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Abstract

Stress experienced during early life may have lasting effects on the immune system, with
impacts on health and disease dependent on the nature and duration of the stressor. The
epigenome is especially sensitive to environmental stimuli during early life and represents a
potential mechanism through which stress may cause long-lasting health effects. However,
the extent to which the epigenome responds differently to chronic vs acute stressors is
unclear, especially for non-mammalian species. We examined the effects of acute stress
(cold-shock during embryogenesis) and chronic stress (absence of tank enrichment during
larval-stage) on global gene expression (using RNA-seq) and DNA methylation (using
RRBS) in the qills of Atlantic salmon (Salmo salar) four months after hatching. Chronic
stress induced pronounced transcriptional differences, while acute stress caused few lasting
transcriptional effects. However, both acute and chronic stress caused lasting and
contrasting changes in the methylome. Crucially, we found that acute stress enhanced
transcriptional immune response to a pathogenic challenge (bacterial lipopolysaccharide,
LPS), while chronic stress suppressed it. We identified stress-induced changes in promoter
and gene-body methylation that were associated with altered expression for a small
proportion of immune-related genes, and evidence of wider epigenetic regulation within
signalling pathways involved in immune response. Our results suggest that stress can affect
immuno-competence through epigenetic mechanisms, and highlight the markedly different
effects of chronic larval and acute embryonic stress. This knowledge could be used to
harness the stimulatory effects of acute stress on immunity, paving the way for improved

stress and disease management through epigenetic conditioning.
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Introduction

The stress response is a fundamental survival mechanism that provides a critical
adaptive response to many environmental challenges, but may also compromise the
immune system [1, 2]. The precise impacts of environmental stress on immune function
often depend on the timing, duration, magnitude, and nature of the stressor [3]. Chronic
stressors, lasting for days or weeks, can dysregulate immune response by inducing long-
term changes in energetic metabolism, persistent low level inflammation, and by
suppressing the release of immune cells and cytokines [4]. In contrast, acute stressors,
lasting for minutes to hours, are less likely to impair immune function, and may even
enhance immune response by stimulating the maturation, secretion and redistribution of
immune cells and cytokines [5].

For vertebrates, early life stages may be particularly sensitive to environmental stress due
to developmental plasticity during critical periods of differentiation and maturation of the
nervous and immune systems [6]. In mammalian systems, it is well established that early-life
stress can have long-lasting adverse effects on health and disease susceptibility. For
example, maternal stress during pregnancy predisposes the offspring to developmental,
immunological and behavioural abnormalities throughout their life, and post-natal trauma is
associated with an increased risk of depression, obesity, diabetes and cardiovascular
disease [7, 8]. However, exposure to mild stress during early life may have beneficial effects
later in life, a phenomenon known as hormesis [9]. The molecular mechanisms underlying
this effect are not fully understood, but hormesis can enhance immune function as part of a
primed, more efficient response to future stressors [10], and could even be harnessed in a
clinical setting to boost protective immunity [4].

Environmental stress can also induce changes in the epigenome, providing a mechanism
by which stress can have long-term effects on transcriptional regulation and the phenotype
throughout an individual’s lifetime and, in some cases, on its progeny [6, 7]. Epigenetic
modifications following exposure to stress during early life are known to induce lasting
transcriptional and structural changes in the mammalian brain [11-14]. On a gene-specific
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basis, promoter silencing activity, whereby DNA methylation in promoter regions negatively
regulates gene transcription, has been demonstrated to mediate lasting effects of stress on
physiology, behaviour and psychiatric disorders [13-15]. However, at the genome-wide level,
the association between DNA methylation and gene expression is not straightforward.
Complex interactions between different targets, cell types and layers of epigenetic regulation
may facilitate wide, indirect effects of environmental stress [7, 12]. Beyond these critical
effects on brain and behaviour, stress may also be expected to have far-reaching effects on
whole-organism physiology, including immunity, metabolism, nutrition and reproduction, but
these remain largely unexplored [16].

Fish are subjected to high levels of stress in aquaculture systems due to confinement,
handling and environmental mismatch, which can impair immuno-competence and increase
disease susceptibility [17]. Improving stress and disease resistance is a critical priority for
the sustainable growth of aquaculture, which needs to provide a reliable and safe source of
food for a growing human population, improve animal welfare and reduce impacts on the
environment [18]. Stress has well known effects on fish [e.g. 3, 19], but little is known about
how stress experienced during early development can affect health later in life, or what are
the underlying molecular mechanisms of stress. During early life, many fish species undergo
a critical period for survival that coincides with the transition from endogenous to exogenous
feeding and with development of the immune system, when they are especially sensitive to
stress [20, 21]. Recent research also suggests that stress modifies the fish epigenome in a
developmental-stage specific manner, with these early life stages displaying a heightened
period of epigenetic sensitivity [22]. Therefore, we hypothesised that chronic stress
experienced during early development would adversely affect immune function, while short-
lived, mild stress could enhance immuno-competence, and that these effects might be
mediated by epigenetic mechanisms. We compared the effects of acute stress (cold shock
and air exposure during late embryogenesis) and chronic stress (lack of tank enrichment
during larval stage) on the gill transcriptome and methylome of Atlantic salmon (Salmo salar)
fry, and also examined transcriptional immune response to a model pathogenic challenge
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(bacterial lipopolysaccharide, LPS). We selected the gills as our target tissue because they
represent an important route of entry for water-borne pathogens, play a critical role in
immune defence against infection, and are also a known target of stress-response signalling

[23-25].

Results
Survival and growth

Average time to hatching was 474 degree days (DD; i.e. 63 days post fertilisation at a
temperature gradually increasing from 7 to 9.5 °C), with no differences between the control,
acute stress or chronic stress groups. Overall hatching success was 95.3 £ 1.1% and larval
survival until 110 days post-hatch was 89.1 + 1.1%, with no significant difference between
the groups (hatching success; F32=1.38, P=0.377, survival; F32=0.19, P=0.836; Table S1).
There was a significant effect of treatment on growth rate during pre- and early-feeding (748
and 1019 DD), whereby fish exposed to chronic stress initially lost weight while those in the
control and acute stress groups did not, but this difference in size was no longer apparent at
later sampling points (492 DD: F3114=0.37, P=0.718; 748 DD: F3114=15.82, P=0.025; 1019
DD: F3114=15.42, P=0.026; 1323 DD: F3114=1.63, P=0.330, 1532 DD: F3,114=4.78, P=0.117;
Table S1). There were no significant differences in fork length or condition factor between
groups at the final sampling point (Length: F3114=1.36, P=0.381; K: F3114=2.18, P=0.260).
There were no apparent differences in the timing of first feeding, activity levels or behaviour
between treatment groups. Exposure to LPS for 24h caused no mortalities, or any apparent

behavioural changes indicative of distress.

Transcriptomic analysis
Transcriptomic data are available from the European Nucleotide Archive

https://www.ebi.ac.uk/ena under the accession number PRJEB25636. After quality filtering,

an average of 27.8 million paired end RNA-seq reads (91.8%) were retained per sample. Of
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these, a total of 94.5% were mapped to the Atlantic salmon genome, including 84.1% unique
alignments (Table S2). Following transcript reconstruction and novel assembly, we obtained
a total of 201,433 transcripts in 104,528 putative loci, and statistical expression analysis was
performed for 78,229 putative expressed genes with nonzero read counts. These included
44,962 uniqgue mRNA annotations, 14,445 predicted loci and 4,510 unique ncRNAs from the
Atlantic salmon genome [26], together with 3,188 novel loci.

Expression analysis with DeSeq2 identified a total of 19 genes significantly differentially
expressed (FDR <0.05) between the acute stress group and the control fish (Table S3). In
the chronically-stressed group, there were 206 differentially expressed genes compared to
the control group, the vast majority (190, 92.2%) of which were up-regulated, and a
functional analysis of these genes revealed strong enrichment of ribosome structural
constituents and translation, as well as muscle development, energy metabolism and
bacterial defence response (Table S4; Figure S1).

LPS exposure had a very marked effect on gene transcription in the gills. MDS analysis
based on the whole transcriptome clearly separated all LPS-exposed individuals from non-
exposed fish (Figure 1a). The main effect of exposure to 20 ug/ml LPS in the (non-stressed)
control group was characterised by 14,833 up-regulated and 10,636 down-regulated genes
(FDR <0.05) (Figure S3). These included a large number of genes encoding proteins
typically associated with inflammatory immune response including a large number of mucins;
interleukins, interferons, TNF, chemokines and their regulatory factors and receptors;
complement factors, immunoglobins and damage-inducible molecular chaperones. Fold
changes for a selected list of these significantly differentially expressed genes with direct
immune function is provided in the supporting information (Table S5). Overall functional
analysis for the up-regulated genes revealed strong enrichment of GO terms related to
cellular stress response (Figure S4). Enriched terms included those related to cell adhesion,
cellular signal transduction, regulation of transcription, protein modification, response to LPS
and response to cytokines (Biological Process), extracellular matrix (Cellular Component),
and transcription factor activity, protein kinase/phosphatase activity, and binding of signalling
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molecules (Molecular Function). Enriched KEGG pathways included extracellular matrix-
receptor interaction, as well as specific pathogen recognition pathways (NOD-like, RIG-like,
TOLL-like receptor signalling). For down-regulated genes enriched terms were related to
general cell maintenance processes. These included terms related to DNA-replication and
repair, redox reactions, cell cycle and translation (Biological Process), ribosome and
mitochondria (Cellular Component), ribosome constituent, redox activity and metabolic
enzyme activity (Molecular Function), and DNA replication, ribosome and metabolic
pathways (KEGG pathway).

In addition to the main effect of LPS exposure identified in control fish (described above),
we identified a significant interaction between stress and transcriptional response to
pathogen challenge. Acute and chronic stress during early life altered the transcriptional
response to LPS in contrasting ways (Figure 1b). A significant interaction between acute
stress and LPS exposure was identified for 194 genes (FDR <0.05). The vast majority of
these genes were significantly more responsive to LPS in acutely stressed fish than in the
control group; 140 genes (72.2%) were up-regulated relative to the control group in response
to LPS, while 41 genes (21.1%) were down-regulated relative to the control group in
response to LPS. Only 9 (4.6%) genes that were significantly regulated by LPS in control fish
were not significantly responsive in the acutely-stressed group, and 4 (2.1%) genes were
regulated in the opposite direction. Functional analysis of the genes with enhanced
responsiveness to LPS in acutely-stressed fish revealed further enrichment of processes
identified for the main LPS response, together with pathways related to lipid metabolism and
mucin production (Figure S5a). For chronically stressed fish, a total of 347 genes were
expressed in a significantly different way following LPS exposure compared to the main
effect of LPS exposure identified in non-stressed control fish. The majority of these genes
(218, 62.8%) were not significantly regulated by LPS, or were significantly less responsive to
LPS exposure relative to the control group (Figure 1b). Functional analysis of these less
responsive genes revealed enrichment of a number of processes identified as part of the
main LPS response (including cell adhesion, signal transduction, response to
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bacterium/lipopolysaccharide and p53 signalling), and amongst the more down-regulated
genes there was a strong enrichment of ribosome and translation (Figure S5b). Only 28
(8.1%) and 57 (16.4%) genes, respectively, were up-regulated and down-regulated to a
greater extent in chronically-stressed fish than in the control group, which is in stark contrast

to the enhancive effect of acute stress on transcriptional response to LPS.

Methylation analysis
Epigenetics data is available from the European Nucleotide  Archive

https://www.ebi.ac.uk/ena under the accession number PRJEB25637. After quality filtering, a

total of 1534 million high quality single end RRBS reads, averaging 64 million/sample, were
retained. A total of 90.6% of these were mapped to the reference genome, with a unique
alignment rate of 43.5% (Table S6). Analysis of spike-in methylation controls revealed an
overall bisulphite conversion efficiency of 99.7%, with 2.0% inappropriate conversion of
methylated cytosines to thymines. In total, we identified 21.3 million CpG sites in our
libraries, but only 1.1 million were covered in all samples, representing 2.75% of total CpGs
in the Atlantic salmon genome, which is a comparable percentage to that previously reported
for RRBS experiments in zebrafish (5.3%; [27]) and rainbow trout (<1%; [28]). Methylation
analysis was conducted only using CpGs covered by at least 10 reads in all libraries
(335,996 CpG sites).

The majority of the CpGs surveyed mapped to gene bodies (53%) or intergenic regions
(45%), with 4% located in putative promoter regions. In terms of CpG context, 12% of CpGs
were located in CpG islands, 17% in CpGshores, and 11% in CpGshelves. CpG methylation
level dropped progressively in the region upstream of the TSS, then increased sharply within
the gene body (Figure 2a). Genome-wide CpG methylation displayed a bimodal distribution,
whereby the majority of CpGs within gene bodies (60.08%) were highly methylated (>80%
methylation), while a large proportion (24.6%) were un-methylated or hypo-methylated
(<20% methylation) (Figure 2b). Across the putative promoter regions, there was a greater
proportion of hypo-methylated CpGs (64.1%) (Figure 2c). Genome-wide, the average
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methylation of all CpG sites was 74.87% = 0.38 in the control group, 74.04% + 0.71 in the
acute stressed fish and 74.94% =+ 0.82 in the chronically stressed group, with no significant
difference among groups (F221=0.55, P=0.59).

Compared to the control fish, a total of 1895 and 1952 differentially methylated CpG sites
(DMCpGs) were identified using logistic regression (FDR< 0.05, |AM|= 20%) in the acute
stress and chronic stress groups, respectively. The genomic distribution and context of the
DMCpGs largely mirrored the wider methylome landscape, with half of the DMCpGs
overlapping intragenic regions (52%). DMCpGs overlapped or neighboured (up to 2 Kb
(upstream or downstream) of the TSS or transcription termination site (TTS) respectively) a
total of 907 genes for the acute stress group, and 925 genes for the chronic stress group,
including 242 common genes shared in both groups. For both stress groups, the most
strongly enriched functional processes amongst these genes were related to cellular
adhesion and cellular signalling pathways (Figure S6). These included terms related to cell
adhesion, intracellular signal transduction, Rho protein signalling, calcium ion transport and
signalling and ion transport (Biological Process), plasma membrane, cell junction, myosin
complex (Cellular Component) and ion channel and transported activity, GTPase and
guanyl-nucleotide exchange activity (Molecular Function). A more stringent list of 1004 total
DMCpGs were identified across both types of stress using both statistical methods (logistic
regression and t-tests). Unsupervised hierarchical clustering of these DMCpGs revealed a
distinctive methylation profile for both the acutely and chronically stressed groups with
respect to the controls and to each other, although there was greater resemblance between

the control and acute stress groups (Figure 2d).

Transcriptome-methylome integration

We examined the transcriptome wide association between gene expression and DNA
methylation within putative promoter regions (p.promoters; windows from 1500bp upstream
to 1000 bp downstream of the transcription start site (TSS)) and within gene bodies. There
was a significant negative association between p.promoter mean methylation and gene
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expression (Spearman rho= -0.37; P<0.001; Figure 3a), but no linear association between
gene body methylation and gene expression (Spearman rho= -0.03; P=0.062). There was
some evidence of a heterogeneous relationship between gene body methylation and gene
expression. GAM analysis indicated that a small, but significant, part of gene expression
(deviance explained=1.93%) was explained by the smooth component of gene body
methylation (Fedf= 8.55, ref.df= 8.94, P < 0.0001, Figure 3b).

We then identified genes for which there was a notable effect of early life stress on both
DNA methylation (p.promoters and gene bodies) and on gene expression (>2 FC delta
expression and >5% methylation difference) at the baseline time-point (i.e. not exposed to
LPS). For p.promoters, there was evidence of unequal distribution of genes between hyper-
methylated/up-regulated, hypo-methylated/up-regulated, hyper-methylated/down-regulated
and hypo-methylated/down-regulated groups (Acute stress: x?= 2.53, P=0.110, Chronic
stress: x%= 7.70, P=0.005), with a greater number of genes with an inverse relationship
between delta methylation and delta expression (Figure 3c,e; Table S7). Therefore, and
given the overall negative relationship between methylation in p.promoter regions and gene
expression, we focused only on these genes with an inverse relationship. However, there
was no evidence of a similar effect between delta gene body methylation and delta
expression (Acute stress: x21= 0.32, P=0.573, Chronic stress: x%i= 0.07, P=0.791), therefore
we included all genes above the threshold (Figures 3d,f; Table S8). Combined functional
analysis of these genes revealed enrichment of processes related to ion/calcium ion
transport and signal transduction (Figure S7).

Finally, we examined the potential for stress-induced changes in baseline DNA
methylation to contribute to the observed altered transcriptional response to LPS. We did not
perform methylation analysis for the fish exposed to LPS, but we hypothesised that baseline
promoter and/or gene body methylation status might influence the rapid transcriptional
response induced by LPS exposure. Of the genes that showed a significant interaction
between stress treatment and response to LPS, 28 (acute stress) and 57 (chronic stress)
met the coverage criteria for targeted analysis of baseline p.promoter methylation (Figure
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S8). For acutely-stressed fish we identified three genes with hypo-methylation (JAM|>5%)
and increased-expression in response to LPS treatment relative to the control group (/rrn4cl,
uspb54a, st3galil3), and for chronically-stressed fish we identified three genes with hyper-
methylation and reduced expression (yaf2, casp3a, ddx56). For gene body methylation, 42
(acute stress) and 63 (chronic stress) genes met the criteria for targeted analysis. Of these
in acutely stressed fish we identified three hypo-methylated genes with respect to the control
group (cer, chpf, ahnakl), and in chronically stressed fish we identified two hypo-methylated

genes with respect to the control group (nocta and E3 ubiquitin-protein ligase KEG-like).

Discussion

Our study indicates that acute and chronic environmental stressors experienced during
early development have distinct effects on the gill transcriptome, methylome and on immune
function in Atlantic salmon fry. We found that while acute stress applied during late
embryogenesis had limited long-term effects on the gill transcriptome, chronic stress
experienced during the larval stage was associated with lasting transcriptional changes.
However, both acute and chronic stress caused lasting, and contrasting, changes in the gill
methylome. Crucially, early-life stress altered transcriptional response to a model pathogen
challenge in a stress-specific way, with acute stress enhancing the inflammatory immune
response and chronic stress supressing it. Our results also suggest that epigenetic changes
may contribute to these modulatory effects of early life stress on immuno-competence. We
identified a small proportion of genes for which an association could be made between
stress-induced changes in promoter or gene body methylation and changes in expression,
suggestive of a direct regulatory relationship. Furthermore, gene enrichment analysis
revealed broader stress-induced epigenetic modifications within critical cellular signalling

pathways involved in the immune response.

Lasting effects of stress on both the transcriptome and epigenome
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Acute stress during late embryogenesis caused a lasting significant difference in the
expression of fewer than 20 genes in the gill of salmon fry four months later. Previous
studies have reported pronounced changes in transcription occurring immediately after
similar acute temperature challenges in fish embryos and in hatched fry [22, 29]. However,
given that the acute stress was applied four months earlier and that we observed no effects
on survival and growth, the direct transcriptional response to acute, sub-lethal stress
appears to be short-lived. This is consistent with what is known about physiological and
transcriptional recovery following acute thermal shock and other stressors [29, 30]. In
contrast, over 200 genes were differentially expressed in response to the on-going chronic
stress and, functionally, these changes suggested an apparent up-regulation of active
protein synthesis. Although immediate stress responses have often been associated with
reduced protein synthesis in fish and mammals [22, 31, 32], cellular stress response is
extremely complex and it is possible that these transcriptional changes represent a
compensatory response to chronic stress. There was also evidence of up-regulation of
energy metabolism, muscle differentiation and insulin-like growth factor signalling, which
may be associated with a compensatory increase in growth rate in this group after the
observed initial weight loss.

With regards to the epigenome, both acute and chronic stress during early life induced
significant changes in gill DNA methylation profiles compared to controls. It is clear that the
two different stressors induced distinct and specific alterations in the methylation profile of
individual CpGs. Chronic stress induced a greater epigenetic change relative to the controls,
but acute stress also caused distinct and lasting effects on the methylome, even in the
absence of lasting transcriptional effects. Stress has been shown to cause long-lasting
alterations in methylation profiles throughout an individual’s lifetime that appear to depend
on the intensity and timing of the stressor [6, 8, 22]. However, to our knowledge no study has
examined the contrasting effects of acute vs chronic stress on the fish transcriptome and
epigenome. While the acute embryonic and chronic larval stress resulted in quite distinct
methylation patterns of individual CpGs, functional analysis of the genes which contained or
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neighboured DMCpGs revealed enrichment of very similar cellular processes for both types
of stress. A large number of terms related to cellular signalling pathways and their regulation
were enriched for both stress groups, particularly glutamate, calcium and Rho-GTPase
signalling. Epigenetic modification appears to explain the dysregulation of the
neurotransmitter glutamate, commonly observed with stress-induced disorders in the
mammalian brain [13]. Glutamate also has an important signalling role in peripheral tissues,
including the fish gill [33] and it is possible that it might represent an important, wider target
of epigenetic regulation. Cellular adhesion was also one of the most enriched terms in both
stress groups, reflecting differential methylation of CpGs in a large number of genes
encoding cadherins and protocadherins, as well as integrins, laminins and fibronectin.
Cellular adhesion is critical for signal transduction as well as maintaining structure in
multicellular tissues, and altered epigenetic regulation of these components has been
reported for several autoimmune disorders and cancers [34]. This differential methylation of
similar signalling pathways by both acute and chronic early life stress suggests that intra-
and inter-cellular signal transduction may be a common target of stress-induced epigenetic
regulation, with the potential to influence an extremely diverse array of cellular processes.
However, it seems likely that the precise location and nature of CpG methylation change,
which was distinct between acute and chronic stress, accounts for the fine tuning of

epigenetic regulation and the resultant specific effects on transcription.

Stress-induced changes in immune response to a model pathogen exposure

There was a very pronounced transcriptional effect of LPS in the gill in all exposed fish
across treatment groups, characterising an extensive inflammatory response. Pro-
inflammatory cytokines (TNF, IFNy, TGFB, IL-1b), which are typical markers of LPS
regulation [35], together with many other cytokines, their regulatory factors and receptors,
were differentially expressed. Several pathogen-associated molecular pattern (PAMP)
recognition signalling pathways (NOD-like receptor, RIG-I-like receptor and Toll-like receptor
signalling) were also functionally enriched, although there is no known specific recognition
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receptor for LPS in fish [36]. Mucus provides a vital first line of pathogen defence [37], and a
number of mucins (muc-2, 5, 7, 12, 17 and 19) were amongst the most up-regulated genes,
together with other mucus components essential for immune response including
antimicrobial factors (hepcidin, cathepsin, cathelicidin), lectins and complement factors.
Transcriptional regulation and cellular signalling pathways were strongly enriched amongst
genes up-regulated by LPS exposure, reflecting the diversity and complexity of the immune
response. In particular, protein tyrosine kinases and phosphatases that are key regulators of
signal transduction cascades [38] were extensively up-regulated. Furthermore, processes
associated with the extracellular matrix (ECM), which provides cellular support and facilitates
cellular signalling and adhesion [39-41], were strongly enriched. Remodelling of the ECM is
stimulated by inflammatory cytokines and has a crucial role in inflammatory response,
through immune cell recruitment, activation and proliferation [39]. A large number of genes
encoding structural components of the ECM, including many collagens, elastins, integrins,
cadherins, laminins, thromobospondins and fibronectins, were up-regulated by LPS. We also
found enrichment of protein transport and exocytosis, which are involved in secretion of
these ECM components, and seriene/threonine proteases and matrix metallopeptidases,
which are important for their cleavage and activation [41]. In contrast, processes related to
cell division (cell cycle, DNA replication and repair) as well as protein, lipid and energy
metabolism, were most strongly enriched amongst down-regulated genes. It seems likely
that compensatory suppression of these processes, which are critical for the normal
maintenance of tissue function and order [42], facilitate the pronounced, acute immune
response observed [43].

Transcriptional response to LPS exposure in the control group characterised a typical
inflammatory immune response. We identified a significant interaction between stress and
LPS response, for both the acute and chronic stressors. For fish exposed to acute cold
shock during late embryogenesis, transcriptional response to LPS was of greater magnitude,
but functionally similar to that of the control group. The vast majority of LPS-responsive
genes identified in control fish were also differentially expressed in acutely stressed fish, and
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a considerable number of these were regulated to a significantly greater extent. Additional
responsive genes included a number of other cytokines and their receptors, mucins and
ECM components. Processes related to lipid biosynthesis were particularly over-represented
amongst additional LPS-responsive genes in acutely stressed fish, including genes involved
in srebp1 signalling and sphingolipid metabolism, both of which are critical in mediating the
membrane-dependent receptor based regulation of the innate immune response [44]. This
suggests that acute stress during late embryogenesis enhanced subsequent immune
response, while in contrast chronic stress appeared to depress the transcriptional response
to LPS, as more than 200 genes were significantly less responsive to the pathogen
challenge than in the control group. These included a number of the typical pro-inflammatory
response markers and many genes involved in processes such as signal transduction and
ECM reorganisation, which were identified as central to the main LPS response in control
fish. These results are consistent with previous reports of enhancing and suppressive effects
of acute and chronic stress respectively on immuno-competence in mammals and fish [3, 4,
45, 46]. While chronic stress is widely known to impair immune function, by altering the
balance and activity of immune cells and cytokines, acute physiological stress can have an
adaptive role, preparing organisms to deal with subsequent challenges [10]. It is thought that
mild, acute stress can enhance both innate and adaptive immunity, by increasing the
production and maturation of immune cells and cytokines, especially when applied during

key periods of immune activation [3, 4, 46].

An epigenetic basis for lasting stress effects?

Epigenetic mechanisms are known to mediate lasting effects of early life stress on
physiology, behaviour and disease outcomes in mammalian models on a gene-specific basis
[6, 8]. For example, reduced methylation in the promoter of the glucocorticoid receptor,
Nr3c1, due to early life stress is known to cause an increase in its expression in the brain,
with lasting physiological and behavioural effects [47]. However, interpreting genome-wide
associative patterns between DNA methylation and gene-expression is challenging due to
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the complexity of the different layers of epigenetic regulation [12]. Evidence suggests that
the relationship between DNA methylation and gene expression varies widely across the
genome, and occurs on a gene-specific basis [48, 49]. Here we found evidence of a
significant, transcriptome-wide negative correlation between DNA methylation level in
putative promoters and gene expression, which is consistent with previous reports in
mammals and fish [50-52]. In contrast, there was no linear relationship between gene-body
methylation and gene expression; however there was some evidence of a more complex,
heterogeneous, relationship. This may be consistent with previous reports for mammals and
plants, where non-monotonic relationships between gene methylation and expression have
been reported [53-56]. However, transcriptome-wide, the relationship between gene
expression and DNA methylation was very variable among individual genes.

Given the marked effects of both acute and chronic early life stress on the gill methylome,
we hypothesised that stress-induced changes in DNA methylation of putative promoter
regions and/or gene bodies could influence baseline transcription and also the rapid
transcriptional response to a pathogenic challenge. We identified a small proportion of genes
for which there was an association between stress-induced changes in baseline DNA
methylation and transcription. These included 20 different IncRNAs, perhaps reflecting the
complex and interactive nature of epigenetic modifications, since INncCRNAs constitute an
additional layer of epigenetic regulation at the transcriptional and post-transcriptional level
[57]. There were also 12 genes which were similarly influenced by both types of stress, and
overall functional analysis again revealed enrichment of ion transport and cellular signalling
pathways. Similarly, we found evidence of stress-induced methylation differences (promoters
or gene bodies) for a small proportion of the genes for which a significant interaction
between stress and LPS response was identified. These included a number of genes
involved in ubiquitination, which regulates a wide range of biological processes including the
immune system, and transcriptional regulation.

Our results suggest that direct associations between promoter or gene body methylation
and expression are likely to occur only on a gene-specific basis, for a limited number of
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genes. However, this small proportion of genes consistently appears to include components
of key signalling and regulatory pathways, suggesting this may potentially influence a
diverse array of cellular processes. We found limited evidence for stress-induced alterations
in the methylome corresponding to direct observed alterations in transcriptional immune
response to LPS. However, there was a functional overlap between gene pathways with
stress-induced changes in methylation and those central to the inflammatory immune
response to LPS, namely terms related to cellular adhesion/the ECM and signal
transduction. This suggests that, potentially, less direct mechanisms of epigenetic regulation
involving DNA methylation may play a wider role in mediating the long-lasting effects of both
acute and chronic stress on the immune response to pathogen challenge. These
mechanisms, for example, may include DNA methylation in other features such as IncRNAs
and far-distant enhancer regions, which have variable and context-specific regulatory effects
on gene expression, as well as interactive effects between DNA methylation and other

epigenetic modifications.

The contrasting effects of the acute and chronic stress observed might also reflect the
fact that the stressors were of a different nature (cold/air exposure v. lack of tank
enrichment), were applied at different stages of development (embryo v. larval), and gave
differential opportunity for recovery after stress exposure. While we selected each stressor
based on anticipated fish sensitivity, future studies could focus on assessing the relative
importance of these factors, for example by comparing acute and chronic stress during both
embryonic and larval stages. This would establish the most sensitive periods to acute and
chronic stress, and allow direct mechanistic comparison between the two stressors.
Furthermore, characterising the effects of acute and chronic stress on the brain-sympathetic-
chromaffin cell axis and the brain-pituitary-interrenal axis, which facilitate stress response in
fish, would provide critical mechanistic insight into how these stressors cause distinct and

contrasting effects on the gill transcriptome, methylome and immune response. Furthermore,
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while our experimental design included multiple families in order to rule out family-specific
effects, we did not assess the contribution of family-specific responses and genetic variation
on our results. This may be an important avenue for future studies, given the increasing
awareness on the importance of the relationship between epigenome and the genetic

background [58, 59].

Conclusions

In summary, we found that acute stress applied during embryogenesis and chronic stress
experienced during larval development induced contrasting effects on gill transcription and
immune response in Atlantic salmon. Acute and chronic stress also induced considerable
changes in the baseline methylome, including modulation of similar cellular signalling
pathways suggesting that these may be common targets of stress-induced epigenetic
regulation with the potential for far-reaching effects on cellular processes. However, the
specific patterns of methylation change at the individual CpG level were very different
between acute and chronically stressed fish, suggesting that stressor types differ in fine level
epigenetic regulation. As expected, we found that stress-induced changes in the methylome
were only directly associated with transcriptional differences, and transcriptional responses
to LPS, for a small proportion of genes. However, at the gene-pathway level, we present
evidence for stress-induced differential methylation in the key signalling and regulatory
networks involved in transcriptional response to a pathogen challenge. This suggests that
stress may influence the immune response through wider, less direct, epigenetic

mechanisms.

These results have important implications for health and disease management of farmed
fish populations, which are commonly exposed to multiple stressors and infection
challenges. They highlight the importance of considering the long-lasting effects of early life
stress, even when no obvious effects on growth or body condition are apparent, and suggest

that early-life stress has considerable effects on immuno-competence and disease
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susceptibility. Such knowledge could be used to harness the potentially stimulatory effects of
acute stress on the immune system of Atlantic salmon and other commercially important
fish. Our study provides the first evidence that direct and indirect epigenetic mechanisms

may play a role in mediating the lasting effects of early-life stress on fish immune function.

Materials and methods

Ethics statement

All experiments were performed with the approval of the Swansea Animal Welfare and
Ethical Review Body (AWERB; approval number IP-1415-6) and infection challenges were
approved by Cardiff University Animal Ethics Committee and conducted under a UK Home

Office License (PPL 302876).

Stress experiments

Atlantic salmon eggs were assigned at random to three experimental treatments: control,
acute environmental stress and chronic environmental stress, with two replicate groups of
500 eggs per treatment. For the duration of the experiment, fish were maintained in
standard, recirculating hatchery conditions, with temperature gradually increasing from 9 °C
to 11 °C and photoperiod adjusted from 10:14h to 14:10h light: dark over the duration of the
study. To rule out potential family effects, eggs were obtained from 10 different families (1:1
crosses) and these were equally distributed to each experimental group.

The acute stress was applied during late embryogenesis, which is a critical phase for the
development of the immune and nervous systems, and a period of enhanced sensitivity to
stress [60, 61]. We immersed embryos (360 DD) in iced water (0.2 °C) for five minutes and
then exposed them to air (12 °C) for five minutes before returning them to normal water

temperature (9 °C). We chose this stress based on previous work [22], which used a one
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minute iced water and one minute air exposure as part of repeated stress experiment to
induce transcriptomic and epigenetic effects in Atlantic salmon, and based on our own
preliminary trials in which we established that the longer (five minute) stress duration did not
affect embryo survival or hatching success. The chronic stress commenced upon hatching
(475 DD), when the cortisol-stress response, thought to mediate the inhibitory effects of
chronic stress on the immune system [7], is present in salmonids [62]. Larvae were reared in
fry troughs without the artificial hatching substrate (Astroturf) used in the control and acute
stress groups for the duration of the experiment (four months). Artificial substrate is routinely
used in salmon farming to mimic the natural substrate, and provides support and shelter to
fish larvae. Salmonid larvae reared in bare troughs tend to show elevated cortisol levels,
developmental abnormalities and impaired growth [63, 64]. Full details on fish husbandry are
given in the supporting information.

Daily mortalities of embryos, larvae and fry were recorded, and growth was monitored based
on a subset of 20 euthanised individuals from each of the six replicate troughs at four time-
points; 492, 748, 1019 and 1323 DD. At the final sampling point (1532 DD), mass and fork
length of 20 fish from each tank were determined and used to calculate Fulton’s condition
factor [65]. Power analysis based on our data indicates that we were able to detect a
minimum difference of between 3% and 14% in body mass during the course of the
experiment, based on 80% power. These values are within the range typically used for
growth studies in aquaculture [66]. All gill arches from both sides of each fish were dissected
out and stored in RNAlater (Sigma Aldrich, UK) at 4°C for 24 h followed by longer term
storage at -20 °C for subsequent RNA/DNA extraction. At each of the five sampling points
separately, the effects of stress treatment (control, acute, chronic) on fish mass, as well as
condition factor at the final sampling point, were assessed using linear mixed effect models
(Ime function in nmle [67]) in R version 3.3.3 [68] using tank identity as a random factor to

account for variation between replicate tanks.

Immuno-stimulation experiment
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To assess the effect of acute and chronic environmental stress on immune response, at
1532 DD we exposed salmon fry from each group to lipopolysaccharide (LPS), a pathogen-
associated molecular pattern, mimicking a bacterial infection. Six fry from each replicate tank
(12 per group) were exposed to 20 pug/ml LPS obtained from Pseudomonas aeruginosa
(Sigma Aldrich, UK) for 24 h in 0.5 L tanks, each containing a static volume of aerated water.
Exposure concentration and duration was selected based on previous studies [69-71] and a
preliminary trial. Fish were visually monitored for any signs of behavioural change (i.e.
gasping or reduced swimming activity) indicative of distress, during the course of the
experiment by one person. After exposure, fry were euthanised, weighed and measured,

and all gill arches were dissected out and stored in RNAlater.

Transcriptome and methylome sequencing

Matched transcriptome and methylome analysis of the gill was performed at the final
sampling point (1532 DD) for a total of eight fish in each of the two stress groups and the
control group (24 fish in total, including four from each replicate tank). Transcriptome
analysis was also performed on the gills of eight LPS-exposed fish from each of the three
experimental groups (24 fish; four per replicate tank). RNA and DNA were simultaneously
extracted using the Qiagen AllPrep DNA/RNA Mini Kit, and all libraries were prepared using
high quality RNA and DNA (full details given in supporting information). Transcriptomic
analysis was conducted using RNA-seq; the 48 libraries were prepared using the lllumina
TruSeg RNA preparation kit and sequenced on an lllumina NextSeq500 platform (76bp
paired-end reads). Methylation analysis was performed using Reduced Representation
Bisulfide Sequencing (RRBS); the 24 libraries were prepared using the Diagenode Premium

RRBS Kit, and sequenced on lllumina NextSeq 500 (76 bp single-end reads).

Bioinformatics analysis
Full details of bioinformatics analyses performed are provided in the supporting
information. Briefly, for the transcriptomics analysis, following quality screening and filtering
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using Trimmomatic [72], high quality reads were then aligned to the Atlantic salmon genome
(v GCF_000233375.1_ICSAG_v2; [26, 73]) using HISAT2 (v 2.1.0; [74]), followed by
transcript reconstruction and assembly using StringTie (v1.3.3) [75] and extraction of non-
normalised transcript read counts. Differentially expressed genes in response to stress and
LPS exposure were identified using a multifactorial design in DeSeqg2 [76], including the
main effects of stress and LPS exposure, and their interaction, and accounting for potential
variation between replicate tanks. Genes were considered significantly differentially
expressed at FDR <0.05. Hierarchical clustering of all genes significantly regulated by LPS,
and all genes for which a significant interaction between stress and LPS response was
identified, was performed using an Euclidean distance metric and visualised using the
Pheatmap package in R [77]. Functional enrichment analysis of differentially regulated
genes was performed using DAVID (v 6.8; [78]), using zebrafish orthologs for improved
functional annotation, and terms were considered significantly enriched with g<0.05 after
multiple testing correction (Benjamini-Hochberg).

For the methylation analysis, initial read quality filtering was performed using TrimGalore
[79] before high quality reads were aligned to the Atlantic salmon reference genome and
cytosine methylation calls extracted using Bismark v 0.17.0 [80]. Mapped data were then
processed using SegMonk [81], considering only methylation within CpG context, and only
including CpGs with a minimum coverage of 10 reads in each of the 24 samples in the
analysis. Differentially methylated CpGs (DMCpGs) were identified using logistic regression
(FDR<0.01 and >20% minimal CpG methylation difference (JAM|)). For each DMCpG, we
identified the genomic location (gene body, promoter region (<1500 bp upstream of the
transcription start site (TSS)), or intergenic region) and the context location (CpG island
(2200 bp with GC % = 55% and an observed-to-expected CpG ratio of = 65%), CpG shore
(up to 2 kb of a CpG island), CpG shelf (up to 2 kb of a CpG shore)). For the DMCpGs that
were within a gene, or within 2 kb (upstream or downstream) of the TSS or transcription
termination site (TTS) respectively, we also performed gene function enrichment analysis as
described above. To generate a more stringent list of DMCpGs for further cluster analysis
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between stress groups, we additionally ran t-tests for each paired comparison using a

threshold of p<0.01, to identify DMCpGs shared by both statistical methods.

Transcriptome-methylome integration

To explore the relationship between the methylome and the transcriptome we performed
targeted DNA methylation analysis for putative gene regulatory regions and for gene bodies,
and in each case investigated the relationship between total methylation level and gene
expression. For the analysis of gene bodies, we only used gene bodies containing 2 5 CpGs,
each with = 10 reads per CpG, in all 24 samples (10,017 genes covered out of 61,274
overall expressed genes; 16.3%). To increase the number of p.promoter regions included in
the analysis, we used a lower threshold (regions containing = 3 CpGs, each with = 5 reads
per CpG, in all 24 samples; 5,422 gene promoter regions covered; 8.8% expressed genes).

We performed a Spearman correlation between mean gene expression and mean DNA
region-level methylation within p.promoters and, separately, within gene bodies, for all
covered genes in the control group (n=8). Mean gene expression was the average
normalised read counts per gene, across all 8 fish in the control group, while mean DNA
methylation was the average methylation level across the 8 replicates, in each case based
on the average methylation percentage for that region. As there was no linear relationship
between gene body methylation and gene expression, we additionally performed a
generalized additive model (GAM) to investigate whether there was a non-linear relationship.
GAM assumes that the smoothed component of the independent variable, rather than
independent variable itself, predicts the dependent variable [82].

We also aimed to identify genes for which early life stress influenced both DNA
methylation and gene transcription. For all expressed genes at the baseline time-point (i.e.
not exposed to LPS), we plotted gene expression difference in each of the stress groups
relative to the control group (delta expression) against the respective difference in gene body
methylation and in p.promoter methylation (delta methylation). We identified genes with a
marked effect of stress on both expression and methylation (>2 fold delta expression and
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>5% difference in methylation), based on previously described thresholds [e.g. 83, 84] and
performed functional enrichment analysis as before. We also performed a Chi-square test
incorporating Yates’ correction to test distribution of hypo-methylated/up-regulated, hyper-
methylated/up-regulated, hypo-methylated/down-regulated and hyper-methylated/down-
regulated genes.

We investigated the possible role of stress-induced changes in DNA methylation in
influencing transcriptional response to the immune challenge (LPS). Therefore, for all genes
for which a significant interaction between stress and transcriptional response to LPS
exposure was identified, we plotted delta expression following exposure to LPS relative to
that in the control group against delta baseline methylation relative to the control group, and

identified genes with a >5% difference in baseline methylation.
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Figure Legends

Figure 1. The impact of early life stress on transcriptional response to LPS.

A) Multidimensional scaling analysis illustrating the very significant effect of exposure to 20
ug/ml LPS on the entire gill transcriptome (78,229 putative loci) of fish from all stress
treatment groups. B) Heat map illustrating the expression of all genes for which a significant
interaction between acute and/or chronic stress and LPS response was identified (516
genes), in all baseline and LPS-exposed fish. Data presented are read counts for each
individual normalised by library size, and by mean expression for each gene. Hierarchical

clustering was performed using an Euclidian distance metric.

Figure 2. Visualisation of the Atlantic salmon gill methylome. A) Average CpG
methylation percentage in gene bodies and within the 1.5 Kb upstream and downstream of
the transcription start (TSS) and termination sites (TTS) for each stress group. B-C)
Histograms of average methylation distribution within gene bodies and putative promoter
regions. D) Heat map illustrating percentage methylation for all differentially methylated
CpGs identified in response to acute and/or chronic stress (logistic regression g< 0.01 and
|AM|>20%, and ttest p <0.01) in all individuals at the baseline time-point, using

unsupervised hierarchical clustering.

Figure 3. Integration of transcriptome and methylome. Scatterplot and boxplot displaying
mean gene expression and mean DNA methylation for A) putative promoters and B) gene
bodies in control fish (n=8), with lines representing a linear trend (A) and a smoothed GAM
curve (B). C-F) Starburst plots displaying the effect of stress on the transcriptome and the
methylome. For each type of stress relative to the control group, change in gene expression
(log2fold change) is plotted against change in DNA methylation (AM) for (C;E) putative
promoters and (D;F) gene bodies. Highlighted dots denote genes with AM > 5% and |FC |>

2; yellow= hyper-methylated/up-regulated, blue=hyper-methylated/down-regulated, green=
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959  hypo-methylated/up-regulated, red= hypo-methylated/down-regulated. A full list of

960 highlighted genes is provided in Table S5-S6.
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