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Abstract
Lake Winnipeg, Manitoba, is Canada’s second largest commercial inland freshwater fishery, and concern over collapse of

the walleye fishery is growing. Molecular techniques have been increasingly used to study responses of wild organisms to
environmental and anthropogenic stressors. The present study used transcriptomics to examine the physiology of wild-caught
walleye (Sander vitreus (Mitchell, 1818)) across Lake Winnipeg using non-lethal techniques. Gill transcriptomes of walleye sam-
pled from the north and south basins of Lake Winnipeg, and the channel connecting them, exhibited distinct profiles impli-
cating regionally specific biological responses. North basin walleye exhibited transcriptomic responses indicative of exposure
to environmental stressors. Transcriptomic patterns suggested a shift to increased reliance on anaerobic metabolism and up-
regulation of hypoxia-sensitive genes in north basin fish, possibly representing exposure to low-oxygen conditions. Exposure
to environmental stressors may also have driven increases in gene transcripts associated with proteasomal catabolism, DNA
repair, molecular chaperones, and ion regulation. North basin fish also exhibited transcriptomic patterns indicative of gill
remodeling via regulation of the mTOR pathway, cytoskeleton reorganization, and fatty acid synthesis. Our results highlight
the complexity of examining wild fish across environmental gradients but also the potential use of molecular techniques in
elucidating organismal sensitivity to local environmental factors.
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Introduction
Anthropogenic stressors increasingly harm aquatic ecosys-

tems, resulting in population declines of species over time.
For the conservation of aquatic organisms, it thus becomes
fundamental to understand how species and populations re-
spond to a changing environment throughout their distribu-
tion. In their environments, organisms may experience abi-
otic stressors (e.g., temperature, dissolved oxygen, salinity,
and pH), biotic stressors (e.g., intraspecific competition, inva-
sive species, pathogens, and predators), and anthropogenic
stressors (e.g., fisheries, habitat degradation, and pollutants)
(Schulte 2014). These environmental stressors may act on
their own or, more likely, as parts of complex interactions
(Crain et al. 2008; Jackson et al. 2016). Due to the presence of
multiple stressors in many ecosystems, deciphering the re-
sponses of organisms to these environmental stressors can
be challenging. Physiological responses of wild organisms
are also mediated by previous exposure history as well as
genomic variation that may be associated with adaptations
to local environmental conditions (Whitehead et al. 2011;
Crozier and Hutchings 2014). Therefore, when considering
the conservation of a species, it becomes important to con-
sider the physiological responses of that species across its
distribution to determine how the local environment as well

as genetic factors may influence these responses (Homyack
2010; Cooke et al. 2013).

The physiological response to stressors is typically char-
acterized as an integrated response to cope with the stress
and reestablish homeostasis. Part of this integrated organ-
ismal response to stressors is through changes in gene ex-
pression (e.g., Jeffries et al. 2021). The gene expression re-
sponse to environmental stressors is complex and can be in-
fluenced by several factors, contributing to phenotypic vari-
ation within and among populations (Whitehead and Craw-
ford 2006; López-Maury et al. 2008). The abundance of mRNA
transcripts, the intermediate step between the transcription
of the gene coding region of DNA and the translation into pro-
teins, is a useful approximation of gene expression (Buccitelli
and Selbach 2020). In particular, whole-transcriptomic (e.g.,
mRNA sequencing (RNA-seq)) approaches provide a mecha-
nism to examine transcriptome profiles of wild, non-model
species, for which genomic resources may be limited (Connon
et al. 2018) to assess the cellular processes that are respond-
ing to a stressor. The transcriptomic responses of wild organ-
isms to local environments can provide valuable insight into
the cellular responses to a variety of stressors and are particu-
larly useful when those environmental stressors are not well
understood in a system (Semeniuk et al. 2022). In line with
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this approach, transcriptomic analyses can provide informa-
tion about what stressors may be present in an environment
and acting on local species. For instance, liver transcriptional
analyses revealed that silver carp (Hypophthalmichthys molitrix
(Valenciennes in Cuvier and Valenciennes, 1844)) residing at
the leading edge of their range in the Illinois River (Illinois,
USA) may be living in more polluted habitats compared to
fish at the center of their distribution (Jeffrey et al. 2019).
Similarly, transcriptomic patterns in wild Pacific salmon sug-
gest that responses to viral pathogens may be impacting both
freshwater migration and return migration, as well as spawn-
ing success (Miller et al. 2011; Jeffries et al. 2014). Transcrip-
tomics, thus, has the potential to provide invaluable informa-
tion about possible environmental stressors and the physio-
logical responses of organisms to these stressors.

Freshwater fishes are some of the most at-risk organisms
due to climate change as well as other human-related activ-
ities, such as fisheries. Lake Winnipeg (Manitoba, Canada) is
the 10th largest lake globally based on surface area and is
characterized by a large north basin, smaller south basin, and
a narrow channel that connects the two basins (Wassenaar
and Rao 2012). Lake Winnipeg is home to Canada’s second
largest freshwater fishery, of which walleye (Sander vitreus
(Mitchell, 1818)) make up the largest component (Johnston
et al. 2012). Sustainable management of walleye is thus crit-
ically important, not only to commercial fishing but also
recreational angling, subsistence fishing, and the Lake Win-
nipeg ecosystem as a whole. Since 2002, however, the annual
commercial yield from the walleye fishery has been above
the maximum sustainable yield, and commercial harvests
have declined between 2014 and 2018 (Manitoba Government
2018; Manitoba Sustainable Development 2018). The Lake
Winnipeg ecosystem is simultaneously being impacted by ad-
ditional stressors, such as eutrophication, invasive species,
and collapse of a prey species (i.e., rainbow smelt; Osmerus
mordax (Mitchell, 1814)), that may be further exacerbating
the fishery declines (Schindler et al. 2012; Jansen et al. 2017;
Enders 2019; Enders et al. 2021; Thorstensen et al. 2021).
Reflecting this increase in anthropogenic pressure, walleye
body condition has been declining across the lake (Manitoba
Government 2018; Manitoba Sustainable Development 2018).
Similarly, basin-specific effects are evident, with younger fish
in the north basin showing smaller length-at-age, which may
reflect nutritional limitation in more recent annual cohorts
(Thorstensen et al. 2021). A blood metabolite panel associ-
ated with amino acid metabolism and protein turnover in
walleye also suggested that fish from the north basin (i.e.,
Dauphin River) may have elevated levels of protein degrada-
tion (Thorstensen et al. 2021). Although low population diver-
gence was detected for Lake Winnipeg walleye, sequence dif-
ferences in mRNA transcripts associated with cell membrane
protein and cytoskeletal function did vary latitudinally, sug-
gesting that genomic differences may, in part, underlie phe-
notypic differences (Thorstensen et al. 2020). Furthermore,
contemporary gene flow from the connected Lake Manitoba
(Manitoba, Canada) was concentrated in Lake Winnipeg’s
north basin, possibly because of environmental differences
between the basins of Lake Winnipeg (Thorstensen et al.
2022). Together, the complexity of stressors potentially affect-

ing walleye in the Lake Winnipeg system, as well as basin-
specific genomic, physiological, and morphological metrics
of walleye, suggest the need for conservation attention at a
local scale.

The present study used the emerging challenges Lake Win-
nipeg walleye are facing to test whether whole transcriptome
interrogation of individual fish from across regions can iden-
tify environmental stressors that might be contributing to
population declines and morphological differences in wall-
eye. To this end, walleye were sampled at locations repre-
senting the north basin (Dauphin River), the south basin (Red
River), and the channel that connects the basins (Matheson
Island) in 2017 and 2018. Gill samples were acquired non-
lethally from walleye, allowing for the whole-transcriptome
profiling of eight walleye from each location and year us-
ing RNA-seq. Due to the potential variability generated by
sampling wild-caught fish, of particular interest were pat-
terns of transcript regulation that were consistent across
the two years examined. From these genes that differed in
their mRNA abundance among locations consistently across
years, a selection of 20 genes was examined using quantita-
tive PCR (qPCR) across a larger sampling of fish, as well as
from an additional site in the south basin (Riverton). Over-
all, by identifying consistent patterns of biological responses
in walleye across the Lake Winnipeg system, information not
only on walleye physiology but also potential environmental
factors driving these responses can be determined. Further-
more, identification of key biological pathways or responses
will facilitate targeted studies to draw more specific links be-
tween walleye genomic and phenotypic differences that may
be driven by local environmental factors.

Materials and methods

Lake Winnipeg sampling
Walleye (n = 156) were collected over two years (2017 and

2018) from four locations in the Lake Winnipeg system:
Dauphin River and Matheson Island, representing sites in the
north basin and channel, respectively, and Riverton and Red
River, representing the south basin (Fig. 1, Table 1). Gill tis-
sue was collected during the spawning season (approximately
May through early June in 2017 and 2018), as in Thorstensen
et al. (2020). Walleye were collected by electrofishing, mea-
sured for total length and mass (Table 1), and anaesthetized
using a Portable Electroanesthesia System (Smith Root, Van-
couver, WA, USA). A non-lethal gill biopsy was retrieved by
collecting 2–3 mm of the terminal ends of 3–4 filaments from
the left side of the fish. Gill tissue was placed in RNAlater
solution (Thermo Fisher Scientific, Waltham, MA, USA) and
stored at 4 ◦C for 24 h prior to storage at −80 ◦C. Walleye
were caught and sampled as part of a complementary Fish-
eries and Oceans Canada project, where fish were implanted
with an acoustic telemetry tag. The implantation of the tag
allowed for the sex to be determined from most fish via the
small ventral incision made to insert the tag. Due to the size
restriction related to tag size (fish were ≥0.5 kg), most fish
sampled and included in the study were female (111 female,
31 male, 14 unidentified sex; Table 1). Total length and mass
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Fig. 1. Sampling locations for walleye (Sander vitreus) in
Lake Winnipeg, Manitoba, Canada. Walleye were sampled in
the Dauphin River (north basin), Matheson Island (channel),
Riverton (south basin), and the Red River (south basin). The
inset shows Lake Winnipeg in relation to the province of Man-
itoba and North America. Map data were from the rworldmap
v1.3-7 (South 2011), raster v3.6-20 (Hijmans and Etten 2012),
rnaturalearth v0.3.2 (Massicotte and South 2023), and the gg-
plot v3.4.1 R packages (Wickham 2016), along with lake and
river data from the Statistics Canada (2011) census project
(Statistics Canada 2011) (WGS84 map projection).

were analyzed for differences among locations and years us-
ing a two-way analysis of variance (ANOVA). Residuals were
examined for normality and equal variance using the “check
model” function from the R package “performance” (Lüdecke
et al. 2020). Significant effects were further explored using a
Tukey’s Honestly Significant Difference (HSD) post hoc test
using the “emmeans” package in R (Lenth 2020). All fish col-
lection and sampling techniques were in accordance with
the approved animal use protocols of Fisheries and Oceans
Canada (FWI-ACC-2017-001 and FWI-ACC-2018-001), the Uni-
versity of Manitoba (FC-019), and the University of Nebraska–
Lincoln (Project ID: 1208).

RNA extraction and RNA-sequencing
Total RNA was extracted from gill samples using the

RNeasy Plus Mini Kit (Qiagen, Toronto, ON, CA) with mi-
nor modifications described in Thorstensen et al. (2020). The
quantity and quality of RNA were determined using a Nan-

oDrop One (Thermo Fisher Scientific) and by visualization on
a 1% agarose gel, respectively.

For RNA-seq, eight samples were chosen per location, per
year, for the Red River, Matheson Island, and Dauphin River,
representing one site for each of the south basin, channel,
and north basin, respectively (Riverton site was not included
in the sequencing component of the study). Samples were
chosen based on their total RNA quality, and primarily fe-
male samples were included in the study to limit the con-
tribution of sex as a covariate (44 females, 4 of unknown sex;
Table S1). The construction and sequencing of the cDNA li-
braries were performed by Centre d’expertise et de services
Génome Québec (http://gqinnovationcenter.com), as detailed
in Thorstensen et al. (2020). Prior to cDNA library construc-
tion, the quality of the RNA was assessed on a bioanalyzer
(R.I.N. ≥ 8). Each individual library was tagged with a unique
adapter, and the 48 libraries were pooled prior to sequencing.
Sequencing was performed using NovaSeq 6000 (Illumina) on
a single lane and produced 2.17 billion paired-end reads. Raw
reads were submitted to the NCBI SRA database (accession
#PRJNA596986).

Differential expression analysis
Differential expression analyses were carried out in a sim-

ilar fashion to Jeffrey et al. (2019). For detailed methods re-
garding the differential analysis, see Supplementary mate-
rials. Briefly, Salmon v0.13.3 (Patro et al. 2017) was used to
estimate transcript abundances using a previously assem-
bled reference transcriptome for walleye generated by Jeffrey
et al. (2020) (Sequence Read Archive Accession SRP150633),
and differential expression of genes was examined using the
R/Bioconductor package “edgeR” (Robinson et al. 2010). A pri-
ori contrasts were designed to compare sampling sites (i.e.,
Dauphin River vs. Red River, Dauphin River vs. Matheson Is-
land, Matheson Island vs. Red River) within a year and genes
were considered differentially expressed at a Benjamini–
Hochberg-corrected False Discovery Rate (FDR) < 0.05.

To identify differentially expressed genes that were spe-
cific to each sampling site, lists were generated that consisted
of genes that were differentially expressed at that site com-
pared to both other sites within a given year (e.g., Red River
vs. both Matheson Island and Dauphin River; Matheson Is-
land vs. both Red River and Dauphin River; Dauphin River vs.
both Red River and Matheson Island). The site-specific differ-
entially expressed genes were then identified as being con-
sistently different across years, different only within 2017, or
different only within 2018.

Gene enrichment analysis was performed for each set of
up- or down-regulated differentially expressed genes with
annotation information (see Supplementary materials) us-
ing EnrichR (Chen et al. 2013). Since multiple assembled se-
quences can be annotated to the same gene, gene lists were
re-filtered based on the gene name so that any gene names
in the “both years” gene list did not appear in either 2017 or
2018 “only” gene lists. Only gene ontology (GO) terms with
an adjusted p value < 0.05 and a minimum of four genes were
considered as significantly enriched. EnrichR only considers
a single copy of a gene for the analysis; thus, multiple copies
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Table 1. Metadata for walleye (Sander vitreus) collected from Red River, Riverton, Matheson Island, and Dauphin River in the
Lake Winnipeg system.

Location Year Total n Female n Male n Unknown sex n Total length (mm) Mass (kg)

Red River 2017 21 19 2 0 644 ± 63a 2.93 ± 0.93a

2018 18 9 9 0 549 ± 132a 2.27 ± 1.73a

Riverton 2017 25 20 5 0 647 ± 60a 2.73 ± 0.89a

2018 25 14 7 4 535 ± 109a 1.79 ± 1.18a

Matheson 2017 10 8 2 0 600 ± 58ab 2.09 ± 0.73ab

2018 18 15 0 3 541 ± 113ab 1.74 ± 1.21ab

Dauphin River 2017 19 13 6 0 563 ± 69b 1.76 ± 0.60b

2018 20 13 0 7 493 ± 66b 1.30 ± 1.33b

Note: Data are presented as means ± sd. For total length and mass, a significant main effect of location is represented by lowercase letters, and locations that do not share
a letter are significantly different from one another. A significant effect of year was also detected for total length and mass (two-way ANOVA; see the text for details).

of a gene represented by more than one transcript were disre-
garded. Enriched GO terms were summarized and visualized
using REVIGO (Supek et al. 2011).

Principal component analysis of gene
abundances

In addition to the differential gene expression analysis,
a principal component analysis (PCA) was used to examine
broad differences in transcript regulation across samples. Log
counts per million (cpm) from the filtered and normalized
gene abundances (see Supplementary materials) were used
in the PCA. The PCA was performed using the R package
“FactoMineR” (Lê et al. 2008), and results were visualized us-
ing “factoextra” (Kassambara and Mundt 2017). A two-way
ANOVA was used to examine the fixed factors of location,
year, and location × year for the score of principal compo-
nent (PC) 1 and PC2. Residuals were examined for normality
and equal variance, as above. Significant effects were further
explored using a Tukey’s HSD post hoc test, as above.

Candidate genes for qPCR assay for walleye in
Lake Winnipeg

Using the RNA-seq data, a set of 20 candidate genes (Ta-
ble S2) were selected for qPCR using a strategy similar to that
of Akbarzadeh et al. (2020) to develop qPCR assays for hypoxia
biomarkers in salmonids. Briefly, a PCA was used to select an-
notated genes that were most strongly correlated with a PC
associated with the separation of sampling location (see Sup-
plementary materials).

For all walleye sampled from the Lake Winnipeg system
(i.e., Red River, Riverton, Matheson Island, Dauphin River;
Table 1), cDNA was synthesized from 0.5μg of total RNA us-
ing the QuantiTect Reverse Transcription Kit (Qiagen), fol-
lowing manufacturer’s protocol. The relative abundance of
20 target genes was determined using qPCR (Table S2). Se-
quences retrieved from the previously assembled walleye
reference transcriptome (Jeffrey et al. 2020) were used to
develop oligonucleotide primers for the target genes using
Primer express v.3 (Applied Biosystems, Thermo Fisher Sci-
entific) (Table S2). Reference gene primer sets for 60S riboso-
mal protein L7, L8, and L13a (rpl7, rpl8, rpl13a) and 40S riboso-
mal protein S6 and S9 (rps6, rps9) were previously used in wall-

eye (Jeffrey et al. 2020). Standard curves were generated for
each primer set to optimize reaction compositions and used
cDNA synthesized from the RNA pooled from 24 individuals
(3 fish per location and year). All qPCRs were run using the
QuantStudio 5 Real-Time PCR System (Thermo Fisher Scien-
tific) and PowerUP SYBR Green Master Mix (Applied Biosys-
tems, Thermo Fisher Scientific), following manufacturer’s
protocols, with the exception that reaction compositions
were scaled to a total volume of 12μL. The stability of the five
reference genes was analyzed using RefFinder (https://www.
heartcure.com.au/reffinder/). RefFinder integrates four com-
putational programs (geNorm, Normfinder, BestKeeper, and
the comparative Delta-Ct method) to compare and rank can-
didate reference genes (Xie et al. 2012). Additionally, refer-
ence gene stability was examined for potential location and
year effects. Of the five reference genes tested, rpl13a, rps6,
and rps9 were the most stable across sites and years and were
thus included in further analyses. Target gene mRNA levels
were normalized to the three reference genes and were ex-
pressed relative to the mean of the fish sampled in 2017 in
the Red River using the delta-delta Ct method. Four samples
were removed from the dataset for further analysis based on
poor amplification due to low 260/230 values or were identi-
fied as outliers across multiple target genes.

Comparison of RNA-seq data with qPCR
For the samples analyzed by RNA-seq, the same RNA was

used to examine mRNA abundance of 20 candidate genes.
Equivalent contrasts to the RNA-seq data were calculated for
the qPCR data and expressed as log2 fold changes. A correla-
tion analysis was performed between the log2 fold changes
across the 20 genes. A Spearman’s correlation analysis was
used as the data were non-normally distributed data. Addi-
tional analyses were carried out to establish whether the in-
dividuals examined in the RNA-seq study were representative
of the larger sample size assessed using qPCR (see Supplemen-
tary materials).

Statistical analysis for mRNA abundance of
candidate genes

The significant effects of location and year were evaluated
on the larger sample size of fish using qPCR for the 20 target
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genes. Individuals from the Red River, Riverton, Matheson Is-
land, and Dauphin River were included in these analyses. Out-
liers were identified using Grubbs tests with the “outliers”
R package. For each target gene, a linear model was devel-
oped with location, year, the interaction of location and year,
as well as total length and mass as fixed factors. Since sex
was not known for all fish, it was not initially included as a
factor in the analysis. A stepwise Akaike Information Crite-
rion (AIC) was used to compare models and determine the
best fit for the data, and the residuals of this “best fit” model
were examined to ensure that the assumptions of the linear
model were met. If the data were not normally distributed
or equally variable, the data were rank-transformed (only for
actin-related protein 2 (actr2)). A Tukey’s HSD post hoc test was
used to further explore any significant categorical factors. To-
tal length was not a significant factor when included in the
models. Mass was only significantly related to protein FAM49B
(fam49b) mRNA levels, and this relationship was further ex-
plored using a correlation analysis.

An additional set of analyses on the 20 candidate genes was
conducted to evaluate the potential influence of sex on mRNA
abundance in the gill where individuals of unknown sex (to-
tal n = 14) were removed from the dataset and the above anal-
yses were repeated with the inclusion of sex as a covariate.
In no case was sex a significant factor when included in the
models.

Results

Total length and mass
Although walleye greater than 0.5 m were targeted to ac-

commodate the telemetry tag, size differences were evident
across locations. Both total length and mass were lower for
walleye sampled in Dauphin River compared to both the Red
River and Riverton, with Matheson Island fish being interme-
diate (Table 1; two-way ANOVA; total length, p < 0.001 for lo-
cation and year, p = 0.609 for location × year; mass, p = 0.009
for location, p < 0.001 for year, p = 0.638 for location × year).

Differential analysis of mRNA transcript
abundance

A PCA including the normalized cpm values revealed clus-
tering of samples by year and by location (Fig. 2). Along PC1
(20.3% variance explained), fish were significantly separated
by both year and location, where each location was sig-
nificantly different from another (Fig. S1a; two-way ANOVA;
p < 0.001 for location and year, p = 0.314 for location × year).
Separation by location along PC2 (8.2% variance explained)
was limited to fish sampled in 2018, with each location be-
ing significantly different from the other (Fig. S1b; two-way
ANOVA; p = 0.054, <0.001, and 0.002 for location, year, and
location × year, respectively). Additionally, separation by year
along PC2 was specific to fish sampled in the Red River and
Matheson Island (Fig. S1b).

For walleye sampled in the Red River, combined over both
years, there were a total of 4340 genes with differential mRNA
transcript abundance compared to fish sampled from Math-
eson Island and Dauphin River at an FDR < 0.05. Of these

genes, 212 were consistently different across years, and 1162
and 796 were only differentially regulated in 2017 or 2018,
respectively (Fig. S2). A total of 3213 genes were differentially
regulated (FDR < 0.05) in walleye sampled in the Dauphin
River, of which 60 were consistently different across years,
and 163 and 1384 were only differently regulated in 2017
or 2018, respectively (Fig. S2). Fewer genes were differentially
expressed in fish sampled at Matheson Island compared to
the two other locations (Red River and Dauphin River), with
only 652 genes with differential mRNA transcript abundance
(FDR < 0.05), of which only 6 genes were consistently different
across years (90 and 230 genes were differentially regulated
only in 2017 or 2018, respectively; Fig. S2). Due to the lower
number of differentially expressed genes specific to Mathe-
son Island fish and the resulting lower number of enrichment
terms (Fig. S3), we limit our description of the GO enrichment
analysis in the main text to Dauphin River and Red River
fish (further details available in Supplementary materials for
Matheson Island).

Functional analysis of differentially expressed
genes

Dauphin River

In total, 880 genes (811 unique genes) that were differen-
tially regulated in walleye from the Dauphin River compared
to both Matheson Island and the Red River were included in
the enrichment analyses (Tables S3 and S4). Only the GO term
“actin binding” was significantly enriched for genes that were
consistently up-regulated in Dauphin River fish compared to
fish from the other two locations across years (Fig. S4a) and
constituted four enriched genes, angiogenin, advillin, fascin, un-
conventional myosin-VI (Table S5). There were no significantly
enriched GO terms for Dauphin River comparisons in 2017.

For genes up-regulated in Dauphin River fish in 2018, sig-
nificantly enriched GO terms included glycolysis, mitochon-
drion, negative regulation of catabolic process, chromatin
remodeling, protein transport, and RNA and cadherin bind-
ing (Fig. S4b). Several glycolysis- and gluconeogenesis-related
genes were enriched as part of the GO terms glycolysis, gly-
colytic process, gluconeogenesis, and carbohydrate catabolic
process (Fig. 3, Table S6). In addition, the parent term “canon-
ical glycolysis” also included the following GO terms: nicoti-
namide nucleotide metabolic process, low-density lipopro-
tein particle receptor metabolism, secondary alcohol biosyn-
thetic process (including six genes involved in cholesterol
and lipid biosynthesis; Table S5), and RNA processing and
splicing. Four genes involved in the regulation and targets of
mTOR complex 1 (mTORC1) were up-regulated in fish sam-
pled from the Dauphin River compared to those from the
other two sites (Fig. 4, Table S6). Four subunits of the vacuolar-
type H+-ATPase enzyme (atp6v1a, atp6v1b2, atp6v1c1, atp6v1e1)
were significantly enriched as part of the GO term “intracel-
lular pH reduction” and the parent term “negative regulation
of catabolic process” (Fig. S4b, Tables S5 and S7).

For those genes down-regulated in Dauphin River fish in
2018, significantly enriched GO terms included respiratory
electron transport chain, autophagosome, and membrane
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Fig. 2. Principal components analysis (PCA) of the gill transcriptomes of walleye (Sander vitreus) sampled at three locations in
the Lake Winnipeg system, in 2017 and 2018. Walleye were sampled in the Red River, Matheson Island, and Dauphin River,
representing sites in the south basin, channel, and north basin, respectively. Log counts per million from eight individuals per
sampling site and year were included in the PCA. The variance explained by each PC is indicated in brackets.

raft (Fig. S4c). Several transcripts of genes encoding subunits
of complexes I, III, and IV contributed to the enriched GO
term “respiratory electron transport chain” (Fig. 5; Table S6).
Although not enriched as part of the functional analysis, ATP
synthase subunit a (mt-atp6) and mitochondrial ATP synthase sub-
unit d (atp5h) were also significantly lower in Dauphin River
fish compared to fish from the other two sampling sites
in 2018 (Table S4). Correspondingly, mitochondrial transcription
termination factor 3 (mterf3) transcript levels, a negative reg-
ulator of mammalian mtDNA transcription, was elevated in
Dauphin River fish in 2018 (Fig. 5, Table S4). Significantly en-
riched genes associated with autophagy and autophagosome
formation included two gamma-aminobutyric acid receptor-
associated proteins (gabarap and gabarapl1), tumor protein p53-
inducible nuclear protein 2, vacuole membrane protein 1, WD re-
peat domain phosphoinositide-interacting protein 1, and autophagy-
related protein 2 homolog A (Fig. S4c; Table S5).

Red River

For fish sampled from the Red River compared to those
from Matheson Island and Dauphin River, a total of 1349
differentially regulated genes (1234 unique genes) were in-
cluded in the enrichment analyses (Table S3). For genes con-
sistently up-regulated across years in walleye from the Red
River, enrichment analysis revealed several significant GO
terms involved in mitochondrial electron transport, com-
plex I, and NADH dehydrogenase activity (Fig. S5a). In total,
six genes were significantly enriched, including five of the
seven hydrophobic complex I subunits (mt-nd3−6 and mt-nd4l)
(Fig. 5, Table S6).

For genes consistently down-regulated across both years in
Red River fish, significantly enriched GO terms were involved
in the cell cycle and nucleosome organization, regulation of

actin cytoskeleton reorganization, actin binding, and focal
adhesion (Fig. S5b), constituting 50 enriched genes (Table S5).
Enriched genes associated with regulation of actin cytoskele-
ton reorganization included genes such as rho GDP-dissociation
inhibitor 1, cell division control protein 42 homolog (cdc42), and
junctional adhesion molecule A (f11r). Eight other GO terms were
summarized within “regulation of actin cytoskeleton reorga-
nization,” including “epigenetic regulation of gene expres-
sion” that was associated with genes such as glutathione per-
oxidase 1 (gpx1), histone H3.3a, and histone-binding protein rbbp7;
“regulation of programmed cell death” and the associated
enriched genes death-associated protein kinase 2, TRAF family
member-associated NF-kappa-B activator (tank), and tumor necro-
sis factor receptor superfamily member 1A; and “response to ion-
izing radiation” and the associated genes BRISC and BRCA1-A
complex member 2 (babam2), DNA repair-scaffolding protein (spidr),
and DNA repair protein XRCC4 that are involved in DNA repair.
Enriched genes involved in cell cycle and nucleosome orga-
nization included replication protein A 32 kDa subunit (rpa2) and
DNA replication licensing factor MCM3. For a full list of GO terms
and associated enriched genes, see Fig. S5b and Table S5.

For genes that were only differentially regulated in wall-
eye from the Red River in 2017, significant enrichment of GO
terms for up-regulated genes included regulation of mRNA
splicing, helicase activity, positive regulation of cell death,
and secondary active transmembrane transporter activity
(Fig. S6b). Genes such as helicases (probable ATP-dependent RNA
helicase DDX5 and DDX17) and RNA-binding protein 25 associ-
ated with mRNA splicing, low-density lipoprotein receptor-related
protein 1 and sap30 binding protein associated with cell death,
and solute carriers (sodium-dependent phosphate transporter 1-
A (slc20a1a), band 3 anion exchange protein (slc4a1), solute car-
rier organic anion transporter family member 2A1 (slco2a1)) associ-
ated with active transmembrane transport were significantly
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Fig. 3. Differential regulation of the glycolytic and gluconeogenic pathways in walleye (Sander vitreus) sampled from the Red
River (RR), Matheson Island (MI), and Dauphin River (DR) in 2017 and 2018. The genes associated with differentially regulated
proteins are indicated in italics. Coloured fish indicate whether genes were differentially regulated at one site compared to
the other two, and in which year(s). Enzyme numbers are coloured based on their role in glycolysis (teal), gluconeogenesis
(purple), or as reversible steps (black). The roles of fructose-2,6-phosphate as an allostatic activator of phosphofructokinase-
1 and inhibitor of fructose-1,6-bisphosphotase are indicated by a green dashed arrow and a red dashed flat ended arrow,
respectively.

enriched for Red River walleye in 2017 (see Table S5 for a full
list).

There were several significantly enriched GO terms for
down-regulated genes in Red River fish in 2017, including glu-
coneogenesis, Ras protein signal transduction, proteasome-
mediated ubiquitin-dependent protein catabolic process,
Golgi vesicle transport, viral life cycle, apoptotic process, ep-
ithelial cell differentiation, cadherin binding, focal adhesion,
and vesicle coat (see Fig. S6a for a full list of terms). In to-

tal, 451 down-regulated genes were significantly enriched for
Red River fish in 2017. Caspase-9 and cell death-inducing p53 tar-
get protein 1 that are associated with apoptosis were signif-
icantly enriched, as well as some anti-apoptotic genes such
as serine/threonine-protein kinase mTOR (mtor), BCL2/adenovirus
E1B 19 kDa protein-interacting protein 2 (bnip2), and the asso-
ciated Ras-related GTP-binding protein C (rragc). Four genes in-
volved in the reversible steps of gluconeogenesis/glycolysis
were down-regulated and part of the enriched “gluconeo-
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Fig. 4. Differential regulation of the mTOR complex 1 (mTORC1) pathway (a) and its targets (b) for walleye (Sander vitreus)
sampled from the Red River (RR), Matheson Island (MI), and Dauphin River (DR) in 2017 and 2018. The genes associated with
differentially regulated proteins are indicated in italics, and in some cases are only one component of a protein complex.
Coloured fish indicate whether genes were differentially regulated at one site compared to the other two, and in which year(s).
Black arrows represent positive regulation, and red flat ended arrows represent inhibitory effects. Dashed black arrows repre-
sent pathways, the details for which are not shown here. For panel A, positive and negative regulators of mTORC1 are indicated
as green and red text, respectively. For panel B, pathways that are activated or inhibited by mTORC1 are indicated as green or
red text, respectively. It should be noted that this is not a fully comprehensive depiction of all pathways involved in or affected
by mTORC1, but highlights some of the relevant gene transcripts differentially regulated in this study.

genesis” GO term (Fig. 3, Table S6). Relatedly, transcript lev-
els of the gluconeogenic enzyme, phosphoenolpyruvate car-
boxylase (pck1), were higher and L-lactate dehydrogenase chain
A (ldha) transcript levels were lower in Red River fish in 2017
compared to fish from the other two sampling sites (Fig. 3, Ta-
ble S4). Transcript levels of the cytosolic isoform of isocitrate
dehydrogenase (idh1) that catalyzes the reversible conversion
of α-ketoglutarate from isocitrate, as well as two proteins in-
volved in the citric acid cycle, 2-oxoglutarate dehydrogenase
(ogdh) and succinate dehydrogenase subunit A (sdha), were
also down-regulated in Red River fish in 2017 and constituted
part of the enriched “dicarboxylic acid metabolic process”
GO term (Fig. S6a; Table S5). Several genes enriched as part
of the GO term “proteasome-mediated ubiquitin-dependent
protein catabolic process” were associated with endoplas-
mic reticulum-associated degradation, such as cell division cycle
protein 27 homolog, cullin-3, endoplasmic reticulum chaperone BiP
(hspa5), proteosomal subunits (psmb8, psmd5, psmd6, psmd12),
and ubiquitin conjugating enzymes/factors (ube2a, ube4b) (see
Table S5 for a full list). Genes involved in other protein modi-
fications (e.g., phosphorylation and glycosylation) and RNA

processing and metabolism were also enriched as part of
the parent term “proteasome-mediated ubiquitin-dependent
catabolic process” (Fig. S6a, Table S5). Genes involved in the
regulation of the mTOR pathway (e.g., via growth factors, in-
sulin, and nutrients stimulated pathways) as well as mTOR
targets (e.g., protein synthesis and autophagy) were down-
regulated in Red River fish in 2017 (Fig. 4, Table S6). Sev-
eral of the genes related to the mTOR pathways were in-
cluded in the enriched “Ras protein signal transduction” GO
term (Fig. S6a, Table S5). Related to the mTOR pathway, key
regulators and targets of AKT (RAC-alpha serine/threonine-
protein kinase) and the PI3K/AKT/mTOR pathway were down-
regulated in Red River fish in 2017. These genes included
mtor and 3-phosphoinositide-dependent protein kinase 1 (pdpk1)
that are involved in the activation of AKT as well as genes
that are involved in the targeted effects of AKT such as fatty
acid synthesis (ATP-citrate synthase (acly), acetyl-CoA carboxylase
1 (acaca)) and cell survival and proliferation (foxhead box pro-
tein O1 (foxo1a)) (Table S6). Similar to down-regulated genes en-
riched across both years, genes associated with the cytoskele-
ton were significantly enriched, as part of the parent GO
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Fig. 5. Differential regulation of the electron transport pathway in walleye (Sander vitreus) sampled from the Red River (RR),
Matheson Island (MI), and Dauphin River (DR) in 2017 and 2018. Genes highlighted in the coloured boxes were differentially
regulated among the sampling sites, and the genes within each box are associated with the complex (e.g., complex I, complex
III, complex IV, and ATP synthase). Coloured fish indicate whether genes were differentially regulated at one site compared to
the other two, and in which year(s). Additionally, the mitochondrial transcription factor mterf3 was significantly elevated in
2018 for fish sampled in the DR compared to RR and MI. The dotted flat ended arrows represent an inhibitory effect of mterf3
on transcription of the respiratory complex proteins.

term “vesicle coat” (Fig. S6a). These genes related to the cy-
toskeleton included beta-centractin (actr1b), allograft inflamma-
tory factor 1-like, two subunits of the actin-related protein 2/3
complex (arpc1a, arpc2), F-actin-capping protein subunit alpha-
1 (capza1), cadherin-1, four septins (sept2, sept7, sept8b, sept9),
and WAS/WASL-interacting protein family member 1 (Table S5).
Interestingly, transcripts of the same four subunits of the
vacuolar-type H+-ATPase that were up-regulated in Dauphin
River fish in 2018 were also down-regulated in Red River
fish in 2017 (i.e., atp6v1a, atp6v1b2, atp6v1c1, atp6v1e1) in ad-
dition to two other subunits (atp6v0a2, atp6v0e1) (Tables S4
and S7).

Enrichment analysis revealed significant enrichment of
GO terms for down-regulated, but not up-regulated, genes
for Red River walleye in 2018. Significantly enriched GO
terms included regulation of DNA biosynthesis and replica-
tion, as well as cell cycle phase transition and chromosome
condensation (Fig. S7). In total, 126 unique down-regulated
genes were significantly enriched in 2018 for Red River
fish (Table S5). Similar to 2017, ubiquitin-dependent pro-
tein catabolism and protein ubiquitination were also down-
regulated in Red River fish in 2017, as part of the parent term
“positive regulation of DNA biosynthetic process” (Fig. S7).
Significantly enriched genes related to ubiquitination and

protein catabolism included genes such as f-box/WD repeat-
containing protein 7 and protein-tyrosine kinase 2-beta, as well as
the chaperones, heat shock protein 90 alpha and beta (hsp90aa1,
hsp90ab1) and phosducin-like protein 3 (Table S5). Several genes
related to DNA repair (as part of the parent term “DNA repli-
cation”) were down-regulated and significantly enriched in
Red River fish in 2018, a pattern echoed in genes down-
regulated in Red River fish across both years (see above).
Significantly enriched genes related to DNA repair included
serine/threonine-protein kinase Chk1 (chek1), checkpoint protein hus1
(hus1), DNA repair protein RAD50 (rad50), and RAD51-associated
protein 1 (rad51ap1) (see Table S5 for a full list). Similar to
significantly enriched GO terms in 2017 and across both
years, genes associated with the cytoskeleton were enriched
in Red River fish in 2018. Within the parent term “chromo-
some, centromeric region”, genes related to the cytoskeleton
included capzb, filamin-B, cytokeratin-13 (krt13), tubulin alpha-
4Achain (tuba4a), and tubulin beta chain-like (tubb).

Hypoxia responsive genes

As glycolytic and anaerobic metabolic pathways were dif-
ferentially regulated among the three sampling sites, differ-
entially regulated genes were examined for genes sensitive to
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hypoxic conditions. Six hypoxia related genes were differen-
tially regulated among the sampling sites (Table S6). In 2018,
Dauphin River fish exhibited higher transcript levels of hy-
poxia up-regulated protein 1 (hyou1) and heme oxygenase (hmox),
and lower transcript levels of hemoglobin subunit alpha-D com-
pared to fish from the other sites. Correspondingly, lower
transcript levels of Egl nine homolog 3 (hypoxia-inducible factor
prolyl hydroxylase 3; egln3/hif-ph3), nitric oxide synthase, and solute
carrier family 2, facilitated glucose transporter member 1 (slc2a1)
were detected in Red River fish in 2017 compared to fish from
the other two sites.

Ion regulatory genes

In addition to the vacuolar-type H+-ATPases detected as
part of the functional analysis (see above), several genes in-
volved in ion regulation were differentially regulated among
the three sampling sites (Table S7). Two subunits of the
Na+/K+-ATPase alpha 1 were differentially regulated, with
atp1a3 transcripts up-regulated and atp1a1 transcripts down-
regulated in Dauphin River fish in 2018. Two other ion AT-
Pases were also differentially regulated, with plasma mem-
brane ATPase 4 (PMCA4/atp2b4) being down-regulated in Red
River fish in 2017 and sarcoplasmic/endoplasmic reticulum cal-
cium ATPase 2 (atp2a2) being down-regulated in Dauphin River
fish in both years. Several ion exchangers were also differ-
entially regulated. Na+/H+ exchangers 1 and 3 (NHE1/slc9a1
and NHE3/slc9a3) were higher in Red River fish compared to
fish from the other two sites, and NHE3 transcripts were
lower in Dauphin River fish in 2018. Na–Cl cotransporter
(NCC/slc12a3) and slc12a8 transcripts were up-regulated in
Dauphin River fish in 2018. The basolateral anion exchanger
(NBC/slc4a1) was up-regulated in Red River fish in 2017.
Three calcium/calmodulin-dependent protein kinases (camk-
1, 1d, 2g) were either up-regulated in Dauphin River fish or
down-regulated in Red River fish in 2017 and/or 2018. Three
aquaporins (aqp-a, 3, 8) and six claudins (cldn-1, 3–5, 8, 22)
were differentially regulated, with the majority being down-
regulated in Dauphin River fish in 2018 or up-regulated in
Red River fish across both years. The tight junction protein ZO-
3 (tjp3) and cdc42 were down-regulated in Red River fish in
2017. Ammonium transporter Rh type C 1 (rhcg1) transcripts were
highest in Red River fish and lowest in Dauphin River fish
in 2018. Finally, the mineralocorticoid receptor (nr3c2) was
down-regulated in Red River fish in 2017.

Discovery of candidate genes for qPCR
In total, 276 genes were significantly different among sites

in both 2017 and 2018, of which 193 genes with annota-
tion information were subjected to PCA. A separation of sam-
pling locations was detected along PC1 (Fig. S8), which was
expected given that genes were selected on the basis of their
difference among locations. A separation between years was
also observed along PC2. As such, candidate genes were se-
lected on the basis that they were significantly correlated
with PC1 (p < 0.05) but not with PC2 (p > 0.10), resulting in
a list of 96 potential target genes. Twenty candidate genes
(Table S2) were then selected for qPCR based on their phys-

iological function and/or their presence in the significantly
enriched gene lists (Table S5).

Correlation between transcriptomic and qPCR
data

Validation of the transcriptomic data for the 20 candidate
genes using qPCR was conducted using a correlation analy-
sis of the log2 fold changes for the 48 samples analyzed on
both platforms. Overall, there was a significant correlation
between the log2 fold changes between platforms (Spearman,
R = 0.63, p < 0.001; Fig. 6).

The data were further explored to determine whether the
fish chosen for RNA-seq analysis were representative of the
larger group of fish sampled. For only 1 of the 20 target genes
(alpha-actinin-4; actn4) were the mRNA levels of individuals ex-
amined using RNA-seq significantly different from those not
examined using RNA-seq (Table S8).

Candidate gene mRNA abundance
Similar patterns to those of the RNA-seq study were ob-

served for the candidate genes when examined on a broader
group of fish and across four sampling sites (Table S9). For 14
of the 20 target genes, the mRNA abundance was higher in
the gill of fish sampled in 2017 compared to 2018 (Figs. S9 and
S10, Table S9). For an additional four genes (aldo-keto reduc-
tase family 1 member A1-B (akr1a1b), ADP-ribosylation factor 6
(arf6),metal transporter CNNM4 (cnnm4), ubiquitin-conjugating en-
zyme E2 J1 (ube2j1)), this year effect was only evident in fish
sampled at Matheson Island, and of these genes, abundances
were also higher in 2017 compared to 2018 in Dauphin River
(arf6) and Riverton (ube2j1) fish (Fig. S9). Even with the effect
of sampling year, location-specific effects consistent with the
RNA-seq results were evident for 10 of the 20 target genes
(Fig. S9). For actr2, coactosin-like protein (cotl1), fam49b, gpx1,
and rpa2, mRNA abundances were lowest for the walleye
sampled in the Red River compared to the three other lo-
cations, regardless of year. In 2017, similar effects were ob-
served for arf6, where mRNA abundances were significantly
lower for Red River fish compared to Matheson Island and
Dauphin River but not Riverton. For dnaJ homolog subfamily C
member 9 (dnajc9) and ube2j1 (2017 only), mRNA abundances
were lower in Red River fish compared to Matheson Island,
and for profilin-2 (pfn2), mRNA abundances were lower in Red
River fish compared to Riverton and Matheson Island but
not Dauphin River. Additionally, mRNA abundances of cnnm4
were lower in fish from Riverton compared to Matheson Is-
land in 2017.

Discussion
In the present study, RNA-seq was used to examine differ-

ences in the transcriptomic profiles of walleye that were non-
lethally sampled at northern, central (channel), and south-
ern locations within the Lake Winnipeg system. Since wall-
eye were sampled from a wild setting with inherent environ-
mental variability, of particular interest were differences in
transcript levels that were consistent across the two years ex-
amined. Interestingly, several biological pathways/processes
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Fig. 6. Validation of the RNA-seq data with quantitative PCR (qPCR) for the 20 genes analyzed on both platforms. Log2 fold-
changes (FC) for each comparison group within each year (n = 7–8) are plotted and the relationship was analyzed using a
Spearman correlation. The reference line indicates a linear relationship between the RNA-seq and qPCR results. The shaded
area represents a 95% confidence interval. R, Red River; M, Matheson Island; R, Dauphin River; 17, 2017; 18, 2018; RNA-seq,
mRNA sequencing.

were consistently variable across the latitudinal gradient. In
most cases, transcript levels of genes associated with a bio-
logical pathway were different between Dauphin River fish
(northernmost site) and Red River fish (southernmost site),
with the Matheson Island (channel) site being intermediate.
Since no true “control” site was possible with the present
study design, and to simplify discussion of these complex
trends, we limited the discussion of the overall regulation of
transcripts/pathways to those being highest or lowest in the
northernmost (Dauphin River) compared to southernmost
(Red River) locations.

Walleye from the northernmost site exhibited elevated
transcript abundances associated with a general response to
low oxygen. For instance, transcript levels for several genes
associated with glycolysis (e.g., fructose-bisphosphate aldolase
C-B (aldocb)glyceraldehyde-3-phosphate dehydrogenase (gapdh),
alpha-enolase (eno1)), as well as anaerobic metabolism (ldha),
were highest in Dauphin River fish consistently across years
(Fig. 3). A correspondingly lower level of transcripts for genes
associated with the oxidative phosphorylation (e.g., genes re-
lated to complexes I, III, IV of the electron transport chain)
was also observed in Dauphin River fish across both years
(Fig. 5). Interestingly, in 2018, the lower level of genes associ-
ated with the electron transport chain corresponded with el-
evated mterf3 transcript levels, a negative regulator of mtDNA
transcription in mammals (Park et al. 2007). Collectively,
these patterns suggest an elevated use of anaerobic pathways.
Similar shifts in transcript regulation of metabolic processes
in the gill have been detected in fishes exposed to both acute
and chronic periods of hypoxia (van der Meer et al. 2005;
Li et al. 2017). Further suggesting that walleye in the north
basin may have encountered an increased frequency of low-
oxygen conditions, hypoxia-related gene transcripts such as
hmox, hyou1, and egln3 were highest in Dauphin River fish in

2017 or 2018, reflective of the potential activation of hypoxia-
induced pathways (Zhang et al. 2017). Although stratification
of the Lake Winnipeg system is minor, the greater depth of
the north basin (13.3 m in the north vs. 9.7 m in the south)
results in a lower degree of mixing and may result in low-
oxygen concentrations in the bottom waters of the north
basin. Increasing levels of cultural eutrophication in Lake
Winnipeg may also contribute to bottom water oxygen deple-
tion (Environment Canada and Manitoba Water Stewardship
2011). Oxygen-depleted waters (<2.9 mg L−1) below the ther-
mocline have been previously recorded across multiple years
(2003, 2006, and 2007) in areas of the north basin during the
summer months (Environment Canada and Manitoba Water
Stewardship 2011). Together, these data suggest regulation
of genes involved in anaerobic metabolism and responses to
hypoxia in north basin walleye, pointing to their potential
exposure to low-oxygen environments.

Further indicators of general stress were observed in fish
sampled from the north basin. Dauphin River fish exhib-
ited the highest levels of mRNA transcripts associated with
DNA repair and molecular chaperones (e.g., hsp90aa1 and
hsp90ab1 in 2018). Additionally, increased transcript levels
of genes associated with proteasomal catabolism (e.g., pro-
teasomal subunits psm-d5, d6) were observed consistently
across years in fish from the Dauphin River. To support
an increase in ammonium excretion across the gill as a re-
sult of protein breakdown, the mRNA abundance of several
vacuolar-type H+-ATPases was also consistently elevated in
fish from the Dauphin River across years. Vacuolar-type H+-
ATPases are thought to support the production of an acid-
ified gill water boundary layer to protonate excreted NH3

(Weihrauch et al. 2009). Walleye sampled in Dauphin River
in 2017 showed elevated amino acid metabolites associated
with post-transcriptional modifications of proteins, which
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may point to elevated turnover of previously synthesized
proteins in these northernmost fish in comparison to the
southernmost fish (Thorstensen et al. 2021). Growth rates and
body condition for Lake Winnipeg walleye have been declin-
ing in recent years, especially those from the north basin
(Thorstensen et al. 2021), results that echo the differences in
mass and total length for fish sampled in the present study.
These morphological differences are consistent with both
blood metabolite and gill transcriptional results, suggesting
increased endogenous protein breakdown and decreased nu-
tritional status in fish from the north basin. Together, these
data suggest that fish from the north basin may be experienc-
ing increased exposure to environmental (e.g., oxygen) and
nutritional stressors.

Transcript levels of genes associated with ion regulatory
processes were also significantly altered among sampling
sites and generally consistent across years; however, the
direction of the response was gene-dependent. Transcripts
of Na+/K+-ATPase 1 isoform atp1a1 as well as Na+/H+ ex-
changers 1 and 3 (slc9a1 and slc9a3) were lowest in Dauphin
River fish. Similarly, transcripts of several aquaporins and
claudins were differentially regulated with most being low-
est in Dauphin River fish. For ion regulatory gene tran-
scripts that were highest for Dauphin River fish, the atp1a3
isoform of Na+/K+-ATPase 1, calcium/calmodulin-dependent
protein kinases (camk-1, 1d, 2g), a tight-junction protein (tjp3),
and mineralocorticoid receptor (nr3c2) were among those dif-
ferentially regulated. Interestingly, genetic differences (e.g.,
single nucleotide polymorphisms (SNPs)) among Lake Win-
nipeg walleye were detected for transcripts related to ion
channel activity (Thorstensen et al. 2020). Multiple SNPs
were identified in atp1a3, Na+/H+ exchanger 6 (slc9a6), and
claudin-10 (cldn10) transcripts that varied along a latitudi-
nal gradient in Lake Winnipeg walleye (Thorstensen et al.
2020). Salinity and specific conductance differ across the
Lake Winnipeg system, with higher levels being detected
in the north basin (Na+ and Cl− 17–19 mg L−1; 313μS cm−1)
compared to the south basin and channel (Na+ and Cl− 9–
11 mg L−1; 287μS cm−1) (Environment Canada and Manitoba
Water Stewardship 2011). Spatial differences in specific con-
ductance and salinity are likely driven by the Dauphin River
that transports ion-rich waters (Na+ and Cl− 184–305 mg L−1;
1200–1600μs cm−1) from the more saline Lake Manitoba into
Lake Winnipeg (Environment Canada and Manitoba Water
Stewardship 2011). Lower salinity and specific conductance
inflows from the Winnipeg River (Na+ and Cl− 1–2 mg L−1;
100μS cm−1) also help to dilute waters in the south basin and
channel (Environment Canada and Manitoba Water Steward-
ship 2011). Spatial variation in other physicochemical proper-
ties, such as sulfate, phosphorus, nitrogen, suspended solids,
as well as temperature, precipitation, and river discharge,
may also contribute to the potential ion regulatory differ-
ences in Lake Winnipeg walleye (Environment Canada and
Manitoba Water Stewardship 2011). Together, these results
suggest a level of reorganization of ion regulatory machinery
that is sensitive to local conditions; however, the underlying
mechanisms remain unclear.

In line with a potential gill ion regulatory response, aspects
contributing to possible gill remodeling were also evident at a

local scale. Several genes associated with the mTOR pathway
were identified as differentially regulated across sites with
some of these genes being consistently regulated across years
(Fig. 4). Overall, activation of the mTOR pathway seemed evi-
dent for fish from the Dauphin River, in addition to down-
stream processes, such as increased protein synthesis and
processing, as well as decreased autophagy. Similarly, key reg-
ulators and targets of AKT and the PI3K/AKT/mTOR pathway
were highest for Dauphin River fish. For instance, mtor and
pdpk1 that are involved in the activation of AKT were highest
in fish from the north basin, as well as genes involved in the
targeted effects of AKT such as fatty acid synthesis (acly, acaca)
and cell survival and proliferation (foxo1a). Additionally, en-
richment of biological processes such as actin cytoskeleton
reorganization suggests potential alterations to the cellu-
lar and structural makeup of the gill architecture/tissue of
fish from the north basin (Ciano-Oliveira et al. 2006; Fiol
et al. 2006). Similarly, transcripts with multiple SNPs related
to the cytoskeleton varied along the latitudinal gradient in
Lake Winnipeg walleye, suggesting a possible underlying ge-
netic difference in these structural transcripts driven by lo-
cal conditions (Thorstensen et al. 2020). Together with the
responses indicative of exposure to environmental stressors
in the Dauphin River fish, regulation of transcripts involved
in remodeling of the gill may reflect differences in local en-
vironmental conditions (e.g., potential differences in oxygen
or salinity).

Transcriptomic responses of walleye in the system were
verified in two ways in the present study. First, 20 target genes
were identified using a PCA based on their differential regu-
lation across sampling sites and examined using qPCR. Log2

fold change transcript levels were significantly correlated be-
tween qPCR and RNA-seq platforms. Similarly, examining the
relative mRNA levels using a larger sample size suggested
that the fish used for the RNA-seq study were representative
of a larger group of fish for all but 1 of the 20 target genes.
Secondly, relative mRNA levels were examined using qPCR
across four sampling sites, which included the addition of the
Riverton location in the south basin that was not included
in the RNA-seq study. Even with significant year effects for
several of the genes of interest, location-specific effects were
evident for 10 of the 20 genes that were consistent with the
RNA-seq results. For instance, transcript levels of gpx1 and
rpa2 involved in the stress response and DNA repair, respec-
tively, as well as cotl1, actr2, fam49b, and pfn2 involved in cy-
toskeleton organization, were all consistently lowest in Red
River fish across years (Fig. S9). Together, these results sug-
gest consistency among the RNA-seq and qPCR platforms as
well as identify potential markers of stress responses and cy-
toskeleton reorganization in the gill that could be further ex-
plored for differences at a local scale among walleye in Lake
Winnipeg or other systems.

With concerns for the status of the walleye fishery in the
Lake Winnipeg system, a greater understanding of the state
of this ecosystem is of vital importance. The generation of
tools to improve our underlying knowledge of the physiol-
ogy of walleye can improve our understanding of their con-
dition and provide tools to monitor their status in the wild.
Traditional measures of fisheries assessment, such as growth
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and reproductive outputs, are useful in providing population-
scale indices, but these metrics are often based on terminal
sampling and only evident at the point where vast changes
to the population have already begun to take place (Attrill
and Depledge 1997; Jeffrey et al. 2015). Using molecular and
physiological tools through non-lethal sampling, as was done
in the present study, has the potential to provide informa-
tion about the health and status of a population on a shorter
time scale, to complement population-level fisheries assess-
ments (Jeffrey et al. 2015, 2020; Jeffries et al. 2021; Semeniuk
et al. 2022). In the present study, gill transcriptomic patterns
suggested that location-specific environmental factors (po-
tentially dissolved oxygen and salinity/specific conductance
levels) may be present and driving changes in the gill physiol-
ogy of fish in the north basin compared to those of the south
basin. Using qPCR and a targeted list of genes, we verified dif-
ferential regulation of many of these pathways by location, as
well as identified potential targets that could be used for as-
sessing walleye physiology in the future.

Gill tissue provides an excellent target for studies that wish
to non-lethally sample fish. From a physiological perspective,
gills are a multi-functional tissue that are at the interface of
the internal and external environments and are sensitive to
environmental and biological stressors (Jeffries et al. 2021).
Gill biopsies can also be retrieved with relative ease and with
limited long-term effects on the fish, having been shown
to have no subsequent impact on growth or survival (e.g.,
Martinelli-Liedtke et al. 1999; Zhao et al. 2014). Gill biopsies
are being increasingly used to monitor fish health, with the
gill transcriptome having been shown to be sensitive to a vari-
ety of stressors (e.g., environmental conditions on migration
and spawning failure (Evans et al. 2011; Miller et al. 2011),
pathogens (Jeffries et al. 2014), and elevated temperature and
hypoxia (Jeffrey et al. 2020)). While results from the present
study and those of previous studies reflect the value of using
non-lethal gill samples to examine fish health, tissue-specific
transcriptional patterns may limit our ability to capture “the
whole picture” with a single tissue (Jeffries et al. 2021). For in-
stance, using gill tissue may bias the potential environmental
stressors identified in this study as those most likely to be ex-
hibited by the gill transcriptome (e.g., temperature, dissolved
oxygen, and ionic disturbances), whereas liver samples may
have revealed additional information regarding toxicological
stressors or the head kidney would provide valuable informa-
tion on immune responses. Furthermore, sex-specific differ-
ences in walleye transcriptomic patterns were not examined
in the present study due to limitations in accurately deter-
mining sex visually in this monomorphic species. However,
when individuals of unknown sex were removed from the
candidate gene mRNA dataset, there was no significant effect
of sex when included as a covariate on the 20 genes evaluated.
This limited analysis of gill tissue for sex-specific effects in the
present study does not suggest an absence of sex effects in the
fish sampled but may point to another tissue (e.g., liver and
gonads) as being more suitable to examine such differences
in wild-caught fish. Therefore, it is necessary to consider that
walleye in the Lake Winnipeg system may exhibit additional
responses to stressors not identified in the present study us-

ing gill tissue, but that data from the present study can be
used to “spring-board” future work.

As conservation challenges threaten fish populations
worldwide (Arthington et al. 2016; Dudgeon 2019), physiolog-
ical responses can contribute to addressing those challenges
by informing management and policy decisions (Somero et al.
2016). Transcriptomics can contribute to physiological infor-
mation by measuring responses to stressors that may or may
not be known in advance of sampling (Jeffries et al. 2021).
Therefore, transcriptomic approaches may be useful for as-
sessing physiological responses in wild organisms and con-
tributing to management decisions (Connon et al. 2018). This
study outlines an approach to using transcriptomics to non-
lethally describe stress responses in a wild fish. We used
mRNA sequencing to observe overall patterns in gill gene
expression changes and qPCR to test hypotheses generated
with mRNA sequencing and elucidate the population-scale
patterns of specific genes by broadening the sample set used.
Similar approaches, as well as the targets identified in this
study, could be applied in other systems where undefined lo-
cal conditions may be suspected as contributing to fish health
and status. Overall, the results of the present study highlight
the potential for incorporating high-throughput molecular
techniques in the conservation of non-model species.
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