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ABSTRACT

One of the major questions in ecology and evolutionary biology is how
variation in the genome enables species to adapt to divergent environmental
parameters. The use of latitudinal clines is a powerful approach in associating
genetic variation with geographically varying thermal conditions. Here, we
have taken a candidate gene approach to study footprints of thermal selection
in six wild populations of the afrotropical butterfly Bicyclus anynana,
sampled along a latitudinal cline covering a distance of ~3,000 km from the
equator to the subtropics. We sequenced coding regions of 19 genes that are
candidates for an association with thermal adaptation, including enzymes
and other proteins from the glycolytic pathway and its branches, the lipid
pathway, and genes involved in pigment biosynthesis. In addition, six
genes from the heat shock family and five genes involved in developmental
pathways for which we did not expect structural variation associated with a
thermal gradient, were included as a type of negative control. We identified
non-synonymous nucleotide polymorphisms in 11 candidate genes and tested
these forsignificant clinal variation by correlation analysis of allele frequencies
with latitude. As an additional analysis to infer evidence of selection we
implemented the Beaumont-Nichols F . outlier method. Two metabolic
enzymes of the glycolytic pathway, Treh and UGPase, showed significant
clinal variation of which UGPase remained significant after multiple testing
correction. In addition, the outlier analysis indicated a significantly higher F__
value for the same amino acid polymorphism in UGPase than expected under
a model of neutral evolution. In contrast, we found no evidence of clines with
latitude in the heat shock proteins and developmental genes. The underlying
phylogeographic structure of the populations based on the mtDNA COI gene
and the silent SNPs of the candidate genes did not show a clinal pattern. Our
results thus indicate that the observed clinal variation in UGPase and Treh
may reflect adaptation to a geographic thermal gradient.
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INTRODUCTION

A central goal in our quest to unravel the mechanisms of natural selection is to
understand how variation in the genome enables species or populations to cope with,
and adapt to divergent environmental conditions. Studying genes that are putatively
under selection can shed light on the quantity and nature of genetic changes involved in
adaptive differentiation, as well as on potential constraints on evolutionary responses.
Identifying genetic variation involved in the local adaptation of wild populations
is especially relevant in the context of present-day human-induced environmental
change, including habitat fragmentation and climate change. As past evolutionary
change is recorded in the genome, we can potentially use this information to make
predictions about the evolutionary potential of wild populations in response to future
environmental change. Moreover, genes involved in adaptive responses could be used
as genetic markers in conservation efforts and to monitor species’ molecular responses
to selection imposed by environmental change (Hoffmann & Willi 2008).

An increasing number of studies indicate that genetic changes in particular loci can
play an important role in the performance of organisms and fitness in relation to their
environment (e.g. Mitton & Duran 2004, Hoekstra et al. 2006, Campbell 2010). Genetic
changes leading to variation in responses to environmental conditions include changes
in regulatory regions that induce the differential expression of genes. For example,
variation in the expression of heat shock protein (Hsp) genes has been linked to the
presence of transposable elements in the promoter regions in Drosophila species, with
a likely role in thermal adaptation (Chen et al. 2007). Alternatively, changes in the
coding regions of the genes can lead to amino acid variation, and potential structural
differences, in the transcribed proteins. A well-studied example of this is amino acid
polymorphism in the metabolic enzyme phosphoglucose isomerase (Pgi), which has
been associated with fitness and performance differences particularly in relation to
temperature in various Arthropod taxa, including butterflies (Hanski & Saccheri 2006),
beetles (Rank et al. 2007) and amphipods (Patarnello & Battaglia 1992). In the Glanville
fritillary butterfly, Melitaea cinxia, different Pgi alleles correlate with life history traits
including dispersal, metabolic rate and population growth, and are linked to thermal
performance (Hanski & Saccheri 2006, Saastamoinen & Hanski 2008).

One approach to infer evidence of selection at the molecular level is to associate
genetic polymorphisms in populations with geographically varying environmental
parameters. Temperature is generally recognized as one of the main environmental
variablesinfluencing and limiting organismal performance and fitness, and consequently
determines the distribution and range of species (e.g. Fields 2001, Angilletta 2009).
Latitudinal clines are a powerful tool in demonstrating patterns of past natural selection
associated with temperature (Endler 1977), and have been described at the phenotypic
and molecular level in a wide range of organisms, including flies (Hoffmann & Weeks
2007), fish (Schmidt et al. 2008), and plants (Hall et al. 2007). Although molecular
clinal variation has been well studied in Drosophila (Sezgin et al. 2004, Hoffmann &
Weeks 2007), there are few comparable studies in other insect groups with distinct
biological properties. Butterflies provide model species in evolutionary and ecological
studies (Brakefield & Frankino 2009), and are important bio-indicators because of their
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sensitivity to environmental changes (Parmesan 2003). However, studies of molecular
clinal variation in butterflies are very limited, apart from those on altitudinal variation
in copper butterflies (Fischer & Karl 2010).

In the present study, we took a candidate gene approach to study footprints of
selection in wild populations of the butterfly Bicyclus anynana along a latitudinal cline.
B. anynana is an emerging model species for developmental and life history studies,
with genetic information and tools becoming increasingly available (Brakefield et al.
2009). The species occurs in East Africa, where its range extends from equatorial Kenya
to subtropical South Africa. Temperature values for means, minima and maxima
increase towards the equator, while daily and annual mean temperature amplitudes
decrease. We sampled six populations from the equator to the southernmost part of the
range covering approximately 3,000 km, thereby extending over most of the species’
latitudinal range (Condamin 1973). From the EST derived gene collection for B. anynana
(Beldade et al. 2006, 2009), we selected a set of candidate genes potentially involved in
temperature adaptation, mainly based on findings from research on Drosophila. The
majority of candidate genes for which single-locus latitudinal clines are reported in
the literature are metabolic enzymes (e.g. Sezgin et al. 2004). We selected genes coding
for enzymes and other proteins involved in the glycolytic pathway and its important
branches (Gapdh2, Gdh, GlyP, Tpi, Treh, and UGPase) and in the lipid pathway (Apolphorin
precursor, desatl, Lipase like, LyR, TAG Lipase, and V), as well as an antioxidant gene
(Cat).

In addition to the metabolic genes, we included several genes involved in the pigment
biosynthesis of wing pattern pigmentation (black, Catsup, ddc, light, ovo, and yellow).
Latitudinal and altitudinal clines for pigmentation are widely documented for a range
of species, including mice (Hoekstra 2006), flies (Wittkopp et al. 2003), and butterflies
(Ellers & Boggs 2002, Karl et al. 2009). The adaptive value of these patterns of variation
along thermal gradients has been ascribed to the regulation of body temperature
(Ellers & Boggs 2002, Karl et al. 2009), protection from UV radiation (Gunn 1998) and
desiccation resistance (Rajpurohit et al. 2007). Studies have linked polymorphisms in
coding regions of genes to phenotypic variation in pigmentation genes (e.g. Sturm et
al. 2001, Hoekstra et al. 2006). Previously, in a two population comparison, we have
shown population differentiation for thermal reaction norms of wing pattern elements
(De Jong et al. 2010). In B. anynana, wing pattern is a fitness-related trait that plays a
role in predator avoidance (Lyytinen et al. 2004) and sexual signalling (Robertson &
Monteiro 2005). Although a relationship between wing pattern and thermal adaptation
has not been described for this species thus far, the wing pattern pigmentation genes
are an interesting group to screen for molecular clinal variation.

Lastly, we selected several genes from the heat shock protein family (Hsp23, Hsp60,
Hsp68, Hsp83, Hsc70-3, Hsc70-4) and genes involved in developmental pathways (Apc,
dll, en, ovo, and wg). Heat shock proteins and heat shock cognates have been shown
to play an important role in temperature adaptation in a variety of organisms, but
this is mainly through differential gene expression (e.g. Chen et al. 2007, Rinehart et
al. 2007). Hence, these genes are generally considered less likely candidates to show
clinal variation in the coding regions. Similarly, although the selected developmental
genes play an important role in wing development and patterning, and may thus be
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linked to geographic variation in pigmentation, research is revealing that phenotypic
variation is mainly associated with these genes through gene regulation (Wittkopp &
Beldade 2009). Therefore, we do not expect, a priori, a correlation between the structural
sequences and latitude. This group can thus be seen as a type of negative control.

To detect patterns of selection related to temperature adaptation, we analysed
clinal variation of amino acid polymorphisms in the studied genes by testing for
significant correlations between population latitude and allele frequencies. To address
the possibility of confounding the phylogenetic history of the species with patterns
of natural selection, we compare our findings with the geographic structure of the
populations based on the COI mitochondrial gene and putatively neutral silent SNPs of
the nuclear genes. Finally, we implemented the Beaumont-Nichols F, outlier method
(Beaumont & Nichols 1996) to identify loci under directional or balancing selection as
an additional method to infer evidence of selection for the studied candidate genes.

MATERIALS AND METHODS
Populations and samples

In 2005 and 2006, six populations were sampled along a latitudinal cline from the
following locations (from North to South, followed by their abbreviations, coordinates
and sample sizes): Lake Mburo in Uganda (LM, 0° 38’ S 30° 57" E, n = 50); Watamu
in Kenya (WA, 3° 21" S 40° 1" E, n = 40); Ngezi forest on Pemba Island, Tanzania
(PE, 4° 55" S 39° 42" E, n = 50); Zomba in Malawi (ZO, 15° 22’ S 35° 19" E, n = 43);
Mpaphuli Cycad Reserve in Limpopo, South Africa (LP, 22° 47" S 30° 37" E, n = 50); and
False Bay Park of the Greater St. Lucia Wetland Area, KwaZulu Natal, South Africa
(FB,27°58S32°21"E, n=>50). Fig. 1 gives an overview of the locations of the populations
on the African continent. For each population, the gender structure of the samples was

Figure 1. Overview of the locations of the analysed populations on the African continent.
FB: False Bay; LM: Lake Mburo; LP: Limpopo; PE: Pemba; WA: Watamu; ZO: Zomba.
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approximately evenly balanced between males and females. Samples were stored at
-80°C until they were used for DNA extraction.

Candidate gene selection and primer design

We selected 19 candidate genes putatively involved in thermal adaptation from a
published EST-derived gene collection of B. anynana (Beldade et al. 2006). This gene
collection contains over 4,000 genes in the form of singletons and contigs assembled
from expressed sequence tags, and was created using material from a B. anynana
laboratory stock established from a wild population from Malawi in 1988. Although
most candidate genes for this study were selected on the basis of Drosophila literature,
we searched our B. anynana gene collection by tblastx analysis (e-score cut-off value of
1.0 x 10”°) with Bombyx mori orthologs of the candidates to increase the chance of finding
them in our gene collection. We obtained the B. mori orthologs from the Silkworm
Genome Database (SilkDB, www.silkworm.genomics.org.cn).

The selected candidates include genes from the glycolytic pathway and its branches
(Gapdh2, Gdh, GlyP, Tpi, Treh, and UGPase), the lipid pathway (Apolphorin precursor,
desat1, Lipase like, LpR, TAG Lipase, and Vg), an antioxidant enzyme (Cat) and genes
involved in pigmentation biosynthesis (black, Catsup, ddc, light, and yellow). In addition,
we included six genes from the heat shock protein family (Hsc70-3, Hsc70-4, Hsp23,
Hsp60, Hsp68, and Hsp83) and five genes involved in developmental pathways (Apc,
dll, en, ovo, and wg) using the same method of selection from the EST-derived gene
collection (Table 1 in Appendix).

For each gene, primers were designed to amplify lengths of 200 — 1,650 bp of the
exonic regions, excluding the introns, resulting in one to three primer pairs per gene
(Table 1 in Appendix). Based on the assumption of conserved intron positions between
Bicyclus anynana and Bombyx mori, intron positions were identified by comparing
coding sequence of the B. mori candidate orthologs with the genomic sequence from the
SilkDB database. We designed the primers using the primer-BLAST tool with default
settings on the website of the National Center for Biotechnology Information (NCBI,
www.ncbi.nlm.nih.gov). Primers were tested on five individuals per populations
and accepted for further use when the PCR products yielded bands of the same size.
Table 1 (Appendix) gives an overview of the genes included in the study, including their
full names and abbreviations, contig numbers from the EST-derived gene collection for
Bicyclus anynana (Beldade et al. 2006, 2009), functional assignment, sequences of the
primers used for amplification of the genes, and sequence lengths of the amplicons.

DNA extraction, PCR and sequencing

Genomic DNA was extracted from individual thoraces and legs using Qiagen’s DNeasy
tissue kit and following the manufacturer’s instructions. DNA concentrations were
measured with Nanodrop spectrophotometry and Picogreen fluorometry. Various
studies have shown that accurate estimates of allele frequencies based on PCR results
can be obtained by precise pooling of the DNA of several individuals combined
(reviewed in Sham et al. 2002). Thus, individual samples of identical concentrations
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were combined in pools of three, resulting in 17 pools per population. PCRs were
conducted in a 50 pl volume, with 3 pl DNA, 0.25 ul ExTaq (Takara), 5 pl 10x ExTaq
buffer, 5 ul of each dNTP (2.5 mM), and 1 pl of each primer (10 pmol). PCR conditions
consisted of an initial cycle at 94°C for 3 min, 33 cycles of 94°C for 30 s, 60°C for 30 s,
72°C for 45 s, and a final extension at 72°C for 5 min. Primer combinations for which
the PCR product did not yield a band on agarose gel for one or more of the pooled
groups were excluded from the analysis. After cleaning, PCR product concentrations
were measured using Picogreen fluorometry and subsequently standardised,
after which the PCR products for each population were pooled with equal molar
concentration. Each population sample was prepared according to standard Illumina
protocols for genomic DNA samples (more information can be found on the website
www.illumina.com), loaded into a single lane of an eight-lane flow cell and sequenced
by pair-end 75 bp reads on a Illumina Solexa Genome Analyzer. Measuring of DNA
concentrations, pooling of samples, PCR reactions, and Illumina sequencing were
performed by Macrogen Inc. (Seoul, Korea).

Analysis
SNP calling

Maq software (Li et al. 2008) was used for alignment of the 75 bp reads to the reference
sequence, which was the contig sequence available for each candidate gene. For SNP
discovery, SNPs were called when the minor allele frequency was 4% or higher in one
or more of the populations. The alignment and SNP calling analyses were carried out
by Macrogen Inc. (Seoul, Korea). To further reduce the chance of calling false positive
SNPs and to reduce the size of the data set, we included only the SNPs with a minor
allele frequency of at least 20% in one population, or a minor allele frequency of at least
5% in three populations for all further analyses. Reading frame positions for protein
translation of candidate genes were determined by BLAST alignment to Bombyx mori
orthologs from the SilkDB, which allowed for assessment of silent (synonymous) and
substitution (non-synonymous) SNPs.

Population genetic parameters

SNP allele frequency data was converted to genotype files for each locus and population
using WaichLocr software (Banks et al. 2003), assuming Hardy-Weinberg equilibrium
for the loci, and given the initial sample sizes of the collected populations. Haplotype
structure and linkage between SNPs could not be analysed because the reconstructed
genotype data were based on allele frequencies from pooled samples. The population
genetic parameters of allelic richness (AR, corrected for sample size) and unbiased
gene diversity (or expected heterozygosity, H) were calculated per population per gene
using the program FSTAT (ver. 2.9.3; Goudet 2002). Pairwise population differences
were calculated using analysis of variance followed by a Tukey’s honest significant
differences (HSD) test in SPSS (ver. 14). Population pairwise F,, values based on the
silent SNPs and associated p-values were calculated per gene with ArRLEQUIN (ver. 3.5;
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Excoffier & Lischer 2010) following Weir & Cockerham (1984) using 1,000 permutations,
and averaged over the total set of genes.

Evidence of selection: clinal variation and F, outlier analysis

For the analysis of clinal variation, we used the amino acid polymorphisms that were
polymorphic in at least three populations. We chose to focus on the SNPs that showed
at least 20% difference in allele frequency between the most divergent populations to
reduce loss of statistical power due to multiple testing. For each SNP, the association
between allele frequency and geographic origin of the populations (latitude) was tested
using Pearson’s correlation analysis in SPSS (ver. 14) software. Multiple comparisons
were corrected using Benjamini & Hochberg’s (1995) False Discovery Rate procedure.

As an additional method to detect evidence of selection, we implemented the
Beaumont & Nichols (1996) outlier method, which uses the distribution of loci based on
the relationship between F, and H in an island model. As F, is a measure of population
divergence, it can be used to reveal patterns of local adaptation. When a locus is under
directional or balancing selection, it is expected to show respectively higher and lower
F, values than neutral loci (Beaumont & Nichols 1996). When taking into account clinal
variation, a steeper cline will generally be associated with a higher F, value, indicating
stronger population divergence. Here, we were primarily interested in finding loci with
outlier F , values among the replacement SNPs that were analysed for clinal variation.
Outlier loci are defined as loci that show significantly more (directional selection)
or less (balancing selection) differentiation among populations than predicted by a
neutral model. We also included all synonymous SNPs in the outlier analysis because
these SNPs are expected to be mostly under neutral evolution and thus provide a type
of neutral baseline with which outlier loci can be compared. We calculated upper and
lower outlier F, values including all SNPs, under an infinite alleles mutation model
with 10,000 simulations and a confidence interval of 0.95, using the program LOSITAN
(Antao et al. 2008).

RESULTS
Population genetic diversity indices and unique SNPs

Table 2 shows the average allelic richness (AR) and gene diversity (H) per candidate
gene including the standard deviation for each population, and the total number of
unique SNPs per population (SNPs occurring in only one population). Allelic richness
measures genetic diversity as the average number of alleles in a sample, and was
corrected for the differences in sample size between the populations. An analysis of
variance showed that AR is significantly lower (p < 0.0001) for the LM population,
which belongs to a different subspecies (B. anynana centralis), compared to the other
populations. The WA populations and the island population PE have lower values than
the FB, LP and ZO populations but these differences are not significant (Table 2). Gene
diversity (or expected heterozygosity, H) represents the probability that two randomly
sampled alleles are different, and the populations show a very similar pattern for this
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Table 2. Allelic Richness (AR) and gene diversity (H) averaged over all genes, and number of
unique single nucleotide polymorphisms (SNPs) per population. FB: False Bay; LM: Lake Mburo;
LP: Limpopo; PE: Pemba; WA: Watamu; ZO: Zomba; SD: standard deviation

Population AR +SD H=+SD unique SNPs
FB 1.70+0.18 0.21 +0.08 0
LpP 1.70 £0.21 0.21+0.08 0
Z0O 1.70 £0.20 0.21+£0.08 0
PE 1.63+0.21 0.18 £0.07 52
WA 1.64+0.23 0.20 +0.09 0
LM 1.42+0.19 0.12+0.06 69

Table 3. Pairwise population F,, values, averaged over all genes (lower diagonal), and associated
p-values (upper diagonal). FB: False Bay; LM: Lake Mburo; LP: Limpopo; PE: Pemba; WA:
Watamu; ZO: Zomba; *** p < 0.001

FB LP Z0O PE WA LM

FB ] . - . . -

LP 0.03 B} w4t % ot -

ZO 0.03 0.03 - o . o

PE 0.30 0.29 0.30 - o ok

WA 0.08 0.09 0.09 0.30 - ok
LM 0.50 0.49 0.50 0.56 0.49 -

measure as for AR. Again, LM shows the lowest diversity and is significantly different
(p <0.0001) from the other populations. WA and PE have slightly lower H values than
FB, LP and ZO but these differences are very small and non-significant (Table 2). None
of the populations FB, LP, ZO and WA have unique SNPs (SNPs that do not occur
in other populations). In contrast, PE has 52 unique SNPs, while LM has the highest
number with 69 unique SNPs (Table 2).

Pairwise population differentiation

We calculated average pairwise population F, values, from F, values for each gene
based on the silent SNPs (Table 3). All pairwise F,. values were significant (p < 0.001).
Pairwise F . valuesarelower than 0.1 for any pairwise comparison within the populations
FB, LP, ZO and WA. Comparisons between FB, LP and ZO give the smallest F, values
(0.03), while WA shows slightly more differentiation from the first three populations
(0.08-0.09). Pairwise F . values between PE and the other populations are relatively
high. Differentiation between PE and the populations FB, LP, ZO and WA are very
similar (0.29-0.30), while the pairwise F,, value between PE and LM is the highest of
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all comparisons (0.56). LM shows the most population differentiation with similar F
values for all pairwise comparisons (between 0.49 and 0.56).

Candidate genes

Table 4 (Appendix) gives the total sequenced length in base pairs (bp), the number
of synonymous and non-synonymous SNPs and the ratio of synonymous and non-
synonymous SNPs per 100 bp for each candidate gene. Sequenced lengths of genes
varied between 200 and 1,645 bp, with an average of 774 bp. On average, there was 1
SNP for every 38 bp, corresponding to 2.6 bp per 100 bp. The majority of the identified
SNPs were synonymous: we found nearly 20-fold as many synonymous SNPs as non-
synonymous SNPs. Based on our SNP selection criteria (see Materials and Methods),
further analyses of evidence of selection was focused on 14 replacement SNPs in 11
genes: Treh, UGPase, TAGLipase, Vg, Hsp23, Hsp83, black, en, light, yellow, and wg (Table 5).

Clinal variation

We present the results of a Pearson’s 0601

correlationanalysis onnon-synonymous 0501 e
SNP allele frequencies against latitude. = 040] "

A summary is given in Table 5 g

which shows the F_. value, Pearson’s 030

correlation coefficient (r) and associated g o2{ .

p-value with significance indication ¢

per SNP for each gene. We found 0197 o

significant clinal variation for two out of 0.001-°

three replacement SNPs in Treh (Treh™>,
Fig. 2A and Treh*”, Fig. 2B), and for
the only replacement SNP in UGPase

0.0

5.0

10.0

15.0
latitude

20.0

25.0

30.0

Figure 3. The latitudinal cline for SNP 408 of

UGPase.
1,00 s 0.50]
A ... B
* - * 0.40-
<0801 .- eo
£ 0.601 . JPhe £ 0.301
£ 0.401 Lo £ 0.20
o .7 o
s |- o
T 0,201 T 0.10
[ ] r i ¢
0.00] 0.001
T T T T T T T
00 50 100 150 200 250 300 00 50 100 150 200 250 300
latitude latitude

Figure 2. The latitudinal clines for (A) SNP 335 and (B) SNP 550 of Treh.
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Table 5. Non-synonymous single nucleotide polymorphisms (SNPs) tested for significant
clinal variation listed per gene, Fsr values, Pearson’s correlation coefficient (r) and associated
probabilities (p). Significant upper (+) or lower (-) F,, outliers are indicated for the analysis
including all populations (6) or populations FB, LP, ZO and WA (4). p-values that remained
significant after False Discovery Rate (FDR) correction are indicated with *.

Gene name SNP Fo, r P Outlier
Treh 335 0.451 0.840 0.036

549 0.536 0.388 0.116

550 0.137 0.905 0.013
UGPase 248 0.306 0.966 0.002* +(4)
TAG Lipase 1 424 0.133 0.078 0.884
TAG Lipase 11 32 0.152 0.044 0.935

296 0.534 0.451 0.369
Vg 452 0.248 0.737 0.095

614 0.618 0.622 0.187 +(6)
Hsp23 647 0.530 0.322 0.533
Hsp83 551 0.006 0.098 0.854 - (6)
black 135 0.190 0.718 0.108
light 782 0.802 0.707 0.116 +(6)
yellow 585 0.248 0.764 0.077

591 0.565 0.507 0.305 +(4)
wg 341 0.048 0.107 0.840

(UGP*8, Fig. 3). After multiple testing correction using Benjamini & Hochberg’s (1995)
False Discovery Rate, only the cline for UGP**® remained significant.

Outlier analysis

To identify outlier F . values in the replacement SNPs, we first carried out the
Beaumont & Nichols F,, outlier analysis including all silent and replacement SNPs
of the candidate genes for the six populations. This revealed one replacement SNP
with a significant lower outlier F_,: Hsp83*' (p <0.001), and two replacement loci with
significant upper outlier F , values: Vg*** (p <0.01) and Light”® (p <0.001; Table 5). These
loci did not show significant clinal variation (Table 5), and the high F, values of the two
upper outliers were caused by unique SNPs for the populations PE and LM. Overall,
the upper F, values in the analysis (of both silent and replacement SNPs) were mainly
determined by the large number of unique SNPs in PE and WA. Because we were
more interested in outlier loci among polymorphisms shared between populations,
we decided to also perform the analysis including only the four populations FB, LP,
Z0O and WA. These populations did not have any unique SNPs, and extend over most
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Figure 4. Average monthly temperatures for the localities of (A) the Kenyan WA population,
and (B) the subtropical South African FB population. Solid line represents mean temperature in
°C, and dashed lines represent average maximum and minimum temperatures. Climate data
from the Global Historical Climate Network (GHCN).

of the sampled geographic area. This analysis resulted in two upper outlier F, values
among the replacement SNPs: Yellow™' (p < 0.05) and UGP*® (p < 0.05), of which the
latter also showed significant clinal variation (Table 5).

DISCUSSION
Climate

The distribution area of B. anynana spans a considerable temperature range with
increasing overall temperatures and decreasing temperature amplitudes towards
the equator. Fig. 4 shows climate charts for average minimum, mean and maximum
temperatures for the Kenyan population near the equator (Fig. 4A) and the subtropical
population from South Africa (Fig. 4B). Average monthly mean temperatures differ
by as much as 8°C between these populations, and yearly temperature differences are
considerably larger for South Africa than Kenya where temperatures remain fairly
uniform throughout the year. Although there can be subtle deviations from a linear
increase in temperature towards the equator, for example due to altitude differences,
the regional scale shows a gradient in temperatures. The association of rainfall with
latitude (not shown) is considerably more complex than temperature and does not
show a clear gradient on a regional or local level.

Phylogeographic population structure

One potential problem with the interpretation of clinal variation is that the effects
of spatially varying selection may be confounded with underlying phylogeographic
patterns resulting from neutral evolution processes, such as drift and/or spatially
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restricted gene flow (Gould & Johnston 1972, Endler 1977, Vasemagi 2006). To address
thisissue, we take into account the geographic population structure based on the mtDNA
COI gene (De Jong et al. unpublished data; chapter 4 in this thesis), a marker widely
used for inferring phylogenetic population structure (Avise 2000). This phylogeography
indicated very little population differentiation for most populations (FB, LP, ZO and
WA, further referred to as “‘mainland’ populations), while the island population PE and
the population belonging to the different subspecies B. anynana centralis LM showed
more differentiation. The study indicated that the low level of differentiation between
the mainland populations is likely to be caused by recent population expansion from
refugia during the last glacial maximum (De Jong et al. unpublished data; chapter 4 in
this thesis). The most common haplotype, shared by the four mainland populations,
did not show significant clinal variation in frequency with latitude.

Table 2 shows, for each population, gene diversity (expected heterozygosity) and
allelic richness (average number of alleles), two statistics frequently used to measure
genetic diversity. These indices (based on the nuclear genes) show a significantly lower
genetic diversity for the LM population. PE also has a lower allelic richness and gene
diversity than the mainland populations, but these differences are not significant.
Both LM and PE have a substantial number of unique SNPs, as opposed to the
mainland populations (Table 2), further indicating their relative isolation. The pairwise
population differentiation based on the silent SNPs of the nuclear genes shows a
similar pattern (Table 3). F,, values among the four mainland populations are very
small, indicating little differentiation, as opposed to the much higher values involving
PE and particularly LM with these populations. The silent SNPs are likely to reflect the
outcome of largely neutral evolution, although putative selection on these SNPs due to
linkage/hitchhiking effects (Nielsen 2005) and other non-neutral processes (Chamary
et al. 2006) cannot be excluded. An analysis with additional neutral markers could give
a more conclusive perspective on the neutral population structure. To summarize, the
mtDNA and silent SNPs indicate that the interpopulation structure does not show a
clinal gradient. Furthermore, there is very little overall genetic divergence among the
mainland populations, while the island population and especially the population of
the B. centralis subspecies show much more differentiation.

Candidate genes

For this study, we sequenced coding sections of 20 candidate genes associated with
temperature adaptation, and ten genes involved in wing pattern development. Despite
conservative SNP calling, the genes were extremely polymorphic with on average 1
SNP per 38 bp. Previous studies on a single population of B. anynana also indicated a
high level of polymorphism, with around 1 SNP per 50 bp (Beldade et al. 2006, 2009).
This level of polymorphism is very high compared, for example, to humans with a
reported SNP frequency in coding regions of 1 in 350bp (Cargill et al. 1999), and in the
silkworm Bombyx mori, of 11in 775bp (Cheng et al. 2004). On average, there were 15-fold
more silent SNPs than replacement SNPs in Bicyclus anynana, indicating a generally
strong balancing selection (Table 3). This is not surprising, considering the functional
importance of these genes, which is also reflected in the relatively high level of
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conservation at the protein level across species (e.g. in comparison with Bombyx mori).
Because the silent SNPs are likely to mainly reflect the phylogeographic history of the
populations, we only included the replacement SNPs for the analysis of footprints of
selection.

Clinal variation in metabolic genes

The majority of evidence for adaptive clinal variation in coding polymorphisms results
from studies on allozyme and candidate gene studies in metabolic genes in Drosophila.
A well-known example is the parallel cline in the alcohol-dehydrogenase enzyme (Adh)
in Australia, linked to latitudinal phenotypic variation in alcohol tolerance (Oakeshott
et al. 1982). The recent advances in sequencing technology have sparked a renewed
interest in studying clinal variation at the molecular level, resulting in an increase in
the discovery of candidate genes displaying molecular clines. For example, Sezgin et
al. (2004) reviewed and tested for clinal coding variation of metabolic enzymes in D.
melanogaster, reporting on a total of nine genes displaying significant clines, and further
reports have followed (Schmidt et al. 2008, Paaby et al. 2010).

Metabolic enzymes typically have limited thermal performance curves which are
shaped by the ability to bind substrate (conformation) and the flexibility to change
shape during catalysis (Hochachka & Somero 2002). The substitution of amino acids
can alter the thermal properties of proteins (Fields 2001), and natural selection favours
mutations that influence the conformational stability of enzymes (Marx et al. 2007).
The more flexible an enzyme is, the faster it can change shape during catalysis, but this
comes at the cost of a lower conformation stability. In general, higher temperatures
favour greater conformational stability, while more flexible enzymes perform better at
lower temperatures (Fields 2001, Hochachka & Somero 2002). Constraints on thermal
performance of enzymes may be one of the most important factors determining the
geographical distribution of ectotherms (Fields 2001).

In the present study, we identified significant clinal variation in replacement SNPs
of two candidate genes involved in metabolic pathways: UGPase and Treh. These genes
are both key enzymes in carbohydrate metabolism and widely found in plants, animals
and microorganisms (Kleczkowski, 2004). Two of the three replacement SNPs in the
approximately 1,000 bp sequence for Treh showed a significant correlation between
allele frequency and latitude (Table 5; Fig. 2). The cline was very steep for Treh*, for
which the allele frequencies ranged from nearly zero to nearly one (Fig. 2A). The minor
allele frequency of Treh* increased from nearly zero to 40% towards the south (Fig. 2B).
In addition, there was also significant clinal variation for eight silent SNPs, distributed
over the entire length of the fragment (data not shown). This is likely to be caused
by linkage of the silent SNPs with the amino acid polymorphisms, and may reflect
clinal variation in a common haplotype. Treh catalyzes the conversion of trehalose,
an important storage carbohydrate, to glucose. In insects, Treh plays a crucial role in
various physiological processes, including flight metabolism (Clegg & Evans 1961),
and stress responses, including hypoxia (Chen & Haddad 2004), dessication (Worland
et al. 1998, Timmermans et al. 2009), and thermal stress (Friedman 1978, Worland et al.
1998).
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For UGPase, the single replacement SNP on the 500 bp sequence showed a significant
cline (Fig. 3), as did two silent SNPs nearby (data not shown). UGPase catalyzes the
reversible formation of UDP-glucose, an important step in the synthesis of glycogen,
which is, like trehalose, an important storage carbohydrate (Alonso et al. 1995). The
outlier analysis including the four mainland populations revealed the amino acid
polymorphism in UGPase as an upper outlier locus. Relative to the overall low F,,
between these populations, UGPase had a much higher F value, indicating directional
selection on this locus. Crucially, for both Treh and UGPase, clines in the coding regions
of the genes have also been reported for D. melanogaster in North America (Sezgin et
al. 2004), suggesting a potential role for these enzymes in thermal adaptation across
taxa. In the Drosophila study, an amino acid polymorphism in Treh and a silent SNP in
UGPase show significant clinal variation (Sezgin 2004).

After correction for multiple testing, only the cline for the amino-acid replacement
in UGPase remained significant. Here, we chose for an explorative design by including
a large number of genes to screen for evidence of selection. This approach increases
the chance of finding significant clines in individual genes, but comes at a cost of
reduced statistical power due to multiple testing. Because only six populations were
sampled the correlation coefficient needs to be very high in order to reach a high level
of significance to withstand the stringent FDR approach. Although the clinal patterns
found in Treh were not significant after multiple testing correction, we believe this
remains an interesting candidate gene for follow-up studies, due to the clinal signal for
multiple SNPs in the sequenced fragment and the reported clinal variation in Drosophila
(Sezgin et al. 2004).

Linkage between the genes could be a potential cause of a shared pattern of clinal
variation. Although we have no linkage information for the genes in this study, we do
know the positions of their orthologs on the B. mori genome, where UGPase and Treh
are each located on different chromosomes. A recently published gene-based linkage
map for Bicyclus anynana revealed a generally strong conservation of gene assignments
to chromosomes (Beldade et al. 2009).

Pigmentation genes

We included several genes involved in pigmentation biosynthesis in the analysis
because of widely reported clinal variation in pigmentation across taxa (Ellers &
Boggs 2002, Wittkopp et al. 2003, Hoekstra et al. 2006, Karl et al. 2009). However, we
did not find significant clines for the replacement SNPs in the regions we sequenced.
Interestingly, one SNP in the yellow pigmentation gene was an upper outlier among
the mainland populations, and one SNP in the light pigmentation gene was an upper
outlier among all six populations, indicating an increased population differentiation
for these loci (Table 5). The B. anynana centralis subspecies has been described on the
basis of differences in wing pattern from the B. anynana anynana subspecies (Condamin
1973). Moreover, De Jong et al. (2010) found significant population differentiation in
reaction norms on rearing temperature for wing pattern between the South African FB
population and a population from Malawi. Thus, it is possible that these pigmentation
genes are involved in local adaptation for wing pattern in B. anynana.
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In addition to thermal adaptation in the form of UV protection and regulation
of body temperature by melanization, several adaptive explanations have been put
forward to explain patterns of geographic variation in pigmentation. These include
crypsis, deflection of predators, and mate choice and species recognition (Lyytinen et
al. 2004, Oliver et al. 2009). In B. anynana, sexual selection is likely to be an important
selective force shaping wing pattern, and hence may play an important role in driving
population differentiation and eventually speciation (Oliver et al. 2009). Also, wing
pattern is likely to be involved in crypsis and predatory deflection in this species
(Lyytinen 2004). Ongoing and future research may reveal which selective forces are
driving population differentiation for wing pattern in B. anynana.

Heat shock proteins and developmental genes

Conform our expectations, we did not find significant clinal variation in the
developmental genes and the heat shock family genes. The selected developmental
genes play a crucial role during embryogenesis and throughout development in B.
anynana and other organisms (Beldade 2002), and these genes are not known to be
involved in thermal adaptation. The heat shock proteins had the fewest amino-acid
replacements compared to the other genes: only one in Hsp23 and one in Hsp83. The one
replacement SNP in Hsp83 was a lower outlier locus (in all six populations), indicating
balancing selection (Beaumont & Nichols 1996). These results are not surprising since
heat shock proteins are generally highly conserved, even across taxa. In addition to their
established function in (thermal) stress responses, heat shock proteins are important
housekeeping genes in cellular regulation; they function as molecular chaperones and
are involved in folding and transportation of other proteins. The majority of studies
indicate an upregulation of the expression of heat shock proteins in response to thermal
stress and other stress responses (e.g. Fangue et al. 2006, Chen et al. 2007, Rinehart et al.
2007), which has been linked to genetic variation in the regulatory regions (Chen et al.
2007). There are reports on clinal variation in the coding regions (e.g. Frydenberg et al.
2003, Hemmer-Hansen et al. 2007), although these are rare.

CONCLUSIONS

In this study, we found significant clinal variation in amino-acid polymorphisms for
the metabolic enzymes UGPase and Treh. In addition, the amino-acid polymorphism in
UGPase was an outlier loci compared to the overall F , in four populations, indicating
that this locus is under selection. For these genes, our data strongly suggest adaptive
population divergence along a latitudinal gradient and imply local adaptation against
a background of generally low population divergence, as indicated by mtDNA and
silent SNPs. Our results are paralleled by reports on clinal variation in UGPase and Treh
in D. melanogaster. Moreover, as expected, we found no evidence of clines with latitude
in the heat shock proteins and developmental genes. Taken together, our findings
indicate a putative role in thermal adaptation for the genes UGPase and Treh, which are,
therefore, interesting candidates for follow-up studies linking variation in phenotypic
traits to molecular variation within and among populations.
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Chapter 5

Table 4. List of candidate genes, length of the sequenced exon parts in base pairs (bp), number
of non-synonymous (NS) single nucleotide polymorphisms (SNPs) per gene, number of
synonymous (S) SNPs per gene, ratio of non-synonymous (NS) SNPs per 100 base pairs, and
ratio of synonymous (S) SNPs per 100 base pairs.

Genename  Length (bp) # NSSNPs #SSNPs NSSNP per 100bp S SNP per 100 bp

Gapdh2 903 0 12 0 1.3

Gdh 671 0 12 0 1.79
Glyp 974 0 32 0 3.29
Tpi 352 0 5 0 1.42
Treh 931 3 30 0.32 3.22
UGPase 408 1 25 0.25 6.12
Apolphirin 738 3 23 0.41 3.12
precursor

desat1 389 1 8 0.26 2.06
Lipase like 890 0 27 0 3.03
Lipase like 556 0 17 0 3.06
LpR 862 0 12 0 1.39
TAG Lipase 618 1 17 0.16 2.75
TAG Lipase 780 5 36 0.64 4.62
Vg 866 4 28 0.46 3.23
Cat 575 0 7 0 1.22
Hsc70-3 1319 0 35 0 2.65
Hsc70-4 681 0 12 0 1.76
Hsp23 786 1 12 0.13 1.53
Hsp60 1572 0 39 0 2.48
Hsp68 837 0 38 0 4.54
Hsp83 1645 1 45 0.08 3.59
Apc 432 0 11 0 2.55
black 930 1 19 0.11 2.04
Catsup 1158 0 13 0 1.12
ddc 677 1 13 0.15 1.92
dil 375 0 7 0 1.87
en 290 3 14 1.03 4.83
light 927 3 0.32 0.65
000 842 0 0 0.48
yellow 817 2 34 0.25 4.16
wg 200 1 3 0.50 1.50
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