard et al. (2002), 
Weber et al. (2007), Wright et al. (2005)). Divergent 
selection on gene expression may elicit a similar response 
in natural populations as in domesticated species, but 
this remains to be investigated more broadly.

Consider that if cis-regulation was a common mode of 
gene regulation (note that this does not require the non-
importance of trans-regulation) then there should be a 
positive relationship of GST in the 5 prime regions of genes 
with QST. For this to be detected by our study it needs 
to be assumed that cis-regulatory elements are located in 
the ~1 kb –spanning sequenced region upstream of the 

genes (Fig. 1) or are in strong linkage disequilibrium with 
any such functional sites. In contrast, simple models of 
trans-regulation would not predict a correlation between 
GST in the 5 prime regions and QST. Distinguishing 
between these two scenarios requires polymorphism data 
on the 5 prime regions of genes, coding regions of genes, 
and gene expression data. Unfortunately such a combi-
nation of systematically collected genomic data is only 
beginning to accumulate for the Drosophila strains under 
study. Thus, we tested these predictions during an 
exploratory study based on 5 prime and coding sequence 
data for eight genes (Fig. 1) and qRT-PCR gene expres-
sion measurements (Supplementary Table 2).

First, the small dataset mirrored the genomic pattern 
(see above), where a non-significant relationship of GST in 
the coding regions with QST was observed (R2 < 3.9%; n.s., 
Fig. 3). However, the relationship of GST in the 5 prime 
regions with QST was significant (R2 < 55.6%; p = 0.03, 
Fig. 3). False positive association of QST and GST for the 
5 prime regions due to the small number of QST and GST

values, and false negative dismissal of such a correlation 
for the coding regions, were excluded as source of error 
(Fig. 4). This pattern is consistent with cis-regulation if 
intragenic recombination has decoupled the 5 prime 
regions from the coding regions. Testing for intragenic 
(fine-scale) recombination rates indicated that all but one 
gene (MtnA) had at least one recombination event 
(Supplementary Table 4). However, broad-scale rates of 
recombination were of little explanatory power for differ-
entiation in GST and QST at the genomic scale and the 
exploratory study, with less than ~3% of the variance of 
the data explained by it (not shown). Low levels of fine-
scale intragenic recombination may be sufficient to decou-
ple cis-regulatory sites from the coding region.

Second, as for the large dataset, for the small dataset 
we found that, during Wilcoxon Signed Rank tests of 
matched pairs, QST > GST for the 5 prime regions (p = 
0.04), QST > GST for the coding regions (p = 0.04), while GST

for the 5 prime region and GST for the coding region did 
not differ (averages 0.157 versus 0.136, p = 0.95). Thus, 
assuming neutrality of the sequence data this observation 

Fig. 3. Inferring the relationship between QST and GST for the 
5 prime regions (left panel) and GST for the coding regions (right 
panel) of eight genes.
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is consistent with divergent selection on the expression 
differences. In light of this suggested relevance of selec-
tion, can we reject selective neutrality for the 5 prime 
regions of genes? After correcting for multiple testing (n 
= 32 per statistic) for significance at α = 0.05 (α = 0.0016) 
we found little evidence for selection on either the 5 prime 
regions or the coding regions when using Tajima’s D, Fu 
and Li’s F, or Fay and Wu’s H tests (Table 1). One pos-
sible exception was the 5 prime region of the trpl gene 
where Fay and Wu’s H was significant (p < 0.001) in the 
Z population. Neither Tajima’s D or Fu and Li’s F were 
significant for the gene however. Tajima’s D was signif-
icant for CG7966 prior to corrections for multiple testing, 
but not thereafter. Overall, these results suggested that 
selection at the sequence level generally appeared to be 
absent, or that the signatures of selection were too spuri-
ous to be detected. Thus, genetic drift could have been 
the predominant process underlying the differentiation in 
the 5 prime sequences and coding sequences between M 
and Z for the genes studied.

CONCLUSION

An analysis of genomic patterns recapitulated the clas-
sical result QST > GST. This suggested that gene expres-
sion behaves similar to other phenotypic traits and that 
divergent selection at some organizational level of the 

architecture of gene expression is plausible. An explor-
atory analysis of the eight genes for which the 5 prime 
sequences, in addition to the coding sequences, were 
available, revealed that selection was either absent or too 
elusive to be detected at the level of the nucleotide 
sequences. The role of the 5 prime sequences in promot-
ing differentiation in expression was inferred from the 
observed correspondence between QST and GST. This 
failure to reject selective neutrality at the DNA sequence 
level of the 5 prime regions raises the interesting question 
how selection appears to be so obvious a factor driving 
population differentiation at the level of gene expression 
(c.f. also Fay and Wittkopp (2008), Hahn (2007), Holloway 
et al. (2007), Lemos et al. (2005), Meiklejohn et al. (2003), 
Metta et al. (2006), Ranz and Machado (2006), Townsend 
et al. (2003), Whitehead and Crawford (2006a; 2006b), 
Wray (2003), Wray et al. (2003)), as it has been for other 
complex traits in other studies, yet so elusive at the 
sequence level. A few studies that were able to docu-
ment the role of 5 prime sequences in governing expres-
sion and phenotypes were able to document selection at 
the sequence level, however, suggesting both selection 
and drift can promote the differentiation among natural 
populations in expression and sequence (Edwards et al., 
2006; Fang et al., 2002; Weber et al., 2007).

Overall, our observed pattern was similar to the high-
profile single-gene study in maize (Wang et al., 2001), 
which reported that whereas domestication selection has 
elicited evolutionary changes in the promoter of the tb2
gene the coding region of the gene remained unaffected 
(c.f. also Hubbard et al. (2002), Weber et al. (2007), 
Wright et al. (2005)). However, in contrast to the study 
on domestication selection in maize, where artificial selec-
tion might have been intense, differentiation at the DNA 
sequence level in our set of genes and study system was 
compatible with genetic drift. Drift is an important pro-
cess promoting genetic differentiation in natural popula-
tions, and it is plausible that drift frequently governs 
non-coding as well as coding sequence differentiation. In 
addition, conceivably, the difference between studies is 
further explained by the fact that neither of the genes we 
have examined, albeit differentiated in expression between 
M and Z, might directly affect the M and Z phenotype.

Studies that compare genetic differentiation and differ-
entiation in expression could be instrumental when 
attempting to understand the relationship of genotypic 
with phenotypic differentiation in natural populations, to 
close the gap between the genotype-phenotype relation-
ship, and to identify the targets of selection. We suspect 
that this will require a better future understanding of the 
genetic architecture of gene expression and the genotype-
phenotype relationship (Gibson, 2002; Wittkopp, 2007; 
Yan and Zhou, 2004).

For help we thank Mao-Lien Wu, Anthony Greenberg, Xinmin 

Fig. 4. Evaluation of the relationship between QST and GST

obtained during exploratory analysis. Using 1000 rounds of 
random sampling with replacement generated two datasets.
The first dataset was generated from the random samples of QST

results and GST values for the 5 prime regions and the second 
dataset consisted of the corresponding random samples of GST

values for the coding regions. Randomly paired QST and GST

values where used to estimate the distribution of correlation 
coefficients between QST and GST for the 5 prime region (solid 
line) and the coding region (dashed line) to be used to estimate 
the probability associated with the observed correlations (0.75 
for the 5 prime region and 0.23 for the coding region). The 
associated probabilities of obtaining these observed correlations 
by chance were estimated as 0.021 and 0.334, respectively.
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