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Abstract

Phenotypic plasticity is predicted to facilitate individual survival and/or evolve in

response to novel environments. Plasticity that facilitates survival should both permit

colonization and act as a buffer against further evolution, with contemporary and

derived forms predicted to be similarly plastic for a suite of traits. On the other hand,

given the importance of plasticity in maintaining internal homeostasis, derived popula-

tions that encounter greater environmental heterogeneity should evolve greater plastic-

ity. We tested the evolutionary significance of phenotypic plasticity in coastal British

Columbian postglacial populations of threespine stickleback (Gasterosteus aculeatus)
that evolved under greater seasonal extremes in temperature after invading freshwater

lakes from the sea. Two ancestral (contemporary marine) and two derived (contemporary

freshwater) populations of stickleback were raised near their thermal tolerance extremes,

7 and 22 °C. Gene expression plasticity was estimated for more than 14 000 genes. Over

five thousand genes were similarly plastic in marine and freshwater stickleback, but

freshwater populations exhibited significantly more genes with plastic expression than

marine populations. Furthermore, several of the loci shown to exhibit gene expression

plasticity have been previously implicated in the adaptive evolution of freshwater popu-

lations, including a gene involved in mitochondrial regulation (PPARAa). Collectively,

these data provide molecular evidence that highlights the importance of plasticity in

colonization and adaptation to new environments.
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Introduction

A wealth of evidence has accumulated to show that the

environment not only selects phenotypic variants with

high fitness (Grant et al. 1976; Rundle et al. 2000), but is

also integral to the development of the phenotype

(Baldwin 1896; Woltereck 1909; Bradshaw 1965; Lewon-

tin 1974; Agrawal 2001; West-Eberhard 2003; Moczek

et al. 2011). The same genotype may produce alternative

environmentally induced phenotypes, a phenomenon

referred to as phenotypic plasticity. Yet, the exact role

of phenotypic plasticity in adaptive evolution remains a

largely unresolved problem in evolutionary biology.

Baldwin (1896, 1902) proposed that genotypes that

exhibit adaptive plasticity in response to novel environ-

mental conditions may be more likely to survive

than nonplastic genotypes, conferring plasticity to
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subsequent generations (Simpson 1953). Thus, plasticity

can ‘buffer’ populations against evolutionary change

during colonization, by producing phenotypes of rela-

tively high fitness (Chevin & Lande 2010; Pavey et al.

2010; Thibert-Plante & Hendry 2011; Kovach-Orr &

Fussmann 2013). Baldwin also theorized that selection

on standing genetic variation or de novo mutations

could result in the evolution of plasticity, with possible

evolutionary scenarios including the loss of plasticity in

novel stable environments (genetic assimilation – Wadd-

ington 1953; Crispo 2007), the loss of plasticity as an

adaptation to resist phenotypic change (genetic compen-

sation – Grether 2005) or the formation of adaptive plas-

ticity (Bradshaw 1965; West-Eberhard 2003; Pigliucci

et al. 2006; for the role of nonadaptive plasticity, see

Ghalambor et al. 2007; Fitzpatrick 2012; Morris &

Rogers 2013). These two hypotheses are not mutually

exclusive: pre-existing plasticity could permit coloniza-

tion and thereby inhibit evolution for some phenotypes,

but fitness could be improved after colonization by the

evolution of plasticity in other phenotypes. Compari-

sons between ancestral and derived populations have

provided evidence for the importance of plasticity dur-

ing colonization (Yeh & Price 2004; Torres-Dowdall et al.

2012; Vedder et al. 2013; but see Reed et al. 2013) and

the evolution of plasticity (Day et al. 1994; Aubret et al.

2004; Parsons & Robinson 2006; Wund et al. 2008; Pfen-

nig & McGee 2010; Schwander & Leimar 2011; Latta

et al. 2012; Svanb€ack & Schluter 2012; Yampolsky et al.

2012; see also Morris & Rogers 2014 and references

therein), but the role of gene expression in colonization

success and adaptation to new environments remains

unexplored (but see McCairns & Bernatchez 2010).

One of the primary drivers of adaptation to new

environments in all organisms is temperature (Powers

et al. 1991; Somero 2010; Hoffmann & Sgr�o 2011; Amar-

asekare & Savage 2012). Temperature changes can dis-

rupt internal homeostasis in fish (Guderley et al. 1994;

Hayward et al. 2007; Tomanek 2008; Kammer et al.

2011; Schulte 2014). Phenotypic plasticity in terms of

behaviour and physiology (Kammer et al. 2011) may

help maintain homeostasis, but widespread tempera-

ture-induced changes in gene expression also play an

integral role (West-Eberhard 2003; Gracey et al. 2004;

Podrabsky & Somero 2004).

Species that underwent the postglacial colonization of

freshwater lakes from the marine environment are

uniquely suited to the study of the role of phenotypic

plasticity in a novel environment (Rogers et al. 2013).

The threespine stickleback (Gasterosteus aculeatus) is an

abundant species in both marine and freshwater habitats

across the Northern Hemisphere. Since the end of the last

glacial advance, marine stickleback have invaded newly

created freshwater habitats along the west coast of North

America (Bell 1976; Bell & Foster 1994). In British Colum-

bia, Canada, this began as late as 13 000 years ago

(Clague et al. 1982; Hutchinson et al. 2004). Novel envi-

ronmental conditions within these freshwater bodies,

including salinity, temperature, water density, and pred-

ator and parasite diversity, likely contributed to the sub-

sequent phenotypic and genetic differentiation of

freshwater stickleback populations from their marine

ancestors (e.g. Lindsey 1962; Bell 2001; Wund et al. 2008;

Schluter & Conte 2009; McCairns & Bernatchez 2010;

Jones et al. 2012; Rogers et al. 2012, 2013; Bell & Aguirre

2013). The marine stickleback populations have remained

relatively unchanged, at least morphologically and possi-

bly genetically, since this period of divergence (Bell 1977;

Walker & Bell 2000; Hohenlohe et al. 2010; but see caveats

to this assumption in the discussion). The invasion of

lakes from the marine environment provides researchers

with the unusual benefit of being able to test predictions

about the course of stickleback evolutionary history,

through comparisons of contemporary ‘ancestral’ and

‘derived’ stickleback populations or multiple indepen-

dently derived freshwater populations (e.g. Bell 1995;

Walker & Bell 2000; Kristj�ansson et al. 2002; Bell et al.

2004; Colosimo et al. 2005; Barrett et al. 2008; Chan et al.

2010; Furin et al. 2012).

When marine stickleback invaded freshwater lakes in

coastal British Columbia, they encountered new and

broader temperature regimes that led to the rapid evo-

lution of thermal tolerance. The average mean monthly

surface temperature in British Columbia varies between

6.5 and 16.5 °C in the marine environment and 4 and

21 °C in freshwater lakes (Barrett et al. 2011). Freshwa-

ter stickleback evolved lower temperature tolerances

that reflect their colder habitats, but marine and fresh-

water stickleback both tolerate temperatures higher

than currently required (Barrett et al. 2011). Further-

more, marine stickleback released in experimental

ponds evolved within three generations cold tolerance

similar to freshwater stickleback (Barrett et al. 2011).

Understanding the role of gene expression plasticity in

such rapid adaptation remains an important goal of

molecular ecology research (Andrew et al. 2013; Narum

et al. 2013). Environmentally sensitive variation in tran-

script abundance at the genome-wide scale can now be

measured as a plastic molecular phenotype (Aubin-

Horth & Renn 2009; Pavey et al. 2010; Smith et al. 2013),

facilitating the testing of these hypotheses for thousands

of phenotypes while identifying candidate loci for plas-

ticity. Measuring phenotypes at this level of organiza-

tion is crucial because temperature has wide-ranging

effects on physiological processes.

In this study, we used a species-specific microarray

to compare temperature-induced gene expression plas-

ticity in laboratory-reared families of two marine and
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two freshwater populations of threespine stickleback

raised under temperatures nearing the critical minimum

and maximum temperatures experienced in the marine

habitat (7 and 22 °C). These particular marine and

freshwater populations were the same used in Barrett

et al. (2011). Similarities in temperature-induced plastic-

ity between stickleback of different origins would lend

support to the hypothesis that the marine colonists of

freshwater lakes displayed plasticity in their new envi-

ronment that facilitated their survival and buffered

against further evolutionary change. An increase in

freshwater stickleback plasticity would support the non-

mutually exclusive hypothesis that stickleback evolved

physiological mechanisms to cope with the greater sea-

sonal temperature extremes of the freshwater environ-

ment. Using microarrays can identify candidate loci for

both aspects of the Baldwin effect.

Materials and methods

Experimental organisms

Wild threespine stickleback (Gasterosteus aculeatus) were

sampled from two freshwater populations (Cranby

Lake, CLF, on Texada Island, 49°42000″, 124°30000″,

and Hoggan Lake, HLF, on Gabriola Island, 49°36000″,
124°01020″) and two marine locations representing puta-

tive populations (Oyster Lagoon, OLM, 49°36048.6″N,

124°1046.88″, and Little Campbell River, LCM, 49°104″,
122°45052″) along the southern coast of British Colum-

bia, Canada from 2006 to 2008 (Fig. 1). We chose these

four populations following recent evidence of more

extreme seasonal temperatures in these freshwater habi-

tats, greater temperature tolerance breadth in these

freshwater populations and demonstrations of rapid

adaptation to freshwater temperatures in freshwater

pond-reared OLM stickleback (see Barrett et al. 2011).

Adults were crossed at the University of British Colum-

bia (Vancouver, BC, Canada) in summer 2009 to pro-

duce families (freshwater = 9 families total, marine = 13

families total) of pure lines of F1 individuals. Families

were pooled together. These families were also used in

Barrett et al. (2011), the predecessor to this study. Juve-

niles were fed live brine shrimp nauplii with the start

of active swimming. On 13 September 2009, upon

attaining a length of approximately 2 cm, juveniles

were switched to a diet of chironomid larvae (‘blood-

worms’). Temperature was maintained at 17 °C.
On 25 September 2009, juveniles from all four popu-

lations were shipped to the University of Calgary

CLF

HLF

OLM

LCM

Fig. 1 Geographical location of threespine stickleback populations used in this experiment. Stars indicate marine sampling sites,

triangles indicate freshwater sampling sites. CLF, Cranby Lake (freshwater); HLF, Hoggan Lake (freshwater); OLM, Oyster Lagoon

(marine); LCM, Little Campbell River (marine).
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(Calgary, AB, Canada). The number of individuals from

each family was unknown. From September 2009 to

February 2010, all stickleback were kept in 114-L

(30-gallon) tanks in a flow-through system under a

12:12 h light: dark cycle in the Life and Environmental

Sciences Animal Resources Centre (LESARC) at the

University of Calgary in accordance with the Canadian

Council on Animal Care. Juveniles were fed frozen

bloodworms to satiation twice daily. Temperatures

were maintained at 18 °C.
On 2 March 2010, juvenile fish were injected subepi-

dermally with a fluorescent elastomer tag (Northwest

Marine Technology, Inc.) to denote their population

and were then added to 114-L (30 gallon) tanks (20 fish

per tank). They were allowed to acclimate post-tagging

for 20 days. To commence the experiment, fish from

each population were matched for length. Fish were

selected to produce similar sample means and variances

for each population (HLF 43.6 mm � 4.7 SD; CLF 48.8

mm � 5.7 SD; OLM 41.2 mm � 3.8 SD; LCM

42.3 mm � 4.4 SD).

Experimental design

On 23 March 2010, tagged fish from each population

were randomly assigned to a 7 or 22 °C temperature

treatment, these temperatures being within the toler-

ance range of all populations (Barrett et al. 2011). Mar-

ine fish were kept separate from freshwater fish, at

densities of 20 fish (10/population) per tank with three

replicate tanks per origin per temperature. Insufficient

numbers of LCM meant only two of the three marine

replicates contained this population, for either tempera-

ture, with nonexperimental stickleback used to maintain

densities. Fish were fed frozen bloodworms ad libitum

twice daily. Each tank was equipped with its own filter,

air pump, water supply and temperature regulator.

Salinity was maintained at 5–6 ppt to promote health

and maintain proper development in both marine and

freshwater stickleback (Heuts 1947; Ahn & Gibson

1999).

Temperature experiment

The cold (7 °C) treatment was maintained by JBJ Arc-

tica 1/10 hp titanium aquarium chillers (one per tank),

and the warm (22 °C) treatment was maintained by

Fluval E50 electronic heaters (one per tank). Tempera-

tures were recorded daily with an Accu-Temp

Instant Read digital thermometer. The temperature

treatments were tightly regulated by chillers and

heaters, although the daily chiller variance was lower

(chillers: average 7.3 °C � 0.2 SD; heaters: average

22.1 °C � 0.8 SD).

All fish experienced the same thermal history in terms

of growing degree days, where GDD = sum of [daily

temperature readings � base temperature] with base set

at 0 °C (Neuheimer & Taggart 2007), rather than an equal

number of Julian calendar days. This approach avoided

sampling fish at different developmental stages, as varia-

tion in length-at-age and development in fish correlates

strongly with thermal history (Neuheimer & Taggart

2007). The 22 °C treatment ended on 11 June 2010 (aver-

age of 1699 GDD). The 7 °C treatment ended on 17

November 2010 (average of 1704 GDD). The lengths of

the warm-water fish did not significantly differ from

those of the cold-water fish at the end of the experiment

(2-sample t-test: HLF P = 0.71, CLF P = 0.4,

OLM P = 0.34, LCM P = 0.33), justifying the use of GDD

instead of Julian calendar (see Supporting Information 1).

Two fish per population per replicate (four fish per

tank) were sampled for the microarray experiment, for a

total of 44 fish. Their heads were removed posterior to

the operculum, the pelvic girdle and internal organs were

removed, and the remaining muscle, bone and epidermis

were cut into small (<0.5 cm all around) pieces and pre-

served in RNALater (Ambion, Inc). Samples were frozen

at �20 °C until RNA could be extracted.

Mortality levels during the experiment were 12% and

varied among populations [HLF, 1% (two of 140); CLF,

8% (five of 60); OLM, 18% (11 of 60); LCM, 42% (17 of

40)]. The high mortality in marine populations should

arguably be noted as a potential bias, but should not be

in a direction that compromises our conclusions. If mor-

tality was due to salinity-temperature-related stress, the

marine survivors should be those better able to plasti-

cally adjust their transcript levels to acclimate to these

temperatures (Gracey et al. 2004); thus, mortality during

the experiment should underestimate the differences

observed between marine and freshwater populations.

Mortalities were replaced with nonexperimental stickle-

back and were excluded from the analysis.

Microarrays

The threespine stickleback 8 9 60 K microarray was

designed as an extension of a previously published

and validated stickleback array (Leder et al. 2009). The

microarray design was submitted to Agilent Technolo-

gies using Agilent EARRAY v.7.7. Each array contained

308 negative controls (3xSLv1), 350 Agilent spike-ins for

quality control, 612 positive controls and 60 343 experi-

mental features representing 19 959 genes and 20 021

transcripts (88% of known, projected and novel protein-

coding genes in stickleback – Flicek et al. 2014). Hereaf-

ter, we refer to these 19 959 genes and 62 alternative

splice variants as ‘genes’. 19 881 genes were replicated

three times on each array; an additional 40 genes were

© 2014 John Wiley & Sons Ltd
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replicated ten times, as per Agilent protocols. In total,

each array contained 61 662 control and feature spots.

RNA extraction and amplification

RNA extraction (February 2011) and reverse transcrip-

tion/amplification (June 2011) were conducted at the

Institut de Biologie Int�egrative et des Syst�emes (IBIS;

Universit�e Laval, Qu�ebec, QC, Canada). Briefly, 0.07 g

of white muscle tissue, with dermal and skeletal tissue,

per fish was homogenized, and total RNA was isolated

using the Trizol (Invitrogen)–chloroform method

(Chomczynski & Sacchi 1987). Total RNA was sus-

pended in RNA Secure (Ambion, Inc). The quality of

each sample was measured on the Thermo Scientific

NanoDrop 2000c UV Spectrophotometer (for RNA abun-

dance and contamination) and the Bio-Rad Experion (for

RNA degradation). Only samples with A260/A280 ~2
(average 2.0, SD 0.03) and A260/A230 ratios >1.8 were

retained for analysis, and every individual yielded high-

quality RNA (see Table S2.1, Supporting information).

Suspended RNA was preserved at �80 °C. Processing
occurred over several days, with representatives from

all populations and all treatments processed each day

(as per Magni et al. 2011).

In June 2011, reverse transcription and amplification

of RNA was performed. Total RNA was converted to

cDNA and then cRNA according to Agilent’s One-Color

Microarray-Based Gene Expression protocol, using Agi-

lent’s Low Input Quick Amp Labeling Kits. Excess cya-

nine-3 was removed with Qiagen’s RNeasy mini kits.

Labelled cRNA was quantified using the NanoDrop;

samples with cRNA yield >0.825 lg and specific activi-

ties >6 pmol cyanine-3 per lg cRNA were used for the

microarrays (Table S2.2, Supporting information).

Labelled cRNA was hybridized onto the microarray by

Genome Qu�ebec (McGill University, Montr�eal, QC, Can-

ada). For each sample, 600 ng of cyanine-3-labelled line-

arly amplified cRNA was used, as per the Agilent Gene

Expression Hybridization Kit protocol. Six 8 9 60 K

arrays were loaded with cRNA sample (one individual

per array for 44 arrays) and allowed to hybridize in a

SureHyb chamber at 65 °C for 17 h. Slides were then

washed in Agilent Gene Expression Wash Buffers 1 (trea-

ted with Triton X-102) and 2 to remove excess sample.

High-resolution 3-micron images were taken of the slides

using an Agilent Technologies Scanner G2505C.

Microarray statistical analyses

Microarray images were processed using AGILENT FEATURE

EXTRACTION V. 10.7.3.1. Gridded features were located

using the ‘cookie-cutter’ method (Agilent Technologies,

Inc. 2009). Median pixel intensity within the cookie was

used as a measure of feature intensity. Any features

flagged as population outliers (features with signal inten-

sities that differed significantly from those of replicate

features, as calculated using a Q-test) and/or nonuniform

outliers (features with signal variances that exceeded the

estimated variance multiplied by a chi-squared confi-

dence interval) during within-array normalization were

excluded from analyses (Agilent Technologies, Inc. 2009).

Background was estimated as the average of all negative

controls (i.e. features designed to be unable to bind to

labelled cRNA). Data underwent both spatial and multi-

plicative detrending. Based on the Feature Extraction

quality control reports, two arrays (one sample each of

OLM at 22 °C and LCM at 22 °C) were discarded for fail-

ing to meet robust quality measures.

Processed background-subtracted median intensities

for all probes were inputted into the Linear Model for

Microarrays (LIMMA, Smyth 2004, 2005) software package

in R (Ihaka & Gentleman 1996). Between-array normali-

zation was performed using the quantile method on

log2-tranformed signal intensities (Fig. S2.1, Supporting

information). High-intensity features that were flagged

in Feature Extraction as having intensity values >2.6 SD

above the background signal SD (Agilent Technologies,

Inc. 2009) were subsequently retained for further analy-

sis, if they passed this threshold in ≥85% of the 7 or

22 °C treatment arrays. Features that did not meet this

threshold were filtered from all arrays, reducing the

total number of genes to 14 208. Following filtering,

control spots were removed from the analysis, and rep-

licate probes within an array were averaged.

The processed data were fit to a mixed effects model

in MATLAB (The MathWorks Inc 2012) using the func-

tion anovan. An initial analysis ruled out tank effect,

and so the full model included origin (marine, freshwa-

ter) and temperature (7, 22 °C) as fixed effects, with

population (HLF, CLF, OLM, LCM) as a random effect

nested within origin. Contrasts were then performed to

determine the number of genes influenced by tempera-

ture in marine vs. freshwater stickleback. False discov-

ery rate was controlled following Storey (2003), and the

significance level for any test was set at q ≤ 0.05. Over-

all gene expression differences were visualized using

FLEXARRAY v.1.6.1 (Blazejczyk et al. 2007). A proportional

Venn diagram was generated using BIOVENN (Hulsen

et al. 2008). The data were reanalysed in LIMMA (Smyth

2004, 2005) to produce population-level data (see Sup-

porting Information 1).

Gene enrichment analysis

Gene ontology identification (GOID) accessions from the

stickleback genome were downloaded using the ENSEMBL

GENOME BROWSER (Flicek et al. 2014). Seven thousand three
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hundred and sixty of the differentially expressed tran-

scripts had GOIDs we could use in further analyses.

The relative contribution of various functional catego-

ries was visualized using the CATEGORIZER tool (Hu et al.

2008).

To explore whether certain functional categories were

over-represented in the data, GOID accessions for dif-

ferentially expressed gene sets were compared with the

reference microarray gene set (all genes from the micro-

array with GOID accessions, 13 932 genes) using

GOEAST (Zheng & Wang 2008). Adrian Alexa’s

improved weighted scoring algorithm was used to de-

correlate related accessions, and the data were analysed

using Fisher’s exact test. The significance level of

enrichment was set at the recommended 0.01, with a

minimum of five associated genes required in the gene

set. The gene sets that were analysed included all genes

up-regulated at 7 °C for each origin separately, and all

genes up-regulated at 22 °C for each origin separately.

Hierarchical gene ontology graphs were constructed

using GOEAST and uploaded to Dryad (doi:10.5061/

dryad.5q65k).

Candidate genes

Jones et al. (2012) performed genome scans of 21 stickle-

back from multiple marine–freshwater pairs sampled

from across their global distribution and looked for

genomic regions that consistently showed genetic

divergence between marine and freshwater populations.

Gene sequence positions for differentially expressed

genes found in the current study were downloaded

from Ensembl. The positions of genes scored as being

plastic in one or both origins were compared with the

positions of regions showing marine–freshwater diver-

gence. If there was full or partial overlap in sequence

positions, that gene was considered a candidate for

plasticity evolution.

Results

Temperature-induced gene expression plasticity in
marine and freshwater stickleback

The full model revealed that, although several hundred

genes showed significant origin or interaction terms, the

majority of genes were significant only for the tempera-

ture term (n = 9479 genes; Table 1; Fig. S2.2, Supporting

information). When contrasts were performed within

origin, transcript abundance was significantly affected

by temperature in marine and/or freshwater stickleback

for 10 699 (75%) of the 14 208 genes represented in the

filtered data set. Of these, 6380 genes were up-regulated

at 7 °C, and 4319 genes were up-regulated at 22 °C.

Both freshwater and marine stickleback were plastic for

the same 5745 genes, but freshwater stickleback exhib-

ited plasticity for an additional 3347 genes, while mar-

ine stickleback were plastic for an additional 1607 genes

(Fig. 2). Thus, freshwater stickleback had significantly

more genes respond to the temperature treatment than

did marine stickleback (v2 = 611, d.f. = 1, P < 0.001).

Gene enrichment

Freshwater and marine stickleback gene expression was

characterized largely by differences in the rankings of

the GO Slim categories, and not the categories them-

selves (Figs S2.3, S2.4, S2.4, Tables S2.3, S2.4, S2.5, Sup-

porting information).

Cold temperatures up-regulated 48 and 54 enriched

gene classes in freshwater and marine stickleback,

respectively (Table 2, gene enrichment file in Dryad).

Enriched in both origins were classes involved in

Table 1 Number of genes with significant origin, temperature,

origin and temperature, or interaction terms. q denotes P-value

after false discovery rate. Null indicates a lack of significance

for all terms and interactions

Model term

No. of genes

q < 0.05

No. of genes

q < 0.1

Null 3773 2322

Origin 188 206

Temperature 9479 10 039

Origin + temperature 436 786

Origin * temperature

(interaction term)

332 855

57453347 1607

3509/14 208

Freshwater Marine

Fig. 2 Venn diagram showing the number of genes with plastic

expression from separate marine and freshwater contrasts. The

#/14 208 indicates the number of genes without plastic expres-

sion/total.
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protein catabolism, translational and transcriptional

regulation, and aerobic respiration within mitochondria

(including genes SDHC, COX1, OGDHb, IDH3A, CS,

SDHB, ACO2). Of the latter, the gene set for freshwater

stickleback was further enriched for gene classes

involved in cellular respiration, the electron transport

chain, ATP proton transport, mitochondrial membrane

and proton-transporting two-sector ATPase complex. Of

the sixty unique genes found in these categories, thirty

were plastic in freshwater stickleback only, including

PPARGC1b, PPARAa, NRF-1 and COXIV. The gene set

for marine stickleback was enriched for genes involved

in ribonucleoprotein production; this class was not

enriched in freshwater stickleback.

Warm temperatures up-regulated 22 and 10 enriched

gene classes in freshwater and marine stickleback,

respectively (Table 2, gene enrichment file in Dryad).

Protein ubiquitination was enriched in both origins,

with the same 24 genes involved in marine and fresh-

water stickleback. For biological processes, the marine

stickleback expression data set was further enriched for

DNA-dependent transcriptional regulation and hexose

biosynthetic process, while the freshwater stickleback

expression data set was enriched for protein folding,

translation, protein ADP ribosylation, oxidation–reduc-

tion process and nucleosome assembly.

Candidate genes

From Jones et al. (2012), we identified 21 chromosomal

regions that overlapped with 15 temperature-induced

genes on our array (Table 3). Eight of these genes were

plastic for both origins: FILIP1L, CPEB4, NXT2, RPAP3,

PNPLA3, SLC25a15b and two novel transcripts.

Although all eight loci overlapped with regions of

marine–freshwater divergence, no divergence-related

SNPs from these genes are known, and they are likely

outlier regions of divergence for reasons other than

temperature-related plasticity.

One chromosome region from Jones et al. (2012) over-

lapped with a gene up-regulated at 22 °C in marine

stickleback only: IGFBP2a. No divergence-related cod-

ing SNP is known for this gene. One chromosome

region overlapped with a gene up-regulated at 7 °C in

freshwater stickleback only: PPARAa. This gene was

considered by Jones et al. (2012) to be a strong candi-

date under selection for marine–freshwater divergence.

No divergence-related SNPs for this gene are known.

Five chromosomal regions overlapped with genes

up-regulated at 22 °C in freshwater stickleback only:

INHa; SPEG, which has two known SNPs; OBSL1; a

novel gene located near GARP on linkage group IV,

with one known SNP; and NLRC5, which has four

known SNPs.

Discussion

We explored the evolutionary role for gene expression

plasticity in adaptation to novel environments by rear-

ing threespine stickleback from two marine and two

freshwater populations at two different temperatures (7

and 22 °C). These freshwater populations are derived

from common marine ancestors. The contemporary mar-

ine form resides in environments that are presumably

similar in thermal regime to the ancestral condition,

while the freshwater form resides in thermally variable

environments and are presumably adapted to these new

conditions (Barrett et al. 2011). Estimates of gene expres-

sion plasticity via transcript abundance using an unbi-

ased genome-wide approach revealed, first, that a large

number of genes showed similar temperature respon-

siveness in marine and freshwater stickleback. This was

evident despite rearing marine stickleback under fresh-

water salinities. Second, there were differences in plas-

ticity between marine and freshwater stickleback, with

freshwater stickleback having significantly more genes

exhibiting plastic expression. Collectively, these results

support the Baldwin effect. Here, we discuss the possi-

ble mechanisms underlying these patterns and some

alternative hypotheses to explain the potential role of

gene expression plasticity in adaptation.

Plasticity and the lack of evolution

Baldwin (1896, 1902) hypothesized that plasticity may

play an important role by facilitating individual sur-

vival in new environments. Such plasticity could be

expressed and functional in both the old and new envi-

ronments or be newly expressed in the new environ-

ment (Schlichting 2008). By facilitating survival in the

face of strong directional selection, this plasticity could

result in stabilizing selection and a lack of evolutionary

change (Ghalambor et al. 2007). Although several stud-

ies have validated the significance of plasticity for sur-

vival (Yeh & Price 2004; Engel & Tollrian 2009; Vedder

et al. 2013), experimental evidence for the role of gene

expression plasticity in the colonization of new environ-

ments, using whole genome approaches, can help

resolve the role of plasticity during adaptive divergence

(Pavey et al. 2010).

Over fifty-seven hundred genes were plastic in both

marine and freshwater stickleback. The majority of

these were similarly plastic in both origins, in terms of

direction and slope (for instance, note the low origin x

temperature interaction, Table 1). That is, plasticity for

these genes does not appear to have evolved since colo-

nization of the freshwater environment. This similarity

in plasticity was found under freshwater conditions,

raising two possibilities: either plasticity for these genes
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Table 2 Gene ontology of significantly enriched genes involved in biological processes, for marine or freshwater threespine stickle-

back, up-regulated at 7 or 22 °C. For identification of genes, see gene enrichment file in Dryad. Level = the longest number of paths

connecting gene ontology accession term to root of hierarchical tree

Term Accession Level

No. genes

in gene class

No. genes

on microarray Log odds P-value

Marine stickleback, 7 °C
RNA processing GO:0006396 7 61 113 1.351642 6.98E-13

Translation GO:0006412 6 86 228 0.834458 1.85E-08

GTP metabolic process GO:0046039 10 83 230 0.770633 1.74E-07

Protein transport GO:0015031 5 127 391 0.618743 2.05E-07

Cellular macromolecular complex assembly GO:0034622 5 46 101 1.106434 2.10E-07

DNA replication GO:0006260 7 20 33 1.518617 2.17E-07

Ribonucleoprotein complex biogenesis GO:0022613 3 19 28 1.681656 4.27E-07

Folic acid-containing compound metabolic process GO:0006760 9 10 14 1.755657 9.75E-05

Glutamine metabolic process GO:0006541 9 9 12 1.826046 9.78E-05

Protein folding GO:0006457 6 34 84 0.936229 0.000122

Nucleocytoplasmic transport GO:0006913 7 51 144 0.743584 0.000132

Aerobic respiration GO:0009060 6 11 19 1.452588 0.000509

tRNA metabolic process GO:0006399 8 37 88 0.991105 0.000918

Mismatch repair GO:0006298 8 6 8 1.826046 0.001673

Small GTPase-mediated signal transduction GO:0007264 6 78 264 0.482092 0.002053

Ubiquitin-dependent protein catabolic process GO:0006511 9 28 80 0.72651 0.002844

Protein methylation GO:0006479 8 9 15 1.504118 0.003447

Vesicle-mediated transport GO:0016192 4 39 114 0.693596 0.004968

Cellular amino acid biosynthetic process GO:0008652 8 32 50 1.597227 0.005676

RNA modification GO:0009451 7 12 21 1.433728 0.006183

Photosynthesis GO:0015979 3 4 5 1.919155 0.008294

Chlorophyll biosynthetic process GO:0015995 7 4 5 1.919155 0.008294

GPI anchor biosynthetic process GO:0006506 9 6 10 1.504118 0.008462

Glycerol-3-phosphate metabolic process GO:0006072 6 6 10 1.504118 0.008462

Proteolysis involved in cellular protein catabolic

process

GO:0051603 7 36 94 0.85642 0.009236

Freshwater stickleback, 7 °C
RNA processing GO:0006396 7 65 113 1.017383 2.14E-09

GTP metabolic process GO:0046039 10 101 230 0.627916 4.79E-07

Intracellular protein transport GO:0006886 6 136 330 0.536335 5.05E-07

Cellular macromolecular complex assembly GO:0034622 5 51 101 0.829408 4.69E-06

Nucleocytoplasmic transport GO:0006913 7 66 144 0.689664 1.05E-05

Ubiquitin-dependent protein catabolic process GO:0006511 9 39 80 0.778669 8.77E-05

Glutamine metabolic process GO:0006541 9 10 12 1.55216 0.000124

ATP hydrolysis coupled proton transport GO:0015991 10 16 25 1.171338 0.000224

Cellular respiration GO:0045333 5 20 32 1.137123 0.000293

Protein catabolic process GO:0030163 5 61 113 0.925753 0.000306

DNA replication GO:0006260 7 19 33 1.018728 0.000565

Electron transport chain GO:0022900 4 12 16 1.400157 0.001034

ATP synthesis coupled proton transport GO:0015986 12 10 14 1.329768 0.001039

Folic acid-containing compound biosynthetic process GO:0009396 10 8 10 1.493266 0.001066

Small GTPase-mediated signal transduction GO:0007264 6 103 264 0.457301 0.001286

Proteolysis involved in cellular protein catabolic

process

GO:0051603 7 49 94 0.875315 0.001868

Vesicle-mediated transport GO:0016192 4 46 114 0.505866 0.004262

Phosphorus metabolic process GO:0006793 3 441 1211 0.357846 0.005387

tRNA metabolic process GO:0006399 8 41 88 0.713315 0.006842

Chromatin organization GO:0006325 5 34 75 0.673839 0.008261

Translational initiation GO:0006413 7 10 17 1.04966 0.008357

Regulation of anion transport GO:0044070 6 6 8 1.400157 0.00844

Marine stickleback, 22 °C
Protein ubiquitination GO:0016567 9 28 95 0.970191 8.98E-05

© 2014 John Wiley & Sons Ltd

EVOLUTION OF GENE EXPRESSION PLASTICITY 3233



was insensitive to freshwater salinities or this plasticity

was expressed for the first time upon encountering

freshwater salinities. Either way, these expression pro-

files were retained in the freshwater stickleback.

Although we could not directly assess the role of these

genes during colonization, many of them have been

implicated in cold-temperature adaptation in fish.

Included in this group were genes involved in tran-

scriptional regulation, which compensate for cold-pro-

duced RNA secondary structures (Gracey et al. 2004;

Rebl et al. 2013), protein catabolism, particularly

through ubiquitination (Rebl et al. 2013; Smith et al.

2013), temperature-shock responses (HSP60, HSP70,

HSP90, HSP40 – Renaut et al. 2006; Kyprianou et al.

2010; Carrasco et al. 2011) and global gene expression

temperature sensing (HMGB1 – Gracey et al. 2004;

Podrabsky & Somero 2004). This suggests that gene

expression plasticity for these genes evolved in the mar-

ine environment to withstand changing temperatures.

Plasticity was apparently not disrupted during coloni-

zation of freshwater, and the functions of these genes

were thereby maintained without need of further evolu-

tion. The fitness effects of these gene expression pat-

terns, and their expression in the marine environment,

remain to be determined, but genes with known tem-

perature-related functions are ideal candidates for

future study of the first stage of the Baldwin effect.

The evolution of plasticity

Pre-existing plasticity may allow individuals to persist

despite environmental stressors, but is unlikely to pro-

duce a maximal fit between total phenotype and envi-

ronment (Ghalambor et al. 2007). This allows room for

the subsequent evolution of plasticity, in terms of reac-

tion norm height and/or slope (Baldwin 1896). Such

evolution can include genetic changes at loci affecting

nonplastic traits, as well as at loci that decrease or

create and enhance plasticity (Crispo 2007; Morris &

Rogers 2014). In this experiment, stickleback of freshwa-

ter origin exhibited more phenotypic plasticity (in terms

of number of genes with plastic expression) than stick-

Table 2 Continued

Term Accession Level

No. genes

in gene class

No. genes

on microarray Log odds P-value

Regulation of transcription, DNA dependent GO:0006355 8 145 829 0.217373 0.004895

Hexose biosynthetic process GO:0019319 7 4 7 1.925337 0.009583

Freshwater stickleback, 22 °C
Protein folding GO:0006457 6 27 84 0.956883 0.000151

Translation GO:0006412 6 61 228 0.69216 0.000237

Protein ubiquitination GO:0016567 9 28 95 0.831812 0.000691

Protein ADP ribosylation GO:0006471 8 4 6 2.00935 0.007225

Oxidation–reduction process GO:0055114 3 106 532 0.26695 0.007926

Nucleosome assembly GO:0006334 10 17 59 0.799132 0.008399

Table 3 Genes with plastic expression also found within outlier regions of divergence in Jones et al. (2012)

Origin

Temperature

up-regulated Gene abbr. Gene name LG Known gene function

Marine 22 °C IGFBP2a Insulin-like growth

factor binding protein 2a

I Negative regulator of cell proliferation

Freshwater 7 °C PPARAa Peroxisome

proliferator-activated

receptor alpha a

IV Regulator of fatty acid uptake, intracellular

binding, mitochondrial b-oxidation, peroxisomal

fatty acid oxidation, ketogenesis, triglyceride

turnover, gluconeogenesis, bile synthesis/secretion

Freshwater 22 °C INHa Inhibin, alpha I Growth/differentiation factor, hormone, FSH inhibitor

Freshwater 22 °C SPEG SPEG I Myocyte cytoskeletal development

Freshwater 22 °C OBSL1 Obscurin-like 1 I Cytoskeletal connections found in z disc and M bands

Freshwater 22 °C Novel Novel gene IV Unknown

Freshwater 22 °C NLRC5 NOD-like receptor family

CARD domain containing 5

XIX Involved in immunity

‘Origin’ indicates the marine or freshwater origin that exhibited gene expression plasticity. LG, linkage group. The eight genes with

plastic expression in both origins are not included here, for reasons outlined in the text.
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leback of marine origin. This supports the prediction

that plasticity has evolved in parallel in freshwater pop-

ulations (see also Supporting Information 1).

Although it is highly likely that many of the genes

expressed in freshwater populations were being

expressed as passive responses to other induced genes,

freshwater temperature regimes impose significant

selection pressures on marine stickleback (Barrett et al.

2011), and therefore, the observed pattern of greater

plasticity in freshwater stickleback is likely adaptive.

For example, OLM stickleback have a critical thermal

minimum between 4 and 5 °C and have been shown to

evolve cold tolerance 2.5 °C lower than their ancestors,

three generations after being introduced to freshwater

ponds with greater seasonal temperature extremes

(Barrett et al. 2011). The targets of selection were then

unknown; this study highlights some of the candidates.

Candidate loci for selection include those genes sig-

nificantly enriched or up-regulated at 7 °C in freshwater

stickleback only, as a subset of these loci may explain

the lower critical thermal minima of freshwater stickle-

back. Under cold temperatures, stickleback increase the

production of mitochondria within their muscle tissue,

an adaptive response that compensates for reduced oxy-

gen diffusion and metabolic reaction rates (Guderley

2004). The genes and enzymes associated with mito-

chondrial biogenesis and activity under different tem-

peratures have been well characterized in threespine

stickleback (V�ezina & Guderley 1991; Orczewska et al.

2010; Kammer et al. 2011) and are largely consistent

with our findings. Five gene classes and a variety of

genes involved in mitochondrial biogenesis or activity

were up-regulated at 7 °C only in freshwater stickle-

back, including PPARGC1b, PPARAa, NRF-1 and COX-

IV, highlighting some functionally significant potential

sources of adaptive divergence.

We compared our results to the genome scan of Jones

et al. (2012). Several genes that were differentially

expressed with temperature only in marine or freshwa-

ter stickleback were located within these outlier regions

of genetic divergence, regions whose phenotypic effects

were repeatedly the targets of selection. Several genes

that responded to temperature in freshwater stickleback

only (e.g. SPEG, the novel gene near GARP, NLRC5

and PPARAa) were known to contain SNPs or exhibit

gene expression differences between marine and fresh-

water stickleback (Jones et al. 2012). Of these, SPEG is

up-regulated at cooler temperatures in human tissue

(Goto et al. 2011), the opposite of the pattern observed

here. The function of NLRC5 in relation to temperature

is unknown, but it has been implicated in antiviral

responses in fish (Neerincx et al. 2010; Gao et al. 2012).

PPARAa is associated with mitochondrial activity (and

is known in other vertebrates to be implicated in energy

balance regulation through its regulatory effects on

hundreds of targets – Rakhshandehroo et al. 2010), a

function enriched in freshwater stickleback only. These

would all make suitable first candidates for identifying

the mutations leading to gene expression evolution in

stickleback.

Caveats

In this study, we have statistically treated OLM and LCM

stickleback as if they represented two populations.

Although recent work suggests that Alaskan stickleback

separated by large geographical distances constitute a

single population (Hohenlohe et al. 2010) and that there

is no genetic divergence among British Columbian anad-

romous populations (Withler & McPhail 1985; Taylor &

McPhail 1999), the use of next-generation sequencing has

revealed local adaptation and/or genetic differentiation

in Baltic and Oregon coast populations (Catchen et al.

2013; DeFaveri et al. 2013a,b). The marine stickleback

used in this study did somewhat differ in gene expres-

sion patterns (Supporting Information 1). Overall, more

advanced population genomic approaches are required

to elucidate this question. For the above reasons, how-

ever, we maintain that sufficient evidence exists to statis-

tically treat these marine groups as replicate populations,

with replication necessary for making inferences about

the ancestral condition.

Microarrays are subject to numerous sources of error,

but the reliability of the data can be improved with dif-

ferent filtering methods (e.g. Pozhitkov et al. 2014). We

analysed our data using multiple models and filtering

methods (Supporting Information 1), but the overall

patterns never changed. Filtering removed several thou-

sand genes from the analysis, but this most dramati-

cally affected the freshwater origin, reducing their

number by nearly 1500 genes. This suggests that our

method was conservative and removed genes that were

constitutively noninduced by temperature in the marine

stickleback, but which were induced by temperature in

freshwater stickleback. The fact that the patterns held

despite this filtering suggests the importance of gene

expression plasticity in the evolution of freshwater

stickleback.

Although marine stickleback can be raised at slightly

above freshwater salinities without apparent harm

(Heuts 1947), it is likely that the marine stickleback

were not exhibiting the gene expression profiles that

they would under natural salinities. Freshwater stickle-

back are the result of evolution at, in part, low salini-

ties, and so identifying the differences between marine

and freshwater stickleback raised at a common low

salinity was necessary for making inferences about

stickleback evolution. Low salinity may suppress
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plasticity in marine stickleback; if so, it is all the more

interesting to ask how this plasticity came to be in

freshwater stickleback. Our study could not differenti-

ate between genes that were only induced by tempera-

ture under low salinities, vs. those only induced by

temperature under natural salinities; measuring gene

expression under natural salinities would be worth fur-

ther investigation, as it would uncover genes involved

in individual survival that were expressed for the first

time in freshwater conditions.

It is important to remember that temperature-induced

gene expression does not necessarily have functional sig-

nificance (Dalziel et al. 2009). Gene expression plasticity

for a particular gene may be a passive response to other

adaptive changes (Aubin-Horth & Renn 2009) or may be

overridden at the level of protein abundance (Diz et al.

2012). Similarly, a lack of gene expression plasticity for a

gene does not indicate a lack of temperature-related

functionality. Lactate dehydrogenase A is constitutively

expressed in muscle but transcript abundance is not

affected by temperature (V�ezina & Guderley 1991;

Guderley et al. 1994), a finding confirmed in this study.

Yet temperature-specific adaptations in the coding

regions of this gene are known in other fish species

(Johns & Somero 2004; Petricorena & Somero 2007). For

the purposes of this experiment, it is the overall patterns

that speak towards adaptive significance: plasticity has

evolved in parallel in multiple freshwater populations,

and this for gene groups with known temperature-

related functions (see also Supporting Information 1).

Conclusion and future directions

There have been increasing calls to address the role of

gene expression plasticity in adaptation and ecological

speciation (Landry et al. 2007; Pavey et al. 2010; Thibert-

Plante & Hendry 2011; Andrew et al. 2013). Experi-

ments that can test these predictions and identify the

underlying candidate genes offer a tangible first step

towards explaining the role of phenotypic plasticity in

adaptive evolution (McCairns & Bernatchez 2010; Mor-

ris & Rogers 2014). In our experiment, we have shown

that temperature affects gene expression, that it affects

certain genes similarly in both ancestral and derived

populations, that plasticity has evolved in the derived

populations and that at least some of these changes,

due to their parallel nature and known functions, are

likely adaptive. Overall, these results are consistent

with the hypothesis that gene expression plasticity can

evolve to meet the challenges of a novel environment.

These results also provided candidate loci for future

research into plasticity’s role in promoting adaptive

divergence by facilitating survival in new environ-

ments.

The next steps could experimentally test how fitness

may be maintained by plasticity. Definitive tests dem-

onstrating how underlying gene expression facilitates

individual survival are still needed (Pavey et al. 2010).

Our results suggest that such tests could be carried out

using experimental evolution. Under controlled

stress conditions, in association with temperature, we

can potentially measure which genes are differentially

expressed, while controlling for variation in ecologically

relevant alternative alleles in different environments.

Identifying these mutations still represents a consider-

able challenge, but given recent advances in vertebrate

knockouts (e.g. Varshney et al. 2013), once these muta-

tions are identified, candidate genes could be knocked

out. By exposing both mutant and control treatments to

the temperature stresses experienced when colonizing

freshwater environments, the prediction that survival

would be weaker for the mutant treatment can be tested

directly. This experiment could even be conducted in

the field, reinforcing that the integration of an ecological

genomics framework in studies of phenotypic plasticity

is a promising approach to elucidate the causal links

between genes and the environment (Andrew et al.

2013; Morris & Rogers 2014).
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