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Abstract

Striped Bass are economically important, migratory fishes, which occur across a wide range
of latitudes. Given their wide-ranging nature, Striped Bass can cope with a broad range of
environmental temperatures, yet the mechanisms underlying this ability have not been thor-
oughly described. Heat shock proteins (HSPs) are inducible molecular chaperones, which
help mitigate protein damage resulting from increased temperatures. The importance of
HSPs has been demonstrated in a number of fish species, but their role in Striped Bass is
poorly understood. This study characterizes changes in gene expression in juvenile Striped
Bass, following acute and chronic temperature change. Fish were acclimated to one of three
temperatures (15, 25 or 30°C) and sampled at one of two treatments (control or after
CTmax), following which we assessed differential gene expression and gene ontology in
muscle. It is clear from our differential expression analyses that acclimation to warm temper-
atures elicits more robust changes to gene expression, compared to acute temperature
increases. Our differential expression analyses also revealed induction of many different
heat shock proteins, including hsp70, hsp90, hsp40 and other small HSPs, after both acute
and chronic temperature increase in white muscle. Furthermore, the most consistent gene
ontology pattern that emerged following both acclimation and CT,,,.x was upregulation of
transcripts involved in “protein folding”, which also include heat shock proteins. Gene ontol-
ogy analyses also suggest changes to other processes after acclimation, including
decreased growth pathways and changes to DNA methylation. Overall, these data suggest
that HSPs likely play a major role in the Striped Bass’s ability to tolerate warm waters.

Introduction

Temperature is often referred to as the “master abiotic factor” [1]-especially in poikilothermic
animals, including most fishes-as its effects span nearly all levels of biological organization,
from protein folding, through to behaviours and species distribution [2]. The capacity of fishes
to acclimate to warmer temperatures not only allows a species to inhabit a wider range of
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environments, but is also likely to be beneficial during subsequent extreme temperature
events [3]. On acute time scales, rapid tests, such as the critical thermal maximum (CT,,x)
test, provide a useful tool to facilitate comparison of thermal tolerance among experimental
groups [4, 5]. Wide ranging, migratory species routinely encounter changes in environmen-
tal temperature, on both the short-term (i.e. tidal) and long-term scale (i.e. seasonal). This
makes such fishes an useful candidate to explore the breadth of chronic and acute tempera-
ture stress [6].

The Striped Bass, Morone saxatilis, are a wide-ranging, anadromous fish, with important
recreational and commercial value [7]. Striped Bass naturally inhabit many coastal rivers along
the eastern seaboard of the USA and Canada and migrates upstream to spawn [7]. While the
commercial harvest of Striped Bass has mostly reopened following a stock crash in the 1980’s,
it has also become the most-sought after saltwater fish in the USA by recreational anglers, with
a recreational harvest of 15.8 million tones in 2021 [7, 8]. In the northern stretches of its range,
Striped Bass have come under scrutiny as a putative predator of Atlantic salmon smolts, espe-
cially in areas which Atlantic salmon listed as endangered, such as the Inner Bay of Fundy [9].
Penny and Pavey [10] showed that even Northern Striped Bass have a large capacity to accli-
mate to very warm waters for many weeks (i.e., 4 weeks at 30°C) with no mortality and little
change in hematology, in contrast to the cold-water Atlantic Salmon. This impressive ability to
cope with warm temperatures may be beneficial in warming waters, yet the underlying mecha-
nisms that drive this ability are yet to be determined.

One of the most ubiquitous cellular mechanisms animals use to deal with heat stress are the
heat shock proteins. Heat shock proteins (HSPs) are intracellular proteins found in nearly all
organisms. HSPs are generally grouped by their molecular weights, with the most commonly
studied groups being HSP70 (68-73 kDa) and HSP90 (85-90 kDa), though both smaller and
larger HSPs also exist [11, 12]. While the structure of HSPs vary, these proteins generally act as
molecular chaperones to help mitigate protein damage, misfolding and coagulation caused by
stressors, including heat stress [2, 11, 13]. The induction of HSPs following a stress is com-
monly referred to as the Heat Shock Response (HSR). In fishes, the HSR is commonly includes
hsp70 and hsp90, although the extent and diversity of this response varies among fish species,
and even populations within species [11, 12, 14, 15]. Within the HSP family, some are
expressed constitutively (e.g. hsc70, the constitutive isoform of hsp70), while others can be rap-
idly induced by stressors (e.g., hsp70). This ability of a fish to induce an HSR is also likely to be
an important deciding factor to whether the fish can acclimate to different temperatures [11].
Owing to the cosmopolitan nature of HSPs, it is likely that they play an important role in
allowing Striped Bass to withstand temperature changes. Geist, Werner [16] detected induc-
tion of hsp70 but not hsp90 during exposure to toxic metals in Striped Bass kidney, yet outside
of this, the HSR of these fish has not been described. The regulation of HSPs is believed to be
controlled at the transcriptional level, with the resultant translation to useable HSPs swiftly fol-
lowing [11], thus measuring HSP-related RNA levels are a good surrogate for the relevant pro-
teins levels. As such, high-throughput sequencing technology offers an opportunity to profile
many different potentially induced HSPs, without a priori knowledge of the HSR.

The objective of this study is to describe the transcriptional changes elicited by chronic and
acute heat stress in northern Striped Bass, using tissues collected by Penny and Pavey [10]. The
previously published physiological data demonstrates an impressive ability of these fish to
withstand chronic high temperatures, thus we aim to elucidate the underlying mechanisms.
Given the ubiquitous and important role of HSPs in other species of eurythermal fishes, we
also aim to describe the HSR in Striped Bass. We hypothesize that HSPs will play an important
role in the HSR of Striped Bass.
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Materials and methods
General husbandry

Juvenile Striped Bass (mass = 74.5 + 3.4 g; fork length = 19 + 0.4 cm; mean =+ standard error)
were raised from wild-caught eggs, spawned naturally in the Shubenacadie River (Nova Scotia,
Canada). Experimental husbandry and sampling was performed at the University of New
Brunswick’s Saint John campus. Prior to experiments, all fish were maintained in circular,
fiberglass tanks (~750 L) with a constant flow of new, fresh (0 %o), dechlorinated municipal
water on a 14:10 hour light:dark rotation. Fish were fed daily to satiation (commercial Trout
pellets; 3mm Vita Pellets; EWOS) but fasted for 24 hour prior to all experimental procedures
or sampling (i.e. before CT\,. trails or acclimation sampling). Before experimental proce-
dures, temperatures were maintained at 15°C using multiple 800-watt submersible heaters
(Aquatop Titanium 800 W; TH800W) with external temperature controllers (Inkbird; ITC-
308).

Experimental design

The overarching experimental design included acclimation of Striped Bass to one three tem-
peratures (15, 25 or 30°C) and sampled at one of two treatments (control or at CT,,,). For
each of these acclimation temperature x treatment combinations, seven fish were sampled

(N =7 x 3 temperatures x 2 treatments = 42 individual fish total). Acclimation to experimental
temperatures was accomplished in the previously described husbandry tanks, with three repli-
cate tanks for each temperature. Temperatures were increased by 1 to 1.5°C per day until the
appropriate acclimation temperature was reached, following which the fish were maintained at
this temperature for at least four weeks before further manipulation.

Following the four week acclimation period, two or three fish from each of the three repli-
cation temperature tanks were haphazardly selected for CT,,,y trials (N = 2-3 fish x 3 tanks/
temperature = 7 total per acclimation temperature). Another seven fish were randomly
selected in the same manner and sampled without further temperature manipulations (i.e.
control fish). For simplicity, we henceforth refer to fish sampled as the acclimation controls
(i.e., acclimated but no CT ) as the “acclimation” groups and those after CT . simply as the
“CTmax groups. Prior to commencing the CT,,, trial, the selected fish was placed in the
experimental chamber, at its respective acclimation temperature, and allowed to acclimatize
for one hour. Further details of experimental chamber and temperature regulation can be
found in [10]. Following the acclimatization period, the temperature of the experimental
chamber was increased by 0.3°C - min™" (18°C - hour™") until the point of loss of equilibrium
(LOE), at which time the temperature (CT,,,,) was recorded and the trail stopped. LOE was
defined as the point where the fish was no longer able to maintain a dorsal-ventral position.

Tissue sampling

Immediately following LOE, each fish was euthanized via overdose in 100 mg - ml™" of tricaine
methanesulfonate (TMS; Cat: E10521; Sigma-Aldrich) buffered with sodium bicarbonate (200
mg - ml™") followed by cervical dislocation. Hematological procedures and results are pub-
lished by Penny and Pavey [10]. A sample of white epaxial muscle tissue was excised from the
left trunk, from the dorsal end to the pectoral fin. All skin and non-white muscle was removed
and then the muscle was immediately placed in 5mL of RNA storage solution (combined solu-
tion of 3.5 M ammonium sulfate, 0.05 M EDTA and 0.1 M sodium citrate at pH 5.2), stored at
2°C for 24 hours, and then stored at -80°C until RNA extraction.
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RNA extraction, DNA removal and pre-library preparation quality control

All RNA extraction, purification and library preparation was completed at the University of
New Brunswick Saint John. Each white muscle sample was thawed on ice and a ~100mg sec-
tion of tissue was dissected. The excess storage solution was blotted off, and then the tissue was
placed in 1000 pL of TRIzol reagent (Cat:15596026; ThermoFisher; Waltham, USA) along with
a 3mm tungsten ball. The samples were then homogenized using an oscillating mixer mill
(Retch MM400) for 3 minutes at 25.0 Hz. Total RNA was then extracted from the homoge-
nized tissues using PureLink RNA Mini Kit (Cat: 12183020; ThermoFisher; Waltham, USA)
according to the manufacturer’s directions aside from the following changes: elution was pre-
formed twice, with 30 L of RN Ase-free water heated to 37°C; prior to the first elution; 0.5 pL
of recombinant ribonuclease inhibitor (RNaseOUT; Cat: 10777019; ThermoFisher; Waltham,
USA) was added to the recovery tubes prior to the first elution.

Following extraction, quality and concentration of each sample was determined using
microvolume spectrophotometry (NanoDrop 2000; ThermoFisher) and then normalized to
~200 ng/uL. Each sample was then DNase treated (Turbo DNA-Free Kit; Cat: AM1907; Invi-
trogen; Waltham, USA). The quality of each sample was then assessed with chip-based capil-
lary electrophoresis (RNA 6000 Nano Kit; Agilent Bioanalzyer 2100; Agilent; Santa Clara,
USA) and then quantified using fluorescence-based RNA-quantification assay (Quant-it™
RiboGreen RNA Assay Kit; Cat: LSR11490; Invitrogen; Waltham, USA). The concentration of
all samples were normalized to 10 ng/uL for library preparation.

RNA library preparation and sequencing

Two mRNA sequencing lanes were created, each with 21 multiplexed individual fish samples.
To help mitigate sequencing lane effects, samples were randomized across each lane, but still
ensuring that roughly half of the replicates from each temperature x treatment groups were on
each lane. The libraries were prepared using the following pre-prepared kits, following the
manufacturer’s directions: magnetic bead isolation (NEBNext Poly(A) mRNA Magnetic Isola-
tion Module (Cat: E7490; New England Biolabs; Ipswich, USA); NEBNext Ultra IT Directional
RNA Library Prep Kit for Illumina (Cat: E7760; New England Biolabs; Ipswich, USA); NEB-
Next Multiplex Oligos for Illumina (Cat: E7335 & E7500; New England Biolabs; Ipswich,
USA). Creation of cDNA from isolated RNA is included in the NEBNext protocol. Prior to
final normalization and pooling, individual library quality was assessed using chip-based capil-
lary electrophoresis (High Sensitivity DNA Kit; Agilent Bioanalzyer 2100) and then quantified
using qPCR (NEBNext Library Quant Kit for Illumina, Cat: E7630; New England Biolabs; Ips-
wich, USA). All library preparation was completed with the aid of an automated liquid han-
dling system (epMotion 5075t; Cat. 5075006022; Eppendorf; Hamburg, Germany). The two
resultant multiplexed libraries were sequenced on the Illumina HiSeq 4000 platform (paired-
end; 150BP), performed by GENEWIZ (New Jersey, USA).

Quality control and alignment

Following demultiplexing by GENEWIZ, all of the samples were trimmed with Trimmomatic
0.39 [17]. Trimming was done based on residual adapters and barcodes as well as quality set-
tings as follows: minimum read length = 35; sliding window = 4:20; ILLUMACLIP: 2:30:10.
Pre and post trimming quality was visually assess using FastQC [18].

The Striped Bass reference genome (BioProjects Accession #: PRINA266827; NCBI Proj-
ect#: 266827) was used for alignment. The reference genome indexing and alignment were
preformed using HISAT2 version 2.2.1.0 [19]. The resultant.sam files were converted to.bam
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and indexed using StringTie 1.3.5 [20]. Summary tables of raw read counts were compiled
using htseq-counts 0.12.4 [21].

Differential expression analyses

Differential expression analyses was performed using DESeq2 [22]. Experimental design set-
tings for the DESeq2 object were defined by temperature, treatment and sequencing lane. Dif-
ferential expression was examined via two methods: First, the effects of acclimation
temperature were explored by comparing the 25°C and 30°C acclimation control fish each to
the control fish acclimated to 15°C; Secondly, differential expression in response to CT,,.x was
calculated by comparing fish at CT\;,,y to the acclimation control fish at the respective temper-
ature. These summary lists of relevant temperature x time combinations were extracted using
the DESeq2::results() function. DEGs were categorized as up or down regulated by whether
the resultant fold-changes were greater than (up) or less than (down) 1. Significant differen-
tially expressed genes (DEGs) were selected using the Benjamini-Hochberg adjusted p-values
with a cut off of 0.05. After rlog transforming the relative expression values, principal compo-
nent analyses was performed on all of the expressed genes to visualize the effects of treatment,
temperature and sequencing lanes. Heat plots of DEG groups of interest were also created
using fold change (log2 or raw as appropriate) as the input value. All differential expression
and figure creation were performed using R base plotting functions [23], aside from the Venn
diagrams, which were created with eulerR [24].

Gene ontology and clustering

Gene ontology (GO) analyses were performed on the DE gene lists using DAVID’s functional
annotation tools [25], and the Danio rerio identifier. GO term lists were created from both up
and downregulated DEG lists separately. Resultant GO terms were further refined selected
from the “FAT” lists using the following criteria, according to Huang, Sherman [26]: Benja-
mini-Hochberg adjusted P-value < 0.05; fold enrichment > 1.5; minimum number of DEGs/
term = 5. Due to lower significant GO term numbers in the other categories, only GO terms
from the “biological processes” category were used in clustering analyses. Where the resultant
GO biological processes term list was greater than ten, semantic clustering analysis (REVIGO)
was used to further reduce the GO list and examine the higher-level patterns [27]. Clustering
analysis results were used to select representative GO terms for visualization in bubble plots
(VisGO ref) in order to allow comparison of fold-enrichment, gene count and adjusted p-val-
ues across temperature and treatment groups.

Results

Summary of sequencing and alignment

The average number of reads/sample was similar across both sequencing lanes, with more
than 21 million reads/ sample overall and 918 million reads total across both sequencing lanes
(Table 1). After trimming, roughly 91% of raw reads remained. Of the possible mappable
genes in the reference genome, ~89% of the gene had non-zero normalized read counts. The
proportion of aligned annotated genes was similar to the proportion annotated in the reference
genome (Table 1).

Patterns of differentially expressed genes across treatments

Principal components analyses suggested that the effect of acclimation temperature had a
greater effect on expression than did subsequent temperature increases to CT ., (Fig 1A).
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Table 1. Summary of sequencing results from juvenile Striped Bass exposed to acute (CT,,x) and chronic (accli-
mation) temperature change.

Metric Reads

Total reads
Lane 1 452,810,110
Lane 2 465,568,797

918,378,907
Reads/ Sample (mean + SE)
Lane 1 21,562,386 + 707,609
Lane 2 22,169,943 + 1,566,307
OVERALL 21,866,164 + 850,144
OVERALL after Trimming 20,381,742 + 673,475
Percent reads removed by trimming 9.1 * 0.3%
Alignment Success/ Sample 72.3 + 0.4%

All Annotated

# of Mappable Genes in Reference Genome 22,733 14,217 (63%)
# of Genes with > 0 Normalized Counts 20,195 13,052 (65%)
https://doi.org/10.1371/journal.pone.0289372.t001
Replicate fish grouped roughly by acclimation temperature, mostly spread along PC2 regard-
less of CTmax or sham treatment. Furthermore, fish acclimated to 15°C were grouped towards
the lower values of PC1 while 25°C and 30°C fish mostly overlap along PC1. Unlike acclima-
tion temperature, there is no obvious distinction between control and CT,,,,, fish within their
acclimation temperature “cloud”. When sequencing lane information is assessed by PCA,
there is significant overlap and no distinct grouping of replicates based on sequencing lane
(Fig 1B).

The summary of DEG counts also showed a much larger effect of acclimation compared to
that of CT . (Fig 2). This is suggested by the much higher numbers of significant DEGs
found in the acclimation comparisons (Fig 2A) versus the nearly order of magnitude lower
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Fig 1. Principal components analysis of gene expression from juvenile Striped Bass exposed to one of two treatments (control or CT,y,,,) and acclimated
to one of three temperatures (15, 25, or 30°C). Plot points are formatted to highlight the patterns of treatment & temperature (A) or sequencing lane (B). Plot

(A) inlay is the scree plot created from the PCA analysis.
https://doi.org/10.1371/journal.pone.0289372.9001
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and direction of change. Up = increased expression at CT . vs control; Down = decreased expression at CT . Vs control.

https://doi.org/10.1371/journal.pone.0289372.9002

number found in CT,,,x comparisons (Fig 2B). The pattern of total DEGs also differs between
acclimation and CT\,,,. In acclimated fish, the 30°C treatment elicited the highest total DEGs,
whereas the 25°C treatment had the largest number in CT,,,, comparisons. For both acclima-
tion comparisons, the number of up vs down DEGs were similar (Fig 2A). Contrarily, the
response in fish at CT,,, was highly skewed toward upregulated genes, with roughly 2x more
up regulated DEGs vs down regulated (Fig 2B).

Within both acclimation and CT\,,,x comparisons, each temperature elicited a private subset
of genes, in addition to some shared genes (Fig 3). The largest number of private genes within
acclimation were found at 30°C (Fig 3Ai), with a large proportion of these being annotated
(Fig 3Aii). Fish acclimated to 25°C also had the largest number of private DEGs at CT .«
while the smallest private DEG list at CT ., was at 15°C (Fig 3Bi). All three acclimation tem-
peratures shared a subset of DEGs at CT .y, 33 of which were annotated (Fig 3Bii). Of these
shared annotated genes, the direction of change was the same across all acclimation tempera-
tures, with the majority of genes being upregulated (Fig 4).

Differential expression of heat shock proteins

Thirty-four genes directly related to heat shock proteins were differentially regulated in at least
one of the treatment groups (Fig 5). These DEGs relate to multiple HSP types, including
hsp90, 70, 40 and some smaller HSPs. Generally, these HSP were upregulated at CT,,x and
warmer acclimation temperatures. The greatest variety and number of HSP-related genes were
found in acclimation comparisons, with acclimation to both 25 and 30°C yielding a similar
number of HSP DEGs, most of with are upregulated. The highest fold-change HSPs were
found after CT .y, specifically upregulation of subunits of inducible hsp70 (hspalb) and hsp40
(dnajbl1b). No HSP genes were upregulated at CT,,,x in 15°C acclimated fish; the only HSP
changes at this temperature was two subunits of hsp60, which were down regulated.
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Fig 3. Euler diagrams of differentially expressed genes (DEGs) from juvenile Striped Bass from two treatments (A: Acclimation or B: CT,,,,,) and
acclimated to one of three temperatures. DEGs are summarized both as total count (i) and whether the resultant genes are annotated (ii). The area of
each circle is proportional to the respective number of DEGs, both within and among subsections of the figure (e.g. CTmax had fewer DEGs than
Acclimation, and is thus proportionally smaller).

https://doi.org/10.1371/journal.pone.0289372.9003

Gene ontology

In nearly all comparisons, the “biological processes” GO category had by far the highest signifi-
cant terms compared to the other GO categories (Table 2). Similar to the patterns seen in DEG
lists and PCA, acclimation comparisons yielded more significant GO terms than did CT\;,.x.
The highest number of significant GO terms were found in fish acclimated to 30°C. At CT ..«
the 25°C fish produced a greater number of DEGs (Figs 2B and 3B), the 30°C fish produced a
larger number of significant GO terms. The number of DEGs found at CT . in 15°C were
too short to allow for gene enrichment analyses.

One GO term was found to be upregulated in multiple temperatures in both acclimation
and CT\,,, comparisons: protein folding (Fig 6). Genes related to protein folding were
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Fig 4. Heatmap of all significant annotated & differentially expressed genes at CT,,,, (Vs acclimation control) shared across all three acclimation
temperatures. Differential expression is defined as difference from respective temperature acclimation control. All values are displayed as actual fold change.

https://doi.org/10.1371/journal.pone.0289372.9004

significantly upregulated at 25 and 30°C following both acclimation (Fig 6A) and CT .y

(Fig 6B), with higher fold enrichments found at CT,,,x. While this term was upregulated fol-
lowing both acclimation and CT .y, the specific genes upregulated appear to differ between
these treatments (Fig 7). Nearly all of the genes upregulated at CT\,,, are HSP related genes.
Comparatively, acclimation to increased temperatures resulted in a more varied list of protein
folding genes, which includes some HSP genes (e.g. hsc70, dnakal2b) but chaperonins (cct2,
cct4, cct5, cct7 & cct8) (Fig 7). No other top GO terms were found in common at both acclima-
tion and CT .« A greater variety of top GO terms were found to be shared across tempera-
tures in acclimation compared to CT ... (Fig 6) For example, genes related to growth and cell
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https://doi.org/10.1371/journal.pone.0289372.9005
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Table 2. Counts of significant gene ontology (GO) terms resulting from differential expression analyses of juvenile Striped Bass acclimated to one of three tempera-
tures (15, 25, or 25°C) after acclimation or CT,,,,.

Group Acclimation Temperature
Acclimation 25°C
30°C
CTmax 15°C
25°C
30°C

Biological Processes Molecular Functions Cellular Components
Down Up Total Down Up Total Down Up Total
143 111 254 14 15 29 0 38 38
278 137 415 34 14 48 51 0 51
n/a 15 15 n/a 15 15 n/a 1 1
n/a 21 21 n/a 3 3 n/a 1 1
n/a 57 57 n/a 21 21 n/a 1 1

For acclimation, differential expression is defined as difference from 15°C acclimated fish; For CT,,,y, differential expression was defined as difference from respective

temperature acclimation control. Significant GO terms were defined as those which fold-enrichment > 1.5 and Benjamini-Hochberg p-value < 0.05. Counts are

summarized by the three GO term categories (biological processes, molecular function or cellular components).

n/a = DEGs list was too short for GO analyses

https://doi.org/10.1371/journal.pone.0289372.t1002

division were downregulated following acclimation to higher temperatures (25 and 30°C)
(Fig 8A) whereas methylation related genes showed a mixed response, in that multiple related
genes were both up and down regulated at 30°C (Fig 8B).

Discussion

Both chronic (4 week acclimation) and acute heat exposure (at CT,,,,) initiated a heat shock
protein transcriptomic response in juvenile Striped Bass. This is evident by the consistent
upregulation of the ‘protein folding’ gene ontology and suites of HSP-related genes in both
acute and chronic heat exposures. While heat shock proteins are found in nearly all organisms,
the extent, type and patterns of HSP induction vary by organism, individual history, environ-
ment and many other factors [2, 12-15]. Of the many different HSPs, hsp70 and hsp90 are the
HSPs are the most commonly described HSPs in fishes [12, 28]. Our data show that multiple
genes related to these two HSPs were indeed upregulated following both acute and chronic
heat stress in Striped Bass at 25°C and 30°C. Interestingly, fish acclimated to the control tem-
perature of 15°C did not show an increase of HSPs or other protein folding genes at CT\,.y,
suggesting the HSR was not initiated. Logan and Somero (2010, 2011) detailed the differences
between chronic (4 week) and acute heat stress on the HSR in Gillichthys mirabilis (longjaw
mudsucker) and found that acclimation produced a much less robust transcriptomic response
when compared to the acute response. This contrasts our findings in two ways: (1) the effects
of acclimation was much greater than acute and (2) both acclimation and CT,,, produced a
strong HSP response. In addition to the upregulation of stress-inducible HSPs (i.e. hsp90a &
hsp70), acclimation also elicited an upregulation of constitutive HSPs—hsp908 and hsc70 [2].
We found that these constitutive HSPs to only be upregulated following acclimation whereas
the stress-inducible HSPs are upregulated in all temperature treatments to some extent. Fan-
gue, Hofmeister [15] documented higher levels of constitutive HSPs (hsc70 and hsp90p) in
warm-adapted Southern killifish (vs their Northern counterparts) and suggested this may lead
to this population’s larger thermal tolerance range. Thus, our data suggests that Striped Bass’s
multi-pronged HSP response is well adapted to cope with fluctuating temperatures. To my
knowledge, no previous studies have examined temperature related induction of these com-
mon HSPs in Striped Bass, but Geist, Werner [16] reported induction of hsp70 (but not hsp90;
isoform not specified) following chronic (7-day) copper exposure. Furthermore, the hsp70
induction reported by Geist, Werner [16] was found only in kidney tissue, and not white mus-
cle, the tissue examined in the current study. Heat shock proteins have been relatively more

PLOS ONE | https://doi.org/10.1371/journal.pone.0289372 October 19, 2023 11/20


https://doi.org/10.1371/journal.pone.0289372.t002
https://doi.org/10.1371/journal.pone.0289372

PLOS ONE

Transcriptomics of Striped Bass heat stress

formation of cytoplasmic translation initiation complex (GO:0001732)
cytoplasmic translational initiation (GO:0002183)

fatty acid beta—oxidation (GO:0006635)

ribosome assembly (GO:0042255)

protein import into nucleus (GO:0006606)

regulation of protein stability (GO:0031647)

cellular response to oxidative stress (GO:0034599)

protein import (GO:0017038)

negative regulation of chromosome organization (GO:2001251)

25°C Up

30°C Up

25°C Down

30°C Down

[ protein folding (GO:0006457)

electron transport chain (GO:0022900)

integrin-mediated signaling pathway (GO:0007229)

ATP metabolic process (GO:0046034)

ossification (GO:0001503)

regulation of cell morphogenesis involved in differentiation (GO:0010769)
regulation of cell projection organization (GO:0031344)

methylation (GO:0032259)

dephosphorylation (GO:0016311)
cellular response to growth factor stimulus (GO:0071363)

GO biological processes

chromosome segregation (GO:0007059)
regulation of growth (GO:0040008)
regulation of kinase activity (GO:0043549)

__'_.____:__5_0___

growth (GO:0040007)
cell division (GO:0051301)

regulation of cellular component biogenesis (GO:0044087)

I'egulalion of cellular component organization (GO:0051128)

microtubule-based process (GO:0007017)
locomotion (GO:0040011)
negative regulation of nucleobase-containing compound metabolic process (GO:0045934)

peptidyl-threonine dephosphorylation (GO:0035970)

negative regulation of MAP kinase activity (GO:0043407)

circadian regulation of gene expression (G0O:0032922)

chaperone mediated protein folding requiring cofactor (GO:0051085)
chaperone-mediated protein folding (GO:0061077)

formation of primary germ layer (GO:0001704)

response to hypoxia (GO:0001666)

- @ o|@e OO® e |l T TTTTTTTTTTTTTTTTTT

—log10(BH_pval)
9

7
5

3

Number
of genes

@ 50
@ 100

5

10 0 5 10

Fold enrichment

15°C Up

25°C Up

30°C Up

protein folding (GO:0006457)

protein dephosphorylation (GO:0006470)

negative regulation of intracellular signal transduction (GO:1902532)
negative regulation of phosphate metabolic process (GO:0045936)
positive regulation of transcription, DNA-templated (GO:0045893)
peptidyl-lysine modification (GO:0018205)

dephosphorylation (GO:0016311)

chromatin organization (GO:0006325)

GO biological processes

transcription from RNA polymerase Il promoter (GO:0006366)

(
(
(
(
(
(
(
(
(

negative regulation of signaling (GO:0023057)

positive regulation of molecular function (GO:0044093)

regulation of phosphorus metabolic process (GO:0051174)

cell migration (GO:0016477)

regulation of transcription from RNA polymerase Il promoter (GO:0006357)

regulation of cellular macromolecule biosynthetic process (GO:2000112)

regulation of molecular function (GO:0065009)

transcription, DNA-templated (GO:0006351)

(

gene expression (GO:0010467)

1
1
ol
1

o

TTe e e

0

5 10

15

0

5 10 15 0

—log10(BH_pval)
8

6
4

2

Number
of genes

® 20
@ 4
@ ©o
@ =

Fold enrichment

Fig 6. Bubble plots of the top 10 representative enriched GO terms (biological processes) in juvenile Striped Bass acclimated to
various temperatures, and from one of two treatments (A = Acclimation; B = CT\,,,). For acclimation, differential expression was

defined as difference from 15°C acclimated fish; For CT,,,,,, differential expression was defined as difference from respective temperature

acclimation control. Top representative GO terms were selected based on clustering analysis (REVIGO). GO terms are ordered top to
bottom by decreasing fold-enrichment. Boxes highlight GO terms which are shared across at least two acclimation temperatures. The

dotted

PLOS ONE | https://doi.org/10.1371/journal.pone.0289372 October 19, 2023

12/20


https://doi.org/10.1371/journal.pone.0289372

PLOS ONE Transcriptomics of Striped Bass heat stress

line represents the lower fold-enrichment cut-off of 1.5. Only upregulated GO terms are displayed for CT . data (B) the respective DEG
lists were too small to allow for GO analysis.

https://doi.org/10.1371/journal.pone.0289372.9006

studied in the related European Sea Bass (Dicentrarchus labrax), though much of this research
used a targeted gene approach and focused on aquaculture practices. In D. labrax, significant
induction of hsp70 has been found following changes in diet [29, 30], handling stress [31], vacci-
nation [32] and during larval development [33]. Cheng, Xia [34] used RNA-seq to assess tran-
scriptomic changes in D. labrax after infection by a common pathogen, but found no induction
of any HSP-related genes, while the pufferfish (Takifugu rubripes) also assessed in this study did
show HSP induction. Our data suggests that the HSR (heat shock response) in Striped Bass do
indeed launch a robust HSP response following both chronic and acute heat stress.

In addition to the commonly studied hsp70 and hsp90, we also found upregulation of multi-
ple genes related to hsp40 in response to increased temperature. While many HSP-related
research in fish biology focuses on hsp70 and hsp90 [11, 32, 35-37], it is not surprising to find
induction of hsp40 as well. hsp40 is believed to work co-operatively with hsp70’s in protein
folding, transport and degradation [38]. Specifically, hsp40 acts by stimulating ATPase activity
for the proper function of hsp70 [39]. While hsp70 and hsp90 may be able to prevent protein
aggregation during stress, the cooperation of hsp40 allows for actual renaturation of proteins
[35]. We found that the treatments with the highest hsp70-related gene upregulation were also
the treatments with the highest fold-change of hsp40. This co-upregulation was greatest at
CT\yax in the two highest acclimation temperature fishes, with lower fold-changes of these
genes also differentially expressed at acclimation. In fishes, upregulation of hsp40 has mainly
been documented in response to exposure to infection agents, including in Paralichthys oliva-
ceus (olive flounder), Epinephelus coioides (orange-spotted grouper), Ictalurus punctatus
(channel catfish), and Carassius auratus (Crucian carp) [40-43]. The mixed direction response
(e.g., some subunits upregulated and others downregulated) we found in hsp40 subunit genes
after acclimation is similar to that described in Channel Catfish liver following bacterial expo-
sure [43]. Co-induction of hsp40 with hsp70 was described in longjaw mudsucker (Gillichthys
mirabilis) following acute heat stress but not after acclimation to high temperature [37, 44].
This co-induction of hsp40 and hsp70 has not previously been described in Striped Bass or
other member of this genus, to our knowledge.

Chronic temperature increases also appear to decrease processes related to growth. All of
the DEGs found within the “growth” GO term were downregulated following acclimation to
warmer temperatures (both 25 and 30°C vs 15°C), which suggests that growth is likely to be
reduced overall. This trade-off would suggest that, while juvenile Striped Bass are able to sur-
vive at warmer temperatures (up to four weeks at 30°C), as demonstrated by Penny and Pavey
(2021), it is likely not their thermal optimum. Decreases in whole-animal performance, includ-
ing somatic growth, are described in Barton [45] as tell-tale signs of tertiary stress. This trade-
off between warm temperature and decreased growth and has been described in many fishes
[46-48]. Given that some function of HSPs are an active, ATP-dependent process (e.g. hsp70
and 40 aided refolding [39]), the induction of the HSR seen in this study may further limit the
energy reserves for somatic growth. Jutfelt, Norin [49] recently proposed that this reduced
growth in warm conditions may be in an effort to protect aerobic scope, through reduced food
consumption. The relationship of growth to temperature in Striped Bass has been well docu-
mented and is similar to other fishes, where growth tends to increase with temperature until
the optimal temperature is surpassed [50-53]. So, while Striped Bass are capable of surviving
at very warm (30°C) temperatures for many weeks, this downregulation of growth related
genes suggests it is at the cost of fitness-related processes, like growth.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289372 October 19, 2023 13/20


https://doi.org/10.1371/journal.pone.0289372.g006
https://doi.org/10.1371/journal.pone.0289372

PLOS ONE Transcriptomics of Striped Bass heat stress

[ | [ ]Treatment
I I Temperature
— - - - 16.3 | 1381 |dnajb1b FC
- - - 20 11_|hspaib = 20
= = = 69 | 57 |hsp90aal.2 |
_E = 41 = 4.4 2.1 |hspa8b
= = = — | 27 |hspb9 15
- - - 23 | 36 |dnajbla
- - - 3.2 24 hSpa4a 10
- - - & 2.2 |hspdi
- - - 28 2 |dnajb2
- - - 2.7 1.9 |ptges3l 5
- 2.1 - — - |tep1
-1.9 - - 2.7 - |unc45b
= = — [ 17 | - |ppifb 0
- - - 1.6 - |ptges3b
Hr— 33 4.8 - - - _|hsc70 Treatment
- 25 - 215 - |hspab o
= 1.3 = = —_|pfdn4 Acclimation
- 1.9 - - - |fkbp4 CTmax
- 1.8 - - - |nudcd2
- 1.8 - - — |st13 Acclimation
s - 3 - - - _|dniz Temperature
- 3.1 - - - |ppih o
= 2.4 - - - |ppie 1500
T e = - |fkbp8 25°C
— 22 - - - |pdia4 30°C
2 - - - - |ecct2
27 - - - - |dnajb12b
2.3 - - - - |tbcd
A 15 - - - - |hspa9
1.6 - - - - |cct4
1.6 - - = - |cct8
1.9 - - - - |hspadb
1.9 - - - - |ppil2
157 - - - - |dnaja2a
1.7 - - - - |pdia3
2.1 1.8 - - - |nudc
2.3 2.2 - - - lcctbs
2 21D - - - |hspb1
1 1.6 - - - |pfdné
5 a7 - - - |ranbp2
147 1.6 - - - |ect7
1.6 14 - - - |trap1
15 2.l - - - |pdcl3
1.7 1.9 - - - |pfdn2
1.6 2 - - - |vbp1
25 215 - - - |hsp90ab1
24 | 2.8 - - - |hsp90b1
2.8 1.9 - - - |tor2a
2.9 2.6 - - - larl2
3.1 25 - - - _|dnaja3a
I N A I
[ N [
=k N w
()] ()] o

0.5¢
0.0€

o o o
O O O
Fig 7. Heatmap of all significant annotated differentially expressed genes from the “protein folding” gene
ontology term (GO:0006457) found in juvenile Striped Bass acclimated to various temperatures, and from one of
two treatments (acclimation or CT,,,). For acclimation, differential expression was defined as difference from 15°C
acclimated fish; For CTmax, differential expression was defined as difference from respective temperature acclimation
control. All values are displayed as actual fold change.

https://doi.org/10.1371/journal.pone.0289372.9007
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Fig 8. Heatmaps of all significant annotated differentially expressed genes from the gene ontology terms “Methylation
(A5 GO:0032259) or “Growth” (B; GO:0040007) found in juvenile Striped Bass acclimated to various temperatures, and
from one of two treatments (Acclimation or CT,,,,). For acclimation, differential expression was defined as difference
from 15°C acclimated fish; For CT .y differential expression was defined as difference from respective temperature
acclimation control. All values are displayed as actual fold change.

https://doi.org/10.1371/journal.pone.0289372.g008
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During chronic temperature increases, DNA methylation processes are also significantly
modified. Unlike the clear transcriptional downregulation in growth related genes, methyla-
tion related genes are both up and down regulated, with the most DEGs found at 30°C vs.
15°C. As methylation may act to either increase or decrease expression, depending on the
nature of the methylation, it is difficult to predict the exact outcome of the changes seen here.
Nonetheless, it is likely that methylation is changing after acclimation to warmer temperatures.
Changes in methylation has been documented in other fishes following chronic temperature
change. For example, Beemelmanns, Ribas [54] found changes in CpG site methylation in
Atlantic salmon exposed to chronic high temperature. Changes in methylation has also been
implicated in facilitating phenotypic plasticity [55]. Epigenetic changes, such as methylation,
can allow an organism to react to a changing environment by influencing the transcriptional
response. Unlike evolutionary changes at the population-scale, such as allele frequency change,
epigenetic processes may change the genetic ‘tools’ available to an individual many times
within its own lifetime. Such epigenetic changes may have wide-ranging effects, as they may
also be passed down to future generations [56]. Thus, the changes to methylation here likely
serve as an indicator of the plasticity of Striped Bass to cope with new temperature regimes.

Along with changes related to protein folding, other genes were also more highly expressed
at CT ., compared to sham treatments at all acclimation temperatures. One of these genes,
kIf9 has also been found in two Sturgeon species at CT ., [57]. It has recently been suggested
that Kriippel-like factor 9 (kIf9), plays a role as a feedforward regulator of the transcriptional
response to glucocorticoid stress pathway signaling [58]. This gene was upregulated at CT .
in all three acclimation temperatures in the current study, with a fold change similar to that
previously published for juvenile Atlantic and Shortnose Sturgeons (FC = 3.4-4.9 in current
study; FC = 3.6-3.7 in Sturgeons; Penny et al. 2022). Given the stressful nature of the CT\;,.x
trail procedures, the participation of the glucocorticoid pathway is not unexpected. Changes to
Kriippel-like factor 6 (klf6), were also found in all CT,,,, treatments. In addition to their puta-
tive role in glucocorticoid processes, Kriippel-like factors are also zinc-finger transcription fac-
tors. Little other work has been done in fishes, though Yu, Li [59] characterized kIf9 in
Grouper, and found significant upregulation following viral exposures.

Striped Bass are capable of existing in a wide range of temperatures, both under acute and
chronic timelines, as demonstrated by their wide ranging, migratory nature. The data pre-
sented in this study suggests that changes to HSPs likely play a critical role in this tolerance,
both in the chronic and acute time scale. An ability to both upregulate constitutive HSPs in
white muscle and launch a robust acute heat shock response, provides protection from the pro-
tein damage common during heat stress. Furthermore, we have demonstrated hsp40 mRNA is
also induced following temperature increases, which likely acts to strengthen the HSP response
in these fish as found in other species. Heat exposure also may decrease growth in long term
and high temperature acclimation treatments reiterate that this is not the ideal temperature for
Striped Bass. Nonetheless, these data show that Striped Bass are well-equipped to cope with
large temperature changes on the short and longer-term timescale. This will undoubtedly
serve them well in a warming environment.
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