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Natural selection can act on all the expressed genes of an individual, leaving signatures of genetic differen-
tiation or diversity at many loci across the genome. New power to assay these genome-wide effects of
selection comes from associating multi-locus patterns of polymorphism with gene expression and function.
Here, we performed one of the first genome-wide surveys in a marine species, comparing purple sea urchins,
Strongylocentrotus purpuratus, from two distant locations along the species’ wide latitudinal range. We exam-
ined 9112 polymorphic loci from upstream non-coding and coding regions of genes for signatures of
selection with respect to gene function and tissue- and ontogenetic gene expression. We found that genetic
differentiation (Fst) varied significantly across functional gene classes. The strongest enrichment occurred
in the upstream regions of E3 ligase genes, enzymes known to regulate protein abundance during develop-
ment and environmental stress. We found enrichment for high heterozygosity in genes directly involved
in immune response, particularly NALP genes, which mediate pro-inflammatory signals during bacterial
infection. We also found higher heterozygosity in immune genes in the southern population, where disease
incidence and pathogen diversity are greater. Similar to the major histocompatibility complex in mammals,
balancing selection may enhance genetic diversity in the innate immune system genes of this inverte-
brate. Overall, our results show that how genome-wide polymorphism data coupled with growing
databases on gene function and expression can combine to detect otherwise hidden signals of selection
in natural populations.

Keywords: population genomics; natural selection; gene flow; Strongylocentrotus purpuratus; ubiquitin;
innate immunity

1. INTRODUCTION

Deciphering the genetic basis of adaptive evolution in
natural populations is a major goal of evolutionary biology
[1,2], and has long used molecular tools to chart the
adaptive role of candidate genes [3—8] or identify genetic
targets of natural selection [2,9-11]. Recently, genome-
wide studies in Homo sapiens, Drosophila, Arabidopsis and
strongylocentrotid sea urchins have identified genes and
regulatory regions that have undergone strong selection
by examining evolutionary rate as a function of gene func-
tion or expression [12—15]. These studies have shown
that shifts in habitat, morphology or physiology among
species are paralleled by shifts in gene sequence. These
studies suggest another approach to describe the genomic
landscape on which natural selection acts within species:
the ability to combine datasets on molecular signatures
of natural selection with knowledge of gene function
and the timing- and tissue-specificity of gene expression.
By examining a large number of genes that are expressed
at specific times, in particular tissues, or that play a par-
ticular functional role and by correlating these attributes
to signatures of natural selection at individual loci, a
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much finer map of the influence of natural selection
may be realized.

Previously, we developed a new polymorphism detec-
tion and genotyping approach [16] that quickly provides
data on gene frequency differences across populations
for a large number of loci. In the widely distributed
purple sea urchin, Strongylocentrotus purpuratus, we ident-
ified 9112 polymorphic markers in non-coding upstream
and coding regions of genes. Using Wright’s F-statistic
(Fst) as a metric of population differentiation [17], we
found that most of the variation was shared across lati-
tudes along the west coast of North America (mean
Fst =0.029) [16], as expected from previous studies of
population genetics in this high-dispersal species
[18,19]. However, the Fgt distribution was broader
than expected from a randomized simulation and there
were many loci with very high Fst values [16].

These data provide an opportunity to test for signatures
of natural selection across the sea urchin genome by taking
advantage of detailed information about functional role
and expression patterns for many of the genes for which
we have polymorphism data. We start by using genetic
differentiation among populations (Fst) at all loci as
proxies for the action of natural selection among natural
populations [12—-14]. Genome scans and outlier tests
have been widely used to discover loci with higher than
expected geographical differentiation [20-22]. Here
instead, we test for relationships between high Fgt values
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and tissue- or stage-specific gene expression. We then aug-
ment our analysis to include functional groups of loci and
test for differences of Fgt based on gene ontology (GO)
categories. If high Fgrt values are distributed randomly
across the genome, they will have no relationship to gene
function, tissue expression or developmental timing. The
alternative is that some suites of genes with high genetic
differentiation are clustered within functional categories
or at life-history stages where and when selection acts.

Using this approach, we identify two strong signatures of
selection acting across the genome of the purple sea urchin:
(i) high Fsrloci are concentrated in the upstream regions of
ubiquitin-related genes and (ii) highly heterozygous loci are
concentrated in immunity-related genes. These data reveal
genetic patterns across the genome of an organism that has
been a model for developmental biology [23,24], and take
advantage of the species’ distribution across a broad latitu-
dinal distribution to map the influence of natural selection
within and between populations.

2. MATERIAL AND METHODS

(a) Study system

The purple sea urchin lives from the cold waters of Alaska to the
warmer waters of Baja California, Mexico [25]. They have a
pelagic early life-history phase with feeding pluteus larvae that
spend several weeks to months in the water column before
metamorphosing into a juvenile urchin [26,27]. Previous gen-
etic studies on mitochondrial and allozyme loci found little to
no population structure along the species range [18,19],
suggesting that gene flow is high, although some populations
show distinct mitochondrial haplotype patterns along the Baja
California peninsula in Mexico [28]. Their role as a model
organism for developmental biology has resulted in the sequen-
cing of their complete genome [23]. With a 800 Mb genome,
the purple sea urchin genome structure is similar to that of
humans with a similar number of genes, approximately 28
000, and similar intron and exon sizes [23].

(b) Polymorphism and genotype data

We identified polymorphisms and generated genotype data
using restriction site tiling analysis (RSTA) [16]. We com-
pared the genomes of 10 individuals from each of two
distant locations along the species range, Boiler Bay,
OR and San Diego, CA. We screened for polymorphisms
at 50935 loci across the genome of the purple sea urchin
genome [16]. Simultaneously, we identified 12431 poly-
morphisms and genotyped the 20 individuals at each
polymorphic locus. In total, 6859 polymorphisms were in
the coding regions of genes, whereas 2253 were within
2000 bp upstream of the start codon of genes. Genotype
data were used to calculate Fgt and heterozygosity for each
locus [16]. We found no linkage disequilibrium among high
Fst loci [16]. Using the binomial probability distribution
[29], we found that when sampling 20 alleles, the standard
deviation of allele frequency estimates ranged from 0.067
to 0.111 across the range of allele frequencies. We further
confirmed that allele frequency data from 10 individuals
per population were consistent with a larger sample size by
sequencing an additional 10 individuals per population at a
subset of six randomly selected polymorphic loci. We found
allele frequencies from 10 and 20 sampled individuals were
highly correlated across a wide range of heterozygosities
(> = 0.925, electronic supplementary material, figure S1).
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() Gene expression data
We collected adult sea urchins from Soberanes, CA, near
Garrapata State Park (latitude 36.44, longitude —121.92),
common-garden acclimated them at the Hopkins Marine
Station (Pacific Grove, CA, USA), and fed them kelp
(Macrocystis pyrifera) ad libitum. For adult somatic tissues,
we extracted and pooled RNA from eight individuals; four
females and four males. For ovary and testis, we extracted
and pooled RNA from reproductively active individuals:
four females and four males, respectively, for each tissue.
We raised larvae for two weeks in artificial sea water at
15°C following standard protocols [27] before RNA extrac-
tion (Qiagen RNeasy). We collected gene expression data
for the 28 036 predicted genes across the purple sea urchin
genome for three adult somatic tissues (tube foot, spine
base muscle and coelomocytes), ovary, testis and two-week
old larvae using custom high-density oligonucleotide Agilent
arrays designed to the purple sea urchin in a previously pub-
lished study [15]. To reduce the signal of non-specific
binding, we subtracted three times the median value of the
negative controls for each array, consistent with previously
published methods [15,30]. We translated expression data
into binary data, expressed and not expressed, in order to
mask variation in magnitude of expression among genes
and among tissues. We considered a gene expressed if the
median value of all probes for a given gene had an expression
value greater than zero following background subtraction.
This resulted in genes expressed in at least one tissue or
stage for approximately 50 per cent of the genes for which
we had polymorphism data: 3339 genes expressed out of
the 6859 polymorphisms in coding regions (average 1435
in each tissue per stage, electronic supplementary material,
dataset S1) and 1154 expressed out of the 2253 polymorph-
isms in the upstream regions of genes (average 517 in each
tissue/stage, electronic supplementary material, dataset S1).
To test for Fgt enrichment in tissue- and life-history-
specific classes of genes, we characterized genes based on
when and where they were expressed uniquely in six gene
expression datasets from ovary, testis, coelomocytes, tube
feet, spine base muscle and two week old larvae [15].
For example, ‘testis only genes’ were expressed in testis and
not in any of the other five gene expression datasets. We com-
pared Fgt distributions of genes uniquely expressed in
specific tissues or life-history stage versus all genes that are
not members of that unique category for which we had
expression data. Specifically, we used an extension of the
Pearson moment correlation, the point biserial correlation,
to test for a relationship between a dichotomous variable,
membership in a category or not, and a continuous variable,
Fsr [12,31],

Ml *MO niny
Sn—1 n(n—1)°

Tpb =

where M, is the mean score of all the genes in the category,
M, is the mean score of all the genes in our study not in that
category and the number of polymorphisms in each group
are n; and 7y, and s,,_; is the standard deviation when popu-
lations are sampled:

7y can range in value from —1 to +1 [31,32].
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(d) Gene function analysis

To determine if high Fst polymorphisms were non-
randomly distributed across gene regions, we tested for
over-representation of high Fgt polymorphisms in each GO
category [33]. We categorized each gene using UniProt identi-
fiers [34] and GO biological process categories [33]. We tested
for a correlation between membership in a particular GO cat-
egory and Fgr value (point-biserial correlation, ) as
described above and as performed in Haygood ez al. [12] and
Oliver ez al. [15]. For example, we compared Fst values for
all genes in the ‘ubiquitin-dependent protein catabolic process’
GO biological process category versus all those not members
in that category. In this way, a test was performed for each bio-
logical process category with at least 10 members in the
category. We hypothesized that independent selection pres-
sures may act on coding and upstream non-coding gene
regions as has been observed in humans [12]; we, therefore,
performed analyses separately for polymorphisms in coding
and upstream genomic regions. We also characterized loci
based on when and where genes were expressed, in larvae
or in adult somatic tissue, because larvae and adults inhabit
different environments and may be subject to different environ-
mental pressures [35,36]. We characterized a locus as ‘adult’ if
it was in a gene expressed in any of the adult somatic tissues
(tube foot, spine base and coelomocytes). We characterized a
locus as ‘larval’ if it was expressed in the two week old larvae.
This resulted in six datasets: all, expressed in adults, and
expressed in larvae for both coding and upstream loci.

To test for enrichment of functional categories for highly
heterozygous loci, we used the same six gene groups and
point-biserial statistics as described above. Observed hetero-
zygosity was calculated as the proportion of heterozygous
individuals across all 20 individuals. We calculated g¢-values
[37] to define the false discovery rate owing to multiple
tests. We chose a g-value cutoff of 0.01, which resulted in
the possibility of less than a fraction of a category as a potential
false positive in each dataset (see electronic supplementary
material, table S1 for a summary of the number of categories
tested, the number of categories significant at ¢ < 0.01,
critical p-values and potential number of false positives).

Mean Fgtand heterozygosity values presented in tables 1
and 3 represent the mean across all polymorphisms in a cate-
gory, from the high-value loci driving the significant
enrichment to the low-value loci that are also members in a
particular category. Mean values in a significantly enriched
category are always higher than the mean value of poly-
morphisms not in the category, and are over an order of
magnitude higher than the genome-wide mean Fgt of
0.029 or mean heterozygosity of 0.240.

Disease incidence driven by multiple pathogens is very
high in southern populations of S. purpurarus, but much
lower in northern populations [38]. If higher heterozygosity
in immune-related genes is the result of natural selection in
response to higher pathogen load, we might expect higher
heterozygosity in the immune-related genes in San Diego,
CA over Boiler Bay, OR. To test this hypothesis, we calcu-
lated heterozygosity for each population for the 15
polymorphisms that were represented across all of the
enriched immune-related categories. We used a one-tailed
Wilcoxon signed-rank test for paired data (implemented in
R, Wilcox test). To correct for the significant difference in
heterozygosity between populations across all loci (figure 2,
Wilcoxon p=1.301 x 10~ ! and [16]), for each population,
we subtracted the mean heterozygosity of all loci from
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the heterozygosity of each of the 15 immunity genes under
consideration.

For both Fst and heterozygosity analyses, we treated
multiple polymorphisms in the same gene independently. How-
ever, in most cases, owing to the density of the markers, there
was only one polymorphism per unique gene. We treated
polymorphisms independently because mutation and recombi-
nation rates in the purple sea urchin are extremely high [23,39],
such that polymorphisms in various segments of a gene may be
subject to different evolutionary forces (mutation, selection and
drift), resulting in different allele frequencies among popu-
lations. In addition, we found no linkage disequilibrium
among the high Fgt loci [16]. To ensure that linked poly-
morphisms were not driving significance of highly enriched
categories, we confirmed that significantly enriched categories
did not have multiple polymorphisms in the same gene.

3. RESULTS

(a) Relationship between Fst and gene expression

Overall, Fsr outliers (those with p <7 x 10~ °® and Fsr
from 0.21 to 0.45) were in the coding regions of a chroma-
tin assembly factor (SPU_026 263), a transcription factor
(SPU_015 723) and a mannose receptor (SPU_000 294)
[16]. Among these loci, only the chromatin assembly
factor appeared in our array expression dataset, and this
gene is expressed strongly in all tissues except ovary. To
expand this approach beyond single loci, we tested for a
correlation between unique expression in a specific tissue
or life-stage and Fst for each of the six gene expression
datasets. We had gene expression data for about 50 per
cent of the genes for which we had polymorphism data.
Of these, on average, 7 and 6.4 per cent of genes were
expressed in a single tissue or stage, in coding and upstream
polymorphisms, respectively. We found that Fgt distri-
butions across tissues were highly similar in both coding
and upstream regions (figure 1la,b). Despite our expec-
tation that genes expressed exclusively in larvae would
harbour greater differentiation, we conclude from these
data that Fgt distributions between Boiler Bay and San
Diego are similar across tissue types in purple sea urchins.

(b) Relationship between Fgsr and gene function
We found significant enrichment for high Fst polymor-
phisms in the upstream regions of genes primarily in
categories related to protein catabolism across all three
upstream polymorphism datasets: all upstream polymorph-
isms, those upstream of genes expressed in adults, and those
upstream of genes expressed in larvae (table 1, ¢ < 0.01,
electronic supplementary material, dataset S1). Loci in
these enriched categories (¢ < 0.01) had a mean Fgt of
0.06 compared with 0.03 across all upstream polymorph-
isms (table 1 and electronic supplementary material,
dataset S1). About half of the 47 unique genes are involved
in ubiquitin-mediated proteolysis, and of these, 13 are E3
ligases, the third and final enzyme in the ubiquitin pathway
(table 2). In addition, several other types of proteins involved
in ubiquitin-mediated proteolysis were over-represented
among high Fgt polymorphisms (table 2).

(¢) Regulatory motifs in upstream regions of E3
ligase genes

The high Fst polymorphisms we observe in E3 ligases occur
within 2000 bp upstream of the start codon. The Fgt values
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Table 1. Biological process categories enriched for high Fgt polymorphisms.

biological process category no. of loci mean Fgr g-value
all upstream polymorphisms
response to protein stimulus 10 0.068 0.00069
response to unfolded protein 10 0.068 0.00069
polymorphisms upstream of genes expressed in adults
ubiquitin-dependent protein catabolic process 30 0.047 0.00946
proteolysis involved in cellular protein catabolic process 30 0.047 0.00946
cellular protein catabolic process 30 0.047 0.00946
modification-dependent protein catabolic process 30 0.047 0.00946
protein catabolic process 30 0.047 0.00946
modification-dependent macromolecule catabolic process 30 0.047 0.00946
polymorphisms upstream of genes expressed in larvae
macromolecule catabolic process 12 0.066 0
cellular macromolecule catabolic process 12 0.066 0
biopolymer catabolic process 12 0.066 0
ubiquitin-dependent protein catabolic process 10 0.065 0.00001
proteolysis involved in cellular protein catabolic process 10 0.065 0.00001
protein catabolic process 10 0.065 0.00001
modification-dependent protein catabolic process 10 0.065 0.00001
cellular protein catabolic process 10 0.065 0.00001
modification-dependent macromolecule catabolic process 10 0.065 0.00001
post-translational protein modification 19 0.051 0.00276
total number of unique genes represented 47 0.059
(a) 0.04 - 0.7 - *
& 0.03- g 06+ ]
S & I
& 0.021 S 0.5 T
5 339|619 [223] [120 102|173 172 2 04- . [
z 0.014 E _
0 . . . . . . . % 0.3
§ 0.2 1
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£ 0.03 7 0 " " "
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Figure 2. Average heterozygosity across all coding loci (n =
0 T T T T T T . 6859) and immunity loci present in all enriched immunity
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&S IR MV . 7w = —11 :
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\o& © K SNPs: Wilcoxon p = 0.022 correcting for difference across
& all loci by subtracting the genome-wide mean heterozygosity

Figure 1. Average Fst values for genes uniquely expressed in
specific tissues and life-history stages in (a) coding and
(b) upstream regions. Error bars reflect standard error. Num-
bers show the number of loci uniquely expressed in each
category. Statistical significance was calculated using point
biserial correlation between genes expressed uniquely in a
tissue or stage versus the rest of expressed genes not expressed
in a particular category; all tests were non-significant.

for polymorphisms upstream of coding regions are positively
correlated (= 0.32, p < 0.0001) with Fgrs of polymorph-
isms in adjacent exons [16]. As a result, E3 ligase
polymorphisms could be linked with important functional
polymorphisms in the adjacent coding regions.
Alternatively, E3 ligase polymorphisms may be in
regions that control E3 ligase expression. Empirical map-
ping of regulatory sites reveals that many important
regulatory elements are located in the 5 untranslated

Proc. R. Soc. B

from the heterozygosity of each immunity locus for each
population). Error bars reflect standard error, asterisks rep-
resent significant differences between groups.

region and immediately upstream of the translation start
site (see electronic supplementary material, text S1 and
references therein). To test whether the upstream regions
of these genes could be playing a regulatory role, we
looked for over-represented motifs among the upstream
regions of the E3 ligases using the program MEME (http:/
meme.nbcr.net.) with the minimum motif width set to 6
and the maximum to 14. The results were then compared
with results from running MEME on shuffled versions of the
same data. The results show strong evidence for three over-
represented motifs that are independent of base compo-
sition (p-values range from 10~° to 10~ %2, see electronic
supplemental material, figure S2). Shuffled data show no
such over-representation. Likewise, a parallel analysis of
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Table 2. Genes with high Fgt polymorphisms in upstream non-coding regions in significantly enriched categories. (This list
represents the 18 unique genes with Fgt values greater than the mean across all upstream polymorphisms (0.029). These are

the genes driving enrichment of proteolysis categories.)

gene annotation gene number E3 ligases Fst
autocrine motility factor receptor, isoform 2 (AMFR) SPU_027 752 v 0.30
ankyrin-1 (ANK1) SPU_014 484 v 0.18
ubiquitin carboxyl-terminal hydrolase 30 (USP30) SPU_010 368 v 0.14
Ufm1-conjugating enzyme 1 (UFC1) SPU_017 244 v 0.14
poly(A)-specific ribonuclease (PARN) SPU_025 761 0.11
RING finger protein 34 (RNF34) SPU_004 253 v 0.09
torsin A precursor (TORI1A) SPU_014 383 0.08
heat shock cognate 71 kDa protein (HSC70) SPU_014 676 0.08
CREB3LL1 protein (OASIS) SPU_006 286 0.06
E3 ubiquitin protein ligase (TRAF7) SPU_017 483 v 0.06
midline-1 (MID1) SPU_017 855 v 0.05
heat shock cognate 71 kDa protein (HSC70) SPU_009 479 0.05
HECT domain and RCCl1-like domain protein 3 (HERC3) SPU_003 837 v 0.05
ankyrin repeat and SOCS box protein 11 (ASB11) SPU_028 725 v 0.05
ZYG11B protein SPU_022 191 v 0.05
ankyrin repeat and SOCS box protein 13 (ASB13) SPU_023 367 v 0.05
midline-1 (MID1) SPU_007 506 v 0.03
ankyrin-1 (ANK1) SPU_007 299 v 0.03

upstream regions of eight sea urchin genes for which we
have a large amount of information on regulatory function
(Sp-AN; Cylla; CylIlla; FoxB; HE; SM30-beta; SM50;
Endol6, see references in electronic supplementary
material, text S1) shows a similar number and density of
over-represented motifs.

(d) Relationship between heterozygosity and

gene function

There were no strong patterns of enrichment for high het-
erozygosity in the upstream regions of genes or in genes
expressed in larvae or adult somatic tissues after multi-
ple test correction (electronic supplementary material,
dataset S1). Heterozygosity was significantly enriched
however, in the coding regions of genes, particularly in
genes related to immune response (table 3 and electronic
supplementary material, dataset S1). Forty-three of
the 48 categories enriched for high heterozygosity at the
¢<0.01 level were immune-related. The mean
heterozygosity for these categories was 0.44 compared
with 0.24 across all coding polymorphisms (table 3
and electronic supplementary material, dataset S1). The
majority of the highly heterozygous polymorphisms driv-
ing this pattern were in five different NALP proteins
(NACHT-, LRR- and PYD-containing protein). NALP
proteins are activated to form the ‘inflammasome, a
protein complex responsible for mediating activation of
pro-inflammatory caspases by Toll-like receptors during
a cell’s response to microbial infection [40].

To confirm that enrichment within a gene family, the
NALP proteins, was not owing to cross-reactivity of DNA
among RSTA probes, we attempted to align all RSTA
probe sequences from NALP genes. We found that none
of the probe sequences aligned despite allowing low
sequence similarity, low penalties for gaps and minimal over-
lap (10 bases). This confirms our screen for each RSTA
probe sequence to be unique, non-overlapping and match
only one place in the genome [16]. We further showed
that hybridization was reduced to background levels with
four or more mutations in a 50 bp sequence [16].
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In accord with our hypothesis, we found that hetero-
zygosity was significantly higher in San Diego than in
Boiler Bay, in immunity-related genes (figure 2, Wilcoxon
V=24, p=0.022). These results suggest that natural
selection may act to increase heterozygosity in immune-
related genes within a population in response to pathogen
load and diversity.

4. DISCUSSION

We examined genome-wide data on genetic polymorphisms
along with a complementary dataset on gene expression to
test for patterns of geographical differentiation of genes
across tissues and life-history stages. Mean Fgt and the
distribution of Fgt outliers among loci were similar
among tissues and between larvae and adults. However,
by collating loci into functional groups, we identified two
categories of genomic loci that may be responding to natural
selection across the strong environmental gradient of the
purple sea urchin species range: (i) upstream regions of pro-
teolysis genes, specifically ubiquitin-related E3 ligases and
(i) immunity-related genes, specifically NALP innate
immunity, pro-inflammatory genes.

Like many highly dispersing marine species, the purple
sea urchin has previously been shown to have little to no
geographical population structure in neutral genes along
the species range [18,19]. Our genome scan results
show that indeed allele frequencies are similar across
1700 km, from Boiler Bay, OR to San Diego, CA [16],
however in this study, we show that higher Fst loci are
concentrated non-randomly in a small set of specific func-
tional categories. Though individual loci in these
categories do not appear as outliers, the group of loci
has a much higher Fgr than typical: over 0.06 versus
0.03, the genome-wide mean.

Such selection would usually be considered to be an
example of local adaptation and might build up genera-
tion by generation to produce geographical shifts in
allele frequencies. Such shifts are typical of classic cases of
local adaptation at the gene level [3-8]. However, in
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Table 3. Biological process categories enriched for high heterozygosity.

biological process category no. of loci mean Hrt g-value
positive regulation of inflammatory response 11 0.54 0
regulation of interleukin-18 production 10 0.54 0
negative regulation of I-kappaB kinase/NF-kappaB cascade 10 0.54 0
regulation of interleukin-18 biosynthetic process 10 0.54 0
release of cytoplasmic sequestered NF-kappaB 10 0.54 0
negative regulation of Toll signalling pathway 10 0.54 0
regulation of Toll signalling pathway 10 0.54 0
negative regulation of interleukin-1 secretion 10 0.54 0
negative regulation of cytokine secretion 10 0.54 0
negative regulation of interleukin-6 biosynthetic process 11 0.50 0
positive regulation of defence response 15 0.50 0
regulation of protein amino acid autophosphorylation 11 0.50 0
negative regulation of phosphorus metabolic process 11 0.50 0
negative regulation of phosphate metabolic process 11 0.50 0
negative regulation of protein amino acid phosphorylation 11 0.50 0
negative regulation of protein amino acid autophosphorylation 11 0.50 0
negative regulation of phosphorylation 11 0.50 0
negative regulation of cytokine biosynthetic process 12 0.48 0
positive regulation of NF-kappaB import into nucleus 12 0.48 0
positive regulation of response to external stimulus 15 0.46 0
regulation of interleukin-6 biosynthetic process 15 0.46 0
response to temperature stimulus 13 0.45 0
positive regulation of nucleocytoplasmic transport 14 0.44 0
positive regulation of protein import into nucleus 14 0.44 0
positive regulation of intracellular transport 14 0.44 0
positive regulation of transcription factor import into nucleus 14 0.44 0
negative regulation of protein kinase cascade 19 0.41 0.00004
regulation of protein amino acid phosphorylation 19 0.41 0.00004
negative regulation of secretion 13 0.43 0.00005
negative regulation of protein secretion 13 0.43 0.00005
regulation of defence response 22 0.39 0.00023
regulation of interleukin-6 production 18 0.40 0.00038
regulation of interleukin-1 beta secretion 22 0.38 0.00040
regulation of cytokine secretion 22 0.38 0.00040
regulation of interleukin-1 secretion 22 0.38 0.00040
positive regulation of cytokine secretion 22 0.38 0.00040
positive regulation of interleukin-1 secretion 22 0.38 0.00040
positive regulation of interleukin-1 beta secretion 22 0.38 0.00040
negative regulation of protein modification process 15 0.41 0.00040
regulation of inflammatory response 18 0.39 0.00108
regulation of phosphorus metabolic process 32 0.36 0.00140
regulation of phosphate metabolic process 32 0.36 0.00140
establishment or maintenance of epithelial cell apical/basal polarity 42 0.34 0.00282
establishment or maintenance of apical/basal cell polarity 42 0.34 0.00282
translational elongation 12 0.40 0.00495
negative regulation of signal transduction 51 0.33 0.00523
mRNA catabolic process 11 0.40 0.00837
regulation of NF-kappaB import into nucleus 19 0.37 0.00896
total number of unique genes represented 163 0.44

high-dispersal species such as sea urchins, a second demo-
graphic possibility must be considered in which differential
survival of dispersing larvae occurs every generation
[3,41]. This type of selection, called phenotype—environ-
ment mismatch [36], has been seen for the Got-2 allozyme
locus in purple sea urchins, where recruits and adults
showed different allele frequencies [19]. Differences in
allele frequency on the order of what we observe in this
study could be owing to selection occurring every gener-
ation, though some degree of local retention of locally
produced alleles may also occur in this system.

Finding these potential targets of selection in proteoly-
sis and immunity pathways, despite high-neutral gene
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flow, illustrates the strength of developing and applying
approaches that yield genetic data at many loci across the
genome of an organism [16] and the analytical power of
combining these data with genome-wide gene function
and expression data. Comparing sets of genes in similar
functional categories allows for a more comprehensive
examination of spatial genetic differentiation than do
outlier analyses of genome scans.

(a) Adaptive evolution in the purple sea urchin:
ubiquitin and protein degradation

We found that the majority of functional categories enriched
for high Fgt were involved in the ubiquitin—proteasome
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pathway. As the principal mechanism for protein degra-
dation in the cell, the ubiquitin-proteasome pathway plays
an important role in regulating numerous cellular processes
including the response to environmental stress, regulation of
protein half-life, immune regulation, apoptosis, cell cycle
control, DNA transcription and repair, and differentiation
and development [42].

Ubiquitin proteins were demonstrated to be subject to
strong positive selection in nematodes and plants [43],
and differences in gene expression in four ubiquitin-
related genes among four natural isolates of wine yeast
were suggested to be potentially adaptive [44]. E3 ligases
have specific recognition domains that recognize and bind
to their target proteins. This specificity allows the
addition of a ubiquitin protein tag to a particular target,
thus marking it for cellular degradation. Such selective
degradation allows E3 ligases to play a role in functional
gene regulation through selective degradation of proteins
[20]. This type of regulation is not visible in surveys of
mRNA levels or patterns of gene expression, but may
be a common mechanism for control of rapid develop-
ment or reaction to environmental change. Because they
are target-specific proteins, there are many more E3
ligases than there are other types of proteins in the
ubiquitin pathway [42], perhaps accounting for their
dominance of this functional category.

Regions upstream of the E3 ligases in our dataset—
where the putative SNPs under selection reside—are
densely over-represented with motifs highly similar to
those of known regulatory regions. However, this does not
prove regulatory function of upstream regions in E3 ligases
nor do results prove that the RSTA polymorphisms in
upstream regions alter protein regulation. Studying the
environmental regulation of protein ubiquitination may be
a valuable next step. The role of E3 ligases in sea urchin
development, and their potential role in environmentally
dependent selection during larval or adult phases would
be a novel link in the chain of evidence about the role of
selection across the genome. It should also be noted that,
owing to sampling only two populations and the high
degree of environmental heterogeneity along the species
range, selection in proteolysis genes could also be driven
by a number of factors besides temperature (e.g. upwelling,
pH, salinity, wave action and dissolved oxygen).

(b) Immune genes

We found that the majority of functional categories
enriched for high heterozygosity were related to immune
response. Purple sea urchin populations are known to
experience strong disease pressures [25,38,45,46], and
have an advanced innate immune system with a large
suite of Toll-like receptors (222 versus approx. 20 found
in other genomes) that play a crucial role in activating
an immune response to microbial infection [47,48].
Higher diversity in NALP proteins may interact well
with the high diversity of Toll-like receptors and could
play an important role in the ability of an individual to
respond to diverse microbial stressors. High heterozygos-
ity has been known to be an adaptive benefit maintained
by balancing selection in several vertebrate immune-
related genes, particularly the major histocompatibility
complex in humans and natural populations of stickle-
back fish [49—51]. In accord with our results, previous
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studies in S. purpurarus have shown high levels of genetic
diversity in a new family of innate immune genes, the 185/
333 family, expressed in response to lipopolysaccharide
immune challenge [52]. Most of the high heterozygosity
we document is in NALP proteins that respond to Toll-
like receptors and activate cellular immune response.
We also show that heterozygosity is higher in San Diego
than Boiler Bay populations. Higher heterozygosity in
the southern part of the species range could be owing
to higher rate of infection in warmer waters, higher
microbial load in the water owing to proximity to higher
human population density, or greater alterations of eco-
systems by removal of multiple natural urchin predators
[46,53]. These results suggest that there may be a
relationship between disease prevalence and heterozygos-
ity among invertebrate immune-related genes. Exploring
the fine-scale population genetics of these genes across
multiple populations with a range of disease incidence
could test this further.

(¢) Genes expressed in differvent tissues or early
life-history stages

We originally hypothesized that genes expressed in larvae
or different adult tissues may be subject to different selec-
tion, because in purple sea urchins larvae and adults
inhabit different environments, and because different
tissues play different physiological roles. Such a selective
signal was observed in a previous comparison across
19 000 loci of purple sea urchins with a deep-water con-
gener [15]. However, our test of this hypothesis turned
up no striking differences. Neutral genetic differentiation
among loci may predominate in these data, and any
tissue-specific selection patterns within species may not
be different enough to create a selective signal in this neu-
tral noise. In this study, negative results comparing tissues
and life stages may also suffer from low numbers of loci
that are expressed in only one tissue. Only in ovary were
there a large number of tissue-specific loci (n = 619),
and so patterns of selection in different tissues may be
spread among loci that are expressed widely. Also we
had gene expression data for about 50 per cent of the
genes for which we had Fgt data. Genes missing from
this microarray dataset could be those expressed at low
levels, those expressed in tissues or stages not surveyed,
or those expressed in response to diverse environmental
stimuli. A more complete inventory of tissue- and stage-
specific genes may refine our view of selection in different
parts of an organism’s phenotype and ontogeny.

(d) Outliers

Recently, a number of powerful tools have been developed
to test among loci for those that have higher Fgt than
expected by chance alone [20—22]. These outlier tests
compare a single Fgt value with those from across a
wide range of loci. Our dataset reveals several such
global outliers, with levels of genetic differentiation an
order of magnitude higher than the mean [16]. However,
the number of these single-locus outliers is small com-
pared with the number of loci tested. Here, we extend
this approach to multi-locus comparisons by testing sets
of loci grouped by expression pattern and physiological
role. These tests are similar to those that look for patterns
of gene expression or molecular evolution as a function of
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GO [12,13,15], but here we use Fgt or heterozygosity as
a proxy for selection. Testing for the concentration of high
Fst or heterozygosity in functional categories of genes
takes a more comprehensive look across the genome
for signals of selection. Genes, pathways and processes
implicated are candidates for further investigation.

(e) Coding versus regulatory evolution

We find that the coding regions of immunity genes are
enriched for high heterozygosity, while the upstream puta-
tive regulatory regions of ubiquitin-related genes are
enriched for high Fg1. These results suggest that different
and independent selection pressures are acting on coding
versus regulatory regions of the genome dependent on
specific gene function. The distinct contributions of
coding and regulatory mutations to phenotypic evolution
have long been hypothesized [54,55], yet both have rarely
been systematically studied in a single species or clade
[56,57]. The only other genome-wide study, we know of;
that scans for selection in both coding and non-coding
regions [12] finds similar results in humans. In fact, similar
to this study, Haygood er al. [12] found that the coding
regions of immunity-related functional categories are
enriched for positive selection. Broadly, this study is
among the first outside humans to show that there are prob-
able independent evolutionary forces acting on coding and
upstream non-coding regions of the genome.

5. CONCLUSION

In conclusion, we identify signals of natural selection acting
in specific regions of the genome of the purple sea urchin
that may represent novel mechanisms of adaptive evolution
along the strong latitudinal gradient of the west coast of
North America. We integrate genome-wide genetic diver-
sity, gene function and gene expression data to reveal
that: (i) functional enrichment for high Fg polymorphisms
is dominated by categories related to proteolysis and
(ii) functional enrichment of high heterozygosity genes is
dominated by genes related to immune response. These
results suggest that directional selection may act on distinct
polymorphisms among distant populations in proteolysis
genes despite the homogenizing effects of gene flow. Mean-
while, balancing selection across the species range could
act to maximize heterozygosity in the coding regions of
immune-related genes, particularly in areas of higher
disease pressure. These findings illustrate the power of
combining genome-wide datasets on genetic diversity
and gene function to identify novel mechanisms of adap-
tive evolution in a high gene flow species with a broad
latitudinal distribution.
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