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Abstract

Species inhabiting the North American west coast intertidal must tolerate an extre-

mely variable environment, with large fluctuations in both temperature and salinity.

Uncovering the mechanisms for this tolerance is key to understanding species’ per-

sistence. We tested for differences in salinity tolerance between populations of

Tigriopus californicus copepods from locations in northern (Bodega Reserve) and

southern (San Diego) California known to differ in temperature, precipitation and

humidity. We also tested for differences between populations in their transcriptomic

responses to salinity. Although these two populations have ~20% mtDNA sequence

divergence and differ strongly in other phenotypic traits, we observed similarities in

their phenotypic and transcriptomic responses to low and high salinity stress. Salin-

ity significantly affected respiration rate (increased under low salinity and reduced

under high salinity), but we found no significant effect of population on respiration

or a population by salinity interaction. Under high salinity, there was no population

difference in knock-down response, but northern copepods had a smaller knock-

down under low salinity stress, corroborating previous results for T. californicus.

Northern and southern populations had a similar transcriptomic response to salinity

based on a principle components analysis, although differential gene expression

under high salinity stress was three times lower in the northern population com-

pared to the southern population. Transcripts differentially regulated under salinity

stress were enriched for “amino acid transport” and “ion transport” annotation cate-

gories, supporting previous work demonstrating that the accumulation of free amino

acids is important for osmotic regulation in T. californicus.
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1 | INTRODUCTION

Species’ distributions are determined in large part by their

physiological tolerance to environmental parameters like tempera-

ture and precipitation. In aquatic systems, salinity, which has dra-

matic effects on a wide variety of cellular functions (Somero,

Lockwood, & Tomanek, 2017), limits where species can occur and

how they move between habitats (Gogina & Zettler, 2010; Lozu-

pone & Knight, 2007; Nelson, 2006; Tyberghein et al., 2012).

There is great variation in the breadth of salinity tolerance among

aquatic taxa. Many species are restricted to fresh or saltwater,

surviving in a very narrow range of salinities, while a smaller

number is able to thrive across a wide range of osmotic condi-

tions. Intriguingly, there is also great variation in apparent
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evolutionary constraint on this trait: some taxa have transitioned

between fresh and saltwater environments dozens of times, while

12 entire phyla have failed to invade freshwater at all over hun-

dreds of millions of years of evolution (Lee & Bell, 1999; Little,

1990; Logares et al., 2009). By setting species’ distributions,

physiological tolerance to salinity influences inter- and intraspeci-

fic interactions, dispersal success and potentially population per-

sistence under global change. Therefore, testing the mechanistic

basis for osmotic tolerance and how it varies among populations

is key to understanding the evolutionary processes governing the

abundance and distribution of aquatic organisms.

Tigriopus californicus copepods are one species that has an

incredible ability to tolerate extreme environmental conditions

including temperature and salinity. This small (~1 mm) crustacean

is distributed over 5,000 km of coastline from Baja California,

Mexico to Alaska, spanning ~35° of latitude, and is abundant in

rocky intertidal splashpools. Populations of T. californicus are

genetically structured, particularly in the mid- to southern portion

of its range (Burton, Feldman, & Curtsinger, 1979; Burton & Lee,

1994; Edmands, 2001; Ganz & Burton, 1995; Willett & Ladner,

2009), which may foster divergence in physiological tolerance

among populations that experience differing abiotic conditions (i.e.,

local adaptation) (Sanford & Kelly, 2011). Tigriopus californicus pop-

ulations have previously been shown to differ strongly in their

phenotypic (Kelly, Sanford, & Grosberg, 2012; Leong, Sun, &

Edmands, 2017; Willett, 2010) and transcriptomic (Schoville, Bar-

reto, Moy, Wolff, & Burton, 2012) response to environmental gra-

dients, most notably gradients in temperature, with southern

populations more tolerant to heat stress. In addition to tempera-

ture, Tigriopus populations span a north to south gradient in which

precipitation, humidity and wave height increase with latitude

(Schoch et al., 2006) and likely influence the frequency and sever-

ity of low and high salinity events. Because splashpools where

copepods occur are shallow and not regularly inundated by tides,

they experience extreme, and at times rapid, fluctuations in salin-

ity. Pools can be diluted to 1 psu (practical salinity unit, analogous

to ppt) after being flushed by rainwater and quickly returned to

full strength sea water (35 psu) due to wave splash. Pools regu-

larly reach >100 psu as they dry down due to evaporation. Conse-

quently, Tigriopus tolerates a great breadth of salinities ranging

from 2 to 100 psu (<1/10th to 39 normal sea water) (Burton &

Feldman, 1983). Recently, T. californicus populations have been

shown to exhibit clines in their tolerance of acute high and low

salinity events, with northern populations more tolerant to low

salinity stress (Leong et al., 2017).

Aquatic taxa use a variety of physiological mechanisms to cope

with changes in salinity. Like many other marine animals, T. californi-

cus accumulates intracellular organic osmolytes in response to

hyperosmotic stress (Gilles, 1979). In euryhaline crustaceans, includ-

ing T. californicus, free amino acids make up most of the pool of

intracellular osmolytes, which is dominated by proline, glycine and

alanine (Burton & Feldman, 1983). Of these, proline shows the big-

gest changes in response to fluctuations in salinity (Goolish &

Burton, 1989). Proline is synthesized from glutamate in response to

changes in salinity via a well-characterized pathway (Goolish & Bur-

ton, 1989), wherein the bifunctional enzyme @1 pyrroline-5-carboxy-

lase synthase (P5CS) catalyses the first two steps of the pathway,

the third occurs spontaneously, and the fourth is catalysed by @1

pyrroline-5-carboxylase reductase (P5CR) (Delauney & Verma, 1990;

Hu, Delauney, & Verma, 1992; Hu, Lin, Obie, & Valle, 1999).

Although this pathway is both well characterized and highly con-

served, the regulation of this pathway in response to osmotic stress

in T. californicus is somewhat mysterious, as hyperosmotic stress

does not change transcript levels for either P5CS or P5CR, even

though some form of protein synthesis is apparently required for

the hyperosmotic response (Burton, 1991). This has led some to

suggest possible post-transcriptional controls on proline synthesis

(Willett & Burton, 2002).

Building on previous knowledge of variation in salinity toler-

ance in T. californicus and the physiological mechanisms of this

trait (Burton & Feldman, 1982, 1983; Goolish & Burton, 1989;

Willett & Burton, 2002, 2003), we combined physiological experi-

ments with transcriptome sequencing to test for population differ-

ences in the hyper- and hypoosmotic stress response in

T. californicus. We hypothesize that, as for temperature, geographi-

cally distant Tigriopus populations will exhibit divergent phenotypic

and transcriptomic responses to salinity stress. We sampled cope-

pods from northern and southern sites in California known to dif-

fer in average annual temperature, precipitation, humidity and

wave height (Table 1; Leong et al., 2017). We used a knock-down

assay to test whether the two populations differed in their acute

salinity tolerances, and respirometry to assess metabolic responses

to chronic salinity stress. We also collected transcriptomic data

(RNA-seq) to test for differential gene expression in copepods

exposed to low (15 psu), ambient (35 psu) or high (60 psu) salinity

treatments. Combining respirometry data with gene expression

data is a powerful approach because it allows us to match pheno-

type to genotype and determine whether transcriptomic changes

under salinity challenge indicate tolerance or distress. Quantifying

the mechanisms of stress tolerance and how they vary among

populations is important to filling in the larger picture of how

physiology determines species’ distributions and how those distri-

butions evolve over space and time.

TABLE 1 Environmental parameters for sites in California, USA,
from which copepods were collected

Temperature
Precipitation

Relative
humidity

Range of
monthly
means (˚C)

Range of
monthly
means
(mm)

Yearly
total
(mm)

mean
monthly
min and
max (%)

Bodega Reserve 9–13 2–175 785 68–95

San Diego 14–22 0.5–58 253 58–76

Data provided by the University of California, Davis, Bodega Marine Lab-

oratory (http://bml.ucdavis.edu/boon/datasets.html) and by the National

Weather Service (http://w2.weather.gov/climate/).
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2 | METHODS

2.1 | Field collection and culture maintenance

Field collection and copepod culture are described in detail in Kelly

et al. (2012). Briefly, we established laboratory cultures of Tigriopus

californicus from two sites in California: Bird Rock, San Diego

(32.815°N, 117.273°W) and Bodega Reserve (38.318°N,

123.073°W). We chose these populations because they span a well-

documented phylogeographic break in T. californicus (Burton & Lee,

1994; Edmands, 2001; Willett & Ladner, 2009) and previous results

have shown populations on either side of the break have divergent

responses to environmental stress (Kelly et al., 2012; Schoville et al.,

2012; Willett, 2010). At each site, we collected individuals from 3 to

4 splashpools. These pools included both the deepest/most shaded

and the shallowest/most exposed pools we could find, encompassing

the range of environmental conditions present at a site. We initiated

one laboratory culture for each pool, with 50 gravid females per cul-

ture, and maintained cultures at 19°C under 12-hr light/12-hr dark

conditions at 35 psu. After establishing that variation was not parti-

tioned among pools within locations (Kelly et al., 2012), replicate

lines from different splash pools within locations were combined.

From that point on generations were kept separate and each new

generation was established with 40 haphazardly selected mate-

guarding pairs per culture. Copepod cultures were propagated at 35

psu for two generations in the lab before the knock-down and tran-

scriptomic experiments were initiated and for ten generations before

the respirometry experiments were initiated.

2.2 | Respiration measurements

We measured oxygen consumption via end-point respirometry

(Marsh & Manahan, 1999) for copepods from each population at

each of the three test salinities: low (15 psu), ambient (35 psu) or

high (60 psu). Each replicate respirometry chamber contained 8–10

adult copepods in 0.75 ml of filtered artificial sea water (Instant

Ocean, Spectrum Brands, Blacksburg VA) (n = 8 replicates per popu-

lation and salinity, with an approximately equal number of males and

females in each replicate). Copepods were held at each test salinity

for 80 min at 22°C, and then the final oxygen concentration in each

container was measured with a FOSPOR Sensor (Ocean Optics,

Largo, FL) and compared to blank controls containing only filtered

sea water. We calculated mean oxygen consumption per individual

for each replicate and tested for an effect of salinity and population

on a respiration rate in a two-way ANOVA in the statistical comput-

ing program R (R Core Team, 2015).

2.3 | Salinity knock-down trials

We used a knock-down experiment to test whether the populations

differed in their immediate response to acute osmotic stress and

whether they differed in their ability to acclimate to osmotic stress

after 1 hr. Copepods were scored as “knocked down” if they were

either inert or only able to swim erratically when disturbed. Cope-

pods that acclimated to osmotic stress over the course of the hour

returned to normal swimming behaviour. The salinities to which the

copepods were exposed are ecologically relevant given they are

within the range of salinities T. californicus experiences in nature.

To measure low salinity tolerance, we exposed sets of mate-guard-

ing pairs (one male and one juvenile female) from each population

to each of seven salinities: 0 psu (distilled water), 0.1, 0.5, 1, 2, 3

and 4 psu (n = 20 males and 20 females per salinity and popula-

tion, a total of 560 individuals). We counted the number knocked

down and the number swimming normally at 10 min, and then

again at 1 hr. To measure high salinity tolerance, we exposed

mate-guarding pairs from each population to each of seven salini-

ties: 78, 80, 82, 85, 87, 90 and 95 psu (n = 20 males and 20

females per salinity and population, a total of 560 individuals). We

again counted the number knocked down and the number swim-

ming normally at 10 min and 1 hr. We tested for an effect of pop-

ulation of origin, sex and exposure time (10 min vs. 1 hr) on

salinity tolerance via logistic regression in the statistical program R

(R Core Team, 2015).

2.4 | Morphology

Because surface area to volume ratios influence osmotic stress toler-

ance (Lockwood, 1962; Potts, 1954), we measured copepod body

size and leg length in 20 males and 20 females from each popula-

tion. We photographed each individual using a Nikon SMZ-18 zoom

stereomicroscope fitted with a DS-Fi2 colour camera and made

measurements in IMAGEJ 1.46r (Abr�amoff, Magalh~aes, & Ram, 2004).

Morphological landmarks are shown in Figure S1.

2.5 | Salinity exposures for transcriptome
sequencing

From each population, we exposed three replicates of 50 individuals

at an equal sex ratio to the same low (15 psu), ambient (35 psu) and

high (60 psu) salinities used in the respirometry experiment for 1 hr

before flash freezing in liquid nitrogen. Total RNA was immediately

extracted using the Qiagen RNeasy Plus Mini Kit. mRNA was iso-

lated using the NEBNext Poly(A) mRNA Magnetic Isolation kit, and

libraries were prepared using the NEBNext Ultra RNA library prep

kit for Illumina and the AxyPrep Mag PCR Clean-up kit. The distribu-

tion of fragment sizes was verified by running libraries on a Bioana-

lyzer high sensitivity DNA chip, and library concentration was

quantified with qPCR using a Kapa Biosystems kit. Barcoded libraries

were pooled in equimolar concentrations; 100-bp single-end reads

were sequenced in two lanes (9 libraries per lane) on the HiSeq2500

platform using a TRUSEQ SBS sequencing kit version 4 at the University

of Illinois at Urbana-Champaign Roy J. Carver Biotechnology Center.

Fastq files were generated and demultiplexed with the BCL2FASTQ ver-

sion 1.8.4 Conversion Software (Illumina). Original sequencing reads

are available from the European Nucleotide Archive under accession

numbers ERS2169527–ERS2169544.
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2.6 | Quality control and identification of
orthologous transcripts

Reads were trimmed of adapter sequences and low-quality bases

using the wrapper script TRIM GALORE version 3.8 with CUTADAPT ver-

sion 1.7 (Martin, 2011) and FASTQC version 0.11.2 (Andrews, 2010)

under default settings. Our attempt to assemble a T. californicus

transcriptome using all reads (northern and southern reads com-

bined) yielded an assembly twice the size of previously published

T. californicus assemblies (Barreto, Moy, & Burton, 2011; Kelly, Pan-

key, DeBiasse, & Plachetzki, 2017; Schoville et al., 2012). The size of

this “hybrid” assembly suggests that a majority of the northern and

southern transcripts were assembling into population-specific con-

tigs, implying that population-specific mapping could negatively

impact our ability to compare differential gene expression between

populations. To deal with this challenge, we mapped reads to a pre-

viously published transcriptome from their native geographic location

and then created a count matrix containing orthologous transcripts

that were present in both populations. We describe this procedure

in detail below.

First, the previously published northern transcriptome used here

was assembled from 44,617,800 pairs of reads sequenced from a

population in Salt Point, CA, a location 50 km north of the Bodega

Reserve population (Kelly et al., 2017). The previously published

southern transcriptome was assembled from 23,285,289 pairs of

reads sequenced from the same San Diego population we sampled

here (Kelly et al., 2017). The collapsed and filtered assembly for the

northern population contained 48,525 contigs, with an N50 of

2,750 bp and a GC content of 48.1%. The final collapsed and filtered

assembly for the southern population contained 59,519 contigs with

an N50 of 2,969 bp and a GC content of 47.3%. The transcriptomes

had significant blast hits for 73% and 72% of contigs for the north-

ern and southern assemblies, respectively, with 71% and 70% of top

50 blast hits going to other arthropod sequences for the northern

and southern transcriptomes, respectively (Kelly et al., 2017). We

used RSEM version 1.2.19 (Li & Dewey, 2011) to align RNA-seq reads

generated in this study at least 20nt long to their native transcrip-

tome (i.e., reads sequenced from the northern population were

mapped to the northern transcriptome and reads from the southern

population were mapped to the southern transcriptome) using the

transcript-to-gene-map option, obtaining read counts at the gene

level.

We identified orthologous transcripts present in both the

northern and southern transcriptomes using the following proce-

dure. First, we translated the northern and southern transcrip-

tomes into protein sequences in TRANSDECODER version 3.0.0 (Haas

et al., 2013). We identified open reading frames with homology to

known proteins by running BLASTP version 2.2.31+ (Altschul, Gish,

Miller, Myers, & Lipman, 1990) and HMMSCAN version 3.1b2 (http://

hmmer.org/) searches against the SWISSPROT and PFAM-A databases

(downloaded Nov 2016), respectively. We included the results of

the homology searches in the final prediction step of TRANSDECODER.

We used ORTHOFINDER version 1.1.4 (Emms & Kelly, 2015) to

cluster transcripts present in both the translated northern and

southern transcriptomes into orthologous groups (orthogroups).

Finally, for every orthogroup that appeared in both populations,

we summed the counts of reads mapped to all transcripts con-

tained within the orthogroup. We used this orthogroup-level count

matrix to perform downstream differential gene expression and

functional enrichment analyses.

2.7 | Differential gene expression

Using the orthogroup-level count matrix, we tested for differential

expression between the following treatments in DESEQ2 version

1.14.1 (Love, Huber, & Anders, 2014): (i) between northern cope-

pods exposed to low (15 psu) vs. ambient (35 psu) salinity, (ii)

between northern copepods exposed to ambient (35 psu) vs. high

(60 psu) salinity, (iii) between southern copepods exposed to low (15

psu) vs. ambient (35 psu) salinity, (iv) between southern copepods

exposed to ambient (35 psu) vs. high (60 psu) salinity and (v–vii)

between populations for each salinity (north 15 psu vs. south 15

psu, north 35 psu vs. south 35 psu, north 60 psu vs. south 60 psu).

Because it was required for subsequent functional enrichment analy-

sis (see below), we also tested for differential expression under low

and high salinity stress with populations combined (all copepods

exposed to low (15 psu) vs. ambient (35 psu) salinity and all cope-

pods exposed to ambient (35 psu) vs. high (60 psu) salinity). We

used a false discovery rate (FDR) threshold of 0.05 to correct for

multiple testing (Benjamini & Hochberg, 1995). We assessed overall

patterns of expression by plotting a two-dimensional principal com-

ponents analysis (PCA) of log-transformed counts.

2.8 | Annotation and functional enrichment analysis

We performed a rank-based gene ontology (GO) analysis to identify

GO categories that were significantly enriched by orthogroups up-

or down-regulated under low and high salinity stress following the

method of Wright, Aglyamova, Meyer, and Matz (2015). First, we

retrieved GO terms for the translated northern and southern tran-

scriptomes using INTERPROSCAN version 5.22-61.0 (Jones et al., 2014).

We used a custom script to match the GO terms assigned to tran-

scripts to the orthogroups containing those transcripts. Next, the

uncorrected p-values for orthogroups differentially expressed under

low and high salinity with populations combined were converted by

taking the log of the p-value and multiplying by �1 if the gene

was down-regulated. After this conversion, highly down-regulated

genes had highly negative values and highly up-regulated genes had

highly positive values. Using the GO terms list from INTERPROSCAN

and the positive and negative log p-values for genes expressed

under each condition, we performed a Mann–Whitney U-test

(MWU) in R to determine functional enrichment of up- and down-

regulated genes and applied a Benjamini-Hochberg correction to

account for multiple testing (Benjamini & Hochberg, 1995). Scripts

for this procedure and example files are available at https://

github.com/z0on/GO_MWU.
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3 | RESULTS

Nucleotide and amino acid transcriptomes, expression count matrices

for genes and orthogroups, full DESEQ2 results, the list of GO terms

and scripts used to generate or manipulate data files are available

from Dryad at https://doi.org/10.5061/dryad.871c7.

3.1 | Respiration measurements

A two-way ANOVA revealed a highly significant effect of salinity on

respiration rate, with elevated oxygen consumption at low salinity,

and diminished oxygen consumption at high salinity (F1,44 = 104.8,

p < .0001, Figure 1). However, we observed no differences in respi-

ration rate between populations, or any population by salinity inter-

action (p > .05).

3.2 | Salinity knock-down trials

We performed a logistic regression on knock-down trial data, testing

for effects of population of origin, sex and acclimation time on the

probability of knock-down at both low and high salinity. The two

populations differed in their hypoosmotic limits, with the northern

population having a smaller number of individuals knocked down at

low salinity at both 10 min and 1 hr (z = 4.17, p < .0001, Table 2;

Figure 2). The two populations did not differ in their overall toler-

ance to hyperosmotic stress (z = 0.65, p > .05), but a significant pop-

ulation by time interaction term indicated that they differed in their

recovery time, with the northern population showing faster recovery

(z = 4.42, p < .0001, Table 2; Figure 2). Females (all juveniles) and

males differed in their response to low salinity stress (z = 7.23,

p < .0001, Table 2; Figure 2) with females having a lower proportion

of individuals swimming than males. There were no sex differences

at high salinity (Table 2; Figure 2).

3.3 | Morphology

We tested for effects of sex and population on four morphological

measurements in independent two-way ANOVAs (Figure S1). These

revealed an effect of population for all four measurements, with indi-

viduals from the northern population being larger across all measure-

ments. There was also a significant population by sex interaction for

prosome length (two-way ANOVA, F1,77 = 10.3), with females having

shorter prosomes than males in the southern population.

3.4 | Transcriptomic data and orthogroup
identification

The sequencing run resulted in an average of 219 million reads per

lane and an average of 24.4 million reads per library (range 19.8 to

32.1, Table S1). Per base sequence quality scores were above 31.

Mapping efficiencies were between 95% and 98% when libraries

were mapped to the transcriptome of their native population.

Although significant genetic differentiation between Tigriopus califor-

nicus populations has been documented on small spatial scales, the

high mapping efficiency of reads from Bodega Reserve copepods to

the Salt Point transcriptome suggests that potential genetic diver-

gence between the Bodega Reserve and Salt Point populations did

not limit our transcriptomic analyses. After translating the northern
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F IGURE 1 Respiration rates for Tigriopus californicus copepods
exposed to three different salinity treatments for 80 min at 22°C.
The graph represents results for eight replicates per salinity per
population. Each replicate contained 8–10 copepods. The colours
represent the populations, and the boldness of the colour represents
the salinity treatment. A two-way ANOVA showed a significant
effect of salinity on respiration (F1,44 = 104.8, p < .0001) but no
significant difference in respiration rate between populations or a
population by salinity interaction

TABLE 2 Results of logistic regressions testing for effects of
salinity, sex, exposure time, population and population by time
interaction, and sex by time interaction on knock-down response in
Tigriopus californicus

Treatment b OR z p

Low salinity

Salinity 1.74 5.70 17.5 <.0001

Population (North) 1.06 2.91 5.57 <.0001

Time �0.87 0.41 �3.57 .004

Sex (female) 1.97 7.17 7.23 <.0001

Sex*population 1.83 6.23 2.20 .028

Time*population ns ns ns ns

Time*sex ns ns ns ns

High salinity

Salinity �0.46 0.63 �16.5 <.0001

Population ns ns ns ns

Time 3.52 33.9 11.4 <.0001

Sex ns ns ns ns

Sex*population ns ns ns ns

Time*population (North) 1.97 4.62 5.34 <.0001

Time*sex ns ns ns ns

Salinity (in psu) was treated as a continuous variable; time, sex and popu-

lation were treated as categorical variables (population: north = 1,

south = 0; sex: female = 1, male = 0; time: initial = 0, 1 hr = 1). b is the

regression coefficient, OR is the odds ratio (the proportional change in

1/(probability of knock-down) for the variable of interest), z is the z-sta-

tistic, the regression coefficient divided by its standard error, and p is the

probability that b = 0.

DEBIASSE ET AL. | 5

https://doi.org/10.5061/dryad.871c7


and southern transcriptomes, 37,035 (76%) and 44,116 (74%) contigs

with good amino acid translations were retained, respectively. The

ORTHOFINDER run clustered these amino acid sequences into 47,015

orthogroups. There were 11,878 and 16,494 orthogroups that con-

tained only sequences from the northern and southern transcrip-

tomes, respectively, and 18,643 orthogroups contained sequences

from both northern and southern transcriptomes. Although the

shared orthogroups represent a portion of the total number of

orthogroups inferred, we took a conservative approach and used

only the orthogroups present in both transcriptomes, which allows

for more robust comparisons between populations.

We mapped RNA-seq reads to their native nucleotide transcrip-

tomes and used a custom script to sum the counts of transcripts

contained within each orthogroup. We used this orthogroup-level

count matrix to test for differential gene expression and functional

enrichment. A principle components analysis conducted in DESEQ2

showed differences in overall patterns of gene expression between

the northern and southern population (Figure 3). However, when

responding to high and low salinity, the northern and southern popu-

lations moved in the same directions. The response to low salinity

was of larger magnitude than the response to high salinity.

3.5 | Differential gene expression and functional
enrichment analyses

We used DESEQ2 to calculate differential expression for a number of

contrasts described above. There were 7,888 orthogroups

differentially expressed between populations under high salinity

stress, 7,522 orthogroups differentially expressed between popula-

tions under low salinity stress, and 7,825 orthogroups differentially

expressed between populations at ambient salinity. The northern

population had a larger response to low salinity (397 DE

orthogroups) compared to high salinity (200 DE orthogroups) with

few transcripts involved in both the low and high salinity response

(38 DE orthogroups) (Figure 4a). The southern population showed

the opposite pattern: there was a larger response to high salinity

(618 DE orthogroups) than low salinity (394 DE orthogroups) with

71 orthogroups differentially expressed in response to both salinity

stressors (Figure 4b).

The northern and southern populations had a similar response to

low salinity with 397 and 394 orthogroups differentially expressed,

respectively, with 151 orthogroups differentially expressed in both

populations (Figure 4c). In contrast, the southern population had a

larger response to high salinity (618 DE orthogroups) than to low

salinity (200 DE orthogroups). Of the 200 orthogroups differentially

expressed in the north, 111 of them were also differentially

expressed in response to high salinity in the southern population

(Figure 4d).

We plotted the logfold change of orthogroups that were differ-

entially expressed in both populations (Figure 5). Orthogroups differ-

entially expressed in both northern and southern populations under

low (n = 151, Figure 4c) and high (n = 111, Figure 4d) salinity stress

were regulated in the same direction. A Fisher’s exact test showed it

was more likely (p = .002) that an orthogroup differentially
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expressed in both populations under high salinity stress would have

a greater logfold change in the southern population (n = 78) than

the northern population (n = 33). However, under low salinity stress,

the number of orthogroups with a greater logfold change in a given

population (northern n = 75, southern n = 76) was not different than

expected by chance (p > .05).

In response to low salinity stress, twenty-two GO terms were

significantly enriched in the northern and southern populations, most

of them (20) by up-regulated orthogroups (Table S2). GO terms

enriched by up-regulated orthogroups included amino acid trans-

membrane transport, calcium ion binding and structural constituent

of cytoskeleton and of cuticle. GO terms enriched by down-regu-

lated orthogroups included protein tyrosine kinase activity and

prenyltransferase activity. In response to high salinity stress, forty-

seven GO terms were enriched, most of them (30) by down-regu-

lated orthogroups (Table S2). GO terms involving DNA or RNA inte-

gration, modification, metabolism, and processing and ion transport

and ion channel activity categories were enriched by down-regulated

orthogroups. Under high salinity stress, modification-dependent

macromolecule catabolic process, protein serine/threonine kinase

activity, adenyl nucleotide and small molecule binding GO terms

were enriched for up-regulated orthogroups.

4 | DISCUSSION

4.1 | Patterns of salinity tolerance in genetically
divergent Tigriopus populations

We combined data from respirometry experiments, knock-down

exposures and RNA sequencing to test for variation in, and mecha-

nisms of, osmotic tolerance in Tigriopus californicus copepods. We

observed a transcriptomic response to both low and high salinity

stress that was largely consistent with physiological measurements

and with previous knowledge of osmotic stress responses in this

species. Corroborating previous work in T. californicus (Edmands &

Deimler, 2004), our results suggest broadly parallel responses in

genetically divergent populations to moderate salinity stress (Fig-

ure 1) with differences emerging under extreme low and high salini-

ties, particularly in the phenotypic response to acute low salinity

(Figure 2), acclimation to high salinity (Figure 2) and the magnitude

of the transcriptomic response to high salinity (Figure 4).

Our results support those of an earlier study, where we crossed

the same two populations used here and selected for increased tol-

erance of heat, hypoosmotic stress and hyperosmotic stress for five

generations in replicate F2 lines (Kelly, DeBiasse, Villela, Roberts, &

Cecola, 2016). In that study, we observed a response to selection

for increased heat tolerance, but no response to selection on either

of the osmotic tolerance traits. If the northern and southern popula-

tions had varied in the physiological basis of osmotic tolerance, we

would have expected to observe variation in osmotic tolerance seg-

regating in the F2 hybrids, allowing for a response to selection.

Our results complement work by Leong et al. (2017) and allow

us to make further inferences about intraspecific variation in salinity

tolerance in T. californicus. Using an approach similar to our knock-

down exposures, Leong et al. (2017) assessed mortality in T. califor-

nicus copepods exposed to low and high salinities for 1 hr, finding

that southern populations were more tolerant than northern popula-

tions to high salinities ranging from 100 to 135 psu. Intriguingly,

over a range of salinities from 78 to 95 psu, we observed no
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significant population differences in knock-down (Table 2; Figure 2).

Taken together, these data suggest the high salinity limit at which

population level differences emerge in T. californicus is ~100 psu. In

low salinity exposures, our treatments (0–5 psu) largely overlapped

those of Leong et al. (2017) (1–25 psu) and both our results and

theirs show the northern populations are more tolerant to low salin-

ity stress (Table 2; Figure 2). Previous work in Fundulus heteroclitus

killifish (Brennan, Galvez, & Whitehead, 2015) and Eurytemora affinis

copepods (Lee, Remfert, & Gelembiuk, 2003) showed that gains in

low salinity tolerance came at the expense of high salinity tolerance.

In contrast, our results do not suggest such a trade-off: the northern

T. californicus population had a similar knock-down response to high

salinity as the southern population and recovered faster over the

1 hr high salinity exposure than did the southern population. A pos-

sible explanation for the lack of salinity tolerance trade-offs in T. cal-

ifornicus compared to F. heteroclitus and E. affinis could be that the

latter two taxa were invading freshwater and likely experienced

lower selective pressure for high salinity tolerance once they estab-

lished populations in the new habitat. Because T. californicus popula-

tions experience cyclical osmotic fluctuations over ecological

timescales, in theory, selection should work to maintain tolerance to

both low and high salinity.

Leong et al. (2017) used only male copepods in their salinity

exposures based on evidence that males are more sensitive to envi-

ronmental stress (Kelly et al., 2012; Willett, 2010). While our data

support sex-based difference in tolerance to low salinity stress (Fig-

ure 2), we found juvenile females had a higher probability of being

knocked down than males, suggesting salinity tolerance in T. califor-

nicus varies by life history stage in addition to sex.

Studies testing the transcriptomic response of an organism to

an environmental stressor are more powerful when combined with

additional phenotypic data (i.e., behaviour, respirometry, morphol-

ogy) because together these data present a more complete charac-

terization of stress tolerance (DeBiasse & Kelly, 2016). Our results

here are no exception. We found that northern populations recov-

ered faster than southern populations from high salinity knock-

down and had a smaller transcriptomic response to high salinity

stress, differentially expressing 200 orthogroups compared to 618

differentially expressed by the southern population (Table 3; Fig-

ures 2 and 4). These data appear to suggest that the muted tran-

scriptomic response to high salinity by the northern population

represents tolerance and the more robust transcriptomic response

by the southern population represents distress. However, our respi-

ration data indicated no differences between populations at high

salinity (Figure 1). Interestingly, morphological variation might

explain this discrepancy. We found northern copepods are signifi-

cantly larger than southern copepods (Figure S1), corroborating pre-

vious evidence of geographic variation in body size in T. californicus

(Edmands & Harrison, 2003). Because surface area to volume ratios

influence osmotic stress tolerance (Lockwood, 1962; Potts, 1954), it

is possible that larger size insulates the northern population from

needing to mount a large transcriptomic response to high salinity

stress. Combined, our data suggest equal tolerance of northern and

southern copepods to high salinity (at 60 psu at least) with slightly

different mechanisms to respond to stress. Lima and Willett (2017)

found a similar pattern where allopatric T. californicus populations
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with similar thermal tolerance phenotypes mounted divergent gene

expression responses.

4.2 | Molecular mechanisms of salinity tolerance in
Tigriopus copepods

A major strength of transcriptome data is that they facilitate a for-

ward approach to identifying loci responsible for a target phenotype

with no a priori genomic knowledge. Our GO annotation and func-

tional enrichment analysis on gene expression data in T. californicus

revealed many such loci involved in the response to salinity stress.

Transcripts differentially expressed in copepods experiencing

hypoosmotic stress were functionally enriched for “amino acid trans-

membrane transport” (Table S2). The majority of marine crustaceans

act as osmoconformers (Mantel & Farmer, 1983), matching their

internal hemolymph osmolality to the concentration of the environ-

ment in which they are found by adjusting intracellular concentration

of organic osmolytes (Gilles, 1979; Hui et al., 2014; Yancey, Clark,

Hand, Bowlus, & Somero, 1982). Enrichment for amino acid trans-

membrane transport is consistent with this mechanism, as osmocon-

formers typically need to export intracellular osmolytes to prevent

the damage that would otherwise occur through cellular expansion

(Somero et al., 2017). Enrichment of the hypoosmotic response for

transmembrane transport genes is also consistent with the observa-

tion that exposure to hypoosmotic stress leads to elevated cellular

respiration (Figure 1; McAllen & Taylor, 2001), as osmoregulation is

often energetically costly (Guerin & Stickle, 1992).

At some point, under sufficiently low salinity conditions, many

crustaceans become osmoregulators, maintaining hemolymph osmolal-

ity at levels above dilute ambient concentrations through active ion

uptake from the surrounding medium (Henry, Lucu, Onken, & Weih-

rauch, 2012; McNamara & Faria, 2012). Studies on a range of taxa

have demonstrated the importance of genes associated with ion trans-

port under low salinity stress. For example, larvae of the Chinese mit-

ten crab Eriocheir sinensis differentially expressed 33 genes related to

transport processes during the migration from their natal sea water to

adult freshwater habitat (Hui et al., 2014). Ion transport genes were

up-regulated under low salinity stress in the killifish Fundulus heterocli-

tus (Brennan et al., 2015) and showed evidence of being under posi-

tive selection in the oyster Crassostrea hongkongensis (Zhao, Yu, Kong,

Liu, & Li, 2014). We did not observe functional enrichment for ion

transport among our list of transcripts differentially regulated under

low salinity. However, it is possible that the response that we

observed is the initial phase of a two-tiered response—many euryha-

line species will initially osmoconform under acute low salinity stress,

pumping out intracellular osmolytes to regulate cell volume but may

eventually switch osmoregulation, actively regulating cations to main-

tain intracellular ion concentrations necessary for normal function

(Somero et al., 2017). Future work can test this scenario by following

expression of amino acid transporters vs. ion transporters over time

after salinity shock and over a range of low salinities to assess possible

switch points between osmoconformation and osmoregulation.

The response to high salinity in T. californicus included 111

orthogroups differentially expressed in both populations (Figure 4d).

However, notably lacking from the list of differentially expressed

transcripts are the enzymes involved in the proline biosynthesis

pathway (Table 3). Like many other organisms, T. californicus synthe-

sizes proline from glutamate in response to hyperosmotic stress via

a well-characterized pathway catalysed by d1-pyrroline-5-carboxylase

synthase (P5CS) and d1-pyrroline-5-carboxylase reductase (P5CR).

However, we observed no up-regulation of either of these key

enzymes in response to high salinity in either population, corroborat-

ing earlier work by Willett and Burton (2002), who also observed no

change in expression of either of these genes in response to hyper-

osmotic stress. Even more surprisingly, however, we did find evi-

dence for up-regulation of both of these enzymes under low salinity

in both populations. This is counterintuitive, because osmoconforma-

tion under hypoosmotic stress should require the export, not the

creation, of intracellular organic osmolytes.

Willett and Burton (2002) argue that the lack of a gene expression

response in either P5CR or P5CS is evidence for either post-

TABLE 3 Loci involved in salinity tolerance in Tigriopus
californicus. (a) Transcripts with significant matches (e-value <10�10)
when blasting copepod transcriptomes against salinity stress
candidate genes previously identified by Willett and Burton (2002,
2003) (GDH: AY292656; P5CS: AF512516; P5CR: AF512513). (b)
Results of gene expression analyses for orthogroups with transcripts
matching GDH, P5SC and P5CR loci

(a) Transcripts with a significant blast match to candidate loci

Glutamate dehydrogenase (GDH)

BD_13158.4 SA_06216.1 SA_09597.4

BD_13158.1 SA_07295.1 SA_09597.5

BD_13158.3 SA_08021.1 SA_09597.1

BD_13158.2 SA_09597.3 SA_09597.2

d1-pyrroline-5-carboxylase synthase (P5CS)

BD_14609.1 SA_15363.2 SA_15363.3

SA_15363.4 SA_15363.1

d1-pyrroline-5-carboxylase reductase (P5CR)

SA_09883.2 SA_09883.1 BD_12423.1

(b) Differential gene expression results

Salinity contrast Adjusted p-value

GDH: OG0001196 (BD_13158.1 BD_13158.2 BD_13158.3

BD_13158.4 SA_07295.1)

High vs. Control .999

Low vs. Control .927

P5CR: OG0012316 (BD_12423.1 SA_09883.1)

High vs. Control .999

Low vs. Control 2.90E�11

P5CS: OG0001298 (BD_14609.1 SA_15363.1 SA_15363.2

SA_15363.3 SA_15363.4)

High vs. Control .362

Low vs. Control 2.67E�30

BD, Bodega Reserve (northern transcriptome); SA, San Diego (southern

transcriptome).
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transcriptional or post-translational control. In this scenario, T. califor-

nicus either accumulates mRNAs for these proteins, which are trans-

lated in response to salinity stress, or they synthesize these enzymes,

but the enzymes undergo some sort of post-translational modification

that activates them in response to salinity stress. The gene expression

response to hyperosmotic stress is consistent with both of these sce-

narios: notably, 454 of the orthogroups up-regulated in response to

hyperosmotic stress are categorized as being involved in adenyl

nucleotide binding (GO:0005524; GO:0032559; GO:0030554,

Table S2), representing a highly significant enrichment for this gene

ontology. Adenyl nucleotide binding proteins, specifically Poly(A) bind-

ing proteins (PABPs), play a major role in the post-transcriptional con-

trol of eukaryotic gene expression. Some are necessary for generating

the poly(A) tail, leading to mRNA maturation, while others may be a

requirement for the export of some mRNAs from the nucleus or the

translation and stability of mature mRNAs (Mangus, Evans, & Jacob-

son, 2003). Furthermore, 70 of the orthogroups up-regulated under

hyperosmotic stress were categorized as being involved in protein ser-

ine/threonine kinase activity (GO:0004674, Table S2), also a highly

significant enrichment. Kinases phosphorylate existing proteins. As a

result, they provide an important source of post-translational control

on enzyme activity and have previously been noted as common com-

ponent of the response to salinity stress (K€ultz, 2005).

Post-translational control of proline synthesis is also consistent

with the observed increase in P5CS and P5CR mRNA transcripts

under low salinity. In natural Tigriopus splashpools, declines in salinity

through rainfall occur over the course of hours. However, these

declines in salinity are quickly reversed when pools are re-filled by

wave splash, potentially doubling or tripling splashpool salinities

(back to full strength sea water) in a matter of minutes, providing

substantial hyperosmotic stress if individuals in that pool had osmo-

conformed to the prior low salinity. As a result, a slow decline in

salinity might provide an environmental cue that salinity will eventu-

ally increase quite rapidly. If hyperosmotic stress does not trigger

the accumulation of P5CR and P5CS mRNAs, it is plausible that

some cue preceding hyperosmotic stress (i.e., low salinity) triggers

the accumulation of P5CR and P5CS mRNAs.

Post-translational and post-transcriptional control of enzymes

involved in the response to high salinity are also consistent with the

rapid (<1 hr) recovery from knock-down under high salinity stress

(Figure 2a), which is expected if part of the response (either mRNA

or protein synthesis) was already in place before the onset of the

stressor. By contrast, per cent knock-down tended to increase over

time under low salinity stress. This is consistent with the apparent

energetic cost of hypoosmotic tolerance (Figure 1), which is

expected to lead to depleted resources for tolerance over time.

5 | CONCLUSIONS

Transcriptomic data help open the “black box” of ecological physiol-

ogy for intertidal taxa by revealing the genomic mechanisms that

confer environmental tolerance, underlie local adaptation and shape

species’ distributions. We tested osmotic tolerance in Tigriopus cali-

fornicus copepods and found that despite large genetic divergence

between them, northern and southern populations had similarities in

their phenotypic and transcriptomic responses to salinity stress. Our

forward approach using transcriptome data to identify genomic

mechanisms of salinity tolerance corroborated prior research on the

invocation of proline biosynthesis pathway and raised important

questions about post-transcriptional and post-translational control of

the salinity response in marine crustaceans.
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