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Abstract
Saline migrants into freshwater habitats constitute among the most destructive in-
vaders in aquatic ecosystems throughout the globe. However, the evolutionary and 
physiological mechanisms underlying such habitat transitions remain poorly under-
stood. To explore the mechanisms of freshwater adaptation and distinguish between 
adaptive (evolutionary) and acclimatory (plastic) responses to salinity change, we 
examined genome-wide patterns of gene expression between ancestral saline and 
derived freshwater populations of the Eurytemora affinis species complex, reared 
under two different common-garden conditions (0 versus 15 PSU). We found that 
evolutionary shifts in gene expression (between saline and freshwater inbred lines) 
showed far greater changes and were more widespread than acclimatory responses 
to salinity (0 versus 15 PSU). Most notably, 30–40 genes showing evolutionary shifts 
in gene expression across the salinity boundary were associated with ion transport 
function, with inorganic cation transmembrane transport forming the largest Gene 
Ontology category. Of particular interest was the sodium transporter, the Na+/H+ 
antiporter (NHA) gene family, which was discovered in animals relatively recently. 
Thirty key ion regulatory genes, such as NHA paralogue #7, demonstrated concord-
ant evolutionary and plastic shifts in gene expression, suggesting the evolution of 
ion transporter function and plasticity during rapid invasions into novel salinities. 
Moreover, freshwater invasions were associated with the evolution of reduced plas-
ticity in the freshwater population, again for the same key ion transporters, con-
sistent with the predicted evolution of canalization following adaptation to stressful 
conditions. Our results have important implications for understanding evolutionary 
and physiological mechanisms of range expansions by some of the most widespread 
invaders in aquatic habitats.
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1  | INTRODUC TION

Of the large number of species that are introduced into novel en-
vironments, only a very small percentage survive and become es-
tablished (Williamson & Fitter, 1996). Of these invaders, those that 
can breach major habitat boundaries comprise a disproportionate 
number of successful contemporary invaders on Earth (Lee, 2010; 
Lee & Bell, 1999; Lee & Gelembiuk, 2008). For example, many for-
merly brackishwater species now dominate freshwater ecosystems 
throughout the world (Cristescu et al., 2001; Gelembiuk et al., 2006; 
Marsden et  al.,  1995, 1996; May et  al.,  2006), despite being inef-
ficient osmoregulators in freshwater habitats (Dietz et  al.,  1996; 
Lee et al., 2013). These saline immigrants include some of the most 
destructive invaders in freshwater habitats, such as zebra mussels, 
quagga mussels, the fishhook water flea and many invasive am-
phipods (Cristescu et  al.,  2001; Dermott et  al.,  1998; Gelembiuk 
et  al.,  2006; MacIsaac et  al.,  2001; May et  al.,  2006; Rewicz 
et al., 2015; Witt et al., 1997). Such brackishwater species are invad-
ing freshwater habitats in disproportionately high numbers relative 
to expectations based on propagule pressure and transport oppor-
tunity (Casties et al., 2016). What are the physiological and evolu-
tionary mechanisms that enable such radical habitat transitions to 
occur on rapid contemporary timescales?

In an intriguing example, the Eurytemora affinis species complex 
(Lee, 2000; Lee & Frost, 2002) is a dominant estuarine and saltmarsh 
copepod that has invaded freshwater habitats multiple times inde-
pendently over the past ~80 years on three continents (Lee, 1999). 
During the invasions from saline to freshwater environments, pop-
ulations of this copepod complex have experienced rapid evolution 
of physiological tolerance and performance in response to drastic 
changes in salinity (Lee et  al.,  2003, 2007, 2011, 2012, 2013; Lee 
& Petersen, 2002, 2003; Posavi et al., 2014). For instance, previous 
studies have found evolutionary shifts in ion transporter function 
associated with saline to freshwater invasions, such as shifts in activ-
ity and expression of the ion transporters V-type H+-ATPase (VHA) 
and Na+/K+-ATPase (NKA) (Lee et  al.,  2011). Moreover, a recent 
population genomic analysis of the E. affinis complex revealed that 
multiple freshwater invasions show parallel signatures of selection 
at genomic regions containing key ion transporters, such as paral-
ogues of Na+/H+ antiporter, Na+/K+-ATPase and alpha-carbonic anhy-
drase (Stern & Lee, 2020). Thus, our previous results in this system 
indicate that evolution of ionic regulation is likely to be important for 
low-salinity adaptation following freshwater invasions.

However, the mechanisms of ion uptake under freshwater con-
ditions are not well understood for any organism and are controver-
sial, meaning that physiological mechanisms involved in freshwater 
adaptation are uncertain. Several comprehensive models of ion 
uptake from fresh water have been proposed, but none have been 
conclusively confirmed (see Discussion, Section 4.2) (Charmantier 
et  al.,  2009; Evans & Clairborne,  2009; Kumai & Perry,  2012; 
McNamara & Faria, 2012). For instance, the identity of the second-
ary transporter cooperating with VHA to perform Na+ uptake has re-
mained unclear (Charmantier et al., 2009; Evans & Clairborne, 2009; 

Kumai & Perry, 2012; McNamara & Faria, 2012). This sodium trans-
porter has been hypothesized to be the Na+ channel (McNamara 
& Faria, 2012) or the Na+/H+ exchanger (NHE) (Parks et al., 2008; 
Shetlar & Towle, 1989). Alternatively, this transporter could even be 
the Na+/H+-antiporter (NHA), which was discovered in animals rela-
tively recently (Rheault et al., 2007; Xiang et al., 2012), including in 
the human kidney (Kondapalli et al., 2012).

Given the uncertainties regarding the mechanisms involved in 
freshwater adaptation, the goal of this study was to explore evo-
lutionary shifts in gene expression between ancestral saline and 
freshwater invading populations of the E. affinis complex on a ge-
nome-wide scale. Our specific goals were to determine genomic pat-
terns of (1) evolutionary shifts (heritable shifts) in gene expression 
between the ancestral saline and freshwater invading populations 
and (2) acclimatory changes (resulting from phenotypic plasticity) 
in gene expression between salinities (0 PSU versus 15 PSU condi-
tions) within each of the saline and freshwater populations. We also 
wanted to (3) explore functional categories of genes that showed 
evolutionary and acclimatory shifts in expression associated with 
salinity change. Given our previous results (Lee et al., 2011; Stern & 
Lee, 2020), we predicted that ion transporter genes would emerge as 
a dominant category showing evolutionary and acclimatory changes 
in expression. Moreover, we were especially interested in identifying 
the elusive Na+ transporter likely to be responsible for Na+ uptake 
from low-salinity environments.

Additionally, according to Lande's (2009) model and Waddington's 
(1953) argument, the evolution of plasticity could accelerate phe-
notypic adaptation during extraordinary environmental change. 
During the initial stages of invasion into a novel environment, plas-
ticity could evolve via selection favouring the more extreme phe-
notype (enabling survival in the novel environment), resulting in a 
steeper reaction norm slope. Such a process would enable invasive 
populations to survive radical habitat shifts and avoid extinctions 
(Lande, 2009; Waddington, 1953). However, over longer periods of 
time, evolution of canalization is expected, as plasticity would no 
longer be favoured in the freshwater environment and would be lost 
over time (Lande, 2009). Given this model, our additional goals were 
to (4) determine whether the magnitude and direction of plasticity 
in gene expression were correlated with evolutionary responses, in-
dicating shared mechanisms of acclimation and adaptation and the 
presence of an acclimatory response that could be favoured by se-
lection during invasions, and also (5) examine whether plasticity in 
gene expression has evolved following freshwater invasions.

A genome-wide analysis of gene expression constitutes a com-
prehensive approach toward elucidating the relative contribution 
of regulatory adaptation to rapid evolution during invasions into 
novel habitats. Thus, we employed an RNA-sequencing (RNA-seq) 
approach to compare transcriptome-wide patterns of gene expres-
sion between ancestral saline and derived freshwater populations of 
the copepod E. affinis complex. To this end, we conducted two 2 × 2 
factorial common-garden experiments using independently derived 
saline and freshwater inbred lines reared under contrasting salin-
ity conditions (0 versus 15  PSU). The controlled common-garden 
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experimental design was a key strength of this study, making it pos-
sible to distinguish between genetically based changes due to evolu-
tionary divergence between the saline and freshwater lines (Goal 1, 
above) versus environmentally induced differences in gene expres-
sion due to acclimation to different salinities (Goal 2, above).

In general, the capacity to respond to salinity change is now a 
topic of major concern, given the rapid decline in ocean salinity in 
many coastal regions due to large volumes of ice melt and changes 
in global precipitation patterns (Bintanja & Selten,  2014; Durack 
et al., 2012). As this study explores evolutionary shifts occurring on 
contemporary timescales, of only decades, results here could ad-
vance our understanding of evolutionary mechanisms underlying re-
sponses to rapid global environmental change. Furthermore, this and 
our other related studies are providing insights into the evolution 
of ion regulatory mechanisms in response to environmental change 
(Gerber et  al.,  2016; Johnson et  al.,  2014; Lee et  al.,  2011, 2012; 
Stern & Lee, 2020). The evolutionary shifts were of particular inter-
est in this study because they might result from natural selection 
acting on the traits that enable freshwater adaptation. Physiological 
studies on ionic and osmotic regulation have tended to focus on ac-
climatory responses, rather than on evolutionary shifts examined 
under common-garden conditions (see Discussion).

Moreover, studies on the copepod E. affinis species complex are 
of profound environmental importance, given that this copepod is a 
dominant grazer of algae throughout coastal waters of the Northern 
Hemisphere. This copepod forms an enormous biomass in estuaries, 
with census sizes in the billions (Simenstad & Cordell, 1985; Winkler 
et  al.,  2005), and supports some of the world's most important 
fisheries, such as herring, anchovy, salmon and flounder (Kimmel 
et  al.,  2006; Livdāne et  al.,  2016; Shaheen et  al.,  2001; Viitasalo 
et al., 2001; Winkler et al., 2003). Thus, the evolutionary capacity of 
this copepod is of utmost importance for the preservation of ecosys-
tem health and integrity in a changing world.

2  | MATERIAL S AND METHODS

2.1 | Population sampling and inbreeding

We used inbred lines derived from saline and freshwater populations 
of the copepod E.  affinis species complex from the St. Lawrence 
drainage system, specifically from the Atlantic clade, also referred 
to as Eurytemora carolleeae (Alekseev & Souissi, 2011). The freshwa-
ter populations in the Great Lakes were transported, likely via ship 
ballast water, from the saline St. Lawrence estuary ~60  years ago 
(Engel, 1962; Lee, 1999; Winkler et al., 2008). We produced four in-
bred lines by performing full-sib mating for 30 generations. We gen-
erated two saline inbred lines (SW1 and SW2) independently from 
the ancestral saline population in Baie de L’Isle Verte salt marsh of 
the St. Lawrence estuary, Quebec, Canada (48°00′14″N, 69°25′31 
″W), collected in 2006. This salt marsh experiences seasonally fluc-
tuating salinities of 5–40 PSU (PSU ≈ parts per thousand salinity). 
We inbred these lines at 15 PSU. We also generated two freshwater 

inbred lines (FW1 and FW2) independently from the freshwater 
invading population in Lake Michigan at Racine Harbor, WI, USA 
(42°43′46″N, 87°46′44″W), collected in 2006. We inbred and main-
tained the freshwater lines under freshwater conditions (0 PSU, con-
ductivity ~300 μS/cm). Using inbred lines reduced genetic variation 
within the population comparisons and increased statistical power 
to detect differentially expressed (DE) genes between the saline and 
freshwater lines.

2.2 | Common-garden experiments

We employed a common-garden approach (Figure 1) to disentangle 
the effects of (a) heritable (evolutionary) differences between the 
saline and freshwater populations (Goal 1) from (b) environmentally 
induced changes (phenotypic plasticity) in gene expression at dif-
ferent salinities (0 and 15 PSU) (Goal 2). A classical common-garden 
approach is required to determine evolutionary differences in gene 
expression between the populations that were collected from differ-
ent habitats (Merilä & Hendry, 2014). This approach involves rearing 
different populations under identical conditions for one to two gen-
erations to first remove the effects of developmental acclimation to 
salinities of the native habitats. This step is necessary because rear-
ing conditions during development significantly influence the physi-
ological tolerances of adults (Lee & Petersen, 2003).

We performed two replicate common-garden reaction norm 
experiments, each consisting of a 2 × 2 factorial design, where we 
compared expression patterns of the FW and SW inbred lines at 
both 0 and 15 PSU (see Figure 1 and next paragraph). In replicate 
Experiment 1, we contrasted patterns of gene expression between 
the freshwater FW2 and saline SW1 inbred lines (three biological 
replicates each). In Experiment 2, we compared gene expression 
patterns between the freshwater FW1 (two biological replicates) 
and saline SW2 inbred lines (three biological replicates). To minimize 
consideration of DE genes that might have evolved due to genetic 
drift, we only considered genes that were DE in both experiments, 
representing repeated independent comparisons between distinct 
inbred lines.

In terms of experimental design (Figure  1), we reared the rep-
licate saline (SW1, SW2) and freshwater (FW1, FW2) inbred lines 
under common-garden conditions, first at 5  PSU and then at the 
following generation at two contrasting salinities (0 and 15  PSU). 
Specifically, to remove the effects of developmental acclimation 
to native habitat salinities, we first placed juveniles from both the 
saline and the freshwater lines at 5 PSU and reared them to adult-
hood (Figure 1a). We then allowed these adults to produce offspring 
and reared them at 5 PSU until they metamorphosed into juveniles 
(copepodids; Figure 1b). The intermediate salinity 5 PSU is well tol-
erated by both saline and freshwater populations (Lee et al., 2003, 
2007, 2011, 2013). We then split the juvenile samples from each 
line (reared at 5 PSU) and reared them at two different salinities (0 
and 15 PSU) until adulthood (Figure 1c,d). Thus, by removing the ef-
fects of previous acclimation to different native salinities and then 
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comparing different inbred lines at the same salinities (either at 0 or 
15 PSU), we could observe the evolutionary differences alone be-
tween the inbred lines (FW/SW, evolutionary adaptation, Goal 1). 
On the other hand, comparing patterns of gene expression at con-
trasting conditions (0 versus 15  PSU) for each of the inbred lines 
allowed us to infer environmentally induced differences in expres-
sion (due to salinity change) for each line (0 PSU/15 PSU, phenotypic 
plasticity, i.e., acclimation, Goal 2).

Prior to performing the common-garden experiment, we main-
tained both saline and freshwater inbred lines at their native con-
trol salinities (15 and 0 PSU, respectively). We reared the freshwater 
inbred lines in filtered Lake Michigan water (conductivity ~300 μS/
cm, 0 PSU) and the saline inbred lines in 15 PSU water made from 
deionized water and Instant Ocean®. Before and during the exper-
iment, we fed the freshwater alga Rhodomonas minuta to copepods 

reared at 0 PSU, and the saltwater alga Rhodomonas salina to cope-
pods reared at 15 PSU, and a 1:1 mixture of R. minuta and R. salina to 
copepods reared at 5 PSU (Figure 1a,b). We maintained the copepod 
cultures and experimental treatments at 12°C, on a 15:9-hr light–
dark cycle.

To remove bacterial and fungal contamination before RNA ex-
traction, we applied an antibiotic cocktail that we tested in pre-
vious studies (Eyun et  al.,  2017). Starting 2  weeks before RNA 
extraction, the copepods were treated with Primaxin (20  mg/L), 
d-amino acids to remove biofilm (10  µm of d-methionine, d-leu-
cine and d-tryptophan and 5  µm d-tyrosine), and Voriconazole 
(0.5  mg/L) every 3–4  days. For the final 24  hr prior to RNA ex-
traction, copepods were starved and treated with 120  µl/L of 
6.0-µm copolymer microsphere beads (Thermo Scientific cat. no. 
7505A) to clear the gut microbiome.

F I G U R E  1   Design of experiment to distinguish between evolutionary and acclimatory changes in genome-wide gene expression. A 
common-garden experiment was performed to distinguish between heritable (genetically based) differences in gene expression between 
saline and freshwater inbred lines of the Eurytemora affinis complex versus environmentally induced (plastic) differences in expression 
at different salinities (0 and 15 PSU). The common-garden experiment was conducted in two replicate experiments, Experiment 1 and 
Experiment 2. SW1 and SW2 = independently derived saline inbred lines. FW1 and FW2 = independently derived freshwater inbred lines 
[Colour figure can be viewed at wileyonlinelibrary.com]

Experiment 1 Experiment 2

Juveniles were reared at final salinities (0 PSU and
15 PSU) for the next 16-18 days until they became
adults. A total of 50 adult copepods (25 females and
25 males) were randomly selected from each
sample for total RNA extraction.

native salinities, juveniles from all four parental fresh
and saline inbred lines (FW1, FW2, SW1 and SW2)
were gradually transferred to a common salinity of 5
PSU and then reared at this salinity until mating.
Mating was followed by egg production and hatching
of offspring.
The newly produced offspring were separated from
parents and reared at 5 PSU until metamorphosis 
(~15 days of age). 

When offspring reached metamorphosis, each
plesam was split across two salinities (~200 juveniles

per salinity, 0 and 15 PSU).

Three replicates per each inbred line (except FW1)
were sequenced by multiplexing 12 samples per two
lanes. 

Evolutionary response: Determine DE genes between
FW and SW inbred lines under the same rearing
conditions.

FW2 vs. SW1 at 0 PSU
FW2 vs. SW1 at 15 PSU

0 PSU vs. 15 PSU in FW2
0 PSU vs. 15 PSU in SW1

Evolutionary response

Plastic response

FW1 vs. SW2 at 0 PSU
FW1 vs. SW2 at 15 PSU

0 PSU vs. 15 PSU in FW1
0 PSU vs. 15 PSU in SW2

Evolutionary response

Plastic response

Hypotheses testing

(a)

(b) 

(c) 

(e) 

(d) 

One replicate of the FW1 inbred line was excluded because of bacterial infection

Plastic (Acclimatory) response: Determine DE genes 
within the inbred lines under contrasting conditions (0
PSU vs. 15 PSU).

FW2 
0 PSU

SW1
0 PSU

FW2
15 PSU

SW1
15 PSU

FW2
0 PSU

FW2
15 PSU

SW1
0 PSU

SW1
15 PSU

FW1
0 PSU

FW1
15 PSU

SW2
15 PSU

SW2
0 PSU

FW1
0 PSU

FW1
15 PSU

SW2
0 PSU

SW2
15 PSU

FW2 Freshwater inbred line
SW1 Saline inbred line

FW1 Freshwater inbred line 
SW2 Saline inbred line

3               3            3               3  2 2 3               3  

To remove effects of developmental acclimation to

www.wileyonlinelibrary.com
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2.3 | RNA extraction and sequencing

We performed whole-transcriptome shotgun sequencing (RNA-seq) 
of saline and freshwater inbred lines of the copepod E. affinis com-
plex. Once the copepods reached adulthood (see previous section), 
we extracted total RNA from whole bodies of 50 copepods (25 fe-
males and 25 males) per sample (Figure 1d). We extracted total RNA 
using Trizol reagent (Ambion RNA) and Qiagen RNeasy Mini Kit for 
purification (Qiagen cat. no. 74104).

We then sequenced three biological replicates per inbred line 
(two biological replicates in the case of FW1; Figure 1e). We con-
structed strand-specific Illumina RNA-seq libraries (Parkhomchuk 
et al., 2009) of polyA purified mRNA using the TruSeq RNA Sample 
Prep kit (Illumina). We sequenced the samples using the Illumina 
HiSeq 2000 platform in the Institute for Genome Sciences at the 
University of Maryland School of Medicine and generated 101-bp-
long paired-end read data. We sequenced 22 RNA samples (4 in-
bred lines × 2 salinities × 3 replicates [2 replicates for FW1]) in three 
batches (on three different dates; Table S1).

2.4 | Data processing and statistical analyses

An overview of the protocol used to detect DE genes is provided 
in Figure S1. In the initial step, we used the Institute for Genome 
Sciences' QC pipeline to screen 250,000 random sequence reads 
from each sample against a local installation of the NCBI nucleotide 
database to generate a rough assessment of taxonomic composi-
tion and ensure provenance of the sample. Each sample was then 
run through the data processing pipeline to detect the presence of 
adaptor sequences or low read quality (threshold of >2 consecutive 
bases with Q <20) using fastqc (http://www.bioin​forma​tics.babra​
ham.ac.uk/proje​cts/fastq​c/). When necessary, reads were trimmed 
with trimmomatic version 032 (Bolger et  al.,  2014). On average, 
3.5 × 107 paired-end reads per sample passed these filtering steps.

To quantify transcript (gene) expression levels, we used an ex-
pectation maximization approach employing the rsem (RNA-seq by 
Expectation Maximization) package (Li & Dewey, 2011). The E. affinis 
complex (Atlantic clade, aka E. carolleeae) draft genome served as the 
reference genome (Eyun et al., 2017). Automated gene annotation of 
this genome was conducted at the Baylor College of Medicine Human 
Genome Sequencing Center within the i5K pilot project (using maker 
2.2, for details see Eyun et al., 2017), resulting in 29,783 gene mod-
els. To improve the automated gene annotation, we used the cufflinks 
Tuxedo protocol (Trapnell et al., 2012). We first mapped the RNA-seq 
reads of each of the 22 samples to the E. affinis complex reference 
genome via tophat using default parameters. Then, we provided the 
mapped reads as input into cufflinks to obtain a separate transcript 
assembly for each of the 22 samples. Finally, we merged all these 
assembly files (using the cuffmerge utility with default options) with 
automated gene annotation to create a single gene annotation file. 
We used this improved merged gene annotation file as input into rsem 
to (a) build reference transcript sequences using the prepare-reference 

script and (b) align RNA-seq reads to the reference transcripts and 
estimate gene and transcript abundances (using rsem-calculate expres-
sion). In this study, the term “gene” refers to the set of transcripts that 
merged into a single locus when we combined transcripts obtained by 
cufflinks (22 transcript assemblies) with automated gene annotation 
obtained using maker 2.2 (Holt & Yandell, 2011).

To map RNA-seq reads to the E. affinis complex genome we em-
ployed bowtie, resulting in 16–30 million mapped paired-end reads 
with a 63%–75% mapping rate (Figure S2). To verify the annotation of 
DE genes, we also performed manual annotation of the E. affinis com-
plex genome (using the Web Apollo platform on the i5k Workspace, 
https://i5k.nal.usda.gov/Euryt​emora_affinis) for several thousand 
genes, including gene families of interest (e.g., ion transporters, 
CYPs, HSPs, hormones, cuticle proteins, metabolic enzymes, opsins, 
chemoreceptors). In many cases, multiple paralogues were identified 
within the genome assembly, which was based on the sequence of a 
single inbred line. To determine paralogue and clade identity of our 
candidate genes, we constructed phylogenies for the candidate gene 
families across the Arthropoda, following Eyun et al. (2017) and using 
paralogue nomenclature consistent with Stern and Lee (2020).

2.4.1 | Filtering, normalization and 
estimation of dispersion

Structural gene annotation, generated by merging transcriptomes 
of 22 RNA samples, resulted in 37,827 putative genes. To increase 
the power to detect differential expression, genes with less than one 
count-per million (CPM) in at least two samples were filtered out 
(n = 17,271), as were transcripts with best blastx matches to bacteria 
(n = 3), and transcripts without blastx hits (n = 3,189). These filter-
ing steps left 14,082 putative genes remaining for the differential 
gene expression analysis, all of which mapped to the E. affinis genome 
assembly. Subsequently, we performed normalization on 14,082 
genes, using the Trimmed Mean of M values method (Robinson & 
Oshlack, 2010), available in Bioconductor's edger package in the soft-
ware package R (Chen et al., 2018; Robinson et al., 2010; Figure S3c,d).

2.4.2 | Generalized linear model for differential 
expression analysis

To identify significant differences in gene expression between sa-
line and freshwater inbred lines (Goal 1) and between salinities (0 
and 15  PSU) (Goal 2), we performed statistical analyses using a 
generalized linear model (GLM). To detect DE genes, we applied a 
negative binomial generalized linear model that accommodated the 
complex designs of the common-garden experiments. For this pur-
pose, we again employed Bioconductor's edger package in R (Chen 
et al., 2018). To accurately estimate gene-wise dispersion, crucial 
for reliable detection of DE genes (Chen et  al.,  2018; Robinson 
& Smyth,  2007), we used the function glmQLFit with option ro-
bust = TRUE. To conduct the test for each genotype (inbred line) 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://i5k.nal.usda.gov/Eurytemora_affinis
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and salinity combination, we modelled the read counts as the result 
of the fixed effects of genotype (inbred line effect), salinity (0 and 
15  PSU), batch, and genotype-by-salinity interactions. To account 

for multiple hypothesis testing, we adjusted p-values using the 
Benjamini and Hochberg method (Benjamini & Hochberg,  1995) 
with a false discovery rate (FDR) threshold of 0.05.

F I G U R E  2   Evolutionary shifts in genome-wide gene expression between saline and freshwater inbred lines reared under the same 
salinity conditions (at either 0 or 15 PSU) for 14,082 genes. Volcano plots show gene expression differences between saline (SW1 and SW2) 
and freshwater (FW1 and FW2) inbred lines under (a, b) freshwater (0 PSU) and (c, d) saline (15 PSU) conditions for replicate Experiments 
1 and 2. The horizontal axes indicate the log2 fold-change in gene expression between freshwater and saline inbred lines. The vertical 
axes indicate the − log10 of FDR-adjusted p-value, with higher values indicating greater statistical significance. The horizontal lines within 
each graph indicate the FDR = 0.05 threshold, with genes above this line showing significant differential expression (FDR < 0.05). Colours 
indicate direction of expression, with blue dots indicating upregulation in the freshwater inbred lines and red dots representing upregulation 
in the saline inbred lines. Total numbers of differentially expressed genes, as well as numbers of upregulated genes in FW (blue) and SW 
(red) inbred lines, are indicated in each plot. The greater number of DE genes in Experiment 1 than Experiment 2 is possibly due to lower 
statistical power in Experiment 2, where the FW1 inbred line had two replicates. Genes potentially involved in ionic regulation are labelled 
and indicated with yellow dots. Full names of genes are shown in Tables 1 and 2 [Colour figure can be viewed at wileyonlinelibrary.com]
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2.4.3 | Gene ontology enrichment analysis

To obtain gene ontology (GO) terms (Goal 3) we first performed blastx 
against NCBI's nonredundant and Swiss-Prot protein databases 

(Bairoch & Apweiler, 2000; The UniProt Consortium, 2017) using 
an e-value of 10−5 as a threshold. We parsed the significant matches 
from both NCBI NR and Swiss-Prot databases and combined them 
into tabular format to conduct functional annotation and obtain all 

F I G U R E  3   Plastic responses in expression for 14,082 putative genes in the FW and SW inbred lines. Volcano plots show gene expression 
differences due to acclimation to salinity (0 PSU versus 15 PSU) of (a, b) freshwater (0PSUFW/15PSUFW), and (c, d) saline (0PSUSW/15PSUSW) 
inbred lines of the Eurytemora affinis complex. The horizontal axes indicate the log2 fold-change in gene expression between 0 PSU and 
15 PSU conditions for a given inbred line. The vertical axes indicate the − log10 of FDR-adjusted p-value, with higher values indicating 
greater statistical significance. The horizontal lines within each graph indicate the FDR = 0.05 threshold, with genes above this horizontal 
line showing significant differential expression (FDR < 0.05). Colours indicate direction of expression, with blue dots indicating genes 
upregulated under freshwater conditions (0 PSU) and red dots representing genes upregulated under saline conditions (15 PSU). Total 
numbers of DE genes, as well as numbers of upregulated genes under freshwater (blue) and saline (red) conditions, are indicated in each plot. 
Genes potentially involved in ionic regulation are labelled and coloured with yellow dots. Full names of genes are shown in Tables 3 and 4 
[Colour figure can be viewed at wileyonlinelibrary.com]
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relevant information for significant matches, including descriptions 
of protein functions and associated GO terms. For this purpose, we 
followed a protocol developed by De Wit et al. (2012).

To determine gene categories enriched in evolutionary and plastic 
transcriptomic responses to salinity change, we performed a functional 
gene enrichment analysis of DE genes by conducting Fisher's exact test 
using the topgo elim algorithm (Alexa & Rahnenfuhrer, 2018). To that 
end, we used summary statistics (log2FC and p-values) obtained from 
the DE expression analysis employing GLM (see Section 2.4.2). We 
conducted GO enrichment analysis, restricted to Biological Processes 
(BP), for DE genes from Experiment 1 because of greater sample size 
(replication) than Experiment 2. To increase statistical power, we con-
ducted separate GO analyses for up- and down-regulated DE genes, 
using the summary statistics (log2FC and p-values) obtained from the 
DE expression analysis. Such a strategy is more efficient at finding sig-
nificant GO processes (Hong et al., 2014). To visualize the results for 
enriched GO terms, we use the R package goplot (Zhong et al., 2004).

2.4.4 | Correlation between evolutionary and plastic 
changes in gene expression

To determine whether the direction of acclimatory and evolutionary 
shifts in genome-wide gene expression were concordant (Goal 4), we 
calculated correlation coefficients between them. To this end, we 
calculated Pearson's correlation coefficients between acclimatory 
shifts (0 PSU versus 15 PSU within the same inbred line) and evolu-
tionary responses (FW versus SW inbred lines at the same salinity) 
in gene expression. We also focused on iono/osmoregulatory genes, 
given that ionic regulatory function comprised our largest GO cat-
egory (see Results). To estimate correlation coefficients, we used the 
log-fold change (log2FC) in gene expression obtained using a GLM 
(see Section 2.4.2).

To determine whether plasticity in gene expression response 
had evolved (Goal 5), we compared the direction and magnitude of 
acclimation response in gene expression between ancestral saline 
(SW) and derived freshwater (FW) inbred lines. For this purpose, 
we calculated correlation coefficients between plastic responses 
(0 PSU/15 PSU) of the SW versus FW inbred lines.

3  | RESULTS

3.1 | Contrasts between evolutionary versus 
acclimatory responses in genome-wide patterns of 
gene expression

Our genome-wide expression analysis of 14,082 putative genes re-
vealed both (a) striking evolutionary differences in gene expression 
between the saline (SW) versus freshwater (FW) inbred lines (Goal 
1), as well as (b) plastic differences in gene expression between sa-
line (15 PSU) versus freshwater conditions (0 PSU) for each line (Goal 
2). Patterns of gene expression, evident in multidimensional scaling 

(MDS) plots, showed clear separation between saline and freshwa-
ter inbred lines, and to a lesser degree between saline (15 PSU) and 
freshwater (0 PSU) conditions (Figure S4).

Overall, evolutionary shifts from saline to freshwater habitats 
induced far greater changes in gene expression than acclimatory re-
sponses, in terms of magnitude of change and numbers of DE genes 
(Figure  2 versus 3 and S5 versus S6; Tables  S2–S5). Specifically, 
~19%–28% of the 14,082 genes were differentially expressed be-
tween the SW and FW inbred lines (FDR < 0.05) at 0 PSU or 15 PSU 
(Figure 2; Tables S2 and S3), indicating relatively large evolutionary 
shifts in gene expression between the saline and freshwater popula-
tions (Section 3.2, below). In contrast, only 1%–4% of genes showed 
differential expression between the low (0 PSU) and higher (15 PSU) 
salinity treatments for each inbred line (FDR  <  0.05, Figure  3; 
Tables S4 and S5), indicating relatively weak acclimatory (plastic) re-
sponses to salinity (Section 3.3, below).

Intriguingly, many key ion regulatory genes showed both signifi-
cant evolutionary and acclimatory shifts in gene expression (Figures 2 
and 3; Figures S7–S10; Tables S1–S4; Sections 3.2 and 3.3 below). For 
a few key ion regulatory genes, such as NHA-7, NKA α-5 and NKCC-1, 
correlated responses were quite evident between evolutionary and 
plastic shifts in showing similar direction and magnitude in gene ex-
pression (Figure 4; Figures S11 and S12; Section 3.5, below). These 
concordant acclimatory and evolutionary patterns of expression for 
key ion transporter genes might have been important in facilitating 
invasions into freshwater habitats (see Discussion, Section 4.3).

3.2 | Evolutionary shifts in genome-wide 
gene expression between saline and freshwater 
inbred lines

To determine evolutionary shifts in gene expression associated 
with saline to freshwater invasions (Goal 1), we compared pat-
terns of gene expression between the ancestral saline (SW) and 
derived freshwater (FW) inbred lines under common-garden con-
ditions (at 0 and 15  PSU). Approximately 1,000 genes were dif-
ferentially expressed (FDR < 0.05) between saline and freshwater 
inbred lines in both experiments, at either freshwater (0 PSU) or 
saline (15  PSU) conditions (Figure  S5). The evolutionary shifts 
showed a stronger pattern of downregulation in the freshwater 
lines, with ~34% of genes showing increased expression and ~66% 
showing decreased expression in the freshwater lines, relative to 
the ancestral saline lines. Specifically, of the 1,152 genes showing 
evolutionary shifts under freshwater conditions, 388 (34%) were 
upregulated, whereas 764 (66%) were downregulated in FW in-
bred lines (Table S2). Similarly, of the 1,037 genes showing evolu-
tionary shifts under saline conditions, 364 (35%) were upregulated 
and 673 (65%) were downregulated in FW inbred lines (Table S3). 
Of these DE genes, 685 showed evolutionary shifts at both salini-
ties in both experiments, of which 227 (33%) were upregulated in 
the freshwater inbred lines and 458 (67%) were downregulated in 
the freshwater lines (Table S6).
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F I G U R E  4   Correlation in gene expression between evolutionary shifts (at 15 PSU) and plastic responses of the saline inbred lines of 
the Eurytemora affinis complex. Graph shows correlation between evolutionary shifts (saline versus freshwater inbred lines at 15 PSU) 
and plastic responses (between 0 and 15 PSU) in gene expression in the saline inbred lines for 14,082 genes. The correlation is weak 
(but significant) genome wide (r = 0.14 and 0.08, upper panels), whereas it is strong for ion transporter genes (r = 0.78 and 0.58, lower 
panels). Horizontal axes are the evolutionary responses between freshwater and saline inbred lines under saline (15 PSU) conditions, 
whereas vertical axes are the acclimatory responses (between 0 and 15 PSU) of saline inbred lines. Graphs show results from two replicate 
experiments, namely (a, c) Experiment 1, and (b, d) Experiment 2. Lower panels (c, d) show correlations between evolutionary and plastic 
responses in the SW inbred lines for 30 putative iono/osmoregulatory genes. Genes potentially involved in ionic regulation and show 
high correlation are labelled and indicated by teal blue filled dots. Full names of genes are given in Tables 1–4. The red thick dashed lines 
represent the linear regression fit curve with 95% confidence region. r = Pearson coefficient of correlation, R2 = coefficient of determination 
indicating the effect size of correlation. Diagonal black dotted lines indicate correlation coefficients of r = 1 (equal magnitude and 
direction of evolutionary and acclimatory shifts in gene expression) and r = −1 (equal magnitude but opposite direction of evolutionary and 
acclimatory shifts in gene expression) [Colour figure can be viewed at wileyonlinelibrary.com]
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Major categories of DE genes between saline and freshwater in-
bred lines included those involved in ion transport, sugar and amino 
acid transport, gene regulation (transcription, translation), neuronal 
function, metabolism, and energy production (Tables S2 and S3). 
Of the DE genes, those pertaining to ionic and osmotic regulation 

tended to dominate (see Section 3.4, below). Most notable were dif-
ferent paralogues of key ion transporters, including paralogues of 
the Na+/H+-antiporter (NHA), Na+/K+-ATPase (NKA), ammonium trans-
porter (AMT), Na+/H+-exchanger (NHE) and Na+,K+,2Cl− cotransporter 
(NKCC), as well as paralogues of alpha-carbonic anhydrase (α-CA). A 

TA B L E  1   Evolutionary shifts in expression of key iono/osmoregulatory genes between SW and FW inbred lines of the Eurytemora affinis 
complex under freshwater (0 PSU) conditions

Gene symbol Gene description

Experiment 1 (FW2 versus 
SW1) at 0 PSU

Experiment 2 (FW1 versus 
SW2) at 0 PSU

logFC FDR logFC FDR

CA-9 Carbonic Anhydrase, paralogue 9 4.88 6.63E−03 5.4 3.39E−03

AMT-frag2 Ammonia Transporter, fragment 2 2.72 1.52E−03 3.62 1.40E−04

NHA-7 Na+/H+ Antiporter, paralogue 7 2.08 4.55E−06 −0.6 1.47E−01

NKA-α-1 Na+/K+-ATPase, subunit α, paralogue 1 1.79 1.43E−03 −0.1 6.86E−01

AK Arginine kinase 0.81 4.23E−05 0.5 6.17E−03

NHA-5 Na+/H+ Antiporter, paralogue 5 0.11 7.34E−01 −1.51 6.53E−03

VHA-a V-type H+ ATPase, subunit a 0.1 3.96E−01 0.17 4.20E−01

CA-11 Carbonic Anhydrase, paralogue 11 0.06 9.47E−01 −1.63 2.66E−02

NHE-2-b Na+/H+ Exchanger, clade 2, paralogue b 0.28 2.74E−01 −0.57 4.95E−02

NHE-X-c Na+/H+ Exchanger, clade X, paralogue c 0.04 9.14E−01 −0.54 1.77E−02

VHA-H V-type H+ ATPase, subunit H −0.04 6.92E−01 −0.02 9.06E−01

NKA-β-5 Na+/K+-ATPase, subunit beta, paralogue 5 0.26 2.04E−01 −0.62 4.87E−02

AEa  Cl−/HCO3
− Exchanger (Anion Exchanger) −0.27 1.48E−01 −0.67 3.48E−03

NHE-X-d Na+/H+ Exchanger, clade X, paralogue d −0.3 6.86E−02 −0.64 5.74E−03

NKA-α-2 Na+/K+-ATPase, subunit α, paralogue 2 −0.36 4.89E−02 −0.9 5.14E−03

NHA-1 Na+/H+ Antiporter, paralogue 1 −0.63 4.27E−03 −0.92 4.47E−02

CA-14 Carbonic Anhydrase, paralogue 14 −0.66 9.83E−03 −0.63 5.73E−02

AMT-6 Ammonia Transporter, paralogue 6 −0.66 5.13E−02 −1.11 2.02E−02

CA-7 Carbonic Anhydrase, paralogue 7 −0.74 4.58E−03 −1.38 5.99E−05

NHE-X-a Na+/H+ Exchanger, clade X, paralogue a −0.74 3.01E−03 −0.7 1.97E−02

NDCBEa  Na+-driven Cl−/HCO3
− Exchanger −0.77 5.98E−04 −0.1 6.82E−01

NKCC-4 Na+,K+,2Cl− Cotransporter, paralogue 4 −1.1 4.88E−02 0.62 1.53E−01

CU Cuticle protein −1.14 2.39E−01 −1.42 2.59E−02

NKA-β-2 Na+/K+-ATPase, subunit beta, paralogue 2 −1.22 1.31E−03 −1.41 7.15E−04

NKA-β-4 Na+/K+-ATPase, subunit beta, paralogue 4 −1.38 1.40E−03 −1.18 4.41E−03

NKCC-1 Na+,K+,2Cl− Cotransporter, paralogue 1 −1.38 3.77E−02 −9.19 2.02E−05

NKCC-frag Na+,K+,2Cl− Cotransporter, fragment −1.58 6.06E−04 −2.4 6.75E−06

CA-8 Carbonic Anhydrase, paralogue 8 −1.69 7.40E−03 −1.86 1.58E−02

NKA-β-3 Na+/K+-ATPase, subunit beta, paralogue 3 −1.96 1.29E−05 −1.14 2.62E−03

NBCa  Na+,HCO3
− Cotransporter −2.22 3.76E−06 −1.08 4.07E−03

Rh-2 Rh protein, paralogue 2 −2.42 2.70E−04 −1.64 5.86E−02

CA-12 Carbonic Anhydrase, paralogue 12 −5.73 1.16E−06 −6.14 2.98E−06

Nach Na+ Channel −6.32 9.16E−08 −1.38 1.45E−04

Note: Gene names and paralogue numbers are based on manual annotations of the copepod E. affinis complex genome (Atlantic clade, or Eurytemora 
carolleeae). LogFC = log2 fold-change in expression of FW/SW based on RNA-seq, such that positive values indicate upregulation in FW and 
negative values represent downregulation in FW. FDR = Benjamini–Hochberg adjusted p-values (FDR < 0.05 are indicated in bold). Genes above the 
horizontal line exhibit generally higher levels of gene expression in the FW inbred lines relative to the SW inbred lines.
aMembers of the bicarbonate transporter gene family, such as Cl−/HCO3

− exchangers (AE), Na+,HCO3
− cotransporters (NBC), Na+-driven Cl−/HCO3

− 
exchanger (NDCBE), cluster together in a phylogeny (form a clade) and their exact identities are difficult to distinguish from one another. 
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most intriguing result was that the different paralogues of the ion 
transporters often showed divergent patterns of gene expression 
from one another at a given salinity (Tables 1 and 2; Figures S7 and 
S8; see Discussion Section 4.2).

Overall, many of the ion transporter genes that showed evolu-
tionary shifts in expression between the freshwater and saline inbred 
lines were shared at both the freshwater (0 PSU) and saline (15 PSU) 
common-garden conditions. For instance, at both salinities, AMT-frag2, 

NHA-7, NKA-α-1 and AK were generally upregulated in the freshwater 
inbred lines relative to the saline lines (Tables 1 and 2). On the other 
hand, many ion regulatory-related genes, such as Nach, α-CA (paral-
ogues 12, 8, 7, 14), NKA-β (paralogues 3, 2, 4), Rh-2, NBC, and NKCC (pa-
ralogues 1, 4, frag), were generally upregulated in the saline inbred lines, 
relative to the freshwater inbred lines, at both salinities (Tables 1 and 2).

An intriguing pattern was the upregulation of alpha-carbonic an-
hydrase paralogue 9 (α-CA-9) in the freshwater inbred lines (relative 

TA B L E  2   Evolutionary shifts in expression of key iono/osmoregulatory genes between SW and FW inbred lines of the Eurytemora affinis 
complex under saline (15 PSU) conditions

Gene symbol Gene description

Experiment 1 (FW2 versus 
SW1) at 15 PSU

Experiment 2 (FW1 versus 
SW2) at 15 PSU

logFC FDR logFC FDR

NHA-7 Na+/H+ Antiporter, paralogue 7 4.97 1.07E−07 1.01 3.73E−02

NKA-α-5 Na+/K+-ATPase, subunit α, paralogue 5 3.36 3.83E−04 2.62 6.93E−03

NKA-α-1 Na+/K+-ATPase, subunit α, paralogue 1 2.42 2.74E−04 0.73 8.16E−03

AMT-frag2 Ammonia Transporter, fragment 2 2.26 2.21E−03 2.72 6.92E−04

NKCC-2 Na+,K+,2Cl− Cotransporter, paralogue 2 1.08 1.67E−02 1.21 2.32E−01

NHA-1-frag Na+/H+ Antiporter, paralogue 1 (fragment) 0.89 3.05E−02 0.71 5.76E−02

NHE-2-b Na+/H+ Exchanger, clade 2, paralogue b 0.84 4.45E−03 0.12 7.18E−01

NKCC-3 Na+,K+,2Cl− Cotransporter, paralogue 3 0.8 3.18E−02 0.72 2.90E−01

AK Arginine kinase 0.49 1.40E−03 0.44 1.39E−02

VHA-a V-type H+ ATPase, subunit a 0.19 1.18E−01 −0.12 5.89E−01

NHE-X-d Na+/H+ Exchanger, clade X, paralogue d 0.16 3.22E−01 −0.52 1.73E−02

VHA-H V-type H+ ATPase, subunit H −0.16 9.19E−02 −0.04 8.46E−01

AEa  Cl−/HCO3
− Exchanger (Anion Exchanger) −0.39 3.87E−02 −0.76 1.92E−03

CA-14 Carbonic Anhydrase, paralogue 14 −0.54 2.59E−02 −0.98 9.26E−03

NDCBEa  Na+-driven Cl−/HCO3
− Exchanger −0.6 2.49E−03 −0.32 1.62E−01

CU Cuticle protein −0.64 5.08E−01 −1.98 9.22E−03

AMT-5 Ammonia Transporter, paralogue 5 −0.64 1.06E−01 1.56 1.21E−02

NKCC-frag Na+,K+,2Cl− Cotransporter, fragment −0.89 1.26E−02 −0.1 7.27E−01

NKCC-1 Na+,K+,2Cl− Cotransporter, paralogue 1 −0.9 1.02E−01 −5.49 3.55E−05

CA-7 Carbonic Anhydrase, paralogue 7 −0.96 9.43E−04 −1.07 3.64E−04

CA-11 Carbonic Anhydrase, paralogue 11 −1.07 7.22E−02 −2.4 7.40E−03

NKA-β-4 Na+/K+-ATPase, subunit β, paralogue 4 −1.47 8.07E−04 −0.77 3.67E−02

NKA-β-2 Na+/K+-ATPase, subunit β, paralogue 2 −1.61 2.21E−04 −1.09 4.83E−03

NKCC-4 Na+,K+,2Cl− Cotransporter, paralogue 4 −1.65 5.15E−03 −0.49 2.94E−01

NBCa  Na+, HCO3− cotransporter −2.22 4.53E−06 −1.11 4.85E−03

Rh-2 Rh protein, paralogue 2 −2.25 2.74E−04 −0.87 3.43E−01

NKA-β-3 Na+/K+-ATPase, subunit β, paralogue 3 −2.28 5.49E−06 −0.83 2.02E−02

CA-8 Carbonic Anhydrase, paralogue 8 −3.41 4.98E−04 −0.27 8.65E−01

CA-12 Carbonic Anhydrase, paralogue 12 −4.46 1.09E−05 −6.93 6.52E−06

Nach Na+ Channel −6.52 6.33E−08 −1.54 8.13E−05

Note: Gene names and paralogue numbers are based on manual annotations of the copepod E. affinis complex genome (Atlantic clade, or Eurytemora 
carolleeae). LogFC = log2 fold-change in expression of FW/SW based on RNA-seq, such that positive values indicate upregulation in FW and negative 
values are downregulation in FW. FDR = Benjamini–Hochberg adjusted p-values (FDR < 0.05 are indicated in bold). Genes above the horizontal line 
exhibit generally higher levels of gene expression in the FW inbred lines relative to the SW inbred lines.
aMembers of the bicarbonate transporter gene family, such as Cl−/HCO3

− exchangers (AE), Na+,HCO3
− cotransporters (NBC), Na+-driven Cl−/HCO3

− 
exchanger (NDCBE), cluster together in a phylogeny (form a clade) and their identities are difficult to distinguish from one another. 
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to their saline ancestral lines) under freshwater conditions (Table 1; 
Figure  S7). This result diverged from the downregulation of several 
other α-CA paralogues (12, 8, 7, 14) in the freshwater lines relative to 
the saline lines, suggesting divergent function of the α-CA-9 paral-
ogue. Interestingly, we found evolutionary increases in expression of 
the key sodium transporter Na+/H+-antiporter (NHA) paralogue 7 in the 
freshwater inbred lines relative to their saline ancestral lines (Tables 1 
and 2; Figures S7 and S8) (see Discussion, Section 4.2). In terms of 
powering ion uptake from the environment, we did find the upregu-
lation of Na+/K+-ATPase subunit alpha, paralogue 1 (NKA- α-1) in the 
freshwater inbred lines, relative to the saline lines, at both salinities 
(Tables 1 and 2, Figures S7 and S8). Arginine kinase (AK), an enzyme 
critical for the maintenance of ATP, was also upregulated in the fresh-
water inbred lines at both salinities (Tables 1 and 2, Figures S7 and S8).

3.3 | Acclimatory changes in genome-wide gene 
expression in response to salinity

A comparison of gene expression levels of the same genotype (in-
bred line) under contrasting salinity conditions (0 versus 15  PSU) 
revealed gene expression changes due to acclimation (phenotypic 

plasticity) in response to salinity (Goal 2). Only 99 genes were dif-
ferentially expressed between salinity conditions in both freshwater 
inbred lines (Figure 3; Figure S6; Table S4) and 197 genes were DE 
between salinity conditions in both saline lines (Figure 3; Figure S6; 
Table S5). Of these DE genes, 51 were differentially expressed be-
tween 0 and 15 PSU in both saline and freshwater inbred lines, in 
both experiments (Table S7).

In terms of ion regulatory genes, acclimatory shifts in gene ex-
pression between 0 and 15  PSU tended to show concordant pat-
terns for the saline and freshwater lines (Figure 3; Figures S9 and 
S10; Tables 3 and 4). For instance, both the SW and FW inbred lines 
showed increases in expression at 0 PSU for paralogues and subunits 
of the ion transporters Na+/K+-ATPase (NKA), Na+,K+,2Cl− cotrans-
porter (NKCC), ammonia transporter (AMT), Na+/H+ exchanger (NHE) 
and Na+,HCO3

− cotransporter (NBC) (Tables  3 and 4). These genes 
might represent shared mechanisms of ion uptake in both saline and 
freshwater populations in response to low-salinity conditions. In 
contrast, the ion transporter genes that were upregulated at 15 PSU 
(and downregulated at 0 PSU) in both the SW and the FW inbred 
lines included NKCC paralogues, some Cl−/HCO3

− exchangers (i.e., AE, 
NDCBE) and NHE-X-d (Tables 3 and 4). These ion transporters might 
be involved in ion excretion under saline (15 PSU) conditions.

TA B L E  3   Acclimatory changes in gene expression in response to salinity (0 PSU versus 15 PSU) of genes potentially involved in ionic 
regulation in the FW inbred lines of the Eurytemora affinis complex

Gene symbol Gene description

Experiment 1 (0 versus 
15 PSU) in FW2

Experiment 2 (0 versus 
15 PSU) in FW1

logFC FDR logFC FDR

NKA-α-5 Na+/K+-ATPase, subunit α, paralogue 5 4.19 2.32E−04 3.89 8.20E−03

NKCC-2 Na+,K+,2Cl− Cotransporter, paralogue 2 2.42 1.38E−03 1.4 5.16E−01

NHA-7 Na+/H+ Antiporter, paralogue 7 2.28 2.57E−05 1.87 1.99E−02

AMT-5 Ammonia Transporter, paralogue 5 1.71 3.48E−03 0.98 2.68E−01

NHA-5 Na+/H+ Antiporter, paralogue 5 1.61 2.42E−03 1.32 1.58E−01

AMT-6 Ammonia Transporter, paralogue 6 1.39 1.26E−02 0.97 3.01E−01

NHE-X-c Na+/H+ Exchanger, clade X, paralogue c 1.19 1.93E−02 1.05 7.85E−03

NKA-β-5 Na+/K+-ATPase, subunit β, paralogue 5 1.05 2.06E−03 0.97 6.12E−02

NKA-α-2 Na+/K+-ATPase, subunit α, paralogue 2 0.71 8.74E−03 0.75 1.13E−01

NBCa Na+,HCO3
− cotransporter 0.61 8.05E−02 1.26 2.44E−02

AK Arginine kinase 0.42 1.89E−02 0.26 4.55E−01

VHA-H V-type H+ ATPase, subunit H 0.16 2.83E−01 0.02 9.86E−01

VHA-a V-type H+ ATPase, subunit a −0.03 9.58E−01 0.08 9.29E−01

CU Cuticle protein −0.14 9.84E−01 2.19 5.15E−02

NHE-X-d Na+/H+ Exchanger, clade X, paralogue d −0.62 1.14E−02 −0.69 4.25E−02

AEa Cl−/HCO3
− exchanger (Anion Exchanger) −0.75 7.98E−03 −0.62 5.74E−02

NDCBEa Na+-driven Cl−/HCO3
− Exchanger −0.94 1.05E−03 −0.85 2.56E−02

NKCC-frag Na+,K+,2Cl− Cotransporter, fragment −1.1 2.55E−02 −1.95 2.03E−03

NKCC-1 Na+,K+,2Cl− Cotransporter, paralogue 1 −1.83 4.41E−02 −3.8 4.67E−01

Note: LogFC = log2 fold-change, FDR = Benjamini–Hochberg adjusted p-value, (FDR < 0.05 indicated in bold). Values above the horizontal line are 
upregulated DE genes under freshwater (0 PSU) relative to saline (15 PSU) conditions.
aMembers of the bicarbonate transporter gene family, such as Cl−/HCO3

− exchangers (AE), Na+,HCO3
− cotransporters (NBC), Na+-driven Cl−/HCO3

− 
exchanger (NDCBE), form a clade and their identities are uncertain. 
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3.4 | GO enrichment of genes showing 
evolutionary or acclimatory shifts in expression

We explored functional categories of genes that showed evolu-
tionary and acclimatory shifts in expression associated with sa-
linity change (Goal 3). In terms of evolutionary response, of the 
1,716 upregulated genes in the freshwater relative to saline lines at 
0 PSU (for Experiment 1) (Figure 2a), we found 11 upregulated bio-
logical processes (p <  .005; Figure S13a; Table S8). For the genes 
showing evolutionary shifts toward increased expression in the 
freshwater line, the enriched GO term with the largest number of 
DE genes was “inorganic cation transmembrane transport” (40 signif-
icant genes out of 225 genes annotated to GO:0098662) (Table S8; 
Figure S13). Other top upregulated biological processes included 
“sensory perception of smell,” “dopamine transport,” “angiotensin 
maturation microtubule nucleation” and various catabolic processes 
(Figure  S13). Of the 2,087 downregulated genes in FW relative 
to SW inbred lines at 0  PSU (Figure  2a), we found 11 biological 

processes (Figure S13b; Table S9). The largest downregulated bio-
logical process was “epidermis development” (30 genes), while other 
significant GO terms were mostly related to amino acid transport 
(Table S9).

When we examined enriched biological processes for the evolu-
tionary response (FW2 versus SW1) under saline conditions (15 PSU), 
within the set of 1,768 upregulated genes and 2,152 downregulated 
genes (p < .005) (Figure 2c), we found five and 11 overrepresented 
biological processes, respectively (Tables S10 and S11; Figure S14). 
Of these biological processes, “angiotensin maturation” was the most 
significantly enriched upregulated GO term, while “eye-antennal disc 
morphogenesis” was the most significant downregulated GO term 
(Tables S10 and S11).

When examining acclimation (0  PSU versus 15  PSU) in the 
SW1 and FW2 inbred lines, the gene sets that we used to infer 
up- and downregulated biological processes contained only ~200 
significant DE genes. Therefore, significant GO terms tended to 
contain only a few genes, two to five in both FW2 and SW1 in-
bred lines (Tables S12–S15), far fewer than what we observed for 

TA B L E  4   Acclimatory changes in gene expression in response to salinity (0 PSU versus 15 PSU) of genes potentially involved in ionic 
regulation in SW inbred lines of the Eurytemora affinis complex

Gene symbol Gene description

Experiment 1 (0 versus 
15 PSU) in SW1

Experiment 2 (0 versus 
15 PSU) in SW2

logFC FDR logFC FDR

NKA-α-5 Na+/K+-ATPase, subunit α, paralogue 5 7.77 2.73E−05 6.71 2.93E−04

NHA-7 Na+/H+ Antiporter, paralogue 7 5.17 6.60E−07 3.48 2.49E−04

NKCC-2 Na+,K+,2Cl− Cotransporter, paralogue 2 3.18 4.62E−04 3.43 2.39E−02

NHA-5 Na+/H+ Antiporter, paralogue 5 2.13 6.19E−04 3.23 2.80E−04

AMT-6 Ammonia Transporter, paralogue 6 1.34 1.07E−02 1.71 4.40E−03

NKA-α-1 Na+/K+-ATPase, subunit α, paralogue 1 1.26 4.71E−02 1.59 2.49E−04

AMT-5 Ammonia Transporter, paralogue 5 1.25 1.68E−02 1.67 1.22E−02

NKA-β-5 Na+/K+-ATPase, subunit β, paralogue 5 1.2 1.02E−03 1.67 5.85E−04

CA-12 Carbonic Anhydrase, paralogue 12 1.18 2.60E−02 1.01 1.60E−02

NKA-α-2 Na+/K+-ATPase, subunit α, paralogue 2 1.16 5.07E−04 1.68 2.80E−04

NHE-X-c Na+/H+ Exchanger, clade X, paralogue c 0.88 8.41E−02 1.29 2.66E−04

NBCa  Na+,HCO3
− cotransporter 0.61 7.08E−02 1.24 2.85E−03

NHE-X-a Na+/H+ Exchanger, clade X, paralogue a 0.45 1.51E−01 0.63 4.98E−02

CU Cuticle protein 0.36 8.83E−01 1.62 2.77E−02

CA-8  Carbonic Anhydrase, paralogue 8 0.29 8.18E−01 3.26 2.63E−03

VHA-a V-type H+ ATPase, subunit a 0.05 8.76E−01 −0.21 3.82E−01

VHA-H V-type H+ ATPase, subunit H 0.04 8.57E−01 0 9.88E−01

NHE-X-d Na+/H+ Exchanger, clade X, paralogue d −0.16 6.48E−01 −0.56 1.68E−02

NDCBEa  Na+-driven Cl−/HCO3
− Exchanger −0.77 3.60E−03 −1.07 8.50E−04

AEa  Cl−/HCO3
− exchanger (Anion Exchanger) −0.88 3.19E−03 −0.7 4.31E−03

NKCC-4 Na+,K+,2Cl− Cotransporter, paralogue 4 −1.77 2.19E−02 −1.32 1.67E−02

CA-9 Carbonic Anhydrase, paralogue 9 −5.63 2.09E−02 −5.47 9.51E−03

Note: LogFC = log2 fold-change, FDR = Benjamini–Hochberg adjusted p-value (FDR < 0.05 indicated in bold). Values above the horizontal line are 
upregulated DE genes under freshwater (0 PSU) relative to saline (15 PSU) conditions.
aMembers of the bicarbonate transporter gene family, such as Cl−/HCO3

− exchangers (AE), Na+,HCO3
− cotransporters (NBC), Na+-driven Cl−/HCO3

− 
exchanger (NDCBE), form a clade and their identities are uncertain. 
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evolutionary shifts (Tables S8–S11). Many of the enriched biologi-
cal processes appeared to be related to development (Figures S15 
and S16).

3.5 | Correlated evolutionary and acclimatory 
changes in gene expression

We determined whether the magnitude and direction of plasticity 
in gene expression were correlated with evolutionary responses, in-
dicating shared mechanisms of acclimation and adaptation and the 
presence of an acclimatory response that could be favoured by se-
lection during invasions (Goal 4). In our genome-wide comparisons, 
we found weak but highly significant correlations between evolu-
tionary (FW versus SW inbred lines) and acclimatory (0 PSU versus 
15 PSU) shifts in gene expression (Figure 4a,b; Figure S11a,b). For 
instance, we found weak positive correlations between evolution-
ary shifts in gene expression at 15 PSU (horizontal axis) and accli-
mation response in the saline inbred lines (vertical axis) (Figure 4a, 
r = .14 and Figure 4b, r = .084). While statistically significant, these 
correlation coefficients were too low to indicate a meaningful as-
sociation between adaptive (evolutionary) and acclimatory (plas-
tic) genome-wide responses in gene expression (see Discussion, 
Section 4.3).

In contrast to the weak genome-wide correlations (previous 
paragraph), expression patterns of 30 iono/osmoregulatory genes 
(Tables  1 and 2) displayed strong positive correlations (same di-
rection and similar magnitude) between evolutionary and plastic 
changes in gene expression (Figure  4c,d; Figure  S11c,d). For in-
stance, we observed strong and significant positive correlations 
between evolutionary shifts in gene expression of FW/ SW inbred 
lines under saline conditions and plastic responses in the saline in-
bred lines (Figure 4c, r =  .78; Figure 4d, r = 0.58), particularly for 
the ion transporter genes NHA-7, NHA-5, NKA-α-1, NKA-α-5 and 
NKCC-2.

3.6 | Evolution of plasticity between saline and 
freshwater inbred lines

We examined whether plasticity in gene expression has evolved fol-
lowing freshwater invasions (Goal 5). We found substantial reduc-
tions in genome-wide acclimatory response in gene expression (at 0 
versus 15 PSU) in the freshwater (FW) lines, relative to the ancestral 
saline (SW) lines (Figure 5). The correlation between the genome-
wide plastic responses of the SW and FW inbred lines was highly 
significant (Figure 5a,b). However, the regression slope of less than 1 
(r = .48–.5) indicated an overall reduction in plasticity in the freshwa-
ter lines (Figure 5a,b). Likewise, for individual ion regulatory genes, 
the freshwater lines generally showed lower plasticity (lower log2 
fold-change) in expression relative to the saline inbred lines, par-
ticularly for NHA-7, NKA-α-5, NKCC-2, NHA-5 and CA-9 (Tables 3 and 
4; Figure 5c,d). These results were consistent with predictions that 

canalization would evolve over a long period of time following inva-
sions into an extraordinarily stressful environment (see Discussion, 
Section 4.4).

4  | DISCUSSION

4.1 | Contrasts between evolutionary and 
acclimatory changes in gene expression

Our comprehensive genome-wide analyses of gene expression re-
vealed both evolutionary (Goal 1) and acclimatory (Goal 2) changes 
in gene expression associated with changes in salinity. In response 
to salinity change, evolutionary shifts in gene expression were 
far greater than acclimatory shifts, in terms of both magnitude of 
expression and number of DE genes (Figures 2 and 3, Figures S5 
and S6; Tables S2–S5). The concordant gene expression patterns 
for acclimatory and evolutionary responses to salinity for key ion 
transporter genes (such as NHA-7, NKA-α-5; Tables  1–4) suggest 
that some of the ion transporters are involved in both acclimatory 
and evolutionary responses (Goals 3, 4). Acclimatory responses of 
these critical ion transporter genes might in fact facilitate rapid 
phenotypic adaptation by exposing novel phenotypes (e.g., novel 
expression levels) to the action of natural selection during fresh-
water invasions (see Section 4.3, below). Interestingly, we dis-
covered that the acclimatory responses in gene expression, both 
genome-wide and at key ion transporter genes, evolved toward 
canalization during the transition from saline to freshwater habi-
tats (Goal 5; Section 4.4, below).

4.2 | Evolutionary shifts in gene expression 
following freshwater invasions

The changes in genome-wide patterns of gene expression between 
the saline and freshwater inbred lines (reared under common-garden 
conditions) reflect evolutionary shifts resulting from the invasion of 
the Great Lakes from the St. Lawrence estuary following the opening 
the St. Lawrence seaway, around 1959 (Anderson & Clayton, 1959; 
Engel, 1962). Thus, to a large degree, the evolutionary shifts in gene 
expression we found likely resulted from natural selection acting in 
response to drastic changes in salinity, from the saline St. Lawrence 
estuary and salt marshes (5–40 PSU) to the freshwater Great Lakes 
(0 PSU, ~300 µS/cm conductivity) around 60 years ago (Lee, 1999; 
Winkler et al., 2008).

In our investigation, we were particularly interested in evolu-
tionary shifts in gene expression, more than in acclimatory changes. 
The genes that show evolutionary shifts in expression would more 
likely underlie the traits undergoing natural selection and, conse-
quently, contribute to freshwater adaptation. Several other stud-
ies have examined differences in gene expression among different 
species or populations of crustaceans from differing salinity habi-
tats (e.g., Moshtaghi et al., 2017; Rahi et al., 2019). However, their 
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F I G U R E  5   Evolution of reduced genome-wide plasticity in gene expression from saline to freshwater lines. Upper graphs (a, b) show 
correlations (based on log2FC of 14,082 genes) between plastic responses in gene expression in the SW versus FW inbred lines of the 
copepod Eurytemora affinis complex. Lower graphs (c, d) show the reduction of plasticity (log2 fold-change in gene expression) in the 
freshwater lines for five ion regulatory genes. Graphs show results from two replicate experiments, namely (a, c) Experiment 1, showing 
correlations between SW1 and FW2 inbred lines and (b, d) Experiment 2, showing correlations between the SW2 and FW1 inbred lines. 
Lower values on the axes indicate reduced levels of gene expression under freshwater (0 PSU) relative to saline (15 PSU) conditions for 
both saline (x-axis) and freshwater (y-axis) inbred lines. The dark blue dashed lines (a, b) represent the linear regression fit, with light purple 
shading around the dashed lines showing 95% confidence intervals. The slope of the regression < 1 indicates that genome-wide plasticity 
is reduced in the freshwater lines, relative to the saline lines. r = Pearson coefficient of correlation and R2 = coefficient of determination, 
indicating the effect size of correlation. Diagonal black dotted lines indicate correlation coefficients of r = 1 (equal magnitude and direction 
of gene expression in SW and FW lines) and r = −1 (equal magnitude but opposite direction of gene expression in SW and FW lines). Genes 
potentially involved in iono-/osmoregulation that show high correlations are labelled and indicated by beige filled dots. Full gene names for 
abbreviations are given in Tables 3 and 4 [Colour figure can be viewed at wileyonlinelibrary.com]
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experiments were not conducted under common-garden conditions, 
such that evolutionary versus acclimatory differences in expression 
are not distinguishable. Moreover, these studies do not account for 
differences in expression among the multiple ion transporter paral-
ogues in the genome. Thus, their results are difficult to interpret and 
compare to this study. One study on copepods, using the tidepool 
Tigriopus californicus, did compare different populations (Northern 
versus Southern) using a common-garden approach across a range 
of salinities (DeBiasse et al., 2017). However, their study examined 
populations that were both from saline tidepools, such that evolu-
tionary contrasts in salinity tolerance would be less apparent. Also, 
the study measured responses to higher salinities (15, 35, 60 PSU), 
where osmolyte production becomes important, and was not de-
signed to examine freshwater adaptation.

In terms of the key physiological properties that would evolve 
during the transition from saline to freshwater habitats, the evolu-
tion of body fluid regulation is often necessary to maintain elevated 
hemolymph osmolality in extremely dilute habitats (Lee et al., 2012). 
To achieve and maintain adequate ionic composition of body fluids, 
selection during freshwater invasions might act on (a) increasing rates 

of ion uptake (Charmantier et al., 2009; Lee et al., 2011; McNamara 
& Faria, 2012; Towle & Weihrauch, 2001) and/or (b ) decreasing ionic 
losses (such as through reduced integument permeability) (Hosfeld, 
1999). The former mechanism would involve the action of multiple 
ion transporters and enzymes working in concert to take up pre-
cious ions from the dilute environment (see Figure 6). In the copepod 
E. affinis complex, expression of ion transporters VHA and NKA was 
found localized in the “Crusalis organs” within the swimming legs, 
where ion uptake is likely to occur (Gerber et  al.,  2016; Johnson 
et al., 2014).

Our findings were consistent with the importance of ion trans-
porters as the targets of selection during the evolutionary transi-
tion from ancestral saline to freshwater invading populations. For 
instance, “inorganic cation transmembrane transport” (GO:0098662) 
was the enriched GO term with the largest number of DE genes 
(Table S8; Figure S13). Many of the genes that showed evolution-
ary changes in gene expression included multiple paralogues of 
key ion transporter genes, particularly Na+/H+ antiporter (NHA), al-
pha-carbonic anhydrase (α-CA) and Na+/K+-ATPase (NKA) (Tables  1 
and 2). Interestingly, the different paralogues of ion transporters 

F I G U R E  6   Hypothetical models of ion uptake associated with evolutionary adaptation to freshwater conditions, performed in ionocytes 
of the Eurytemora affinis complex. Shown are primary transporters that energize ion transport (VHA, NKA) and hypothetical secondary 
transporters for sodium uptake (NHA, Na+ channel, or NHE). (a) Model 1 (Wieczorek's model): the proton pump VHA (blue) is localized 
on the apical membrane of epithelial cells, where it generates a proton gradient by pumping H+ ions out of the cell. This transmembrane 
potential generated by VHA then energizes the uptake of Na+ by an unknown secondary transporter, possibly electrogenic NHA or Na+ 
channel (Nach). The stoichiometry of ion transport by NHA is not known for crustaceans. (b) Model 2: ammonia (NH3) is transported 
out of the cell by an ammonia transporter (Rh protein). The exported NH3 then reacts with H+ to produce NH4

+. The lowered external 
H+ concentration then promotes H+ export out of the cell and facilitates Na+ uptake as a counter-ion, through NHE activity (Dymowska 
et al., 2012; Ito et al., 2013; Wright &amp; Wood, 2009). However, NHE is thought to be less likely to operate at extremely low salinities 
(Dymowska et al., 2015). In both models, transport of Na+ from the cell to the hemolymph is performed by primary transporter NKA. 
Cytosolic carbonic anhydrase (CA) performs CO2 hydration, supplying H+ and HCO3

− to apical or basal ion transporters (Henry, 1996). 
Additionally, chloride uptake might occur through the Cl−/HCO3

– exchanger (anion exchanger, AE) or some other bicarbonate exchanger 
(e.g., NDCBE). The Na+/K+/2Cl− cotransporter (NKCC) might also play a role in ion uptake. Alternative models have also been proposed and 
not all potentially relevant ion transporters are shown. [Colour figure can be viewed at wileyonlinelibrary.com]
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displayed divergent patterns of gene expression, suggesting possible 
divergence in function among the paralogues, emergence of com-
pensatory functions among them, and/or nuanced transcriptional 
regulation of paralogous genes with similar functions.

When we examined in detail the evolutionary shifts in gene 
expression across salinities for ion transporters, the patterns were 
consistent with hypothesized models of ion uptake from low-sa-
linity habitats (see Figure  6) (Charmantier et  al.,  2009; Lee,  2016; 
Lee et al., 2011; McNamara & Faria, 2012). In support of Model 1 
(Figure 6a), evolutionary shifts of certain NHA paralogues suggested 
that they might serve as the Na+ transporters cooperating with VHA 
to take up Na+ from dilute media in freshwater environments. NHA 
paralogue 7 showed evolutionary increases in expression in the 
freshwater inbred lines across salinities (0 and 15 PSU), relative to 
their saline ancestral lines (Tables 1 and 2; Figure 2; Figures S7 and 
S8). Moreover, NHA-7 was a conspicuous outlier in showing strong 
significant correlations between acclimatory and evolutionary re-
sponses to salinity (Figure 4; Figure S11). These results suggest that 
NHA-7 is involved in both acclimatory and adaptive responses to sa-
linity change, and that its plastic response might potentially play an 
important role in rapid evolution during freshwater invasions (see 
Section 4.3, below). Additionally, in our previous study, multiple pa-
ralogues of NHA showed significant signatures of selection associ-
ated with the transition from saline to freshwater habitats (Stern & 
Lee, 2020). Altogether, our results strongly suggest that NHA par-
alogues serve as potentially important evolutionary targets during 
saline to freshwater invasions and likely contribute to freshwater 
adaptation.

While our results suggest a cooperative function between 
NHA and VHA, we know nothing about the potentially divergent 
functions of the eight NHA paralogues within the E. affinis com-
plex genome. The presence of NHA paralogues showing either 
up- or downregulation in the freshwater lines suggest divergent 
or compensatory functions among them (Tables 1 and 2). Previous 
studies on insects (mosquito larvae and Drosophila melanogaster) 
have found functions for NHA paralogues related to Na+, Li+ or 
Cl− transport (Chintapalli et  al.,  2015; Day et  al.,  2008; Harvey 
et al., 2010; Xiang et al., 2012). Functional studies, such as heter-
ologous gene expression experiments (Piermarini, Choi, & Boron, 
2007; Piermarini et al.,2010, Piermarini et al., 2013; Piermarini 
et al., 2009), are needed to discover the stoichiometry of ion trans-
port for each NHA paralogue.

The secondary ion transporter that cooperates with VHA to 
take up Na+ and/or other cations from the environment has been 
unclear and controversial. Based on stoichiometry, Wieczorek and 
colleagues hypothesized that an electrogenic antiporter that ex-
changes cations with H+ must be cooperating with VHA (Beyenbach 
& Wieczorek,  2006; Wieczorek et  al.,  1991). This unknown Na+ 
transporter that cooperates with VHA, later dubbed the “Wieczorek 
exchanger,” has been hypothesized to be alternatively the Na+ chan-
nel (Nach), Na+/H+ exchanger (NHE) or Na+/H+ antiporter (NHA) 
(Charmantier et al., 2009; Day et al., 2008; Dymowska et al., 2015; 
McNamara & Faria, 2012; Xiang et al., 2012). The Na+/H+ antiporter 

gene family (NHA or SLC9B, Figure 6a, white) was first discovered in 
animals only in 2005 , and its functions are still in the early stages of 
discovery (Brett et al., 2005; Day et al., 2008; Rheault et al., 2007; 
Xiang et al., 2012). While NHA does seem to be critical for ion ho-
meostasis and response to salt stress in insects, functional studies 
in animals have yielded divergent results, suggesting that functions 
might vary among NHA paralogues, cell types, tissues and taxa 
(Chintapalli et al., 2015; Day et al., 2008; Xiang et al., 2012).

Based on our results, among the sodium transporters, Na+ chan-
nel (Nach) and NHE are far less likely to serve as the “Wieczorek 
exchanger” that cooperates with VHA to perform Na+ uptake from 
freshwater habitats for the E.  affinis complex. Nach exhibited an 
evolutionary shift toward reduced expression in the freshwater lines 
(Tables  1 and 2). The upregulation of both NHE and Rh protein in 
the saline lines at 0 PSU was consistent with the saline populations, 
but not the freshwater populations, using the mechanism of Model 
2 for ion uptake under low-salinity conditions (Figure 6b; Table 1). 
However, additional functional studies are needed to determine 
the consequences of evolutionary shifts in expression for these ion 
transporters.

The strong upregulation of a single paralogue of alpha-carbonic 
anhydrase (α–CA-9) in the freshwater lines at 0 PSU was consistent 
with both models of ion uptake under freshwater conditions (Table 1; 
Figure 6). Carbonic anhydrase (CA) is an enzyme that reversibly ca-
talyses the chemical reaction H2O + CO2 ⇄ H+ + HCO3

−. The result-
ing H+ protons are then supplied to VHA, whereas bicarbonate is 
supplied to the Cl−/HCO3

− exchanger (anion exchanger, AE) or some 
other bicarbonate exchanger (e.g., NDCBE). Thus, carbonic anhy-
drase is likely important for the functioning of ion uptake by both 
NHA and NHE. The high number of CA paralogues (at least 14) in the 
E. affinis complex genome make it challenging to dissect their func-
tions. In contrast to alpha class carbonic anhydrase paralogue 9, five 
other α-CA paralogues showed evolutionary declines in expression 
in the freshwater lines (and increases in the saline lines) (Tables 1 and 
2). Given the various potential functions of carbonic anhydrase (e.g., 
ion uptake, acid–base regulation, respiration, excretion), different α-
CA paralogues might be specialized to serve various roles in different 
cell types and tissues.

Among NKA paralogues and subunits, NKA-α-1 and NKA-α-
5 showed evolutionary increases in expression in the freshwater 
lines at 0 and/or 15 PSU (Tables 1 and 2). In addition, the paral-
ogues NKA-α-5 and NKA-α-1 also stood out as having correlated 
acclimatory and evolutionary responses (Figure 4; Figure S11), sug-
gesting that their acclimatory responses might facilitate evolution-
ary adaptation to fresh water. In contrast, all other NKA subunits 
and paralogues that were differentially expressed showed a reduc-
tion in expression in the freshwater lines (and upregulation in the 
saline lines). The downregulation of most NKA subunits and paral-
ogues was consistent with a previous study that found reductions 
in NKA enzyme activity in freshwater populations, relative to their 
saline ancestors, across salinities (Lee et al., 2011). Enzyme kinetic 
studies tend to measure overall enzyme activity, rather than dis-
tinguish among diverse functions of different paralogues. NKA is 
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an essential ion transporter in all cells and performs many different 
functions, including ion uptake, excretion and neuronal signalling. 
However, insufficient attention has been paid to the partitioning 
of functions among different ion transporter paralogues, such that 
we do not know the extent to which particular NKA paralogues are 
dedicated to ion uptake.

From the perspective of the saline population, several ion trans-
porters showed increased expression in the saline inbred lines at both 
salinities (0 and 15 PSU) (Tables 1 and 2). These ion transporter-re-
lated genes included Na+ channel (Nach), alpha-carbonic anhydrase, 
paralogue 12 (α-CA-12), Rh protein (a type of ammonium transporter), 
Na+/K+-ATPase subunit β, paralogue 3 (NKA-β-3), Na+,HCO3

− cotrans-
porter (NBC) and Na+,K+,2Cl− cotransporter (NKCC) paralogues. The 
constitutively elevated expression of these ion transporters in the 
saline population might be due to the greater need for ion excretion 
in saline habitats (Henry et al., 2012; Larsen et al., 2014; Wright & 
Wood,  2009). Alternatively, given the high expense of ion uptake 
under freshwater conditions (e.g., expensive ATPases), other com-
pensating physiological changes might have evolved to reduce the 
need for high levels of ion transporter activity in freshwater-adapted 
populations, such as lower integument permeability, to reduce ionic 
losses. Additional functional studies are required to interpret the 
physiological causes underlying these evolutionary shifts in gene 
expression.

4.3 | Correlated acclimatory and 
evolutionary responses

Correlations between plastic and evolutionary responses would in-
dicate whether the same mechanisms are involved during acclima-
tion and adaptation to freshwater conditions (Mäkinen et al., 2015). 
Additionally, such correlations might suggest that a plastic response 
could facilitate rapid evolutionary adaptation (see end of section). 
We were especially interested in these correlations for the saline 
(SW) lines (Figure 4), because the ancestral saline population would 
have been under selection during freshwater invasions.

When examining correlations between acclimatory and evo-
lutionary shifts in gene expression in response to salinity change, 
certain key ion transporters were notable in showing strong and 
significant correlations (Figure  4c,d; Figures  S11c,d; Pearson's 
r =  .39–.78). That is, ion transporter genes showed the same di-
rection and magnitude of gene expression change for acclimation 
responses between 15 and 0 PSU and evolutionary shifts between 
the saline and freshwater lines. This pattern was in sharp contrast 
to the weak positive correlation between acclimatory and evo-
lution responses in genome-wide gene expression, which were 
significant but very low (Figure  4a,b; Figure  S11a,b; Pearson's 
r  =  0.08–0.14). The ion transporter genes NHA-7, NKA-α-5 and 
NKA-α-1 generally showed especially strong significant correla-
tions between acclimatory and evolutionary responses (Figure 4; 
also Figures S11 and S12). These ion transporters are implicated 
in a major model of ion uptake from freshwater environments (see 

above, Figure 6a). Some NKCC paralogues also showed significant 
correlations, showing both up- or downregulation in freshwater 
conditions or freshwater lines, but their roles in ion uptake or ion 
excretion are not clear.

The concordant acclimatory and evolutionary changes in 
gene expression for the few key ion transporters (Figure  4c,d; 
Figure  S11c,d) suggest some interplay between acclimatory and 
adaptive mechanisms. Following extreme environmental change, 
a strong acclimatory response (steep reaction norm slope) could 
promote rapid phenotypic evolution and subsequent genetic adap-
tation (Lande,  2009; Waddington,  1953). A strong beneficial plas-
tic response in novel conditions, such as increased expression of a 
critical ion transporter in fresh water, could enable a population to 
survive upon arrival in the novel habitat. Selection could then act 
to favour that expressed extreme phenotype, essentially select-
ing for the more plastic reaction norm. Eventually, plasticity would 
erode over time, as the beneficial trait in the original environment 
would no longer be required in the novel environment and might be 
costly. Thus, this process by which a plastic response becomes ge-
netically encoded would lead to “genetic assimilation” (Lande, 2009; 
Waddington, 1953) (see next section).

4.4 | Evolution of plasticity following 
freshwater invasions

The regulation of gene expression is a fundamental mechanism 
that controls plasticity of some traits, resulting in acclimatory 
responses. However, the precise mechanisms underlying gene 
expression control of plasticity and acclimatory responses are 
not well understood (Podrabsky & Somero,  2004; Yampolsky 
et  al.,  2014). Acclimatory responses themselves can be heritable 
phenotypic traits with the potential to evolve. That is, natural 
selection can act on plasticity itself, leading to the evolution of 
increased plasticity or canalization (reduced plasticity) (Chevin & 
Lande, 2011; Lande, 2009, 2015).

In our study, the evolution of reduced plasticity (increased canal-
ization) was apparent in the freshwater lines relative to their saline 
ancestors. The freshwater lines showed reduced magnitude in gene 
expression in response to salinity, relative to the ancestral saline 
lines, as indicated by reduced log2fold-changes and regression line 
slopes of less than 1 (Figure 5a,b; also see Table 3 versus 4). This 
reduction in gene expression in the freshwater lines was apparent 
genome-wide (for ~ 14,000 genes; Figure 5a,b), as well as for key ion 
transporters, such as NHA-7, NHA-5, NKA-ɑ-5 and NKCC-2 (Figure 5; 
Figure S9 versus S10).

These results were consistent with predictions of Lande’s (2009) 
model and Waddington’s (1953) argument regarding the reduction 
of plasticity over long periods of time following the colonization 
of a novel extreme environment (see Section 4.3). Consistent with 
Lande's model, the freshwater lines showed a reduced plastic re-
sponse in gene expression on a genome-wide scale and at key ion 
transporters, relative to the saline lines (Figure 5; Table 3 versus 4). 
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The current invasion in the Great Lakes is now ~60 years old (~360 
generations), such that the freshwater populations are now likely 
undergoing the process of canalization (perhaps due to costs of re-
taining plasticity). Freshwater habitats, while extreme in their deficit 
of ions, are relatively constant in their ionic composition and would 
not select for the maintenance of large plastic responses to salinity 
change. In contrast, for the ancestral saline population, the retention 
of large plastic responses would likely be favoured given their life-
style in estuaries and salt marshes that experience large daily and 
seasonal fluctuations in salinity. Large plastic responses at the criti-
cal ion transporter genes in the saline population likely provided the 
genetic substrate upon which natural selection could act, and con-
sequently could have played important roles in facilitating invasions 
into freshwater environments (Lande, 2009; Stern & Lee, 2020).

The evolution of reduced plasticity in the freshwater lines found 
here is inconsistent with the evolution of increased plasticity of 
V-type H+ ATPase activity in the freshwater populations, under 
freshwater conditions, found in a previous study (Lee et al., 2011). 
The previous study examined enzyme kinetics of the partially pu-
rified ion transporter enzyme, whereas this study examined the 
expression of individual genes. Gene expression is often correlated 
with protein expression and activity, but not always. The proton 
pump V-type ATPase is composed of multiple subunits encoded by 
~14 different genes, such that many factors could affect its enzyme 
activity, other than expression of individual genes. Thus, caution 
should be taken to not equate gene expression with functions of the 
actual ion transporters. Additional functional studies (e.g., enzyme 
kinetics of the ion transporters) are needed to determine how ion 
transporter function and plasticity evolve during the transition from 
saline into freshwater habitats.
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