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Since stress can be transmitted to congeners via social metabolites, it is para-

mount to understand how the social context of abiotic stress influences

aquatic organisms’ responses to global changes. Here, we integrated the tran-

scriptomic and phenotypic responses of zebrafish embryos to a UV

damage/repair assay following scenarios of heat stress, its social context and

their combination. Heat stress preceding UV exposure had a hormetic effect

through the cellular stress response and DNA repair, rescuing and/or protect-

ing embryos from UV damage. However, experiencing heat stress within a

social context negated this molecular hormetic effect and lowered larval fit-

ness. We discuss the molecular basis of interindividual chemical transmission

within animal groups as another layer of complexity to organisms’ responses

to environmental stressors.

Keywords: carryover effect; DNA repair; heat stress; hormetic effect;

stress communication; UV damage

In an era of fast-paced climate change, thermal anom-

alies such as extreme temperatures are becoming more

frequent [1,2]. Such heat events may cause sharp

declines in fitness in ectotherms [3]. Aquatic

ectotherms, such as zebrafish [4], can spawn in shallow

waters where offspring experience high temperatures

and environmental mutagens including ultraviolet

radiation (UVR) from sunlight [5]. Moreover,
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heat-stressed aquatic animals may release metabolites

altering the biology of conspecifics not directly

experiencing heat stress in a mechanism of stress social

communication [6,7]. Embryos developing in clutches

may consequently show amplified stress responses to

heat due to such ‘social metabolites’. Therefore, the

understanding of the effects of extreme heat stress on

vulnerable aquatic animals as well as their perception

of risk via chemical ecology emerge as two important

avenues of research. However, there is little knowledge

about the consequences of the social context of such

early-life direct stressors when aquatic animals face

subsequent environmental challenges. This is particu-

larly relevant as species inhabit increasingly challeng-

ing environments with multiple stressors [8]. When

interacting, the response of organisms to these com-

bined stressors may be unexpected due to synergism

and antagonism [9] as well as hormesis where stress

history protects against future challenges [10,11].

Therefore, predicting the fate of aquatic species in

future environments requires a better understanding of

the social context of their stress history and the muta-

genic environments they encounter.

One prominent mutagenic stressor, UVR, is

expected to increase towards the end of the century

[12] including in aquatic environments that simulta-

neously become warmer [1,2]. UVR is a pervasive

stressor for a multitude of species [13] including fish

[14], explaining that it receives increasing attention in

studies within ecological contexts considering multiple

stressors [15]. Early-life stages developing outside the

maternal body are particularly vulnerable to both

UVR [5,13,16] and heat stress [17,18]. Since early-life

exposure to UVR lowers fitness in later stages [19,20],

it becomes paramount to understand the consequences

of heat stress and its social context experienced during

early development on the ability to persist within

mutagenic environments. For instance, past studies

found that abiotic stressors, such as high temperatures,

combined with UVR can lead to additive, synergistic

or antagonistic effects on the biology of fish [14,21,22].

Mechanistically, heat may denature DNA repair pro-

teins [23,24] and lower energy investment towards

DNA repair [25]. Such lowered DNA repair capacity

may increase DNA damage, which we hypothesise will

affect fitness and survival through increased mutation

rates. Prior studies mostly investigated heat simulta-

neous to UVR. However, stressors can have ‘latent

carry-over’ effects persisting once the initial stressor is

removed, which is an important yet overlooked avenue

of research [26–29]. The effects of UVR combined with

higher temperature may be complex and depend on

the timing of heat exposure [30]. In this study, we

investigate carry-over effects, which we refer to as

‘stress history’, when encountering a subsequent muta-

genic environment.

In natural environments, both ultraviolet A (UVA,

315–400 nm) and ultraviolet B (UVB, 280–315 nm) fil-

ter through the water column and cause molecular

damage to lipids, proteins and DNA [5,14,31]. Most

DNA damage is attributable to UVB, whilst UVA

(along with blue light) activates photorepair mecha-

nisms that directly reverse DNA lesions such as cyclo-

butane pyrimidine dimers (CPDs) and 6–4
photoproducts (6-4PPs) [31–33]. Other repair mecha-

nisms include nucleotide excision repair to substitute

damaged nucleotides [5,31,34], mismatch repair to

remove mispaired bases [35] and homologous recombi-

nation and nonhomologous end joining to repair

double-strand breaks [31,36]. Failure to mount such

repair responses to UVR can impair immunity [21,37]

and scale up to whole-body damage such as altered

behaviour, locomotion, increased malformations, and

in turn, mortality [13,14,38]. UVB may also induce

inheritable epigenetic changes such as histone modifi-

cations, resulting in inherited resistant phenotypes

[39,40]. The well-characterised cellular response to

UVR can be harnessed to better understand the dam-

age and repair systems following direct heat stress his-

tory and the social context of heat stress through

means of social metabolites.

Zebrafish (Danio rerio), even at embryonic stages,

possess a competent repair system, involving genes in

all repair pathways, to remove UVB-induced DNA

lesions [32,41–43]. Among these, blue light- and

UVA-activated photolyases efficiently photorepair

CPDs and 6-4PPs formed during UVB exposure, res-

cuing zebrafish embryos from UVB-induced morpho-

logical defects [32,41]. We recently evidenced that both

heat stress and the social context of heat stress via

social metabolites stressed zebrafish embryos [7,44].

We now ask whether heat stress or social metabolites

of heat-stressed embryos affect DNA protection or

repair capacity in a mutagenic environment, in terms

of nucleic acid integrity and differential expression of

repair-relevant genes, and, as a result, affect apparent

fitness (reaction to the novel stimuli light and touch)

at the phenotypic level. In more detail, we hypothe-

sised (H1) that prior stress history exacerbates the neg-

ative consequences of mutagenic environments, (H2)

mediated by stress history-dependent alterations of the

cellular machinery upon UVR, leading to (H3)

increased emergence of mutant phenotypes with fitness

outcomes more greatly adversely affected by more

complex stress history. At the cellular level, we

expected stress history to act on the DNA repair
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pathway [33], heat shock response (i.e. protein folding)

[45], RNA and protein methylation [46,47] and epige-

netic gene expression regulation [48] due to their

known roles in repairing and protecting macromole-

cules upon UV exposure.

Materials and methods

Zebrafish handling methods

Adult zebrafish (Danio rerio, AB strain) stocks were

obtained from the Universities of Sheffield and Cambridge

and were maintained at the University of Hull in a

temperature-controlled room at 27 °C with a 14 : 10 light :

dark cycle. Fish were fed twice a day an alternate diet of

mini-bloodworm, daphnia and dried flakes. Breeding con-

sisted of placing plastic trays filled with marbles and plastic

plants, directly in the adult fish stock tanks, in the afternoon

prior, and collecting zebrafish embryos at 10 am. Zebrafish

embryos were cleaned in fresh E3 embryo medium [49] and

then bleached by immersion for 3 min in each of the follow-

ing baths: (a) bleaching medium, (b) embryo medium, (c)

bleaching medium, (d) embryo medium and (e) embryo

medium. Bleaching medium contained 0.004% bleach in E3

embryo medium after diluting 10–13% active sodium chlo-

ride in embryo medium. Only viable embryos (at least 2-cell

stage and no more than at the high stage, that is 3.3 h post

fertilisation, with no visible deformation) were transferred

into 0.2 mL PCR wells prefilled with the respective experi-

mental medium. All experiments were approved by the

Ethics committee of the University of Hull (FEC_2019_194

Amendment 1). Zebrafish stages are expressed in hours post

fertilisation (hpf) and days post fertilisation (dpf) according

to Kimmel et al. [50].

Experimental design

Here, we define ‘stressors’ as environmental factors that

alter homeostasis, which can be observed by measuring the

behavioural, physiological and molecular adaptive

responses aiming at restoring homeostasis [51–54]. We have

recently shown that repeated exposure to a sublethal tem-

perature of 32 °C is stressful to zebrafish embryos, provid-

ing the framework to study the effects of both direct heat

stress and the social context of heat stress propagated via

chemical cues [44]. We used a ‘fresh medium’ free of any

metabolites and a ‘stress medium’ containing ‘social metab-

olites’ released by heat-stressed conspecific donors as

described in Feugere et al. [44]. We have previously shown

that media containing social metabolites from stressed

embryos, control metabolites from unstressed embryos or

no metabolites induce distinct phenotypes [44]. Addition-

ally, we showed that metabolites released by unstressed

zebrafish embryos are distinct—both chemically and in

terms of their effects on the receivers—from those released

by heat-stressed animals [44]. For this reason, we here

opted for a control free of metabolites. The factorial design

yielded the following condition: control (C) or one of three

‘stress history’ treatments, namely, thermal stress (TS),

social metabolites (SM) or a combined treatment

(TS + SM).

One hour after collection and immediately after bleaching

protocols, zebrafish embryos were individually exposed for

24 h to experimental stress history treatments, starting at

11 am during the cleavage period (2 to 3.3 hpf) until 11 am

on the next day. Zebrafish embryos were exposed to a

two-way factorial design of two temperature protocols (con-

trol vs. sublethal heat stress) and two types of embryo

medium (200 lL of either fresh medium containing no

metabolites vs. conditioned medium containing social metab-

olites) in a thermal cycler with a closed lid. Temperature pro-

tocols were either (a) a control constant temperature of

27 °C or (b) thermal stress consisting of 19 cycles of temper-

ature fluctuations between 27, 29, 32, 29 and 27 °C, with

each step maintained for 15 min. Whilst deviating from real-

istic heatwaves, this thermal stress protocol aimed to expose

embryos to a maximum number of sublethal +5 °C heat

events at crucial times of embryonic development to mimic

repeated stress-induced exhaustion from multiple heat events.

Social metabolites were obtained by pooling 180 lL of

medium per heat-stressed donor’s well into a Falcon tube

and immediately transferring 200 lL of the pooled stress

medium into social metabolite receivers’ wells. Fresh social

metabolites for SM and TS + SM were obtained from

donors exposed to TS on the day prior to limit their molecu-

lar degradation. After 24 h of exposure, embryos were

removed from their treatments and exposed to a UVB/UVA

damage/repair assay (Fig. 1). This assay induces deleterious

mutations through UVB exposure followed by UVA-induced

DNA repair. UVR treatments were labelled C + UV,

TS + UV, SM + UV and TS + SM + UV. Zebrafish

embryos were sampled both before (data from [44]) and

immediately after UVR exposure for RNA sequencing.

Another set of embryos was maintained under control condi-

tions after UVR exposure until 4 dpf for phenotypic ana-

lyses. Embryos were humanely euthanised at 4 dpf through

snap-freezing at �80 °C.

Experimental UVR exposure

At the end of the 24-h-long exposure to C, SM, TS and

TS + SM, survival rates were monitored and viable

embryos were placed into small petri dishes (35 mm in

diameter) in their incubation media for each treatment and

were subjected to UVR in the UVB/UVA damage/repair

assay. The methods were adapted from Dong et al. [41]

and optimised for allowing > 75% survival at 4 dpf to

measure differences in phenotypes between treatments (see

Supplementary Methods ‘Optimisation of UVR exposure’

in Data S1). We used this sequential exposure to UVB and
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UVA, instead of simultaneous exposure, to ensure that

UVB-induced macromolecule damage that could be

repaired through UVA, allowing us to study the changes in

DNA repair capacity depending on stress history. The

UVB/UVA damage/repair assay was first optimised on

control embryos so that UVA rescued embryos from

UVB-induced defects with both no excess mortality and a

significant increase in healthy embryos. Zebrafish embryos

within their chorion were centred in their Petri dish and

exposed at 27 °C in darkness for 6 min on top of a UV

transilluminator (Syngene Ltd., GelVue GVM20, Cam-

bridge, UK) equipped with six UVB bulbs (peak of

306 nm, UVB, 8 watts lamp wattage, 1.6 watts ultraviolet

output, Sankyo Denki G8T5E, Hiratsuka, Kanagawa,

Japan). Next, zebrafish embryos were immediately trans-

ferred (within 1 min) to the UVA setup which consisted of

a 15-min exposure at 27 °C in a ‘sandwich’ system of PCR

handle stations (365 nm UVA, 4 W UVA output, Spectro-

line ENF-240C/FE) comprised of one bottom-up (direct

contact against the bottom of the Petri dish) and one on

top-down (11 mm away from embryos due to the height of

the petri dish) UVA sources. The UVA setup was placed in

the laboratory under both visible light from bulbs and nat-

ural sunlight which also excite DNA repair enzymes such

as photolyases [55]. The chosen timing (6 min + 15 min)

aimed to allow the expression of DNA repair mechanisms

at the time of embryo sampling for RNA sequencing

(within 15 min after the end of the UVB/UVA exposure).

RNA sequencing and analysis

RNA sequencing was performed using the same methods

and sequenced at the same time as the samples described in

Feugere et al. [44]. At the end of the stress history treat-

ments and immediately after UVR assays, embryos still in

their chorion were pooled by groups of 20 individually

exposed embryos and immediately humanely euthanised by

snap-freezing at �80 °C. Sample sizes for RNA sequencing

were n = 3 biological replicate pools for each treatment,

each representing the average gene expression of 20

embryos per replicate and a total of 60 embryos per treat-

ment, obtained from different clutches. Pooling was deter-

mined as the best method to increase statistical power

whilst reducing noise from individual variation in gene

expression [56]. Samples were randomised, at the time of

RNA extraction, for blind sample preparation and RNA

sequencing. Total RNA was extracted via the TRIzol

method followed by a DNAse I digestion step (#10792877,

InvitrogenTM TURBO DNA-freeTM Kit, Waltham, MA,

USA) and a sodium acetate clean-up. Total RNA samples

within 1 min

UV-B for 6 min
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Fig. 1. Scheme of experimental design. Left: zebrafish embryos were exposed to heat stress history conditions of repeated thermal stress

(see diagram of heat peaks) or social metabolites induced by it from 2 h post fertilisation (hpf) to 1 day post fertilisation (dpf). Stress history

treatments were as follows: control (C), thermal stress (TS), social metabolites (SM), social metabolites in thermal stress (TS + SM). Grey

arrows show metabolite transfer from donors (*, hatched tube caps) to receiver embryos (black tube caps). Middle: At 1 dpf, embryos

experienced successive macromolecule damage through ultraviolet B (UVB, short-dash red arrow) and repair through ultraviolet A (UVA,

plain green arrows). Right: zebrafish embryos were either immediately sampled for RNA sequencing at 1 dpf (with or without UV) or

incubated in control conditions for phenotypic analyses until 4 dpf. Endpoints were RNA sequencing (DNA symbol), morphology (camera),

hatching (opened chorion), behaviour (video recorder) and survival.
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were assessed for quality, cDNA libraries were prepared

with the TruSeq stranded mRNA kit, and sequenced by

Illumina NovaSeq 6000, 50PE sequencing at the Edinburgh

Genomics facility. FASTQC v0.11.9 (https://www.

bioinformatics.babraham.ac.uk/projects/fastqc/) was used

to assess read quality before and after filtering and trim-

ming using FASTP v0.23.1 [57]. Reads from UV-exposed

conditions were deduplicated using FASTP after PCR-biased

duplication was detected using the R package DUPRADAR

v1.18.0 [58]. The splice-aware mapper STAR v2.6.1 [59]

served to align and count reads to the reference zebrafish

genome (primary genome assembly GRCz11.104). In addi-

tion to the UV samples generated in this contribution

(available under accession number GSE223685 on NCBI’s

Gene Expression Omnibus database), corresponding RNA

sequence data from non-UV treatments (C, TS, SM,

TS + SM, are available under accession number

GSE220546 on NCBI’s Gene Expression Omnibus data-

base) were taken from Feugere et al. [44].

DESEQ2 v1.28.1 [60] was used for differential expression

analyses in R v4.0.2 [61] using BIOCONDUCTOR v3.11 [62].

DESEQ2 models have been reported to successfully handle

multi-factorial designs [63,64]. Therefore, transcriptomes

were compared (a) for each UV- vs. no-UV treatment

(C + UV vs. C, TS + UV vs. TS, SM + UV vs. SM,

TS + SM + UV vs. TS + SM) and (b) between UV-treated

control and treatments (C + UV vs. TS + UV, C + UV vs.

SM + UV, C + UV vs. TS + SM + UV; Dataset S1). The

interactive effect of combined direct heat and social metab-

olites was further explored by comparing SM + UV and

TS + UV to TS + SM + UV (Dataset S1; see Supplemen-

tary Methods in Data S1). The magnitude of change (abso-

lute log fold change, LFC) and gene expression ratios in

response to UV were compared in a two-way design of

heat 9 social metabolites across C + UV, SM + UV,

TS + UV and TS + SM + UV. This analysis was repeated

with Gene Ontology (GO)-term wide P-value adjustments

within subsets of genes from four candidate pathways that

we hypothesised to be involved in facilitating recovery from

UVB: ‘DNA repair’ (GO:0006281), ‘protein folding’

(GO:0006457), ‘macromolecule methylation’ (GO:0043414),

and ‘regulation of gene expression, epigenetic’

(GO:0040029). Principal Component Analyses of regu-

larised logarithmic (rlog) transformed data were explored

using the prcomp R function from the stats package [61].

The differentially expressed genes (DEGs) were visualised

as volcano plots with the EnhancedVolcano R package

v1.6.0 [65]. DEGs were considered significant when

P-adj < 0.05 and |FC| ≥ 1.5 (|LFC| > 0.58). Gene identifiers

were cross-database-converted using biomaRt R package

v2.44.4 [66,67]. We retrieved the genes associated with each

of the four candidate GO terms listed above using TOPGO

v2.40 [68] and the org.Dr.eg.db v3.11.4 database [69].

GOSTAT v2.54.0 [70] (hypergeometric test), CLUSTERPROFILER

v3.16.1 [71] and REACTOMEPA 1.32.0 [72] R packages served

to identify functionally enriched GO terms, Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) pathways and Reac-

tome pathways associated with identified DEGs,

respectively. Functional terms were considered enriched

when P-adj < 0.1 and gene count ≥ 2.

Phenotypic experiments

We combined different observed phenotypic variables (mor-

phology, defects and behavioural activity) to estimate the

apparent fitness of the developing zebrafish. Phenotypic

measurements consisted of imaging 4-dpf larvae for

morphometry and videoing for heart rate, as well as

light-induced startle response (at 1 dpf) and light- and

touch-evoked swimming (at 4 dpf) for behaviour. Fewer

defects indicated a higher apparent fitness. Startle, light-

and touch-evoked responses simulating a risk environment

were used to infer on the effect of treatments on the appar-

ent fitness of the larvae. As UV lowered developing zebra-

fish responsiveness to stimuli, hyperactive 1-dpf embryos

(moving more) and 4-dpf larvae (swimming more) indicated

a higher apparent fitness by avoiding the simulated risk

(see Supplementary Methods in Data S1 for details).

Statistical analyses

All statistical analyses were performed in R v4.0.2 [61] and

graphs mainly drawn with the GGPLOT2 R package [73]. Gene

expression binary data were analysed with chi-squared tests

from RSTATIX v0.7.0 [74] using chisq_test for model terms and

pairwise_chisq_gof_test for pairwise post hoc treatment com-

parisons. Gene expression linear models were represented

with GGSCATTER from GGPUBR v0.4.0 [75]. Phenotypic data

was analysed first as single univariate metrics. Binary pheno-

typic data were analysed using generalised linear models with

binomial data. Parametric numerical data were analysed

using two-way ANOVAs followed by pairwise post hoc tests

using EMMEANS v1.7.3 [76], after transformation from BEST-

NORMALIZE v1.8.2 [77,78] where necessary and possible.

Model assumptions were verified using Breusch–Pagan tests

for heteroskedasticity from LMTEST v0.9-38 [79] and Shapiro–
Wilks tests for normality of residuals. Nonparametric

numerical data were analysed using Scheirer–Ray–Hare tests

followed by pairwise Wilcoxon–Mann–Whitney post hoc

tests from RCOMPANION v2.4.1 [80]. Since changes in mor-

phometry (e.g. embryo size) were outcomes of treatments, we

did not include them as covariates but instead tested for cor-

relation statistics between phenotypic variables using CORR-

PLOT v0.92 [81]. PERMANOVAs were performed with the

adonis function from VEGAN v2.5-7 [82] followed by pairwise

PERMANOVAs using the pairwise.adonis function from

pairwiseAdonis v0.4 [83]. For the RNA-seq data, a PERMA-

NOVA performed on the transformed expression matrix fol-

lowing a regularised log transformation (rlog R function

from DESEQ2) helped to validate the selection of significant
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DEGs by the DESEQ2 models, for which an interactive effect

of the UV and stress history treatments was expected. All

tests are two-tailed and multiple comparisons were adjusted

for false discovery rates.

Next, the apparent fitness was investigated at the

whole-body level by integrating all multivariate data from

phenotypic measurements in addition to their individual ana-

lyses. Separate multivariate analyses (PERMANOVAs) were

conducted on the phenotype data at 1 and 4 dpf to account

for age-specific responses to UVR. Principal component ana-

lyses (PCA) of 1- and 4-dpf data were conducted using

prcomp. Multivariate data at 1 dpf included two variables:

burst activity percentage and burst count per minute. Multi-

variate data at 4 dpf included 14 variables: number of burst

events, percentage of time moving, speed, total distance, per-

centage of moving larvae in the dark–light assay; total dis-

tance moved, total time moved and speed in the touch-

evoked assay; as well pericardial oedema, embryo length,

embryo size-normalised pericardial width, embryo size-

normalised eye length, hatching and the defect score.

‘Apparent fitness scores’ were the PCA scores from the first

principal components (PC1) of the multivariate data, which

corresponded to 70.7% and 40.3% of the variance contribu-

tion at 1 and 4 dpf, respectively. Apparent fitness scores

were recoded prior to running multivariate analyses so that

higher values indicated a higher apparent fitness (i.e. moving

more and having fewer mutant phenotypes, as explained

above). Apparent fitness scores were compared between

treatments using an ANOVA to summarise patterns within

the whole of the data. Multivariate data were visualised

using GGBIPLOT v0.55 [84]. Model terms were visualised using

the plot_model function from SJPLOT v2.8.10 [85], and trends

were represented by smoothed loess lines using stat_smooth

from GGPLOT2. We reported our results with the language of

evidence when the evidence is weak (i.e. a ‘trend’,

0.1 < P < 0.05) [86]. Effect sizes, given in Dataset S1, were

interpreted according to Sawilowsky [87] as tiny (|d| < 0.1),

very small (|d| > 0.1), small (|d| > 0.2), medium (|d| > 0.5),

large (|d| > 0.8), very large (|d| > 1.20) and huge (|d| > 2.0).

All data can be found on Zenodo [88].

Ethics statement

All experiments were approved by the Ethical committee of

the University of Hull under the Ethics reference

FEC_2019_194 Amendment 1.

Results

A common response to UVR existed in all

treatments

We hypothesised that a history of heat stress amplifies

the negative effects of UVR, which we tested through

characterising the transcriptomic response to UVR (all

genes and functional enrichments are detailed in

Dataset S1). The response to UVR was analysed by

comparing each treatment followed by UVR against

its non-UV counterpart (C vs. C + UV, SM vs.

SM + UV, TS vs. TS + UV, and TS + SM

vs. TS + SM + UV). There were 127 differentially

expressed genes (DEGs) in all treatments in response

to UVR, with similar directionality and expression

levels (Fig. 2A and Fig. S1A). Shared genes were

ascribed to macromolecule metabolic processes,

nonsense-mediated decay (NMD), damage check-

points, immune response, apoptosis/autophagy and

organ development (Fig. 2C and Fig. S1B). UVR

notably halved the transcription of 30 ribosomal pro-

tein subunits under all four treatments and altered the

expression of heat shock proteins (hsp70.2, hsp70l,

hsp90ab1 and hspa8) involved in the heat shock

response (HSR), at least at the RNA level.

Different stress treatments initiated unique

molecular signatures

We confirmed that in a mutagenic environment, both

social metabolites and heat functioned as stressors that

altered major transcriptomic pathways after UVR

exposure (Fig. 3A,B,D,E and Fig. S1C–G). Compared

to C + UV, heat stress in TS + UV altered 133 genes

functionally enriched for eye development, somitogen-

esis, skeletal and cardiac muscle, macromolecule bind-

ing, but also active in the metabolism of glutathione

(including the glutathione-S-transferase gstp1), tyrosine

(involving tyrp1a and tyrp1b) and pyrimidine (Fig. 3D

and Fig. S1F). Compared to C + UV, social metabo-

lites in SM + UV induced 31 DEGs involved in fin

regeneration, structural molecule activity, and keratini-

sation, involving several keratin-related transcripts

(krt5/17/92, cyt1, cyt1l ). Social metabolites markedly

upregulated two immune-related genes, cfp and vsig8b

(Fig. 3B,E and Fig. S1G, Dataset S1). Comparisons

within UVR treatments indicated an interactive effect

of heat and social metabolites when combined, since,

compared to C + UV, TS + SM + UV altered the

expression of significantly more genes (n = 408) than

TS + UV (n = 133, v2 = 140.0, P < 0.0001) and

SM + UV (n = 31, v2 = 324.0, P < 0.0001, Fig. 3C

and Fig. S1I) alone did. Whilst DEGs of TS +
SM + UV were partially (n = 94) ascribed to the

response to temperature, a further 299 DEGs were

uniquely found in the combined treatment

TS + SM + UV and were involved in temperature

response, oxidoreduction, folding activity, macromole-

cule binding, but also in spinal cord and blood vessel

development (Fig. 3C,F and Fig. S1H,I). Comparing
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TS + SM + UV to SM + UV and TS + UV provided

further evidence for an interactive effect of heat and

social metabolites in combination, altering DEGs and

pathways distinct from those activated by heat or

social metabolites alone (Fig. S1J–M). The strong evi-

dence for a large effect size of the Treatment term
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Fig. 2. Heat stress history potentiates the transcriptomic response to UV exposure and induces a unique transcriptomic response to UVR

with different biological signatures. Transcriptomic signature of each of the four UV treatments (C, SM, TS, TS + SM) compared to their

non-UV pairs. (A) Venn diagram and (B) count of significantly altered genes in response to UVR. Functional enrichment of the genes (C)

shared by all four 10 treatments or (D) unique to C + UV vs. C, (E) unique to SM + UV vs. SM, (F) unique to TS + UV vs. TS and (G) unique

to TS + SM + UV vs. TS + SM. Enrichments show the top enriched terms (with highest gene count/term) of Biological Processes,

Molecular Functions, KEGG and Reactome pathways sorted by decreasing significance from lists of significant genes (P-adj < 0.05 and |FC|

> 1.5). Treatments were C: control in fresh medium at 27 °C, SM: social metabolites at 27 °C, TS: fresh medium in thermal stress,

TS + SM: social metabolites in thermal stress, all compared to their non-UV pairs. Sample size is n = 3 biological replicate pools of 20

embryos per treatment.
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(P = 0.001; Data S1, Table S1A), validated that, com-

pared to C + UV, stress history treatments initiated

different transcriptomic signatures.

Different stress treatments potentiated the

response to UVR

Compared to C + UV vs. C (n = 64 genes), stress

treatments altered more genes in response to UVR.

Treatment-specific UV-induced DEGs increased by

60% in SM + UV vs. SM (n = 102 genes, v2 = 8.7,

P = 0.0032), quadrupled in TS + UV vs. TS (n = 264,

v2 = 122.0, P < 0.0001) and almost trebled in

TS + SM + UV vs. TS + SM (n = 171, v2 = 48.7,

P < 0.0001, Fig. 2A,B). The combined treatment

TS + SM + UV vs. TS + SM induced significantly

fewer treatment-specific UV-responsive genes com-

pared to TS + UV vs. TS (v2 = 19.9, P < 0.0001), a

pattern that held true for the overall (i.e.

nontreatment-specific) number of UVR-induced genes

(Fig. 2A,B). The 64 genes unique to C vs. C + UV,

which represent the general response to UVR, were

associated with eye, ear and brain development, hexose

metabolism, response to chemicals (including peroxire-

doxin prdx1 and another heat shock protein,

hsp90aa1.2), and nucleotide/carbohydrate binding

(Fig. 2D and Fig. S1N, Dataset S1). The 102 genes

unique to SM + UV vs. SM were enriched for

peptidyl-lysine methylation with three notable genes,

eef1akmt2, smyd1b and suv39h1a (Fig. 2E and

Fig. S1O, Dataset S1). The 264 genes unique to

TS + UV vs. TS were associated with gene expression

regulation and RNA metabolism, brain and CNS

development and response to stimulus, which may

alter the metabolism of glutathione (including several

glutathione-S-transferases gstt1b, gstp1, gsto2 and

gstk2), inositol phosphate, and cholesterol (Fig. 2F

and Fig. S1P). The 171 genes induced by TS +
SM + UV vs. TS + SM were linked to ribonucleotides,

nucleotide di/triphosphates, ion homeostasis, signal

transduction and also with further ribosomal deactiva-

tion (with 28 more downregulated ribosomal RNAs)

and nonsense-mediated decay (NMD). Of note,

TS + SM + UV also induced several locomotory and
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Fig. 3. Heat stress and social metabolites followed by UVR alter important molecular pathways. Volcano plots (upper row) showing the

differentially expressed genes in response to (A) thermal stress (TS + UV vs. C + UV), (C) social metabolites (SM + UV vs. C + UV) and (E)

their combination (TS + SM + UV vs. C + UV). Genes of interest are shown in red when significant (P-adj < 0.05, |FC| > 1.5). Genes left of
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Functional enrichments (bottom row) of transcriptomic response to TS + UV (B), SM + UV (C) and TS + SM + UV (F) compared to C + UV.

Main functionally enriched terms for Gene Ontology of Biological Processes and Molecular Functions, KEGG and Reactome pathways are

shown. Treatments were, after UVR exposure, C + UV: control in fresh medium at 27 °C, SM + UV: social metabolites at 27 °C, TS + UV:
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embryos per treatment.
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swimming behaviour genes, namely atoh7, gdpd5a,

htr2cl1, pleca and pogza (Fig. 2G and Fig. S1Q). The

strong evidence for a large effect size of the interactive

term of UV and treatment (P = 0.001; Data 1,

Table S1A), validated that the response to UV

depended on the level of stress history treatment at the

transcriptomic level.

Candidate UV-induced pathways

Stress history-dependent responses to UVR were fur-

ther explored within candidate pathways associated

with macromolecule processing: ‘RNA integrity Num-

ber’ (RIN), ‘DNA repair’ (GO:0006281), ‘protein fold-

ing’ (chaperone response, GO:0006457), ‘regulation of

gene expression, epigenetic’ (GO:0040029) and ‘macro-

molecule methylation’ (GO:0043414). All statistical

analyses are reported in Dataset S1. Overall, there was

no evidence that heat (F = 0.01, P = 0.9192) and social

metabolites (F = 0.18, P = 0.6750) had an effect on

RNA degradation (Fig. S2A), whilst UVR (F = 6.44,

P = 0.0195) degraded RNA, as evidenced by lowered

RIN values. Two DNA repair genes, eya1 and fancf,

were respectively down- and upregulated in all treat-

ments in response to UVR (Fig. 4A,B). Heat stress,

but not social metabolites, increased the number

(n = 19 vs. 7 genes, v2 = 5.54, P = 0.0186) and expres-

sion magnitude (H = 4.23, P = 0.0397, ‘very small

effect size’ |d| = 0.11) of DNA repair genes, in response

to UVR (Fig. 4C).

We expected that heat stress history would limit

DNA repair capacities. However, TS + UV vs. TS

upregulated six (adprhl2, cry5, nthl1, prmt6, rmi2 and

ube2al ), and downregulated one (zfyve26), DNA

repair genes not found in C + UV vs. C. One

DNA repair gene, apex2, was significantly upregulated

under all stress treatments but not in C + UV vs. C

(Fig. 4B). Two DNA repair genes were associated only

with social metabolites, with brip1 downregulated by

UV in SM + UV vs. SM and rps3 downregulated in

both social metabolite treatments (TS + SM + UV vs.

TS + SM and SM + UV vs. SM but not in TS + UV

vs. TS; Fig. 4B). Furthermore, deviation from the 1-

to-1 expression ratio in ‘treatments with UVR’ vs.

‘treatments without UVR’, compared to C + UV vs.

C, evidenced perturbations of the DNA repair

pathway by treatments (Fig. 4D–F). UV-induced chap-

erone responses were overall consistent in all treat-

ments both in terms of number of genes and

expression magnitude, which were not altered by heat

(v2 = 1.47, P = 0.2250 and F = 0.2, P = 0.6736) nor

medium (v2 = 0.02, P = 0.8930 and F = 0.0,

P = 0.9862, Fig. S2B–G). Seven shared chaperone-

related genes included three HSPs (hsp70l, hsp90ab1

and hspa8), but also dnajb1b, ppiaa, tbcc and

zgc:122979 (an HSP 40 family member and human

orthologue of DNAJB5, Fig. S2B–F). The expression

of several hallmark genes, such as hsp70.3, hsp90aa1.2,

fkbp1b, dnajb1 and dnaja1b, in TS + SM + UV vs.

TS + SM was not as strong as the control response to

UV in C + UV vs. C; or was already activated by heat

stress (without UVR) but not further increased by

UVR (Fig. S2F,G). Particularly, hsp70l increased by

200-fold in C + UV vs. C, but only sixfold in

TS + SM + UV vs. TS + SM, representing a 33-fold

drop in its expected UVR induction (Fig. S2G). Over-

all, the proportion and the magnitude of expression of

genes involved in the macromolecule methylation path-

way were similar in response to UVR in all four treat-

ments (Fig. S2H–M). Nonetheless, social metabolites

had an effect on protein methylation as SM + UV vs.

SM altered transcript levels of three protein methyl-

transferases (suv39h1a, eef1akmt2 and smyd1b) not

found in C + UV vs. C (Fig. S2H,I). Investigating

epigenetic-associated genes (Fig. S2N–R) revealed that

social metabolites (v2 = 5.0, P = 0.0253), but not heat

stress (v2 = 0.2, P = 0.6550), activated several epige-

netic regulators, with four genes found in social

metabolites treatments: bmi1b, srrt, and two histone

linkers, h1-0 and si:ch73-368j24.12 (human orthologue:

H1.5 linker histone; Fig. S2N). Social metabolites also

altered the expected 1–to–1 expression ratios of epige-

netic pathway genes between SM + UV vs. SM and

C + UV vs. C (R = 0.18, P = 0.098, Fig. S2P). Of

note, heat marginally tended (weak evidence: P < 0.1)

to increase the magnitude of gene expression of both

methylation and epigenetic processes (Fig. S2J,O).

Heat rescued phenotypes from UVR, whilst

social metabolites caused hypoactivity and

TS + SM overwhelmed larvae

There were no differences in mortality, with > 95% of

embryos surviving the UVR exposure regardless

of treatments (Fig. S3A). We tested the hypothesis that

heat stress history causes more mutant phenotypes in

response to UVR through measuring fitness-relevant

outcomes (Fig. 5A–E). All statistical analyses are

reported in ‘Statistics’ in Dataset S1. The 1-dpf multi-

variate data showed that both heat (F = 28.04,

P = 0.001) and social metabolites (F = 9.14, P =
0.001) altered 1-dpf startle behaviours, with significant

differences between TS + UV (F = 7.78, P = 0.006)

and TS + SM + UV (F = 34.74, P = 0.006) compared
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to C + UV (Fig. 5A). 1-dpf embryos in

TS + SM + UV behaved differently from SM + UV

(F = 17.99, P = 0.006) and TS + UV (F = 8.27,

P = 0.024). Conversely, the 4-dpf multivariate data

showed that only TS + UV differed from C + UV

(F = 5.62, P = 0.03), with only weak evidence that

TS + UV also deviated from SM + UV (F = 4.72,

P = 0.078) and TS + SM + UV (F = 4.69, P = 0.066,

Fig. 5B).

We then individually analysed phenotypic variables

at 1 and 4 dpf (Fig. S3). Both heat stress (H = 38.1,

P < 0.0001) and social metabolites (H = 3.96,

P = 0.0465) reduced light responsiveness in 1-dpf

embryos (Fig. S3E,F), with TS + UV (W = 457,

P = 0.0009) and TS + SM + UV (W = 661,

P < 0.0001) lowering burst activity % compared to

C + UV (Fig. S3E). Larvae in SM + UV (t = �2.3,

P = 0.0491) and TS + UV (t = 3.8, P = 0.0016) were

longer relative to C + UV (Fig. S3G). In turn, heat

stress (z = 2.8, P = 0.0051) facilitated hatching, with

an increase from 11% in C + UV to 50% in TS + UV

(z = �2.8, P = 0.0306, Fig. S3B). There was weak to

moderate evidence that social metabolites (F = 4.9,

P = 0.0287) and heat (a trend with F = 2.9,

P = 0.0945) altered the 4-dpf embryo size-normalised

pericardial width (Fig. S3J). Larvae in TS + UV had

narrower pericardia relative to their body sizes com-

pared to C + UV (t = 2.91, P = 0.0104) and SM + UV
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Fig. 4. Influence of stress history treatments on DNA repair genes in response to UVR. (A) Counts and (B) Venn diagram of significant

genes from DNA repair (GO:0006281, n = 288 genes) in each treatment in response to UVR. Nonitalicised dark green and italicised dark red

gene names, respectively, indicate up- and downregulation (GO term wide P-adj < 0.05 and |FC| > 1.5). (C) Magnitude of UV-induced DNA

repair gene expression changes represented by the normalised absolute log-fold change (LFC). Heat stress (TS) is a significant predictor

shown on top-right corners in A (chi-squared test) and C (Scheirer–Ray–Hare test) with * indicating P < 0.05. Bottom row: LFC of gene

expression in DNA repair pathway in (D) SM, (E) TS and (F) TS + SM stress history treatments (y-axes) versus control C (x-axes). The null

hypothesis is that the UV-induced repair response is similar for all treatments and respects a 1-to-1 ratio (diagonal lines). Solid black lines

and shaded areas depict linear fits and confidence intervals. Labels indicate the top 20 genes with the most pronounced deviation relative

to C. Treatments were, before and after (+UV) UVR exposure, C: control in fresh medium at 27 °C, SM: social metabolites at 27 °C, TS:

fresh medium in thermal stress, TS + SM: social metabolites in thermal stress all compared to their non-UV pairs. Sample size is n = 3

biological replicate pools of 20 embryos per treatment.
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(t = 2.87, P = 0.0104). There was strong evidence for

protective effects against pericardial oedema with heat

stress (z = �3.3, P = 0.0010), with a drastic decline in

pericardial oedemas only in TS + UV (32%, z = 3.3,

P = 0.0059) compared to C + UV (82%, Fig. S3C)—
although heart rates remained similar across treat-

ments (Dataset S1). Larvae exposed to TS + UV also

had the lowest overall defect score, albeit not signifi-

cant relative to C + UV (Fig. S3I). Heat stress

(F = 8.27, P = 0.0051) also significantly increased the

eye-to-body size ratio following exposure to UVR

(Fig. S3H). At 4 dpf, there was weak to moderate evi-

dence that social metabolites reduced the dark–
light swimming activity (H = 3.86, P = 0.04955,

Fig. S3K), swimming burst counts (H = 3.37, P =
0.0663, Fig. S3M) and touch-evoked swimming speeds

(F = 3.64, P = 0.0599, Fig. S3P). Conversely, despite

having experienced UV, 4-dpf larvae in TS + UV were

constantly most responsive and had the highest num-

ber of active larvae (Fig. S3D), activity % (Fig. S3K),

distance swum (Fig. S3L), burst count (Fig. S3M) and

speed (Fig. S3N) in response to light, but also the

C SM TS TS+SM
p=0.08

*
p=0.07

−5.0

−2.5

0.0

2.5

5

−5 0 5
4-dpf PC1 (40.3% variance)

4-
dp

f P
C

2 
(1

6.
4%

 v
ar

ia
nc

e)

−2

−1

0

1

2

−2 0 2
1-dpf PC1 (70.7% variance)

1-
dp

f P
C

2 
(2

9.
3%

 v
ar

ia
nc

e)

C SM TS TS+SM

0.8

0.9

1.0

1.1

1.2

C+UV SM+UV TS+UV TS+SM+UV

at
 1

 d
pf

 (a
.u

)
Fi

tn
es

s-
re

le
va

nt
 s

co
re

at
 4

 d
pf

 (a
.u

)
Fi

tn
es

s-
re

le
va

nt
 s

co
re

1.0

1.5

1.75

1.25

0.75

C+UV SM+UV TS+UV TS+SM+UV

(A) (B)

(C) (D)

0.8

1.0

1.2

1.4

Av
er

ag
e 

fit
ne

ss
 s

co
re

 (a
.u

.)

C+UV SM+UV TS+UV TS+SM+UV

TS***SM***TS:SM*

TS p = 0.07
SM p = 0.06
TS:SM*

** *
**

**

Stress
intensity

31

132

407

TS****SM**TS:SM**
TS*
TS:SM**

SM*
TS:SM**

****
******** ** ****

* ***

p=0.098

p=0.098
p=0.055

(E)

TS+SMSMTS C

0.5 mmPE PE

BS

TMTM
PE YE

BS

YE

(F)

Fig. 5. TS + UV outperformed C + UV and TS + SM + UV showing a nonlinear response to ultraviolet radiation (UVR) with stress intensity.

Principal component analyses of phenotypes at 1 (A) and 4 (B) days post fertilisation (dpf). Higher values along PC1 indicate higher apparent

fitness scores. Large and small coloured symbols show centroids (�95% confidence interval, CI) and individual scores, respectively.

Ellipsoids show 95% normal CI probabilities. Polygons show smallest areas clustering samples per treatment. Apparent fitness scores are

shown at 1 (C) and 4 (D) dpf. Boxes show median and 25–75% quartiles. Whiskers are min/max values within 1.5 interquartile range.

Individual data given as jittered grey circles. (E) Apparent fitness scores (means � SEM) averaged between 1 and 4 dpf. Smooth loess lines

show 1-dpf (dotted red line), 4-dpf (dot-dashed blue line) and average (black solid line) scores. Black dots show mean � SEM in arbitrary

units (a.u.) scaled to control (C + UV, dashed blue horizontal lines). Numbers in (E) show how many genes were altered compared to

C + UV. Significant two-way model terms are shown in top-left corners with TS = thermal stress and SM = social metabolites. Post hoc

comparisons are shown with horizontal bars. (F) Compared to C + UV, embryos have fewer defects and are longer in TS + UV but show

larger pericardial-to-embryo length ratios with social metabolites SM + UV and TS + SM + UV. Defects include bent spine (BS), pericardial

oedema (PE), tail malformation (TM) and yolk extension disruption (YE). Image modification: embryo images were selected to represent

treatment effects and manually detoured, contrast was adjusted evenly for all treatments, and put on a black background. All tests are two-

tailed with adjustment for false discovery rate when multiple comparisons are made. Treatments were all followed by UVR (+UV), with

C + UV: control in fresh medium at 27 °C (n = 28), SM + UV: social metabolites at 27 °C (n = 22), TS + UV: fresh medium in thermal stress

(n = 20), TS + SM + UV: social metabolites in thermal stress (n = 25). *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001, ****: P ≤ 0.0001. Weak

evidence (P < 0.1) is shown in grey. See Fig. S3 for the analysis of individual metrics.
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highest distance swum (Fig. S3O) and speed (Fig. S3P)

in response to touch.

The morphological consequences of exposure to

TS + UV were associated with higher swimming

responsiveness with positive (embryo size) and negative

(pericardial oedema, pericardial width and defect

scores) relationships. Conversely, embryos in the com-

bined treatment TS + SM + UV did not show the

developmental rescue effect conferred by heat, and

were smaller compared to TS + UV (t = 3.3,

P = 0.0035) and SM + UV (t = 1.89, trend with weak

evidence: P = 0.0937), reaching similar sizes as in the

control C + UV (t = �0.32, P = 0.7474, Fig. S3G).

The heat-induced protection against wide pericardia

was lost in TS + SM + UV compared to TS + UV

(t = �3.11, P = 0.0104), resulting in similar pericardial

width relative to C + UV (t = �0.35, P = 0.8889,

Fig. S3J). This caused twice as much pericardial

oedema (although with weak evidence, z = �2.12,

P = 0.1008, Fig. S3C) in conjunction with higher

defect scores (W = 116, P = 0.0490, Fig. S3I) in

TS + SM + UV compared to TS + UV. Likewise,

TS + SM + UV caused the lowest responsiveness to

light at 1 dpf (Fig. S3E,F) and to light and touch stim-

uli at 4 dpf (Fig. S3K–P). Altogether, this indicated

that the combined treatment TS + SM + UV induced

more defects and negative outcomes compared to

TS + UV.

Summarising the multivariate data into an ‘apparent

fitness score’ (where higher values indicate better

apparent fitness-relevant outcomes) confirmed that

TS + SM + UV performed worst compared to

C + UV (t = 5.92, P < 0.0001), SM + UV (t = 5.72,

P < 0.0001) and TS + UV (t = 4.22, P < 0.0001) and

displayed the lowest apparent fitness scores at 1 dpf

(Fig. 5C). On the other hand, TS + UV increased

apparent fitness scores at 4 dpf compared to C + UV

(t = �3.47, P = 0.0049), SM + UV (t = �2.54,

P = 0.0257) and TS + SM + UV (t = 3.05, P = 0.0094,

Fig. 5D). Overall, the average apparent fitness scores

peaked with TS + UV, which had the highest average

apparent fitness score, higher than C + UV (t = �2.51,

P = 0.0422) and TS + SM + UV (t = 3.9, P = 0.0010).

The average apparent fitness score dropped in the mul-

tistress treatment TS + SM + UV, which tended to

have lower scores compared to C + UV (t = 1.76,

weak evidence: P = 0.0983) and SM + UV (t = 2.24,

weak evidence: P = 0.0550, Fig. 5E). In summary, this

revealed: (a) that compared to C + UV control, larvae

in SM + UV grew longer but were hypoactive at

4 dpf, (b) that larvae in TS + UV showed less pericar-

dial oedema and developed faster, which facilitated

their hatching and improved their behavioural

responses at 4 dpf, (c) whilst embryos and larvae in

TS + SM + UV failed to limit the formation of peri-

cardial oedema and had the worst apparent fitness per-

formances. This indicated a nonlinear relationship

between apparent fitness in response to UVR and the

intensity of stress history (Fig. 5E).

Discussion

Early-life stress may incur carry-over effects [89] lower-

ing the capacity of an organism to cope with future

stress events [90–92]. This raises concerns for the fate

of species inhabiting increasingly challenging aquatic

environments, particularly given social contexts

amplify stress levels [44]. Therefore, we explored the

effects of early-life stress history on the UVA-catalysed

recovery from UVB-induced damage in zebrafish

embryos. UVR can cause oxidative stress toxic to

lipids, antioxidants, ribosomes, proteins and nucleic

acids [5,38,93]. Here, UVR altered the metabolism of

macromolecules (ribosomes, mRNA, protein), DNA

checkpoints and organ development. The unfolded

protein response and ubiquitination pathways protect

proteins and remove damaged ones [94,95], likely

explaining their activation by UVR in our study. UVR

lowered RNA integrity and activated nonsense-

mediated mRNA decay and DNA checkpoints, indi-

cating that UVR caused damage to nucleic acids. The

DNA repair response involved fancf and eya1 in all

treatments. fancf helps recruit DNA repair genes upon

DNA damage [96–98]. Moreover, eya1 is a DNA

repair-promoting, UVR-inducible enzyme that was

downregulated by UVR, which is indicative of geno-

toxicity [99–101]. Many cell components were altered

by UVR, likely causing autophagy to remove damaged

macromolecules [102]. These cellular effects escalated

to the organismal level, resulting in hypoactivity, tera-

togenicity and reduced hatching, as previously

reported in zebrafish embryos [38,103].

Direct heat stress changed this UVR damage/repair

response compared to UVR-exposed control embryos.

Heat-stressed larvae were longer with fewer pericardial

oedema, better swimming performances, and earlier

hatching, providing evidence that heat rescued and/or

protected embryos from UVR damage. These results

do not support our initial hypothesis that heat stress

would disadvantage embryos in a mutagenic environ-

ment. Our results align with concepts of ‘hormesis’ or ‘

cross-protection’, that refer to beneficial stimulating

effects of low-dose, often mild, initial stress

[11,104,105]. In our study, the heat hormetic effect res-

cuing embryos from UVR may have resulted from

heat-induced defence mechanisms protecting against
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and/or repairing irradiation damage. Comparing tran-

scriptomes of heat-stressed embryos before and after

the UVR damage/repair assay suggests that hormesis

may have been mediated via (a) a stage-dependent

increased baseline tolerance, and by stimulating (b)

antioxidants, (c) the heat shock response and (d) DNA

repair.

Heat-stressed embryos were 6 h older than control

embryos that were still undergoing segmentation when

UVR started [44]. Older heat-stressed embryos may

display different phenotypes from stage-matched con-

trols [7], which warrants future research to disentangle

the effects of heat and development in the observed

response to UVR. Mature fish are more resistant to

UVR than earlier stages, possibly through a protective

role of pigmentation [5,14,103]. Heat treatment upre-

gulated two genes (tyrp1a/b) involved in melanin syn-

thesis [106,107], which may shield cells from UVR

[108]. Overdeveloped heat-treated embryos may also

have benefited from energy supply from the yolk sac

[109]. Likewise, heat upregulated several genes

involved in glycolysis (e.g. gapdh, gpia, pkmb) and

energy metabolism [44]. Therefore, heat-stressed

embryos may mobilise energy to fuel ATP-dependent

DNA repair mechanisms such as nucleotide excision

repair [110] and mismatch repair [35,111]. Supporting

this, heat-stressed embryos were hypoactive immedi-

ately after UVR, suggesting that they may have redir-

ected energy towards UVR-coping strategies.

Antioxidants may mediate hormesis through prepara-

tion for oxidative stress, an adaptive physiological

mechanism that upregulates antioxidants to confer tol-

erance against stress-induced reactive oxygen species

[112–114]. Supporting this, heat stress upregulated sev-

eral glutathione-S-transferases (GSTs) following UVR.

GSTs play a key role in the defence against oxidative

stress by catalysing the binding of reduced glutathione

to damaged macromolecules (lipids, DNA and pro-

teins), marking them for degradation [34,115]. The heat

shock response may mediate hormesis by limiting

molecular damage [116,117]. Our heat stress protocol

activated the heat shock response at 1 dpf [7,44], which

may have provided heat-treated embryos with a reserve

of HSP transcripts ready to be translated once UVR

started. HSPs are also key modulators of DNA repair

genes, which may in turn favour cell survival [118]. Fur-

thermore, heat activated the ubiquitin-proteasome sys-

tem (UPS, involving several ubiquitins, e.g., ube2al,

otulina, igs15 and otud7b genes), which play a central

role in DNA repair [119]. Therefore, the cellular stress

response activated by both heat and UVR may have

acted as a short-lived ‘transient cross-protection’ result-

ing in the cross-tolerance against UVR [11].

Unexpectedly, we found that heat stress history

improved DNA repair capacity in response to UVR.

These findings agree with increased DNA repair rates

at high temperature in Daphnia pulicaria [120], tad-

poles Limnodynastes peronii [121] and zebrafish

embryos [122]. DNA damage not repaired within 2 h

is irreversible in zebrafish embryos [32], suggesting that

transcriptomic changes captured approximately 30 min

following UVR played a key role in mediating horm-

esis. Whilst control embryos had limited DNA repair

capacity activating only one DNA repair gene (fancf ),

heat upregulated several DNA repair genes. Likewise

not supporting the initial hypothesis, we found a more

competent heat-induced photorepair indicated by the

upregulation of cry5, a 6–4 photolyase, that may have

acted against UVR damage at the time of (UVA and

blue) light exposure in TS + UV, possibly explaining

the higher survival in response to UVR

[33,55,123–125]. Heat also upregulated other DNA

repair-related genes that may have helped embryos in

TS + UV to repair DNA damage: adprhl2, apex2,

exo1, nthl1, rmi2 and ube2al (Table 1).

Likewise, heat stress activated the metabolism of

inositol phosphate, which is known to stimulate

double-strand break repair through nonhomologous

end joining [141]. Furthermore, heat stress tended to

increase the expression of transcripts involved in epige-

netics and methylation. Histone methylation can trans-

mit heat hormetic effects to later life stages and

subsequent generations [142], which may mean that

heat-treated embryos not only perform better in

response to UVR, but could also be better protected

from subsequent stress events.

Overall, heat stress history rescued and/or protected

embryos from molecular damage in a mutagenic envi-

ronment, likely by chaperoning proteins, activating

DNA repair, stabilising the genome and facilitating

methylation and epigenetic regulation. Whilst our find-

ings align with the concept of hormesis wherein heat

protects cells by activating the proteasome, the

heat shock response and antioxidants [116,143], further

research is needed to discriminate the involvement of

protective versus repair pathways in the hormetic

effect observed here. We also acknowledge limitations

to using behaviour and morphology as fitness proxies

[144–146], warranting future studies to assess whether

these fitness advantages hold in the natural environ-

ment, particularly if hormesis is mostly mediated by

the transient cellular stress response, as discussed in

Rodgers and Gomez Isaza [11]. The possible loss of

thermal plasticity and UVB tolerance in

laboratory-adapted zebrafish strains [41,147] and the

low percentage of explained variance (40.3%) in the 4-

13FEBS Letters (2025) ª 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

L. Feugere et al. Social context of heat and mutagen stress

 18733468, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.70047 by T

est, W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



dpf phenotypic data also warrant repeated experiments

validating our findings using wild zebrafish lines. Of

note, severe heat exacerbates stress-induced damage,

following an inverted U-shaped dose–response curve

[105,143,148]. The positive outcome of heat stress

observed here is likely explained by the sublethal heat

regime we used. We hypothesise that temperatures

beyond 32 °C would instead lead to negative outcomes

in a mutagenic environment, which again warrants fur-

ther investigation.

Biotically stressed aquatic animals communicate

with naive neighbours [149–151]. We previously

extended this mechanism to abiotic stress and identi-

fied specific classes of social metabolites induced by

heat stress [6,7,44]. Here, we again confirm that social

metabolites of heat-stressed donors induce stress in

receivers, through activating immune-, cell structure-

and keratin-related genes. Similar to the effect of

direct heat stress, embryos in SM + UV were hypoac-

tive at 1 dpf and longer at 4 dpf, but the activated

molecular pathways were markedly different from

those activated by heat stress. Stress treatments,

including social metabolites, but not control condi-

tions, activated apex2, an important DNA repair gene

in embryogenesis [127,152]. Keratin genes activated by

social metabolites may have improved photoprotection

against DNA damage in keratinocytes [153,154] and

promoted repair of DNA breaks [155]. However, the

response to UVR in the social metabolite treatment

also downregulated both brip1 and rps3, suggesting

some level of DNA damage [156,157] that may have

caused the observed malformations. Social metabolites

altered epigenetic and methylation genes, which may

mediate downstream transcriptomic changes [158]. For

instance, SM + UV downregulated srrt, which plays a

role in DNA repair [159,160], histone h1-5 and methyl-

transferases, suggesting alterations in transcriptional

regulation [161,162]. One differentially expressed gene

was smyd1b, playing a key role in skeletal muscles

[163,164], the downregulation of which may explain

how social metabolites rendered embryos hypoactive.

Therefore, whilst social metabolites induced markedly

more responsiveness to UVR compared to controls,

just like heat stress did, they failed to protect embryos

against UVR damage as efficiently as heat stress.

Whilst the effects observed in the social metabolite

treatment could be ascribed to specific metabolites

induced by heat, similar to what we reported previ-

ously [7,44] we cannot exclude that this bouquet of

cues [44] also includes regularly excreted, nonheat-

specific social cues. Ideally, cues from unstressed con-

specifics should be included in all future experiments

as a better-suited control [151] to confirm the involve-

ment and consequences of heat-induced vs. regular

social metabolites in mutagenic environments.

The finding that heat stress alleviated the response

to UV is in line with a net antagonistic response of

multiple stressors in freshwater environments [165].

However, a striking finding from our study is that this

was no longer true when adding another layer of com-

plexity: the social context of stress. In effect, the treat-

ment combining heat stress within a social context

profoundly altered the transcriptome both before [44]

and after UVR exposure. One possible explanation for

this is that single exposure to either direct heat, or

social metabolites, influenced distinct pathways

in response to UVR, which would both be activated in

the combined treatment. These embryos experienced

increased stress levels as suggested by more stress-

related functional changes, further damage to RNA,

and more inhibition of translation by downregulating

ribosomal RNAs. The combined treatment elevated

HSP levels before UVR [44]. Such elevated basal HSP

mRNAs may have attenuated the heat shock response

to subsequent acute stressors [90,166]. Supporting this

idea, the combined treatment limited and/or inhibited

the upregulation of key HSPs in response to UVR,

likely lowering protection against protein damage. The

interacting effect of heat and social metabolites ampli-

fying transcriptome changes also likely cost more

energy, as suggested by more pronounced behavioural

hypoactivity. Overall, our data suggest that the

Table 1. Genes involved in DNA repair mechanisms (GO:0006281)

that were upregulated in zebrafish embryos exposed to direct heat

stress prior to UV.

Gene Role References

adprhl2 Prevents cell death by removing poly-ADP

ribose accumulated following oxidative

stress

[126]

apex2 Limits DNA damage by preventing the

stabilisation of UV-induced DNA cleavage

[127–129]

exo1 Mediates a faster DNA mismatch repair

pathway

[130]

ntlh1 Cleaves oxidative pyrimidine damage during

base excision repair

[131]

prmt6 Methyltransferase preventing apoptosis

and rescuing embryogenic defects, and

regulating DNA polymerase and DNA

repair genes

[132–134]

rmi2 Promotes genome stability within the

Bloom syndrome (BLM) complex, involved

in homologous repair

[135–137]

ube2al E2 ubiquitin-conjugating enzymes such as

ube2a mediate protein ubiquitination

promoting DNA repair and genome

integrity

[138–140]
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combination of direct heat with social metabolites was

a stronger stressor that prevented embryos from acti-

vating the heat hormetic effect and shifted the dose–
response towards negative outcome. It may follow that

in a natural environment, where embryos in a clutch

exchange social metabolites, any protective hormetic

effect of heat will be negated by the presence of social

metabolites exchanged between clutch mates. Of note,

we raised zebrafish embryos in darkness, which may

have delayed their normal embryonic development

[167], warranting future studies with ecologically realis-

tic conditions to better comprehend the social context

of stress in fish embryos.

Conclusion

Our findings that heat stress may have protective

effects in mutagenic environments, and the mecha-

nisms we observed at the molecular level, are signifi-

cant for the community of researchers focusing on the

combined effects of stressors in natural environments,

as cross-protection may facilitate ‘pre-adaptation’ for

organisms facing increasing anthropogenic stressors

[11]. However, the fact that social contexts superim-

posed to heat stress limit the capacity of aquatic

organisms to cope with stressful environments is highly

relevant for natural populations experiencing increas-

ingly common heat and mutagenic stressors exacer-

bated by climate change [168,169]. The consequences

of such altered fitness under UV may carry over to

later life stages [19,28] and scale up to ecosystem levels

[13]. Most importantly, we report that the social aspect

of stress adds a layer of complexity to rising concerns

on the effects of UV across diverse aquatic and terres-

trial habitats harbouring vulnerable groups such as fish

and amphibians [13,15]. Our results suggest that spe-

cies that are found or raised in high densities would be

disadvantaged in stressful environments if they face

both stressors within social contexts during early-life

stages. Whilst confined to laboratory settings, we pro-

vide a solid basis to understand the consequences of

stress and social history in mutagenic environments

and we emphasise on the need to consider species’

social contexts to better predict their response to

global changes.
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functional enrichment of differentially expressed genes

as detected by DESeq2.

Dataset S2. For ‘Social context prevents heat hormetic

effects against mutagens during fish development’.

Dataset providing the list of genes and their log-2-

fold-change and P-values (raw and adjusted) calcu-

lated using two different models: limma-voom and

DESeq2.

Fig. S1. The transcriptomic response to UVR has

common and unique components depending on heat

stress history.

Fig. S2. Heat stress history treatments altered the nor-

mal transcriptomic response to ultraviolet radiation.

Fig. S3. Social metabolites impaired behaviour whilst heat

tended to facilitate swimming through better repair.

Data S1. Supplementary methods.
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