
ORIGINAL ARTICLE

Loss of genetic diversity as a consequence of selection in
response to high pCO2

Melanie M. Lloyd, April D. Makukhov and Melissa H. Pespeni

Department of Biology, University of Vermont, Burlington, VT, USA

Keywords

alternative splicing, nucleotide diversity, ocean

acidification, RNA sequencing.

Correspondence

Melissa H. Pespeni, Department of Biology,

University of Vermont, 109 Carrigan Drive,

Burlington, VT 05405, USA.

Tel.: +1 802 656 0628;

fax: +1 802 656 2914;

e-mail: mpespeni@uvm.edu

Received: 29 April 2016

Accepted: 17 June 2016

doi:10.1111/eva.12404

Abstract

Standing genetic variation may allow for rapid evolutionary response to the geo-

logically unprecedented changes in global conditions. However, there is little

known about the consequences of such rapid evolutionary change. Here, we mea-

sure genetic responses to experimental low and high pCO2 levels in purple sea

urchin larvae, Strongylocentrotus purpuratus. We found greater loss of nucleotide

diversity in high pCO2 levels (18.61%; 900 latm) compared to low pCO2 levels

(10.12%; 400 latm). In the wild, this loss could limit the evolutionary capacity

of future generations. In contrast, we found minimal evidence that purple sea

urchin larvae physiologically respond to high pCO2 through alternative splicing

of transcripts (11 genes), despite a strong signal of alternative splicing between

different developmental stages (1193 genes). However, in response to high pCO2,

four of the 11 alternatively spliced transcripts encoded ribosomal proteins, sug-

gesting the regulation of translation as a potential response mechanism. The

results of this study indicate that while the purple urchin presently may have

enough standing genetic variation in response to rapid environmental change,

this reservoir of resilience is a finite resource and could quickly diminish.

Introduction

Increasing atmospheric carbon due to anthropogenic activ-

ities lowers ocean pH causing changes to ocean carbonate

chemistry (Doney et al. 2009; H€onisch et al. 2012). The

consequences of ocean acidification for many ecologically

and economically important marine organisms are slower

growth, reduced fecundity, and higher mortality (Guinotte

and Fabry 2008; Kroeker et al. 2010; Gaylord et al. 2011).

To avoid such negative impacts of fast-changing environ-

mental conditions, organisms will have to move to more

favorable conditions, physiologically acclimatize, or geneti-

cally adapt (Somero 2010; Hoffmann and Sgr�o 2011).

The ability of organisms with long generation times to

rapidly adapt depends upon the amount of variation in

present populations (Lande and Shannon 1996; Barrett

and Schluter 2008). Past evolution in a temporally or spa-

tially heterogeneous environment could allow for the

maintenance of adequate standing genetic variation and

physiological plasticity in present-day populations

required for surviving in projected future acidification

conditions (Levene 1953; Lande and Shannon 1996;

Dupont et al. 2010; Sunday et al. 2014). Many species

along the west coast of North America, including the pur-

ple sea urchin, Strongylocentrotus purpuratus, have evolved

in a mosaic of seasonally and spatially variable temperature

and pH due to the natural process of wind-driven upwel-

ling of cold, low-pH waters from the deep ocean (Menge

2000; Feely et al. 2008). In a previous study, we found

minimal negative morphological effects of high pCO2

enabled by selective survival of larvae with favorable alleles

in high pCO2 conditions in genes related to ion homeosta-

sis, lipid metabolism, and biomineralization (Pespeni et al.

2013b), supporting the hypothesis that evolution in a vari-

able pCO2 environment could allow for adequate genetic

variation to respond to increased pCO2. A common conse-

quence of rapid adaptation is decreased genetic diversity in

surviving populations, which would decrease future gener-

ations’ adaptive potential (Rodr�ıguez-Trelles and

Rodr�ıguez 1998; Jump and Penuelas 2005; Jump et al.

2009). In this study, we tested the hypothesis that the

changes in allele frequency observed in the purple sea

urchin in response to increased pCO2 resulted in decreased

genetic diversity.
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Results from this previous analysis indicate purple

urchin larvae show minimal gene expression responses to

elevated pCO2: only 32 genes were differentially up- or

downregulated in experimentally acidified conditions

(Pespeni et al. 2013b). This minimal response could have

several potential explanations. Because the elevated pCO2

treatment (900 latm) was within the range of what is expe-

rienced on occasion in nature with upwelling (Feely et al.

2008; Hofmann et al. 2011), it could be that the stressor,

while strong enough to elicit selective survival of larvae

with specific allelic variants, does not warrant a strong

physiological gene expression response. Alternatively, it

could be that the physiological responses involved other

mechanisms that might not be detected through differences

in transcript abundance, such as solute regulation, enzyme

activities, post-translational modifications, or alternative

splicing of transcripts (P€ortner and Farrell 2008; Somero

2012; Pan et al. 2015). Alternative splice variation allows

for structurally and functionally different proteins to be

produced from a single gene or locus, providing functional

diversity that exceeds what is possible through differential

regulation of transcript abundance (Marden 2008; Irimia

et al. 2009). In addition, differences in expression of alter-

native splice variants are not detected in standard gene

expression analyses. To broaden our understanding of the

tools available to purple urchin larvae to respond to acidi-

fied conditions, we tested their ability to physiologically

acclimate through alternative splice variation.

Purple urchins have evolved in a heterogeneous environ-

ment that may have facilitated the accumulation of ade-

quate genetic variation for selective survival in high pCO2

conditions and/or the physiological capacity to acclimate

to high pCO2. In this study, we tested the hypothesis that

the selective mortality in high pCO2 conditions would

result in decreased genetic diversity in the surviving popu-

lation. We further investigated the ability of the purple sea

urchin to physiologically acclimate to high pCO2 through

alternative splice variation rather than differential gene

regulation.

Methods

Collection of sequence data

RNA-sequencing data were generated in a previous acidifi-

cation experiment (Pespeni et al. 2013b). In the previous

study, adult sea urchins were collected from seven popula-

tions along the species range (Northern California: Bodega

Bay and Van Damme; Oregon: Strawberry Hill and Fogarty

Creek; Central California: Sand Hill Bluff, Terrance Point;

and Southern California: Alegria). For each population,

eggs from each of 10 females were fertilized by sperm

from 10 males. Resulting embryos were reared in either

low (400 latm, pH 8.01 � 0.03) or high (900 latm,

pH 7.72 � 0.03) pCO2 conditions. These high pCO2

conditions are experienced in nature along the purple sea

urchin species range due to the natural process of upwel-

ling of low-pH waters from the deep ocean (Feely et al.

2008; Hofmann et al. 2011). Larvae were sampled every

2 days through metamorphosis (~50 days) for morphome-

tric analyses. For each population and each treatment,

pools of ~1000 larvae were sampled from additional repli-

cate cultures at 1 and 7 days postfertilization for RNA

sequencing. RNA-sequencing libraries were prepared for

each sample (~1000 larvae per population per treatment

per developmental time point) using Illumina’s TruSeq kit

(San Diego, CA, USA). Each library was sequenced on a

single Illumina HiSeq lane yielding ~80 million quality-

filtered 50-bp single-end reads per sample. More details

about the methods used to generate this RNA-sequencing

data and the water chemistry data can be found in the orig-

inal publication(Pespeni et al. 2013b).

To identify consistent responses to pCO2 across popula-

tions, we used the sequence data from seven populations as

replicates for each of the four conditions: low and high

pCO2 at 1 and 7 days postfertilization: day 1–400 latm
(D1-400), day 1–900 latm (D1-900), day 7–400 latm
(D7-400), and day 7–900 latm (D7-900). While there were

no morphological or developmental differences between

populations, previous results found a correlation between

the allele frequencies at 318 SNPs and local pH conditions

(Pespeni et al. 2013a). It is possible that cellular or meta-

bolic differences may not have been captured by morpho-

logical and developmental metrics (Pan et al. 2015). As a

consequence, there may have been population-specific

responses that were not captured in our analysis.

Nucleotide diversity

Starting with quality-filtered RNA-sequencing reads, we

mapped reads to the S. purpuratus genome version 3.1

(Sodergren et al. 2006) using TopHat2 default parameters

(max read mismatches 2, max gap length 2, max insertion/

deletion 3, and min anchor length 8) (Trapnell et al. 2009;

Kim et al. 2013). The resulting bam files produced one vcf

file with VCFtools (Danecek et al. 2011). We filtered the

vcf file (minimum depth: 50, maximum missing data: 0.8,

minimum/maximum alleles: 2, and minGQ:20 correspond-

ing to a 99% confidence of correctly identified genotype,

indels removed) which was used to identify the location of

all SNPs. We produced a separate vcf file per treatment

group (Day1-400, D1-900, D7-400, and D7-900) and esti-

mated nucleotide diversity (measured as p) on windows of

10 000 base pairs. We tested the difference in nucleotide

diversity due to the effect of day, pCO2 level, and the inter-

action between day 9 pCO2 level using permutation analy-

sis. First, metrics of p were log-transformed to meet
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assumptions of normality. The values of log(p) of each

window were randomly shuffled 10 000 times across all

windows of the entire dataset and reassigned to treatment

group. For each of the 10 000 permutations, we tested for

the effect of day, pCO2 level, and the interaction between

day 9 pCO2 level using an ANOVA. We compared the per-

muted P-values to the observed P-value for each factor.

Significance was determined as the proportion of permuted

calculations less than the observed. The custom R script is

provided in Data S1.

Accounting for allelic bias

Allelic mapping bias, where reads containing reference alle-

les at polymorphic sites will map more efficiently than

reads containing alternative alleles at the same site, can

confound differential expression analyses from short read

RNA-sequencing datasets (Degner et al. 2009; van de Geijn

et al. 2015). We used WASP to identify and remove any

reads containing reference alleles which specifically con-

tributed to allelic mapping bias (van de Geijn et al. 2015).

We used the bam files output from Tophat2 to produce

one vcf file with VCFtools (Danecek et al. 2011) which was

filtered and used to identify the location of all SNPs as

described above. We used WASP to identify and remove

reads which contained reference alleles which otherwise

would not have mapped had they contained alternative

alleles. We re-assembled all remaining reads with TopHat2

using the same default parameters.

It is worth noting that WASP only removes data that

would contribute to allelic mapping bias by removing

reads; it does not improve mapping by correctly mapping

reads containing alternative alleles. Uncorrected allelic

mapping bias would only incorrectly underestimate

nucleotide diversity estimates because alternative alleles

would map less frequently than they truly occur. Further-

more, we were interested in proportional differences in

nucleotide diversity in pCO2 treatments through develop-

mental time. Inefficient mapping of alternative alleles com-

pared to reference alleles would be equal in all four

treatment groups. False-negative detection of polymor-

phisms would be equally probable in all four treatment

groups. Therefore, polymorphic sites in day 7 treatments

would not be disproportionally undetected. Thus, we used

the quality-filtered, rather than WASP-filtered, data to esti-

mate nucleotide diversity and the WASP-filtered data in

the following analysis of differential expression of alterna-

tive splice variants.

Differential expression of alternative splice variants

In the previous analysis of this dataset, only 32 genes were

found to be differentially expressed due to pCO2 treatment.

In this study, we investigated the possibility of differences

in transcription arising from differentially expressed alter-

native splice variants that would be missed in standard dif-

ferential gene expression analysis, which counts the

number of reads that map to single transcripts representing

gene sequences. We used DEXSeq to test for differential

expression of alternative splice variants between treatment

groups (Anders et al. 2012). DEXSeq tests for differential

usage of individual exons in relation to the other exons in

the same gene model. This eliminates the necessity of

assembling entire transcripts across potentially complicated

gene models. We used Python scripts provided with

DEXSeq to align WASP-filtered reads to defined exon bins

of each gene model from the S. purpuratus transcriptome

(Cameron et al. 2009; Tu et al. 2012, 2014). Expression

data (counts per exon) were normalized. We tested the fol-

lowing predictors of differential exon usage individually:

the effect of day, the effect of pCO2 level, the effect of pCO2

level accounting for the effect of day, and the interaction

between day 9 pCO2 level. Full and reduced models for

each predictor were compared as follows – effect of day:

reduced model ~ sample + exon, full model ~ sam-

ple + exon + day 9 exon; effect of pCO2 level: reduced

model ~ sample + exon, full model ~ sample + exon +
pCO2 level 9 exon; effect of pCO2 level accounting for

day: reduced model ~ sample + exon + day 9 exon, full

model ~ sample + exon + day 9 exon + pCO2 level 9

exon; effect of the interaction between day and pCO2 level:

reduced model ~ sample + exon + day 9 exon + pCO2

level 9 exon, full model ~ sample + exon + day 9

exon + pCO2 level 9 exon + day 9 pCO2 level 9 exon.

We produced expression plots for each gene with signifi-

cant differential exon usage (P < 0.1). To test whether any

gene categories were significantly enriched in this analysis,

we performed a rank-based gene ontology analysis with

adaptive clustering using the negative log transformation of

the Benjamini Hochberg adjusted P value from each of the

four above tested models (Dixon et al. 2015). Unlike other

gene ontology enrichment analyses, this does not test for

enrichment within a list of significant genes, but rather uses

the whole distribution in a rank-based test to identify GO

terms enriched along a continuous metric such as P-value.

All code used is provided in Data S1.

Results

Nucleotide diversity

The overall nucleotide diversity (p) of all data was 0.00022
from 503 564 SNPs. There was a significant decrease in

nucleotide diversity between day 1 and day 7 in both the

low and high pCO2 treatment groups; however, there was a

higher proportion of diversity lost in the high pCO2 group

(18.61%) compared to the low pCO2 group (10.12%,
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Table 1). Permutation analyses indicate that the effect of

day (P < 0.0001) and the interaction between day 9 pCO2

level (P < 0.0001) are both highly significant factors of

nucleotide diversity (Fig. 1). Decreased genetic diversity

between day 1 and day 7 was also measured as the number

of polymorphic SNPs in each of the four treatment groups.

Similar to the loss of diversity, as measured by p, the num-

ber of polymorphic SNPs decreased between day 1 and day

7 in both the low and high pCO2 treatment groups. Again,

there was a larger proportion of SNPs lost in the high pCO2

group (8.15%) compared to the low pCO2 group (5.87%,

Table 1).

Differential expression of alternative splice variants

We identified 119 786 exons from 21 108 genes in our

RNA-sequencing dataset. In total, 2076 exons belonging to

1201 genes were differentially expressed in our analyses.

DEXSeq identifies differentially expressed exons in relation

to other exons within the same gene model. This accounts

for the overall expression differences at the gene level. Dif-

ferential expression of one or more exon within one gene

between treatments implies alternative splice variation

within that gene (see Figure S1 for an example output of

differential exon usage, gene ID WHL22.665129:

SPU_010393, telomere elongation helicase-like). The vast

majority of genes with differential exon usage (1193 genes)

were alternatively spliced between day 1 and day 7 and rep-

resent the alternative splice variation between two distinct

developmental stages in purple urchin larvae, hatched blas-

tula, and four-arm plutei (Table S1). Among the genes

with differentially expressed exons, the average number of

differentially expressed exons per gene was 1.73, indicating

that alternatively spliced transcripts may result from only

one or two exon changes. There were far fewer differentially

expressed exons in different pCO2 treatments: only nine

exons belonging to eight genes were differentially expressed

due to pCO2 level alone (all low pCO2 versus all high pCO2

samples); four exons belonging to three genes were differ-

entially expressed due to pCO2 level while accounting for

the effect of day; and one exon belonging to one gene was

differentially expressed due to the interaction between

day 9 pCO2 level (Tables 2 and 3). We also used enrich-

ment analyses to identify suites of genes related by

Table 1. Summary statistics of nucleotide diversity (p) and number of

SNPs.

Low pCO2 High pCO2

Day 1

Mean p 0.00107 0.00114

Number of SNPs 480 932 497 167

Day 7

Mean p 0.00097 0.00093

Number of SNPs 452 687 456 671

Percent lost through time

Mean p 10.12 18.61

Number of SNPs 5.87 8.15

ppp

(A) (B) (C)

Figure 1 Permutation density plots of an ANOVA to test the significance of (A) day, (B) pCO2 level, and (C) the interaction between day 9 pCO2 level

on nucleotide diversity as measured by p. Horizontal lines mark the observed P-value for each factor.

Table 2. Summary statistics of differential exon expression (FDR

P < 0.05).

Effect tested

Exons

differentially

expressed

Genes with

differentially

expressed

exons

Number of

GO terms

enriched

(FDR P < 0.1)

Day 2067 1193 41

pCO2 level 9 8 37

pCO2 level

accounting

for day

4 3 36

pCO2 level

9 day

1 1 42
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Table 3. Annotations of genes with significant differential exon expression specific to pCO2 level.

WHL code Significant Factors Annotation

22.38329 pCO2 level Nucleoporin 205 kDa and membrane progestin receptor gamma

22.442792 pCO2 level Ribosomal protein S2

22.445772 pCO2 level Ribosomal protein S7

22.665129 pCO2 level Telomere elongation helicase-like

22.510905 pCO2 level, day Apolipoprotein B

22.262267 pCO2 level, day Folylpolyglutamate synthase

22.667356 pCO2 level, day Ribosomal protein L5

22.648077 pCO2 level, pCO2 level accounting for day Tumor protein, translationally controlled 1

22.241670 pCO2 level accounting for day ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit

22.186040 pCO2 level accounting for day Ribosomal protein L23a

22.563676 pCO2 level 9 day Aristaless-like homeobox 1-like, Cart1/Alx3/Alx4 subfamily-like

(A) (B)

(C)

(D)

Figure 2 Enriched GO terms of genes with differential exon usage between (A) day, (B) pCO2 levels, (C), pCO2 levels accounting for the difference

between days, and (D) the interaction between day 9 pCO2 level. Dendrograms indicate shared genes among GO terms; fractions indicate the num-

ber of genes with uncorrected P < 0.05 compared to the total number of genes in a category. Only enriched GO terms with FDR P < 0.05 were

included on the figure.

1128 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 1124–1132
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biological function that were alternatively spliced in these

models. We found a further 41 (day), 37 (condition), 36

(condition accounting for day), and 42 (condition 9 day)

GO terms enriched in these respective analyses

(FDR < 0.1). Genes with significant differential exon usage

between pCO2 level were largely ribosomal genes (Table 3).

Furthermore, while the number of enriched GO terms was

similar in the model testing for the effect of day and the

three models testing for the effects of pCO2 level, there was

a clear pattern where ribosomal and translation genes were

enriched in models testing for the effects of pCO2 level, but

not enriched in the model testing for the effect of day

(Fig. 2).

Discussion

The results of this study show decreased nucleotide diver-

sity following evolutionary change in response to increased

pCO2 in purple sea urchin larvae. There was significant loss

in genetic diversity of cultured larvae between day 1 and

day 7 in both high and low pCO2 conditions; however, the

percent nucleotide diversity lost in high pCO2 was signifi-

cantly more than in low pCO2 (P < 0.0001, Table 1). pCO2

treatment alone, pooled across days, was not a significant

predicting factor of nucleotide diversity, indicating the neg-

ative effect of increased pCO2 acts through developmental

time (Fig. 1). A similar pattern was seen in the total num-

ber of polymorphic SNPs of the four experimental treat-

ment groups. The total number of polymorphic SNPs

decreased between day 1 and day 7 in both high and low

pCO2 conditions; however, the number of polymorphic

SNPs lost in high pCO2 was significantly more than in low

pCO2. SNPs that go to fixation will lower standing genetic

diversity in a population and be lost except in the event of

dispersal of individuals carrying unique genetic variants or

until a new neutral or beneficial mutation occurs.

Previous experimental results from which our dataset

arose concluded that the larvae reared in high pCO2 did

not show any major differences in morphology and growth

rates compared to larvae in low pCO2. Overall, larvae at

high pCO2 were 4–5% smaller in length, but larvae in both

conditions were equally able to metamorphose, indicating

no substantial difference in developmental trajectory

(Pespeni et al. 2013b). Our previous study also identified

changes in allele frequencies and amino acid changing

polymorphisms through developmental time in specific

classes of genes related to ion homeostasis, lipid metabo-

lism, and biomineralization in larvae reared in high pCO2

while changes were random with respect to protein func-

tion in low pCO2. These results suggest there is adequate

present-day genetic diversity to allow for selective survival

of larvae with specific alleles well suited for high pCO2. To

add to this conceptual model, in this study, we found that

the nucleotide diversity of the surviving larvae had

decreased more in high pCO2 than for larvae reared in low

pCO2, 83% more loss of diversity in high pCO2 compared

to low (18.61% vs 10.12%). We now have a more complete

understanding of the evolutionary effects of high pCO2 on

the purple sea urchin: rapid evolutionary change leading to

decreased genetic diversity with few transcriptional

changes.

Consequences of reduced nucleotide diversity

Generally, the present-day populations of purple urchins

have high genetic diversity (Pespeni and Palumbi 2013),

but the results of this study indicate that this could change

in the near future due to anthropogenic environmental

changes. Genetic diversity has a fundamental role in the

future evolutionary trajectory of a species. Just as present-

day populations need a high genetic diversity to rapidly

adapt, future generations will need equally as much genetic

diversity to adapt to future changes (Barrett and Schluter

2008). Reduced genetic diversity has been shown to

decrease disease resistance (Spielman et al. 2004) as well as

resilience to environmental disturbance (Hughes and Sta-

chowicz 2004) and extreme temperatures (Reusch et al.

2005). Although the genetic variation is currently high, the

rapid rate of evolutionary change could outpace the rate of

adaptation of this species. Future studies are necessary to

understand how the loss of genetic diversity will impact the

ability of future generations to continue to cope with envi-

ronmental change in the purple sea urchin.

Alternative splicing

In accord with our previous differential expression analysis

of the dataset (Pespeni et al. 2013b), the present study

found very few transcripts differentially expressed between

pCO2 levels. The number of significantly alternatively

spliced genes (FDR P < 0.1) was dramatic between days,

but not between pCO2 levels (Table 2). There was no over-

lap between the genes significantly differentially expressed

in the previous analysis and the genes significantly alterna-

tively spliced in this analysis. Interestingly, four of the ele-

ven alternatively spliced genes between pCO2 conditions

were ribosomal genes (Table 3, Fig. 2). This may suggest

physiological changes in the purple urchin in response to

pCO2 are not transcriptionally regulated, but regulated at

the post-transcription or translation levels and merits fur-

ther investigation.

Recent studies show the regulation of ribosomes may be

highly specialized. Alternative splicing of ribosomal mRNA

may lead to specialized ribosomes which have much larger

downstream effects on the translation of the entire pro-

teome than the simple up- or downregulation of single
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gene transcripts (Xue and Barna 2012). There are many

paralogous gene copies encoding ribosomal proteins,

although it remains controversial to what extent the par-

alogs are biologically functional (Xue and Barna 2012;

Zhang et al. 2013). It is possible that the difference in exon

usage seen here in this study is due to transcription of mul-

tiple paralogous ribosomal genes and not alternative splice

variation of single genes.

Response to a high pCO2 level that is within the natural

range

As mentioned, previous results from which our dataset

arose concluded that the larvae reared in high pCO2

showed minimal morphological effects (4–5% reduction in

body length) and no developmental delay compared to lar-

vae reared in low pCO2 (Pespeni et al. 2013b). These results

differ from some previous reports of negative effects of ele-

vated pCO2 on sea urchin growth and development in acid-

ified conditions (O’Donnell et al. 2009; Stumpp et al.

2011; Byrne et al. 2013), but not others (Yu et al. 2011).

Some previous studies found stronger negative effects of

increased pCO2 on the morphology and development of

sea urchin larvae (O’Donnell et al. 2009; Stumpp et al.

2011; Byrne et al. 2013). However, similar to our results,

Yu et al. (2011) reported that larvae reared at pCO2

1000 latm decreased in size by <7% (exact number not

reported) compared to larvae reared in low pCO2 which is

comparable to the 4–5% size decrease seen here. It is possi-

ble that these discrepancies were due to differences in den-

sities of larval culture. Our larval cultures were 10 times

less dense than those used in the studies mentioned and

may be more ecologically relevant (Strathmann 1987). We

hypothesize that the higher larval densities used in other

studies may have interacted with elevated pCO2 to exacer-

bate the negative effects on developing larvae, although this

remains to be tested. Effects of increased pCO2 have been

shown to interact with such effects as food availability,

where the overall effect of acidification is much greater in

food-limited urchin larval cultures (Pan et al. 2015).

The minimal negative effects of high pCO2 observed in

this study may have been because the experimental high

pCO2 condition was not high enough to elicit a transcrip-

tional response in our experimental conditions. Purple

urchins along the west coast of North America have

evolved in a heterogeneous environment of seasonally and

spatially variable temperature and pH due to the natural

process of wind-driven upwelling of cold, low-pH waters

from the deep ocean (Menge 2000; Feely et al. 2008). They

naturally experience pH conditions similar to that of our

high pCO2 experimental treatment daily or weekly (Hof-

mann et al. 2011; Yu et al. 2011). It is possible that they are

able to manage surviving in high pCO2 conditions up to a

point, higher than we used in this study (Dorey et al.

2013). In the future, it will be important to investigate these

responses in higher pCO2 conditions as well as more vari-

able pCO2 conditions. While living in a variable environ-

ment likely allows for the maintenance of high genetic

variation, it may not necessarily translate into higher sur-

vivorship in the future ocean. Future global change will

come with increased variability and lower predictability,

pushing organisms outside of their physiological limit at

some times, but not at others (Dorey et al. 2013). This

unpredictable environment may be the most difficult factor

to adapt to (Hamdoun and Epel 2007).

Understanding the ability as well as the long-term effect

of rapid adaptation in the face of near future environmen-

tal stressors is essential to understanding long-term species

survival. This information is necessary to identify potential

‘winners’ and ‘losers’ in an environment with higher pCO2,

changing climate, and acidifying ocean. Results of our pre-

vious paper taken with this study indicate that genetic

diversity is required to adapt to anthropogenic environ-

mental changes, but is subsequently lost through this pro-

cess of adaptation. The conservation of this genetic

diversity within species is critical because of the expectation

that its loss could render populations and species less able

to adapt to ongoing or new environmental changes.

Acknowledgements

We thank A. Nguyen for help with coding in R, H. Hargarten

for helpful discussions, Dr. R. Single for statistical advice,

and anonymous reviewers for thoughtful and constructive

critiques of the manuscript. We also thank our collaborators

in the Ocean Margin Ecosystems Group for Acidification

Studies (OMEGAS) for their contributions to the original,

published studies (S.R. Palumbi, E.D. Sanford, B. Gaylord,

T.M. Hill, A.D. Russell, F. Chan, G. Hofmann, and B.

Menge). This material is based upon work supported by the

National Science Foundation (NSF) RAPID grant IOS-

1555058 (to M.H.P. supporting M.L.L) and NSF Graduate

Research Fellowship Program DGE-1451866 (to A.D.M.).

Data archiving statement

Raw data used in this study have been archived in the NCBI

Sequence Read Archive database (Acc. No. SRA

SRP075627).

Literature Cited

Anders, S., A. Reyes, and W. Huber 2012. Detecting differential usage of

exons from RNA-seq data. Genome Research 22:2008–2017.

Barrett, R. D. H., and D. Schluter 2008. Adaptation from standing

genetic variation. Trends in Ecology & Evolution 23:38–44.

1130 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 1124–1132

Loss of genetic diversity in response to high pCO2 Lloyd et al.

http://www.ncbi.nlm.nih.gov/nuccore/SRP075627


Byrne, M., M. Lamare, D. Winter, S. A. Dworjanyn, and S. Uthicke 2013.

The stunting effect of a high CO2 ocean on calcification and develop-

ment in sea urchin larvae, a synthesis from the tropics to the poles.

Philosophical Transactions of the Royal Society B: Biological Sciences

368:20120439.

Cameron, R. A., M. Samanta, A. Yuan, D. He, and E. Davidson 2009.

SpBase: the sea urchin genome database and web site. Nucleic Acids

Research 37:D750–D754.

Danecek, P., A. Auton, G. Abecasis, C. A. Albers, E. Banks, M. A.

DePristo, R. E. Handsaker et al. 2011. The variant call format and

VCFtools. Bioinformatics 27:2156–2158.

Degner, J. F., J. C. Marioni, A. A. Pai, J. K. Pickrell, E. Nkadori, Y. Gilad,

and J. K. Pritchard 2009. Effect of read-mapping biases on detecting

allele-specific expression from RNA-sequencing data. Bioinformatics

25:3207–3212.

Dixon, G. B., S. W. Davies, G. A. Aglyamova, E. Meyer, L. K. Bay, and

M. V. Matz 2015. Genomic determinants of coral heat tolerance across

latitudes. Science 348:1460–1462.

Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas 2009.

Ocean acidification: the other CO2 problem. Marine Science

1:169–192.

Dorey, N., P. Lanc�on, M. Thorndyke, and S. Dupont 2013. Assessing

physiological tipping point of sea urchin larvae exposed to a broad

range of pH. Global Change Biology 19:3355–3367.

Dupont, S., O. Ortega-Mart�ınez, and M. Thorndyke 2010. Impact of

near-future ocean acidification on echinoderms. Ecotoxicology

19:449–462.

Feely, R. A., C. L. Sabine, J. Martin. Hernandez-Ayon, D. Ianson, and B.

Hales 2008. Evidence for upwelling of corrosive “acidified” water onto

the continental shelf. Science 320:1490–1492.

Gaylord, B., T. M. Hill, E. Sanford, E. A. Lenz, L. A. Jacobs, K. N. Sato,

A. D. Russell et al. 2011. Functional impacts of ocean acidification in

an ecologically critical foundation species. The Journal of Experimen-

tal Biology 214:2586–2594.

van de Geijn, B., G. McVicker, Y. Gilad, and J. K. Pritchard 2015. WASP:

allele-specific software for robust molecular quantitative trait locus

discovery. Nature Methods 12:1061–1063.

Guinotte, J. M., and V. J. Fabry 2008. Ocean acidification and its poten-

tial effects on marine ecosystems. Annals of the New York Academy of

Sciences 1134:320–342.

Hamdoun, A., and D. Epel 2007. Embryo stability and vulnerability in

an always changing world. Proceedings of the National Academy of

Sciences USA 104:1745–1750.

Hoffmann, A. A., and C. M. Sgr�o 2011. Climate change and evolutionary

adaptation. Nature 470:479–485.

Hofmann, G. E., J. E. Smith, K. S. Johnson, U. Send, L. A. Levin, F.

Micheli, A. Paytan et al. 2011. High-frequency dynamics of ocean pH:

a multi-ecosystem comparison. PLoS One 6:e28983.

H€onisch, B., A. Ridgwell, D. N. Schmidt, E. Thomas, S. J. Gibbs, A.

Sluijs, R. Zeebe et al. 2012. The geological record of ocean acidifica-

tion. Science 335:1058–1063.

Hughes, A. R., and J. J. Stachowicz 2004. Genetic diversity enhances the

resistance of a seagrass ecosystem to disturbance. Proceedings of the

National Academy of Sciences USA 101:8998–9002.

Irimia, M., J. L. Rukov, S. W. Roy, J. Vinther, and J. Garcia-Fernandez

2009. Quantitative regulation of alternative splicing in evolution and

development. Bioessays 31:40–50.

Jump, A. S., and J. Penuelas 2005. Running to stand still: adaptation and

the response of plants to rapid climate change. Ecology Letters

8:1010–1020.

Jump, A. S., R. Marchant, and J. Pe~nuelas 2009. Environmental change

and the option value of genetic diversity. Trends in Plant Science

14:51–58.

Kim, D., G. Pertea, C. Trapnell, H. Pimentel, R. Kelley, and S. L.

Salzberg 2013. TopHat2: accurate alignment of transcriptomes in

the presence of insertions, deletions and gene fusions. Genome

Biology 14:R36.

Kroeker, K. J., R. L. Kordas, R. N. Crim, and G. G. Singh 2010. Meta-

analysis reveals negative yet variable effects of ocean acidification on

marine organisms. Ecology Letters 13:1419–1434.

Lande, R., and S. Shannon 1996. The role of genetic variation in adapta-

tion and population persistence in a changing environment. Evolution

50:434–437.

Levene, H. 1953. Genetic equilibrium when more than one ecological

niche is available. The American Naturalist 87:331–333.

Marden, J. H. 2008. Quantitative and evolutionary biology of alternative

splicing: how changing the mix of alternative transcripts affects phe-

notypic plasticity and reaction norms. Heredity 100:111–120.

Menge, B. A. 2000. Top-down and bottom-up community regulation in

marine rocky intertidal habitats. Journal of Experimental Marine Biol-

ogy and Ecology 250:257–289.

O’Donnell, M. J., A. E. Todgham, M. A. Sewell, L. M. Hammond, K.

Ruggiero, N. A. Fangue, M. L. Zippay et al. 2009. Ocean acidification

alters skeletogenesis and gene expression in larval sea urchins. Marine

Ecology Progress Series 398:157.

Pan, T.-C. F., S. L. Applebaum, and D. T. Manahan 2015. Experimental

ocean acidification alters the allocation of metabolic energy. Proceed-

ings of the National Academy of Sciences USA 112:4696–4701.

Pespeni, M. H., and S. R. Palumbi 2013. Signals of selection in outlier

loci in a widely dispersing species across an environmental mosaic.

Molecular Ecology 22:3580–3597.

Pespeni, M. H., F. Chan, B. A. Menge, and S. R. Palumbi 2013a. Signs of

adaptation to local pH conditions across an environmental mosaic in

the California Current Ecosystem. Integrative and Comparative Biol-

ogy 53:857–870.

Pespeni, M. H., E. Sanford, B. Gaylord, T. M. Hill, J. D. Hosfelt, H. K.

Jaris, M. LaVigne et al. 2013b. Evolutionary change during experi-

mental ocean acidification. Proceedings of the National Academy of

Sciences USA 110:6937–6942.

P€ortner, H.-O., and A. P. Farrell 2008. Physiology and climate change.

Science 322:690–692.

Reusch, T. B. H., A. Ehlers, A. H€ammerli, and B. Worm 2005.

Ecosystem recovery after climatic extremes enhanced by genotypic

diversity. Proceedings of the National Academy of Sciences USA

102:2826–2831.

Rodr�ıguez-Trelles, F., and M. A. Rodr�ıguez 1998. Rapid micro-evolution

and loss of chromosomal diversity in Drosophila in response to cli-

mate warming. Evolutionary Ecology 12:829–838.

Sodergren, E., G. M. Weinstock, E. H. Davidson, R. Cameron, G.

Andrew, A. Richard, R. C. Angerer et al. 2006. The genome of the sea

urchin Strongylocentrotus purpuratus. Science 314:941–952.

Somero, G. N. 2010. The physiology of climate change: how poten-

tials for acclimatization and genetic adaptation will determine

‘winners’ and ‘losers’. The Journal of Experimental Biology

213:912–920.

Somero, G. N. 2012. The physiology of global change: linking patterns to

mechanisms. Annual Review of Marine Science 4:39–61.

Spielman, D., B. W. Brook, D. A. Briscoe, and R. Frankham 2004. Does

inbreeding and loss of genetic diversity decrease disease resistance?

Conservation Genetics 5:439–448.

© 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 1124–1132 1131

Lloyd et al. Loss of genetic diversity in response to high pCO2



Strathmann, M. F. 1987. Reproduction and Development of Marine

Invertebrates of the Northern Pacific Coast: Data and Methods for the

Study of Eggs, Embryos, and Larvae. University of Washington Press,

Seattle, WA.

Stumpp, M., J. Wren, F. Melzner, M. C. Thorndyke, and S. T.

Dupont 2011. CO2 induced seawater acidification impacts sea

urchin larval development I: elevated metabolic rates decrease

scope for growth and induce developmental delay. Comparative

Biochemistry and Physiology Part A: Molecular & Integrative

Physiology 160:331–340.

Sunday, J. M., P. Calosi, S. Dupont, P. L. Munday, J. H. Stillman, and T.

B. H. Reusch 2014. Evolution in an acidifying ocean. Trends in Ecol-

ogy & Evolution 29:117–125.

Trapnell, C., L. Pachter, and S. L. Salzberg 2009. TopHat: discovering

splice junctions with RNA-Seq. Bioinformatics 25:1105–1111.

Tu, Q., R. Cameron, W. Andrew, C. Kim, R. A. Gibbs, and E. H.

Davidson 2012. Gene structure in the sea urchin Strongylocentro-

tus purpuratus based on transcriptome analysis. Genome Research

22:2079–2087.

Tu, Q., R. A. Cameron, and E. H. Davidson 2014. Quantitative develop-

mental transcriptomes of the sea urchin Strongylocentrotus purpuratus.

Developmental Biology 385:160–167.

Xue, S., and M. Barna 2012. Specialized ribosomes: a new frontier in

gene regulation and organismal biology. Nature Reviews Molecular

Cell Biology 13:355–369.

Yu, P. C., P. G. Matson, T. R. Martz, and G. E. Hofmann 2011. The

ocean acidification seascape and its relationship to the performance of

calcifying marine invertebrates: laboratory experiments on the devel-

opment of urchin larvae framed by environmentally-relevant pCO2/

pH. Journal of Experimental Marine Biology and Ecology 400:288–

295.

Zhang, Y., A.-C. E. Duc, S. Rao, X.-L. Sun, A. N. Bilbee, M. Rhodes, Q.

Li et al. 2013. Control of hematopoietic stem cell emergence by antag-

onistic functions of ribosomal protein paralogs. Developmental Cell

24:411–425.

Supporting Information

Additional Supporting Information may be found online in the support-

ing information tab for this article:

Figure S1. An example output of DEXSeq for significant gene WHL

22.665129.

Table S1. DEXSeq results table for comparison of differential exon

expression between day 1 and day 7.

Data S1. Includes all code used for data analysis.

1132 © 2016 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 9 (2016) 1124–1132

Loss of genetic diversity in response to high pCO2 Lloyd et al.


