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Abstract 

Evolutionary mechanisms of rapid adaptation to environmental change are poorly understood. I 

use inbred lines generated from ancestral saline and derived freshwater populations of the 

copepod Eurytemora affinis to study evolutionary mechanisms of maintenance of genetic 

variation under varying conditions (Chapter 1), and the extent and nature of regulatory evolution 

during invasions to freshwater habitats (Chapters 2 and 3). In the first chapter, I provide a rare 

empirical example of complete beneficial reversal of dominance associated with environmental 

change and evidence for marginal overdominance in salinity tolerance. These mechanisms might 

be crucial for maintaining genetic variation in salinity tolerance in E. affinis, allowing rapid 

adaptation to salinity changes during habitat invasions. In the second chapter, I report striking 

shifts in gene expression between freshwater and saline lines, out of which relatively small 

number was due to a plastic response (acclimation), while a majority of gene expression shifts 

were evolutionary (heritable differences). This indicates that regulatory evolution might play an 

important role in rapid adaptation during habitat invasions in E. affinis. In the third chapter, I 

characterize the relative contribution of cis and trans-regulatory evolution associated with 

freshwater invasions. Majority of gene expression shifts between freshwater and saline lines 

were due to trans, or combined effects of both cis and trans-regulatory effects, while several 

important genes, such as Na
+
/H

+
 exchanger and acidic chitinase, showed evidence of cis 

regulatory evolution only. These results contribute significantly to our understanding of 

regulatory evolution during rapid adaptation in E. affinis. 
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Chapter 1   

 Table 1. Full diallel mating scheme (Lynch and Walsh, 1998) 

of four independent inbred lines of E. affinis resulting in 16 

different F1 offspring used in this study (the first inbred line 

denotes the male parent). (a) Matings within parental inbred 

lines are on the diagonal. (b) Within-salinity F1 crosses (light 

grey cells, FW-F1 and SW-F1) are crosses between two 

independent inbred lines derived from the same population. 

(c) Between-salinity crosses F1 (dark grey cells, SWxFW-F1) 

are crosses between saline and freshwater inbred lines. 
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 Table 2. Differences in mean survival (from hatching to adult) 

at three salinities (0, 2.5, 15 PSU) with standard errors 

(obtained by 500 parametric bootstrap resamples) for each of 

sixteen matings. Significant differences (P < 0.05) are denoted 

by *, and are in bold. 
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 Table 3. Differences in maximum-likelihood (ML) estimates 

of survival (from hatching to adult) in four inbred lines and 

their reciprocal crosses under freshwater (0 PSU) conditions. 

Values in cells show pairwise differences in survival between 

different crosses (row - column values). Bold numbers on the 
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diagonal are ML estimates of survival probabilities for each 

cross at 0 PSU. Differences in ML estimates of survival 

probabilities were tested by constructing 95% confidence 

intervals for mean differences using standard errors (in 

parentheses) obtained by 500 parametric bootstrap resamples. 

 

 Table 4. Differences in maximum-likelihood (ML) estimates 

of survival (from hatching to adult) in four inbred lines and 

their reciprocal crosses under saltwater (15 PSU) conditions. 

Values in cells show pairwise differences in survival between 

different crosses (row - column values). Bold numbers on the 

diagonal are ML estimates of survival probabilities for each 

cross at 15 PSU. Differences in ML estimates of survival 

probabilities were tested by constructing 95% confidence 

intervals for mean differences using standard errors (in 

parentheses) obtained by 500 parametric bootstrap resamples. 
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 Table 5. Differences in maximum-likelihood (ML) estimates 

of survival (from hatching to adult) in four parental inbred 

lines and their reciprocal crosses at 2.5 PSU. Differences in 

ML estimates of survival probability were tested by 

constructing 95% confidence intervals for mean differences 

using standard errors (in parentheses) obtained by 500 
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parametric bootstrap resamples (bold numbers on diagonal are 

ML estimates of survival for each cross). 

 

 Table 6. Differences in maximum-likelihood (ML) estimates 

of mean survival (from hatching to adult) across three 

salinities (marginal survival) in four parental inbred lines and 

their reciprocal crosses. Values in cells show pairwise 

differences in mean survival between different crosses (row - 

column values). Bold numbers on the diagonal are ML 

estimates of survival probabilities for each cross. Differences 

in ML estimates of survival probabilities were tested by 

constructing 95% confidence intervals for mean differences 

using standard errors (in parentheses) obtained by 500 

parametric bootstrap resamples. 
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 Table 7. Maximum likelihood estimates (ML) of probabilities 

for marginal survival (mean survival across all three salinities, 

0, 2.5 and 15 PSU) from hatching to adult. Standard errors 

(SE) of estimates were obtained by 500 parametric bootstrap 

resamples. 
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 Table 8. The simplest model of antagonistic selection involves 

one locus with two alleles. Beneficial reversal of dominance 
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 vi 

occurs when 0 ≤ [h1, h2] < 0.5 (Curtsinger et al. 1994). If h1 = 

h2 = 0 (complete dominance), beneficial reversal of 

dominance would result in marginal overdominance in 

Wallace’s sense (1968), where the arithmetic mean of 

heterozygotes is greater than that of homozygotes (arithmetic 

mean overdominance; Wills 1976; Felsenstein 1976). 

Marginal overdominance could also occur when the geometric 

or harmonic mean fitness of the heterozygote across 

environments is greater than that of both homozygotes 

(Gillespie 1973; Levene 1953). 

 

 Figure 1. Populations of the copepod E. affinis used in this 

study. The ancestral saltwater population (SW) from Baie de 

L’Isle Verte salt marsh in the St. Lawrence estuary was used 

to create two independent saltwater inbred lines (SW1 and 

SW2). The derived freshwater population (FW) from Lake 

Michigan was established by a recent invasion from the St. 

Lawrence estuary into the Great Lakes around 1958 (Engel 

1962; Lee 1999). Two independent freshwater inbred lines 

(FW1 and FW2) were generated from the Lake Michigan 

population. 
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dominance and marginal overdominance in salinity tolerance 

for the copepod E. affinis. (A) Juveniles from all four saline 

and freshwater parental inbred lines (FW1, FW2, SW1 and 

SW2) were gradually transferred to a common salinity of 2.5 

PSU, and reared at this salinity until they became sexually 

mature. (B) Upon reaching sexual maturity, 16 mating 

combinations were formed (as shown in Table 1) to obtain 

three different types of F1 offspring: (a) parental inbred lines 

(SW1, SW2, FW1, and FW2), (b) reciprocal within-salinity F1 

crosses (SW-F1 and FW-F1), and (c) reciprocal between-

salinity F1 crosses (SWxFW-F1). (C) After successful mating, 

egg sacs (F1 offspring) were removed from females and each 

egg sac was split across three salinities (0, 2.5 and 15 PSU) 

and reared until adulthood to measure survival and infer 

changes in dominance of salinity tolerance across salinities. 

The common-garden experiment was conducted in two blocks 

at two different time periods. 

 

 Figure 3. Maximum-likelihood estimates of probabilities of 

survival from hatching to adult for (a) two freshwater and two 

saltwater parental inbred lines, (b) reciprocal within-salinity 

F1 crosses, and (c) reciprocal between-salinity F1 crosses. 

Survival of the between-salinity F1 crosses (c, purple lines) 
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was not significantly different from survival of freshwater F1 

crosses (b, blue dashed lines) under freshwater conditions or 

survival of saltwater F1 crosses (b, red dashed lines) under 

saltwater conditions. This pattern of survival strongly 

supported the presence of beneficial reversal of dominance 

(also see Tables 3 and 4). 

 

 Figure 4. Survival from hatching to adult (maximum-

likelihood estimates, numbers in or above the bars) in four 

inbred lines and their reciprocal crosses under (A) saltwater 

conditions (15 PSU) and (B) freshwater conditions (0 PSU). 

Red arrows (middle) indicate the increase in survival due to 

heterosis alone in the saltwater within-salinity crosses (SW-

F1, light red bars), calculated as the difference between mean 

survival of saltwater within-salinity crosses (SW-F1) and 

saltwater parental inbred lines (SW1 and SW2, red bars). Blue 

arrows (left) indicate the increase in survival due to heterosis 

in the freshwater within-salinity crosses (FW-F1, blue striped 

bars), calculated as the difference between mean survival of 

FW-F1 and freshwater parental inbred lines (FW1 and FW2, 

blue bars). Purple arrows (right) indicate the increase in 

survival in the between-salinity F1 crosses (SWxFW-F1, 

purple bars) due to reversal of dominance, calculated as the 
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difference between mean survival of the between-salinity F1 

crosses (SWxFW- F1) and the within-salinity F1 crosses (SW-

F1 and FW-F1). 

 

 Figure 5. Marginal survival from hatching to adulthood 

(maximum-likelihood estimates, numbers in the bars) across 

all three salinities (0, 2.5 and 15 PSU) in parental inbred lines 

and their reciprocal crosses. Standard error estimates were 

obtained by 500 parametric bootstrap resamples (see 

Methods). The crosses shown are (a) parental inbred lines, (b) 

within-salinity F1 crosses, between inbred lines independently 

derived from a population, and (c) between-salinity F1 crosses 

(SWxFW-F1). Differences in survival between the parental 

inbred lines (a) and the within-salinity F1 crosses (b) were due 

to heterosis. Differences in survival between the between-

salinity F1 crosses (c) and the within-salinity F1 crosses (b) 

were due to beneficial reversal of dominance in salinity 

tolerance. Overall higher survival of the between salinity 

SWxFW-F1 crosses (c) relative to the within-salinity F1 

crosses (b) (p < 0.05) provided evidence for marginal 

overdominance in salinity tolerance.  
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Chapter 2   

 Table 1. Summary of Illumina HISeq 2000 RNA sequencing 

scheme. In total 22 RNA samples were collected from two 2x2 

factorial common garden experiments. Four different inbred lines 

(two saline: SW1 (VA) and SW1 (VE), and two freshwater: FW1 

(RA) and FW2 (RB)) were reared each with replicates in both saline 

(15 PSU) and freshwater (0 PSU) conditions in order to distinguish 

between environmentally induced and genetically based differences 

in gene expression. RNA-seq data were generated by pair end (PE) 

strand specific sequencing on Illumina HiSeq 2000. Each library 

was first split in half and then samples were run on two lines, 

multiplexing 12 samples per line. 
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 Table 2. RNA-seq library size and relative scaling factors 

(normalization factors) for 22 samples. Normalization factor 

smaller than one indicates that a large number of fragments 

correspond to small number of highly expressed genes in a 

given library (Chen 2014). All the normalization factors are 

close to one indicating that all 22 libraries are very similar in 

composition. 
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 Table 3. Relevant gene ontology (GO) categories and number 

of differentially expressed genes (FDR corrected P value < 

0.01) in FW vs. SW inbred lines comparison identified by 
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ErmineJ (Gillies et al. 2010). 

  

 Table 4. Genes showing evolution of increased expression in 

freshwater (FW) relative to saline (SW) inbred lines under 

freshwater conditions (0 PSU). 
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 Table 5. Genes showing evolution of reduced expression in 

freshwater (FW) relative to saline (SW) inbred lines under 

freshwater conditions (0 PSU).  
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 Table 6. Genes showing evolution of increased expression in 

freshwater (FW) relative to saline (SW) inbred lines under 

saline conditions (15 PSU).  
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 Table 7. Genes showing evolution of reduced expression in 

freshwater (FW) relative to saline (SW) inbred under saline 

conditions (15 PSU).   
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 Table 8. Subset of genes showing acclimation via increased 

expression (FDR corrected P value < 0.01) under freshwater 

(0 PSU) relative to saline (15 PSU) conditions in FW inbred 
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lines.   

 

 Table 9. Subset of genes showing acclimation via reduced 

expression (FDR corrected P value < 0.01) in freshwater (0 

PSU) relative to saline (15 PSU) conditions in FW inbred 

lines. 
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 Table 10. Subset of genes showing acclimation via increased 

expression (FDR corrected P value < 0.01) in freshwater (0 

PSU) relative to saline (15 PSU) conditions in SW inbred 

lines. 
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 Table 11. Subset of genes showing acclimation via reduced 

expression (FDR corrected P value < 0.01) in freshwater (0 

PSU) relative to saline (15 PSU) conditions in SW inbred 

lines. 
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 Figure 1. A simplified hypothetical model of ion uptake across 

epithelial tissue (adapted from Lee et al. 2011 and Towle and 

Weihrauch, 2001). A suite of transmembrane transporters and 

supporting enzymes (Na
+
/K

+
-ATPase, V-type H

+
-ATPase, carbonic 

anhydrase, Cl
−
/HCO3 

−
 exchanger, Na

+
/K

+
/2Cl

−
 cotransporter, and 
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Na
+
/H

+
 exchanger) might be involved in ionic regulation in 

crustaceans. Location of ion transport enzymes (apical 

vs.basolateral) might be crucial for effective osmoregulation. ATP 

levels needed for higher activity of ion transport activity in 

freshwater environment might be maintained by arginine kinase. 

Under saline conditions high ionic concentration of water relative to 

that of the intracellular fluid allows diffusion of Na
+ 

into the cell. 

Na
+
/K

+
-ATPase (red), located on basolateral membrane than 

uptakes the Na+ ions. On the contrary, ionic concentration of the 

freshwater is orders of magnitude lower than that of saline. The 

crucial transporter and enzyme, involved in osmoregulation, might 

be Na
+
/H

+
 exchanger (blue) and V-type H

+
-ATPase (teal). 

 

 Figure 2. A common garden experiment scheme that allowed 

distinguishing between environmentally induced and 

genetically based differences in gene expression between 

saline and freshwater inbred lines. (A) Juveniles from all four 

saline and freshwater parental inbred lines (FW1, FW2, SW1 

and SW2) were gradually transferred to a common salinity of 

5 PSU, and reared at this salinity until they became sexually 

mature. (B) The newly produced offspring was separated from 

parents and reared at 5 PSU until metamorphosis (~15 days of 

age) (C) When offspring reached metamorphosis each sample 

was split across two salinities (0 and 15 PSU). (D) Juveniles 
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were reared at final salinities (either 0 or 15 PSU) for the next 

16-18 days i.e., until they became adults. The total of 50 adult 

copepods (25 females and 25 males) were randomly selected 

from each sample for total RNA extraction. Samples were 

sequenced in three batches allowing only FW1 vs. SW2 and 

FW2 vs. SW1 pairwise comparisons. 

 

 Figure 3. An overview of a protocol used to detect DE genes. 

RNA-seq data, complete genome sequence (fasta format), and gene 

annotation (GTF file) were used as input to TopHat which uses 

Bowtie as alignment engine. Mapped reads were than assembled in 

Cufflinks (Trapnell et. 2012) producing transcript assemblies for all 

22 samples collected from four inbred lines. In the next step, 

Cuffmerge utility was used to merge all 22 transcript assemblies 

with original gene annotation to produce single improved GTF file. 

This improved GTF file was then used as input to RSEM (Li and 

Dewey 2011) to generate reference transcript sequences and to 

estimate transcript abundances at gene and isoform-level. RSEM 

abundance estimates (estimated number of fragments for a given 

gene or isoform) were used to test for differential expression 

applying Generalized Linear Models (GLM) framework using 

Bioconductor Package EdgeR (McCarthy et al. 2012). Employed 

statistical model accommodated for complex design of common 

garden experiment.  
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 Figure 4. Library size variation and read count distributions 

(density) across 22 samples of RNA-seq data. The raw read count 

histograms showing considerable sample-to-sample variation in 

sequencing depth (library size) in (A) FW1 and SW2 and (B) FW2 

and SW1 inbred lines. Lower panel is showing density function of 

the log of read counts for (C) FW1 and SW2 and (D) FW2 and 

SW1 inbred lines.  
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 Figure 5. Distribution of raw (A and B) and TMM (Trimmed Mean 

of M values) normalized (C and D) log counts. Box plots of raw 

read counts show considerable sample-to-sample variation in counts 

distribution. This bias was corrected in edgeR differentially 

expression analysis by performing TMM normalization. After 

TMM normalization (C and D) all the sample count means and all 

the sample count distributions are almost aligned. This stabilization 

of read count distributions across samples indicates that TMM 

provided an effective normalization. 
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 Figure 6. The 22 samples shown in n principle component analysis 

(PCA) plot (A and B), and in two-dimensional scaling (MDS) plot 

(C and D). Samples are well separated by the genotype (inbred line) 

in the first dimension (SW vs. FW) on both plots. A separation 

between salinity conditions (0 PSU vs. 15 PSU), in second 

dimension, is also obvious for all the inbred lines except for FW1. 
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 Figure 7. Differentially expressed genes (FDR < 0.01) in pairwise 

comparisons between fresh (FW) and saline (SW) inbred lines (A 

and B) under freshwater (0 PSU) and (C and D) under saline (15 

PSU) conditions. Differentially expressed genes are highlighted, 

and horizontal blue lines indicate 2-fold changes. 
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 Figure 8. Venn’s diagrams showing DE genes (FDR < 0.01) in two 

separate pairwise comparisons between freshwater (FW1 and FW2) 

and saline (SW1 and SW2) inbred lines under (A) freshwater (0 

PSU) and (B) saline (15 PSU) conditions. Out of total 20566 genes 

1522 were differentially expressed (DE) in both pairwise 

comparisons under freshwater (0 PSU) conditions (A). Similarly, 

under saline (15 PSU) conditions (B) 1422 genes were DE in both 

pairwise comparisons. Heat map of relative fold differences of 

genes that were differentially expressed in both pairwise FW versus 

SW inbred lines comparisons (FDR<0.01) under freshwater (C) and 

saline (D) conditions. For heat maps each gene count is normalized 

to the mean counts for that gene across all the samples. 

 

Page 117 

 Figure 9. Heat map of TMM normalized gene counts of subset of 

genes that were grouped into GO category — sodium ion transport 

(containing 60 genes in total) under (A) freshwater and (B) saline 

conditions. Although GO — sodium ion transport was significantly 

enriched (FDR corrected P value = 0.00036) only 8 genes were 
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differentially expressed between FW and SW inbred lines in 

freshwater and saline conditions, respectively. Genes that were 

differentially expressed (based on FDR < 0.01 from negative 

binomial GLM) across both FW1 vs. SW2 and FW2 vs. SW1 inbred 

lines comparisons are denoted by **, while genes that were DE in 

only one comparison are denoted by *. Heat map of TMM 

normalized gene counts of subset of genes that were grouped into 

GO category — sodium ion transport (containing 60 genes in total) 

under (A) freshwater and (B) saline conditions. Although GO — 

sodium ion transport was significantly enriched (FDR corrected P 

value = 0.00036) only 8 genes were differentially expressed 

between FW and SW inbred lines in freshwater and saline 

conditions, respectively. Genes that were differentially expressed 

(based on FDR < 0.01 from negative binomial GLM) across both 

FW1 vs. SW2 and FW2 vs. SW1 inbred lines comparisons are 

denoted by **, while genes that were DE in only one comparison 

are denoted by *. 

 

 Figure 10. A smear plots showing DE genes (FDR < 0.01) between 

freshwater (0 PSU) and saline (15 PSU) conditions for two 

freshwater (A and B) and two saline (C and D) inbred lines. 

Differentially expressed genes are highlighted and blue lines 

indicate 2-fold changes in gene expression. 
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 Figure 11. Venn’s diagrams showing DE genes due to rearing 

salinity (aacclimation). (A) Comparison between freshwater (0 

PSU) and saline conditions (15 PSU) reveled 456 and 697 DE genes 

in FW1 and FW2 inbred line, respectively, with 209 DE genes in 

both inbred lines. (B) When saline inbred lines were compared 

under 0 PSU vs. 15 PSU then 287 genes were DE in both SW 

inbred lines. (C) Heat map showing relative fold differences of 209 

genes that were differentially expressed in freshwater inbred lines in 

comparison between freshwater (0 PSU) and saline (15 PSU) 

conditions. (D) Heat map of 287 genes that were differentially 

expressed between freshwater (0 PSU) and saline (15 PSU) 

conditions in SW inbred lines. Each gene count is normalized to the 

mean counts for that gene across all the samples. 
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 Figure 12. Gene expression response in FW and SW inbred lines 

of E. affinis due to rearing salinity (0 PSU vs. 15 PSU). The subset 

of genes that were grouped into GO category — antiporter activity, 

containing 50 genes in total) is shown. Genes that were 

differentially expressed (based on FDR corrected P value < 0.01, 

from negative binomial GLM) in both FW1 and SW2 (A) and FW2 

and SW1 (B) inbred lines are denoted by **. 
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 Figure 13. Gene expression response in FW and SW inbred lines 

of E. affinis due to rearing salinity (0 PSU vs. 15 PSU). The subset 
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of genes that were grouped into GO category — sodium ion 

transport, containing 60 genes in total) is shown. Genes that were 

differentially expressed (based on FDR corrected P value < 0.01, 

from negative binomial GLM) in both FW1 and SW2 (A) and FW2 

and SW1 (B) inbred lines are denoted by **. 

 

 Figure S1. Distribution of raw (A and D), TMM (Trimmed Mean 

of M values) normalized (B and E), and UQ (upper quantiles) 

normalized (C and F) log counts. Box plots of raw read counts 

show considerable sample-to-sample variation in counts 

distribution. After TMM (B and E) and UQ normalization (C and 

D) all the sample count means and all the sample count distributions 

are almost aligned. This stabilization of read count distributions 

across samples indicates that both TMM and UQ provided an 

effective normalization. 
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 Figure S2. The biological coefficient of variation plot showing 

gene-wise, common and trended dispersions as a function of 

average log of counts per million (logCPM) in FW1 vs. SW2 (A) 

and FW2 vs. SW1 (B) comparison. Black dots represent the gene-

wise dispersion estimates after empirical Bayes shrinkage. 
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 xx 

Chapter 3 

 Table 1. Summary of Illumina HISeq 2000 RNA sequencing 

scheme of 12 RNA samples that were collected from four 

prenatal inbred lines and their F1 crosses. Two saline (SW1 

and SW2) and two freshwater (FW1 and FW2) highly inbred 

lines and their F1 crosses were reared in freshwater conditions 

(0 PSU) in order to distinguish between cis- and trans-

regulation. 
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 Table 2. Downregulated gene expression (Padj < 0.05) in cis in 

parental line SW1 relative to FW2 parental line under 

freshwater conditions (0 PSU). 
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 Table 3. Downregulated gene expression (Padj < 0.05) in cis in 

SW2 relative FW1 parental inbred line under freshwater 

conditions (0 PSU). 
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 Table 4. Upregulated gene expression (Padj < 0.05) in cis in 

SW1 parental line relative to FW2 parental line under 

freshwater conditions (0 PSU).   
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 Table 5. Upregulated gene expression (Padj < 0.05) in cis in 

SW2 relative FW1 parental inbred line under freshwater 
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conditions (0 PSU). 

 

 Table 6. Downregulated gene expression (Padj < 0.05) in trans 

in SW1 vs. FW2 parental line comparison under freshwater 

conditions (0 PSU).    
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 Table 7. Downregulated gene expression (Padj  < 0.05) in trans 

in SW2 relative to FW1 parental line comparison under 

freshwater conditions (0 PSU). 
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 Table 8. Upregulated gene expression (Padj < 0.05) in trans in 

SW1 relative to FW2 parental line comparison under 

freshwater conditions (0 PSU). 
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 Table 9. Upregulated gene expression (Padj < 0.05) in trans in 

SW2 vs. FW1 comparison under freshwater conditions (0 

PSU). 
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 Figure 1. Common garden experiment for allele specific gene 

expression. (A) Juveniles from both saline and freshwater 

parental inbred lines (SW1, SW2, FW1 andFW2) were 

individually kept in 20 ml vials in 5 PSU water, and reared at 

this salinity until they became sexually mature. When their 
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sex was determined females and males were paired to produce 

three different type of offspring: SW x SW (saline parental 

line), FW x FW (freshwater parental line) and ♀SW x ♂FW 

(F1 crosses i.e., hybrids). The newly hatched offspring was 

separated from parents and reared at 5 PSU until 

metamorphosis (~15 days of age). (B) When offspring 

reached metamorphosis each sample was transferred to 

freshwater (0 PSU). (C) Juveniles were kept under freshwater 

conditions for the next 16-18 days i.e., until they became 

adults. The total of 50 adult copepods (25 females and 25 

males) were randomly selected from each sample for total 

RNA extraction. 

 

 Figure 2. Hypothetical regulatory divergence scenarios in the 

copepod E. affinis (adopted from McManus et al. 2010). Top 

panel: in hybrids, a cis-regulatory mutation in freshwater 

(FW) population (pink box) decreases affinity for both the 

conserved saline (SW) and freshwater (FW) transcription 

factors (red circles). Bottom panel: a trans-regulatory 

mutation in a freshwater (FW) population transcription factor 

(pink circle) reduces its binding affinity for the conserved 

freshwater (FW) and saline (SW) cis-regulatory regions (red 

boxes). 

Page 166 



 xxiii 

 

 Figure 3. Five modules of Allelic imbalance metre (Allim) 

pipeline (adopted from Pandey et al. 2013). (1) Identification 

of fixed SNPs by mapping parental RNA-seq reads to 

reference genome and building two parental genomes by 

substitution of fixed SNPs positions in reference genome. The 

two prenatal genomes are identical to reference genome 

except at SNPs positions. (2) Simulation of RNA-seq reads 

from both parental genomes resulting in same number of reads 

at particular gene in both parents. (3) Estimation of the 

remaining mapping bias with simulated data (4) Estimation of 

gene expression in parental lines and allele-specific 

expression in F1 hybrids. (5) Statistical test of significant 

allelic imbalance. 
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 Figure 4. Distribution of gene regulatory categories in (A) 

SW1 vs. FW2 and (B) SW2 vs. FW1 comparison. Genes were 

classified into different regulatory categories according to 

Landry et al. (2005) and McManus et al. (2010) criteria (see 

Methods). 
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Chapter 1 

 

Testing for beneficial reversal of dominance during salinity shifts in the invasive copepod 

Eurytemora affinis, and implications for the maintenance of genetic variation 
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the maintenance of genetic variation. Evolution. 68:3166–3183. 
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ABSTRACT 

Maintenance of genetic variation at loci under selection has profound implications for adaptation 

under environmental change. In temporally and spatially varying habitats, non-neutral 

polymorphism could be maintained by heterozygote advantage across environments (marginal 

overdominance), which could be greatly increased by beneficial reversal of dominance across 

conditions. I tested for reversal of dominance and marginal overdominance in salinity tolerance 

in the salt-to-freshwater invading copepod Eurytemora affinis. I compared survival of F1 

offspring generated by crossing saline and freshwater inbred lines (between-salinity F1 crosses) 

relative to within-salinity F1 crosses, across three salinities. I found evidence for both beneficial 

reversal of dominance and marginal overdominance in salinity tolerance. In support of reversal 

of dominance, survival of between-salinity F1 crosses was not different from that of freshwater 

F1 crosses under freshwater conditions and saltwater F1 crosses under saltwater conditions. In 

support of marginal overdominance, between-salinity F1 crosses exhibited significantly higher 

survival across salinities relative to both freshwater and saltwater F1 crosses. This study provides 

a rare empirical example of complete beneficial reversal of dominance associated with 

environmental change. This mechanism might be crucial for maintaining genetic variation in 

salinity tolerance in E. affinis populations, allowing rapid adaptation to salinity changes during 

habitat invasions. 
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Introduction 

The performance of a population under selection depends on levels of genetic variation 

underlying relevant phenotypic traits (Crow and Kimura 1970). When populations are invading 

novel environments, adaptation at critical traits is often required for the populations to survive 

and persist (Reznick and Ghalambor 2001; Lee et al. 2003; Phillips et al. 2006; Lee et al. 2007; 

Simons 2007; Keller and Taylor 2008; Lee and Gelembiuk 2008; Prentis et al. 2008; Lee et al. 

2011; Nielsen et al. 2012). Given the waiting time required for de novo mutations, it is thought 

that rapid adaptation during invasions relies predominantly on standing genetic variation (Barrett 

and Schluter 2008; Lee and Gelembiuk 2008; Prentis et al. 2008). Theoretical studies indicate 

that high standing genetic variation in source populations greatly facilitates adaptation into novel 

stressful habitats (Gomulkiewicz et al. 1999; Boulding and Hay 2001; Holt et al. 2003; Innan and 

Kim 2004; Kim and Gulisija 2010; Holt and Barfield 2011). Yet, the details of how non-neutral 

polymorphism is generated and maintained within populations in nature remain inadequately 

understood (Turelli and Barton 2004; Mitchell-Olds et al. 2007). This study tests for the presence 

of an underlying mechanism that potentially acts to facilitate the maintenance of genetic 

variation within populations, particularly for traits under selection during ecological invasions. 

At a locus under selection, observed levels of variation are attributable to two major 

mechanisms:mutation-selection balance (Lande 1975; Houle et al. 1996) and balancing selection 

(Gillespie and Turelli 1989; Turelli and Barton 2004). The relative importance of these two 

mechanisms remains unclear (Houle et al. 1996; Turelli and Barton 2004, Mitchell-Olds et al. 

2007). Balancing selection tends to lead to the maintenance of alleles of intermediate 

frequencies, whereas mutation-selection balance tends to lead to a prevalence of rare alleles 

(Turelli and Barton 2004). Balancing selection refers to any type of selection that maintains 
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genetic variation, such as overdominance, frequency dependent selection, and antagonistic 

selection. In particular, alleles that are subject to opposing selection (e.g., that are beneficial in 

some environmental contexts and detrimental in others) could be maintained in a population by 

antagonistic selection between spatially or temporally varying environments (Levene 1953; 

Haldane and Jayakar 1963; Wallace 1968; Felsenstein 1976; Hedrick 1974, 1976, 1986; 

Curtsinger et al. 1994; Dean 2005; Epinat and Lenormand 2009; Carter and Nguyen 2011; 

Connallon and Clark 2012a). Temporally varying selection is of particular interest as a 

mechanism that maintains variation, because a large number of successful invaders appear to 

have originated from disturbance-prone temporally varying environments, more than what might 

be expected due to transport opportunity alone (Lee and Gelembiuk 2008). 

In diploid organisms, balancing selection via marginal overdominance can maintain 

polymorphism for alleles that are antagonistically-selected across spatially and temporally 

varying environments. Marginal overdominance refers to the case when heterozygotes possess 

higher mean fitness across environments relative to that of any homozygote, even when fitness 

of the heterozygotes does not exceed that of the best-fit homozygote within any specific 

environment (Wallace 1968). Marginal overdominance could operate over both temporal and 

spatial scales. Geometric mean overdominance is sufficient for maintaining protected 

polymorphisms under a basic model of temporal variation in fitness with random mating 

(Haldane and Jayakar 1963; Gillespie 1973, 1974, 1998; Hedrick 1976, 1986 and 2006; Hoekstra 

et al. 1985). On the other hand, harmonic mean overdominance is sufficient for maintaining 

protected polymorphism under a basic model of spatial variation in fitness with random mating 

(Levene 1953). As the geometric mean is larger than the harmonic mean, conditions for 

maintaining protected polymorphisms under temporal variation appear more stringent than under 
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spatial variation. Additionally, in the presence of recurrent mutation, antagonistic selection can 

inflate genetic variance to a much greater extent and over a far wider parameter range than could 

be produced by protected polymorphisms alone (Bürger and Gimelfarb 2002; Connallon and 

Clark 2012b; Delph and Kelly 2014). 

Under antagonistic selection, beneficial reversal of dominance can greatly increase the 

magnitude of marginal overdominance (i.e., by increasing the mean fitness of heterozygotes) 

(Kidwell et al. 1977; Curtsinger et al. 1994; Fry 2010; Connallon and Clark 2012b). Beneficial 

reversal of dominance refers to the case where dominance switches at a locus across distinct 

traits (e.g. fitness in different environments) such that an allele is always dominant for the trait 

where it is beneficial and recessive where harmful. For example, in the context of a metabolic 

pathway, such a switching of dominance across environments might arise due to the more-fit 

allele in a given environment compensating for the lower function of the allele maladapted to 

that environment (Wright 1934; Kacser and Burns 1981). Beneficial reversal of dominance 

greatly increases the parameter range under which polymorphism is favored and the efficiency 

with which antagonistically selected alleles are maintained (see Discussion) (Curtsinger et al. 

1994; Connallon and Clark 2012b). Without beneficial reversal of dominance, the strength of 

balancing selection for a pair of antagonistically selected alleles is on the order of Nes1s2, 

whereas with beneficial reversal of dominance, the strength of balancing selection is on the order 

of Ne(s1+s2)(1-2h) (where Ne is effective population size, s1 and s2 are selection coefficients, and h 

is a dominance parameter), which might be orders of magnitude greater (Connallon and Clark 

2012b). Masking of conditionally deleterious alleles in heterozygotes can thus dramatically 

strengthen balancing selection generated by marginal overdominance.  
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 Yet, despite the potential for beneficial reversal of dominance to facilitate adaptation to 

changing environments, empirical studies demonstrating beneficial reversal of dominance are 

still rare (Caspari 1950; Kohn et al. 2003; Roux et al. 2004; López et al. 2010; Hund et al 2012) 

(see Discussion for details). Many studies have focused either on testing for marginal 

overdominance or on detecting allele frequency fluctuations without testing specifically for 

beneficial reversal of dominance (Wills 1975; Watt 1983; Hedrick 2002; Mojica et al. 2012; 

Bergland et al. 2013). Thus, the goal of this study was to test explicitly whether beneficial 

reversal of dominance for salinity tolerance is operating in the copepod Eurytemora affinis. This 

copepod has invaded fresh water from saline habitats multiple times independently from 

genetically-distinct sources (Lee 1999). Interestingly, saline (brackish) populations of E. affinis 

that are able to invade freshwater habitats appear to originate from habitats marked by large 

seasonal fluctuations in salinity (though never completely fresh), whereas saline populations of 

E. affinis that reside in environments with less variation in salinity have not invaded (Lee 1999; 

Winkler et al. 2008). Thus, an evolutionary history in fluctuating environments potentially 

corresponds to invasiveness in this species (Lee and Gelembiuk, 2008).  

Beneficial reversal of dominance in its most extreme form would result in freshwater 

tolerance being completely dominant under freshwater conditions and saltwater tolerance being 

completely dominant under saline conditions. The less fit alleles would always be masked from 

selection in the heterozygous state, preventing erosion of genetic variation for salinity tolerance 

in both salt- and freshwater environments (Wallace 1968; Hoekstra et al. 1985; Curtsinger et al. 

1994). Such reversal of dominance would explain results from previous studies on E. affinis, 

which found that alleles favoring high-salinity tolerance were apparently maintained in a 

decades-old freshwater population and alleles favoring freshwater tolerance were apparently 
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retained in a saline population, despite the presence of tradeoffs between fresh and higher 

salinity tolerance (Lee et al. 2003, 2007). Moreover, temporally varying antagonistic selection in 

the presence of reversal of dominance could greatly inflate genetic variation for salinity tolerance 

in the native, fluctuating estuarine environment. Reversal of dominance should (by rendering any 

freshwater-beneficial alleles dominant in fresh water) increase initial rates of survival for stocks 

of E. affinis transplanted from the native estuarine environment to a freshwater environment. 

Most importantly, maintenance of high levels of genetic variation for salinity tolerance in the 

native estuarine population would increase the ability of invading freshwater-transplanted stocks 

to rapidly adapt to the novel freshwater environment (Barrett and Schluter 2008; Lee and 

Gelembiuk 2008). 

 In order to test for reversal of dominance, and consequently marginal overdominance, I 

compared survival across salinities of F1 crosses between inbred lines generated from saline and 

freshwater populations (salt x fresh), relative to control F1 crosses made between saline (salt x 

salt) or between freshwater lines (fresh x fresh). Support for beneficial reversal of dominance 

would be evident if survival of F1 crosses between the saltwater and freshwater inbred lines were 

equivalent to that of saltwater F1 crosses (salt x salt) under saltwater conditions (15 PSU), and to 

that of freshwater F1 crosses (fresh x fresh) under freshwater conditions (0 PSU). Relatively high 

survival of saltwater x freshwater F1 crosses across all environments, resulting in the average 

advantage of the heterozygotes over homozygotes, would provide evidence for marginal 

overdominance. 
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Materials and Methods 

EXPERIMENTAL INBRED LINES 

To test for the presence of beneficial reversal of dominance (and marginal overdominance), four 

inbred lines derived from saline and freshwater populations of E. affinis were crossed, and 

survival of between-salinity F1 crosses was compared to that of within-salinity F1 crosses (see 

next paragraph for details on experimental design). The four inbred lines were generated 

independently, two each from two populations of E. affinis through full-sibling mating for 30 

generations (2.5 years). Two independent saltwater inbred lines (SW1 and SW2) were derived 

from the ancestral saline population in Baie de L’Isle Verte, St. Lawrence marsh, Quebec, 

Canada (Fig. 1; 48°00'14" N, 69°25'31" W), whereas two freshwater inbred lines (FW1 and FW2) 

were derived from the freshwater invading population in Lake Michigan at Racine Harbor, 

Wisconsin, USA (Fig. 1; 42°43'46" N, 87°46'44" W). The two saltwater inbred lines were 

generated and reared at their native salinity of 15 PSU (PSU ≈ parts per thousand salinity), 

whereas the two freshwater inbred lines were generated and reared in Lake Michigan water (0 

PSU, conductivity ≈ 300 µS/cm). 

 

EXPERIMENTAL DESIGN 

In order to test for the presence of beneficial reversal of dominance and marginal 

overdominance, crosses between and within the saline and freshwater inbred lines were 

performed and their survival was compared across salinities. Specifically, a full diallel mating 

scheme (Table 1) was performed to generate three types of F1 offspring: (a) matings within 

parental inbred lines (Fig. 2B-(a); Table 1, diagonal) as controls, (b) within-salinity F1 

crosses, namely matings between inbred lines derived independently from the same population 
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(i.e., Fig. 2B-(b); Table 1, light grey cells, crosses between FW1 and FW2 and between SW1 and 

SW2; denoted hereon as “SW-F1” and “FW-F1”), to account for effects of heterosis that might 

arise from mating between genetically-distinct inbred lines, and (c) between-salinity F1 crosses 

(Fig. 2B-(c), Table 1, dark grey cells, denoted hereon as "SWxFW-F1"), referring to matings 

performed between saline (SW1 or SW2) and freshwater (FW1 or FW2) inbred lines. The F1 

offspring were then reared across three salinities (0, 2.5, 15 PSU) to measure survival and infer 

changes in dominance of salinity tolerance across salinities (Fig. 2C, described below). 

 

The between-salinity F1 crosses (c, above; Fig. 2B-(c)) would be heterozygous at loci 

that would confer saline or freshwater tolerance. Comparing survival of these between-salinity 

crosses to survival of the parental inbred lines (a, above; Fig. 2B-(a)) and to that of the within-

salinity F1 crosses (b, above; Fig. 2B-(b)) allowed assessing the switching of dominance in 

salinity tolerance between saline and freshwater habitats. This comparison allowed observing 

whether the heterozygotes (i.e. between-salinity SWxFW-F1 crosses) exhibited survival that was 

not significantly different from that of the more-fit homozygote in each habitat. If this were the 

case, the more-fit allele of the heterozygote would be exhibiting dominance in each habitat (see 

below). 

The within-salinity F1 crosses (mating between inbred lines derived independently from 

the same population; Fig. 2B-(b), SW-F1 and FW-F1 crosses) were created to account for 

increased survival that might arise from heterosis (hybrid vigor). The inbred lines that were 

independently derived from the same populations are likely to have become fixed for different 

recessive or partially recessive deleterious alleles at some loci across their genomes. F1 crosses 

between inbred lines fixed for deleterious alleles at different loci would display heterosis due to 

masking of expression of deleterious alleles in the heterozygous state (Charlesworth and 
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Charlesworth 1987, 1999). Therefore, within-salinity F1 crosses (Fig. 2B-(b), SW-F1 and FW-

F1) could be used to account for heterosis that might arise from crossing genetically-distinct 

inbred lines. Thus, higher survival of the FW-F1 and SW-F1 crosses relative to the parental 

inbred lines (Fig. 2B-(a), matings within SW1, SW2, FW1, and FW2) would be the result of 

heterosis. 

Given that the within-salinity F1 crosses (Fig. 2B-(b), SW-F1 and FW-F1) could account 

for heterosis, their survival was compared to that of the between-salinity F1 crosses (Fig. 2B-(c), 

SWxFW-F1) to test for reversal of dominance and marginal overdominance. Support for 

beneficial reversal of dominance would be evident if the between-salinity F1 crosses (SWxFW-

F1) showed no significant difference in survival relative to that of within-saltwater crosses (SW-

F1) under saltwater conditions and relative to that of within-freshwater crosses (FW-F1) under 

freshwater conditions. Such a result would indicate the switching of dominance in salinity 

tolerance between saline and freshwater conditions. On the other hand, significantly higher 

survival of the between-salinity F1 crosses (SWxFW-F1) relative to FW-F1 crosses under 

freshwater conditions and relative to SW-F1 crosses under saltwater conditions would provide 

support for overdominance at the salinity tolerance loci. To test for the presence of marginal 

overdominance, marginal survival (arithmetic mean survival across all three salinities, 0, 2.5 and 

15 PSU) of the between-salinity F1 crosses (SWxFW-F1) was compared to that of both within-

salinity F1 crosses (SW-F1 and FW-F1). Marginal overdominance would be evident if marginal 

survival of the SWxFW-F1 crosses were significantly higher than that of the SW-F1 and FW-F1 

crosses.  
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PERFORMING THE COMMON-GARDEN EXPERIMENT 

In order to assess the presence of reversal of dominance and marginal overdominance, the 

different types of F1 crosses (Fig. 2B) were reared under three common-garden salinities and 

their survival was compared at the different salinities (Fig. 2C). The common-garden 

experiments were conducted under controlled standard conditions, in a 13°C environmental 

chamber on a 15L:9D photoperiod. To ensure that individuals were virgins prior to crossing, ca. 

200 post-metamorphic juveniles from each inbred line were isolated and placed individually into 

20 ml scintillation vials filled with 10 ml of 2.5 PSU water (Fig. 2A). To avoid osmotic shock, 

juveniles from all four inbred lines (SW1, SW2, FW1, and FW2) were gradually transferred to a 

common salinity of 2.5 PSU, and then reared at this salinity until they reached sexual maturity 

(Fig. 2A). Juveniles were reared at this salinity because it was the least stressful common 

environment for both the saline and freshwater populations. The experiment started with post-

metamorphic juveniles to avoid imposing selection (on any residual genetic variance) in response 

to salinity in the parental inbred lines prior to mating. Prior experiments revealed that most 

mortality in response to non-native salinities occurs before metamorphosis, and that the 

copepods are less sensitive to osmotic stress following metamorphosis to the juvenile 

(copepodid) stage (Lee et al. 2003; Lee et al. 2007). After 8 – 10 days of acclimation at 2.5 PSU 

(i.e. when juveniles became sexually mature adults), a full diallel mating scheme as described in 

the previous section was performed (Table 1 and Fig. 2B). Following successful mating, egg sacs 

(F1 offspring) were removed from females and each egg sac was split across the three treatment 

salinities (0, 2.5 and 15 PSU) into separate vials (4 – 6 eggs per vial) and reared until adulthood 

(Fig. 2C). Hatching and survival were recorded every second day. 
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 The common-garden experiment was conducted in two blocks at different time periods, 

consisting of 3 – 8 replicate clutches per cross in the first block (July – October 2010) and 5 – 11 

replicate clutches per cross in the second block (February – May 2011). In total 184 clutches 

were used, with 8 – 19 replicate clutches per cross of inbred lines, where each clutch was the 

product of an independent male x female mating (see Table 2, third column). The freshwater alga 

Rhodomonas minuta was fed to all the copepods in the 0 PSU treatment, and saltwater alga 

Rhodomonas salina to all the copepods in the 15 PSU treatment, while a 1:1 mixture of R. 

minuta and R. salina was fed to the copeoeds in 2.5 PSU treatment. To avoid bacterial infection 

all copepods were treated with antibiotic Primaxin
®

 (20 mg/L) every 3 – 4 days.  

 

STATISTICAL ANALYSIS 

In order to make comparisons among survival of different types of F1 offspring, survival data 

was analyzed via a mixed effect logistic regression model using the lme4 package of the 

statistical software R (Bates 2007). Survival probabilities for the 16 diallel matings (cross) under 

three salinity treatments (0, 2.5 and 15 PSU) were estimated. Fixed effects included cross 

(genotype effect, 16 levels), salinity (3 levels), and cross-by-salinity interactions (48 levels), 

while random effects included block (time when experiment was conducted) and clutch (the 

effect of belonging to the same egg sac). The response variable (survival from hatching to adult) 

was treated as binary. The experiment was carried out in two blocks, with 62 clutches in block 1 

and 122 clutches in block 2 (184 clutches in total).  

In the mixed effect logistic regression model, each survival probability takes the form 

1

1+ e
-(hij+bk+cm )

       (1) 
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where the fixed effect ηij is the expected log odds of survival for the cross i at salinity j, bk is the 

random effect for block and cm is the random effect for clutch. Distribution of random effects for 

block (bk) and clutch (cm) are assumed to be normal with mean 0 and variance 
2
bl ock  and 𝜎𝑐𝑙𝑢𝑡𝑐ℎ

2 , 

respectively (bk ~ N(0, 
2
bl ock ) for k =1,2 and cm ~ N(0, 

2
cl ut ch ) for m = 1,…,184). The estimated 

mean survival probability for the cross i under salinity j is 

 
i je

i j 


ˆ
1

1
ˆ




         (2) 

where ij̂  is estimated from the model and data. 

To make statistical inferences about differences in survival between the F1 crosses (Fig. 

2B) and to estimate standard errors for survival probabilities of individual crosses, parametric 

bootstrapping was implemented (Efron and Tibshirani 1993) with 500 bootstrap replicates. The 

bootstrap approach was used because formulas for standard errors in mixed effects logistic 

regression models are unavailable. To test for differences in survival between crosses, 95% 

confidence intervals were implemented. Specifically, 95% confidence intervals for the difference 

between means that do not contain 0 indicate a significant difference between two crosses at the 

0.05 level (p < 0.05). 

 

Results 

BENEFICIAL REVERSAL OF DOMINANCE BETWEEN SALINITIES  

The results strongly supported the presence of beneficial reversal of dominance in salinity 

tolerance between salt- and freshwater conditions in E. affinis. That is, saltwater tolerance was 

completely dominant under saltwater conditions, whereas freshwater tolerance was completely 

dominant under freshwater conditions. This reversal of dominance was supported by the lack of 
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significant differences when comparing survival of the between-salinity F1 crosses (Fig. 2B-(c), 

SWxFW-F1) with that of the within-freshwater F1 crosses (Fig. 2B-(b), FW-F1) under 

freshwater conditions (Figs. 3 and 4B, Table 3) and with that of the within-saltwater F1 crosses 

(Fig. 2B-(b), SW-F1) under saltwater conditions (Figs. 3 and 4A; Table 4). Furthermore, the 

between-salinity F1 crosses (SWxFW-F1) showed evidence of higher survival (overdominance) 

under conditions suboptimal, i.e. at 2.5 PSU, to both saltwater (SW-F1) and freshwater (FW-F1) 

within-salinity F1 crosses (Table 5), indicating that dominance always shifted in a manner that 

increased the survival of heterozygotes.  

Because I observed the same pattern of dominance in salinity tolerance shifting between 

salt- and freshwater conditions in all eight SWxFW-F1 reciprocal crosses (Tables 3 and 4, Figs. 

3 and 4), these results provided strong evidence for the complete beneficial reversal of 

dominance in salinity tolerance. Under saltwater conditions, survival of all eight reciprocal 

SWxFW-F1 crosses was not significantly different from survival of the within-saltwater F1 

crosses (SW-F1), but was significantly higher (p < 0.05) than survival of the within-freshwater 

F1 crosses (FW-F1) (Fig. 4A, Table 4). Likewise, under freshwater conditions survival of all 

eight SWxFW-F1 crosses was not significantly different from that of the within-freshwater F1 

crosses (FW-F1), but was significantly higher (p < 0.05) than survival of the within-saltwater F1 

crosses (SW-F1) (Fig. 4B, Table 3). These replicated results provided robust support for the 

complete dominance of saltwater tolerance under saltwater conditions (Figs. 3 and 4A, Table 4) 

and the complete dominance of freshwater tolerance under freshwater conditions (Figs. 3 and 

4B, Table 3). 

The saltwater inbred lines (Fig. 3a, SW1 and SW2) and their within-salinity F1 crosses 

(Fig. 3b, SW-F1) exhibited reaction norms of opposite slope across salinities compared to their 
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freshwater counterparts (Fig. 3a, FW1 and FW2, and Fig. 3b, FW-F1). The opposing slopes were 

supported by a significant cross-by-salinity interaction ( 3.3202
14  , p < 0.001). Consistent with 

this significant interaction, the two freshwater parental inbred lines (FW1 and FW2) and their 

reciprocal crosses (FW-F1, i.e., FW1 x FW2 and FW2 x FW1) displayed significantly higher 

survival at their native salinity (0 PSU) than at 15 PSU (Fig. 3, blue lines, p < 0.05, Table 2), 

whereas the saltwater inbred lines (SW1 and SW2) and their reciprocal crosses (SW-F1, i.e. SW1 

x SW2 and SW2 x SW1) showed the opposite pattern, of significantly lower survival at 0 PSU 

than at their native 15 PSU (Fig. 3, red lines, p < 0.05, Table 2). In sharp contrast, the between-

salinity SWxFW-F1 crosses exhibited high survival across all three salinities (Fig. 3c, purple 

lines, Table 2), showing much flatter reaction norms and no significant cross by salinity 

interaction ( 399.52
14  , p = 0.979). These patterns of survival across salinities supported the 

presence of beneficial reversal of dominance. 

 I was able to assess the increase in survival due to heterosis by comparing the survival of 

the parental inbred lines (Fig. 2B-(a), Fig. 3a) with that of the within-salinity crosses (Fig. 2B-

(b), Fig. 3b, SW-F1 and FW-F1). I did find evidence of heterosis in some instances, where 

crosses between independently-derived lines from a population (SW-F1 and FW-F1) showed 

higher survival than that of some of the parental inbred lines (Fig. 4). Under freshwater 

conditions the within-freshwater F1 crosses (FW-F1) showed significantly higher survival 

relative to the FW1 parental inbred line only (p < 0.05, Fig. 4B; Table 3, difference in survival = 

0.49 and 0.45), indicating the presence of heterosis in that particular case. Similarly, under 

saltwater conditions the within-saltwater F1 crosses (SW-F1) showed significantly higher 

survival relative to the SW1 parental inbred line (p < 0.05, Fig. 4A; Table 4, difference in 

survival = 0.254), indicative of heterosis. 
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 I found that heterosis could not fully explain the increased survival in the between-

salinity crosses (SWxFW-F1) relative to the parental inbred lines (Fig. 4, Tables 3 and 4). As the 

within-salinity crosses accounted for heterosis resulting from crossing independently-derived 

inbred lines, the increase in survival relative to the within-salinity crosses was most likely due to 

the effects of dominance at loci affecting salinity tolerance. Higher survival of the between-

salinity F1 crosses (SWxFW-F1) relative to that of within-saltwater F1 crosses (SW-F1) under 

freshwater conditions (Fig. 4B, Table 3) and relative to that of within-freshwater F1 crosses 

(FW-F1) under saltwater conditions (Fig. 4A, Table 4) revealed the effects of reversal of 

dominance. This elevated survival of the between-salinity F1 crosses (SWxFW-F1) beyond that 

of the within-salinity F1 crosses (SW-F1 or FW-F1) under maladaptive conditions revealed the 

effects of dominance of the beneficial alleles (Figs. 3, and 4, purple lines or bars). 

 

When I compared survival at an intermediate salinity (2.5 PSU) that was suboptimal for 

both the saline and freshwater populations, I found evidence of overdominance in the between-

salinity F1 crosses (SWxFW-F1) relative to the within-salinity F1 crosses (SW-F1 and FW-F1) 

(Fig. 3; Table 5). At this intermediate salinity (2.5 PSU), several between-salinity F1 crosses 

(SW1xFW1, FW1xSW2, FW2xSW2 and SW2xFW2) displayed significantly higher survival 

relative to that of the freshwater FW2xFW1-F1 cross and both saline SW-F1 crosses (p < 0.05, 

Table 5), indicating overdominance (heterozygote advantage). The other four SWxFW-F1 

crosses exhibited survival that was not significantly different from that of the SW-F1 and FW-F1 

crosses (p > 0.05). Thus, overall dominance shifted across salinities in a manner that always 

optimized survival of the between-salinity (SWxFW-F1) crosses, including at the intermediate 

salinity. 
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MARGINAL OVERDOMINANCE ACROSS SALINITIES 

Although the presence of complete reversal of dominance between the salt- and freshwater 

environments would consequently result in marginal overdominance, I also formally tested for 

marginal overdominance (specifically, arithmetic mean overdominance) in salinity tolerance 

across all three salinities. The presence of marginal overdominance in salinity tolerance was 

evident from the higher marginal survival (mean survival across all three salinities) of the 

between-salinity F1 crosses (SWxFW-F1) relative to the within-salinity F1 crosses (SW-F1 and 

FW-F1) (Table 6, Fig. 5). I found significantly higher marginal survival in seven out of eight 

between-salinity crosses (SWxFW-F1) relative to the within-salinity crosses (SW-F1 and FW-

F1) (Table 6, p < 0.05, based on 95% confidence intervals obtained by 500 bootstrap replicates). 

In the only case where survival of the between-salinity cross was not significantly higher than 

survival of the within-salinity F1 crosses, the between-salinity cross (FW2 x SW1) showed an 

average survival probability across salinities of 0.70 ± 0.07 (Table 7), which was higher than 

marginal survivals of the FW1 x FW2 (0.55 ± 0.09) and FW2 x FW1 (0.50 ± 0.1) crosses (Table 6 

and 7). Overall, these results provided strong evidence for marginal overdominance in Wallace’s 

sense (1968, where marginal overdominance = arithmetic mean overdominance) in salinity 

tolerance in E. affinis. 

 

Discussion 

EVIDENCE OF REVERSAL OF DOMINANCE AND MARGINAL OVERDOMINANCE 

IN SALINITY TOLERANCE 

For a locus with pleiotropic effects, dominance relationships between two alleles can vary across 

traits. Beneficial reversal of dominance is a specific case of such variation in dominance, where 
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an allele that is beneficial for some traits and detrimental for other traits is always dominant in 

the traits for which it is beneficial and recessive in the traits for which it is detrimental (Kidwell 

et al. 1977; Gillespie 1978; Hoekstra et al. 1985; Curtsinger et al. 1994; Fry 2010). Relevant 

traits can include fitness (or components of fitness) in different environments. In order to provide 

evidence for beneficial reversal of dominance, I demonstrated that survival of the between-

salinity F1 crosses (SWxFW-F1, carrying both fresh and salt water tolerance alleles) was not 

significantly different from that of the freshwater crosses (FW-F1, carrying only freshwater 

tolerance alleles) under freshwater conditions (Table 3, Figs. 3 and 4B) and not significantly 

different from that of the saltwater crosses (SW-F1, carrying only saltwater tolerance alleles) 

under saltwater conditions (Table 4, Figs. 3 and 4A). Additionally, I showed that survival of the 

between-salinity F1 crosses (SWxFW-F1) was significantly higher (p < 0.05) than that of the 

freshwater crosses (FW-F1) under saltwater conditions (Table 4, Figs. 3 and 4A) and also higher 

than that of the saltwater crosses (SW-F1) under freshwater conditions, such that the 

heterozygote exhibited the phenotype of the more fit allele in each environment (Table 3, Figs. 3 

and 4B). These results together provided support for the complete dominance of freshwater 

tolerance under freshwater conditions and the complete dominance of saltwater tolerance under 

saltwater conditions. 

 These results indicated that higher survival of the between-salinity (SWxFW-F1) crosses, 

relative to that of the within-salinity crosses at their less favored salinities (Fig. 4), was not 

simply a consequence of heterosis. I accounted for the effects of heterosis by comparing survival 

of the between-salinity crosses to that of the within-salinity crosses (SW-F1 and FW-F1), which 

were performed between inbred lines that were independently derived from the ancestral (wild 

saline or wild freshwater) populations. F1 offspring from the within-salinity crosses reveal the 
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degree of heterosis arising purely from crossing two different inbred lines (each potentially 

suffering from some degree of inbreeding depression). These within-salinity crosses did in some 

instances show higher survival, indicative of heterosis, relative to the parental inbred lines (Figs. 

4A and 4B, Tables 3 and 4, see Results). As the within-salinity crosses accounted for the effects 

of heterosis, the higher survival of the between-salinity F1 crosses beyond that of the within-

salinity F1 crosses under maladaptive conditions was likely the result of dominance of the 

conditionally-beneficial allele (i.e., due to beneficial reversal of dominance), and not the result of 

simple heterosis. 

 I also formally estimated the effect of reversal in dominance on marginal survival (the 

mean survival across all three environments i.e., 0, 2.5 and 15 PSU). I found significantly higher 

marginal survival of the between-salinity SWxFW-F1 crosses relative to both within-salinity F1 

crosses (SW-F1 and FW-F1) (Table 6, Fig. 5). This finding directly provides evidence for 

marginal overdominance in Wallace’s (1968) sense of arithmetic mean overdominance (Fig. 5, 

Table 6) and presents a model for the protection of polymorphism in a population (see Hoekstra 

et al. 1985).  

In addition to complete reversal of dominance between salt- and freshwater conditions, I 

also observed overdominance at the intermediate salinity (2.5 PSU), which was suboptimal for 

both fresh- and saltwater parental inbred lines. Overdominance at the intermediate salinity was 

indicated by significantly higher survival of four of the between-salinity (SWxFW-F1) crosses 

relative to the within-salinity F1 crosses (SW-F1 and FW-F1) (Table 5, Fig. 3). Thus, 

overdominance at the intermediate salinity along with the reversal of dominance between saline 

and freshwater conditions acted to optimize survival of the between-salinity crosses (SWxFW-

F1) across salinities. 
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Beneficial reversal of dominance for survival to adulthood (i.e. the fitness-related trait we 

measured) need not necessarily imply beneficial reversal of dominance for total fitness. 

However, survival to adulthood is one of the most central components of fitness. In addition, in 

prior studies we have not observed any trade-offs in survival among life history stages (Lee et al. 

2003, 2007, 2013). Salinity tolerance in E. affinis appears to predominantly reflect appropriate 

osmoregulation — e.g. freshwater adapted lines (with high survival in fresh water) exhibit a less 

extreme reduction in blood hemolymph concentration at low salinity (i.e. better uptake and 

conservation of ions) relative to saline adapted lines (Lee et al. 2012). Lines raised at the salinity 

to which they are adapted also appear to show more typical behavior (e.g. quicker swimming 

speed and escape responses) (pers. obs.). I expect that, with respect to salinity, fecundity and 

total fitness would show a positive correlation with survival to adulthood, because all these 

aforementioned traits would be similarly affected by the ability to osmoregulate appropriately at 

each salinity. Thus, total fitness is likely to show a similar pattern of beneficial reversal of 

dominance as survival to adulthood, though this remains to be formally tested. 

 This study appears to provide prima facie evidence for complete beneficial reversal of 

dominance for a core fitness-related trait. Alternatively, the data could be explained, without 

invoking reversal of dominance, by complementation of loss-of-function alleles in a multilocus 

model (Kawecki 1997). Kawecki (1997) has shown that, for a species initially occupying 

multiple habitats, deleterious mutations at loci that provide crucial habitat-specific functions 

could drive specialization. Loss of function mutations at loci that are nonessential in a given 

habitat could result in different loci retaining function in different habitats. For example, in a 

freshwater population, functional alleles could be lost at loci required for survival in saline 

habitats and vice versa. In such a case, in freshwater x saline F1 offspring, the functional allele at 
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each locus would compensate for the nonfunctional allele. Thus, freshwater x saline F1 crosses 

could then display marginal overdominance, with high fitness across all salinities, due to simple 

dominance of functional over nonfunctional alleles at each locus (i.e., without reversal of 

dominance). 

However, such a mechanism as described above is unlikely to explain the data presented 

here. Specialization through the accumulation of nonfunctional alleles would be a protracted 

process (driven by mutation pressure), whereas freshwater adaptation has occurred very rapidly 

and recently in invasive populations of E. affinis. More importantly, the negative genetic 

correlations observed between fresh- and saltwater tolerance in E. affinis (Lee et al. 2003; Lee et 

al. 2007) indicate the presence of antagonistic pleiotropy, with the same loci affecting survival in 

both environments. Such antagonistic pleiotropy is also consistent with the observation that in 

freshwater-adapted populations of E. affinis, levels of ion-motive V-type ATPase activity are 

elevated in freshwater-reared animals and concomitantly reduced in saline-reared animals, when 

compared to saline-adapted populations (i.e. evidence of a genetic tradeoff for this crucial ion 

uptake enzyme) (Lee et al. 2011). Thus, reversal of dominance remains the most plausible 

explanation for my data. 

 In general, the extent of dominance is not a fixed value, but can vary as a function of 

genetic background or environmental factors (Bourguet et al. 1996; Billiard and Castric 2011). 

Rather than conceptualizing our experiment in terms of dominance at separate traits (where 

survival at each salinity is viewed as its own trait), my experiment could equivalently be 

conceptualized as measuring a single trait (survival to adulthood) across a set of environments 

(range of salinities), with reversal of dominance reflecting plasticity of dominance across 

environments for the alleles governing the trait. One example of dramatic plastic shifts in 



 

 

22 

2
2
 

dominance across environmental conditions comes from a study of insecticide resistance in the 

mosquito Culex pipiens, conferred by an allele of the Ace locus that encodes an 

acetylcholinesterase that is insensitive to organophosphorus insecticides (Bourguet et al. 1996). 

Depending on environmental conditions, levels of dominance of insecticide resistance varied 

from almost complete dominance to almost complete recessivity (Bourguet et al. 1996). 

However, although this prior study and various others have demonstrated plasticity of dominance 

across environmental conditions, I am unaware of prior studies with results analogous to mine, 

where the heterozygote shows fitness (or a major component of fitness, such as survival to 

adulthood) equal to, alternately, the better of the two homozygotes across the range of an 

environmental variable. 

 

OTHER EMPIRICAL EXAMPLES OF BENEFICIAL REVERSAL OF DOMINANCE 

There are few good, explicit examples of beneficial reversal of dominance in the literature. A 

study of a locus with antagonistic pleiotropic effects on viability, developmental time, and 

mating ability in the moth Ephestia kuhniella (Caspari 1950) is sometimes cited as an empirical 

example of reversal of dominance. However, the inferences in this study were somewhat indirect 

because, for the locus being studied, only one of the two classes of homozygotes could be 

distinguished from the heterozygote. Thus, as noted by Curtsinger et al. (1994), this study could 

not distinguish between overdominance and reversal of dominance in all three fitness 

components (the heterozygote was, for each component, at least equal to and possibly superior to 

the better homozygote). A cross between inbred lines of Zea mays (corn) with different 

temperature optima for lateral root growth resulted in a hybrid for which lateral root growth at 

each temperature was comparable to the better parent (Hund et al 2012). However, the data were 
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somewhat ambiguous (due to a limited number of replicates), a cross in the reciprocal direction 

(with the opposite inbred line serving as the male versus female parent) did not produce the same 

result, and crosses between other inbred lines did not appear to behave similarly. 

A few examples demonstrate apparent beneficial reversal of dominance more clearly. 

Curtsinger et al. (1994) point out that sickle cell anemia could be conceptualized as a case of 

beneficial reversal of dominance (and the same interpretation could be applied to other genetic 

disorders that confer malaria resistance, such as thalassemia) (López et al. 2010). With sickle cell 

anemia, the wild-type allele shows near-complete dominance with respect to sickle cell disease, 

such that the heterozygotes generally do not display the disease, whereas the sickle-cell allele 

displays dominance with respect to malaria resistance. Warfarin resistance in rats furnishes 

another example, where warfarin resistance due to mutation of the VKORC1 gene is associated 

with an increased dietary requirement for vitamin K, and an associated substantial fitness cost in 

resistant homozygotes (Kohn et al. 2003). The wild-type allele is dominant for low vitamin K 

requirement (i.e. heterozygotes, like wild-type homozygotes, only require a low level of dietary 

vitamin K) and the warfarin-resistance allele is dominant for warfarin resistance. Yet another 

example is the csr1-1 chlorsulfuron herbicide resistance allele in Arabidopsis thaliana, which 

carries a fitness cost in resistant homozygotes. In this case, the csr1-1 allele is dominant for 

herbicide resistance and the wild-type allele shows essentially complete dominance with respect 

to fitness cost (Roux et al. 2004). In these examples, of sickle cell anemia, VKORC1 mutant, and 

csr1-1 alleles, homozygotes carrying the mutant allele (i.e. the allele conferring tolerance or 

resistance) suffer deleterious effects, which are present even in the environment for which the 

mutant allele is the optimal allele. For example, a sickle cell homozygote in an environment with 
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a high incidence of malaria will have increased malaria resistance, but will also bear the large 

fitness cost of sickle cell disease. 

In contrast to the cases above, for salinity tolerance in the copepod E. affinis, the optimal 

alleles in the homozygous state allow near full survival and high absolute fitness in their optimal 

environment. Moreover, reversal of dominance appears complete in the heterozygote, with the 

optimal alleles in each environment showing full dominance. I will note that the warfarin system 

could hypothetically provide results similar to mine depending on the design of the experiment, 

as the fitness cost in the warfarin system is not absolute, but depends on an environmental 

variable. An experimental design utilizing two environments, one with normal food and a second 

with food supplemented with high levels of vitamin K and warfarin, should theoretically show 

high absolute fitness of the optimal homozygote and the heterozygote in both environments. 

However, as it currently stands, present study is the only one that fully empirically demonstrates 

the complete beneficial reversal of dominance of fitness across environments. 

 

ORIGINS AND EVOLUTION OF REVERSAL OF DOMINANCE 

Reversal of dominance across environments might arise automatically due to the better-fit allele 

in a given environment compensating for the reduced function of the allele maladapted to that 

environment (i.e., where dominance is a simple consequence of nonlinearities in metabolic or 

developmental systems; Wright 1934; Kacser and Burns 1981; Gilchrist and Nijhout 2001). 

Alternatively, it is theoretically possible that plasticity in dominance could be selected for, to 

produce higher dominance of conditionally-beneficial alleles for the conditions under which they 

are beneficial (Bourguet 1999; Otto and Bourguet 1999; Rice 2002). Such selection for reversal 

of dominance might be particularly intense in fluctuating environments. 
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In some cases, the segregation load associated with marginal overdominance could 

ultimately be resolved by gene duplication. A gene duplication combining two antagonistically-

selected alleles that exhibit marginal overdominance in a heterozygote could allow fixation of 

permanent “overdominance” for a gene that was previously polymorphic (Haldane 1932; 

Spofford 1969; Otto and Yong 2002; Labbé et al. 2014). However, for many genes, such a 

duplication might prove detrimental due to disruptions in gene dosage. 

 

EVOLUTIONARY IMPLICATIONS OF BENEFICIAL REVERSAL OF DOMINANCE 

AND MARGINAL OVERDOMINANCE 

Role in Maintaining Genetic Variation 

Marginal overdominance in fitness across environments has profound implications for the 

maintenance of polymorphism and adaptation in temporally varying environments. With 

marginal overdominance, survival of the heterozygotes increases, such that a population has a 

higher chance of maintaining genetic variation in the face of changing environments. Here I 

found arithmetic mean overdominance for a core component of fitness (survival to adulthood). 

Arithmetic mean overdominance is more stringent than both harmonic mean overdominance 

(where harmonic mean overdominance for fitness is required to indefinitely maintain a protected 

polymorphism under a basic model of spatial heterogeneity) and geometric mean overdominance 

(where geometric mean overdominance for fitness is required to indefinitely maintain a protected 

polymorphism under a basic model of temporal fluctuation).  

Beneficial reversal of dominance, as found in this study, can greatly strengthen the 

magnitude of marginal overdominance. With changes in the environment, the less favored allele 

would be masked from negative selection in the heterozygous state (i.e. since the heterozygote 
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would be close in fitness to the fitter homozygote in each environment). Under a variety of 

models, theoretical analyses have found that for antagonistically selected alleles, protected 

polymorphism can be maintained when conditionally-beneficial alleles are dominant in the 

conditions under which they are beneficial (Kidwell et al. 1977; Curtsinger et al. 1994; Epinat 

and Lenormand 2009; Fry 2010; Connallon and Clark 2012b). In the case of complete 

dominance (Table 8, h1 = h2 = 0), reversal of dominance would satisfy the requirement for 

arithmetic mean overdominance across environments, that is, marginal overdominance as 

defined by Wallace (1968). If alleles show partial dominance (Table 8, 0 < [h1, h2] < 0.5), could 

result in geometric mean or harmonic mean overdominance (Levene 1953; Gillespie 1973; 

Felsenstein 1976; Hoekstra et al. 1985). Conditions for geometric mean or harmonic mean 

overdominance are less stringent than for arithmetic mean overdominance, because the 

geometric mean or harmonic mean is always less than or equivalent to the arithmetic mean 

(Felsenstein 1976). Reversal of dominance and spatiotemporally varying selection could thus act 

in concert to maintain protected polymorphisms, as the resulting marginal overdominance would 

assure that the less favored allele is protected against negative selection during environmental 

change. 

Not only would beneficial reversal of dominance increase the strength of balancing 

selection for protected polymorphisms, but, in the presence of recurrent mutation, it should also 

greatly increase genetic variance across a far wider parameter range and to a greater extent than 

could be produced by protected polymorphisms alone (Connallon and Clark 2012b). The 

importance of the latter phenomenon has often been overlooked. Although there is copious 

literature on conditions required to indefinitely maintain protected polymorphisms, there has 

been relatively scant attention paid to the potential net positive effect of antagonistic selection on 
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genetic variance when alleles are not preserved indefinitely. Recent theoretical developments 

suggest that transient balanced polymorphism may be very common in diploids, with 

antagonistic selection exhibiting a potentially large genetic variance inflating effect under 

conditions that would not sustain protected polymorphism (Kelly 2006; Bürger and Gimelfarb 

2002; Sellis et al 2011; Connallon and Clark 2012b; Delph and Kelly 2014). 

Reversal of dominance could also have potential implications for evolution of mating 

systems (Epinat and Lenormand 2009). In a spatially heterogeneous habitat with partial 

migration between niches, beneficial reversal of dominance may allow maintenance of high 

levels of locally-maladaptive alleles, increasing inbreeding depression (as a reflection of 

segregation load) upon assortative mating. This may disfavor the evolution of assortative mating 

and inhibit speciation.  

Given the exposure of many organisms to continuously changing environments, marginal 

overdominance as a mode of balancing selection might be widespread across taxa. For example, 

balancing selection via marginal overdominance may contribute to the observation that the 

frequency of Drosophila melanogaster polymorphisms at hundreds of loci oscillates 

reproducibly across seasons (Bergland et al. 2014). Numerous studies suggest theoretical 

potential for higher genetic variation in organisms that originate from fluctuating environments 

(Korol et al. 1996; Kondrashov and Yampolsky 1996; Bürger and Gimelfarb 2002; Hedrick et al. 

2002; Lee and Gelembiuk 2008). 

It is likely that the spatiotemporal variation in salinity that E. affinis experiences in its 

native estuarine environment (Winkler et al. 2008) combined with marginal overdominance in 

salinity tolerance would promote the maintenance of polymorphism at salinity tolerance loci in 

the wild. In the estuarine habitat, salinity levels are spatially heterogeneous and large fluctuations 
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in salinity occur on both seasonal and shorter timescales. In the case of E. affinis, it appears that 

dominance relationships shift across environmental conditions such that both salt- and freshwater 

alleles are protected from removal by natural selection in the heterozygous state.The presence of 

beneficial reversal of dominance and marginal overdominance that we found in E. affinis in this 

study is concordant with previously reported high levels of genetic variance in salinity tolerance 

observed in both salt- and freshwater populations of E. affinis (Lee et al. 2003, 2007). For 

example, recessivity of saltwater tolerance in fresh water could explain the presence of saltwater 

tolerant alleles in the freshwater habitat despite the constant freshwater conditions that would 

select against them.  

 

Implications for Adaptation During Invasions 

It is increasingly recognized that, in many instances, biological invasions require adaptation to 

the new range (Carroll et al. 2001; Lee 2002; Dambrowski and Feder 2007; Prentis et al. 2008; 

Sultan et al. 2012; Colautti and Barrett 2013; Vandepitte et al. 2013). Populations may 

successfully invade into “black hole sink” environments, with novel abiotic and biotic 

conditions, in which they could not persist without evolutionary rescue (Holt et al. 2002; Chevin 

and Lande 2009). Successful invasions by E. affinis (via ballast water discharges and canal 

building) into bodies of fresh water (with ionic concentrations orders of magnitude lower than 

the native estuarine range) during the last several decades constitutes one such example (Lee 

1999; Lee et al. 2003). Such invasions constitute evolutionary events. 

Marginal overdominance would provide conditions for the maintenance of variation in 

temporally and spatially varying environments and would lead to elevated levels of standing 

genetic variation that could facilitate rapid adaptation during invasions into novel habitats. 
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Invasions into novel environments would be facilitated, as successful invasion often requires 

very rapid adaptation. Such adaptation is more likely to occur from standing genetic variation 

rather than from de novo beneficial mutations arising during invasion events (Innan and Kim 

2004; Colosimo et al. 2005; Lee et al. 2007; Barrett and Schulter 2008; Prentis et al. 2008). Thus, 

marginal overdominance in salinity tolerance in E. affinis would not only result in higher 

survival in response to temporally varying environments within the native range, but also in its 

greater potential for colonization of and adaptation to new environments. 

Reversal of dominance might also increase initial rates of survival and reduce the risk of 

population extinction upon introduction into a new environment (e.g., when a stock of estuarine 

E. affinis is transplanted to a freshwater environment through ballast water discharge). In a 

species invasion, the inoculum into the new range typically consists of a relatively limited 

number of individuals. Reversal of dominance would effectively broaden the tolerance range, 

providing more individuals with sufficient absolute fitness to survive the new environment. 

Survival of a lineage during the initial generations of an invasion is a precondition for ultimate 

evolutionary rescue and persistence in a novel environment (Chevin and Lande 2010; Palmer and 

Feldman 2012). As the favorable allele should be effectively dominant in the new habitat (and 

thus visible to selection as heterozygotes), reversal of dominance should also accelerate initial 

adaptation; though, once the favored allele reaches high frequency, complete adaptation should 

be retarded, as the unfavorable allele would be masked from selection. It appears that an 

evolutionary history in variable environments might correspond to invasiveness of species given 

the large number of invasive populations that originates from temporally varying disturbance-

prone environments (Lee and Gelembiuk, 2008). Such varying environments might often be 

crucial for enabling marginal overdominance to maintain polymorphism and high levels of 
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standing genetic variance at key traits that might undergo selection during habitat change. 

Specifically, adaptation might be facilitated along dimensions corresponding to environmental 

characteristics that are subject to fluctuating selection in the native environment (e.g. salinity in 

the case of E. affinis). 
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 TABLES AND FIGURES 

 
Table 1. Full diallel mating scheme (Lynch and Walsh, 1998) of four independent inbred lines of E. 

affinis resulting in 16 different F1 offspring used in this study (the first inbred line denotes the male 

parent). (a) Matings within parental inbred lines are on the diagonal. (b) Within-salinity F1 crosses (light 

grey cells, FW-F1 and SW-F1) are crosses between two independent inbred lines derived from the same 

population. (c) Between-salinity crosses F1 (dark grey cells, SWxFW-F1) are crosses between saline and 

freshwater inbred lines. 
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FW1 FW1 x FW1 FW1 x FW2 FW1 x SW1 FW1 x SW2 

FW2 FW2 x FW1 FW2 x FW2 FW2 x SW1 FW2 x SW2 

SW1 SW1 x FW1 SW1 x FW2 SW1 x SW1 SW1 x SW2 

SW2 SW2 x FW1 SW2 x FW2 SW2 x SW1 SW2 x SW2 

 
FW1 and FW2 – two independent freshwater inbred lines derived from the freshwater Lake Michigan 

population (Fig. 1, FW) 

 

SW1 and SW2 – two independent saltwater inbred lines derived from the saline L’Isle Verte population 

(Fig. 1, SW) 
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Table 2. Differences in mean survival (from hatching to adult) at three salinities (0, 2.5, 15 PSU) with 

standard errors (obtained by 500 parametric bootstrap resamples) for each of sixteen matings. Significant 

differences (P < 0.05) are denoted by *, and are in bold. 

 

 

Type of F1 offspring Cross 
#Replicates 
(#Clutches) 

Differences in Survival Probablitiy ± SE 

0 PSU vs. 2.5 PSU 0 PSU vs. 15 PSU 2.5 PSU vs. 15 PSU 

(a) Parental inbred lines 

FW1 14  0.153 ± 0.091  0.313 ± 0.096*  0.160 ± 0.071* 

FW2 16  0.231 ± 0.100*  0.606 ± 0.105*  0.554 ± 0.099* 

SW1 19  -0.154 ± 0.066*  -0.529 ± 0.097*  -0.375 ± 0.079* 

SW2 11  -0.189 ± 0.090*  -0.550 ± 0.123*  -0.361 ± 0.110* 

(b) Within-salinity F1 
crosses 

FW1 x FW2 10  0.108 ± 0.106  0.662 ± 0.092*  0.554 ± 0.111* 

FW2 x FW1 8  0.275 ± 0.128*  0.607 ± 0.111*  0.332 ± 0.129* 

SW1 x SW2 12  -0.548 ± 0.103*  -0.741 ± 0.085* -0.193 ± 0.106 

SW2 x SW1 9  -0.443 ± 0.114*  -0.571 ± 0.105* -0.128 ± 0.123 

 
(c) Between-salinity F1 
crosses 
  
  

FW1 x SW1 12  0.039 ± 0.087 -0.003 ± 0.080 -0.042 ± 0.085 

SW1 x FW1 11  0.004 ± 0.078  0.071 ± 0.089  0.067 ± 0.089 

FW1 x SW2 10 -0.008 ± 0.068  0.032 ± 0.074  0.040 ± 0.074 

SW2 x FW1 8  0.080 ± 0.098  0.062 ± 0.093 -0.018 ± 0.103 

FW2 x SW1 11 -0.064 ± 0.086 -0.010 ± 0.094  0.054 ± 0.087 

SW1 x FW2 12 -0.052 ± 0.095 -0.106 ± 0.091 -0.054 ± 0.090 

FW2 x SW2 10  0.034 ± 0.079  0.115 ± 0.084  0.081 ± 0.089 

SW2 x FW2 11 -0.016 ± 0.090 -0.022 ± 0.085 -0.006 ± 0.080 
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Table 3. Differences in maximum-likelihood (ML) estimates of survival (from hatching to adult) in four inbred lines and their reciprocal crosses 

under freshwater (0 PSU) conditions. Values in cells show pairwise differences in survival between different crosses (row - column values). Bold 

numbers on the diagonal are ML estimates of survival probabilities for each cross at 0 PSU. Differences in ML estimates of survival probabilities 

were tested by constructing 95% confidence intervals for mean differences using standard errors (in parentheses) obtained by 500 parametric 

bootstrap resamples. 
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(0.129) (0.102) (0.102) (0.117) (0.130) (0.104) (0.108) (0.115) (0.107) (0.109) (0.116) (0.127) (0.121) (0.111) (0.114)
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Table 4. Differences in maximum-likelihood (ML) estimates of survival (from hatching to adult) in four inbred lines and their reciprocal crosses 

under saltwater (15 PSU) conditions. Values in cells show pairwise differences in survival between different crosses (row - column values). Bold 

numbers on the diagonal are ML estimates of survival probabilities for each cross at 15 PSU. Differences in ML estimates of survival probabilities 

were tested by constructing 95% confidence intervals for mean differences using standard errors (in parentheses) obtained by 500 parametric 

bootstrap resamples. 
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Table 5. Differences in maximum-likelihood (ML) estimates of survival (from hatching to adult) in four parental inbred lines and their reciprocal 

crosses at 2.5 PSU. Differences in ML estimates of survival probability were tested by constructing 95% confidence intervals for mean differences 

using standard errors (in parentheses) obtained by 500 parametric bootstrap resamples (bold numbers on diagonal are ML estimates of survival for 

each cross). 

Cross
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Table 6. Differences in maximum-likelihood (ML) estimates of mean survival (from hatching to adult) across three salinities (marginal survival) in 

four parental inbred lines and their reciprocal crosses. Values in cells show pairwise differences in mean survival between different crosses (row - 

column values). Bold numbers on the diagonal are ML estimates of survival probabilities for each cross. Differences in ML estimates of survival 

probabilities were tested by constructing 95% confidence intervals for mean differences using standard errors (in parentheses) obtained by 500 

parametric bootstrap resamples. 
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Table 7. Maximum likelihood estimates (ML) of probabilities for marginal survival (mean survival across 

all three salinities, 0, 2.5 and 15 PSU) from hatching to adult. Standard errors (SE) of estimates were 

obtained by 500 parametric bootstrap resamples. 

 

Type of F1 offspring Cross 
#Replicates 
(#clutches) 

ML of Mean Survival 
± Bootstrap SE 

 
 
(a) Parental inbred lines 

FW1 14 0.18 ± 0.051 

FW2 16 0.34 ± 0.072 

SW1 19 0.21 ± 0.050 

SW2 11 0.22 ± 0.062 

 
 
(b) Within- salinity F1 crosses 

FW1xFW2 10 0.55 ± 0.089 

FW2xFW1 8 0.50 ± 0.096 

SW1xSW2 12 0.43 ± 0.079 

SW2xSW1 9 0.42 ± 0.085 

 
 
 
 
(c) Between-salinity F1 crosses 

FW1xSW1 12 0.77 ± 0.060 

SW1xFW1 11 0.81 ± 0.056 

FW1xSW2 10 0.87 ± 0.048 

SW2xFW1 8 0.81 ± 0.060 

FW2xSW1 11 0.70 ± 0.071 

SW1xFW2 12 0.76 ± 0.062 

FW2xSW2 10 0.81 ± 0.058 

SW2xFW2 11 0.85 ± 0.051 
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Table 8. The simplest model of antagonistic selection involves one locus with two alleles. Beneficial 

reversal of dominance occurs when 0 ≤ [h1, h2] < 0.5 (Curtsinger et al. 1994). If h1 = h2 = 0 (complete 

dominance), beneficial reversal of dominance would result in marginal overdominance in Wallace’s sense 

(1968), where the arithmetic mean of heterozygotes is greater than that of homozygotes (arithmetic mean 

overdominance; Wills 1976; Felsenstein 1976). Marginal overdominance could also occur when the 

geometric or harmonic mean fitness of the heterozygote across environments is greater than that of both 

homozygotes (Gillespie 1973; Levene 1953). 

  
 

 
Genotype 

A1A1 A1A2 A2A2 

Environmental (fitness) context 1 1  1 - h1s1 1-s1 

Environmental (fitness) context 2 1 - s2 1 - h2s2 1 

Marginal overdominance if:   
11AAw  <     

21 AAw   > 
22AAw  

 

= arithmetic, geometric, or harmonic mean fitness of genotype AiAi; si = selection coefficient; hi = 

dominance coefficient; i = 1 or 2. 
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Figure 1. Populations of the copepod E. affinis used in this study. The ancestral saltwater population (SW) 

from Baie de L’Isle Verte salt marsh in the St. Lawrence estuary was used to create two independent 

saltwater inbred lines (SW1 and SW2). The derived freshwater population (FW) from Lake Michigan was 

established by a recent invasion from the St. Lawrence estuary into the Great Lakes around 1958 (Engel 

1962; Lee 1999). Two independent freshwater inbred lines (FW1 and FW2) were generated from the Lake 

Michigan population. 
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Figure 2. Experimental design to test for reversal of dominance and marginal overdominance in 

salinity tolerance for the copepod E. affinis. (A) Juveniles from all four saline and freshwater parental 

inbred lines (FW1, FW2, SW1 and SW2) were gradually transferred to a common salinity of 2.5 PSU, 

and reared at this salinity until they became sexually mature. (B) Upon reaching sexual maturity, 16 

mating combinations were formed (as shown in Table 1) to obtain three different types of F1 

offspring: (a) parental inbred lines (SW1, SW2, FW1, and FW2), (b) reciprocal within-salinity F1 

crosses (SW-F1 and FW-F1), and (c) reciprocal between-salinity F1 crosses (SWxFW-F1). (C) After 

successful mating, egg sacs (F1 offspring) were removed from females and each egg sac was split 

across three salinities (0, 2.5, and 15 PSU) and reared until adulthood to measure survival and infer 

changes in dominance of salinity tolerance across salinities. The common-garden experiment was 

conducted in two blocks at two different time periods. 
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Figure 3. Maximum-likelihood estimates of probabilities of survival from hatching to adult for (a) two 

freshwater and two saltwater parental inbred lines, (b) reciprocal within-salinity F1 crosses, and (c) 

reciprocal between-salinity F1 crosses. Survival of the between-salinity F1 crosses (c, purple lines) was 

not significantly different from survival of freshwater F1 crosses (b, blue dashed lines) under freshwater 

conditions or survival of saltwater F1 crosses (b, red dashed lines) under saltwater conditions. This 

pattern of survival strongly supported the presence of beneficial reversal of dominance (also see Tables 3 

and 4). 
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Figure 4. Survival from hatching to adult (maximum-likelihood estimates, numbers in or above the bars) 

in four inbred lines and their reciprocal crosses under (A) saltwater conditions (15 PSU) and (B) 

freshwater conditions (0 PSU). Red arrows (middle) indicate the increase in survival due to heterosis 

alone in the saltwater within-salinity crosses (SW-F1, light red bars), calculated as the difference between 

mean survival of saltwater within-salinity crosses (SW-F1) and saltwater parental inbred lines (SW1 and 

SW2, red bars). Blue arrows (left) indicate the increase in survival due to heterosis in the freshwater 

within-salinity crosses (FW-F1, blue striped bars), calculated as the difference between mean survival of 

FW-F1 and freshwater parental inbred lines (FW1 and FW2, blue bars). Purple arrows (right) indicate the 

increase in survival in the between-salinity F1 crosses (SWxFW-F1, purple bars) due to reversal of 

dominance, calculated as the difference between mean survival of the between-salinity F1 crosses 

(SWxFW- F1) and the within-salinity F1 crosses (SW-F1 and FW-F1). 
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Figure 5. Marginal survival from hatching to adulthood (maximum-likelihood estimates, numbers in the 

bars) across all three salinities (0, 2.5, and 15 PSU) in parental inbred lines and their reciprocal crosses. 

Standard error estimates were obtained by 500 parametric bootstrap resamples (see Methods). The crosses 

shown are (a) parental inbred lines, (b) within-salinity F1 crosses, between inbred lines independently 

derived from a population, and (c) between-salinity F1 crosses (SWxFW-F1). Differences in survival 

between the parental inbred lines (a) and the within-salinity F1 crosses (b) were due to heterosis. 

Differences in survival between the between-salinity F1 crosses (c) and the within-salinity F1 crosses (b) 

were due to beneficial reversal of dominance in salinity tolerance. Overall higher survival of the between-

salinity SWxFW-F1 crosses (c) relative to the within-salinity F1 crosses (b) (p < 0.05) provided evidence 

for marginal overdominance in salinity tolerance.  
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Chapter 2 

 

Evolutionary shifts in gene expression between ancestral saline and derived freshwater 

populations of invading copepod Eurytemora affinis 
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ABSTRACT 

 

Evolutionary mechanisms of rapid adaptation during invasions of novel habitats are 

poorly understood. Comparative gene expression analyses help uncover genes that might be 

involved during adaptation to novel environments. In this study I characterized evolutionary 

shifts in gene expression of the dominant zooplankton copepod Eurytemora affinis during its 

invasions from saline into freshwater habitats. I compared patterns of gene expression of inbred 

lines independently derived from saline and freshwater populations, reared under common 

garden conditions at both freshwater and saline conditions. For each line and condition, I 

generated three biological replicates, and used a generalized linear model to analyze RNA-seq 

data following filtering, normalization, and gene-wise dispersion estimation. I found that 

relatively small numbers of differentially-expressed genes (FDR < 0.01) between saline and 

freshwater inbred lines were due to a plastic response to salinity (acclimation), while a majority 

of differences were due to evolutionary shifts (heritable differences). Carbonic anhydrase, one of 

the key enzymes involved in sodium uptake, showed an elevated expression in freshwater 

relative to saline inbred lines. I also found evolutionary shifts in expression of genes involved in 

energetic metabolism, which might result from high energetic demands required for 

osmoregulation in freshwater populations of E. affinis. Gene sets that were significantly enriched 

were classified into biological processes such as DNA polymerase activity, DNA integration, 

enzyme activity, ion transport and homeostasis, membrane and cuticle organization, response to 

stimulus, amino acid binding and catabolism, and metabolic processes. Plastic genes included 

those involved in protein metabolism, energy metabolism (including kinase, dehydrogenase and 

hydrolase activity), structural constituents of cuticle, and transmembrane transport. Most notably, 

several isoforms of Na
+
/H

+
 exchangers and Na

+
/K

+
 -ATPase subunit alpha sowed a strong 
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acclimatory response. Patterns of gene expression I observed in this study suggest that combined 

higher activity of carbonic anhydrase, Na
+
/H

+
 exchangers and Na

+
/K

+
 -ATPase is necessary for 

sodium uptake from freshwater environment. It is plausible that regulatory evolution plays 

important role in rapid adaptation during habitat invasions in E. affinis. 

 

Introduction 

What allows some populations to colonize novel environments and to persist under drastic 

changes in environmental conditions? The invasive copepod Eurytemora affinis, which is one of 

the dominant species in many estuaries and saltmarshes worldwide, has independently invaded 

freshwater habitats multiple times independently over the past 80 years (Lee 1999). During the 

transition from saline to freshwater conditions, this copepod experiences a drastic change in 

salinity, crossing the formidable biogeographic boundary that separates saline and freshwater 

populations of E. affinis. This salinity transition poses serious challenges to copepod physiology 

and has been found to be accompanied by rapid adaptation of underlying ionic regulatory 

machinery in E. affinis (Lee et al. 2011; Lee et al. 2012). However, the mechanisms by which 

copepods could penetrate the saline to freshwater barrier and adapt to freshwater environments 

are inadequately understood. Understanding the underlying evolutionary mechanisms of rapid 

adaptation in E. affinis will not only allow us to understand its distribution and invasive success, 

but also provide a rare opportunity to study rapid adaptation to novel conditions, in general. 

 Although the physiological mechanisms underlying osmoregulation in aquatic species are 

not well understood (Towle and Weihrauch 2001, Charmantier et al. 2009, McNamara and Faria 

2012), there are a few clear traits that undergo adaptation in response to freshwater conditions in 

copepods. In particular, selection during freshwater invasions might act on (1) reduction in 
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integument permeability (Hosfeld 1999), (2) increases in rates of ion uptake (Towle and 

Weihrauch 2001, Charmantier et al. 2009, Lee et al. 2011, McNamara and Faria 2012), and (3) 

changes in hemolymph osmolality (Roddie et al. 1984, Thurmann et al. 2010, Lee et al. 2012). 

These mechanisms are not mutually exclusive and might act in concert, involving multiple ion 

transporters and enzymes, and specialized structures, such as osmoregulatory organs, to allow 

rapid adaptation to fresh water by E. affinis.  

For example, a hypothetical model of ion transport in gills of hyperosmoregulating crabs 

(Towle and Weihrauch 2001, Rheault et al. 2007, Xiang et al. 2012) proposes a suite of 

transmembrane transporters and supporting enzymes that might be involved in ionic regulation in 

crustaceans, namely, Na
+
/K

+
-ATPase (NKA), V-type H

+
 -ATPase (VHA), carbonic anhydrase, 

Cl
−
/HCO3 

–
 exchanger (S4A10), Na

+
/K

+
/2Cl

−
 cotransporter (NKCC), and Na

+
/H

+
 exchanger 

(NHE) (Fig. 1). Moreover, unlike many larger crustaceans, E. affinis does not possess gills. The 

Lee Lab recently found that ionic and osmotic regulation in E. affinis likely occurs primarily in 

the maxillary glands and newly discovered specialized structures (named “Crusalis organs”) 

located in the swimming legs (Johnson et al. 2014). The Crusalis organs are likely critically 

important for ionic regulation at low salinities, since they contain ionocytes with high levels of 

V-type H
+
-ATPase expression (Gerber et al., In Prep.). In particular, V-type H

+
-ATPase activity 

and localization in osmoregulatory epithelial cells (apical as opposed to basolateral) have been 

hypothesized to be critical for freshwater adaptation (Towle and Weihreich 2001, Charmantier et 

al. 2009, Lee et al. 2011). 

Physiological assays revealed evolutionary shifts in activity of ion transporting enzymes 

(V-type H
+
-ATPase and Na

+
/K

+
-ATPase) between ancestral saline and freshwater derived 

populations of E. affinis (Lee et al. 2011). Furthermore, cDNA microarray analysis suggested 
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that differential gene expression in Na
+
/K

+
-ATPase and V-type H

+
-ATPase in freshwater relative 

to saline population might underlie the evolutionary changes of enzymatic activity (Lee et al. 

2011). Although, evolutionary shifts in activity of V-type H
+
-ATPase, hypothesized to be a 

crucial enzyme in freshwater adaptation in copepods, did not show a definitive pattern of 

differential gene expression, V-type H
+
-ATPase tended to be upregulated in freshwater 

populations. The significant difference in V-type-ATPase gene expression between freshwater 

and saline populations was found for one pairwise comparison only (among 4 pairwise 

comparisons), and when pooled freshwater populations were contrasted with pooled saline 

populations (Lee et al. 2011).  

While previous research on ion transport evolution in E. affinis was informative, it did 

not offer comprehensive insights into the underlying genetic basis of rapid evolution in invading 

populations of E. affinis. A more comprehensive approach toward elucidating the relative 

contribution of regulatory adaptation to rapid evolution during invasions is genome wide analysis 

of expressed genes, a.k.a. RNA-seq or whole transcriptome shotgun sequencing. This method 

allows comprehensive analysis of the molecular genetic basis underlying phenotypic variation 

within and between populations (Sîrbu et al. 2012, Zhao et 2014). The powerful feature of RNA-

seq method is that it can detect the novel transcripts and isoforms, as well as single nucleotide 

polymorphisms and indels (Zhao et 2014, Kratz and Carninci 2014).  

In this study, I employed an RNA-seq approach to compare transcriptome-wide patterns 

of gene expression between ancestral saline and derived freshwater populations of E. affinis in 

order to uncover the genetic basis of freshwater adaptation. To this end, I conducted two 2 x 2 

factorial common garden experiments — using independently derived saline (SW1 and SW2) 

and freshwater (FW1 and FW2) inbred lines reared under freshwater (0 PSU) and saline (15 
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PSU) conditions. The controlled common garden experimental conditions made it possible to 

distinguish between genetically determined versus environmentally induced (acclimation) 

differences in gene expression between the saline and freshwater populations. Rearing the two 

populations (in this case, the inbred lines) at common salinities removed the effects of 

environmental acclimation, and revealed heritable (genetically-based) differences between the 

populations. On the other hand, detecting differentially expressed genes between conditions (0 

versus 15 PSU) for a given inbred line revealed genes underlying acclimation to different 

environments. 

Given the evolutionary shifts in ion transport enzyme activity and expression (Lee et al. 

2011, Gerber et al., In Prep.) I expect to find evidence of evolutionary shifts between SW and 

FW inbred lines in expression of V-type H
+
-ATPase and Na

+
/K

+
-ATPase. Specifically I predict 

upregulation of V-type H
+
-ATPase in FW relative to SW inbred lines. In addition, based on 

proposed models of osmoregulation in freshwater environments (Towle and Weihreich 2001, 

Charmantier et al. 2009, Ito et al. 2013), I predict a higher expression of carbonic anhydrase, 

Na
+
/H

+
 exchanger, and Na

+
/K

+
/2Cl

- 
cotransporter in FW relative to SW inbred lines 

(evolutionary shifts) and under freshwater relative to saline conditions (acclimation). 

This study contributes valuable insights into evolutionary shifts in transcriptome-wide 

gene expression in response to sudden and dramatic environmental change, such as during 

habitat invasions. This approach could elucidate unknown genes underlying freshwater tolerance 

and reveal general evolutionary trends that are likely to extend to other many other aquatic 

invaders. Moreover, understanding rapid adaptation in invasive species might also aid in 

mitigating their devastating effects, and predicting which populations within an invasive species 

complex are more likely to invade. 
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Material and Methods 

GENERATING INBRED LINES 

To detect evolutionary changes in gene expression associated with colonizations of freshwater 

habitats inbred lines of E. affinis generated from ancestral saline and derived freshwater 

populations were used. Full-sib mating for 30 generations generated four inbred lines that were 

used in this study. Two saline inbred lines (SW: SW1 and SW2) were independently generated 

from the saline population in Baie de L’Isle Verte, St. Lawrence marsh, Quebec, Canada 

(48°00’14” N, 69°25’31” W), whereas two freshwater inbred lines (FW: FW1 and FW2) were 

derived from the freshwater invading population in Lake Michigan at Racine Harbor, Wisconsin, 

USA (42°43’46” N, 87°46’44” W). The freshwater inbred lines were generated and reared in 

filtered lake Michigan water (conductivity ~300 μS/cm, 0 PSU, PSU ≈ parts per thousand 

salinity), whereas the saline inbred lines were generated and reared in 15 PSU water, made from 

Instant Ocean and deionized water.  

 

PERFORMING THE COMMON GARDEN EXPERIMENT 

In order to disentangle heritable (evolutionary) changes from environmentally induced changes 

(acclimation) a common garden experiments, comparing four inbred lines across two different, 

freshwater (0 PSU) and saline (15 PSU), environments (Fig. 2) were performed. Two common-

garden experiments (Table 1), each consisting of 2 x 2 factorial design were conducted. In 

Experiment 1 (September – December 2013) FW2 inbred line was compared to SW1 inbred line, 

while in Experiment 2 (December 2013 – March 2014) FW1 was compered to SW2 inbred line. 

Each of four inbred lines was reared under freshwater (0 PSU) and saline (15 PSU) conditions. 

To infer evolutionary changes between inbred lines, different (saline and freshwater) populations 
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were compared at the same salinities (0 or 15 PSU) to account for effects of environmental 

acclimation and observe the evolutionary differences between the populations alone. 

Comparisons of expression in each of the inbred lines under the contrasting conditions (0 versus 

15 PSU) made it possible to infer environmentally induced changes (acclimation). Combined, 

these comparisons revealed the relative extent to which acclimation and genetically based 

differences contributed to differences in genomic expression between the saline to freshwater 

lines.  

Prior to the experiment, FW and SW inbred lines were kept at different native salinities 

(0 and 15 PSU respectively). In the first part of the experiment, copepods were transferred to a 

common salinity (5 PSU) in order to remove the effects of developmental acclimation in their 

offspring. The juveniles were reared at 5 PSU because it was the least stressful common 

environment for both the saline and freshwater inbred lines. Since prior experiments (Lee et 

al.2003, 2007) revealed that the copepods are less sensitive to osmotic stress following 

metamorphosis to the juvenile (copepodid) stage the experiment started with postmetamorphic 

juveniles. About 200 juveniles from each of the two freshwater and two saline inbred lines 

(FW1, FW2, SW1, and SW2) were gradually transferred to a common salinity of 5 PSU, and 

reared at this salinity until they became sexually mature, i.e. until they produced offspring (Fig. 

2A). Once the offspring (reared at the common salinity of 5 PSU) reached metamorphosis (at age 

of 14-15 days), cultures were split across two salinities (0 and 15 PSU) and reared under the 

treatment salinities (Fig. 2B and 2C) until adulthood (age 30-32 days). Thus, samples of 

copepods from which RNA was extracted (Fig. 2D) were reared at their target salinities (0 or 15 

PSU) for ~ 17 days. This amount of time was likely sufficient for acclimation to target salinities 

since a previous study found that adult E. affinis could acclimate to changes in salinity within 12 
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h (Roddie et al. 1984).  

All of the copepods in the 0 PSU treatment were fed the freshwater algae Rhodomonas 

minuta, whereas all of the copepods in the 15 PSU treatment were fed saltwater algae 

Rhodomonas salina. When copepods were reared at 5 PSU they were fed and a 1:1 mixture of R. 

minuta and R. salina. All inbred lines were reared under controlled laboratory conditions, at 

12°C, and on a 15L:9D photoperiod. To prevent bacterial and fungal infection, copepods were 

treated with the antibiotic Primaxin
®
 (20 mg/L), D-amino acid cocktail (10 µM of D-methionine, 

D-leucine and D-tryptophan and 5 µM D-tyrosine), and Voriconazole (0.5 mg/L) every 3 – 4 

days. In order to clear the guts of microbes that might contaminate the sequencing data, 

copepods were starved and treated with 120 µL/L of 6.0 micron copolymer microsphere beads 

(Thermo Scientific cat# 7505A, Fremont, CA) for the last 24 hours prior to RNA extraction.  

 

RNA EXTRACTION AND SEQUENCING 

 

Once the copepods reached adulthood following the common garden experiment, total RNA was 

extracted from whole bodies of 50 copepods (25 females and 25 males) per sample (Fig. 1D). 

Total RNA was extracted with Trizol reagent (Ambion RNA, Carlsbad, CA) and then purified 

with Qiagen RNeasy Mini Kit (Qiagen cat# 74104, Valencia CA), following the protocol 

described by Lopez and Bohuski (2007). 

 Library construction and sequencing were conducted at the Genomics Resource Center 

(GRC), Institute for Genome Sciences at the University of Maryland School of Medicine. 

Illumina RNA-seq libraries (strand specific) were prepared with the TruSeq RNA Sample Prep 

kit (Illumina, San Diego, CA) with modified manufacturer’s protocol (adapted from 

Parkhomchuk et al. 2009). Actinomycin D was added to the first strand synthesis reaction, while 
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the second strand was synthesized with a dNTP mix containing dUTP. After adapter ligation (6 

nucleotide indexes), the second strand cDNA was digested with 2 units of Uracil-N-Glycosylase 

(Applied Biosystems, Carlsbad, CA). DNA was purified between enzymatic reactions and size 

selection of the library was performed with AMPure XT beads (Beckman Coulter Genomics, 

Danvers, MA).  

 Each library was split across two lanes, and 12 samples were multiplexed per lane on the 

Illumina HiSeq 2000 (2x101 bp run). Sequencing was conducted in three batches. Replicates 1 

and 2 from Experiment 1 (FW2 and SW1 inbred lines) were sequenced in Batch 1, Replicate 1 

and 2 of Experiment 2 (FW1 and SW2 inbred lines) were sequenced in Batch 2, and Replicate 3 

of both experiments (all four inbred lines) were sequenced in Batch 3 (Table 1). Because 

experiments were confounded with batch, a separate differential gene expression (DGE) analyses 

for each experiment were conducted.  

 

DATA PROCESSING  

The GRC QC pipeline (see previous section) screened sequence reads against the NCBI 

nucleotide database in order to evaluate data quality, contamination, and proper laboratory 

sample tracking. On average 3.5 x 10
7
 fragments, i.e., 7.0 x 10

7
 reads of 101 bp paired-end reads 

per sample, passed this initial filtering step (Table 1). Further sequence quality filtering and 

trimming was assessed with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Trimmomatic (Version 032, 

Bolger et al. 2014).  

In order to quantify transcripts at gene and transcript levels, an expectation maximization 

approach employing the RSEM (RNA-seq by Expectation Maximization) package (Li and 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Dewey 2011) was used. Since the E. affinis genome was sequenced recently, only a draft genome 

with gaps and automated, i.e. incomplete, gene annotation is available. Thus, to improve gene 

annotation, the Cufflinks Tuxedo protocol (Trapnell et al. 2012) was used. First, the RNA-seq 

reads of each of 22 samples were mapped to the E. affinis genome via TopHat (Fig. 3). Then, 

mapped reads were provided as input into Cufflinks to get a separate transcript assembly for each 

of 22 samples. Finally, all these assembly files were merged (using Cuffmerge utility) with 

automated gene annotation to create a single gene annotation file. This improved merged gene 

annotation file was then used as input into RSEM (1) to build reference transcript sequences 

(using prepare-reference script) and (2) to align RNA-seq reads to reference transcripts, and to 

estimate gene and isoform abundances (using rsem-calculate expression). An overview of the 

protocol used in data analysis is provided in Figure 3. 

 

STATISTICAL ANALYSES 

Filtering, normalization, and estimation of dispersion 

The gene annotation, created by merging transcriptomes of 22 RNA samples, resulted in 129066 

transcripts grouped into 37827 genes from which genes with low counts across all samples were 

initially filtered out. Since filtering was independent of statistical tests, it acted to increase power 

of detection of differentially expressed genes (Bourgon et al. 2010). Furthermore, filtering out 

genes with low counts was a reasonable approach, because genes need to be expressed at some 

minimum level in order to be translated (Vogel and Marcotte 2012).  Thus, genes that had less 

than one count-per million (CPM) in at least two samples were filtered out. This filtering 

removed 17271 genes with very low counts while it retained 20556 genes for further analysis. 
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Next, normalization on the 20566 genes was performed. Initially, two normalization 

methods, Trimmed Mean of M values (TMM, Robinson and Oshlack 2010) and Upper Quantile 

(UQ, Bullard et al. 2010) method (Fig. S1) were compared. The two methods found to be 

equivalent. Thus, the Trimmed Mean of M values (TMM) normalization method, available in 

Bioconductor’s edgeR package in the statistical software R (McCarthy et al. 2012, Chen et al. 

2014, R core team 2013) (Fig. 5C and 5D), was applied.  

Finally, a gene-wise dispersion was estimated. An accurate estimation of gene-wise 

dispersion of the gene counts is crucial for reliable detection of differentially expressed genes 

(Robinson and Smyth, 2007). Overestimation of dispersion increases the rate of false negative 

while underestimation increases the rate of false positive tests. Here a common and gene specific 

dispersion (Fig. S2) was estimated, using a weighted likelihood empirical Bayes method, built 

into the estimateDisp function of the package edgeR (Chen et al. 2014). After obtaining a 

common dispersion for all genes, a gene-wise empirical Bayes strategy that shrinks each gene’s 

dispersion towards the common dispersion estimate was applied. 

To visualize the effect of experimental covariates, the samples were clustered using 

multidimensional scaling (MDS) and principal component analysis (PCA) (Fig. 6). The MDS 

function calculates the distance between each pair of samples as the root-mean square distance of 

the leading fold changes (Chen et al. 2014). Sample clustering was very similar in the both MDS 

and PCA plots, showing clear separation by genotype (inbred line) in the first dimension and less 

obvious separation by condition (salinities 0 PSU vs.15 PSU) in second dimension.  

 Following data filtering, normalization, and estimation of gene-wise dispersion, two 

statistical analyses, each corresponding to one of the two experiments, were performed via a 

generalized linear model.  
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Generalized linear model for differential expression analysis 

To detect DE genes a generalized linear model (GLM) that accommodated the complex designs 

of the common garden experiments was used. For this purpose, again Bioconductor’s edgeR 

package was employed. The GLM model for the RNA-seq data assumed a negative binomial 

distribution family, which has the following form (Chen et al. 2014): 

𝐾𝑖𝑗~𝑁𝐵(𝜇𝑖𝑗, 𝜙𝑖),          (1) 

where 𝐾𝑖𝑗 represents the counts of reads for gene i in sample j, 𝜇𝑖𝑗 is the gene mean, and 𝜙𝑖 is 

negative binomial dispersion parameter. 𝜇𝑖𝑗 is the product of the library size, i.e. sample specific 

size factor (Ni), and expected proportion reads mapped to gene i in sample j. A log linear model 

was used to represent the influence of treatment conditions and library size on the expected 

counts for each gene, 

𝑙𝑜𝑔2(𝜇𝑖𝑗) = 𝑥𝑗
𝑇𝛽𝑖 + 𝑙𝑜𝑔𝑁𝑖,         (2) 

where 𝑥𝑗 was the covariate vector specifying treatment for sample j, and 𝛽𝑖 was the vector of 

regression coefficients for gene i.  

To conduct the test for interaction between genotype (inbred lines) and salinity, the read 

count (Kij) was modeled as the result of the fixed effects of batch (2 levels), genotype (inbred 

line effect, 2 levels), salinity (2 levels), and genotype-by-salinity interactions (4 levels), in each 

of the experiments. DE genes were detected using FDR (false discovery rate) corrected P values 

for multiple testing (Benjamini-Hochberg (1995) using a cutoff of 0.01.  

Blastx against NCBI’s non-redundant and Swiss-Prot (UniProt, Bairoch et al. 2009) 

protein databases was performed employing the pipeline developed by De Wit et al. (2012). This 

pipeline combined the blast search results with UniProt flat files in order to complete functional 
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annotation and extract gene annotation descriptions and gene ontology (GO) categories 

(Ashburneret al. 2000). For a functional enrichment analysis, Gene Score Resampling analysis 

(implemented in ErmineJ, Gillis et al. 2010) was employed, using gene annotation containing 

UniProt and gene ontology (GO) identifiers. This analysis was conducted using log fold-changes 

(logFC) and TMM normalized (Robinson and Oshlack 2010) gene expression counts from 

above-mentioned gene expression analysis. Statistically significant GO categories were 

determined by 10
3
 iterations and using an FDR corrected P value < 0.01 (Benjamini and 

Hochberg 1995) as a cutoff value.  

 

Results 

The common-garden experiments revealed both striking evolutionary differences in gene 

expression between saline and freshwater inbred lines, as well as acclimatory differences 

between the same inbred lines kept at different salinities. In terms of evolutionary differences 

between saline and freshwater inbred lines, 17 – 22% genes were differentially expressed (FDR 

< 0.01) under freshwater (0 PSU) and saline (15 PSU) conditions (Fig. 7). On the other hand, in 

terms of acclimatory changes between conditions (0 PSU vs. 15 PSU), only 2 – 4% of genes 

were differentially expressed (FDR < 0.01), indicating a weak plastic response in gene 

expression in response to salinity change for both saline and freshwater inbred lines (Fig. 10). 

Combined, these results indicated that the evolutionary changes in gene expression between 

inbred lines were much greater than the acclimatory changes within inbred lines in response to 

salinity. The most striking, carbonic anhydrase (involved in proton production) and Na
+
/H

+
 

exchanger 1B (involved in sodium uptake from environment) were both upregulated in 

freshwater relative to saline inbred lines (Table 4., Fig. 9) 
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EVOLUTIONARY SHIFTS IN GENE EXPRESSION BETWEEN SALINE- AND 

FRESHWATER INBRED LINES  

Pairwise comparisons between FW and SW inbred lines under freshwater conditions revealed 

3916 (FW1 vs. SW2, Fig. 7A) and 4312 (FW2 vs. SW1, Fig. 7B) differentially expressed (DE) 

genes (FDR < 0.01). The comparison between FW and SW inbred lines under saline conditions 

(15 PSU) revealed 3948 (FW1 vs. SW2, Fig. 7C) and 4506 (FW2 vs. SW1, Fig. 7D) DE genes 

(FDR < 0.01). DE genes between saline and freshwater inbred lines under freshwater conditions 

(0 PSU) are of the special interest because some of them might underlie rapid adaptation to 

freshwater conditions. 

In order to increase the confidence that DE genes point to important adaptive changes, 

four independent inbred lines were used with primary focus on genes that were differentially 

expressed in both FW1 vs. SW2 and FW2 vs. SW1 inbred lines pairwise comparisons. The 

inbreeding process (full-sib mating) imposes strong genetic drift, which could lead to neutral 

genetic differentiation between the lines (Khaitovich et al. 2005). However, it was assumed that 

it would be less likely that the same genes were affected in the same manner (either always up or 

down regulated in all FW compared to SW inbred lines) by genetic drift in both between FW and 

SW line comparisons. Under freshwater conditions, 1522 genes were DE (FDR < 0.01) across 

both FW1 vs. SW2 and FW2 vs. SW1 inbred line comparisons (Fig. 8 A). Under saline 

conditions, the intersection between both comparisons (FW1 vs. SW2 and FW2 vs. SW1) 

revealed 1442 DE genes (Fig. 8 B). Thus, gene expression differences in core sets of 1552 

(freshwater conditions) and 1442 (saline conditions) genes identified in both pairwise 

comparisons represent putative evolutionary shifts due to adaptive evolution in gene expression 

during freshwater invasion. Note, however, that some adaptive mutations might have been lost in 
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one of the inbred lines due to genetic drift during the inbreeding process, such that examining 

only shared DE genes between the comparisons is a conservative estimate of potentially adaptive 

gene expression changes. 

  Under freshwater conditions, expression of the cytoplasmic isoform of carbonic 

anhydrase was 5-fold elevated (log2 scale) across both FW1 vs. SW2 and FW2 vs. SW1 inbred 

lines comparisons (Table 4), while expression of Na
+
/H

+
 exchanger 1B was 2-fold (log2 scale) 

elevated in FW2 relative to SW1 inbred line (Fig. 9). Upregulated carbonic anhydrase, which 

reversibly catalyzes reaction H2O + CO2 → H+ + HCO3
−, indicates higher levels of H

+
 in 

cytoplasm of ionocytes. These higher levels of H
+
 can be used for exchange with Na

+
 from 

diluted environment by action of Na
+
/H

+
 exchanger, which was also upregulated in freshwater 

relative to saline inbred lines. This evolutionary shift in carbonic anhydrase and Na
+
/H

+
 

exchanger indicates that freshwater inbred lines primarily uptake Na
+
 from freshwater 

environment by exchange for cytoplasmic H
+
 produced by carbonic anhydrase catalysis (Fig. 1).  

Functional enrichment analysis was conducted using the Gene Score Resampling method 

(Gillis et al. 2010) and absolute values of log fold-changes (logFC) of gene expression between 

FW and SW inbred lines. This analysis revealed 40 biologically relevant gene sets that were 

significantly enriched, classified into biological processes such as DNA polymerase activity, 

DNA integration, enzyme activity, ion transport and homeostasis, membrane and cuticle 

organization, response to stimulus, amino acids binding and catabolism, and catabolic and other 

metabolic processes (Table 3). Functional enrichment analysis revealed 60 genes involved in 

sodium ion transport, with 8 of them showing differential expression (FDR < 0.01) between both 

FW1 vs. SW2 and FW2 vs. SW1 inbred lines under freshwater and saline conditions (Fig. 9). 

Interesting, Na
+
/K

+
-ATPase subunit alpha was upregulated (FDR < 0.01) in FW relative to SW 
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inbred lines under saline conditions (Fig. 9B, Table 6). The subunit alpha is catalytic part of 

Na
+
/K

+
-ATPase, the key enzyme involved in transmembrane sodium transport, located in the 

basolateral membrane of epithelial cells (i.e., ionocytes) where it pumps three Na
+
 out of the cell 

(into blood) in exchange for two K
+ 

(Towle and Kays 1986) per one ATP consumed. The higher 

expression of alpha subunit of Na
+
/K

+ 
-ATPase in FW inbred lines relative to SW inbred lines 

under saline conditions indicates the higher transport of Na
+
 from ionocytes into hemolymph. In 

contrast, two isoforms of the beta subunit of Na
+
/K

+ 
-ATPase were downregulated in FW inbred 

lines relative to SW inbred lines across both FW1 vs. SW2 and FW2 vs. SW1 pairwise 

comparisons, under both freshwater and saline conditions (Fig. 9A and B, Tables 5 and 7). 

Although beta subunit is not associated with catalytic activity of Na
+
/K

+ 
-ATPase, it is essential 

for regulation of the transport of sodium to the basolateral plasma membrane (McDonough 

1990). Thus, downregulation of beta subunit might suggest lower number of Na
+
/K

+ 
-ATPases in 

the basolateral (plasma) membrane of ionocytes. This pattern of downregulation in FW relative 

to SW inbred lines was in concordance with lower enzymatic activity of Na
+
/K

+ 
-ATPase and 

also lower expression of the alpha subunit of Na
+
/K

+ 
-ATPase, found in a microarray study, in 

freshwater populations of E. affinis relative to saline populations across salinities (Lee et al. 

2011). In this study, the alpha catalytic subunit of sodium pump (Na
+
/K

+ 
-ATPase-alpha) was not 

differentially expressed under freshwater conditions, but was upregulated in FW relative to SW 

inbred lines under saline conditions (Fig. 9, Table 6). 

Another important ion transporter that moves sodium, potassium, and chloride into and 

out of cells, and plays an essential role in maintenance of cell volume and electrolyte 

concentration, is the Na
+
/K

+
/2Cl

-
 cotransporter also known as solute carrier family 12 member 2 

(Russell 2000). Downregulation of this cotransporter in FW relative to SW inbred lines (Fig. 9, 
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Table 5) under freshwater conditions suggests that this ion transporter might possibly be 

basolaterally localized in the osmoregulatory epithelial cell (ionocytes), as this cotransporter has 

been found to be located on either apical of basolateral membranes of ionocytes (Wilson et al. 

2000, Marshall et al. 2002, Luquet et al. 2005). When located in the basolateral membrane, the 

Na
+
/K

+
/2Cl

-
 cotransporter transports sodium and chloride ions from the hemolymph into the 

ionocytes, from which these ions are then excreted into the surrounding environment (Luquet et 

al. 2005). Thus, Na
+
/K

+
/2Cl

-
 might play an important role in sodium excretion under saline, but 

not under freshwater conditions. On the other hand, this study did not find any difference in 

expression of V-type H
+
ATPase, which differs from previous results in microarray study 

reported by Lee et al. (2011) who found the tendency of increased expression of B subunit of V-

type H
+
ATPase in freshwater relative to saline population.  

The other relevant sets of genes for freshwater adaptation are those involved in 

metabolism, especially energy metabolism, since osmoregulation under freshwater conditions is 

energetically very costly. For example, in teleost fish osmoregulation consumes about 10 – 15 % 

of total energy budget (Kirschner 1993, Kidder et al. 2006). Many of the genes from this class, 

such as N-acetylgalactosamine kinase, tyrosine-protein kinase, mitochondrial aldehyde 

dehydrogenases, dehydrogenases, and phospholipases were all upregulated in FW relative to SW 

inbred lines across both pairwise comparisons between saline and freshwater inbred lines (Table 

4).  

 

 GENE EXPRESSION RESPONSE DUE TO ACCLIMATION TO SALINITY 

Comparison of gene expression response of the same genotype (inbred line) under different 

salinities (0 vs. 15 PSU) revealed gene expression changes due to acclimation in response to 
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salinity. Here, four separate comparisons within inbred lines revealed an order of magnitude 

lower number of DE genes relative to comparisons between saline and freshwater inbred lines, 

using an FDR cutoff of 0.01. The weakest response was observed in the FW1 inbred line (Fig. 

10A), where only 356 genes were DE between freshwater and saline conditions. Relative to 

FW1, the two SW inbred lines as well as FW2 showed a much stronger plastic response resulting 

in 670 – 880 DE genes (Fig. 10. B, C, D). Out of these, a total of 209 genes were differentially 

expressed between freshwater (0 PSU) and saline (15 PSU) conditions in both of the FW inbred 

lines (FDR < 0.01) (Fig. 11 A). In the SW inbred lines, 287 genes were differentially expressed 

between freshwater and saline conditions in both lines (Fig. 11 B and D, Tables 8 and 9).  

The most interesting GO categories among DE plastic genes in both FW and SW lines 

were genes involved in protein metabolism, energy metabolism (including kinase, 

dehydrogenase and hydrolase activity), structural constituents of cuticle, and transmembrane 

transport (including antiporter activity). Carboxipeptidase, lipase 3 and dipeptidyl peptidase were 

upregulated in freshwater (0 PSU) relative to saline (15 PSU) conditions (Table 8) in the FW 

inbred lines, implying higher protein metabolism under freshwater conditions. Na
+
/K

+
-ATPase 

subunit alpha showed higher expression in both SW and FW inbred lines under freshwater 

relative to saline conditions (Table 8 and 10, Fig. 13). This result is in agreement with higher 

enzymatic activity of Na
+
/K

+
-ATPase under 0 PSU relative to 15 PSU, observed in freshwater 

and saline larvae of E. affinis (Lee et al. 2011).   

 Higher expression of Na
+
/H

+
 exchanger 9B1 and putative ammonium transporter was 

observed in both FW and SW inbred lines under freshwater conditions relative to saline 

conditions (Tables 8 and 10). In addition, carbonic anhydrase was also upregulated in SW inbred 

lines (Table 10) under freshwater conditions. This increase in expression of carbonic anhydrase 
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and the Na
+
/H

+
 exchanger due to acclimation to freshwater conditions is in concordance with 

findings reported by Towle and Weihrauch (2001 and Ito et al. (2013).  Thus, the potential 

mechanism of sodium uptake from dilute media via Na
+
/ H

+ 
exchangers (Fig. 1) is supported by 

elevated expression of carbonic anhydrase (Table 10).  

 

Discussion 

While ancestral saline populations of E. affinis inhabit saline environments that fluctuate in 

salinity both temporally and spatially (Lee 1999, Winkler et al. 2008), the derived freshwater 

populations live in environments that are always low in salinity, with very low concentrations of 

essential ions. Thus, invasions of freshwater habitats by this copepod presents a major habitat 

transition that requires rapid adaptation of ionic regulation in order to maintain steep gradients 

between body fluids and the dilute freshwater environment (Lee et al. 2011, Lee et al. 2012). 

Results obtained from this study indicate that gene regulatory evolution occurs during these 

freshwater invasions, and likely contribute to rapid adaptation to the freshwater environment. 

Consequently, uncovering the changes in the abundance of gene transcript, i.e. gene expression 

is crucial for understanding the molecular basis of such rapid adaptation. 

 

EVOLUTIONARY SHIFTS IN GENE EXPRESSION ASSOCIATED WITH 

FRESHWATER INVASIONS 

This study demonstrates that expression of many genes underlies freshwater tolerance. In 

particular, evolutionary shifts in expression of genes involved in transmembrane ionic regulation 

and metabolism were detected. Upregulation of many genes involved in metabolism confirm the 

high energy demands for osmoregulation in freshwater environment. Evolutionary shifts in 
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expression of carbonic anhydrase and Na
+
/ H

+ 
exchanger 9B1 indicate plausible mechanism of 

Na
+
 uptake form dilute environment previously reported to be involved in freshwater tolerance 

(Kotlyar et al. 2000, Towle and Weihrauch 2001, Tsai et al. 2007, Lee et all. 2011, Ito et al. 

2013).  

Differentially expressed (DE) genes involved in transmembrane ion transport are of 

particular interest because ion transport function has been found to evolve in response to salinity 

change in prior studies (Lee et al. 2011). Here, most notably, under freshwater conditions 

carbonic anhydrase was upregulated in FW relative to SW inbred lines (Table 4), while Na
+
/H

+
 

exchanger 9B1 showed higher expression in FW2 relative to SW1 inbred line (FDR < 0.01). 

Na
+
/H

+
 exchanger 9B1 also showed evidence of higher expression (FDR < 0.01) in FW relative 

to SW inbred lines under saline conditions (Table 6). These results are consistent with those of 

Towle and Weihrauch (2001) and Ito et al. (2013) who reported upregulated carbonic anhydrase 

and Na
+
/H

+
 exchanger in euryhaline crab and zebra fish gills under freshwater conditions. Higher 

expression of carbonic anhydrase suggests higher levels of H
+
 in cytoplasm of ionocytes, which 

could be exchanged for Na
+
 from freshwater environment. Carbonic anhydrase reversibly 

catalyzes the conversion of H2O and CO2 into H
+
 and HCO3

− (Henry 1996, Towle and Weihrauch 

2001) providing a high level of protons required for transmembrane exchange for sodium ions 

from dilute environments. Protons
 
accumulated through carbonic anhydrase activity can be 

transported out of the cell by V-type H
+
-ATPase, which would generate an electrochemical 

gradient on apical side and allow Na
+
 uptake from dilute environments. Alternative mechanism 

of sodium uptake from fresh water is via Na
+
/ H

+ 
exchanger (Fig. 1), which also requires 

elevated H
+ 

levels within ionocytes (Towle and Weihrauch 2001, Ito et al. 2013). Thus, elevated 
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expression of carbonic anhydrase is consistent with its important role in sodium uptake from 

dilute media surrounding freshwater populations of E. affinis. 

Previous gene expression analysis conducted on larvae of E. affinis (Lee et al. 2011) 

revealed upregulation of the proton pump V-type H
+
 ATPase and downregulation of the alpha 

subunit of Na
+
/K

+
-ATPase in freshwater relative to saline populations. Recently, in situ 

immunolocalization revealed significantly higher V-type H
+
-ATPase expression in the Crusalis 

organs of the freshwater than saline population of E. affinis (Gerber et al., In Prep.). V-type H+ 

ATPase also showed highly differentiated single nucleotide polymorphisms between fresh- and 

saltwater rainwater killifish populations (Kozak et al. 2013). Based on these prior results, V-type 

H
+
-ATPase was of special interest in this study.  V-type H

+
-ATPase pumps protons out of cell 

creating an electrochemical gradient that could be used to energize sodium uptake against a steep 

gradient from dilute environments (Fig. 1) (Lee et al. 2011). While this study did not find 

evolution of regulation for this enzyme, this analysis was limited to differential expression in two 

freshwater inbred lines that underwent many generations of strong genetic drift due to 

inbreeding. Thus, this study might have missed some relevant genes that might contribute to 

adaptive regulatory evolution. Alternatively, higher enzyme activity of V type H
+
-ATPase 

observed in copepods (Lee et al. 2011) might not be due to transcriptional evolution, but due to 

altered translation, post-translational modification or due to direct regulation of V-type H
+
-

ATPase. Such an inconsistency between higher enzyme activity and unchanged mRNA 

abundance for V-type H+ ATPase was found in salmon during freshwater acclimation 

(Bystriansky and Schulte 2011). Finally, results here were generated from adult copepods, and 

might not be directly comparable to those obtained from larvae by Lee et al. (2011). It is possible 

that mechanisms of ionic uptake are altered across different copepod life stages, most likely at 
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metamorphosis, as observed in some freshwater crustaceans (Charmantier 1998, Bianchini and 

Wood 2007).  

 

GENE EXPRESSION CHANGES DUE TO ACCLIMATION TO SALINITY  

The number of differentially expressed genes between salinities (0 vs. 15 PSU) for a given inbred 

line, indicative of acclimation, was 5 – 7 folds lower than the number of putatively adaptive DE 

genes (FDR < 0.01). This is interesting because some studies have shown greater plastic 

transcriptome response to osmotic stress than evolutionary response. For example, Whitehead et 

al. (2012) found about one third of genes being DE in the killifish gills after salinity challenge, 

while Lv et al. (2013) found ~1700 DE genes in gills of the Japanese blue crab. However, the 

stronger response in these studies might be due to more extreme salinities (transfer of animals 

from 32 p.p.t. to 0.1 p.p.t.) that were applied during the experiment. Besides, both of these 

studies were conducted on the gill tissues, while in this study, RNA was extracted from the 

whole bodies of copepods, which might somewhat mask the gene expression response from 

osmoregulatory organs. Developmental acclimation to 5 PSU, under which postmetamorphic 

parents to next generation juveniles were kept, could also affect response to salinity.  

Comparison of gene expression between freshwater (0 PSU) and saline (15 PSU) 

conditions revealed a few important salinity acclimation pathways, including protein 

metabolism, energy metabolism, and transmembrane transport (including antiporter activity). 

Most notably, both FW and SW inbred lines showed upregulation of the Na
+
/H

+
 exchangers and 

putative ammonium transporter under freshwater relative to saline conditions. The ammonium 

transporter, which is involved in transmembrane movement of ammonia (NH3), might be 

upregulated because of higher levels of intracellular ammonia under freshwater conditions. This 
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higher ammonia level might result from aforementioned higher expression of peptidases, which 

implies higher protein metabolism and possibly higher levels of ammonia. Alternatively 

ammonium ions (NH4
+) can compete with K

+
 ions for transport by K

+
 transporters, including 

Na
+
/K

+
 -ATPase (Towle and Hølleland. 1987).  

Carbonic anhydrase, which showed evolutionary shifts in expression, specifically higher 

expression in FW relative to SW inbred line under freshwater conditions, was also affected by 

salinity in the SW inbred lines (Table 10). Coupled with higher expression of Na
+
/H

+
 exchanger, 

this result suggests effective mechanism of sodium uptake from diluted media via Na
+
/ H

+ 

exchangers (Fig. 1). Carbonic anhydrase supplies high levels of protons that are then exchanged 

for sodium from diluted media Na
+
/ H

+ 
exchangers. 

Elevated expression of alpha subunit of Na
+/

K
+
-ATPase under freshwater relative to 

saline conditions in both FW and SW inbred lines (Tables 8 and 10, Fig. 13) is somewhat 

surprising as many researchers reported that activity and gene expression of Na
+/

K
+
-ATPase 

decreases when salinity decreases abruptly (Scott et al. 2004, Whitehead et al. 2012). However, 

in many organisms enzymatic activity of Na
+/

K
+
-ATPase is usually lowest at the level to which 

they are adapted and increases as salinity decreases (Lin et al. 2004; Kang et al. 2008). 

Furthermore, Mo and Greenaway (2001) reported two-fold higher Na
+/

K
+
-ATPase concentration 

in crayfish exposed to distilled water relative to saline conditions. Similar patterns were observed 

in E. affinis larvae (Lee et al. 2011), where enzymatic activity of Na
+/

K
+
-ATPase tended to be 

higher under freshwater relative to saline conditions in both freshwater and saline populations. 

Patterns of Na
+/

K
+
-ATPase expression observed in this study fits into model of sodium uptake 

from dilute media proposed by Kirchner (2004), who suggested that combined higher activity of 



 

 

 

77 

both the Na
+
/K

+
-ATPase and H

+
-ATPase is necessary for sodium uptake from freshwater 

environment.  

Intriguingly, chitinase and chitin binding protein were downregulated under freshwater 

conditions in both FW and SW inbred lines, which might suggest involvement of chitin 

metabolic process in salinity acclimation (Lv et al. 2013). Chitinase is an enzyme involved in 

chitin degradation, which in crustaceans is essential for shedding old and forming new 

exoskeleton during the molting process. However, there is no evidence that downregulation of 

these two genes could increase the barrier between copepods internal fluids and environment, 

and thus reduce ionic loss under freshwater conditions. 

The greater evolutionary than acclimatory differences in gene expression is consistent 

with the selection regime where fluctuating conditions would select for greater genetic variation 

rather than greater “generalist strategies” such as broad tolerance or plasticity (Lee and 

Gelembiuk 2008). This is also consistent with greater plasticity in the saline rather than the 

freshwater populations (Fig. 11, A vs. B), and with the idea that colonization of freshwater 

environment might be associated with genetic assimilation of the optimal phenotype and 

decrease in plasticity (Lande 2009, 2015). 

 

Conclusions 

In summary, this study revealed evolutionary changes in gene expression that might be 

associated with rapid adaptation to freshwater. These results are only partially in concordance 

with previous findings on evolutionary shifts in physiological function and suggest plausible 

candidate genes associated with freshwater invasions. In particular, gene expression analysis 

suggests that changes in expression of ion uptake transporters (Na
+
/H

+
 exchangers) and 
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supporting enzymes (carbonic anhydrase) might be crucial in colonization of the freshwater 

environment. These findings, however, need to be validated with functional studies in order to 

verify the role of candidate genes in rapid adaptation to freshwater conditions. Moreover, 

differential expression analysis cannot distinguish between gene expression changes that are due 

to cis- (near the gene) and trans- (elsewhere in the genome) regulation. To overcome this 

limitation of gene expression analysis, allele specific expression analysis has also been applied 

(Chapter 3). Distinguishing cis- vs. trans-regulatory changes is essential in gene expression 

analysis and is yet to clarify the role that regulatory adaptation plays in invasion success.  
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TABLES AND FIGURES 

Table 1. Summary of Illumina HISeq 2000 RNA sequencing scheme. In total 22 RNA samples were 

collected from two 2x2 factorial common garden experiments. Four different inbred lines (two saline: 

SW1 (VA) and SW1 (VE), and two freshwater: FW1 (RA) and FW2 (RB)) were reared each with 

replicates in both saline (15 PSU) and freshwater (0 PSU) conditions in order to distinguish between 

environmentally induced and genetically based differences in gene expression. RNA-seq data were 

generated by pair end (PE) strand specific sequencing on Illumina HiSeq 2000. Each library was first split 

in half and then samples were run on two lines, multiplexing 12 samples per line.  

Sample ID Inbred Salinity Biological Experiment Batch Insert  Total Reads  
  line (PSU) replicate     size (bp) (101 bp) 

FW1-0-1 
FW1 

0 1 2 2 399 64,756,320 

FW1-0-2 0 2 2 2 406 65,950,514 

FW1-15-1 
FW1 

15 1 2 2 394 67,511,098 

FW1-15-2 15 2 2 2 390 65,665,190 

FW2-0-1 

FW2 

0 1 1 1 289 74,424,014 

FW2-0-2 0 2 1 1 373 86,526,182 

FW2-0-3 0 3 1 3 392 67,495,870 

FW2-15-1 

FW2 

15 1 1 1 308 77,791,450 

FW2-15-2 15 2 1 1 262 67,488,764 

FW2-15-3 15 3 1 3 403 66,185,938 

SW1-0-1 

SW1 

0 1 1 1 332 83,510,946 

SW1-0-2 0 2 1 1 280 65,894,198 

SW1-0-3 0 3 1 3 396 54,635,908 

SW1-15-1 

SW1 

15 1 1 1 383 87,755,840 

SW1-15-2 15 2 1 1 315 71,000,680 

SW1-15-3 15 3 1 3 394 53,779,200 

SW2-0-1 

SW2 

0 1 2 2 398 87,103,524 

SW2-0-2 0 2 2 2 388 82,173,766 

SW2-0-3 0 3 2 3 357 67,040,052 

SW2-15-1 

SW2 

15 1 2 2 393 54,128,010 

SW2-15-2 15 2 2 2 406 57,246,210 

SW2-15-3 15 3 2 3 340 87,084,548 
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Table 2. RNA-seq library size and relative scaling factors (normalization factors) for 22 samples. 

Normalization factor smaller than one indicates that a large number of fragments correspond to small 

number of highly expressed genes in a given library (Chen 2014). All the normalization factors are close 

to one indicating that all 22 libraries are very similar in composition.  

 

Sample ID Inbred line Salinity (PSU) Library size  Normalization factor 

FW1-0-1 

FW1 

0 20,874,833 0.9896 

FW1-0-2 0 20,496,791 1.0167 

FW1-15-1 15 21,728,439 0.9414 

FW1-15-2 15 20,944,384 0.9989 

FW2-0-1 

FW2 

0 22,194,623 0.9511 

FW2-0-2 0 25,674,233 1.0317 

FW2-0-3 0 19,722,864 0.9868 

FW2-15-1 15 23,000,605 1.0554 

FW2-15-2 15 20,135,925 0.9240 

FW2-15-3 15 19,340,208 1.0056 

SW1-0-1 

SW1 

0 22,832,531 1.0326 

SW1-0-2 0 20,493,609 1.0507 

SW1-0-3 0 15,956,566 1.0351 

SW1-15-1 15 27,774,732 0.9813 

SW1-15-2 15 22,643,922 0.9747 

SW1-15-3 15 15,738,738 0.9803 

SW2-0-1 

SW2 

0 27,504,119 1.0253 

SW2-0-2 0 26,369,310 1.0074 

SW2-0-3 0 22,360,048 1.0541 

SW2-15-1 15 17,551,630 0.9936 

SW2-15-2 15 18,383,208 0.9975 

SW2-15-3 15 29,379,775 0.9794 
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Table 3. Relevant gene ontology (GO) categories and number of differentially expressed genes (FDR 

corrected P value < 0.01) in FW vs. SW inbred lines comparison identified by ErmineJ (Gillies et al. 

2010). 

 

GO ID GO name 

No. of 
genes in GO 
category** 

Multi- 
functionality* 

GO:0016597 amino acid binding 46 0.842 

GO:0006022 aminoglycan metabolic process 49 0.759 

GO:0016209 antioxidant activity 46 0.105 

GO:0070001 aspartic-type peptidase activity 24 0.145 

GO:0006816 calcium ion transport 63 0.889 

GO:0046942 carboxylic acid transport 85 0.961 

GO:0071554 cell wall organization or biogenesis 24 0.445 

GO:0009063 cellular amino acid catabolic process 78 0.889 

GO:0006873 cellular ion homeostasis 88 0.988 

GO:0009200 deoxyribonucleoside triphosphate metabolic process 10 0.825 

GO:0051606 detection of stimulus 64 0.89 

GO:0015074 DNA integration 21 0.018 

GO:0034061 DNA polymerase activity 47 0.068 

GO:0005231 excitatory extracellular ligand-gated ion ch. Activity 47 0.642 

GO:0008238 exopeptidase activity 87 0.003 

GO:0005230 extracellular ligand-gated ion channel activity 57 0.554 

GO:0004930 G-protein coupled receptor activity 97 0.335 

GO:0030203 glycosaminoglycan metabolic process 38 0.725 

GO:0016798 hydrolase activity, acting on glycosyl bonds 88 0.655 

GO:0016298 lipase activity 53 0.337 

GO:0055065 metal ion homeostasis 90 0.972 

GO:0004497 monooxygenase activity 58 0.0335 

GO:0052126 movement in host environment 12 0.657 

GO:1903510 mucopolysaccharide metabolic process 28 0.668 

GO:0007218 neuropeptide signaling pathway 38 0.004 

GO:0009124 nucleoside monophosphate biosynthetic process 46 0.906 

GO:0015849 organic acid transport 85 0.961 

GO:0005343 organic acid:sodium symporter activity 20 0.654 

GO:0030072 peptide hormone secretion 13 0.755 

GO:0015833 peptide transport 18 0.798 

GO:0030247 polysaccharide binding 15 0.075 

GO:0000272 polysaccharide catabolic process 32 0.683 

GO:0007204 positive regulation of cytosolic Ca ion concentration 20 0.806 

GO:0006278 RNA-dependent DNA replication 10 0.18 
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Table 3. Continued 

 

GO ID GO name 

No. of 
genes in GO 
category** 

Multi 
Functionality* 

GO:0003964 RNA-directed DNA polymerase activity 27 0.005 

GO:0050954 sensory perception of mechanical stimulus 51 0.893 

GO:0015081 sodium ion transmembrane transporter activity 79 0.827 

GO:0042302 structural constituent of cuticle 14 0.001 

GO:0008484 sulfuric ester hydrolase activity 11 0.006 

GO:0015293 symporter activity 88 0.707 

 

* Multifuncionality – indicates the degree to which the group is biased towards multifunctional 

genes (i.e., towards genes grouped into more than one GO category). A score is ranging from 0 

to 1, where 1 is the highest (Gillis and Pavlidis, 2011).  

** Not all the genes in GO category are differentially expressed.  
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Table 4. Genes showing evolution of increased expression in freshwater (FW) relative to saline (SW) 

inbred lines under freshwater conditions (0 PSU).  

 

Gene description 
FW1 vs. SW2 FW2 vs. SW1 

logFC FDR logFC FDR 

Zinc metalloproteinase nas-5 10.7 2.97E-65 8.95 1.13E-83 

Xanthine dehydrogenase/oxidase 8.84 1.18E-51 4.67 5.92E-45 

Thymidine kinase 2, mitochondrial 4.94 1.15E-24 7.74 1.60E-11 

Sodium/calcium exchanger 3 9.42 2.13E-36 2.91 9.87E-26 

Carbonic anhydrase 5.46 4.13E-14 4.89 2.85E-10 

Carboxypeptidase B 3.16 1.88E-10 6.17 2.27E-58 

F-box only protein 40 4.22 1.50E-09 4.73 6.81E-14 

Phospholipid-metabolizing enzyme A-C1 5.41 1.03E-25 3.48 1.12E-22 

Putative ammonium transporter 1 3.63 1.36E-13 2.75 2.41E-08 

Tyrosine-protein kinase shark 3.77 7.88E-38 1.21 9.93E-08 

Chymotrypsinogen A 1.75 6.71E-06 3.23 6.35E-44 

Selenoprotein W 2.45 7.59E-20 1.75 8.41E-09 

Aromatic-L-amino-acid decarboxylase 1.66 4.56E-18 1.78 1.46E-28 

Arylsulfatase B 1.55 9.11E-04 1.84 1.15E-09 

Glucose-dependent insulinotropic receptor 2.37 3.72E-06 1 8.23E-06 

LINE-1 reverse transcriptase homolog 2.42 1.73E-33 0.94 3.39E-03 

Potassium voltage-gated channel subfamily B member 2 1.09 1.46E-04 2.12 1.88E-15 

Transmembrane protease serine 6 1.48 1.74E-09 1.67 6.08E-20 

Arylsulfatase B 1.67 4.09E-06 1.36 2.47E-04 

Zinc finger protein 518B 1.48 4.80E-03 1.41 4.48E-03 

Protein hedgehog   1.3 1.10E-03 1.54 2.86E-04 

Medium-chain specific acyl-CoA dehydr. mt 1.32 1.73E-11 1.42 3.33E-06 

Putative acyl-CoA dehydrogenase AidB 1.71 1.20E-15 0.91 3.26E-08 

4-hydroxyphenylpyruvate dioxygenase 1.73 2.21E-13 0.77 8.42E-05 

Sodium-independent sulfate anion transporter 1.25 1.50E-08 1.19 2.17E-08 

Neuronal acetylcholine receptor subunit alpha-6 1.66 4.24E-08 0.73 5.25E-04 

Cytosolic 10-formyltetrahydrofolate dehydro. 0.96 1.55E-03 1.41 1.17E-09 

Solute carrier family 15 member 1 1.03 1.53E-06 1.07 6.75E-03 

Solute carrier family 35 member G1 1.11 1.98E-05 0.98 3.50E-07 

Zinc finger protein 728 0.69 7.53E-03 1.39 4.92E-10 

Homeobox protein HMX1 1.09 3.42E-04 0.98 1.22E-03 

Putative phospholipase B-like 1 1.25 5.99E-04 0.82 8.47E-03 

 

logFC = log2(expression in FW) - log2(expression in SW) 

FDR = false discovery rate corrected P value 
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Table 4. Continued 

 

FAD-dependent oxidoreductase domain-protein 1 1.32 1.48E-05 0.67 3.26E-03 

Intraflagellar transport protein 22 homolog 1.36 2.65E-05 0.62 9.17E-03 

Aldehyde dehydrogenase, mitochondrial 1.1 1.04E-04 0.79 3.78E-04 

Succinate-semialdehyde dehydrogenase, mitoch. 0.83 1.81E-04 1.02 6.09E-05 

Xanthine dehydrogenase/oxidase 0.98 2.02E-04 0.86 4.09E-06 

Aldehyde dehydrogenase X, mitochondrial 1.2 1.36E-03 0.57 5.52E-03 

Catalase 0.68 4.18E-04 1.02 4.15E-09 

Putative phospholipase B-like 2 1.04 3.99E-07 0.64 2.23E-04 

Tripeptidyl-peptidase 2 1.05 8.10E-09 0.62 3.92E-03 

D-aspartate oxidase 0.69 3.74E-03 0.97 5.15E-07 

Adenylosuccinate lyase 0.67 4.84E-03 0.89 4.33E-05 

Isobutyryl-CoA dehydrogenase, mitochondrial 0.76 2.89E-05 0.74 4.61E-07 

Putative phospholipase B-like 2 0.79 5.37E-04 0.68 1.04E-03 

N-acetylgalactosamine kinase 0.7 5.05E-04 0.72 2.96E-04 

Heat shock factor-binding protein 1 0.68 4.25E-03 0.68 9.66E-04 

UDP-glucose:glycoprotein glucosyltransferase 1 0.74 1.80E-04 0.58 2.41E-04 

Excitatory amino acid transporter 3 0.77 1.43E-04 0.52 5.33E-03 

Uridine-cytidine kinase 2-B 0.74 5.35E-03 0.53 2.16E-03 

Adenylosuccinate lyase 0.58 6.27E-03 0.58 7.15E-04 

NAD(P)H-dependent D-xylose reductase 0.58 2.60E-03 0.57 2.21E-03 

Presequence protease, mitochondrial 0.6 9.24E-03 0.48 6.75E-03 
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Table 5. Genes showing evolution of reduced expression in freshwater (FW) relative to saline (SW) 

inbred lines under freshwater conditions (0 PSU). 
 

Gene description 
FW1 vs. SW2 FW2 vs. SW1 

logFC FDR logFC FDR 

Zinc finger protein 142 -10.5 2.24E-33 -8.33 2.62E-21 

Retrovirus-related Pol polypr. transposon TNT 1-94 -9.47 2.28E-34 -6.47 5.46E-21 

Retrovirus-related Pol polyprotein type-2 R2DM -9.81 4.52E-18 -5.36 7.10E-06 

Mechanosensory protein 2 -8.92 8.44E-68 -3.51 1.05E-05 

LINE-1 retrotransposable element ORF2 protein -2.97 3.78E-07 -8.43 2.14E-18 

Solute carrier family 12 member 2 -9.17 2.01E-26 -1.34 9.00E-03 

Retrovirus-related Pol polyprotein – transposon opus -4.11 4.12E-33 -3.63 1.36E-33 

Pro-Pol polyprotein -3.72 1.37E-46 -3.55 3.61E-47 

Solute carrier family 13 member 2 -3.6 2.68E-11 -2.51 5.05E-11 

Nuclear hormone receptor HR96 -3.63 4.49E-09 -1.54 4.43E-05 

E3 ubiquitin-protein ligase UHRF1 -2.16 1.10E-10 -2.97 2.73E-33 

Heat shock protein HSP 90-alpha -3.3 1.07E-18 -1.1 7.52E-08 

Cyclin-dependent kinase 2-associated protein 1 -2.55 3.84E-11 -1.67 1.26E-12 

Probable cytochrome P450 6d4 -1.61 7.74E-18 -2.48 7.57E-27 

Vitellogenin -2.4 6.63E-12 -1.64 2.74E-08 

Na
+
/K

+
/2Cl

-
 cotransporter -2.39 4.75E-25 -1.56 2.09E-09 

Sodium-dependent phosphate transporter 1-A -1.61 5.68E-07 -2.33 8.06E-15 

Fatty acid-binding protein 9 -2.04 7.37E-12 -1.86 8.10E-10 

Carboxypeptidase B -2.16 1.23E-10 -1.72 9.81E-07 

Neuronal acetylcholine receptor subunit alpha-10 -2.17 6.77E-21 -1.65 7.08E-20 

Cation transport regulator-like protein 2 -1.36 1.56E-03 -2.36 1.44E-10 

Apolipoprotein D -2.14 2.74E-16 -1.53 4.15E-10 

Solute carrier family 13 member 5 -1.21 1.86E-06 -2.44 1.04E-20 

Alternative oxidase, mitochondrial -1.41 2.82E-06 -2.15 1.15E-16 

Calmodulin -2.17 1.32E-25 -1.34 8.95E-09 

Cytochrome P450 6k1 -2.29 5.76E-23 -1.17 4.51E-09 

Electrogenic sodium bicarbonate cotransporter 1 -1.07 1.47E-04 -2.2 5.55E-26 

Mitogen-activated protein kinase 1 -2.57 2.19E-21 -0.65 1.35E-03 

Sodium/potassium-ATPase subunit beta-2 -1.13 1.89E-05 -1.93 3.48E-21 

Sodium-independent sulfate anion transporter -2.04 5.63E-14 -0.96 9.22E-07 

Zinc finger protein 142 -1.57 1.73E-09 -1.29 4.59E-05 

Apoptosis inhibitor IAP -1.28 2.68E-11 -1.58 1.15E-11 

 

logFC = log2(expression in FW) - log2(expression in SW) 

FDR = false discovery rate corrected P value 
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Table 5. Continued 

 
Sodium/calcium exchanger 1 -1 1.93E-07 -1.8 4.15E-17 

Transmembrane protein 192 -1.28 4.45E-12 -1.5 4.79E-16 

Zinc finger protein 142 -1.3 2.15E-04 -1.41 1.73E-06 

Serine proteinase stubble -1.71 5.65E-08 -0.93 8.14E-05 

Sodium/potassium-transporting-ATPase subunit beta -1.4 9.57E-08 -1.2 1.40E-06 

Sodium/potassium-ATPase subunit beta -1.17 4.38E-05 -1.36 1.53E-06 

E3 ubiquitin-protein ligase sina -1.64 3.96E-06 -0.89 5.71E-04 

Heat shock 70 kDa protein -1.57 6.41E-04 -0.89 6.25E-05 

Retrovirus-related Pol polyprotein ransposon 412 -0.91 9.12E-04 -1.55 5.57E-13 

Polypeptide N-acetylgalactosaminyltransferase 5 -1.3 7.82E-05 -1.13 8.40E-05 

Sodium-independent sulfate anion transporter -1.69 5.49E-15 -0.61 3.55E-03 

Inhibitor of apoptosis protein -0.97 4.03E-05 -1.28 6.66E-13 

Acetyl-coenzyme A synthetase 2  -1.11 1.15E-04 -1.12 1.02E-05 

Actin -1.27 8.08E-05 -0.91 9.82E-03 

Trypsin-2 -1.11 3.04E-05 -0.77 3.66E-03 

Transmembrane channel-like protein 4 -0.97 8.33E-06 -0.87 4.34E-05 

Sodium-driven chloride bicarbonate exchanger -1.09 5.46E-06 -0.68 4.46E-04 

Glyoxylate reductase/hydroxypyruvate reductase -0.88 1.13E-05 -0.72 1.77E-04 

Homeobox protein CDX-2 -0.81 4.21E-03 -0.76 2.19E-03 

Mitochondrial sodium/hydrogen exchanger 9B2 -0.91 4.70E-03 -0.61 2.19E-03 
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Table 6. Genes showing evolution of increased expression in freshwater (FW) relative to saline (SW) 

inbred lines under saline conditions (15 PSU). 

 

Gene description 
FW1 vs. SW2 FW2 vs. SW1 

logFC FDR logFC FDR 

Zinc metalloproteinase nas-5 11.19 2.29E-68 7.45 2.11E-65 

Methylcytosine dioxygenase TET2 5.42 1.99E-49 10.27 2.32E-38 

ATP-dependent DNA helicase PIF1  9.72 4.43E-15 4.27 1.37E-06 

Sodium/calcium exchanger 3 11.01 4.48E-56 2.08 2.19E-17 

Xanthine dehydrogenase/oxidase 7.83 4.34E-35 4.63 7.72E-42 

Zinc finger protein 846 1.43 3.13E-07 10.15 3.38E-57 

Alanine aminotransferase 2 6.57 7.90E-10 4.87 1.74E-08 

Chymotrypsinogen A 7.37 8.52E-14 3.67 8.48E-04 

Trypsin 2.29 3.92E-06 8.67 5.41E-14 

Thymidine kinase 2, mitochondrial 3.66 9.91E-14 7.25 8.62E-10 

Chymotrypsin B 5.39 1.66E-47 5.31 7.35E-39 

Retrovirus-related Pol polyprotein from type-2 R2DM 5.55 1.90E-24 2.39 1.25E-12 

F-box only protein 40 3.03 1.01E-05 4.72 1.32E-13 

Heat shock protein 23 3.88 3.40E-04 3.59 5.31E-09 

Retrovirus-related polyprotein transposon opus 2.82 5.60E-13 4.64 3.23E-39 

Carboxypeptidase B 2.77 2.69E-07 4.61 1.12E-36 

Na+/K+ ATPase subunit alpha 2.65 2.92E-10 3.37 7.86E-17 
Sodium/hydrogen exchanger 9B1 1.03 3.41E-03 4.99 5.54E-62 

Phospholipid-metabolizing enzyme A-C1 4.05 1.42E-14 1.72 7.77E-07 

Kelch-like protein 12 3 3.56E-17 2.48 5.04E-06 

Arylsulfatase B 2.21 8.98E-06 2.98 1.08E-20 

Epithelial chloride channel protein 2.34 4.18E-31 2.69 2.08E-24 

Putative ammonium transporter 1 2.73 4.93E-09 2.29 2.76E-07 

Tyrosine-protein kinase shark 3.68 6.50E-32 1.15 5.28E-07 

Chymotrypsinogen A 1.65 2.47E-05 2.6 7.95E-28 

Arylsulfatase B 2.08 6.26E-08 2.08 5.53E-10 

F-box/LRR-repeat protein 7 3.11 7.39E-24 0.88 4.89E-03 

Serine proteinase stubble 1.84 9.08E-10 1.95 1.75E-06 

Retrovirus-related polyprotein transposon 297 1.79 3.25E-08 1.69 1.19E-03 

Retrovirus-related polyprotein transposon 412 1.27 2.15E-03 2.16 1.35E-19 

Soluble guanylate cyclase 88E 1.53 9.46E-04 1.75 8.53E-06 

Tektin-2 1.57 2.03E-06 1.62 1.24E-09 

Aromatic-L-amino-acid decarboxylase 1.61 5.16E-17 1.57 6.42E-23 

Retrovirus-related polyprotein transposon 412 1.76 1.38E-07 1.34 2.88E-05 

 

logFC = log2(expression in FW) - log2(expression in SW) 

FDR = false discovery rate corrected P value 
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Table 6. Contimued 

 

Putative ascorbate peroxidase 2.1 2.33E-07 0.99 5.84E-03 

Potassium voltage-gated channel subfamily B2 1.15 1.10E-04 1.89 2.73E-12 

Fatty acyl-CoA reductase 2 1.54 2.14E-05 1.47 2.94E-04 

Putative fatty acyl-CoA reductase CG5065  1.51 1.77E-05 1.5 2.93E-06 

Sodium-independent sulfate anion transporter 1.36 2.96E-09 1.62 3.73E-14 

Endoglucanase E-4 1.23 6.29E-07 1.74 7.65E-10 

Sorbitol dehydrogenase 1.56 7.65E-11 1.25 8.54E-08 

Alpha-amylase 1.25 1.37E-04 1.54 1.37E-08 

Kelch-like protein 12 1.64 4.25E-09 1.02 1.22E-05 

Sonic hedgehog protein 1.38 8.51E-03 1.26 7.65E-03 

Serine protease 52 1.71 1.13E-09 0.84 6.84E-05 

FAD-dependent oxidoreductase domain protein 1 1.46 3.12E-06 0.96 9.41E-06 

Fatty acid-binding protein, epidermal 1.54 2.07E-12 0.81 8.91E-05 

Neuronal acetylcholine receptor subunit alpha-6 1.5 1.33E-06 0.78 1.87E-04 

Carboxypeptidase D 1.12 1.51E-09 1.15 8.79E-10 

Probable cytochrome P450 12b2, mitochondrial 1.05 3.49E-05 1.16 3.14E-07 

Na-dependent neutral amino acid transp. SLC6A17 0.89 2.29E-03 1.24 2.26E-04 

RE1-silencing transcription factor 0.99 1.84E-05 1.05 6.40E-08 

Homeobox protein HMX1 0.99 6.17E-03 1.01 2.28E-03 

Involucrin 0.95 3.21E-03 0.99 1.52E-03 

DNA replication complex GINS protein SLD5 1.27 1.20E-04 0.62 3.29E-03 

Probable medium-chain acyl-CoA dehydrogenase, mt. 0.69 1.11E-03 1.16 2.00E-04 

DNA replication complex GINS protein SLD5 1.14 3.23E-06 0.6 3.11E-03 

Solute carrier family 35 member G1 0.95 3.58E-04 0.77 1.11E-04 

D-aspartate oxidase 0.64 8.88E-03 1.06 2.67E-08 

Chitin synthase 1 0.88 1.82E-05 0.76 2.65E-06 

Mitochondrial basic amino acids transporter 0.98 2.59E-05 0.63 4.13E-05 

Mannan-binding lectin serine protease 2 0.74 4.62E-03 0.86 8.02E-04 

Zinc finger protein 142 0.98 1.15E-06 0.49 9.69E-03 

Titin 0.85 4.96E-04 0.57 5.00E-03 

Tripeptidyl-peptidase 2 0.97 2.14E-07 0.43 6.31E-03 

N-acetylgalactosamine kinase 0.64 1.88E-03 0.63 2.10E-03 

MAP kinase-activated protein kinase 2 0.54 9.85E-03 0.71 9.49E-06 

Alpha-ketoglutarate-dependent dioxygenase abh1 0.62 2.00E-03 0.57 1.82E-03 

Glutamate--cysteine ligase 0.59 5.61E-03 0.57 9.80E-04 
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Table 7. Genes showing evolution of reduced expression in freshwater (FW) relative to saline (SW) 

inbred lines under saline conditions (15 PSU).  

  

Gene description 
FW1 vs. SW2 FW2 vs. SW1 

logFC FDR logFC FDR 

Mechanosensory protein 2 -12.07 2.77E-87 -4.37 2.14E-07 

Zinc finger protein 142 -11.05 3.17E-39 -8.04 4.32E-18 

Retrovirus-related Pol polyprotein type-2 R2DM -9.7 4.32E-17 -4.73 4.68E-04 

LINE-1 retrotransposable element ORF2 protein -5.02 1.98E-15 -8.69 2.15E-19 

Retrovirus-related Pol polypr. ransposon TNT 1-94 -9.47 6.12E-33 -3.5 3.03E-12 

Chymotrypsin-like elastase family member 2A -3.97 1.77E-05 -8.99 1.60E-111 

Glutathione S-transferase -11.18 2.08E-121 -1.52 8.07E-05 

Kelch-like protein diablo  -6.51 3.88E-60 -5.84 5.49E-109 

RNA-directed DNA polymerase mob. element jockey -8.26 2.83E-16 -2.06 2.30E-03 

Low choriolytic enzyme -6.71 1.07E-43 -1.74 1.13E-15 

Phospholipid scramblase 2 -4.15 9.81E-36 -3.82 6.33E-62 

Receptor-type tyrosine-protein phosphatase eta -4.19 9.33E-11 -3.3 5.32E-09 

Solute carrier family 13 member 2 -3.84 1.98E-09 -2.21 2.21E-08 

Nuclear hormone receptor HR96 -4.11 1.20E-22 -1.84 3.97E-10 

Solute carrier family 22 member 15 -2.95 1.38E-06 -2.71 9.43E-08 

2-keto-3-deoxy-L-fuconate dehydrogenase  -2.61 1.92E-08 -2.95 8.37E-17 

Putative calmodulin-like protein 6 -1.71 4.62E-05 -3.37 1.96E-08 

Carboxypeptidase B -1.8 2.45E-08 -3.17 4.62E-23 

E3 ubiquitin-protein ligase UHRF1 -2.51 1.34E-13 -2.35 6.55E-21 

Cytochrome P450 6k1 -2.91 6.68E-33 -1.6 4.07E-16 

Solute carrier family 13 member 5 -1.6 2.71E-10 -2.67 2.25E-24 

Glutamate-gated chloride channel -2.07 5.96E-12 -2.19 3.72E-19 

E3 ubiquitin-protein ligase UHRF1 -2.09 4.50E-18 -2.09 8.22E-23 

Probable pyridoxine biosynthesis SNZERR -2.02 2.18E-13 -2.08 3.38E-14 

15-hydroxyprostaglandin dehydrogenase NAD(+) -1.75 1.42E-12 -2.33 2.83E-15 

N-acetylglucosamine-1-phosphotransferase α/β -1.97 3.33E-04 -2.06 1.31E-06 

Low-density lipoprotein receptor-related protein 4 -1.84 6.59E-05 -2.17 1.55E-07 

Retrovirus-related Pol polypr. from transposon 17.6 -1.99 2.64E-07 -1.96 1.65E-04 

Lipase 3 -1.29 1.09E-03 -2.57 1.00E-11 

Subversion of eukaryotic traffic protein A -1.79 2.39E-05 -1.94 9.59E-05 

Protein Malvolio -1.91 3.97E-07 -1.8 1.16E-05 

Diaminopropionate ammonia-lyase -2.06 4.41E-06 -1.54 4.99E-03 

Alternative oxidase, mitochondrial -1.49 5.92E-07 -2.1 9.87E-16 

Glucoamylase -1.66 5.95E-08 -1.86 1.86E-08 

Acetylcholine receptor subunit alpha-like -2.04 1.25E-09 -1.45 3.72E-07 

Arylsulfatase J -1.75 1.61E-04 -1.66 2.87E-04 

 

logFC = log2(expression in FW) - log2(expression in SW) 

FDR = false discovery rate corrected P value 
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Table 7. Continued 

Protein Malvolio -1.71 4.33E-04 -1.64 2.36E-07 

Electrogenic sodium bicarbonate cotransporter 1 -1.1 1.80E-04 -2.19 7.00E-25 

Retrovirus-related Pol polyprotein transposon 412 -1.42 1.49E-07 -1.8 2.20E-16 

Xanthine dehydrogenase -2.09 4.07E-24 -1.11 1.18E-04 

Probable calcium-binding protein CML29 -1.95 3.36E-08 -1.23 4.09E-07 

Calmodulin -1.61 4.81E-15 -1.51 4.34E-11 

Actin-5C -1.82 3.86E-16 -1.28 6.97E-06 

Alpha-galactosidase -1.63 3.88E-12 -1.47 1.60E-12 

Tropomyosin -1.85 1.68E-07 -1.24 3.09E-06 

Lipase member K -1.53 2.63E-07 -1.56 1.31E-07 

Meiotic recombination protein SPO11-1 -1.87 3.88E-05 -1.19 7.70E-03 

Insulin-like growth factor-binding protein complex  -1.91 7.25E-20 -1.08 6.93E-07 

Selenium-binding protein 1 -1.31 3.34E-05 -1.67 6.78E-13 

Zinc finger protein 142 -1.7 1.13E-10 -1.26 9.44E-05 

D-amino acid dehydrogenase 2 -1.75 8.31E-05 -1.13 1.58E-03 

Purine nucleoside phosphorylase -1.81 1.84E-10 -1.05 2.70E-06 

Rho GTPase-activating protein 15 -1.75 2.00E-08 -1.1 3.85E-04 

Lysosomal alpha-mannosidase -1.64 1.99E-07 -1.2 1.92E-08 

Delta-sarcoglycan -1.81 2.14E-03 -1.02 3.03E-03 

Protein sister of odd and bowel -2.05 2.51E-13 -0.74 1.66E-03 

Solute carrier family 35 member F4 -1.47 2.59E-04 -1.32 1.98E-04 

Kelch-like protein 31 -1 5.50E-04 -1.76 3.46E-20 

Cell division control protein 42 homolog -1.72 5.94E-09 -0.94 1.05E-04 

Sodium/potassium-transporting-ATPase subunit β -1.08 2.02E-04 -1.58 2.37E-10 

Ankyrin repeat domain protein SOWAHC -1.74 1.13E-11 -0.89 1.81E-05 

Solute carrier family 28 member 3 -1.43 1.41E-08 -1.16 4.38E-04 

Probable cytochrome P450 6d4 -1.2 2.84E-10 -1.39 1.50E-09 

Xanthine dehydrogenase -1.19 6.77E-05 -1.18 2.46E-03 

Alpha-amylase -1.17 6.22E-06 -1.19 1.93E-07 

Protein O-GlcNAcase  -1.8 1.95E-13 -0.51 2.78E-03 

Zinc finger protein 407 -1.38 3.11E-05 -0.92 5.83E-05 

Kelch-like protein 10 -1.31 5.86E-11 -0.97 9.41E-07 

Cytochrome P450 3A16 -1.00 3.97E-04 -1.15 2.04E-09 

Probable D-lactate dehydrogenase, mitochondrial -0.78 3.42E-05 -1.26 1.10E-14 

Zinc finger protein 142 -0.96 1.85E-03 -1.05 3.95E-08 

Carbonic anhydrase -1.06 7.13E-07 -0.94 1.65E-05 

Apoptosis inhibitor IAP -0.73 3.76E-04 -1.07 7.18E-06 

Lipase 3 -1.05 3.27E-05 -0.7 4.70E-03 

Transcriptional regulator Myc -0.93 7.48E-05 -0.77 3.84E-03 
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Table 8. Subset of genes showing acclimation via increased expression (FDR corrected P value 

< 0.01) under freshwater (0 PSU) relative to saline (15 PSU) conditions in FW inbred lines.  

 

Gene description 
FW1 [0 vs. 15 PSU] FW2 [0 vs. 15 PSU] 

logFC FDR logFC FDR 

Vitronectin 1.02 8.85E-06 0.71 2.63E-05 

Sodium/potassium-ATPase subunit α 0.94 6.09E-03 1.03 1.24E-05 

Calpain-1 catalytic subunit 0.85 5.09E-03 1.16 7.29E-09 

Retinol dehydrogenase 12 1.11 1.07E-03 0.94 7.36E-03 

Probable cysteine proteinase A494 1.03 5.83E-03 1.16 1.70E-08 

Na
+
/H

+
 exchanger 9B1 1.02 2.90E-05 1.18 3.77E-04 

Dual specificity phosphatase DUPD1 1.33 1.35E-04 1.04 4.75E-03 

Plasma kallikrein 1.12 1.58E-06 1.32 1.33E-17 

Dipeptidyl peptidase 1 1.35 1.02E-03 1.1 2.61E-03 

Carboxypeptidase B 1.42 1.66E-06 1.12 6.81E-03 

Matrix metalloproteinase-14 1.24 1.68E-04 1.47 4.14E-11 

Lipase 3 1.4 3.20E-03 1.35 3.25E-03 

Protein-methionine sulfoxide oxidase MICAL2 1.35 1.00E-04 1.5 5.84E-10 

Tubulin polyglutamylase TTLL4 1.12 8.85E-05 1.78 6.28E-18 

Organic cation transporter 1 1.72 2.35E-07 1.46 4.99E-11 

Exoglucanase 1.34 1.68E-04 1.84 3.77E-12 

Mitochondrial Na
+
/H

+
 exchanger 9B2 2.06 2.23E-10 1.35 1.93E-04 

Serine protease inhibitor dipetalogastin 1.66 3.54E-10 1.78 1.66E-13 

SPARC 1.57 1.37E-04 2.3 6.64E-10 

Glutathione peroxidase 1.83 4.00E-07 2.26 3.32E-28 

Putative ammonium transporter 1 2.5 3.96E-07 2.73 5.43E-16 

Oxidative stress-induced growth inhibitor 1 2.75 1.42E-08 2.7 2.11E-09 

Na
+
/H

+
 exchanger beta 1.41 2.22E-03 4.13 8.39E-32 

Sodium/potassium-ATPase subunit beta-1 3.86 7.83E-19 4.19 9.12E-30 
Formimidoyltransferase-cyclodeaminase 4.43 5.07E-27 5.25 4.84E-128 

 
logFC = log2(expression in FW at 0 PSU) - log2(expression in FW at 15 PSU) 

FDR = false discovery rate corrected P value 
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Table 9. Subset of genes showing acclimation via reduced expression (FDR corrected P value < 

0.01) in freshwater (0 PSU) relative to saline (15 PSU) conditions in FW inbred lines. 

 

Gene description 
FW1 [0 vs. 15 PSU] FW2 [0 vs. 15 PSU] 

logFC FDR logFC FDR 

Deoxynucleoside kinase -4.86 2.68E-06 -4.2 8.09E-22 

Ovochymase-1 -3.93 8.28E-16 -4.93 3.71E-64 

Kelch repeat-containing protein kel-10 -3.6 5.34E-13 -2.73 7.93E-06 

Epididymal secretory protein E1 -2.94 2.17E-13 -2.58 7.40E-13 

Serine proteinase stubble -2.47 5.87E-13 -2.24 4.75E-22 

Heme-binding protein 2 -1.91 5.39E-03 -2.73 6.76E-06 

Heparan sulfate glucosamine 3-O-sulfotrans. 2 -2.42 5.08E-09 -1.88 8.33E-05 

Glutamate-gated chloride channel beta -2.1 2.34E-08 -1.88 4.15E-10 

Kunitz-type protease inhibitor 2 -2.24 2.33E-09 -1.63 8.81E-22 

Glutamate-gated chloride channel -1.84 1.34E-06 -1.97 2.13E-13 

Protein rhomboid -2.17 2.76E-10 -1.64 2.08E-04 

Heparan sulfate glucosamine 3-O-sulfotrans. 1 -1.88 2.86E-10 -1.89 1.45E-10 

Acidic mammalian chitinase -1.9 2.52E-09 -1.55 6.12E-08 

Niemann-Pick C1 protein -1.88 4.12E-11 -1.55 1.15E-09 

Cytochrome P450 3A16 -1.47 2.78E-07 -1.95 7.27E-15 

MFS-type transporter SLC18B1 -1.95 1.39E-03 -1.32 3.21E-03 

Vitellogenin -2.21 1.57E-08 -1.02 5.25E-03 

Monosaccharide-sensing protein 1 -1.73 6.96E-03 -1.49 1.14E-07 

Papilin -1.94 8.68E-09 -1.21 8.83E-09 

Solute carrier family 12 member 2 -1.98 1.73E-15 -1.11 2.12E-04 

Transcriptional repressor scratch 1 -1.46 2.86E-10 -1.6 1.11E-18 

Sulfhydryl oxidase 1 -1.33 2.30E-04 -1.45 4.47E-06 

Na-dependent phosphate transporter 1-A -1.21 4.22E-03 -1.42 3.33E-05 

Heat shock 70 kDa protein -1.49 5.39E-04 -1.08 4.62E-06 

Neural/ectodermal factor IMP-L2 -0.96 2.31E-03 -1.53 7.45E-07 

Sodium/calcium exchanger 3 -1.59 5.01E-08 -0.81 6.24E-03 

Serine protease easter -1.02 2.08E-04 -1.31 3.36E-09 

Histidine ammonia-lyase -1.03 3.59E-03 -1.08 9.31E-08 

Fatty acid-binding protein homolog 1 -1.24 1.34E-04 -0.82 2.68E-03 

Hemocytin -1.13 3.85E-04 -0.82 8.42E-05 

Delta-1-pyrroline-5-carb. dehydrogenase, mt. -0.97 1.15E-03 -0.97 7.59E-05 

Na-driven chloride bicarbonate exchanger -0.88 8.79E-04 -0.96 2.60E-07 

4-aminobutyrate aminotransferase, mt. -1.03 2.90E-05 -0.74 1.93E-03 

Calcium-activated Cl channel regulator 2 -1.02 2.00E-05 -0.71 5.84E-04 

Multidrug resistance-associated protein 1 -0.75 8.61E-03 -0.81 1.06E-04 

Na
+
/H

+
 exchanger 2 -0.72 8.89E-03 -0.64 1.23E-03 

 

logFC = log2(expression in FW at 0 PSU) - log2(expression in FW at 15 PSU) 

FDR = false discovery rate corrected P value 
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Table 10. Subset of genes showing acclimation via increased expression (FDR corrected P value 

< 0.01) in freshwater (0 PSU) relative to saline (15 PSU) conditions in SW inbred lines. 

 

 

FW1 [0 vs. 15 PSU] FW2 [0 vs. 15 PSU] 

logFC FDR logFC FDR 

Sodium/potassium-ATPase subunit alpha 7.77 2.21E-69 6.68 1.78E-63 

Na
+
/H

+
 exchanger 9B1 5.16 4.65E-66 3.45 8.63E-35 

Fibrillin-2 6.25 2.38E-06 3.05 1.19E-05 

Chymotrypsinogen A 4.22 3.76E-04 4.74 6.98E-03 

Solute carrier family 12 member 2 3.17 1.39E-23 3.4 2.05E-13 

Retinol dehydrogenase 12 2.53 4.60E-14 2.53 1.02E-12 

Innexin inx2 2.2 2.51E-04 1.71 7.00E-04 

Alpha-amylase 1.59 3.28E-08 2.26 2.68E-17 

Serine protease inhibitor dipetalogastin 1.63 2.20E-26 2.01 7.69E-32 

Dipeptidyl peptidase 1 1.8 3.37E-06 1.68 3.01E-08 

Trypsin 1.87 7.23E-13 1.15 3.33E-03 

Nuclear hormone receptor nhr-57 1.84 2.77E-27 1.14 3.61E-08 

Putative ammonium transporter 1 1.34 6.93E-11 1.62 1.77E-11 

Putative ammonium transporter 1 1.24 7.28E-05 1.64 4.34E-05 

Mt. Na
+
/H

+
 exchanger 9B2 1.3 1.44E-08 1.23 1.02E-06 

Organic cation transporter protein 1.24 2.38E-07 1.28 3.47E-07 

Organic cation transporter protein 1.35 1.36E-08 1.02 4.20E-05 

Retrovirus-rel. Pol transposon gypsy 1.2 7.48E-09 1.16 3.49E-03 

Chymotrypsin-like elastase 2A 1.01 8.83E-04 1.31 2.93E-06 

E3 ubiquitin-protein ligase sina 0.97 8.53E-04 1.24 1.78E-04 

Carbonic anhydrase 1.17 1.43E-03 0.98 8.27E-05 

Transmembrane protease serine 12 1.13 5.90E-04 0.94 9.59E-03 

5-aminolevulinate synthase, nonspecif. mt. 0.87 1.40E-07 1.16 1.42E-11 

L-threonine 3-dehydrogenase, mt. 0.89 2.21E-04 1.07 8.16E-06 

Oxidative stress-induced growth inhibitor 1 0.77 4.10E-06 1.18 4.83E-12 

Cytochrome P450 2B15 1.2 6.19E-11 0.68 3.48E-04 

Cysteine proteinase 3 0.86 1.60E-04 0.97 2.57E-04 

Monocarboxylate transporter 12 0.66 3.65E-03 1.15 1.53E-04 

Membrane metallo-endopeptidase-like 1 0.65 8.49E-03 0.98 1.18E-06 

Transmembrane protein 107 0.75 2.09E-04 0.83 2.92E-04 

Methylenetetrahydrofolate reductase 0.7 1.20E-04 0.86 1.87E-04 

Phosphoglycolate phosphatase   0.57 4.39E-03 0.73 2.46E-03 

     

logFC = log2(expression in SW at 0 PSU) - log2(expression in SW at 15 PSU) 

FDR = false discovery rate corrected P value 
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Table 11. Subset of genes showing acclimation via reduced expression (FDR corrected P value < 

0.01) in freshwater (0 PSU) relative to saline (15 PSU) conditions in SW inbred lines.  

 

Gene description 
SW1 [0 vs. 15 PSU] SW2 [0 vs. 15 PSU] 

logFC FDR logFC FDR 

Kelch repeat-containing protein kel-10 -6.4 5.39E-22 -8.8 9.96E-54 

Peptidyl-Asp metalloendopeptidase  -7.18 2.56E-10 -7.89 3.76E-05 

High choriolytic enzyme 2 -7.02 1.06E-92 -3.61 3.88E-13 

Deoxynucleoside kinase -4.22 2.29E-21 -6.06 2.04E-14 

Heme-binding protein 2 -4.34 1.52E-11 -3.11 6.71E-11 

Electroneutral sodium bicarbonate exchanger 1 -1.97 6.44E-04 -3.76 1.40E-27 

Gastric triacylglycerol lipase -3.24 2.96E-18 -2.17 8.23E-19 

Chymotrypsin B -2.78 1.69E-03 -1.95 7.62E-03 

Nuclear hormone receptor HR96 -1.86 3.56E-09 -2.24 3.93E-15 

Nuclear hormone receptor HR96 -1.69 4.90E-08 -2.28 1.55E-24 

Monosaccharide-sensing protein 1 -1.62 7.96E-09 -1.99 5.03E-06 

Putative phospholipase B-like 1 -1.93 7.40E-12 -1.62 2.64E-07 

Glutamate-gated chloride channel -1.81 2.57E-11 -1.58 7.17E-08 

Glutamate-gated chloride channel subunit beta -1.87 6.95E-10 -1.42 2.83E-06 

Selenium-binding protein 1 -1.13 1.32E-05 -2.11 1.44E-15 

Inward rectifier potassium channel 2 -1.77 4.03E-06 -1.44 5.09E-07 

Putative phospholipase B-like 2 -1.48 1.07E-05 -1.55 8.59E-12 

Inward rectifier potassium channel 4 -1.44 2.49E-05 -1.3 2.29E-07 

Putative phosphoenolpyruvate synthase -1.45 3.41E-08 -1.28 3.16E-06 

Histone-lysine N-methyltransferase SETD7 -1.35 9.55E-03 -1.23 2.74E-04 

Tubulin polyglutamylase TTLL4 -1.23 1.01E-09 -1.16 8.49E-04 

Transcriptional repressor scratch 1 -1.11 3.59E-09 -1.14 5.69E-10 

Cytochrome b5-related protein -0.74 7.16E-04 -1.49 6.81E-13 

Transmembrane protease serine 6 -1.21 1.14E-09 -1 3.94E-05 

Zinc metalloproteinase nas-14 -1.36 5.24E-05 -0.84 2.43E-05 

Cytochrome P450 3A16 -1.37 1.30E-07 -0.82 7.26E-04 

G-protein coupled receptor GRL101 -1.4 7.28E-07 -0.65 2.56E-03 

Serine protease easter -1.06 4.11E-06 -0.94 5.58E-06 

Putative phosphoenolpyruvate synthase -1.01 1.56E-03 -0.97 2.92E-04 

Histidine ammonia-lyase -0.89 2.71E-05 -1.09 1.22E-05 

Sodium-driven chloride bicarbonate exchanger -0.78 4.40E-05 -1.1 1.19E-09 

Anion exchange protein 2 -0.88 9.30E-06 -0.74 6.99E-05 

Probable chitinase 3 -0.75 6.63E-03 -0.79 3.48E-05 

Na and Cl-dependent glycine transporter 2 -0.79 2.63E-03 -0.7 4.96E-03 

A-kinase anchor protein 9 -0.64 6.42E-03 -0.81 2.58E-03 

Carboxypeptidase N catalytic chain -0.7 1.73E-03 -0.67 5.60E-03 

 
logFC = log2(expression in SW at 0 PSU) - log2(expression in SW at 15 PSU) 

FDR = false discovery rate corrected P value 
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Figure 1. A simplified hypothetical model of ion uptake across epithelial tissue (adapted from 

Lee et al. 2011 and Towle and Weihrauch, 2001). A suite of transmembrane transporters and 

supporting enzymes (Na
+
/K

+
-ATPase, V-type H

+
-ATPase, carbonic anhydrase, Cl

−
/HCO3 

−
 

exchanger, Na
+
/K

+
/2Cl

−
 cotransporter, and Na

+
/H

+
 exchanger) might be involved in ionic 

regulation in crustaceans. Location of ion transport enzymes (apical vs.basolateral) might be 

crucial for effective osmoregulation. ATP levels needed for higher activity of ion transport 

activity in freshwater environment might be maintained by arginine kinase. Under saline 

conditions high ionic concentration of water relative to that of the intracellular fluid allows 

diffusion of Na
+ 

into the cell. Na
+
/K

+
-ATPase (red), located on basolateral membrane than 

uptakes the Na+ ions. On the contrary, ionic concentration of the freshwater is orders of 

magnitude lower than that of saline. The crucial transporter and enzyme, involved in 

osmoregulation, might be Na
+
/H

+
 exchanger (blue) and V-type H

+
-ATPase (teal). 
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Figure 2. A common garden experiment scheme that allowed distinguishing between 

environmentally induced and genetically based differences in gene expression between saline 

and freshwater inbred lines. (A) Juveniles from all four saline and freshwater parental inbred 

lines (FW1, FW2, SW1 and SW2) were gradually transferred to a common salinity of 5 PSU, 

and reared at this salinity until they became sexually mature. (B) The newly produced offspring 

was separated from parents and reared at 5 PSU until metamorphosis (~15 days of age) (C) 

When offspring reached metamorphosis each sample was split across two salinities (0 and 15 

PSU). (D) Juveniles were reared at final salinities (either 0 or 15 PSU) for the next 16-18 days 

i.e., until they became adults. The total of 50 adult copepods (25 females and 25 males) were 

randomly selected from each sample for total RNA extraction. Samples were sequenced in three 

batches allowing only FW1 vs. SW2 and FW2 vs. SW1 pairwise comparisons.  

 

 



 

 

112 

 
 
Figure 3. An overview of a protocol used to detect DE genes. RNA-seq data, complete genome 

sequence (fasta format), and gene annotation (GTF file) were used as input to TopHat which 

uses Bowtie as alignment engine. Mapped reads were than assembled in Cufflinks (Trapnell et. 

2012) producing transcript assemblies for all 22 samples collected from four inbred lines. In the 

next step, Cuffmerge utility was used to merge all 22 transcript assemblies with original gene 

annotation to produce single improved GTF file. This improved GTF file was then used as input 

to RSEM (Li and Dewey 2011) to generate reference transcript sequences and to estimate 

transcript abundances at gene and isoform-level. RSEM abundance estimates (estimated number 

of fragments for a given gene or isoform) were used to test for differential expression applying 

Generalized Linear Models (GLM) framework using Bioconductor Package EdgeR (McCarthy 

et al. 2012). Employed statistical model accommodated for complex design of common garden 

experiment.  
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Figure 4. Library size variation and read count distributions (density) across 22 samples of 

RNA-seq data. The raw read count histograms showing considerable sample-to-sample variation 

in sequencing depth (library size) in (A) FW1 and SW2 and (B) FW2 and SW1 inbred lines. 

Lower panel is showing density function of the log of read counts for (C) FW1 and SW2 and 

(D) FW2 and SW1 inbred lines.  
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Figure 5. Distribution of raw (A and B) and TMM (Trimmed Mean of M values) normalized (C 

and D) log counts. Box plots of raw read counts show considerable sample-to-sample variation 

in counts distribution. This bias was corrected in edgeR differentially expression analysis by 

performing TMM normalization. After TMM normalization (C and D) all the sample count 

means and all the sample count distributions are almost aligned. This stabilization of read count 

distributions across samples indicates that TMM provided an effective normalization. 
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Figure 6. The 22 samples shown in n principle component analysis (PCA) plot (A and B), and in 

two-dimensional scaling (MDS) plot (C and D). Samples are well separated by the genotype 

(inbred line) in the first dimension (SW vs. FW) on both plots. A separation between salinity 

conditions (0 PSU vs. 15 PSU), in second dimension, is also obvious for all the inbred lines 

except for FW1.  
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Figure 7. Differentially expressed genes (FDR < 0.01) in pairwise comparisons between fresh 

(FW) and saline (SW) inbred lines (A and B) under freshwater (0 PSU) and (C and D) under 

saline (15 PSU) conditions. Differentially expressed genes are highlighted, and horizontal blue 

lines indicate 2-fold changes.  
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Figure 8. Venn’s diagrams showing DE genes (FDR < 0.01) in two separate pairwise 

comparisons between freshwater (FW1 and FW2) and saline (SW1 and SW2) inbred lines under 

(A) freshwater (0 PSU) and (B) saline (15 PSU) conditions. Out of total 20566 genes 1522 were 

differentially expressed (DE) in both pairwise comparisons under freshwater (0 PSU) conditions 

(A). Similarly, under saline (15 PSU) conditions (B) 1422 genes were DE in both pairwise 

comparisons. Heat map of relative fold differences of genes that were differentially expressed in 

both pairwise FW versus SW inbred lines comparisons (FDR<0.01) under freshwater (C) and 

saline (D) conditions. For heat maps each gene count is normalized to the mean counts for that 

gene across all the samples.  
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Figure 9. Heat map of TMM normalized gene counts of subset of genes that were grouped into 

GO category — sodium ion transport (containing 60 genes in total) under (A) freshwater and (B) 

saline conditions. Although GO — sodium ion transport was significantly enriched (FDR 

corrected P value = 0.00036) only 8 genes were differentially expressed between FW and SW 

inbred lines in freshwater and saline conditions, respectively. Genes that were differentially 

expressed (based on FDR < 0.01 from negative binomial GLM) across both FW1 vs. SW2 and 

FW2 vs. SW1 inbred lines comparisons are denoted by **, while genes that were DE in only one 

comparison are denoted by *. 
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Figure 10. A smear plots showing DE genes (FDR < 0.01) between freshwater (0 PSU) and 

saline (15 PSU) conditions for two freshwater (A and B) and two saline (C and D) inbred lines. 

Differentially expressed genes are highlighted and blue lines indicate 2-fold changes in gene 

expression.  
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Figure 11. Venn’s diagrams showing DE genes due to rearing salinity (aacclimation). (A) 

Comparison between freshwater (0 PSU) and saline conditions (15 PSU) reveled 456 and 697 

DE genes in FW1 and FW2 inbred line, respectively, with 209 DE genes in both inbred lines. 

(B) When saline inbred lines were compared under 0 PSU vs. 15 PSU then 287 genes were DE 

in both SW inbred lines. (C) Heat map showing relative fold differences of 209 genes that were 

differentially expressed in freshwater inbred lines in comparison between freshwater (0 PSU) 

and saline (15 PSU) conditions. (D) Heat map of 287 genes that were differentially expressed 

between freshwater (0 PSU) and saline (15 PSU) conditions in SW inbred lines. Each gene count 

is normalized to the mean counts for that gene across all the samples.  
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Figure 12. Gene expression response in FW and SW inbred lines of E. affinis due to rearing 

salinity (0 PSU vs. 15 PSU). The subset of genes that were grouped into GO category — 

antiporter activity, containing 50 genes in total) is shown. Genes that were differentially 

expressed (based on FDR corrected P value < 0.01, from negative binomial GLM) in both FW1 

and SW2 (A) and FW2 and SW1 (B) inbred lines are denoted by **. 
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Figure 13. Gene expression response in FW and SW inbred lines of E. affinis due to rearing 

salinity (0 PSU vs. 15 PSU). The subset of genes that were grouped into GO category — sodium 

ion transport, containing 60 genes in total) is shown. Genes that were differentially expressed 

(based on FDR corrected P value < 0.01, from negative binomial GLM) in both FW1 and SW2 

(A) and FW2 and SW1 (B) inbred lines are denoted by **. 
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Figure S1. Distribution of raw (A and D), TMM (Trimmed Mean of M values) normalized (B 

and E), and UQ (upper quantiles) normalized (C and F) log counts. Box plots of raw read counts 

show considerable sample-to-sample variation in counts distribution. After TMM (B and E) and 

UQ normalization (C and D) all the sample count means and all the sample count distributions 

are almost aligned. This stabilization of read count distributions across samples indicates that 

both TMM and UQ provided an effective normalization. 
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Figure S2. The biological coefficient of variation plot showing gene-wise, common and trended 

dispersions as a function of average log of counts per million (logCPM) in FW1 vs. SW2 (A) 

and FW2 vs. SW1 (B) comparison. Black dots represent the gene-wise dispersion estimates after 

empirical Bayes shrinkage.  
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Chapter 3 

 

Exploring the nature of regulatory evolution in the saline to freshwater invading 

copepod Eurytemora affinis 
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ABSTRACT 

The nature of regulatory adaptation is an unresolved question of fundamental 

importance in evolutionary biology. Furthermore, distinguishing cis- from trans-

regulatory changes in gene expression could uncover the specific genes underlying 

freshwater adaptation in the invasive copepod Eurytemora affinis, as regulatory changes 

that are regulated in cis- could reveal the loci under selection. Moreover, copepod E. 

affinis has invaded freshwater habitats over the past 60 years, and no study has yet 

examined regulatory evolution on such a short ecological time scales. Thus, in this study 

I examined the relative contribution of cis- versus trans-regulatory evolution during 

rapid evolutionary shifts underlying saline to freshwater habitat invasions in the copepod 

Eurytemora affinis. Using RNA-seq data from two independent saline (SW) and two 

independent freshwater (FW) inbred lines and their F1 hybrids, I found relatively low 

proportions of genes that were differentially expressed (DE, 9% of expressed genes) 

between saline and FW inbred lines. Out of the DE genes, I classified 7%, 22%, 6%, 

17%, 17% and 30% of genes as cis only, trans only, cis + trans both, cis x trans 

interaction, compensatory interaction, and ambiguous, respectively. The higher 

prevalence of trans- (22%) relative to cis-regulatory changes (7%) might be a 

consequence of larger mutational target size of trans relative that in cis regulatory 

elements. Furthermore, I found several genes regulated in cis that might be involved in 

osmoregulation. Most notable, Na
+
/H

+
 exchanger and acidic chitinase showed 

significant cis-effect, suggesting that they might be target of selection during freshwater 

invasions. This study emphasizes the importance of separating cis- and trans-regulatory 
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changes, and significantly contributes to our understanding of the nature of regulatory 

evolution in invasive E. affinis. 

 

Introduction 

Among the unresolved and central topics in evolutionary biology regards the extent and 

nature of regulatory evolution. In particular, rapid adaptation to novel environments, 

such as during habitat invasions, might arise more frequently due to mutations that alter 

gene regulation rather than to those that change the coding regions of DNA (Stern and 

Orgogozo 2008, Fraser et al. 2010, Jones et al. 2012, Fraser 2013). In general, mutations 

that affect gene regulation may occur at the level of cis-regulatory elements (CRE), 

which are located near the regulated allele (e.g. promoter, enhancer), and/or at the level 

of trans-acting factors (TF), which are encoded elsewhere in the genome (e.g. 

transcription factors, activators, repressors). As it has become increasingly evident that 

changes in gene regulation play an important role in adaptive evolution (Wray 2007, 

Stern and Orgogozo 2008), distinguishing between cis- and trans-regulatory changes 

become crucially important. This problem is central to understanding of molecular basis 

of evolution, in part, since changes in gene expression due to variation in CRE imply 

that selection is directed at the regulated gene, while changes due to TF imply that 

selection is acting somewhere else in the genome. Thus, partitioning the regulatory 

variation into “cis” and “trans” reveals important insights into the specific candidate 

targets of selection.  

Population genetics theory predicts that mutations that have larger pleiotropic 

effects will also impose a larger fitness cost (Fisher 1930, Orr 2000). As mutations at 
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trans-acting factors may affect the expression of many genes, they tend to be pleiotropic 

(Cooper et al. 2007). On the other hand, because of their modular structure, mutations in 

CRE usually do not show any pleiotropic effects. In addition, cis-regulatory mutations 

show higher additive fitness effects than trans-regulatory mutations (Lemos et al. 2008). 

Consequently such an additive mode of action makes heterozygotes visible to selection 

at cis-regulatory sites, allowing selection to operate more efficiently. Therefore, trans-

acting factors, such as transcription factors, may be more evolutionary constrained than 

cis-regulatory elements. Thus, adaptive cis-regulatory mutations will tend to accumulate 

over time and contribute to regulatory divergence between populations, to a greater 

extent than trans-acting factors (Stern 2000). 

Several interspecific experimental studies demonstrated the prevalence of cis-

regulatory changes in regulatory evolution (Witkopp et al. 2004, Wittkopp et al. 2008, 

Graze et al. 2009, Tirosh et al. 2009). However, the contribution of cis- and trans-

regulatory changes to gene expression differences between populations within species is 

still elusive (Wayne et al. 2004, Osada et al. 2006, Wittkopp et al. 2008, Suvorov et al. 

2013). Moreover, it is not clear how rapid adaptation, such as during habitat invasions, 

might affect nature of regulatory evolution. In the case of rapid evolution, we might 

predict that a greater proportion of regulatory changes to be due to trans-regulatory 

evolution, as selection might not have had time to remove novel mutations in trans 

acting factors. Furthermore, copepod E. affinis has evolved freshwater tolerance in a 

very short period of time (50 years). So far, no study has examined regulatory evolution 

on such short ecological time scale. 
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Thus, in this study, I examined the relative contribution of cis- vs. trans-

regulatory evolution during rapid evolutionary shifts underlying saline to freshwater 

habitat invasions in the copepod Eurytemora affinis. To infer the relative contribution of 

cis- and trans-regulation to adaptation in invading E. affinis, I applied next generation 

technology (RNA-seq data) and allele specific gene expression (ASGE, Fig. 2) analysis. 

In order to distinguish between cis- and trans-regulatory changes, I crossed saline and 

freshwater inbred lines of E. affinis and compared gene expression in parental inbred 

lines to allele specific expression in their F1 hybrids. 

Allele specific expression analysis of genome wide analysis of RNA-seq data 

reveals the relative contribution of changes in cis- and trans-regulation by comparing 

gene expression levels in parental lines to allele specific expression in their F1 hybrids 

(Wittkopp et al. 2008, McManus et al. 2010). The fact that a cis-regulatory change 

affects only expression of its target allele, and a change in trans-regulatory factors 

affects both alleles at a locus in diploid organisms allows disentangling cis- from trans-

regulatory change. While in maternal and paternal inbred lines, gene expression is 

subject to only their line specific trans- and cis- regulatory elements (assumed to be 

homozygous in inbred lines), allele specific gene expression in F1 hybrids is a subject to 

both maternal and paternal trans-acting factors but still only to line specific cis-

regulatory elements  (see Methods, Fig. 2). Consequently, allelic expression in F1 

hybrids that resembles gene expression of their parents indicates cis regulation, whereas 

allelic expression level in hybrids that differs from parental gene expression indicates at 

least some level of trans-regulatory evolution (see Material and Methods for more 

details). 
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This study will significantly aid in understanding regulatory evolution on a 

genomic scale, particularly in response to sudden and dramatic environmental changes, 

such as habitat invasions.  Furthermore, this study contributes information on regulatory 

evolution in a new model system, adding to the knowledge base regarding general trends 

in cis- vs. trans-regulatory evolution. Detection of cis-regulatory changes will provide a 

pool of putative candidate loci that could be further tested to determine if they serve as 

the targets of selection during freshwater invasions. As this case study involves invasion 

occurring on time scales of only a few decades, it could provide novel insights into the 

evolution of gene expression underlying rapid adaptation to new environments, with 

relevance for other invasive species.   

 

Material and methods 

INBRED LINES AND COMMON GARDEN EXPERIMENT 

In order to detect evolutionary changes in gene expression associated with colonization 

of freshwater habitats, RNA-seq data from E. affinis inbred lines derived from ancestral 

saline and freshwater populations and their F1 crosses were used. Inbred lines were 

produced by brother sister mating for 30 generations (~2.5 years) from two wild 

populations; one sampled from the St. Lawrence salt marsh, at L’Isle Verte (saline, SW) 

Quebec, Canada, and another from Lake Michigan at Racine, WI, USA (freshwater, 

FW)  (see Lee et al. 2011 for details on exact locations). In order to detect differentially 

expressed genes and allele specific expression (ASE), two saline (SW1 and SW2) and 

two freshwater (FW1 and FW2) inbred lines and their F1 crosses (Fig. 1) were reared 
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under two common-garden salinities (0 and 15PSU), and their RNA-seq reads 

abundance was compared. 

The common-garden experiments were conducted under controlled standard 

conditions, at 12°C on a 15L:9D photoperiod. To ensure that individuals were virgins 

prior to crossing, ca. 200 post-metamorphic juveniles from each inbred line were 

isolated and placed individually into 20 ml scintillation vials filled with 10 ml of 5 PSU 

water. After 8-10 days of acclimation at 5 PSU (i.e. when juveniles became sexually 

mature adults), a mating scheme to produce three different types of offspring 

(genotypes) (Fig. 1) was performed: 

1. Offspring from saline parental inbred lines  (SW1 x SW1 and SW2 x SW2),  

2. Offspring from freshwater parental inbred lines (FW1 x FW1 and FW2 x FW2), 

and  

3. F1 crosses (hybrids) ♀SW1 x ♂FW2 and ♀SW2 x ♂FW1. 

Following successful mating, offspring were reared under 5 PSU conditions until they 

reached metamorphosis (age of ~14-15 days). After metamorphosis, at the age of 14-15 

days, samples of copepods of each genotype were split across two different salinities (0 

and 15 PSU) and reared at these salinities until adulthood (until age of ~30-32 days). 

To perform the allele specific expression assay, parental inbred lines SW1 and 

FW2 were contrasted to their F1 crosses ♀SW1 x ♂FW2, while parental inbred lines 

SW2 and FW1 were contrasted to their F1 crosses ♀SW2 x ♂FW1. 
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RNA EXTRACTION AND SEQUENCING  

When the copepods reached adulthood, total RNA was extracted from whole bodies of 

50 copepods (25 females and 25 males) per sample. Two biological replicates per 

parental line and per each F1 hybrid were collected (Fig. 1). Total RNA was extracted 

with Trizol reagent (Ambion RNA, Carlsbad, CA) and then purified with Qiagen 

RNeasy Mini Kit (Qiagen cat# 74104, Valencia CA), following the protocol of Lopez 

and Bohuski (2007).   

Library construction and sequencing were conducted at the Genomics Resource 

Center (GRC), Institute for Genome Sciences, at the University of Maryland School of 

Medicine. A modified strand-specific protocol was adapted from Parkhomchuk et al. 

(2009). Actinomycin D was added to the first strand synthesis reaction, and the second 

strand was synthesized with a dNTP mix containing dUTP. The second strand cDNA 

was digested, after adapter ligation, with 2 units of Uracil-N-Glycosylase (Applied 

Biosystems, Carlsbad, CA). Purification of DNA was performed with AMPure XT 

beads (Beckman Coulter Genomics, Danvers, MA) between enzymatic reactions and 

size selection of the library. Quantity and size of the libraries were assessed on the 

LabChip GX (Perkin Elmer, Waltham, MA) and with the Library Quantification Kit for 

Illumina (Kapa Biosciences, Woburn, MA).  

 

RNA-SEQ DATA PROCESSING  

RNA-seq data were generated by paired-end (PE) strand specific sequencing on Illumina 

HiSeq 2000. Initially, to avoid possible batch effects each library was split in half and 

then samples were run on two lanes, multiplexing 12 samples per lane on the Illumina 
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HiSeq 2000 (2x101 bp run). On average 7 x 10
7
 of paired-end (PE) reads (3.5 x 10

7
 

fragments) per sample were generated. Sequence quality, trimming and filtering was 

assessed with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

Trimmomatic (Trimmomatic Version 032, Bolger et al. 2014). In the final step of quality 

filtering and trimming the following criteria were applied: the leading and trailing bases 

were removed if their quality was below 5 (Phred-33), the bases in sliding window of 4 

were removed if quality score dropped below 15 (Phred-33), and complete reads were 

removed if average quality of read was below the score of 20 (Phred-33). Based on this 

filtering criteria about 10 % of reads were discarded and on average ~3.2 x 10
7
 of 

fragments (read pairs) were available for aligning (Table 1).  

 

QUANTIFICATION OF ALLELE SPECIFIC EXPRESSION  

In order to partition total gene expression differences into those that were due to cis- or 

trans-regulation, the relative allele specific expression of F1 hybrids (HSW – saline 

alleles in hybrids and HFW – freshwater alleles in hybrids) were compared to gene 

expression in parental inbred lines (i.e. to PSW – alleles in saline parent and PFW – alleles 

in freshwater parent) (Fig. 2, Wittkopp et al. 2004; McManus et al. 2010). If expression 

differences at a locus between saline and freshwater populations were due to cis-

regulatory changes, they persisted in the F1 hybrids.   The reason is that the F1 hybrid 

retains cis-regulatory elements for each of the two alleles, and each allele is regulated by 

its own cis region (Fig. 2). In other words, the F1 hybrids exhibit unequal levels of 

transcript in the saline vs. fresh allele, reflecting the unequal expression in the parental 

inbred lines. On the other hand, if differences in expression at the regulated gene in 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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parental lines are due to trans-regulatory differences, the expression level in F1 hybrids 

at both chromosomes (alleles) is similar (i.e. no significant difference in expression 

between alleles is expected) since they will be regulated in an equal manner by both 

(SW and FW) trans elements (see Fig. 2). Degrees of expression between these two 

extreme cases will imply the relative contribution of the cis- and trans- regulatory 

evolution to the change in gene expression at the locus.  

 Accurate detection of cis- versus trans-regulatory changes requires unbiased 

alignment of reads from both alleles at a locus to a reference genome. If only one 

parental genome is available, reads representing the alleles from that parental line might 

preferentially map relative to those from other parental line (Degner et al. 2009, Satya et 

al. 2012, Stevenson et al. 2013). To overcome this bias, several different strategies were 

proposed, including aligning the reads separately to both parental genomes (McManus et 

al. 2010), or using additional information from all possible haplotypes during alignment 

(Skelly et al. 2011).  

In order to quantify allele specific expression (ASE) in E. affinis, the Allim 

software package (http://code.google.com/p/allim/, Pandey et. al 2013), which corrects 

for mapping bias when the reference genome is available for only one parental line (Fig. 

3) was employed. Allim first generates genome for both parental lines using RNA-seq 

data from both parental lines and the reference genome from one of the parental lines. 

To estimate remaining mapping bias, Allim performs sequence specific simulation and 

estimates bias factors, which are then used to correct read abundance.  

 The Allim pipeline encompasses 5 modules (Fig. 3). In Module 1, RNA-seq 

reads from both SW and FW parental lines were first mapped onto the reference E. 
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affinis genome via GSNAP mapper (Wu and Nacu 2010). Next, based on mapped reads 

and gene annotation, fixed SNPs between the two parental lines were identified. GSNAP 

then used these fixed SNPs to create genomes for both parental lines, which were further 

used as a reference in the next round of mapping (Pandey et al. 2013). Parental genomes 

were created by substitutions of the base in reference genome at detected fixed SNP. 

Thus, they are identical to the reference genome except at the fixed SNP positions.  

The remaining mapping bias was estimated by simulation using the following algorithm 

(Pandey et al. 2013): 

(1) Generating the same number of RNA-seq reads (pair end) for identical genome 

positions in both parents (recall that parental genomes are different only by fixed 

SNPs). In the simulation process, the same number of reads per identical genome 

positions was generated by simulating all reads that span across at least one fixed 

SNP only once (Pandey et al. 2013). 

(2)  Mapping simulated reads to both parental genomes simultaneously (Module 3, 

Fig. 3). Parental expression ratio of mapped simulated reads different from 1 

indicated mapping bias.  

(3) Calculating the bias correction factor for genes with different number of mapped 

reads.  

The two parental genomes that were created in Module 1 were then used for mapping 

the parental and F1 hybrid RNA-seq reads following bias correction. Then, in modules 4 

and 5 (Fig. 3), estimation of parental gene expression, allele specific expression in 

hybrids, and statistical test of allelic imbalance were performed. For RNA-seq read 

normalization, the trimmed mean of M-values normalization (TMM), implemented in 
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edgeR (Robinson and Oshlack 2010, Chen et al. 2014) was used. To test for cis- and 

trans-regulatory effects, a linear model in ANOVA framework and multiple testing 

corrections with single-step method, employing multcomp package and glht function of 

R were applied (Hothorn et al. 2008, R core team 2013).  

 

CLASSIFICATION OF CIS- AND TRANS-REGULATORY EVOLUTION 

Classification of types of evolutionary changes in gene regulation, between saline and 

freshwater inbred lines, was performed following the strategy described by Landry et al. 

(2005) and McManus et al. (2010). Seven different categories of inferred regulation 

were distinguished applying following criteria:  

Cis only: Significant differential allelic expression detected in parental lines 

(PSW ≠ PFW) and in hybrid (HSW ≠ HFW), but no significant difference detected 

in the ratio of allelic expression in the parental lines relative to that in the 

hybrid (PSW/PFW ≅ HSW/HFW). 

Trans only: Significant differential allelic expression detected in parental 

lines (PSW ≠ PFW) but not in hybrid (HSW ≅ HFW). However, significant 

difference detected in the ratio of allelic expression in the parental lines 

relative to that in the hybrid (PSW/PFW ≠ HSW/HFW). 

Cis + trans: Significant differential allelic expression in parental lines (PSW ≠ 

PFW) and in hybrid (HSW ≠ HFW), and significant difference in the ratio of 

allelic expression in the parental lines relative to that in the hybrid ((PSW/PFW 

≠ HSW/HFW). The log-transformed allelic expression ratios of this class of 

genes in parental lines and in hybrid have the same signs, indicating that cis- 
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and trans-regulatory changes favored expression of the same allele. 

Cis x trans: Significant differential allelic expression in parental lines (PSW ≠ 

PFW), and in hybrid (HSW ≠ HFW), and significant difference in the ratio of 

allelic expression in the parental lines relative to that in the hybrid (PSW/PFW ≠ 

HSW/HFW). The log-transformed allelic expression ratios of this class of genes 

in parental lines and in hybrid have opposite signs. In this scenario cis- and 

trans-regulatory changes favored expression of opposite alleles. 

Compensatory: No significant allele specific differential expression in 

parental lines (PSW ≅ PFW), but significant allele specific differential 

expression in hybrid (HSW ≠ HFW), and significant difference in the ratio of 

allelic expression in the parental lines relative to that in the hybrid (PSW/PFW ≠ 

HSW/HFW). In this type of interaction, cis- and trans-regulatory differences 

compensate each other, resulting in no gene expression difference between the 

parental lines. 

Conserved: Genes in this category do not show evidence of differential allelic 

expression either in parental lines or hybrids.  

Ambiguous: Genes that do not belong to any of aforementioned categories, 

i.e., without clear biological interpretation.  

For functional enrichment analysis ErmineJ version 3.0.2 (Gillis et al. 2010) using gene 

annotation, gene descriptions, and gene ontology (GO) identifiers (Ashburneret et al. 

2000) was employed. Gene Score Resampling analysis (implemented in ErmineJ, Gillis 

et al. 2010) was conducted using log fold-changes (logFC) and TMM normalized gene 

counts (Robinson and Oshlack 2010). Statistically significant GO categories were 
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determined by 10
3
 iterations and using FDR corrected P value < 0.01 (Benjamini and 

Hochberg 1995) as a cutoff value.  

 

Results 

To characterize patterns of allele specific gene expression in E. affinis, I conducted two 

separate comparisons: a) paternal saline and freshwater inbred lines, SW1 and FW2 

versus their F1 hybrid —♀SW1 x ♂FW2, and b) two other independent saline and 

freshwater paternal inbred lines, SW2 and FW1 versus their F1 hybrid — ♀SW2 x ♂

FW1. I reared all parental lines and their hybrids under freshwater conditions (0 PSU). 

The analysis revealed 99241 fixed SNPs between SW1 and FW2 inbred line and 168907 

fixed SNPs between SW2 and FW1 line, with minimum coverage of 10 reads per fixed 

SNP. On average I detected 4.6 (SW1 vs. FW2) and 7.2 (SW2 vs. FW1) SNPs per gene. 

I detected at least one SNP in 57% (SW1 vs. FW2) and 62% (SW2 vs. FW1) of 

annotated genes. The average number of SNPs per gene obtained in this study was 

higher than that reported in similar studies (Suvorov et al. 2013, Quinn et al. 2014) 

conducted on Drosophila inbred lines.  

In total I detected 1986 (9.2% of total number of genes included in analysis) 

differentially expressed (Padj < 0.05) genes in in SW1 vs. FW2 and 1960 (8.3% of total 

number of genes included in analysis) differentially expressed (Padj < 0.05) genes in SW2 

vs. FW1 comparison, respectively (Fig. 4). Among 1986 differentially expressed genes 

(DE) in SW1 vs. FW2 comparison 143 (7.2% of DE genes) genes showed evidence of 

significant cis-regulatory effect alone, whereas 440 (22% of DE genes) showed evidence 
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of significant trans-effect (Fig. 4). Significant evidence of both cis- and trans-effects 

(genes classified as cis + trans, cis x trans and compensatory interactions) was detected 

in 807 (40% of DE genes) genes (Fig. 4). For 124 DE genes, cis- and trans-regulatory 

effects favored expression of the same allele (cis + trans effect), whereas for 338 genes, 

the opposite alleles were favored (cis x trans interaction). 345 DE genes showed 

compensatory interaction, where cis-and trans-effects compensated each other, resulting 

in no difference between allelic expression in saline and freshwater parental lines despite 

significant differential allele specific expression in their F1 hybrids. A relatively large 

proportion (30%) of DE genes was classified as ambiguous with no clear biological 

interpretation for their expression pattern. Similar frequencies of gene regulatory classes 

were observed in the SW2 vs. FW1 comparison except for cis + trans category, were 

only 11 genes showed evidence of significant effect (Fig. 4). The proportion of 

differentially expressed genes showing significant evidence of cis and trans-effects 

detected in this study was lower than reported by others (McManus et al. 2010, Suvorov 

et al. 2013).  

 Gene enrichment analysis performed by ErmineJ (Gillis et al. 2010) revealed no 

significant GO category for different regulatory types. GO categories — sodium ion 

transport, glycosaminoglycan catabolic process, and polysaccharide catabolic process 

were marginally significant.  

The Na
+
/H

+
 exchanger 9B1 was upregulated in cis in FW2 relative to the SW1 

parental line (Table 2), while the electrogenic sodium bicarbonate cotransporter was 

upregulated in trans in FW1 relative to SW2 parental inbred lines (Table 7). Acidic 

chitinase involved in catabolism of chitin, which might affect cuticle permeability (Lv et 
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al. 2013), was downregulated in cis in the FW2 relative to SW1 inbred line (Table 4). 

Other genes that showed evidence for significant cis effect were listed in Tables 2 to 5, 

while genes that showed significant trans effect were listed in Tables 6 to 9. 

 

Discussion 

Detection of single nucleotide polymorphism (SNP) between fresh and saline 

populations of E. affinis is crucial for unraveling the relationship between genotypes and 

adaptive phenotypes, and could deepen our understanding of evolutionary mechanisms 

of invasive success. Employing RNA-seq and Alllim package software (Pandey et al. 

2013), I identified 99241 fixed SNPs between SW1 and FW2 and 168907 fixed SNPs 

between SW2 and FW1 inbred lines. Many of these SNPs might be fixed by genetic 

drift, because a strong genetic drift might be acting on numerous loci during the process 

of generating of the inbred lines. Thus, caution is needed when interpreting the 

significance of the number of reported SNPs. 

 Genes that showed evidence of significant cis-regulatory effects are of special 

interest because they might have been targets of selection during freshwater invasion of 

E. affinis. However, only a small proportion of DE genes showed evidence of cis-

regulatory divergence alone between saline and freshwater inbred lines in this study 

(Fig. 4, Tables 2, 3, 4 and 5), with no genes showing significant cis- effect across both 

SW1 vs. FW2 and SW2 vs. FW1 comparisons. Again, strong genetic drift during the 

inbreeding process might have resulted in some relevant adaptive mutations to be lost in 

one of the lines, so power to detect significant adaptive cis regulatory adaptation might 

be reduced in this study. Despite this limitation, the two genes that showed significant 
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cis-effect, Na
+
/H

+
 exchanger and acidic chitinase, might be considered as good 

candidates that serve as targets of selection during freshwater invasions. The Na
+
/ H

+ 

exchanger 9B1, which mediates uptake of environmental Na
+
 across the apical 

membrane of osmoregulatory epithelia in exchange for intracellular H
+
 (Towle and 

Weihrauch 2001), was upregulated in cis in the FW2 relative to SW1 parental line 

(Table 2). This result suggests that the freshwater population of E. affinis might have 

acquired a mutation(s) in the cis-regulatory region of Na
+
/H

+
 exchanger gene, which 

results in increased Na
+
 uptake activity from dilute media. Acidic chitinase showed a 

strong cis effect of 4.5 fold downregulation (on log2 bases) in FW2 parental line relative 

to SW1 parental line (Table 4). This enzyme is involved in chitin degradation, which 

might affect copepod cuticle permeability to water and ions. Further studies should be 

conducted to clarify the role of these candidate genes in rapid adaption in E. affinis.  

Overall, the pattern of cis- and trans-regulatory effects I observed in the 

comparison between populations within E. affinis species is not in concordance with the 

pattern observed in comparisons between species of Drosophila (Wittkopp et al. 2004, 

Wittkopp et al. 2008, Graze et al. 2009) and yeast (Tirosh et al. 2009). These previous 

studies demonstrated a greater proportion of gene expression differences due to cis- 

relative to trans-regulatory changes. However, I observed three-fold greater proportion 

of genes showing significant trans-effects than genes with significant cis-effects (Fig. 

4). Results of this study are more similar to Suvorov et al. (2013), who conducted ASE 

assay on intraspecific Drosophila inbred lines, and to Tirosh (2009), who studied 

regulation of gene expression in yeast. In both of these studies a much larger proportion 

of genes with significant trans-effect than with significant cis-effect were reported.  
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The opposite pattern of prevalence of cis- and trans-regulatory changes between 

and within species is in agreement with theoretical expectation and experimental 

findings (Emerson et al. 2010, Schaefke et al. 2013, Suvorov et al. 2013). It was 

hypothesized (Stern 2000) that trans-regulatory factors should show stronger pleiotropic 

effects than cis- regulatory factors, and consequently would be subjected to stronger 

purifying selection. This would lead to the prevalence of cis-regulatory divergence 

between species. However, because the mutational target size is larger in trans relative 

that in cis regulatory elements, the prevalence of trans-regulatory changes is expected 

on shorter time scales of evolutionary divergence between populations within species 

(Emerson et al. 2010, Schaefke et al. 2013). Thus, prevalence of trans- over cis- 

regulatory differences between ancestral saline and derived freshwater populations of E. 

affinis might be consequence of short divergence time  (~60 years, Lee 1999).  

 

CAVEATS  

 In order to infer the relative contribution of cis- and trans-regulation to freshwater 

adaptation in E. affinis a more sensitive assay might be required. This study relied on 

draft genome of E. affinis, with gaps in sequence and incomplete gene annotation. Using 

the draft genome in combination with incomplete annotation is challenging and limiting 

in answering interesting biological questions. Approximately 50% of gene models of 

draft genome E. affinis are missing, or incompletely and incorrectly annotated. Thus it is 

very likely that this analysis is missing some important genes underlying regulatory 

evolution of freshwater tolerance. Another significant improvement would be to use 

specific tissue that is involved in the process studied (e.g. osmoregulatory tissue) instead 
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of conducting analysis on RNA extracted from whole bodies of copepods. Finally, very 

strong genetic drift during strict full-sib inbreeding process could have cause many 

mutations of smaller adaptive effect to be lost in distinct inbred lines. Indeed, if 

adaptation to freshwater conditions is due primarily to complex, quantitative traits, 

which involve numerous genes and pathways, many of relevant genes might be lost 

during the inbreeding process and not be detectable under current study design. Further 

studies will clarify the nature of regulatory evolution in E. affinis as well as which genes 

are likely targets of selection during rapid adaptions to freshwater conditions. 
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TABLES AND FIGURES 

 

Table 1. Summary of Illumina HISeq 2000 RNA sequencing scheme of 12 RNA 

samples that were collected from four parental inbred lines and their F1 crosses. Two 

saline (SW1 and SW2) and two freshwater (FW1 and FW2) highly inbred lines and their 

F1 crosses were reared in freshwater conditions (0 PSU) in order to distinguish between 

cis- and trans-regulation.  

 

Inbred line/ 
Description 

Biol. Insert  Total reads Total # of pairs  

F1 hybrid replicate size (bp) (101 bp) (2 x 101 bp) 

SW1 SW parental inbred line 1 1 332 83,510,946 37,436,178 

SW1 SW parental inbred line 1 2 280 65,894,198 29,675,869 

FW2 FW parental inbred line 2 1 289 74,424,014 33,332,865 

FW2 FW parental inbred line 2 2 373 86,526,182 38,853,539 

SW1 x FW2 F1 Hybrid (♀SW1 x ♂FW2) 1 289 73,042,830 32,804,829 

SW1 x FW2 F1 Hybrid (♀SW1 x ♂FW2) 2 276 59,767,008 26,918,432 

FW1 FW parental inbred line 1 1 399 64,756,320 29,700,683 

FW1 FW parental inbred line  1 2 406 65,950,514 30,182,225 

SW2 SW parental inbred line 2 1 398 87,103,524 40,026,799 

SW2 SW parental inbred line 2 2 388 82,173,766 37,787,929 

SW2 x FW1 F1 Hybrid (♀SW2 x ♂FW1) 1 391 46,491,844 21,331,202 

SW2 x FW1 F1 Hybrid (♀SW2 x ♂FW1) 2 384 53,439,568 24,605,631 
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Table 2. Downregulated gene expression (Padj < 0.05) in cis in parental line SW1 relative to FW2 

parental line under freshwater conditions (0 PSU). 
 
Gene description logFC(PSW/PFW) logFC(HSW/HFW) 

Cytochrome c -7.00 -5.70 

S-antigen protein -6.45 -4.44 

60S ribosomal protein L31 -5.61 -7.36 

Glutamate decarboxylase -5.55 -4.27 

Superoxide dismutase [Cu-Zn] -4.79 -3.79 

Transmembrane protein 192 -4.68 -6.71 

Delta-like protein C -4.24 -2.21 

Thiamine transporter 1 -4.03 -5.23 

Protein SHQ1 homolog -3.84 -3.01 

Cysteine and glycine-rich protein 2 -3.65 -1.41 

Voltage-dependent anion-selective channel protein 2 -3.32 -4.39 

Interferon regulatory factor 2-binding protein-like B -2.97 -1.40 

Transcription elongation factor SPT6 -2.72 -2.96 

Na+/H+ exchanger 9B1 -2.42 -1.50 

Short-chain specific acyl-CoA dehydrogenase, mt. -2.29 -3.45 

Putative L-cysteine desulfhydrase 1 -2.24 -2.34 

LON peptidase N-terminal domain, RING protein 2 -1.94 -3.13 

Heme-binding protein 1 -1.23 -0.73 

Ornithine decarboxylase antizyme 1 -1.12 -1.45 

Probable signal peptidase complex subunit 2 -1.11 -0.99 

Probable sulfite oxidase, mitochondrial -0.71 -1.54 

Protein white -0.67 -1.29 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW1 x ♂FW2) 
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Table 3. Downregulated gene expression (Padj < 0.05) in cis in SW2 relative FW1 parental inbred 

line under freshwater conditions (0 PSU). 

 
Gene description logFC(PSW/PFW) logFC(HSW/FW) 

FK506-binding protein 15 -6.77 -6.21 

N6-adenosine-methyltransferase subunit METTL14 -5.99 -3.69 

Xanthine dehydrogenase/oxidase -4.59 -2.24 

GrpE protein homolog, mitochondrial -4.50 -3.24 

Neurogenic locus Notch protein -3.65 -2.39 

Acylamino-acid-releasing enzyme -2.99 -3.10 

Transmembrane protein 41A-A -2.90 -3.47 

DDB1- and CUL4-associated factor 5 -2.45 -2.49 

Nuclear cap-binding protein subunit 1 -2.43 -2.21 

RE1-silencing transcription factor -2.20 -1.34 

Troponin C, isoform 1 -2.02 -1.71 

Lissencephaly-1 homolog  -2.00 -1.08 

tRNA methyltransferase 10 homolog A -1.89 -1.72 

Mitochondrial uncoupling protein 4 -1.66 -1.21 

Calmodulin-4 -1.54 -1.40 

Phosphatase and actin regulator 2 -1.48 -1.78 

Conserved oligomeric Golgi complex subunit 7 -1.01 -1.25 

ATP-dependent (S)-NAD(P)H-hydrate dehydratase  -0.74 -0.94 

Katanin p60-ATPase-containing subunit A1  -0.62 -0.80 

Tyrosine-protein phosphatase Lar -0.61 -0.77 

Receptor-type tyrosine-protein phosphatase delta -0.60 -0.30 

Probable aldehyde oxidase 3 -0.51 -0.64 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F hybrid (♀SW2 x ♂FW1) 
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Table 4. Upregulated gene expression (Padj < 0.05) in cis in SW1 parental line relative to FW2 

parental line under freshwater conditions (0 PSU).   

 
Gene description logFC(PSW/PFW) logFC(HSW/HFW) 

Zinc finger protein 407 11.17 7.06 

Probable aconitate hydratase, mitochondrial 10.28 6.40 

Sushi, von Willebrand factor type A 8.20 5.15 

Atrial natriuretic peptide receptor 2 7.58 6.11 

Coiled-coil domain-containing protein 174 6.52 4.84 

Paramyosin 5.64 4.39 

Galactoside 2-alpha-L-fucosyltransferase 3 5.36 5.34 

Glutathione S-transferase 2 5.34 6.29 

Vitellogenin 5.07 4.00 

Probable cytochrome P450 12b2, mitochondrial 4.94 3.15 

Apolipoprotein D 4.84 9.40 

Acidic chitinase 4.59 7.96 

Leukotriene A-4 hydrolase 4.47 1.68 

Serine/threonine-protein kinase 26   4.43 2.77 

Carbohydrate sulfotransferase 11 4.40 6.57 

Arylsulfatase B 3.93 5.46 

Cysteine-rich, acidic integral membrane protein 3.53 2.93 

Zinc finger protein 367 3.33 4.49 

Cytochrome b5 type B 3.24 5.69 

60S ribosomal protein L8 3.09 1.11 

Intraflagellar transport protein 46 homolog   2.84 4.58 

Xaa-Pro aminopeptidase 1 2.30 2.03 

Glutathione reductase 1.94 1.76 

Aminopeptidase Q 1.88 3.18 

Early endosome antigen 1 1.42 3.66 

Cell division cycle protein 20 homolog 1.35 0.82 

3-hydroxyisobutyrate dehydrogenase, mitochondrial 1.00 1.38 

Apolipoprotein D 0.99 2.20 

Chymotrypsinogen A 0.97 0.45 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW1 x ♂FW2) 
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Table 5. Upregulated gene expression (Padj < 0.05) in cis in SW2 relative FW1 parental inbred 

line under freshwater conditions (0 PSU). 

 
Gene description logFC(PSW/PFW) logFC(HSW/HFW) 

Equilibrative nucleoside transporter 3 9.05 8.63 

Actin cytoskeleton-regulatory complex protein SLA1 4.64 3.91 

Potassium voltage-gated channel subfamily H 7 4.34 4.42 

Metal-response element-binding transcription factor 2 3.60 2.99 

Heat shock 70 kDa protein cognate 4 3.40 6.95 

Coagulation factor V 3.35 5.56 

Pro-epidermal growth factor 3.31 7.00 

Prolyl 4-hydroxylase subunit alpha-2 3.06 5.69 

Aggrecan core protein 2.96 3.79 

DCN1-like protein 1 2.79 3.46 

tRNA:m(4)X modification enzyme TRM13 homolog 2.63 2.94 

Zinc finger protein 878 2.51 2.36 

F-box only protein 21 2.25 2.00 

Mitogen-activated protein kinase 13-A 2.13 3.28 

Receptor-type tyrosine-protein phosphatase gamma 1.64 1.75 

Clotting factor B  1.60 1.40 

Secreted frizzled-related protein 5 1.59 2.13 

Tyrosine-protein phosphatase Lar 1.54 1.15 

Katanin p60-ATPase-containing subunit A1  1.54 1.81 

Cystinosin homolog 1.52 1.42 

Bifunctional glutamate/proline--tRNA ligase 1.51 1.36 

Enamelin 1.39 1.30 

Motile sperm domain-containing protein 2 1.37 2.37 

Guanine nucleotide exchange factor for Rab-3A 1.36 1.32 

DnaJ homolog subfamily C member 22 1.34 1.99 

Acetylcholinesterase 1.20 2.92 

Solute carrier organic anion transporter 4A1 1.17 1.71 

Transcriptional coactivator YAP1 1.14 0.99 

E3 ubiquitin-protein ligase LRSAM1 1.12 0.87 

Receptor-type tyrosine-protein phosphatase zeta 0.86 1.63 

N-acetyltransferase ESCO1 0.57 0.56 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW2 x ♂FW1) 
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Table 6. Downregulated gene expression (Padj < 0.05) in trans in SW1 vs. FW2 parental line 

comparison under freshwater conditions (0 PSU).   

 
Gene description logFC(PSW/PFW) logFC(HSW/HFW) 

Vitellogenin -12.12 -0.06 

Polypeptide N-acetylgalactosaminyltrans. 9 -10.35 0.16 

Myohemerythrin -10.06 -0.15 

Contactin -9.40 -0.37 

Trans-1,2-dihydrobenzene-1,2-diol dehydrogenase -7.72 0.08 

Zinc finger protein 664 -7.32 0.10 

Ubiquitin-conjugating enzyme E2 C -7.05 -0.53 

Probable G-protein coupled receptor Mth-like 10 -7.03 -0.13 

E3 ubiquitin-protein ligase RNF185 -6.89 0.03 

Nuclear hormone receptor family member nhr-3 -6.87 -0.09 

RCC1 and BTB domain-containing protein 1 -6.85 0.25 

Proactivator polypeptide -6.62 0.65 

Fatty acid-binding protein, epidermal -6.42 0.06 

Gelsolin -6.11 0.03 

Polysialoglycoprotein -5.95 0.55 

Transmembrane protein 68 -5.74 0.08 

Glycine-tRNA ligase -5.35 -0.42 

U5 small nuclear ribonucleoprotein 200 kDa helicase -5.28 -0.18 

E3 ubiquitin-protein ligase NEDD4-like -5.14 -0.55 

Sequestosome-1 -5.13 -0.33 

Dynein light chain 1, cytoplasmic -4.94 -0.27 

Hemocytin -4.88 -0.04 

Calcium and integrin-binding family member 3 -4.74 -0.13 

Dynein light chain roadblock-type 2 -4.67 -0.32 

Kinesin-like protein unc-104 -4.40 0.49 

DNA replication licensing factor MCM6 -4.39 0.01 

Glucose dehydrogenase [FAD, quinone] -4.29 -0.26 

Dipeptidyl peptidase 1 -4.27 -0.14 

Inward rectifier potassium channel 4 -4.09 -0.48 

Histone-lysine N-methyltransferase EHMT2 -4.03 0.22 

Apoptosis inhibitor IAP -4.00 -0.06 

Unc-112-related protein -3.98 -0.10 

Golgi apparatus protein 1 -3.75 0.34 

Neurofilament heavy polypeptide -3.60 -0.51 

Chymotrypsin -3.59 0.50 
Aryl hydrocarbon receptor nuclear translocator 
protein 1 

-3.59 0.53 

Protein phosphatase 1A -3.49 0.50 

Vitronectin -3.40 -0.02 

Nucleoside diphosphate kinase homolog 5 -3.32 -0.40 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW1 x ♂FW2) 
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Table 6. Continued 

 

Deoxynucleoside triphosphate triphosphohydrolase SAMHD1 -3.15 -0.09 

Peroxisome assembly protein 12 -3.08 -0.10 

BAI1-associated protein 3 -3.07 0.13 

Histone RNA hairpin-binding protein -3.00 0.45 

NADP-dependent malic enzyme -2.91 -0.02 

Protein-methionine sulfoxide oxidase mical3b -2.76 -0.24 

Zinc finger protein 64 homolog, isoforms 1 and 2 -2.59 0.41 

Protein SERAC1 -2.51 0.44 

Innexin inx2 -2.48 0.12 

NADPH-cytochrome P450 reductase -2.43 -0.38 

Alpha-parvin -2.41 -0.41 

G2/M phase-specific E3 ubiquitin-protein ligase -2.38 -0.61 

Heat shock 70 kDa protein cognate 3 -2.37 -0.09 

Beta-1,3-glucan-binding protein   -2.34 -0.62 

60S ribosomal protein L27a -2.32 -0.52 

Cyclin-L1 -2.27 -0.26 

Fibroblast growth factor receptor 4 -2.24 0.04 

SWI/SNF-related matrix-associated actin-dependent reg. -2.24 0.07 

TBC domain-containing protein kinase-like protein -2.20 0.01 

Serpin B4 -2.18 -0.33 

Mevalonate kinase -2.16 -0.03 

Mini-chromosome maintenance complex-binding protein 3.75 -0.28 

Endoglucanase E-4 -2.10 0.05 

Transmembrane protein 258 -1.72 -0.02 

Protein notum homolog -1.52 -0.09 

Transmembrane protein 198 -1.41 0.37 

Glucose-6-phosphate 1-dehydrogenase -1.32 0.13 

Vitellogenic carboxypeptidase -1.30 -0.60 

Protein C19orf12 homolog -1.25 0.43 

Glutamate receptor ionotropic, kainate 5 -1.20 0.31 

Bifunctional lysine-specific demethylase and hydroxylase NO66 -1.17 0.40 

Endophilin-A1 -1.08 -0.43 

Replicase polyprotein 1a -1.04 -0.45 

Corticotropin-releasing factor-binding protein -0.92 -0.44 

Apoptosis inhibitor 5 homolog -0.82 0.29 

Trypsin-1 -0.77 0.25 

Methionine aminopeptidase 1D, mitochondrial   -0.75 -0.22 

Glutamate carboxypeptidase 2 -0.72 0.12 

Importin-7 -0.71 0.44 

15-hydroxyprostaglandin dehydrogenase [NAD(+)] -0.54 -0.18 
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Table 7. Downregulated gene expression (Padj  < 0.05) in trans in SW2 relative to FW1 parental 

line comparison under freshwater conditions (0 PSU).  

 

Gene description logFC(PSW/PFW) logFC(HSW/HFW

) Protein flightless-1 -7.16 0.19 

KIF1-binding protein -6.35 -0.37 

Peroxidasin homolog -5.99 -0.99 

Demethylmenaquinone methyltransferase  -5.19 0.44 

Pyridoxal kinase -4.80 -0.85 

Arginine demethylase and lysyl-hydroxylase  -4.71 -0.57 

Multiple inositol polyphosphate phosphatase 1 -4.42 0.37 

Electrogenic sodium bicarbonate cotransporter 1 -4.40 -0.69 

Calmodulin -4.29 -0.31 

TRP cation channel subfamily A member 1 homolog -4.07 -0.34 

Vitellogenin-2 -3.92 -0.19 

Zinc finger protein 85 -3.46 0.20 

Monoacylglycerol lipase ABHD12  -3.38 0.25 

Zinc finger and BTB domain-containing protein 7C -3.14 -0.29 

DNA polymerase beta -3.13 0.05 

UDP-glucose 4-epimerase  -2.82 -0.33 

2-amino-3-carboxymuconate-6-semia. decarboxylase -2.79 -0.05 

Transcriptional repressor CTCF -2.61 -0.26 

Serine/threonine-protein phosphatase 6 subunit -2.48 0.22 

Calcium-activated chloride channel regulator 2 -2.39 0.13 

Cytochrome c oxidase subunit 7C, mitochondrial -2.08 0.06 

Proteasome subunit beta type-6 -1.89 0.19 

ABC transporter G family member 23 -1.88 -0.05 

Zinc finger protein 778 -1.88 0.14 

Zinc finger protein 395 -1.44 0.05 

ATP-binding cassette sub-family F member 2 -1.32 -0.72 

RB1-inducible coiled-coil protein 1 -1.24 -0.20 

Carbonic anhydrase 13 -1.03 -0.23 

NFX1-type zinc finger-containing protein 1 -1.00 -0.01 

RNA polyme I-spec. transcription init. factor RRN3 -0.97 -0.16 

RE1-silencing transcription factor A -0.92 -0.43 

Rap guanine nucleotide exchange factor 2 -0.85 -0.25 

Phosphatidylinositol 3,4,5-trisphosphate  -0.84 -0.04 

Carboxypeptidase D -0.77 -0.37 

Filamin-C -0.73 -0.25 

Mannose-binding protein C -0.67 -0.11 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW2 x ♂FW1)
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Table 8. Upregulated gene expression (Padj < 0.05) in trans in SW1 relative to FW2 parental line 

comparison under freshwater conditions (0 PSU).  
  

Gene description logFC(PSW/PFW) logFC(HSW/HFW) 

Histone H1-delta 12.79 0.50 

Innexin inx2 10.10 0.49 

E3 ubiquitin-protein ligase UHRF1 7.98 0.20 

Perlucin-like protein   7.84 -0.28 

Leukotriene A-4 hydrolase 7.66 -0.02 

ADP-ribosylation factor-like protein 5B 7.02 0.15 

Probable nuclear transport factor 2 6.94 0.30 

Sodium/potassium/calcium exchanger 6, mt. 6.64 -0.16 

La-related protein 4 6.35 -0.59 

Neuronal calcium sensor 2 6.28 0.11 

E3 ubiquitin-protein ligase listerin 6.05 -0.20 

Actin-related protein 10 5.99 -0.33 

60S ribosomal protein L39 5.98 -0.24 

TRPl cation channel subfamily A member 1 homolog 5.52 -0.07 

Betaine--homocysteine S-methyltransferase 1 5.51 -0.38 

Ethanolaminephosphotransferase 1 5.17 -0.27 

Neural cell adhesion molecule 1 5.12 -0.13 

Probable protein phosphatase methylesterase 1 5.04 -0.11 

L-galactose dehydrogenase 4.94 -0.15 

Probable nucleolar GTP-binding protein 1 4.86 -0.54 

Dedicator of cytokinesis protein 7 4.77 0.47 

Leptin receptor gene-related protein 4.69 -0.08 

Repetitive proline-rich cell wall protein 4.57 0.11 

Double-stranded RNA-specific editase Adar 4.54 -0.38 
Dolichyl-diphosphooligosacch-protein glycosyltrans. 
2 

4.30 -0.04 

Selenium-binding protein 1 4.29 0.45 

Myosin light chain kinase, smooth muscle 4.28 -0.17 

Methyl-CpG-binding domain protein 6 4.27 0.16 

Eukaryotic translation initiation factor 3 subunit A   4.27 -0.33 

Aladin 4.23 0.08 

F-box/LRR-repeat protein 20 4.22 0.12 

Max-binding protein MNT 4.22 0.01 

Neuroligin-2 4.05 0.35 

Myosin heavy chain, muscle 4.05 0.29 

Pyrroline-5-carboxylate reductase 3 3.99 0.05 

Zinc finger protein 142 3.95 -0.37 

ATP-dependent RNA helicase DHX8 3.92 -0.25 

Murinoglobulin-2 3.88 0.02 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW1 x ♂FW2) 
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Table 8. Continued 

 

Mini-chromosome maintenance complex-binding protein 3.75 -0.28 

Protein aubergine   3.67 -0.60 

Inositol 1,4,5-trisphosphate receptor 3.52 -0.25 

Solute carrier family 22 member 6-A 3.50 0.50 

Ubiquitin carboxyl-terminal hydrolase 7 3.44 -0.13 

Ankyrin repeat domain-containing protein 29 3.42 0.10 

HMG box-containing protein 1 3.28 0.19 

Tolloid-like protein 1 3.17 0.27 

TRP cation channel subfamily A member 1 homolog 3.08 -0.14 

Glutamate-gated chloride channel 2.91 -0.18 

Prostaglandin reductase 1 2.90 0.44 

DNA topoisomerase 2-binding protein 1-A 2.89 0.04 

Eukaryotic initiation factor 4A-III 2.87 0.43 

Oxalate:formate antiporter 2.79 -0.54 

3-hydroxyacyl-CoA dehydrogenase type-2 2.62 -0.22 

Kyphoscoliosis peptidase 2.57 -0.23 

Myosin heavy chain, muscle 2.46 0.00 

Vacuolar protein sorting-associated protein 54 2.43 -0.05 

Enamelin 2.33 0.19 

Actin-5C 2.33 -0.21 

Disks large 1 tumor suppressor protein 2.33 0.30 

Activating molecule in BECN1-regulated autophagy protein 1 2.30 0.10 

Tubby-related protein 3 2.25 -0.39 

Regenerating islet-derived protein 3-alpha 2.01 0.41 

STE20-related kinase adapter protein alpha 1.99 0.22 

Short transient receptor potential channel 7 1.98 0.08 

Plexin-A2 1.82 -0.19 

Steroid receptor seven-up, isoforms B/C 1.78 0.01 

Protein transport protein SEC61 subunit alpha 1.76 0.34 

Oligosaccharyltransferase complex subunit ostc-B 1.71 -0.30 

Chloride intracellular channel protein 6 1.69 0.44 

Serine/threonine-protein phosphatase 2A subunit B alpha 1.58 0.14 

Multidrug resistance-associated protein 1 1.52 -0.08 

Serine/threonine-protein phosphatase PGAM5, mt. 1.50 0.22 

Zinc metalloproteinase nas-39 1.45 -0.15 

Sodium-dependent phosphate transporter 1-A 1.31 -0.13 

Putative acyl-CoA dehydrogenase AidB 1.27 -0.03 

Evolutionarily cons. signaling intermediate in Toll pathway, mt. 1.25 -0.53 

Synaptobrevin homolog YKT6 1.19 0.15 

Tricorn protease-interacting factor F3 1.04 -0.26 
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Table 9. Upregulated gene expression (Padj < 0.05) in trans in SW2 vs. FW1 comparison under 

freshwater conditions (0 PSU).    

 
Gene description logFC(PSW/PFW) logFC(HSW/HFW) 

Circadian locomoter output cycles protein kaput 3.92 -0.02 

Chaoptin 3.71 -0.01 

Eukaryotic translation initiation factor 2D 3.62 -0.14 

Nuclear pore complex protein Nup88 3.42 0.28 

Protein bowel 3.40 0.43 

KN motif and ankyrin repeat domain-contain. protein 1 3.10 0.17 

Kin of IRRE-like protein 2 3.09 -0.42 

Xanthine dehydrogenase 3.05 -0.14 

Exocyst complex component 6 2.97 0.18 

Lymphoid-specific helicase 2.92 -0.44 

Nuclear hormone receptor family member nhr-213 2.73 0.00 

RNA pseudouridylate synthase domain-cont. protein 2 2.71 -0.03 

Protein FAM186A 2.60 -0.40 

Nidogen-1 2.34 -0.14 

F-box/LRR-repeat protein 20 2.29 0.06 

Transcription factor SPT20 homolog 2.17 -0.34 

Solute carrier family 22 member 21 2.15 -0.10 

Centrosomal protein of 290 kDa 2.15 -0.05 

Lysosomal Pro-X carboxypeptidase 2.14 -0.17 

Cell division cycle protein 20 homolog 2.08 -0.02 

Serine protease 30 2.06 -0.15 

B-cell lymphoma 6 protein 2.02 -0.01 

Zinc finger protein ubi-d4 1.98 -0.15 

Facilitated trehalose transporter Tret1  1.98 -0.09 

Protein dopey-1 homolog 1.87 -0.35 

Nephrin 1.87 -0.12 

DNA polymerase alpha subunit B 1.83 -0.14 

Metalloreductase STEAP2 1.78 -0.39 

Pre-mRNA-splicing factor SYF1 1.78 -0.08 

Tubulin polyglutamylase complex subunit 2 1.77 -0.11 

Nose resistant to fluoxetine protein 6 1.70 -0.40 

Facilitated trehalose transporter Tret1  1.68 -0.17 

Heat shock factor-binding protein 1 1.62 -0.26 

Putative E3 ubiquitin-protein ligase SINAT1 1.57 -0.12 

Alpha-tocopherol transfer protein 1.57 -0.03 

Suppressor of cytokine signaling 4 1.56 -0.07 

 
Padj = p values adjusted for multiple comparisons by single-step method 
PSW and PFW = parental saline and freshwater inbred lines alleles  
HSW and HFW = saline and freshwater alleles in F1 hybrid (♀SW2 x ♂FW1)
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Table 9. Continued 

 

CTD small phosphatase-like protein 2 1.54 -0.09 

Tyrosine kinase receptor Cad96Ca 1.49 -0.08 

60S ribosomal protein L39 1.46 -0.03 

Transcriptional regulator ATRX homolog 1.46 -0.22 

Serine/threonine-protein kinase PAK 2 1.45 -0.11 

Transcriptional activator protein Pur-alpha 1.44 -0.28 

Long-chain-fatty-acid--CoA ligase 4 1.40 -0.10 

Cytochrome P450 2K4 1.38 -0.06 

Delta-like protein A 1.36 -0.10 

Mitotic checkpoint serine/threonine-protein kinase BUB1 β 1.33 -0.07 

tRNA wybutosine-synthesizing protein 2 homolog 1.33 0.12 

Nucleosome assembly protein 1-like 4 1.32 -0.17 

28S ribosomal protein S14, mitochondrial 1.25 0.51 

Copine-8 1.22 -0.06 

Neuropeptide F receptor  1.20 -0.11 

Superkiller viralicidic activity 2-like 2 1.20 -0.23 

Heat shock protein 23 1.13 -0.10 

APOBEC1 complementation factor 1.12 0.04 

Aldehyde dehydrogenase family 9 member A1-A 1.12 0.07 

Potassium voltage-gated channel protein Shab 1.11 -0.18 

N-acetylglucosamine-6-phosphate deacetylase 1.11 -0.13 

Peptide methionine sulfoxide reductase A5 1.08 -0.15 

L-galactose dehydrogenase 1.05 -0.36 

Deoxyribose-phosphate aldolase 1.03 -0.10 

Putative glutathione S-transferase DHAR4 1.00 -0.14 

LIM domain-binding protein 2 0.99 0.15 

Zinc finger C2HC domain-containing protein 1C 0.87 -0.06 

Aldehyde dehydrogenase X, mitochondrial 0.86 -0.07 

MOB kinase activator 3A 0.85 -0.05 

Forkhead box protein J1.2 0.78 -0.01 

Longitudinals lacking protein-like 0.78 0.15 

Galactoside 2-alpha-L-fucosyltransferase 1 0.78 -0.08 

Protein TIPIN homolog 0.77 -0.18 

Eukaryotic translation initiation factor 2D 0.76 -0.11 

MFS-type transporter SLC18B1 0.74 -0.05 

ATP-dependent RNA helicase DDX55 0.73 -0.04 

F-box/WD repeat-containing protein lin-23 0.73 -0.15 

Solute carrier family 12 member 5 0.71 -0.24 

ABC transporter G family member 20 0.70 0.04 

Eukaryotic translation initiation factor 4E 0.61 0.14 

Inositol polyphosphate multikinase 0.61 0.01 
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Figure 1. Common garden experiment for allele specific gene expression. (A) Juveniles from 

both saline and freshwater parental inbred lines (SW1, SW2, FW1 andFW2) were individually 

kept in 20 ml vials in 5 PSU water, and reared at this salinity until they became sexually mature. 

When their sex was determined females and males were paired to produce three different type of 

offspring: SW x SW (saline parental line), FW x FW (freshwater parental line) and ♀SW x 

♂FW (F1 crosses i.e., hybrids). The newly hatched offspring was separated from parents and 

reared at 5 PSU until metamorphosis (~15 days of age). (B) When offspring reached 

metamorphosis each sample was transferred to freshwater (0 PSU). (C) Juveniles were kept 

under freshwater conditions for the next 16-18 days i.e., until they became adults. The total of 50 

adult copepods (25 females and 25 males) were randomly selected from each sample for total 

RNA extraction. 
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Figure 2. Hypothetical cis- and trans-regulatory scenarios in the copepod E. affinis (adopted 

from McManus et al. 2010). Top panel: in hybrids, a cis-regulatory mutation in freshwater (FW) 

population (yellow box) decreases affinity for both the conserved saline (SW) and freshwater 

(FW) transcription factors (red circles). Bottom panel: a trans-regulatory mutation in a 

freshwater (FW) population transcription factor (yellow circle) reduces its binding affinity for 

the conserved freshwater (FW) and saline (SW) cis-regulatory regions (red boxes).  

PSW and PFW – saline (PSW) and freshwater (PFW) allele in parental inbred lines. 

HSW and HFW – saline (HSW) and freshwater (HFW) allele in F1 hybrids. 
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Figure 3. Five modules of Allelic imbalance metre (Allim) pipeline (adopted from Pandey et al. 

2013). (1) Identification of fixed SNPs by mapping parental RNA-seq reads to reference genome 

and building two parental genomes by substitution of fixed SNPs positions in reference genome. 

The two prenatal genomes are identical to reference genome except at SNPs positions. (2) 

Simulation of RNA-seq reads from both parental genomes resulting in same number of reads at 

particular gene in both parents. (3) Estimation of the remaining mapping bias with simulated 

data (4) Estimation of gene expression in parental lines and allele-specific expression in F1 

hybrids. (5) Statistical test of significant allelic imbalance.  
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Figure 4. Distribution of gene regulatory categories in (A) SW1 vs. FW2 and (B) SW2 vs. FW1 

comparison. Genes were classified into different regulatory categories according to Landry et al. (2005) 

and McManus et al. (2010) criteria (see Methods).  
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