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Across heterogeneous landscapes, populations may have adaptive differences in gene regulation that adjust their physiologies to

match local environments. Such differences could have origins in acclimation or in genetically fixed variation between habitats.

Here we use common-garden experiments to evaluate differences in gene expression between populations of the purple sea

urchin, Strongylocentrotus purpuratus, spanning 1700 km and average temperature differences of 5◦C to 8◦C. Across expression

profiles from 18,883 genes after 3 years of common conditions, we find highly correlated expression patterns (Pearson’s r = 0.992)

among most genes. However, 66 genes were differentially expressed, including many ribosomal protein and biomineralization

genes, which had higher expression in urchins originally from the southern population. Gene function analyses revealed slight but

pervasive expression differences in genes related to ribosomal function, metabolism, transport, “bone” development, and response

to stimuli. In accord with gene expression patterns, a post-hoc spine regrowth experiment revealed that urchins of southern origin

regrew spines at a faster rate than northern urchins. These results suggest that there may be genetically controlled, potentially

adaptive differences in gene regulation across habitats and that gene expression differences may be under strong enough selection

to overcome high, dispersal–mediated gene flow in this marine species.

KEY WORDS: Climate change, ecological genomics, gene flow, natural selection, RNA-seq, Strongylocentrotus purpuratus.

Differences in the regulation of gene expression are essential

for species persistence across diverse habitats (King and Wilson

1975; Whitehead and Crawford 2006a). Moreover, evolution of

gene regulation has been shown to be an important mode of local

adaptation when there is high variability in environmental condi-

tions within and among regions of a species’ range (Gilchrist and

Huey 2004; Swindell et al. 2007; Levine et al. 2011). This may

be particularly true for many marine and plant species that are

widely distributed, inhabiting diverse physical and biological en-

vironmental conditions (Waples 1998; Grosberg and Cunningham

2001; Sanford and Kelly 2010; Whitehead et al. 2011). However,

in these systems, there are two major challenges to understanding
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the role of gene expression evolution in adaptive diversification.

First, gene regulation is inherently flexible, and so distinguish-

ing genetically determined differences between populations from

environmentally induced, phenotypically plastic gene expression

differences is difficult. Second, gene flow among regions poses a

challenge for local adaptation; differences between populations,

whether neutral or adaptive, are likely to be diminished when there

is a high degree of genetic connectivity among regions (Slatkin

1973; Endler 1977; Galindo et al. 2010; Pespeni et al. 2012).

A common strategy for identifying the underlying role of

phenotypic plasticity in population differences is to physiolog-

ically erase acclimatory differences by growing individuals in

common-garden conditions (Clausen et al. 1948; Prosser 1986;

Hochachka and Somero 2002). The objective of the “common-

garden acclimation” is to reset environmental history and reveal

genetically controlled differences in phenotypic traits, traits as di-

verse as growth morphology, life history, and behavior (Oleksyn

et al. 1998; Billerbeck et al. 2001; Laugen et al. 2003; Chiba

et al. 2007). This approach is beginning to be used to crit-

ically evaluate transcriptome-wide gene expression differentia-

tion across natural environmental gradients (Larsen et al. 2007;

Cheviron et al. 2008; Whitehead et al. 2011). In some cases, a phe-

nomenon termed counter-gradient evolution has been observed.

For example, populations growing in colder habitats may pos-

sess higher growth potential in warmer temperatures than warm-

habitat natives (Laugen et al. 2003) to compensate for the in-

hibitory effect of low temperatures on metabolism. These gene

regulatory compensations minimize the metabolic effects of tem-

perature in different thermal habitats (Conover and Schultz 1995).

Many marine species live across environmental gradients

over 1000s of km, and these populations often show distinct

growth and reproductive patterns. For example, for temperate

species, reproductive timing tends to be earlier in the spring for

southern populations and later in the summer for northern ones

(Conover 1992). Temperature, light levels, day length, ocean acid-

ity, diet, and many other variables vary across the latitudinal range

of species as diverse as reef building corals and temperate sea

urchins. A few common-garden experiments have been performed

on such species to evaluate the possibility of fixed interpopulation

differences in environmental interactions (Conover 1998; Hutch-

ings et al. 2007). However, the common assumption has been

that high dispersal potential in many of these species, because of

long-ranging planktonic larvae, often selects for species that are

adapted to average conditions or that they plastically respond to

environmental cues (Palumbi 1994; Kirkpatrick and Barton 1997;

Warner 1997; Case and Taper 2000; Hollander 2008; Sanford and

Kelly 2010).

The purple sea urchin, Strongylocentrotus purpuratus, plays

a central role in shaping the inter- and subtidal ecological com-

munities in the rocky reefs along the Eastern Pacific coast (Pearse

2006; Rogers-Bennett 2007). As voracious kelp grazers that are

predated on by otters, spiny lobsters and sheep head wrasse, they

are at the crux of a delicate balance between a healthy kelp for-

est and a species poor urchin “barren” (Tegner and Dayton 1991).

The removal of natural predators by humans can tip the balance to

urchin barrens, whereas storms and disease can decimate urchin

populations allowing kelp forests to reestablish (Ebeling et al.

1985; Lafferty 2004; Rogers-Bennett 2007). In addition to being

one of the most well-studied marine ecology models, the purple

sea urchin has been used as a model in developmental biology for

over a century owing to its large transparent eggs and embryos

and ease of culture. The purple sea urchin’s central role in devel-

opmental and molecular biology has resulted in the sequencing

of its genome (Sea Urchin Genome Sequencing Consortium and

others 2006), yielding an excellent resource for investigations in

ecological genomics, evolution, and developmental biology.

Purple sea urchin adults, embryos, and larvae can be readily

cultured in the lab (Leahy 1986). Each life-history stage serves

as excellent model for different studies in biology. For exam-

ple, taking advantage of the regenerative abilities of echinoderms

(Carneveli 2006), tube foot tissue, spines, or coelomocytes (echin-

oderm immune cells) can be sampled from the same adult indi-

vidual across its long life, greater than 50 years (Ebert 1967; Sea

Urchin Genome Sequencing Consortium and others et al. 2006),

allowing various investigations in the same genetic background.

However, for breeding and evolution experiments, rearing across

multiple generations is less feasible because culturing animals

from metamophosis through reproductive maturity takes consid-

erable care and the animals are not reproductively mature until 2

to 3 years of age, although some may produce gametes as early

as 11 months (Leahy 1986).

Considering their broad latitudinal distribution and diverse

habitat, the purple sea urchin is an ideal system to test for

genetic differences in gene regulation. Their habitat is highly

variable at small and large scales, as they inhabit rocky inter-

tidal and shallow subtidal zones from Alaska to Baja Califor-

nia, Mexico. They are broadcast spawners, releasing eggs and

sperm into surrounding waters where fertilization occurs; result-

ing larvae may spend weeks to months swimming and feeding

before settling in a suitable habitat (Strathmann 1978). Accord-

ingly, previous studies have shown little to no neutral popu-

lation genetic structure (Palumbi and Wilson 1990; Edmands

et al. 1996; Olivares-Banuelos et al. 2008) with no fixed al-

lelic differences in more than 12,000 polymorphisms between

Boiler Bay, Oregon and San Diego, California, spanning 1700

km of coastline (Pespeni et al. 2010). Purple sea urchins are

also highly fecund (Strathmann 1978) and have large popula-

tion sizes (Ebert and Russell 1988; Pearse 2006). Theoretically,

these species characteristics of high fecundity, large popula-

tion sizes, and high neutral gene flow maximize the effects of
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natural selection and minimize the effects of random genetic

drift (Palumbi 1992; Hartl and Clark 1997), making this study

system robust for tests of natural selection. However, we previ-

ously identified signals of selection concentrated in the upstream,

putatively regulatory regions, of certain gene classes (Pespeni

et al. 2012), suggesting that there may be adaptive differences be-

tween alleles and between populations in gene regulation among

populations. These results suggest the possibility that the high de-

gree of environmental variability across the species range could

promote evolution in gene regulation.

Here, we cultured S. purpuratus from northern (Oregon) and

southern (San Diego) populations for 3 years in common-garden

conditions in an intermediate locality in Monterey, California.

The urchins were maintained in outdoor flow-through aquaria al-

lowing them to experience natural daily, seasonal and interannual

fluctuations in environmental conditions such as temperature

and pH. Using an RNA-Seq approach (De Wit et al. 2012),

we measured the expression of 18,883 genes across the purple

sea urchin transcriptome. Our goals in this study were to (1)

determine if there were differences in gene regulation among

populations after long-term common garden acclimation, (2)

test if differences in gene regulation could be attributed to

natural selection through gene association tests, and (3) explore

if physiological differences in gene expression were associated

with morphological differences in growth between populations

and could be explained by counter-gradient evolution. We

tested for signals of selection by testing for the non-random

distribution of gene expression differences with respect to the

biological function of gene classes (Lemos et al. 2005; Haygood

et al. 2007; Pespeni et al. 2012). Our results show significant

differences in the regulation of genes involved in growth and

biomineralization. Gene association studies identify many suites

of genes that appear to be under differential regulation in the

two populations, suggesting the possibility of widespread gene

regulatory differences along this heterogeneous species range.

Methods
URCHIN COLLECTION AND ACCLIMATION

We collected adult urchins in 2007 from Boiler Bay, Oregon

(44.8N / 124.1W) and La Jolla, California (32.8N / 117.3 W) and

shipped them to the Hopkins Marine Station of Stanford Univer-

sity, Pacific Grove, California (36.6N / 121.9W). We maintained

the urchins in outdoor flow-through aquaria with each individual

urchin housed in a labeled 20 cm square plastic box with four

2.5-cm-diameter holes drilled into each side of the container to

allow ample seawater flow through. Each urchin was fed kelp

(Macrocystis pyrifera) into their container ad libitum.

Without common environmental conditions across one to a

few generations, differences in gene expression could be due to

differences in maternal effects or other environmental cues ex-

perienced during early development (Kinne 1962; Zamer and

Mangum 1979; Kawecki and Ebert 2004; Sanford and Kelly

2010). In shorter-lived species, experimental tests for local adap-

tation are ideally performed after a few generations in common

conditions (see Sanford and Worth 2010), however, the purple sea

urchin is a long-lived species. In the wild, an individual urchin

may live more than 50 years and is not reproductive until after 2 to

3 years (Ebert 1967; Leahy 1986; Sea Urchin Genome Sequenc-

ing Consortium and others 2006). In addition, it is difficult to rear

urchins to reproductive maturity in the laboratory setting (Leahy

1986). For these reasons, we allowed an extensive acclimatization

period of 3 years, much longer than the accepted standard time of a

few weeks to 6 months (Hochachka and Somero 2002; Whitehead

and Crawford 2006b; Whitehead et al. 2011). This also allowed us

to synchronize reproductive cycles and cues across populations,

as S. purpuratus is gravid once per year and the timing varies

slightly due to differences in regional environmental cues (Pearse

et al. 1986; Lester et al. 2007b). Synchronizing reproductive state

eliminated any gene expression differences that may have existed

due to differences in reproductive status.

RNA EXTRACTION AND SAMPLE PREPARATION

Methods broadly follow the protocol in De Wit et al. (2012).

To capture transcript abundance at homeostasis, we sampled tube

foot tissue from six individuals from each population after 3 years

in common-garden conditions. All individuals were sampled over

the course of 1 h. Individuals were randomized with respect to

population origin and brought into the lab in sets of four indi-

viduals for tissue sampling. Individual urchins were placed in

small containers of filtered seawater and extended tube feet were

snipped with surgical scissors. Approximately 30 μg snipped

tube foot tissue was collected with a 1000 ml pipette with the tip

trimmed and put in a 1.5 ml tube. Tissue was flushed three times

with 1 ml of filtered seawater each time. Tissue was homogenized

using the TissueLyser for 2 min at 30 Hz in RLT buffer (Qiagen,

Valencia, CA). We proceeded directly to total RNA extraction

using the RNeasy kit (Qiagen) and purified poly-A containing

mRNA using the TruSeq kit (Illumina, San Diego, CA). We pre-

pared samples for sequencing using the TruSeq kit following the

manufacturer’s protocol. We multiplexed six samples per lane

(three from each population) and sequenced samples on two lanes

of Illumina’s HiSeq platform (second-generation flow cell, Uni-

versity of Utah, Microarray and Genomics Core Facility). This

yielded an average of 12.9 million 50 base pair reads per sample.

DATA PROCESSING AND ANALYSIS

We processed raw sequence data removing adapter sequences

and trimming for quality and length using FASTX toolkit pro-

grams (http://hannonlab.cshl.edu/fastx_toolkit/index.html). This
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resulted in an average of 12 million reads per sample. We mapped

all reads of each sample to all 29,130 predicted genes of the

purple sea urchin genome (downloaded from www.spbase.org) us-

ing Burrows–Wheeler Aligner (BWA; Li and Durbin 2009). From

the resultant alignment files, we counted the number of reads that

mapped singly to each gene using custom Python scripts (avail-

able at http://sfg.stanford.edu/). We counted reads that mapped

singly, to one place across all gene sequences, because reads that

map to multiple reference sequences may do so due to sequence

similarity due to gene duplication or homologous regions across

gene families, or errors in the assembly of the reference genome.

As it is not possible to distinguish among these possibilities, the

most conservative approach is to only consider reads that map

uniquely to one position across the reference transcriptome.

For each sample, we scaled the number of reads of each gene

to account for any differences in sequencing depth among samples

using DESeq (Anders 2010). To reduce noise in the data, we ex-

cluded genes with an average of less than five counts per individual

or with a standard deviation greater than the mean within each

population set. This resulted in gene expression data for 18,883

genes. We identified genes significantly differentially expressed

between Oregon and San Diego using DESeq (Anders 2010) and

corrected for false discovery rate using the Benjamini–Hoschberg

approach (Benjamini and Hochberg 1995). We generated a colori-

metric representation of the magnitude of gene expression using

the heatmap.2 function in the gplots package (Warnes et al. 2006)

in R (R Development Core Team 2009). We performed hierarchi-

cal clustering of the genes using the Euclidean distance matrix

and the complete agglomeration method implemented with the

heatmap.2 function. To be able to visualize genes with high and

low expression levels in a single graph, we normalized each gene

by dividing the number of counts for each sample by the average

number of counts across all samples for a given gene.

To test for the concentration of genes with high differences

in transcript abundance between northern and southern urchins

in proteins with specific biological functions, we characterized

each gene using UniProt identifiers (Bairoch et al. 2009) and

Gene Ontology (GO) biological process categories (Ashburner

et al. 2000). In addition to GO-defined categories, we generated

an urchin-specific list of biomineralization genes identified from

the literature and defined it as a functional category (Livingston et

al. 2006; Oliveri et al. 2002). We tested for a correlation between

membership in a functional category and magnitude of difference

in gene expression using gene score resampling implemented in

ErmineJ (Lee et al. 2005) using log-transformed P-values from

the test for gene expression differences as scores. We excluded

functional categories with less than 10 gene members and more

than 100 gene members to reduce noise and exclude excessively

broad functional categories, respectively. Statistical significance

was determined by 10,000 permutations and P-values were cor-

rected for false discovery rate using the Benjamini–Hoschberg

approach (Benjamini and Hochberg 1995). A significantly en-

riched category in this analysis does not mean that all genes in

that category showed signs of differential expression; instead,

in this case, using P-values from a test for differential expres-

sion, an enriched category means that genes in that category were

nonrandomly distributed toward the tail of the distribution of

P-values relative to all genes not in that category. We charac-

terized functional categories into broader functional groups by

collapsing terms based on common “parent” terms or higher-

level functional categories. Collapsed categories were validated

using the program REViGO (Supek et al. 2011). In addition, be-

cause GO categories are not optimized for sea urchins, we also

developed a term-search screen for groups of genes using key-

word searching of BLAST identifications, testing for groups that

had significantly high or low expression using contingency tables

with multiple test corrections.

SPINE REGROWTH EXPERIMENT

To test if fine-scale physiological gene expression data accurately

predicted phenotypic growth differences, we performed a post-

hoc spine regrowth experiment. We chose to measure spine re-

growth after experimental spine ablation (even though gene ex-

pression was measured from tube feet) because spine regrowth

can be readily measured, many spines can be trimmed from a

single individual, it is a rapid response to damage, and it should

reflect the short-term growth status of an individual. These urchins

had already achieved about maximum size during our 3-year hus-

bandry and as a result, growth rate experiments on whole animals

would have been less revealing. We expected a positive relation-

ship between ribosomal protein gene expression in tube foot tissue

and spine growth because ribosomes are a fundamental structure

involved in cellular growth and repair. Many studies have used

rRNA levels as a proxy for growth potential (Dahlhoff 2004). Our

approach uses mRNA levels of ribosomal proteins.

From each of 25 adult urchins from each population, we

trimmed 10 large spines in a row along the oral–aboral axis to

within 2 mm of the test. At days 5, 10, 15, 20 and 30 posttrimming,

we removed a spine from each individual. We measured spine

regrowth as the distance in millimeters from the cut (visible as

a nub) to the growing tip of the spine using precision calipers

and photomicroscopy. Differences in growth were tested using a

one-tailed t-test. We performed this experiment twice, once in the

summer of 2011 and once in the winter of 2012, after 4 years of

common-garden conditions, to determine if predicted differences

were persistent.

SEA SURFACE TEMPERATURES

Average monthly sea surface temperatures were calculated from

NOAA Pathfinder data (http://data.nodc.noaa.gov/pathfinder/
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0 1 2 3
northern southern

Figure 1. Heat map of the 66 differentially expressed genes be-

tween common-garden acclimated northern and southern urchins

(FDR, P < 0.05). Each column represents data from an individual;

each row represents a gene. Each gene is normalized to the mean

number counts for that gene, so the color scale indicates relative

fold differences in expression. The dark grey bar highlights the 43

genes with higher expression in northern urchins. The light grey

bar highlights the 23 genes with higher expression in southern

urchins.

Version5.2/) extracted using the xtracto_3D script (http://

coastwatch.pfel.noaa.gov/xtracto/R/code/xtracto_3D_bdap.R) in

the R programming environment (R Development Core Team

2009). Monthly average temperatures were collected across a

20-year period from January 1, 1990 to December 30, 2010 for

Boiler Bay, Oregon; Hopkins Marine Station, Pacific Grove, Cal-

ifornia; and La Jolla, California. Sea surface temperatures were

collected for regions approximately 5 to 10 km offshore from

each site because satellite imaging does not consistently produce

data for the very nearshore environment potentially because of

cloud cover. Additional temperature data were collected from the

common-garden aquaria at Hopkins Marine Station and from the

intertidal zone at Boiler Bay, Oregon.

Results
To test if urchins from different populations regulate gene tran-

script abundance differently even after 3 years in common-garden

conditions, we sequenced RNA from 12 individuals multiplexed

across two Illumina HiSeq lanes. This resulted in an average of
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Figure 2. Average gene expression for (A) ribosomal protein L11,

a differentially expressed gene (corrected P < 0.0001), and (B) all

103 ribosomal related genes assayed in this study (paired t-test,

P < 0.0001). Error bars indicate standard error.

12 million, 50 base pair reads per individual after clipping adapter

sequences and trimming for quality and length. We mapped reads

to the S. purpuratus transcript sequence library and counted singly

mapped reads for each gene for each individual. After screening

for quality and noise reduction, this resulted in gene expression

data for 18,883 genes.

The two populations showed highly similar transcriptional

profiles: the correlation coefficient in expression among our

18,883 genes was 0.992 (Pearson’s correlation, P < 0.0001). Nev-

ertheless, there were 66 differentially expressed genes, 0.35% of

all genes assayed (Fig. 1, P < 0.05 after FDR correction, see

Table S1 for complete list). There was a high degree of interindi-

vidual variability as can be seen by the colorimetric representation

of gene expression magnitude in Figure 1. Among these 66 dif-

ferentially expressed genes, 43 had average higher expression in

southern urchins than northern urchins.

Of particular note among these differentially expressed genes

was the ribosomal protein L11 with 2.6-fold higher expression in

southern urchins than northern urchins and low variance within

each population (Fig. 2A). Among the 103 genes related to
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Figure 3. Scatter plot of average gene expression for northern urchins versus southern urchins for (A) all genes related to biomineraliza-

tion assayed in this study (n = 296) and (B) all genes assayed in this study (n = 18,883). Red dots highlight genes differentially expressed

(FDR, P < 0.05). Green dots highlight genes differentially expressed among the more limited dataset of biomineralization genes (q-value <

0.05). The diagonal line represents the 1 : 1 line.

ribosomal function in our dataset, 85% had higher expression

in southern urchins than northern urchins with an average 29.8%

higher expression in southern urchins (Fig. 2B, paired t-test, P <

0.0001).

We tested for differential expression among 296 biominer-

alization genes known for sea urchins (Livingston et al. 2006;

Oliveri et al. 2002). Among these genes, 29 were significantly

differentially expressed (using q-values to define the false dis-

covery rate among this more limited dataset). This proportion

(9.8%) is higher than the proportion of biomineralization genes

in the entire dataset (1.6%, Fisher’s exact test, P < 0.0001). All

29 genes were more highly expressed in southern urchins than

northern urchins with an average 2.0 fold higher expression in

southern urchins (Fig. 3A, green dots). Among these 29 genes,

eight were also our list of globally differentially expressed genes

(the difference was due to more stringent multiple test correction

in the complete dataset; Fig. 3, red dots).

We extended this type of analysis to a variety of other gene

functional categories, and found a large number of categories in

which most genes had higher expression in San Diego (Fig. 4,

black columns) or Oregon (Fig. 4, grey columns, χ2-test, P <

0.0001 in each case). In addition to the ribosomal protein genes

described earlier, San Diego urchins had higher numbers of genes

with higher expression in categories for electron transport and

protein translation termination. By contrast, Oregon urchins had

larger numbers of genes with high expression in cell size regu-

lation, axolema proteins and genes involved in secretion by the

smooth endoplasmic reticulum. An additional interesting category

with high expression in northern urchins is vitellogenesis. This

category includes dozens of proteins with the ankyrin 2,3/unc44

domain and is joined by higher expression in Oregon urchins

for the sperm bindin gene that is expressed on egg surfaces. Of

course, we isolated our RNA from tube feet alone, and it is sur-

prising to find ovary genes expressed in this tissue. Either this

mis-expression in northern urchins is accentuated, or these results

reflect a shift in spawning season in urchins despite their 3-year

common-garden conditions. Differences in the endoplasmic retic-

ulum category can traced to proteins of the sacsin family, a group

of DNAj chaperonins that help fold proteins correctly—either at

creation or perhaps during cellular stress. Seventeen of 18 Sacsin’s

are expressed more highly in Oregon urchins, one significantly

so (Table S1), and overall expression levels are 50% higher in

Oregon animals.

Overall, we found that 907 of the 2621 functional categories

tested (34.6%) were enriched for differential expression among

the populations (FDR; P < 0.05, see Table S2 for complete list).

There were 8,994 unique genes represented in these 907 cate-

gories, representing 47.6% of all the genes in this study.

Although we found many categories of genes with highly

significant differences in the numbers of genes upregulated in

northern versus southern populations (Fig. 4B), the absolute ex-

pression difference in the genes in these categories was usually

slight. In general, percent change in expression was between −30

to +50% (comparing BB to SD expression; Fig. 4A), and few of

the individual genes in these categories were significantly differ-

ent after multiple test corrections. As a result, the gene expression

signature we find between common-garden urchins is one of slight

changes in a large number of genes.
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Figure 4. Differential expression among gene ontogeny (GO) categories for northern versus southern urchins. (A) Average shift in gene

expression amount among genes in fourteen significant GO categories, calculated as the ratio of expression in urchins from Boiler Bay,

Oregon to San Diego, California. (B) The number of genes among in each category that have higher expression in Boiler Bay, Oregon

(light grey columns) and San Diego (black columns). χ2 tests show these values differ significantly from 1:1 expectations in each of these

comparisons (P < 0.0001).

Patterns of higher ribosomal and metabolic gene expression

in southern urchins could result in faster growth. To provide a

simple, initial test of whether southern urchins possessed higher

growth potential after common-garden exposure, we performed

a spine regrowth experiment. We reasoned that spine regrowth

would parallel normal metabolic processes and perhaps would

provide a repeatable index of individual growth potential. We

found that indeed, after 10 days of spine regrowth, southern

urchins had 10% longer regrown spines than northern urchins

(Fig. 5A, Day 10, one-tailed t-test, P < 0.05). This 10% advan-

tage continued through the 30-day duration of the experiment

(Fig. 5B, C, Day 30, one-tailed t-test, P < 0.001). We repeated

the experiment after 4 years of common gardening to find the

differences in growth were maintained (Fig. 5D).

ENVIRONMENTAL DIFFERENCES

Urchin tanks in Monterey experienced temperatures ranging from

12.5◦C to 15◦C during 2010 and 2011 when animals were sampled

for mRNA (Fig. 6A). Summer temperatures were approximately

1.5◦C warmer than winter temperatures in 2011 but were about

equal in 2010 (Fig. 6A). The Monterey tanks did not experience

water above 17◦C or below 11◦C during 2010 or 2011: water

temperature was between 12◦C and 15◦C 94% to 97% of the

time in those 2 years. These values are similar to values recorded

offshore (Hopkins Marine Station: 13.1 ± 1.5◦C; Fig. 6B).

We do not have similar data from the low intertidal habitats

of our urchin populations. However, offshore water in La Jolla,

California, is substantially warmer (17.9 ± 2.5◦C) than in Mon-

terey due to its position in the Southern California Bight (Huyer

1983). Temperature records for intertidal mussel beds in Boiler

Bay, Oregon, are available from parts of 2002 and 2004 (Fig. 6A):

if we remove the temperature records at low tide, we see summer

temperatures ranging from 9◦C to 11.5◦C. Strong upwelling in

Boiler Bay (Menge et al. 2004; Hauri et al. 2009) drops the sum-

mertime temperature there during the months of June, July, and

August.

In addition to temperature data from Monterey, we also col-

lected pH data from the same tanks. Due to local upwelling, the

pH of coastal water in Monterey Bay falls during the summer

(Menge et al. 2004; Hauri et al. 2009): during 2010 and 2011, the

monthly mean pH was never above 7.95, and reached 7.65 for 3

months in 2011 (Fig. S1). We have no comparable pH data from

Boiler Bay and San Diego, but upwelling is low in San Diego

and ocean pH hovers near 7.9 to 8.0 (Hauri et al. 2009; Hofmann

et al. 2011). Coastal Oregon is washed by periodic upwelling and

so we expect pH to be highly variable at Boiler Bay.
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Figure 5. Histograms of spine growth after (A) 10 days and (B) 30 days. (C) Average spine growth at the five sampled time points

across the duration of the experiment. (D) A replicate of the experiment after 4 years in common-garden conditions shows maintained

differences in growth. Data from northern urchins are in light grey and southern urchins in black. One asterisk indicates P < 0.05 and

two asterisks indicate P < 0.001. Error bars indicate standard error.

Discussion
Sequencing RNA from long-term common-garden acclimated

sea urchins of distant, environmentally distinct populations, we

found highly correlated patterns of individual gene expression

with 66 significantly differentially expressed genes. There were

however heightened differences in expression for genes involved

in metabolism and biomineralization, all with higher expression

in southern urchins. In addition, subtle differences are observed in

closer inspection of functional groups of genes: 907 categories of

genes showed shifts in gene expression, comprising 47.6% of the
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environment from satellite sea surface temperature data.

genes measured in this study. However, expression differences

across these categories seldom exceeded 50%. Not surprisingly,

these gene classes acted on many different cellular functions in-

cluding metabolism, growth, biomineralization, RNA processing,

and stress response. Overall, expression differences were slight

among a large number of genes.

DIFFERENCES IN GROWTH AMONG POPULATIONS

Our results suggest southern urchins have higher scope for growth

than northern urchins in Monterey Bay common-garden condi-

tions. Scope for growth is the difference between energy input

to an organism as food and output as respiratory metabolism,

yielding the energy available for growth or reproduction. Scope

for growth can be negative or positive, and can be a good mea-

sure of physiological stress (Bayne et al. 1979; Widdows and

Johnson 1988; Naylor et al. 1989). Evidence for higher scope

for growth in southern urchins includes (1) higher expression of

ribosomal and metabolic genes in southern urchins, (2) higher

expression of biomineralization genes in southern urchins, and

(3) transcriptome-wide regulatory differences in genes related

to metabolism and transport of nutrients. The higher scope for

growth in the southern urchins would suggest that they were less

stressed in the relatively colder common garden than the northern

urchins in the relatively warmer conditions with respect to their

native habitat. Elevated expression of stress response genes in

northern urchins corroborate this suggestion.

In particular, the higher expression of ribosomal proteins,

approximately 30% higher in southern urchins, suggests a higher

growth potential in these urchins. The ratio of RNA to DNA

has been widely used in marine invertebrates and fishes as a

biochemical indicator of growth (Dahlhoff 2004). In this study, we

take the elevated expression of ribosomal proteins as an indication

of a higher RNA : DNA ratio in southern urchins because RNA

and ribosomal protein levels are tightly correlated (Kennell and

Magasanik 1962; Matchett 1968). A previous study in another

ecologically important intertidal invertebrate, the mussel Mytilus

californianus, showed that field-acclimated mussels from Boiler

Bay (the source site for the northern urchins in this study) had

lower growth and metabolic activity than mussels in a neighboring

site in Oregon that had higher food availability (Dahlhoff and

Menge 1996). The authors demonstrated that these differences

were physiologically plastic: the RNA : DNA ratios of reciprocally

transplanted mussels converged on those of the site to which they

were transplanted (Dahlhoff and Menge 1996). In contrast, in
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this study with sea urchins, given the same food availability and

environmental conditions in flow through aquaria in Monterey

for 3 years, our results revealed persistent differences in growth

potential among populations; these differences may be genetically

controlled.

A second, correlated, class of genes is related to energy

metabolism. Among 157 genes related to mitochondrial elec-

tron transport, 105 (67%) are more highly expressed in southern

urchins (P < 0.0001). Likewise, two thirds of genes involved in

protein translation are more highly expressed in San Diego ani-

mals (P < 0.0001). Both classes of genes might result in higher

metabolic activity and higher growth potential.

TESTING GRADIENT ADAPTATION

To determine if gene expression patterns suggesting differences

in metabolism resulted in differences in growth, we measured the

regrowth rate of trimmed spines. Previous studies have shown

spine growth in urchins is related to food availability and positive

scope for growth (Ebert 1968; Minor and Scheibling 1997). We

found that spines of southern urchins grew about 10% faster, sug-

gesting that gene regulatory differences permit a slight increase

in growth potential in southern populations. By contrast, Ebert

(2010) found no correlation of latitude with growth or survival

in S. purpuratus, although these field studies were unable to con-

trol for food supply. The most significant latitudinal shifts seen

between San Diego and Oregon for this species were a reduction

in size of adults and a reduction of recruits in the south (Ebert

2010). Overall, our simple spine experiments show a persistent

difference in San Diego versus Oregon animals in growth rate

despite a 3-year acclimation to the same conditions.

We observe signs of elevated metabolism and faster spine

growth in southern population urchins under common-garden

conditions with northern urchins. These results are counter to

predictions based on counter-gradient evolution to compensate for

temperature differences among latitudes. Counter-gradient varia-

tion, also known as temperature compensation in the physiology

literature, predicts higher metabolic rates and faster growth for

higher latitude or higher altitude organisms when brought into

common-garden conditions with their lower latitude / altitude con-

specifics (Levins 1969; Conover and Schultz 1995). This variation

is due to natural selection improving metabolism to counter poorer

growing conditions in higher latitudes or altitudes that have colder

temperatures and/or shorter growing seasons. Such environments

require higher metabolism to maintain normal body size, growth,

or swimming abilities for the species across the environmental

gradient along the species range (Berven 1982; Crawford and

Powers 1992; Laugen et al. 2003). Counter-gradient variation,

where genetic differences oppose environmental effects to main-

tain a phenotype, has been detected in over 60 species, primarily

amphibians and fishes (Conover et al. 2009).

Although temperatures can differ an average of 5◦C to 8◦C

between Boiler Bay and San Diego, there may be other envi-

ronmental differences among these localities that could exact

stronger selection. The metabolic differences observed here could

be due to counter-gradient evolution in response to food quality

and food availability differences. Southern urchins may actually

be in the “poorer” quality habitat because of lower coastal up-

welling and lower productivity. In addition, habitat quality and

food availability has declined dramatically over the last 50 years

along the southern California coast (Foster and Schiel 1985).

This decline has largely been due to kelp forest decline in re-

sponse to higher incidents of warm water stress, human induced

habitat destruction, coastal development, increasing turbidity and

siltation. In addition, removal of urchin predators such as the

sheephead wrasse and spiny lobster, has led to increased urchin

numbers, more urchin barrens, and potentially a higher degree

of intraspecific competition for food (Tegner and Dayton 1991;

Lafferty 2004). The provision of high-quality M. pyrifera kelp

ad libitum in our common-garden conditions may have been an

environmental boon for a southern urchin adapted to low-quality

or low-abundance food. However, further studies are needed to

determine if metabolic differences among populations are due to

counter-gradient variation in response to food quality and avail-

ability differences among latitudes.

Previous population genetic data found evidence that there

may be local adaptation and particularly high genetic differ-

entiation in urchins in the Southern California Bight. Pespeni

et al. (2012) measured excess heterozygosity in immunity-related

genes in San Diego versus Boiler Bay urchins, which correlates

with the higher incidence of disease along the southern Cali-

fornia coast (Lester et al. 2007a). Follow-on surveys (Pespeni

et al. 2012) showed that genetic differences at many loci with

high coast-wide genetic differentiation were concentrated around

San Diego. Although this is not the southern-most population of

sea urchins, its unique position far from the cold-water, nutri-

ent rich California Current may set it apart environmentally from

other populations to the north or to the south.

NATURAL ACIDIFICATION AND GENE REGULATION

The largest shift in expression we see in any gene class is

for biomineralization genes where expression is about twofold

higher in southern urchins (Fig. 3). In particular, three spicule

matrix proteins are among the 66 differentially expressed genes

(Table S1). These proteins are found within skeletons of larvae and

adults (Livingston et al. 2006). It is possible that biomineralization

gene expression is increased for the same reasons that ribosomal

protein, metabolic enzymes, and translational machinery are in-

creased: for example, these genes may all be related to increased

growth. However, the higher overexpression of biomineralization

genes (2×) compared to ribosomal, metabolic, or translational
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genes (5%–15%) suggests that there may be an additional factor—

pH stress. San Diego urchins typically live in pH conditions that

largely resemble open ocean levels, varying between 7.9 and 8.2

(Hofmann et al. 2011, see Fig. 2) but in coastal Monterey, urchins

experience periodic acidification due to local upwelling (Fig. S1).

Under such conditions, physiological predictions are that calci-

fication is more energetically costly (Kroeker et al. 2010), and

might demand higher expression of calcification genes. By con-

trast, Boiler Bay urchins live in an upwelling environment that pe-

riodically lowers pH (Menge et al. 2004 and references therein).

As a result, Boiler Bay urchins may already show adaptations to

low pH not seen in La Jolla animals, and not have been under pH

stress during our experiments. Our experiment was not designed

to reveal the impact of adaptation to low pH, but provides a set of

hypotheses to test in the future.

GENE EXPRESSION EVOLUTION ACROSS

POPULATIONS

Our results suggest three evolutionary signals across populations

acting on gene regulation. First, gene expression patterns for most

genes are highly correlated between localities: the correlation

coefficient between expression values for San Diego and Ore-

gon urchins across 18,883 genes was 0.992 (P < 0.0001). This

probably reflects stabilizing selection for regulation of gene ex-

pression across environments (Lemos et al. 2005). Second, there

are small but widespread shifts in gene expression across many

genes. These are not large enough to affect the correlation dis-

cussed earlier because they are usually shifts of only 10%–20%

(Fig. 4). However, they occur across a wide range of gene classes

and among many genes. These slight but widespread regulatory

differences could be due to the slow erosion of phenotypically

plastic differences in gene regulation. In other words, after 3 years

in common conditions, the urchins may maintain regulatory differ-

ences attributable to their different environmental histories rather

than genetic differences. Experiments in both fish and anemone

clones demonstrated that differences in early developmental con-

ditions can have persistent and irreversible physiological effects

through an organism’s life (Kinne 1962; Zamer and Mangum

1979).

Alternatively, these results could suggest that there may be

genetic differences between populations in a smaller number of

higher-level gene expression regulators, resulting in the small but

pervasive gene expression differences seen here. This kind of shift

has been described in yeast, where a broad “environmental stress

response” alters the transcription of many genes (Gasch et al.

2000) after a change in environment. Such changes mirror many

of the ones seen here, with shifts in metabolic enzymes, ribosomal

protein genes and other genes involved in cell growth and RNA

processing. A key insight from these results is that many genes

might be affected by a smaller number of regulatory elements held

in common. As a result, evolution of slight differences at 1000s

of genes would not demand independent evolution at 1000s of

regulatory regions but perhaps involve a far fewer number of

changes.

Third, there are a small number of genes with quite large gene

regulation differences despite common environments. These ex-

pression patterns at 66 genes may be under directional selection

in different environments. This form of spatial or temporal bal-

ancing selection is particularly relevant for a species distributed

across diverse habitats; alternative alleles (in our case for gene

expression variants) might be maintained in the population as

a whole despite the homogenizing effects of gene flow by re-

curring selection every generation or as conditions change in

time (Levene 1953; Felsenstein 1976; Gillespie 1976; Hedrick

2006).

Both stabilizing and balancing selection have been observed

in gene regulatory studies of natural populations of Drosophila

(Lemos et al. 2005; Levine et al. 2011), Fundulus (Oleksiak et al.

2002; Whitehead and Crawford 2006b) and stickleback (Jones

et al. 2012) fish, suggesting that these modes of regulatory evolu-

tion may be the norm for ecological adaptation along environmen-

tal gradients without obvious barriers to dispersal. In addition, in

the context of a high gene flow species distributed across a het-

erogeneous landscape, adaptive differences may be more likely to

occur in gene regulation as opposed to protein function because

there are more genetic targets for mutation, for example cis- and

trans- regulatory regions, transcription factors, enhancers, etc.

versus mutations that would need to affect specific functional

regions of a three-dimensional protein (Wray 2007).

These signals of selection also match predications based on

our previous genome-wide studies of genetic diversity in these

two purple sea urchin populations (Pespeni et al. 2010, 2012).

A survey of 12,431 polymorphisms showed a high degree of ge-

netic similarity between these populations (Pespeni et al. 2010).

However, there was a concentration of high FST polymorphisms

in the upstream putatively regulatory regions of genes, particu-

larly genes related to proteolysis (Pespeni et al. 2012), suggesting

adaptive differences in gene regulation between these popula-

tions. The present study confirms regulatory differences in these

genes between populations: of the 12 E3 ligase genes present

in this dataset and identified in the previous study (Pespeni et al.

2012), 10 had higher expression in northern urchins than southern

urchins.

IMPLICATIONS FOR CLIMATE CHANGE

Taken together these results suggest that the gene regulatory ma-

chinery of purple sea urchin populations may be partially adapted

to local conditions, and that climate shifts will require regulatory

evolution. Urchins from the northern population, when exposed

to warmer water conditions, have lower scope for growth than
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urchins from the southern population. These data do not translate

easily into predictions about climate change because we raised

urchins under benign conditions with little or no acute heat or

pH stress. Osovitz and Hofmann (2005) showed that Oregon

urchins expressed heat shock proteins more quickly after acute

heat shock than southern populations, and other work on the

physiology of west coast marine invertebrates suggests that tran-

sient temperature extremes are more important than mean water

temperatures (Helmuth et al. 2010). Future investigations that test

for genetically controlled physiological differences are needed to

help us better understand and predict future population dynamics

in changing climate conditions (Helmuth et al. 2010; Hoffmann

and Sgrò 2011).

Conclusions
This study provides an experimental demonstration of how gene

regulation has likely evolved in populations distributed along a

latitudinal environmental gradient. We find a pattern of broad but

shallow gene regulatory differences: many genes are expressed

differently but the level of difference is slight. There are two

classes of exceptions—a suite of 66 genes with individually sig-

nificant gene expression differences, and a class of genes involved

in biomineralization that has a strong average difference between

common-garden populations. These differences paired with dif-

ferences in spine regrowth suggest that there may be genetically

controlled differences in physiological performance between pop-

ulations along the latitudinal gradient of the west coast of North

America.

In all, these data begin to close gaps in our understanding

of the mechanisms of adaptive regulatory evolution in natural

populations distributed across a heterogeneous landscape. Never-

theless, further work testing the regulatory machinery of identified

genes and more studies identifying the genetic underpinnings of

physiological tolerance and adaptive capacity will improve our

ability to predict how populations will respond to changing cli-

mate conditions and our understanding of the mechanisms of

adaptive evolution in the face of gene flow.
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