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Abstract

The animal chemosensory system is involved in essential biological processes, most of them mediated by proteins encoded in
multigene families. These multigene families have been fundamental for the adaptation to new environments, significantly contrib-
uting to phenotypic variation. This adaptive potential contrasts, however, with the lack of studies at their upstream regions, especially
taking into account the evidence linking their transcriptional changes to certain phenotypic effects. Here, we explicitly characterize the
contribution of the upstream sequences of the major chemosensory gene families to rapid adaptive processes. For that, we analyze
the genome sequences of 158 lines from a population of Drosophila melanogaster that recently colonized North America, and
integrate functional and transcriptional data available for this species. We find that both, strong negative and strong positive selection,
shape transcriptional evolution at the genome-wide level. The chemosensory upstream regions, however, exhibit a distinctive
adaptive landscape, including multiple mutations of small beneficial effect and a reduced number of cis-regulatory elements.
Together, our results suggest that the promiscuous and partially redundant transcription and function of the chemosensory genes

provide evolutionarily opportunities for rapid adaptive episodes through weak polygenic selection.
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Introduction

The chemosensory system plays a major role in essential pro-
cesses such as nutrition, reproduction and social communica-
tion (Krieger and Ross 2002; Matsuo et al. 2007; Whiteman
and Pierce 2008; Smadja and Butlin 2009). In insects, the
specificity and sensibility of this system highly rely on periph-
eral processes occurring in sensilla (Pelosi 1996; Hildebrand
and Shepherd 1997), which involve the uptake of chemical
stimuli, its transport through the sensilla lymph, and the inter-
action with the chemoreceptor that will activate the signal
transduction cascade. Most of these peripheral processes are
mediated by proteins encoded in multigene families (Sanchez-
Gracia et al. 2009; Depetris-Chauvin et al. 2015; Joseph and
Carlson 2015), including extracellular ligand-binding proteins,
such as Odorant Binding Proteins (OBPs) and Chemosensory
Proteins (CSPs), as well as membrane receptor proteins, such
as Odorant Receptors (ORs), Gustatory Receptors (GRs) and
lonotropic Receptors (IRs). As the expression of such genes

determines the ability to discriminate external chemical cues
(and thus the individual fitness), the chemosensory system
constitutes an excellent candidate to study the role of natural
selection in driving transcriptional changes at the molecular
level.

Several studies have revealed that the chemosensory pro-
tein-coding regions mainly evolve under purifying selection
(Sanchez-Gracia et al. 2009; Croset et al. 2010; Almeida
et al. 2014; Torres-Oliva et al. 2016). Yet, the selective con-
straints are typically lower for the “odorant binding” Gene
Ontology (GO) category than for the genome average (Clark
et al. 2007; Arguello et al. 2016), and a few positions show
the molecular hallmark of positive selection (Foret and
Maleszka 2006; McBride et al. 2007; Sanchez-Gracia and
Rozas 2008). This relatively well-defined mode of protein-
coding gene evolution contrasts with the lack of studies
surveying their upstream regions (hereafter, chemosensory
upstream regions). Indeed, there is compelling evidence
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linking their transcriptional changes with particular phenotypic
effects. For example: (1) expression changes of the Or70
(Rollmann et al. 2010), Or43a (Stortkuhl et al. 2005), and
Obp99a (Wang et al. 2010) genes have been associated
with behavioral responses to benzaldehyde, an odorant in-
volved in the Drosophila melanogaster feeding behavior; (2)
several OBP and OR genes are upregulated in specialist spe-
cies, such as Obp50a in D. sechellia, and Or22a in D. sechellia
and D. erecta (Kopp et al. 2008; Linz et al. 2013; Shiao et al.
2015); (3) OBP genes are often located in chromosome re-
gions of elevated transcriptional noise, as it may be advanta-
geous in unstable external environments (Librado and Rozas
2013). Overall, these findings support that the transcriptional
changes of the chemosensory genes significantly contribute to
the phenotypic variation, both within (polymorphism) and be-
tween (divergence) Drosophila species.

Comparison of polymorphism and divergence DNA vari-
ability patterns between 5 upstream and neutrally evolving
regions can be instrumental for understanding the action of
natural selection at regulatory sequences (Jenkins et al. 1995;
Egea et al. 2008). This powerful approach allows—in addi-
tion—estimating the fraction of nucleotide substitutions
fixed by positive selection (i.e., the so-called a parameter;
Fay et al. 2001). Noticeably, « estimates in noncoding regions
widely vary among species, ranging from ~0% in humans
(Keightley et al. 2005; Eyre-Walker and Keightley 2009) to
~50% in the UTRs of Drosophila (Andolfatto 2005; Haddrill
et al. 2008). Nevertheless, this variation does not necessarily
represent uneven adaptive pressures, but differences in
the effective population sizes (N.) (Jensen and Bachtrog
2011; Gossmann et al. 2012). To disentangle these two con-
founding factors, (Schneider et al. 2011) developed a two-
step approach that first accounts for N, variations over time,
and then estimates relevant selective parameters, such as
the distribution of fitness effects of new deleterious mutations
(DFE), the proportion of new adaptive mutations (p,) with
a certain selective strength (s,), the rate of adaptive substitu-
tion («), and the ratio of adaptive-to-neutral substitution
rates (w,,).

Here, we assess the relative contribution of the upstream
regions to rapid adaptive processes, especially focusing on
those of the major chemosensory gene families. For that,
we applied the demographic-aware method developed by
Schneider and colleagues (Schneider et al. 2011) to analyze
the genome sequences of 158 D. melanogaster lines that re-
cently colonized North America (Mackay et al. 2012). We in-
vestigated whether the selective parameters inferred for the
chemosensory upstream regions are indeed distinctive, or as-
sociated with peculiarities of the chemosensory system, as
characterized by their Gene Ontology annotations, and the
functional (Roy et al. 2010; Kharchenko et al. 2011) and tran-
scriptional (Ayroles et al. 2009) information available for this
species.

Materials and Methods

Genomic Alignments

We downloaded the genome-wide multiple sequence align-
ment (MSA) of 158 D. melanogaster lines, with D. simulans
and D. yakuba as outgroup species, from the PopDrowser
database (Ramia et al. 2012). For each protein-coding gene
(n6=14,380, after excluding mitochondrial and Y-linked
genes in the D. melanogaster release 5.42), we extracted
the MSA of the following: (1) its largest transcript isoform,
(2) its 4-fold degenerate positions, (3) its intronic regions
and, (4) its upstream sequence (the 2 kb 5 upstream region,
provided it does not overlap with any neighbor protein-coding
region).

Handling Residual Heterozygosity and Missing Data

DGRP freeze 1 includes a suite of 158 D. melanogaster lines
from a natural population of Raleigh, inbred to near homo-
zigosity (Mackay et al. 2012). We treated residual heterozy-
gosis as missing data. As ~40% of the MSA positions include
missing data (residual heterozygosity and/or “N"s), removing
these alignment columns (complete deletion) would yield an
important loss of information. To elude such undesirable sit-
uation, we circumscribed our study to MSA positions having at
least 150 valid nucleotides (np= 105,630,385 positions), a
trade-off that optimizes the number of positions and samples
analyzed (supplementary fig. S1, Supplementary Material
online).

Analyzing positions with a minimum number of 150 valid
nucleotides (i.e., neither missing nor heterozygous) implies an
uneven sample size along the MSA (e.g., some positions have
158 valid alleles, while others 150). To deal with positions
having > 150 valid alleles, we used a probabilistic approach.
Suppose an alignment position with 152 valid alleles (e.g., 150
adenines, two derived thymines, and six missing variants),
from which we have to sample only 150 valid nucleotides.
Three different samples could be extracted: 148 adenines
and two thymines, 149 adenines and one thymine, or 150
adenines and zero thymines. The probability of each configu-
ration can be calculated by means of the hypergeometric dis-
tribution. In this example, we would consider a doubleton,
singleton or monomorphic mutations/position with probabili-
ties 0.9738, 0.0261 and 8.7138x 10 ~ %, respectively.

Handling Intra-Locus-Linked Positions

In population genomics, most neutrality tests based on the
frequency spectrum assume that nucleotide positions evolve
independently. In low recombining regions, however, natural
selection can increase (e.g., via selective sweeps; Smith and
Haigh 1974; Stephan et al. 1992) or reduce (e.g., via back-
ground selection; Charlesworth et al. 1993) the frequency
of nearby-linked neutral alleles (supplementary fig. S2,
Supplementary Material online). To deal with such
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confounding effects, we applied two different approaches.
First, as recombination can break up linked variants, we only
analyzed the nucleotide diversity patterns at high-recombining
regions (>2 cM/Mb; Mackay et al. 2012), which were identi-
fied using the Recombination Rate Calculator v2.2 (Fiston-
Lavier et al. 2010). Second, for each group of linked mutations
(haplotype block), we only analyzed the most central SNP as
representative (tagSNP) of the allele frequencies within the
haplotype block. To conduct such pruning step, we first de-
tected all significant pairs of linked positions, by means of the
Fisher exact test (FET) with multiple testing correction
(Benjamini and Hochberg 1995). We further clustered these
pairs into larger groups (i.e., the haplotype blocks) using mcl
v10-201 program (Van Dongen 2008).

Nucleotide Diversity across Different Site Categories

We used VariScan (Vilella et al. 2005; Hutter et al. 2006) to
estimate the nucleotide diversity (i) at the 2-kb upstream re-
gions and 4d-fold sites of each protein-coding gene (supple-
mentary tables S1 and S2, Supplementary Material online).
We also computed 7 at positions 8-30 of short introns
(<65 bp) (supplementary table S2, Supplementary Material
online), as they likely represent the most neutrally evolving
class of sites (Parsch et al. 2010). For each site category, we
computed the mean and the confidence intervals of =, using
the wtd.mean and wtd.quantile functions of the [R] program-
ming language (R Core Team 2015).

Unfolded Site Frequency Spectrum

To estimate the unfolded site-frequency spectrum (uSFS) we
first reconstructed the nucleotide sequence of the most recent
D. melanogaster-D. simulans ancestor. For that, we applied
the joint ancestral reconstruction method implemented in the
“baseml” program (Yang 2007), using as input the consensus
DNA sequence of the 158 D. melanogaster lines (selecting the
most frequent nucleotide variant at each position), and the
sequences of D. simulans and D. yakuba (to polarize muta-
tions). Given this ancestral sequence, we computed the uSFS
using a parsimony criterion (at biallelic alignment positions
with at least 150 valid nucleotides).

Distribution of Fitness Effects, and Rates of Adaptive
Evolution

We used the DFE v2.03 program (Keightley and Eyre-Walker
2007; Schneider et al. 2011) to estimate the impact of natural
selection at the 5 upstream regions that are located in high-
recombining regions (9,279 in total, 170 of which belong to
chemosensory genes; supplementary tables S1 and S2,
Supplementary Material online). As demography may mimic
the molecular hallmark yield by natural selection, we first es-
timated the underlying demographic history of the D. mela-
nogaster Raleigh population, from the SIP frequency spectrum
(used as a reference for neutrally evolving sites). In particular,

Table 1
Mathematical Definition of the Main Parameters of Positive and
Negative Selection

Adaptive Nonadaptive
Proportion of mutations Pa 1-p,
Fitness effect of mutations s, (>0) s (<0)
Mean fixation probability Us = 7% Ug = 7%
Adaptive subst. rate o = Gt NA
Adaptive-to-neutral subst. rate  ©, = /&= 2NePati NA

Note—The proportion and fitness effects of new mutations are directly esti-
mated by the DFE v2.03 program. In particular, the distribution of fitness effects
of the new nonadaptive mutations (DFE) is modeled using a Gamma distribution.
The shape of such Gamma distribution determines the proportion of nonadaptive
mutations that is nearly neutral (0 < —Nes < 1), slightly deleterious (1 < —Nes < 10),
mildly deleterious (10 < —N,s < 100) and strongly deleterious (100 < —N,s). Given
these parameters, the mean fixation probability, «, and w, are calculated by ap-
plying the corresponding formulas.

we investigated if the population has experienced: (1) a con-
stant effective population size (Ne), (2) a single N, change
event (either an expansion or a contraction) some generations
ago (two-epoch model), or (3) two N, changes (expansions or
contractions) in the past (three-epoch model, which can ac-
count for a bottleneck scenario). The weighted Akaike
Information Criterion (WAIC) indicated that the best-fit
model is the last one (three-epoch; see “Results” section).

Over this three-epoch demographic baseline, we evaluated
the fit of three selection regimes to the uSFS of the upstream
regions: (1) the “no selection model”, which considers that
the change in the allele frequencies is only governed by the
underlying demographic history (i.e., the three-epoch model),
(2) "negative selection model”, which contemplates the
three-epoch demographic scenario plus the fitness effects of
new deleterious mutations (DFE, which is modeled through a
Gamma distribution) (table 1), and (3) the “complex selection
model”, which includes the three-epoch demographic sce-
nario, the DFE, and a proportion of new mutations (p,) with
adaptive effects (s,) (table 1). We determined the statistical
significance of positive selection at the chemosensory up-
stream regions (table 2), comparing the fit of the “negative
selection model” and the “complex selection model” (an ex-
plicit test for positive selection) via the likelihood ratio test
(using a chi-squared distribution with 2 d.f.).

Functional and Expression Data

To gain insights into the evolutionary impact of the cis-requ-
latory elements (CREs) that are located within the 5’ upstream
regions, we gathered different sources of functional genomics
data available for D. melanogaster. We collected information
of the transcription factor binding sites (Marygold et al. 2013)
by mining the “TF_binding_sites”, “enhancer”, “silencer”
and “insulator” keywords in the “feature” field of the
FlyBase GFF file (D. melanogaster release 5.54). This data
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Sa (SE)

%(SE)

W35 (SE)

0.386 (3.10x1073)
0.068 (6.51x107%
0.071 (3.61x107%
0.077 (9.32x107%)
0.380 (2.27x1073)

Table 2
Rate and Strength of Natural Selection in the Concatenated Chemosensory Upstream Sequences
P value —N,s Pa (sE)

csP 2.30x1077 119.02 (1.07) 0.006 (3.23x107%)

OBP 1.57x107%° 29.68 (0.04) 0.034 (1.12x107%)

OR 7.57x107% 27.77 (0.03) 0.038 (1.10x107%)

GR 8.75x107% 26.05 (0.03) 0.037 (1.77x107%

alR 1.43x107%° 43.91 (0.15) 0.005 (3.28x107%)

diR 2.43x107% 29.27 (0.05) 0.063 (1.39x107%

0.045 (1.33x107%

0.93 (4.03x107%)
0.94 (3.11x107%
0.98 (1.58x 1074
0.97 (2.89x107%)
0.77 (1.22x1073)
0.99 (6.97x107°)

0.32 (4.33x107%)
0.35 (1.91x107%
0.42 (1.53x107%
0.44 (1.92x107%
0.27 (5.67x107%
0.44 (1.70x1073)

Note.—The “P value” column shows the P value of the “positive selection” test (LRT, using a chi-squared distribution with 2 d.f.). As this test is significant for all six
chemosensory families, the following columns summarize the impact of negative and positive selection, with their corresponding SEs.

represents a valuable resource summarizing many functional
assays currently conducted in D. melanogaster, mostly includ-
ing CRE candidates inferred by chromatin immunoprecipita-
tion techniques. We moreover downloaded the 30 chromatin
states model, which classifies each D. melanogaster nucleotide
position according to the combinatorial profile of 18 histone
marks (Kharchenko et al. 2011). We utilized the chromatin
model from the BG3 cell line, because as derives directly from
neurons may provide a reasonable approximation of the high-
order regulatory mechanisms acting at the chemosensory up-
stream regions.

We used the 160 microarrays obtained by (Ayroles et al.
2009) to quantify the intra-specific transcriptional variability of
the chemosensory genes. This data set encompasses transcrip-
tional information for 40 DGRP lines, including two technical
replicates for each male and female (ArrayExpress accession
number: E-MEXP-1). We parsed and normalized the raw
signal CEL files using the affy, affyPLM, drosophila2cdf,
org.Dm.eg.do and drosophila2z.db [R] packages of
Bioconductor (Gentleman et al. 2004). For each biallelic posi-
tion, we classified the 40 DGRP lines as carriers of the ancestral
or the derived allele, and computed the expression intensity
ratio (EIR) between these two groups. The biallelic positions
with an EIR significantly deviating from the genome-wide pat-
tern (top-1% or bottom-1% outliers) were considered eQTLs.

Results

Demographic History of the D. melanogaster Raleigh
Population

Quantifying the impact of natural selection on the 5" chemo-
sensory upstream regions is challenging, as the bottleneck
experienced by the D. melanogaster Raleigh population
(Keller 2007; Duchen et al. 2012; Garud et al. 2015) can sim-
ilarly yield a reduction of nucleotide diversity, as well as in-
creased levels of linkage disequilibrium. To discern between
demography and natural selection, we analyzed selectively
neutral evolving sites in high-recombining regions (>2 cM/
Mb). In particular, we assessed the neutrality of three classes
of sites: the 5" upstream regions (2 kb, or shorter if it overlaps

with a neighbor upstream gene), the 4-fold degenerate sites,
and the positions 8-30 of short introns (<65 bp) (short intron
positions, or SIP). In agreement with previous findings (Parsch
et al. 2010), our genome-wide analysis shows that the SIPs
exhibit the highest levels of interspecific divergence and intra-
specific polymorphism. This levels of nucleotide diversity are
higher than those estimated at 4-fold degenerate positions
(supplementary table S2, Supplementary Material online),
which may reflect some codon usage bias for translational
efficiency or accuracy (Nielsen et al. 2007; Poh et al. 2012;
Lawrie et al. 2013). Moreover, the X-to-autosomes polymor-
phism ratio at SIPs approaches to the neutral expectations of
0.75 (fig. 1 and supplementary table S2, Supplementary
Material online). Taken together, these results support that,
in the North America population of D. melanogaster, SIPs are
negligibly affected by any form of natural selection and, there-
fore, validate their utility as neutral markers to estimate the
timing and severity of the bottleneck event.

Demographic processes may unevenly shape autosomal
and X-linked SIPs if, for example, males and females differen-
tially contributed to the North America colonization. Using the
dfe program (see “Materials and Methods” section), we sep-
arately fit different demographic scenarios to the uSFS of the
autosomal and X-linked markers (fig. 2). In agreement with
previous studies (Keller 2007; Duchen et al. 2012; Garud et al.
2015), we consistently found that the best-fit scenario is the 3-
epoch model (WAIC,,;,=0.99 and wAIC,=0.99, respec-
tively), with ML estimates indicating a population bottleneck
with a very recent recovery (supplementary table S3,
Supplementary Material online). Due to its temporal proximity
and severity, current allele frequencies are expected to be
mostly influenced by the bottleneck. Therefore, explicitly ac-
counting for this bottleneck is essential to accurately disentan-
gle rate and strength of natural selection.

Impact of Natural Selection on the Chemosensory
Upstream Regions

We assessed the impact of natural selection by concatenating
the 5" upstream regions of each chemosensory gene family,
separating the two major IR subfamilies, the antennal (alR) and
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Fic. 1.—Nucleotide diversity levels (r) at three putatively neutral classes of sites: the 4-fold degenerate sites, the positions 8-30 of short introns (<65 bp),
and 2-kb upstream regions.  was separately computed for all the autosomal and X-linked regions.
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Fic. 2.—The unfolded site frequency spectrum summarizing the proportion of biallelic sites with a given number of derived alleles. It was calculated from
the positions 8-30 of all short introns (<65 bp) across the autosomal and X chromosomes.

the divergent (dIR) lonotropic Receptors. Briefly, we compared
the fit of two nested models to the unfolded Site Frequency
Spectrum (uSFS) of the chemosensory upstream concatena-
tes, including a null one considering the demographic model
parametrized above plus the action of negative selection ver-
sus an alternative model additionally including the action of
positive selection (see “Materials and Methods” section).

We found that the latter fits the uSFSs significantly better
(P<1.43x10 ), especially for the upstream regions of the
OR, GR and diR genes (P=7.57x10~ %% 8.75x10 8" and
2.43x10~ 8" respectively) (table 2). These results indicate
that positive selection has unequivocally played a significant
role in the molecular evolution of the chemosensory upstream
regions. Under this alternative model, which also considers the
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Fic. 3.—Distribution of fitness effects of new deleterious mutations in autosomal chromosomes, partitioned into four categories: nearly neutral
(0 < —Negs < 1), slightly deleterious (1 < —Nes < 10), mildly deleterious (10 < —Nes < 100) and strongly deleterious (100 < —Ns).

action of negative selection, we inferred that most new mu-
tations are detrimental, with a distribution of fitness effects
(DFE) skewed towards mildly (10 < —Nes < 100) or strongly
deleterious (—Nes> 100) mutations, particularly at the CSP
and alR upstream regions (fig. 3). Complementarily, a reduced
but statistically significant proportion of new mutations (p,)
have advantageous fitness effects (s,). For example, only the
3.8% (p,=0.038) of mutations at the OR upstream regions
are beneficial, with a mean advantageous fitness effects of
5,=0.071 (table 2).

To contextualize these p, and s, estimates, we conducted
the same analysis on the 9,279 upstream sequences located in
high-recombining regions. We found a clear inverse relation-
ship between these two parameters (Spearman rank correla-
tion; p=-0.9294; P=0), indicating that p, and s, are rarely
high at the same time. This anticorrelation delineates, thus,
two competing modes of adaptation, one including multiple
changes of weak fitness effects, whereas another involving a
few but strongly selected alleles. To further explore what
drives the mode of selection, we grouped genes according
to their Gene Ontology (GO) terms. Remarkably, we observed
a complex nonmonotonic relationship with the GO term size,
whereby functional categories encompassing a low number of
genes (<20 members) tend to exhibit extreme p, and s,
values (supplementary fig. S3, Supplementary Material
online; F-test; P<2x 10~ '), It is worth noting that this sig-
nificance mostly remains regardless of the cut-off value used
to classify GO terms as small and large, and of the GO level
considered (not shown). This likely reflects that biological

processes controlled by a large number of genes offer extra
sources of potential DNA variation, and thus that positive se-
lection can accommodate a phenotype that is adaptive for a
particular biological process through multiple changes of small
fitness effect. This trend is also recapitulated at the upstream
regions of chemosensory genes, where families with high
number of members (i.e., OBPs, ORs, GRs, and dIRs) concom-
itantly harbor a high proportion of adaptive sites with a low
beneficial effect (table 2).

We then contrasted the p, and s, estimates for genes an-
notated as " detection of chemical stimulus involved in sensory
perception” (which encompasses all the surveyed chemosen-
sory gene families) against comparable GO categories; i.e., at
the same level in the GO hierarchical structure and with min-
imum size of 20 members. We found that “detection of
chemical stimulus involved in sensory perception” ranks
amongst the categories with lowest s, values (711th out of
727 GO terms), but top-p, estimates (17th out of 727; fig. 4).
This collectively supports that weak polygenic selection has
been especially prevalent at the chemosensory upstream re-
gions, possibly because the combinatorial nature of the olfac-
tory and gustatory code is complex, and involve multiple
actors, which enables rapidly shaping a phenotype through
diverse genetic changes.

Strong versus Weak Selection in Transcriptional Evolution

To assess the relative contribution of strong and weak poly-
genic selection to transcriptional evolution, we conducted a
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dicarboxylic acid metabolic process -

Malpighian tubule morphogenesis -

renal tubule morphogenesis -

embryonic hindgut morphogenesis -

cellular amino acid biosynthetic process -

apoptotic signaling pathway -

Malpighian tubule development -

renal tubule development -

epithelial cell migration, open tracheal system -

carboxylic acid biosynthetic process -

DNA-templated transcription, initiation -

establishment of protein localization to membrane -

protein lipidation -
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histone lysine methylation -
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detection of chemical stimulus involved in sensory perception -
positive regulation of synaptic growth at neuromuscular junction -
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Fic. 4.—Top 25 GO categories according to their median p, values. In bold, the category “detection of chemical stimulus involved in sensory percep-
tion”, which comprises all surveyed chemosensory families. It ranks in position 17 (out of 727 GO terms with >20 members), approximately representing the

top-2%.

finer-scale analysis, by associating single nucleotide variants
with expression intensity changes. In particular, we explored
the relationship between the frequency of derived mutations
and the expression-fold change they induce (i.e., ratio of tran-
scriptional intensity between individuals with derived and an-
cestral alleles; see “Materials and Methods” section).

We observed many mutations significantly associated with
gene transcriptional changes (expression QTLs, or eQTLs;
fig. 5). The genes harboring such eQTLs at their upstream
regions are mainly targeted to the “extracellular region”
(Hypergeometric test, performed with the DAVID tool
(Huang et al. 2008); adjusted P value=1.0x10~'°), and in-
volved in “defence response” (adjusted Pvalue=2.9x 10~ ).
These eQTLs are remarkably skewed towards extreme allele
frequencies, revealing a strong action of negative and positive
selection in shaping transcriptional evolution (FET; two-tailed
P=0; fig. 5). Unlike this genome-wide pattern, the eQTLs at
the upstream regions of the chemosensory genes are slightly
enriched at intermediate frequencies (fig. 5; two-tailed FET;
P=0.0182). For example, the upstream region of Gr32a ranks
in the top 1% of the genome according to its Tajima’s D value

(D=1.201) (Tajima 1989), a DNA variability pattern that may
be potentially exacerbated by its pleiotropic function, includ-
ing DEET detection (Lee et al. 2010) and modulation of the
male courtship behavior (Fan et al. 2013; Andrews et al.
2014). Among all eQTLs inferred to be targeted by strong
Darwinian selection (derived allele frequency > 0.9; fig. 5),
only two are located at the upstream regions of chemosensory
genes (Ir68a and Obp57a). Notably, both genes are abun-
dantly expressed in male accessory glands (Chintapalli et al.
2007) and known to be regulated by multiple CREs, as defined
in FlyBase (Marygold et al. 2013) (supplementary fig. 54,
Supplementary Material online).

To further investigate the relationship between the mode
of selection and the number of CREs, we estimated p, and s,
inside and outside the DNA regions known to be bound by
regulatory proteins, and found that the proportion of adaptive
mutations is not higher inside (p,=0.0267) than outside
(ps=0.0402) CREs, but just the opposite (Wilcoxon test,
P=9.38x10~©). Beneficial mutations within known CREs
have, however, larger fitness effects (s,=0.0889 vs. 0.0662;
Wilcoxon test, P=0.0308). Remarkably, the distinctive
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Fic. 5.—Association between the frequencies of derived mutations and the transcriptional fold change they induce (EIR; see “Materials and Methods”
section). Red and grey points depict SNPs in chemosensory and nonchemosensory upstream regions, respectively. eQTLs at chemosensory upstream regions
(red) producing a significant transcriptional change are labeled with the corresponding gene name. The background shaded areas define the categories for
extreme (>0.9, or < 0.1) and intermediate (from 0.4 to 0.6) derived allele frequencies.

selective pressure outside CREs, characterized by low s, and
high p, estimates, resembles that estimated for the chemo-
sensory upstream regions (fig. 4). We thus compared the CRE
number at the chemosensory and rest of upstream regions,
and with the recurrent exception of the alR and CSP, we
indeed found a lower amount of regulatory elements at the
OBP, OR, GR and dIR upstream sequences (supplementary
table S4, Supplementary Material online; Wilcoxon test;
P < 0.05). The lack of CREs is also supported by the chromatin
state at the chemosensory upstream regions, which collec-
tively shows a deficit of nucleotide positions annotated as
“Promoter and TSS” and “Regulatory Regions” (supplemen-
tary table S5, Supplementary Material online; two-tailed Fisher
Exact Test; P<2.2x 10~ %), while being enriched in nucleo-
tides annotated as “Transcriptionally Silent, Intergenic” (two-
tailed FET, P<2.2x10~ ).

Discussion

It is well-known that mutations affecting upstream gene re-
gions are a major force driving the evolution of transcriptional
regulation, significantly contributing to the phenotypic

variation within and between species (Wittkopp and Kalay
2012). We hypothesized that the role of positive selection
may be particularly noteworthy at the upstream regions of
the major chemosensory gene families, reflecting the adaptive
pressures imposed by changing external environments. To
infer the phenotypic effects of positively selected alleles, we
comprehensively exploited diverse sources of relevant infor-
mation, including population genomics analyses, as well as
transcriptional and functional data available for this species.

The Demographic History of D. melanogaster

Although already described elsewhere (Keller 2007; Duchen
et al. 2012; Garud et al. 2015), we re-estimated the underly-
ing D. melanogaster demography to ensure an homogeneous
treatment of residual heterozigosity and missing data, which
has been proven to be essential in large genome panels, in-
cluding for the detection of selection (Ferretti et al. 2012).
Indeed, the North America colonization offered opportunities
to natural selection to act in response to the new climate
environment pressures. If adaptation has occurred, the co-
lonization is so recent (~5000-7000 generations) that the
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molecular footprint of positive selection may remain in the D.
melanogaster genome and, particularly, in some chemosen-
sory genes (which may have play a relevant role in the adap-
tive process). We actually inferred that positive selection plays
a major role in driving the nucleotide divergence at the che-
mosensory upstream regions (table 2), with rates of adaptive
substitution much higher than those previously estimated at
the D. simulans noncoding regions (Andolfatto 2005).
Nevertheless, it does not necessarily reflect a huge adaptive
pressure, but merely the recent demographic history of this
population; i.e., the recovery from the bottleneck is so recent
that hardly the strongly favored mutations have had time
enough to reach fixation (supplementary fig. S5,
Supplementary Material online). Therefore, and to avoid mis-
leading interpretations about the impact of positive selection,
we focused the analyses on the proportion of new adaptive
mutations (p,) and their coefficient of selection (s,).

Differential Pace of Natural Selection at the
Chemosensory Upstream Regions

We have detected a significant and inverse relationship be-
tween p, and s, parameters. This has profound implications to
understand the pace of selection at the chemosensory up-
stream regions. Positive selection scans have traditionally fo-
cused on identifying strong departures of the expected levels
and patterns of nucleotide variability, typically hard or soft
selective sweep signatures (Stephan 2016). Garud and col-
leagues (Garud et al. 2015), for example, have recently ap-
plied a powerful statistical test to detect selective sweeps in
the DGRP panel, and only identified a few chemosensory
genes among the top-10% (strongly selected) candidate
regions.

The phenotype of most quantitative traits is likely to be
simultaneously controlled by multiple loci (Pritchard et al.
2010; Huang et al. 2012). Although it depends on the specific
genetic architecture, the action of natural selection on com-
plex traits is known to vyield subtle molecular footprints,
whereby the beneficial alleles rarely reach fixation, but
remain segregating, trapped in the complexity of the rugged
adaptive landscape (Pavlidis et al. 2012; Stephan 2016). This
implies that alleles underlying complex selected traits may be
counter-intuitively found at intermediate frequencies. Unlike
the genome-wide pattern, shaped by both, strong negative
and positive selection (fig. 5), we interestingly found that the
eQTLs located at the chemosensory upstream regions are
slightly but significantly enriched at intermediate frequencies.
More conclusively, the GO term “detection of chemical stim-
ulus involved in sensory perception” exhibits one of the largest
proportions of adaptive mutations, but with small fitness ef-
fects. Our results are well in line with a recent study showing
that the adaptive substitution rate is not particularly prevalent
at the chemosensory protein families, and that chemosensory
adaptation involves multiple but subtle changes from standing

variation (Arguello et al. 2016). Altogether, these results sug-
gest that weak polygenic selection at the chemosensory up-
stream region contributed to the recent colonization of North
America.

The fact that the chemosensory upstream regions belong
to moderate-sized multigene families likely conditioned the
pace of selection. It is well known, for example, that different
members of the same chemosensory family recognize partially
overlapping sets of cues (Laissue and Vosshall 2008). This re-
dundancy may enable accumulating slightly or mildly delete-
rious variation that, eventually, can become beneficial in front
of new external environments. Tolerating or even promoting
moderate levels of phenotypic plasticity and/or segregating
variation may be adaptive in varying environments, enabling
to quickly buffer and survive sudden habitat alterations.

Functional Data and Phenotypic Assays

The phenotypic consequences of epistatic interactions could
be easily misinterpreted if correlated mutations compensate
each other or entail multiplicative fitness effects. It has been
shown, for example, that variations in olfactory behavior are
not only associated with polymorphisms of the major chemo-
sensory gene families (Rollmann et al. 2010; Wang et al.
2010), but also with alleles that cause subtle variations in
the olfactory neuron projections (Swarup et al. 2013; Arya
et al. 2015). Further functional data is therefore indispensable
to fully uncover the fitness landscape of complex traits, and
the epistatic interactions between the upstream and down-
stream components of the chemosensory pathway (He et al.
2016). Meanwhile, we have integrated the information al-
ready available for D. melanogaster, which it is acknowledged
to be partial, and thus potentially biased at some extent. It is
well known, for example, that FlyBase is not completely
updated, and lacks some CREs controlling the transcription
of the chemosensory genes (Jafari et al. 2012; Barish and
Volkan 2015). This could casts some fair doubts on whether
the number of CREs is really lower at the chemosensory than
at the rest of upstream regions (supplementary tables S4 and
S5, Supplementary Material online). Conversely, as the che-
mosensory is a widely studied system, it is also possible that
their CREs were over-represented in databases, making our
comparison rather conservative. Nevertheless, given that the
lower number of CREs in the chemosensory upstream regions
is consistently supported by two independent sources of func-
tional information (supplementary tables S4 and S5,
Supplementary Material online), and that it correlates with
selective parameters solely inferred from sequence data, we
believe that the conclusion is sound, although claiming for a
cautious interpretation.

It could be also thought that the surveyed expression data
(representing a single experimental condition, young adult
flies) may not be especially suitable for identifying transcrip-
tional changes of chemosensory genes. Indeed, their
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expression is often restricted to a few sensilla, leading to an
overall intensity signal far below the detectable threshold
(Zhang et al. 2014). Nevertheless, we conditioned our statis-
tical test on SNPs that are significantly associated with an ex-
pression fold change (fig. 5); i.e., we tested if, among the
eQTLs, there is an overrepresentation at extreme or interme-
diate allele frequencies. This obviously reduces the sample
size, but prevents the bias caused by eQTLs that are undetect-
able at the chemosensory upstream regions.

We detected that many chemosensory-eQTLs regulate che-
mosensory genes transcribed in reproductive organs, espe-
cially OBPs. This is well in agreement with a previous study,
which revealed that a large fraction of eQTLs are male-speci-
fic, and mainly control the transcription of genes in testes and
accessory glands (Massouras et al. 2012). Actually, we found
that the only two chemosensory-eQTLs segregating at high
allele frequencies are located at the Ir68a and Obp57a up-
stream regions, two genes transcribed in male accessory
glands. These results are consistent with the fast evolutionary
rates reported for sex-related genes in Drosophila (Haerty et al.
2007; Larracuente et al. 2008; Yeh et al. 2012), as well as with
the transcriptional and functional diversification observed for
the OBP family members (Chintapalli et al. 2007; Librado and
Rozas 2013).

Evolutionary Rates across the Chemosensory Gene
Families

The comparison of the evolutionary rates at different time-
scales is a fundamental approach to gain insights into the
origin and function of the major chemosensory multigene
families (Missbach et al. 2014; Pelosi et al. 2014). Until now,
however, such studies have been focused on the chemosen-
sory gene turnover rates (4) and on the selective constraint at
their protein-coding regions (w). In agreement with previous
studies (Sanchez-Gracia et al. 2009; Almeida et al. 2014), we
found two distinctive modes of evolution. On the one hand,
the OBP and especially the GR, OR and dIR upstream regions
exhibit the highest p,, values (table 2). By their own functional
idiosyncrasy, the chemoreceptor upstream regions may pro-
vide the ideal substrate for rapid adaptations. For example, the
misexpression of chemoreceptors into pre-existing sensory
neurons may activate completely different downstream
neural circuits, eliciting even the opposite (potentially adap-
tive) behavior given the same chemical stimuli (Cande et al.
2013). On the other hand, the alR and CSP upstream regions
mainly evolve under a strong negative selection (high —Nes),
with only a few mutations being advantageous (low p,;
table 2). Indeed, these gene families have an ancient origin
(Vieira and Rozas 2011), and likely commit a basal function in
sensing chemical cues (Croset et al. 2010), or even in other
biological processes (Nomura et al. 1992). Overall, our com-
parison among chemosensory families recapitulates the
genome-wide pattern, whereby biological processes

controlled by a large number of genes are more likely to un-
dergo weak polygenic selection.

Supplementary Material

Supplementary tables S1-S5 and figures S1-S5 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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