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ccelerating increases in ocean CO2 concentrations and accompanying declines in pH are expected this century (1, 2),
particularly in the California Current System (3). The negative
impacts of ocean acidiﬁcation have been seen in a broad range of
species (4–8) and are predicted to lead to future populations of
individuals with low growth, reproduction, or survival. However,
the capacity of marine populations to adapt to these changes is
unknown (9, 10), and, as a result, there may be circumstances in
which natural selection could result in populations of individuals
with better-than-expected ﬁtness under acidiﬁed conditions.
Until recently, the tools to scan for standing genetic variation
with adaptive potential in the face of climate change have not
been broadly available. Here we combine sequencing across the
transcriptome of the purple sea urchin Strongylocentrotus purpuratus, growth measurements under experimental acidiﬁcation,
and tests of frequency shifts in 19,493 polymorphisms during
development. We detect the widespread occurrence of genetic
variation to tolerate ocean acidiﬁcation.
Rapid evolution in changing environments is likely to depend
more on existing genetic variation than new mutations (11–13),
so evolutionary response to acidiﬁcation is most likely when
a large population exists in a pH-variable environment. The
www.pnas.org/cgi/doi/10.1073/pnas.1220673110

habitat of the purple sea urchin varies across seasons and latitude
in CO2 concentrations and in pH due to the upwelling of cold,
high-CO2, low-pH waters from the ocean’s depths (14). This
large-scale environmental mosaic within the California Current
System is likely to be of ancient origin: variable upwelling conditions have existed for millions of years (15) and have led to the
evolution of marine taxa dependent on these productive, coldwater conditions (16). Populations within this upwelling ecosystem are exposed episodically to elevated CO2 conditions within
coastal regions of smaller spatial extent than the dispersal scales
of the planktonic larvae of sea urchins (17), opening the possibility that local selection might promote and sustain alleles with
greater ﬁtness in high CO2 conditions.
Results
From each of seven populations along a 1,200-km mosaic of
coastal upwelling-driven acidiﬁcation (Table S1), we fertilized
eggs from 10 females with a mixture of sperm from 10 males (40
alleles per population). Planktonic larvae were grown in replicate cultures from fertilization until metamorphosis to the benthic, juvenile stage (50 d postfertilization) under ambient
(400 μatm) or elevated (900 μatm) partial pressures of CO2
(pCO2; Table S2). To quantify effects of CO2 on growth and
development, we measured ﬁve morphological features during
the transition period from four- to eight-arm larvae. Responses to
CO2 seldom differed among populations (ANOVA, CO2 ×
population; P > 0.05), so we pooled across localities. Lengths of
calcareous skeletal rods (Fig. 1 A–C) and stomach area (Fig. 1E)
rarely differed between the two CO2 levels, although high-CO2
larvae were consistently 4–5% smaller in body length (Fig. 1D).
Larvae developed at similar or slightly faster rates under high
CO2 (Fig. S1A), and thus smaller body size was an effect of
elevated CO2 rather than an indicator of delayed development.
Moreover, at the completion of the planktonic phase, larvae
under both CO2 levels were equally competent to metamorphose and settle (Fig. S1B), indicating no sustained difference in developmental trajectory.
To determine whether homeostasis in morphology and development was associated with selection at the genomic level, we
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Rising atmospheric carbon dioxide (CO2) conditions are driving unprecedented changes in seawater chemistry, resulting in reduced pH
and carbonate ion concentrations in the Earth’s oceans. This ocean
acidiﬁcation has negative but variable impacts on individual performance in many marine species. However, little is known about the
adaptive capacity of species to respond to an acidiﬁed ocean, and,
as a result, predictions regarding future ecosystem responses remain incomplete. Here we demonstrate that ocean acidiﬁcation
generates striking patterns of genome-wide selection in purple sea
urchins (Strongylocentrotus purpuratus) cultured under different
CO2 levels. We examined genetic change at 19,493 loci in larvae
from seven adult populations cultured under realistic future CO2
levels. Although larval development and morphology showed little
response to elevated CO2, we found substantial allelic change in 40
functional classes of proteins involving hundreds of loci. Pronounced
genetic changes, including excess amino acid replacements, were
detected in all populations and occurred in genes for biomineralization, lipid metabolism, and ion homeostasis—gene classes that build
skeletons and interact in pH regulation. Such genetic change represents a neglected and important impact of ocean acidiﬁcation
that may inﬂuence populations that show few outward signs of
response to acidiﬁcation. Our results demonstrate the capacity
for rapid evolution in the face of ocean acidiﬁcation and show
that standing genetic variation could be a reservoir of resilience
to climate change in this coastal upwelling ecosystem. However,
effective response to strong natural selection demands large population sizes and may be limited in species impacted by other
environmental stressors.

We found substantial change in allele frequencies through
time, with greater changes in response to elevated CO2 (pCO2 =
900 μatm) than ambient [400 μatm; Kolmogorov-Smirnov (K-S)
test; P = 0.0021]. We used three approaches to test for natural
selection in response to elevated CO2: (i) permutation analyses
to identify polymorphisms that differed in frequency between
ambient and high CO2 levels more than expected by chance, (ii)
protein function enrichment analyses to identify suites of genes
related by biological function that responded to elevated CO2,
and (iii) amino acid polymorphism analyses to contrast types of
SNPs with different magnitudes of allelic response and biological
functions (19, 20).
By comparing observed differences in allele frequency between
control and elevated CO2 levels to empirical null distributions
generated by random permutation of samples, we identiﬁed 30
outlier polymorphisms in 30 genes [false discovery rate (FDR)
P < 0.05; Fig. 2 and Table S3]. Observed allele frequency changes
and permuted distributions in 5 of the 30 genes are shown in Fig.
2 A–E, with an additional randomly selected gene for comparison
(Fig. 2F). The alanine aminotransferase 2 enzyme and splicing
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measured genome-wide shifts in allele frequency across 6 critical
days of development, spanning the transition from prefeeding to
feeding larvae, a period of major skeletal growth. We sampled
larvae at 1 d postfertilization (hatched blastulae) and again at day
7 (four-arm swimming and feeding larvae) and prepared libraries
for Illumina sequencing from mRNA pools from 1,000 larvae. We
sequenced the 28 samples on 28 Illumina lanes (7 populations × 2
CO2 levels × 2 time points in development) to obtain >100 billion
base pairs of sequence data, an average of 80 million 50-bp reads
for each sample. We mapped reads to all predicted genes from the
genome sequence (18) and identiﬁed single-nucleotide polymorphisms (SNPs) across all samples. We excluded rare alleles
(<5% frequency) and ﬁltered for depth of coverage and differences in gene expression in response to CO2 to minimize the possibility of confounding changes in allele frequency with changes in
allele-speciﬁc expression (see SI Text and Figs. S2 and S3 for additional analyses, results, and discussion of the small role of allelespeciﬁc expression in response to CO2 in our experiments). This
process yielded 19,493 high-quality SNPs.
6938 | www.pnas.org/cgi/doi/10.1073/pnas.1220673110

Density

Fig. 1. Growth and morphometrics of sea urchin larvae cultured at control
pCO2 (400 μatm; black bars) vs. elevated pCO2 (900 μatm; gray bars). Results
are from larvae collected on days 11, 13, 15, and 17 (postfertilization) of trial
1. Responses to CO2 seldom differed among the four populations (ANOVA,
CO2 × population; P > 0.05), so results shown are for responses pooled across
populations (n = 12–14 culture jars per CO2 level). Drawings (based on ref.
49) illustrate the morphological features quantiﬁed. (A) Postoral rod length.
(B) Postoral rod and body rod length. (C) Anterolateral rod length. (D) Body
length at midline. (E) Stomach area. Error bars are +1 SE. *P < 0.05; **P <
0.005 (signiﬁcant differences between CO2 levels; ANOVA).
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Fig. 2. Change in allele frequency in 5 of 30 outlier polymorphisms with
high treatment effect in response to elevated CO2 (A–E; P < 0.0001) and one
randomly selected polymorphism (F; P > 0.05). (A and B) Alanine aminotransferase 2 enzyme (A) and splicing factor 3b (B) show the greatest
treatment effects and perform functions related to metabolism and RNA
processing, respectively. (C) Echs1 protein (enoyl CoA hydratase) is a mitochondrial enzyme involved in lipid metabolism. (D and E) FGD6 regulates the
cytoskeleton and cell shape (D), and the glutamate receptor is involved in
ion transport (E). Red lines mark observed change in allele frequency between control (400 μatm–days 1 and 7 averaged) and treatment (900 μatm–
day 7) cultures. An empirical null distribution (gray) was generated by the
random permutation of samples and recalculation of treatment effect.
These ﬁve genes span the diverse protein functions and range of change in
allele frequency represented across the 30 outliers. See Table S3 for the
complete list of 30 outlier genes with protein function annotations.
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factor 3b proteins have the polymorphisms with the greatest
treatment effects and perform functions related to metabolism
and RNA processing, respectively (Fig. 2 A and B and Table S3).
The enoyl CoA hydratase (Echs1) protein is a mitochondrial
enzyme involved in lipid metabolism (Fig. 2C). FYVE, RhoGEF
and PH domain-containing protein 6 (FGD6) regulates the cytoskeleton and cell shape (Fig. 2D), and the glutamate receptor is
involved in ion transport (Fig. 2E). Four of the 30 genes (significantly more than expected; P < 0.0001; test of percentages) are
part of the biomineralization proteome and occur in adult or
larval skeletal structures (see below). Other protein functions
across the 30 genes include metabolism, cell structure, transcription and translation processes, cell signaling, and stress
response (see Table S3 for complete list).
We tested for the concentration of greater changes in allele
frequency in genes with speciﬁc biological functions, an approach
known as functional enrichment analysis. We found that genes
showing strong allele frequency changes induced by CO2 were
concentrated in 40 of 1,307 functional protein classes (FDR P <
0.10; Table S4 and Figs. 3 and 4). In response to elevated CO2,
we expected greater changes in allele frequency to be concentrated in functional categories that improve larval ﬁtness in lowpH conditions (Fig. 3). Speciﬁcally, based on previous studies
of physiological response to CO2, we hypothesized that genes
related to biomineralization, ion homeostasis, and metabolism
would show excess genetic change in response to high CO2
(21–24). In contrast, at ambient CO2, we expected changes to
be random with respect to protein function. In agreement with
predictions, the 40 categories enriched for greater than average
allele frequency changes in high-CO2 conditions were primarily
related to lipid metabolism, ion homeostasis, cell signaling, and
protein modiﬁcation (Table S4 and Figs. 3 and 4). There were
980 unique genes represented across these categories (Table S4).
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Fig. 3. Summary schematic of predicted evolutionary forces and enrichment results (A) and observed protein function enrichment results for
greater changes in allele frequency (B) between the four day and treatment
combinations (populations averaged for each day and treatment). Arrows
represent comparisons of allele frequencies between day and treatment
combinations. Of the genes in enriched categories, 71% were in common
after 1 d at 900 μatm and after 7 d at 900 μatm (Fig. 5).
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Fig. 4. Consistent changes in allele frequencies associated with elevated
CO2 in multiple SNPs within single genes. Genes are in functionally enriched
categories related to lipid metabolism (highlighted in red), ion homeostasis
(blue), or both (purple); these six genes represent many in these categories
that have multiple SNPs per gene showing greater than average change in
allele frequency and are enriched for response to high CO2 after 1 and 7 d.
For 13 of 18 SNPs shown, changes in allele frequency are in the same direction after 1 d in elevated CO2 conditions (day 1–900 μatm) as after 7 d in
elevated CO2 conditions (day 7–900 μatm) relative to allele frequencies in the
wild (day 1–400 μatm). See Fig. 5 for data from SNPs in genes enriched for
change after both 1 and 7 d in high CO2 culture. Numbers indicate base
position of the polymorphism in the coding region of the gene. Bars are
mean frequencies (±SE) in seven populations. Asterisks mark amino acid
changing polymorphisms.

In contrast, we found no functional enrichment for temporal
changes in allele frequency in larvae cultured in ambient CO2
seawater (Fig. 3B). These results provide an important negative
control, validating our hypotheses regarding which classes of
genes we expect to respond to ocean acidiﬁcation (25).
In addition, we found signiﬁcant functional enrichment for
changes in allele frequency after a single day at elevated CO2 in
42 of 1,307 functional protein classes (FDR P < 0.10; comparing
day 1–400 μatm pCO2 to day 1–900 μatm pCO2; Table S5 and
Fig. 3B). Again, as predicted, the greatest changes in allele frequency were concentrated in metabolism, particularly lipid metabolism, and ion homeostasis genes (Table S5; 846 unique genes
represented). As expected, if changes were due to natural selection
PNAS | April 23, 2013 | vol. 110 | no. 17 | 6939
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rather than random effects, there was a high degree of overlap
(71%) in the genes in the enriched functional categories after 1 d at
900 μatm pCO2 and after 7 d at 900 μatm pCO2. Further, the
magnitude of change in allele frequency was greater after 7 d
compared with 1 d (Fig. 5; K-S test; P < 0.0001). These results
suggest the continued action of selection on a similar suite of genes
through developmental time.
We also tested for enrichment of amino acid-changing SNPs as
a function of increased experimental treatment effect. These
tests parallel studies of human genetic variation that use the
fraction of replacement SNPs as a signal of environmental selection (20). First, we ranked SNPs by the average degree of
allele frequency difference between control (average of 400μatm pCO2 samples) and treatment (day 7–900 μatm pCO2)
samples. We identiﬁed amino acid-changing SNPs across the
entire dataset and compared them to amino acid-changing SNPs
that occur in the 5% and 1% upper tail of the distribution of
ranks (as in ref. 20). Across our entire dataset, only 10.8% of all
SNPs are amino acid replacements. Of these, 25.6% involve
charge-changing amino acids most likely to be functionally signiﬁcant. By contrast, among SNPs with the 5% greatest treatment effects, 14.5% are amino acid-replacing SNPs, with 32.7%
changing charge (χ2 = 8.2; P = 0.004; Fig. S2). The 1% tail of the
treatment distribution shows 17.3% amino acid-changing SNPs,
and 42.9% of these change amino acid charge (χ2 = 2.7; P = 0.10;
Fig. S2). The replacement enrichment over the complete dataset
(60.2%: 17.3% vs. 10.8%) is similar to that observed in SNPs the
human genome that show the greatest association with environmental variables (table 1 in ref. 20). These patterns suggest
major changes in protein function occurring in polymorphisms
with the greatest change in allele frequency.
Elevated CO2 can impact calciﬁcation in many marine taxa
(4). However, we found the formation of calcareous skeletal rods
by larval purple sea urchins to be resilient to elevated CO2 (Fig. 1
A–C). Thus, it is particularly interesting to assay biomineralization genes for experimental CO2 effects. Because sea urchin
biomineralization genes are not included in current Gene Ontology categories, we compiled a list based on the protein components of major skeletal elements (26) and regulatory genes
that generate larval skeletons in the primary mesenchyme cells
(27, 28). In total, the list included 350 genes known to be involved in sea urchin skeletal formation, and here we report data
on 884 SNPs from these genes.
As mentioned above, 4 of these biomineral genes appear in our
list of 30 outlier loci (Table S3). Among 84 biomineral SNPs with
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Fig. 5. Selection in action. There is a greater magnitude of change in allele
frequency after 7 d than 1 d in elevated CO2 conditions (red and black, respectively) in the same suite of genes. Change in allele frequency for the
same set of 4,782 SNPs comparing day 1–400 μatm with day 1–900 μatm
(black) and day 1–900 μatm with day 7–900 μatm (red) are represented in
each distribution. These SNPs are in the 601 genes in common (71% overlap)
in functional categories enriched for change in allele frequency in response
to high CO2 conditions after 1 and 7 d (Tables S4 and S5). Distributions are
signiﬁcantly different (K-S test; P < 0.0001).
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the strongest treatment effects (the 5% tail of the biomineral
distribution), there is an excess of amino acid-changing SNPs
(14.5%; χ2 = 8.2; P < 0.01; Fig. S2) compared with background
(10.8%). These 84 high-treatment-effect SNPs occur in only 37
biomineralization genes, including two previously identiﬁed
outlier genes (a glucose-regulated structural protein in spicules
and a GTP binding protein; four SNPs each), an extracellular
matrix protein (three SNPs) found in larval skeletons, a protein
similar to a TRAP-family protein (TFP250, six SNPs, including
an amino acid replacement), a thioester-containing protein of
unknown function (three SNPs), and two chaperonins (three
SNPs) associated with adult skeletons. TFP250, similar to a calcium-binding growth factor, had the largest number of polymorphic SNPs (57), amino acid-changing SNPs (12), and hightreatment-effect SNPs (6) among the biomineralization genes.
Other gene categories with large CO2 effects included those
involving lipid metabolism and ion homeostasis. As described
above, these categories have excess SNPs with high magnitude
change in allele frequency. In addition, these categories have an
excess number of amino acid-changing polymorphisms, a signal
of selection independent of allele frequency estimates (Fig. S2).
Lipid metabolism genes showed 17.8% amino acid-changing
SNPs vs. a background level of 10.8% (χ2 = 23.8; P < 0.0001),
whereas ion homeostasis genes were slightly, but not signiﬁcantly, enhanced for amino acid-changing SNPs (12.5%; P >
0.05; Fig. S2).
Such results may reﬂect strong selection directly on some
SNPs along with associated changes in nearby polymorphisms
through hitchhiking, a pattern often observed in studies of genes
associated with environmental variation, selective sweeps, and
positive selection (29). Silent SNPs could alternatively be linked
with amino acid-changing SNPs elsewhere or with non-aminoacid-changing polymorphisms selected for more efﬁcient transcription or translation (30).
Discussion
Our results indicate that normal morphological and developmental
progress in sea urchins raised under low-pH conditions may arise
in part from natural selection for larvae with speciﬁc alleles that
improve performance under these conditions. As hypothesized,
allelic shifts were most pronounced in genes related to membrane
composition and ion transport, categories that both critically inﬂuence ion homeostasis (31). Sterols speciﬁcally enhance mechanical stability and create lipid rafts where large transport
proteins can be organized and concentrated (32). Ion and sterol
categories together suggest selective survival of larvae with alleles
that allow them to regulate internal pH in the face of elevated
CO2. These results are in strong contrast to the absence of functional enrichment in control cultures (25). It remains to be determined whether these selected alleles have unmeasured future
tradeoffs or costs (e.g., in terms of reduced larval tolerance of
other stressors or altered juvenile performance).
Effects of Acidiﬁcation on Larval Growth and Development. Previous
ocean-acidiﬁcation experiments on purple sea urchin and other
echinoderm larvae have often found stronger negative effects of
CO2 on growth and development than those documented here
(23, 24, 33, 34). The primary difference between our experimental design and previous studies is that our larval cultures
were >10 times less dense, reﬂecting a more ecologically relevant
condition (35), with perhaps less laboratory-generated stress. We
hypothesize that the higher larval densities used in other studies
may have interacted with elevated CO2 to exacerbate the negative effects on developing larvae. At the lower larval densities
used in our experiments, effects of elevated CO2 on purple sea
urchin development and morphology appear to be minimal. The
most consistent negative response to acidiﬁed conditions in our
cultures was a 4–5% reduction in body length, which may reﬂect
Pespeni et al.

Allele-Speciﬁc Expression. Because we estimate allele frequency
from mRNA from pools of larvae, it is conceivable that a change
in allele frequency at a given locus is due to a change in allelespeciﬁc expression of one haplotype over another. To reduce this
potential confounding effect, we excluded the SNPs in the few
(23) genes that showed differential expression in response to CO2
treatment. However, there could also be differences in allelespeciﬁc expression in genes with constant transcript abundances.
To explore the potential effect of allele-speciﬁc expression on our
allele-frequency estimates, we compared SNPs from our dataset
with SNPs at exactly the same positions using (i) PCR-based allele
resequencing for SNPs at two high-treatment-effect loci and (ii)
across the genome with Restriction Site Tiling Analysis arrays
(36). Allele frequency estimates were within 0.7% and 1.6% accurate comparing estimates from RNA and DNA in the two high
treatment effect loci (Fig. S3), and we found high correspondence
between genome-wide datasets (Fig. S4A; R2 = 0.75; P < 0.0001),
suggesting that allele frequencies inferred from RNA-sequencing
data were representative of true genomic allele frequencies.
Overall, our data suggest that allele-speciﬁc expression is rare
in purple sea urchins. Signiﬁcant allele-speciﬁc expression at
high CO2 should result in signiﬁcant shifts in expression value
because a chromosome that produces few transcripts of a gene in
high CO2 will reduce the cell-wide abundance of those transcripts (see SI Text for a discussion of potential exceptions).
However, only 32 genes across our dataset showed signiﬁcant
expression differences between CO2 levels, suggesting that the
potential for allele-speciﬁc expression is limited. We also saw
no excess in treatment effect among these 32 differentially
expressed genes [unlike a previous study in Drosophila hybrids
(37); SI Text]. Lastly, CO2 treatment had little impact on developmental programming of gene expression because day 1 to 7
expression changes were the same for ambient and high CO2
levels (Fig. S4B; R2 = 0.92, P < 0.0001) showing that even under
conditions of strong gene expression regulation, CO2 levels have
little effect on expression levels, leaving a very small role for CO2based allele-speciﬁc expression.
Evidence from the published literature on allele-speciﬁc expression suggests a small role for allelic differences among genetically related individuals of the same species (38–40). As
a result, our analyses (see additional examples in SI Text) cannot
preclude allele-speciﬁc expression at a few loci. However, our
gene function results cannot be solely driven by such rare loci. In
addition, the identiﬁcation of amino acid-changing polymorphisms
does not rely on estimates of allele frequency; therefore, our
results that show positive tests for excess amino acid substitutions
in the three functional classes of genes tested provide additional
evidence of selection that is independent of allele frequency
estimates (Fig. S2).
Any rare changes that could be due to allele-speciﬁc expression would point to environmentally sensitive cis-regulatory
regions. This ﬁnding would be an equally interesting result that
we cannot completely exclude at a few loci. Although evidence
from our data and the literature suggest a small role for allelespeciﬁc expression in the present study, further investigations are
needed to learn of its role in response to acute stress within
a population.
Selection Across Environmental Mosaics. Our growth results, taken
alone, would have signaled relatively low impact of acidiﬁed
conditions on sea urchin larvae. However, our investigation of the
genetics of these populations shows that underneath the observed
homeostasis of larval growth and development, there was signiﬁPespeni et al.

cant genetic change in classes of genes involved in growth and
biomineralization. Complementing studies of negative ﬁtness
consequences of acidiﬁcation (4–8) and plasticity in gene regulation (23, 41, 42), our results demonstrate another important
impact of ocean acidiﬁcation: population genetic change.
Factors that favor adaptive genetic variation in purple sea
urchins—and perhaps other marine taxa—include a spatial and
temporal mosaic in carbonate chemistry, along with high genetic
variability, high fecundity, and high dispersal potential. Purple
sea urchins have evolved in the California Current System where
coastal taxa are exposed seasonally to higher CO2 and reduced
pH and carbonate ion concentrations. Indeed, during upwelling
events, urchin larvae in some regions are likely already exposed
to elevated seawater CO2 levels similar to those used in these
experiments (900 μatm pCO2) (14, 34, 43).
Our results suggest that this long-term environmental mosaic
has led to a reservoir of genetic variation in purple sea urchins
that can respond to acidiﬁcation during larval development and
buffer some of the negative consequences of low pH (24). We
saw small differences in many genes, suggesting that the genetic
basis of adaptation is highly multigenic. However, the concentration of genetic effects in biomineralization, ion regulation,
and membrane genes suggests that some of the major adaptive
mechanisms reside in regulation of skeletal growth. In support of
this hypothesis, results from another study of common-gardenacclimated adult purple sea urchins originally from Boiler Bay,
OR, and San Diego showed consistent differences in the regulation of growth and biomineralization genes (28), potentially
due to adaptation to differences in pH and temperature between
the Oregon coast, a region of strong upwelling and low pH, and
the Southern California Bight, a region of warmer, high-pH
waters (14, 43).
Link Between Acidiﬁcation and Population Growth. Our results
suggest a conceptual model in which acidiﬁcation experienced
by a population of developing larvae results in impaired growth
or mortality in some individuals, but natural selection across this
ﬁtness differential results in a population that is better adapted
to acidiﬁed conditions. For this process to occur, two conditions
must be met. First, there must be genetic variation within the
population for response to low pH. In addition to our data,
three recently published studies using breeding and growth
experiments in two sea urchin species and a bryozoan highlight
the importance of standing genetic variation for an organism’s
ability to respond to ocean acidiﬁcation (44–46). Second, there
must be robust populations with excess reproductive capacity.
This second condition is important because adaptive capacity
is a double-edged sword. Populations experiencing selection pay
a selective cost in terms of reduced demographic growth and
reproductive potential (12, 47) because individuals that are less
ﬁt experience lower growth or survival. Populations impacted by
climate change, overﬁshing, and other anthropogenic impacts
may have low population growth and impaired capacity to absorb
these selective impacts of acidiﬁcation. Thus, although marine
populations in upwelling systems may possess the capacity for
adaptation, maintenance of robust populations in the future is an
important part of any climate response strategy. Future studies
are needed to empirically test for loss of genetic diversity
through rapid evolution in response to ocean acidiﬁcation.

Materials and Methods
Larval Culture of Sea Urchins. Adult urchins were collected from seven populations from Central Oregon to Southern California, spanning 1,200 km of
the S. purpuratus species range, and were shipped to Bodega Marine Laboratory (see SI Text for complete experimental details). Adults were
spawned in the laboratory, and for each population gametes were mixed
from 10 females and 10 males. Fertilized embryos were cultured under
present-day global-mean pCO2 (partial pressure of CO2∼400 μatm) and
PNAS | April 23, 2013 | vol. 110 | no. 17 | 6941
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increased energetic costs of maintenance and skeletal rod formation under elevated CO2 (24). However, these minor effects
did not inﬂuence the timing of settlement or the proportion of
larvae that were competent to metamorphose.

a fossil-fuel intensive projection (∼900 μatm) (48). After 24 h, hatched
blastulae were transferred to four replicate jars per population and CO2
level and were maintained at 14 °C in jars with oscillating paddles (SI Text).
Seawater was exchanged and sampled for pH and alkalinity, and larvae
were fed and sampled every other day during 50-d trials, from 3 d postfertilization to metamorphosis.

reference allele divided by the total number of quality reads mapped at that
position (see SI Text for more details). A detailed pipeline of all data processing steps and parameters used can be found at http://sfg.stanford.edu
(50). We used permutation analyses to identify outlier polymorphisms and
enrichment analyses to identify suites of functionally related genes enriched
for high changes in allele frequency (see SI Text for more details).

Population Genomics. For genomic analyses, we sampled ∼1,000 larvae at 1
and 7 d postfertilization from each population and CO2 level. Total RNA was
extracted from pooled samples of larvae, and mRNA was isolated and prepared for sequencing by using Illumina’s TruSeq kit. Each of the 28 samples
was sequenced on a single Illumina HiSeq lane, yielding ∼80 million 50-bp
reads per sample. Sequence data were processed for length and quality and
aligned to all predicted genes of the purple sea urchin (downloaded from
www.spbase.org). SNPs were detected and allele frequencies were calculated for each sample at each SNP position as the number of reads with the
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