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Abstract 

This study sheds new light on the timescale through which histone post-translational modifications (PTMs) respond to environmental 
stimuli, demonstrating that the histone PTM response does not necessarily precede the proteomic response or acclimation. After 
a variety of salinity treatments were administered to Mozambique tilapia (Oreochromis mossambicus) throughout their lifetimes, we 
quantified 343 histone PTMs in the gills of each fish. We show here that histone PTMs differ dramatically between fish exposed to 
distinct environmental conditions for 18 months, and that the majority of these histone PTM alterations persist for at least 4 weeks, 
irrespective of further salinity changes. However, histone PTMs respond minimally to 4-week-long periods of salinity acclimation during 
adulthood. The results of this study altogether signify that patterns of histone PTMs in individuals reflect their prolonged exposure to 
environmental conditions.
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Introduction
Phenotypes arise from the collective action of numerous cellular 
components, including histone post-translational modifications 
(PTMs). Histone PTMs are epigenetic marks that regulate heritable 
patterns of gene expression, and they too exhibit complex regula-
tion. For example, histone PTMs can be influenced by cell type, an 
organism’s developmental stage and environmental conditions, 
and the life experiences of ancestors [1–3]. As such, histone PTMs 
are challenging to study, but they are emerging as an ecologically 
important mediator of physiological and evolutionary processes 
[4–6]. They can offer organisms, and their descendants, biological 
resilience to changing environments [7–9]. Developmental plastic-
ity is one strategy by which histone PTMs can facilitate resilience 
within an organism’s lifetime. In this process, an organism’s envi-
ronmental condition during specific developmental stages influ-
ences its phenotype during adulthood, theoretically in a manner 
that maximizes fitness [10].

Initially, in this study, we sought to determine whether histone 
PTMs facilitate developmental plasticity in Mozambique tilapia 
(Oreochromis mossambicus) amid salinity challenges. Mozambique 
tilapia inhabit a wide range of salinities in nature, from freshwa-
ter to four times the salinity of seawater [11, 12]. Their exceptional 
tolerance to salinity, however, is restrained by both prior life 

experience and the rate of acclimation to new salinities [12–15]. 

Recent studies have mapped the identity and mean relative abun-

dance of 343 histone PTMs in Mozambique tilapia tissues and 

found four histone PTMs to be salinity responsive in the gills 

and gonads of adults [16, 17]. To test whether histone PTMs con-

tribute to salinity tolerance through developmental plasticity, we 

exposed Mozambique tilapia to two sets of salinity treatments. 

The first set of salinity treatments was administered throughout 

the development of fish. We exposed Mozambique tilapia to either 

freshwater or hypersalinity during their early critical window of 
development, being gonadal sex differentiation [5, 18–20], then 
we continued to raise the fish in either freshwater or seawater, 
respectively, for 18 months. Therefore, fish were raised either in 
freshwater or under salinity stress. Once the fish reached adult-
hood, we began the second set of salinity treatments. Fish were 
acclimated to either freshwater or seawater for 4 weeks because, 
within that timeframe, Mozambique tilapia reach complete accli-
mation to either of the environmental conditions by altering their 
gill morphology and physiology [21–24]. To maximize the power 
for detecting environmentally induced changes in histone PTMs, 
we used siblings of Mozambique tilapia, collected as larvae, for 
this study. The siblings belonged to the same clutch and therefore 
shared the epigenetic history of their ancestors [25, 26].
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In total, four distinct salinity treatments were administered to 
fish over the course of their lifetimes: (i) salinity stress during 
development and seawater during adulthood (HS*/S), (ii) salin-
ity stress during development and freshwater during adulthood 
(HS*/F), (iii) freshwater during development and seawater during 
adulthood (FF*/S), and (iv) freshwater during both development 
and adulthood (FF*/F). Following all salinity treatments, we quan-
tified 343 biologically relevant histone PTMs, collectively referred 
to as the global histone PTM landscape, in the gills of each fish. By 
comparing the global histone PTM landscape between fish given 
these different salinity treatments, we sought to investigate not 
only developmental plasticity, but also whether histone PTMs 
are impacted by environmental conditions when exposures are 
lifelong, long-term throughout development, or 4 weeks during 
adulthood.

The results of this study challenge our previous perceptions of 
how histone PTMs fit into the central dogma of molecular biol-
ogy. As a consequence, we are left with a nondefinitive conclusion 
as to whether histone PTMs facilitate developmental plasticity 
in the context of Mozambique tilapia facing salinity challenges. 
However, we gain fascinating insight into the timescale at which 
histone PTMs change and persist, and thereby break new ground 
for epigenetics research in the context of ecology.

Results
The 343 histone PTMs, collectively referred to as the global histone 
PTM landscape, were quantified within the gills of each fish and 
subjected to five pairwise comparisons. To determine whether life-
long exposure to two distinct environmental conditions impacts 
histone PTMs, we first compared the global histone PTM landscape 
between fish exposed exclusively to freshwater and fish exposed 
exclusively to increased salinity for 18 months (treatments FF*/F 
and HS*/S). Two comparisons were made to evaluate the influ-
ence of long-term environmental exposures during development. 
First, we compared histone PTMs between the fish that experi-
enced freshwater or salinity stress during development when, as 
adults, the fish were acclimated to freshwater (treatments FF*/F 
and HS*/F). Second, we compared histone PTMs between the fish 
raised in freshwater or under salinity stress when the fish were 
acclimated to seawater as adults (treatments FF*/S and HS*/S). 
Another two comparisons were made to determine whether salin-
ity acclimation during adulthood alters the global histone PTM 
landscape. In one instance, histone PTMs were compared between 
fish acclimated to either freshwater or seawater during adulthood 
when the fish were raised in freshwater (treatments FF*/F and 
FF*/S). Similarly, histone PTMs were compared between fish accli-
mated to either freshwater or seawater when the fish were raised 
under salinity stress (treatments HS*/F and HS*/S). A complete 
account of the results from this study is displayed in Supple-
mentary Table S1, which includes, for each salinity treatment 
group, the mean relative abundance and M-value of all 343 his-
tone PTMs, and for each salinity treatment comparison, values of 
log2 fold change, P-value, and conditioned q-value. In the following 
sections, we highlight the major findings.

Lifetime exposure to environmental conditions
When the 343 histone PTMs were compared between fish exposed 
to distinct environmental conditions throughout their lives (treat-
ments FF*/F and HS*/S), 34 histone PTMs (9.9%) were signifi-
cantly different (Fig. 1, Supplementary Table S1). The histone 
PTMs detected to change included modifications of methylation, 
dimethylation, trimethylation, and biotinylation, for which fish 

in freshwater displayed low relative abundance of the modifica-
tions on a genome-wide level when compared to the fish exposed 
to increased salinity. The modification of lactylation and/or car-
boxyethylation also followed this pattern. It should be noted that 
lactylation and carboxyethylation cannot be distinguished from 
each other using our method of histone PTM analysis because 
these two chemical groups have the same molecular formula. We 
hereby refer to modifications of lactylation and/or carboxyethy-
lation simply as lactylation, because lactylation is more likely to 
appear as a histone PTM than carboxyethylation [27]. The envi-
ronmentally responsive histone PTMs containing modifications 
of 4-hydroxynonelation and amidation displayed the highest rel-
ative abundance in the gills of fish exposed only to freshwater 
and the lowest relative abundance in the gills of fish exposed 
to increased salinity. Mixed patterns of change were observed 
for histone PTMs containing modifications of acetylation, phos-
phorylation, oxidation, dioxidation, and deamidation; in some 
instances, these histone PTMs had the lowest relative abundance 
in fish exposed to freshwater and the highest relative abundance 
in fish exposed to increased salinity, but in other instances, the 
opposite pattern was observed.

Long-term exposure to environmental conditions 
during development
To determine whether histone PTMs induced by long-term envi-
ronmental exposures during development persist within the gills 
of fish after their environmental conditions change in adulthood, 
we performed two sets of comparisons. First, we compared his-
tone PTMs between fish raised either in freshwater or under 
salinity stress when the fish were acclimated to freshwater as 
adults (treatments FF*/F and HS*/F). Between these fish, 27 of 
343 histone PTMs (7.9%) were found to be significantly different 
(Fig. 2, Supplementary Table S1). The 27 histone PTMs detected 
in this treatment comparison included modifications of acetyla-
tion, methylation, oxidation, dimethylation, 4-hydroxynonelation, 
lactylation, dioxidation, phosphorylation, and deamidation. A 
few patterns emerged from this comparison. First, the modifica-
tion of 4-hydroxynonelation had the highest relative abundance 
when the fish were raised in freshwater and a significantly lower 
relative abundance when fish were raised under salinity stress. 
Yet, several types of modifications exhibited the opposite pattern. 
Specifically, the histone PTMs containing methylation, dimethyla-
tion, and lactylation had low relative abundances when fish were 
raised in freshwater and significantly higher relative abundances 
when fish were raised under salinity stress. A mixed pattern of 
change was observed for histone PTMs containing modifications 
of acetylation, oxidation, dioxidation, deamidation, and phospho-
rylation. Of the 27 histone PTMs found to be significantly different 
between fish in the FF*/F and HS*/F treatment groups, only eight 
were not significantly different between fish in the FF*/F and HS*/S 
treatment groups. The histone PTMs that did not overlap in their 
significance are histone H2A lysine 122 dimethylation, histone 
H2A proline 48 dioxidation, histone H2A lysine 122 methylation, 
histone H3 arginine 83 deamidation, histone H2A.Z isoform X1 
lysine 156 methylation, histone H1.10 lysine 116 acetylation, his-
tone H4-like threonine 73 acetylation, and H4-like threonine 75 
acetylation.

To further evaluate the influence of long-term environmen-
tal exposures during development, we compared histone PTMs 
between the fish raised either in freshwater or under salinity 
stress when the fish were acclimated to seawater as adults (treat-
ments FF*/S and HS*/S; Fig. 3, Supplementary Table S1). This 
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Figure 1. Impact of lifelong environmental exposures on histone PTMs. (a) The global histone PTM landscape of the gills was compared between fish 
exposed exclusively to freshwater (treatment FF*/F) and fish exposed exclusively to increased salinity (treatment HS*/S). (b) A volcano plot depicts the 
pattern of change for all 343 histone PTMs between the fish in these treatment groups, where colored points represent histone PTMs found to have a 
high-fold change (green), low conditioned q-value (blue), both a high-fold change and low conditioned q-value (red), or no substantial difference (gray). 
(c) For each of the histone, PTMs found to have both a high-fold change and low conditioned q-value when compared between fish in the FF*/F and 
HS*/S treatment groups (blue), the mean relative abundance is displayed for each salinity treatment group. Error bars represent the mean relative 
abundance ± the standard error of the mean.

Figure 2. Impact of long-term environmental exposures on histone PTMs in fish acclimated to freshwater. (a) The global histone PTM landscape of the 
gills was compared between fish exposed exclusively to freshwater (treatment FF*/F) and fish that were raised under salinity stress but acclimated to 
freshwater during adulthood (treatment HS*/F). (b) The pattern of change for all 343 histone PTMs is depicted in a volcano plot. Colored points 
represent the histone PTMs found to have a high fold change (green), low conditioned q-value (blue), both a high-fold change and low conditioned 
q-value (red), or no substantial difference (gray). (c) The histone PTMs found to have both a high-fold change and low conditioned q-value when 
compared between the gills of fish in the FF*/F and HS*/F treatment groups (blue) are further depicted in bar graphs, which display the mean relative 
abundance of the histone PTMs in each salinity treatment group. Error bars represent the mean relative abundance ± the standard error of the mean.

comparison revealed 9 of 343 histone PTMs (2.6%) to be signif-
icantly different. The nine histone PTMs that significantly dif-
fered between the fish in these salinity treatment groups were 

composed of acetylation, phosphorylation, oxidation, and 4-
hydroxynonelation. In the cases of histone phosphorylation, oxi-
dation, and 4-hydroxynonenation, all environmentally responsive 
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Figure 3. Impact of long-term environmental exposures on histone PTMs in fish acclimated to seawater. (a) The global histone PTM landscape of the 
gills was compared between fish exposed exclusively to increased salinity (treatment HS*/S) and fish that were raised in freshwater then acclimated to 
seawater during adulthood (treatment FF*/S). (b) A volcano plot portrays the influence of salinity treatment on all 343 histone PTMs The colored points 
represent histone PTMs found to have a high-fold change (green), low conditioned q-value (blue), both a high-fold change and low conditioned q-value 
(red), or no substantial difference (gray). (c) For the histone PTMs found to have both a high-fold change and low conditioned q-value when compared 
between fish in the HS*/S and FF*/S treatment groups (blue), the mean relative abundance in each salinity treatment group is displayed. Error bars 
represent the mean relative abundance ± the standard error of the mean.

histone PTMs in the gills had a higher relative abundance in fish 
raised in freshwater than in fish raised under salinity stress. Only 
one of the histone acetylation modifications was shown to have a 
higher relative abundance in the gills of fish raised under salinity 
stress when compared to fish raised in freshwater.

Acclimation to environmental conditions during 
adulthood
To determine the influence of salinity acclimation on histone 
PTMs, we compared the global histone PTM landscape of the gills 
between fish acclimated to either freshwater or seawater during 
adulthood. This comparison was made twice: once when fish were 
raised in freshwater, and once when fish were raised under salin-
ity stress (Fig. 4, Supplementary Table S1). Among the fish raised 
in freshwater, only one of the 343 histone PTMs (0.3%) exhib-
ited a significant difference when fish were acclimated to either 
freshwater or seawater as adults. This histone PTM was histone 
H3 lysine 79 dioxidation (P-value: 1.81e-05; conditioned q-value: 
0.0057), and its relative abundance was highest in fish acclimated 
to freshwater (0.044%) and lowest in fish acclimated to seawater 
(0.017%). Among the fish raised under salinity stress, none of the 
343 quantified histone PTMs in the gills were found to be signif-
icantly different between fish acclimated to either freshwater or 
seawater as adults.

Discussion
Three key results shape our overarching conclusion that environ-
mental conditions elicit a slow but enduring response of histone 
PTMs in the gills of Mozambique tilapia. First, histone PTMs vary 
dramatically between fish exposed to distinct environmental con-
ditions throughout their entire lives. Second, the majority of the 
environmentally induced changes in histone PTMs persist after 
fish acclimate to new salinities during adulthood. Third, the accli-
mation of fish to different salinities during adulthood leads to 
minimal changes in histone PTMs.

To begin interpreting these results, we will first consider what 
happens to fish when they acclimate to either freshwater or sea-
water during adulthood. Four weeks is the time attributed to full 
acclimation of Mozambique tilapia to these salinities, as the nec-
essary morphological and physiological changes in the gills take 
place within that timeframe [21–23]. In this study, we investigated 
the impact of salinity acclimation during adulthood on histone 
PTMs across two scenarios: once when fish were raised in freshwa-
ter and once when fish were raised under salinity stress. Between 
these two scenarios, only one histone PTM was found to change 
significantly between fish acclimated to either freshwater or sea-
water during adulthood. This histone PTM was histone H3 lysine 
79 dioxidation, and it changed significantly between these salin-
ities when the fish were raised in freshwater. The extent of this 
histone PTM response is consistent with a previous study we con-
ducted on acute salinity stress in Mozambique tilapia, where only 
two histone PTMs significantly responded to salinity stress in the 
gills [17].

What we did not anticipate was the extent to which histone 
PTMs vary in the gills of fish following a lifetime of exposure to dis-
tinct environmental conditions. When the 343 histone PTMs that 
we quantified were compared between fish exposed exclusively 
to freshwater and fish exposed exclusively to increased salinity, 
34 histone PTMs (9.9%) were found to be significantly different 
at a genome-wide level. This result was particularly surprising 
because the histone PTM response to environmental stimuli is 
presumed to occur within a matter of minutes [3, 28]. A quick 
response like this is intuitive given the central dogma of molecular 
biology, where DNA is transcribed into RNA, and RNA is translated 
into protein [29]. If histone PTMs mediate the transcription of DNA 
into RNA, and if proteins are responsive to environmental stimuli, 
it would follow that the histone PTM response to environmental 
stimuli precedes the proteomic response [29]. Because Mozam-
bique tilapia experiencing an ambient salinity change compensate 
for osmoregulation by altering gill proteome networks well within 
4 weeks of exposure [30], we assumed that histone PTMs would 
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Figure 4. Impact of salinity acclimation during adulthood on histone PTMs. (a) First, the global histone PTM landscape of the gills was compared 
between fish acclimated to either freshwater or seawater during adulthood, specifically when the fish were raised in freshwater (treatments FF*/F and 
FF*/S, respectively). (b) A volcano plot depicts the pattern of change for all 343 histone PTMs between the fish in these treatment groups. (c) For the one 
histone PTM found to have both a high-fold change and low conditioned q-value when compared between fish in the FF*/F and FF*/S treatment groups 
(blue), the mean relative abundance in each salinity treatment group is displayed, with error bars representing the mean ± the standard error of the 
mean. (d) Second, the global histone PTM landscape of the gills was compared between fish acclimated to either freshwater or seawater during 
adulthood, specifically when the fish were raised under salinity stress (treatments HS*/F and HS*/S, respectively). (e) The pattern of change for all 
quantified histone PTMs is depicted in a volcano plot. In both volcano plots shown here (B and E), colored points represent histone PTMs found to have 
a high-fold change (green), both a high-fold change and low conditioned q-value (red), or no substantial difference (gray).

respond fully to ambient salinity change during adulthood within 
that timeframe as well. This assumption was invalidated upon our 
finding that histone PTMs are impacted minimally by a four-week 
acclimation, but dramatically by lifelong exposure to different 
salinities.

Because our experimental design was founded on the invalid 
assumption that the histone PTM response to environmental stim-
uli precedes the proteomic response, we were unable to detangle 
the influence of exposure to hypersalinity during gonadal sex 
differentiation (i.e. an early critical window of development) via 
developmental plasticity from the influence of long-term expo-
sure to seawater on histone PTMs in this study. Therefore, as early 
life history impacts the histone PTM response to ambient salin-
ity during adulthood (Figs 2 and 3), we perceive two explanations 
for this change. The first explanation is that histone PTMs facili-
tate developmental plasticity in the gills. Developmental plasticity 
is a common event that is often attributed to epigenetic marks 
established during early critical windows of development [31–33]. 
Even within humans, early life experiences impact the progression 
of non-communicable diseases in adulthood through epigenetic 
processes [34]. The second explanation of our results, however, 
is that enduring levels of histone PTMs result from the gradual 
accumulation of life experiences over a very long time.

Based on the patterns of change exhibited by the environmen-
tally responsive histone PTMs identified in this study (Figs 1–4), we 
find stronger support for the second explanation that unexpect-
edly large amounts of time are needed to establish global histone 
PTM landscapes representative of an organism’s life experience. 
The fish that were exposed to distinct environmental conditions 
throughout their lifetimes tended to display the extreme values 
of relative abundance for these histone PTMs (Fig. 1). In other 
words, the highest and lowest values of relative abundance for the 

environmentally responsive histone PTMs were typically found in 
fish that were exposed exclusively to freshwater (treatment FF*/F) 
or increased salinity (treatment HS*/S), while intermediate values 
of relative abundance were exhibited by the fish acclimated to 
new salinities for 4 weeks during adulthood (treatments FF*/S and 
HS*/F). This pattern suggests that, given more time, the relative 
abundance of histone PTMs in fish exposed to new salinities dur-
ing adulthood would have resembled the relative abundance of 
histone PTMs in fish exposed to those salinities throughout their 
lives. This, however, does not preclude the possibility that both 
developmental plasticity and long-term exposure meaningfully 
contributed, perhaps at disproportionate degrees, to the global 
histone PTM landscape [35, 36].

Regardless of the mechanism by which histone PTMs were 
influenced, the majority of induced changes persisted within the 
gills of Mozambique tilapia, even 4 weeks after fish were trans-
ferred to new environmental conditions. This is evident in the 
number of histone PTMs that, within fish acclimated to the same 
salinity during adulthood, differed significantly depending on the 
environmental conditions in which the fish were raised. Specif-
ically, fish acclimated to freshwater as adults displayed 27 sig-
nificantly different histone PTMs (Fig. 2), and fish acclimated to 
seawater as adults displayed nine significantly different histone 
PTMs (Fig. 3), depending on their long-term environmental con-
dition during development. Due to the difference in the extent to 
which histone PTMs are retained when fish are acclimated to sea-
water or freshwater, we speculate that seawater elicits a stronger 
histone PTM response than freshwater. The influence of salinity 
on histone H3 lysine 79 dioxidation further reinforces this spec-
ulation, as fish exposed to seawater for any duration and at any 
developmental stage in this study displayed a significantly lower 
relative abundance of this histone PTM in their gills compared 
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to fish only exposed to freshwater (Fig. 4). All of these persistent 
histone PTMs signify epigenetic memory of environmental condi-
tions, and their 4-week retention is striking, especially given the 
rapid turnover of histone proteins [37]. Such retention of histone 
PTMs can nonetheless be explained by processes such as genomic 
bookmarking and the faithful transmission of PTMs on parent 
histones to newly synthesized histones [38, 39]. Altogether, our 
results reveal that environmental conditions elicit global changes 
in histone PTMs on a scale much slower than previously thought, 
but that alterations in histone PTMs are highly persistent. This 
finding sheds light on the variability of histone PTM responses and 
epigenetic memory previously reported across taxa, as experimen-
tal treatments have ranged in duration from hours to lifetimes 
[17, 40–44]. We therefore anticipate that histone PTM responses 
to environmental stimuli would prove much more pervasive if 
investigated in ecological contexts, where organisms experience 
prolonged exposure to environmental parameters of interest.

Based on the results of this study, several open questions 
remain, including the following. To what extent did developmental 
plasticity versus long-term exposure contribute to environmen-
tally induced changes in histone PTMs? Where along the genome 
do these histone PTMs accumulate? How long could each of the 
histone PTM alterations have persisted within organisms and, if 
applicable to gonads, descendants? Do the histone PTM alter-
ations impart a beneficial phenotype? Further investigation into 
questions such as these, which address the physiological and 
evolutionary role of environmentally induced changes in histone 
PTMs, represents a critical next step in epigenetic research that we 
anticipate will unlock the potential to use histone PTMs as tools to 
predict an organism’s environmental past and phenotypic future.

Materials and methods
Salinity treatments
The salinity treatments imposed on Mozambique tilapia in this 
study were conducted in two phases. In total, 40 fish were ana-
lyzed, and individual fish served as experimental units. The 
fish were lab-bred, and all originated from broodstock originally 
obtained at the University of Stellenbosch, South Africa. Ran-
domization of salinity treatment assignment was achieved using 
a random number generator. All researchers were aware of fish 
treatment assignments during the allocation, experiment, and 
data analysis.

The first phase of salinity treatments was designed to extend 
throughout fish development, and the second phase of salinity 
treatments was designed to represent a period of salinity accli-
mation of fish during adulthood. For this purpose, Mozambique 
tilapia larvae from a single clutch were collected at an estimated 
age of 7 days post-hatching. Upon collection, fish were separated 
randomly into one of two primary treatment groups: the freshwa-
ter primary treatment group (FF*) or the salinity stressed primary 
treatment group (HS*). Fish assigned to the freshwater primary 
treatment group were exposed only to freshwater throughout 
development. For fish in the salinity stressed primary treatment 
group, salinity was increased from freshwater at a rate of 7.5 g/kg 
each day, beginning on day 9 post-hatching. This rate of salinity 
increase continued until salinity reached a maximum of 85 g/kg on 
day 20 post-hatching. Salinity was maintained at 85 g/kg until day 
25 post-hatching. The period of exposure to these hypersaline con-
ditions corresponded to a critical early window of development in 
Mozambique tilapia, being gonadal sex differentiation [18]. Start-
ing on day 26 post-hatching, salinity was decreased at a rate of 

10 g/kg per day, until a final salinity of 30 g/kg (i.e. seawater) was 
reached on day 31 post-hatching.

Fish were maintained in the designated salinity of their pri-
mary treatment groups until reaching 1.5 years of age. At that 
point, the fish in each primary exposure condition were further 
divided randomly into two secondary treatment groups: the fresh-
water secondary treatment group (F) and the seawater secondary 
treatment group (S). Each secondary treatment represented a 
four-week exposure to either freshwater or seawater. In order to 
transition fish from freshwater to seawater, or vice versa, for their 
secondary salinity treatment, salinity was increased or decreased 
at a rate of 5 g/kg/day. Once the desired salinity was reached, the 
four-week period of exposure began. All salinity treatments were 
completed on the same day; therefore, all fish analyzed in this 
study were of the same age.

In summary, fish were exposed to four distinct salinity treat-
ments in this study: (i) salinity stress during development and 
seawater during adulthood (HS*/S; n = 10), (ii) salinity stress during 
development and freshwater during adulthood (HS*/F; n = 10), (iii) 
freshwater during development and seawater during adulthood 
(FF*/S; n = 10), and (iv) freshwater during both development and 
adulthood (FF*/F; n = 10). Upon the completion of these salinity 
treatments, all fish were euthanized, and the gill epithelial tis-
sue from each fish was collected. The use of the 40 fish used in 
this experiment was approved by the UC Davis IACUC under the 
protocol number 21846.

Processing samples for histone PTM analysis
Samples of gill epithelial tissue were processed through our previ-
ously described workflow for histone PTM analysis, where tissues 
are dissociated into cells through a protocol of mechanical single-
cell suspension, cells are enriched for histone proteins through 
histone acid extraction, and histone proteins are digested into 
peptides using multiple digestion methods in parallel [16]. The 
digestion methods chosen for this study were (i) the protease V8 in 
the buffer ammonium bicarbonate, which cleaves proteins at the 
carboxyl end of glutamate, and (ii) the protease V8 in the buffer 
sodium phosphate, which cleaves proteins at the carboxyl end of 
both glutamate and aspartate (ThermoScientific, cat# 20151). Liq-
uid chromatography mass spectrometry was employed to obtain 
values of histone peptide abundance, which were then converted 
to values of histone PTM abundance [16]. Notably, a PTM AScore 
threshold was not applied in this study. Using these methods, we 
quantified the relative abundance and M-value of 343 biologically 
relevant histone PTMs in each sample of gill epithelial tissue.

Statistical analyses
To elucidate how histone PTMs in the gills of Mozambique tilapia 
respond to environmental conditions through time, we compared 
all 343 quantified histone PTMs, collectively referred to as the 
global histone PTM landscape, between fish exposed to specific 
salinity treatments using t-tests. To determine how lifelong expo-
sure to distinct environmental conditions impacts histone PTMs, 
the global histone PTM landscape was compared between fish in 
the FF*/F and HS*/S treatment groups. Two sets of comparisons 
were made to determine the impact of long-term environmental 
conditions during development on histone PTMs. First, the global 
histone PTM landscape was compared between fish in the FF*/S 
and HS*/S treatment groups. Second, the global histone PTM land-
scape was compared between fish in the FF*/F and HS*/F treatment 
groups. Another two sets of comparisons were made to determine 
the impact of salinity acclimation during adulthood on histone 
PTMs in the gills. First, the global histone PTM landscape was 
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compared between fish in the FF*/F and FF*/S treatment groups. 
Second, the global histone PTM landscape was compared between 
fish in the HS*/F and HS*/S treatment groups. No data points from 
the 40 fish sampled in this experiment were excluded in these 
analyses. To correct for the multiple hypothesis testing within 
each salinity treatment comparison, we applied Boca and Leek’s 
FDR regression method [45, 46]. Because this method of multiple 
hypothesis testing correction increases power in statistical analy-
ses by accounting for covariates, we designated the modification 
type (e.g. acetylation, phosphorylation) of each histone PTM as 
the covariate in our analyses. Using the R programming environ-
ment (version 4.2.0) [47], we prepared volcano plots and bar graphs 
with the R packages ggplot2 [48] and tidyverse [49] to depict major 
results.
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