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Abstract
Heat alters biology from molecular to ecological levels, but may also have unknown indirect effects. This includes the concept that 
animals exposed to abiotic stress can induce stress in naive receivers. Here, we provide a comprehensive picture of the molecular 
signatures of this process, by integrating multiomic and phenotypic data. In individual zebrafish embryos, repeated heat peaks 
elicited both a molecular response and a burst of accelerated growth followed by a growth slowdown in concert with reduced 
responses to novel stimuli. Metabolomes of the media of heat treated vs. untreated embryos revealed candidate stress metabolites 
including sulfur-containing compounds and lipids. These stress metabolites elicited transcriptomic changes in naive receivers related 
to immune response, extracellular signaling, glycosaminoglycan/keratan sulfate, and lipid metabolism. Consequently, non-heat- 
exposed receivers (exposed to stress metabolites only) experienced accelerated catch-up growth in concert with reduced swimming 
performance. The combination of heat and stress metabolites accelerated development the most, mediated by apelin signaling. Our 
results prove the concept of indirect heat-induced stress propagation toward naive receivers, inducing phenotypes comparable with 
those resulting from direct heat exposure, but utilizing distinct molecular pathways. Group-exposing a nonlaboratory zebrafish line, 
we independently confirm that the glycosaminoglycan biosynthesis-related gene chs1 and the mucus glycoprotein gene prg4a, 
functionally connected to the candidate stress metabolite classes sugars and phosphocholine, are differentially expressed in 
receivers. This hints at the production of Schreckstoff-like cues in receivers, leading to further stress propagation within groups, which 
may have ecological and animal welfare implications for aquatic populations in a changing climate.
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Significance Statement

Aquatic animals utilize chemicals to mediate adaptive behaviors. For instance, predated fish release chemical cues that elicit antipre-
datory responses in naive receivers. But whether abiotic factors such as heat likewise alter chemical communication has received lit-
tle focus. Here, we uncover a yet untested dimension of chemical communication—heat-stressed donors can induce stress in naive 
receivers. We show that heat activates molecular stress responses, leading to the release of distinct stress metabolite classes into the 
medium. These stress metabolites alter the transcriptome of receivers, resulting in faster development and hypoactivity. Heat com-
bined with stress metabolites had the largest effect, highlighting that abiotic stress, experienced both directly and indirectly, can alter 
chemical communication and affect embryonic development.
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Introduction
Temperature is the abiotic “master” (1) factor regulating the biol-
ogy of ectotherms (2). Heat alters a wide range of responses in fish, 
from gene expression (3) to development (4) and to population dy-
namics (5). The type of stimulus also matters: single and repeated 
periods of heat can induce different gene expression patterns 
leading to distinct behavioral stress responses (6). Repeated ther-
mal conditioning can impair the ability to restore homeostasis (7) 

and alter the response to subsequent heat stress by attenuating the 

corticosteroid (8) and heat shock (9, 10) pathways. Furthermore, 

there is a growing concern about the response of fish embryos to 

heat due to their narrower thermal tolerance (11, 12), marking 

early development as a vulnerable “bottleneck” stage (13) when 

it comes to thermal stress. Heat stress responses at the molecular 

and behavioral levels are well studied in aquatic species, but its ef-

fect on chemical communication is less studied. Previous studies 
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have focused mostly on cues released upon biotic factors such as 
injury (14) or disturbance (15). We have recently proposed that 
abiotic stress such as heat or low pH likewise elicits the release 
of olfactory cues, which we termed “stress metabolites” (SM) 
(16, 17). We defined SM as chemicals released, intentionally or 
not, by an animal in response to an abiotic stressor and that 
propagate stress responses to others (16, 17). They could be 
metabolic products of the stress response mechanism or have 
other sources. Such cues could either directly signal the pres-
ence of a stressor to others or receivers could interpret them as 
the activation of stress systems in senders (18). We found SM 
to elicit similar phenotypic responses as heat stress itself in 
naive receivers, which are the characteristics of a positive feed-
back loop (16). To date, only a few studies have shown that ani-
mals communicate to each other upon abiotic stress, such as 
heat and low pH (17, 19).

Zebrafish (Danio rerio) is a commonly used experimental model 
species, including for behavioral assays (20) and “omics” ap-
proaches (21). Importantly, the thermal biology of zebrafish is 
conserved in laboratory conditions, which makes it a suitable 
model for investigating climate-related questions (22), such as 
the mechanistic basis of heat stress perception. Zebrafish em-
bryos produce alarm cues (23) and innately react to extracts of 
crushed conspecific larvae with a decreased activity as early as 
12–24 h post fertilization (hpf; 24). Altogether, this shows that 
fish, including zebrafish at early embryonic stages, can detect 
and discriminate stress chemical cues.

Natural chemical communication is likely mediated by a cock-
tail of compounds (25). However, stress-induced chemical com-
munication has previously been studied using mainly 
phenotypic and physiological endpoints and using biotic distur-
bances in adult and juvenile stages (15). In contrast, work is still 
needed to unravel the molecular mechanisms and phenotypic 
consequences of stress propagation between social animals (18). 
To our knowledge, very few or no studies have utilized modern 
-omics methods to investigate the molecular basis of chemical 
stress propagation between sender and receiver in embryonic 
stages exposed to abiotic stress. Consequently, the biological com-
pound bouquets mediating specifically heat stress-related com-
munication, and their molecular pathways of action, remain 
unknown. Here, we explored the molecular response of zebrafish 
embryos exposed to thermal stress and to heat stress-induced 
metabolites using metabolomics and transcriptomics (Figs. 1
and S1A). We recently proposed (16, 17) a framework by which abi-
otic stress induces stress responses in aquatic animals 
(Hypothesis 1: also an initial postulate to verify before studying 
stress propagation), which release SM into their environment 
(Hypothesis 2) that propagate stress responses to naive receivers 
(Hypothesis 3), and that abiotic factors can alter the response to 
such SM (Hypothesis 4, Fig. 1A). We therefore expected that (i) 
the metabolomic profiles excreted by control and heat-stressed 
zebrafish embryos differ from each other. Since, to our knowledge, 
no prior study investigated the molecular pathways activated by 
stress-induced cues, we performed a transcriptome-wide analysis 
without a priori candidate pathways. However, we expected that 
(ii) there may be similarities between the transcriptomic signa-
tures of embryos exposed to heat stress and to SM and (iii) that 
SM activate chemosensory perception genes and chemically re-
sponsive organs. (iv) Last, we expected both heat-stressed and in-
directly stressed individuals to have distinct fitness consequences 
compared with controls (Fig. 1A). In the context of our study, we 
defined “stressors” as any factors that deviate homeostasis and 
“stress” as the state of threatened homeostasis, which can be 

assessed by a range of behavioral and physiological adaptive re-
sponses to restore homeostasis (26–29). In this contribution, we 
investigated the mechanistic basis underlying the end-to-end 
suite of events of stress propagation between directly abiotically 
stressed individuals and receivers of chemical SM (Fig. 1A).

Results
In this study, we investigated the mechanistic basis of stress propa-
gation between zebrafish embryos. We hypothesized that abioti-
cally stressed individuals release SM into their environment that 
signal a risk to conspecifics, which alters their fitness-relevant re-
sponses through molecular pathways (Fig. 1A). We explored the dif-
ferent steps of our proposed stress propagation mechanism. (i) We 
measured molecular stress biomarkers and fitness-relevant pheno-
types to confirm that heat-exposed embryos were stressed. (ii) We 
sequenced the transcriptome of heat-stressed embryos to identify 
the genes and functions leading to the release of SM. (iii) We used 
metabolomics to characterize the chemical nature of SM and their 
functional connections with heat-induced gene products. (iv) We 
sequenced the transcriptome of embryos incubated in SM to iden-
tify the genes and functions they alter in receivers and their connec-
tion with metabolite-induced gene products. (v) We investigated 
the whole-body consequences of stress propagation through 
phenotypic measurements to infer the biological relevance of this 
mechanism. (vi) We explored the effects of combined heat and 
SM treatments to infer the ecological relevance of stress propaga-
tion in a realistic setting where both abiotic stress and chemical 
cues cooccur.

Heat stress, but not SM, leads to increased cortisol 
in 4-day post fertilization larvae
First, we aimed to confirm the preliminary condition that 
heat-exposed SM donors were stressed by the high-temperature 
protocol (Hypothesis 1, Fig. 1A) by measuring levels of two stress 
biomarkers, cortisol and HSP70. We first confirmed that cortisol 
increased between 1 and 4 days post fertilization (dpf) in control 
embryos (Fig. S2A and B). Cortisol was then measured at 4 dpf in 
unheated control (C) and heated (TS) medium donors and their re-
spective receivers of media containing control metabolites (CM) 
or SM (Fig. S2C and Table S1). A one-way ANOVA showed that cor-
tisol concentration significantly varied across treatments (F =  
14.35, P = 0.0014). Post hoc pairwise comparisons revealed strong 
evidence that TS significantly increased cortisol concentrations 
by 92% compared with control C (t = −4.86, P = 0.0055, huge effect 
size = 6.17), but incubation media did not have an effect (Table S1). 
In contrast to cortisol, protein levels of HSP70 were similar across 
all treatments at 4 dpf (F = 1.9271, P = 0.2038, Fig. S2D).

Heat stress alters the whole-body transcriptome 
of 1-dpf embryos
Next, we analyzed the transcriptome of heat stress on zebrafish 
embryos to identify the molecular routes that lead to the release 
of SM (Hypotheses 1 and 2, Fig. 1A). Repeated heat stress induced 
n = 369 differentially expressed genes (DEGs) (P ≤ 0.01) (Figs. 2A 
and S3, PCA). Functional enrichments [biological processes (BP), 
KEGG, and Reactome] were conducted for the top 106 genes 
(Dataset S1) with strongest support (P-adj ≤ 0.05), most of which 
were up-regulated [n = 90 genes with fold-change (FC) > 1.5 and 
log fold-change (LFC) > 0.58], while a few were down-regulated 
(n = 16 genes). The three genes with largest effect size and 
LFC > 3 were atp2a1l, crygm2d18, and matn3a. Two paralogs of 
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gamma-glutamylamine cyclotransferase, tandem duplicate 
(ggact.2 and ggact.3), involved in glutathione metabolism, were 
the two most heat-inhibited genes, with 98% fewer transcripts 
than in control embryos. Heat stress induced transcriptomic 
changes in embryonic development (eyes, muscles, and somites), 
in the heat stress response, and the metabolism of sugars, amino 
acids, purine, and energy intermediates (ATP and pyruvate, 
Fig. 2D, Supplementary Results, Fig. S4, and Dataset S1). In add-
ition, network analyses revealed a strong functional interconnec-
tivity between the DEGs of TS [Fig. 3A, compound–protein 
interaction (CPI) enrichment P < 0.0001, 64 edges observed vs. 5 
expected edges]. A cluster of co-upregulated genes was assigned 
to the GO term “metabolism of carbohydrates” (GO:0005975): 
pgk1, gpia, eno1a, eno3, ldha, and gapdhs. Similarly, another cluster 
grouped five transcription regulators (GO:0000122) of the GO 
terms “segmentation” (GO:0035282) and “somite development” 
(GO:0061053): mespab, her1/7, ripply2, and tbx6 (Fig. 3A and 
Dataset S1). Overall, the molecular data at 1 and 4 dpf are in line 
with a stress response in heat-exposed embryos, which validates 
our experimental design for studying stress propagation.

SM induce a localized transcriptomic signature in 
1-dpf embryos
We then explored the transcriptome of receivers to infer whether 
they reacted to SM at the transcriptome level (Hypothesis 3, 

Fig. 1A). While the transcriptomic response to the SM treatment 
was less pronounced compared with the whole-body response 
to heat stress, SM altered 79 transcripts with raw P values lower 
than 0.01 (Fig. 3B and Dataset S1). Respectively, 45 and 15 of these 
were up- or down-regulated in SM compared with C. The gene si: 
ch211-214b16.2 (ENSDARG00000102593, significant after P value 
adjustment) was down-regulated by 99.7% by SM and is likely 
an ortholog of the gene NOD2 identified as orthogroup 
45875at7898 at Actinopterygii level by OrthoDB v10.1 (30). Other 
than expected, genes belonging to the GO term “chemosensory 
perception” (GO:0007606) were not significantly enriched 
(Dataset S1). Instead, the transcriptomic response to SM was re-
lated to four wider categories: extracellular signaling, (phospho-) 
lipid and anion transport, the metabolism of glycosaminoglycan 
and keratan, but also the immune response involving interleukin 
cytokines and apoptosis (Fig. 3B, Supplementary Results, Fig. S5A 
and C, and Dataset S1). The glycosaminoglycan/keratan/keratin 
terms involved several genes including krt17, krt97, chitin syn-
thase 1 (chs1), carbohydrate (N-acetylglucosamine-6-O) sulfo-
transferase 2b (chst2b), but also a proteoglycan prg4a. 
SM-responsive genes were also significantly (P < 0.0001, 14 CPI 
edges observed vs. 3 expected) functionally connected in a net-
work (Fig. 3B) which supports the biological relevance of the meas-
ured response. Prior work identified the lateral line as a candidate 
organ activated by chemical cues (31, 32), which led us to compare 

A

B C D

Behavior and Phenotype
Behavior

Fig. 1. Scheme of experimental design. A) Hypotheses: abiotic stress causes (1) stress responses in aquatic animals, which (2) leads to the release of stress 
metabolites that (3) propagate stress responses to naive receivers. B) Zebrafish embryos (D. rerio) < 3 hpf were incubated according to a two-way factorial 
design represented by two predictors: thermal stress (0, control temperature of 27°C; 1, repeated thermal stress at a sublethal temperature of 32°C as 
shown in left graph) and SM (0, fresh medium free of metabolites; 1, SM released by embryos exposed to thermal stress). Treatments were CM, control 
metabolites at 27°C; C, control in fresh medium at 27°C; SM, stress metabolites at 27°C; TS, fresh medium in thermal stress; and TS + SM, stress 
metabolites in thermal stress.  Arrows indicate medium transfer from metabolite donor (asterisk symbols) to metabolite receiver (plain black tube caps). 
C) Endpoints: individually exposed embryos were sampled for both molecular (pooled samples for RNA-seq and metabolomics of medium at 1 dpf and 
cortisol and HSP70 at 4 dpf) and phenotypic (1 dpf and 4 dpf) endpoints (circled numbers 1–5). D) Confirmatory experiment with LAMP data of candidate 
genes found in RNA-seq in group-exposed (20 embryos per petri dish) embryos incubated in stress metabolites (SM) or fresh medium (C) until 1 dpf. 
Endpoints 1/2/5 utilized laboratory inbred AB and endpoints 3/6 wilder PET embryos.
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the expression of genes expressed by SM and in lateral line hair 
cells. Remarkably, the DEGs in SM are also significantly up- 
regulated in zebrafish lateral line hair cells in 5-dpf larvae, relative 
to their expression in neighboring epidermis cells (z-score =  
8.71505; P < 0.0001, Fig. S5D). One interesting gene emerging 
from this comparison was xkr8.2 (ENSDARG00000076820), which 
is the highest up-regulated gene in both hair cells and SM (LFC  
= 1.68) compared with nonhair cells, and is a scramblase involved 
in the enriched GO term “membrane phospholipid transport” 
(GO:0015914, Dataset S1). Overall, our results show that SM devi-
ated the homeostatic molecular response within receivers com-
pared with the control condition, indicative of a stress response 
and in line with Hypothesis 3 (Fig. 1A).

Heat stress and SM induce few similar genes and 
have unique effects in combination
We then compared the transcriptomic profiles in TS and SM to in-
fer the shared genes and functions of the stress responses in do-
nors (Hypothesis 1) and receivers (Hypothesis 3). Nine genes 
were common to both individual TS and SM conditions compared 
with control C. Genes up-regulated in both conditions were 
associated with eye development (cryba1b), immune response 

(tcima), chloride transmembrane transport (best1), and cell death 
(fthl28). In contrast, ggact.2, involved in glutathione metabolism, 
was inhibited by TS but up-regulated in SM. In the natural envir-
onment, if heat stress occurs, SM would increase simultaneously. 
We expected that heat may alter the response to stress cues 
(Hypothesis 4). To test this, we therefore explored the transcrip-
tome of the combined TS + SM treatment, which was mainly driv-
en by heat stress as 49% DEGs (78/159) were shared between TS 
and TS + SM (Figs. 2C and S6A), with functions being largely simi-
lar to those in TS (Supplementary Results, Figs. S6B and S7A, and 
Dataset S1). However, the combined treatment also up-regulated 
one olfactory gene, the taste receptor olfactory receptor class A re-
lated 3 (ora3, GO term-wide P-adj = 0.0412, Dataset S1). Moreover, 
47% of DEGs (75/159 with P-adj < 0.05) were uniquely up- or down- 
regulated in TS + SM condition, suggesting an interaction between 
the SM and TS factors causing a different response than either fac-
tor by itself, with additional functions unique to TS + SM ascribed 
to developmental processes (eyes, heart, and muscles). 
Interestingly, this involved apelin signaling (with five genes 
acta2, si:ch211-286b5.5, mef2aa, ryr2a, and map1lc3cl; Figs. 2F and 
S6C and D, and Dataset S1). We additionally compared the treat-
ment TS + SM with SM and TS to determine responses of com-
bined vs. single stressors (Fig. S7B and C and Dataset S1). One 

Fig. 2. TS and SM alter the transcriptome and its functions in 1-dpf zebrafish embryos. Top row: volcano plots showing the DEGs in response to A) TS, 
B) SM, and C) their combination TS + SM compared with control C. Genes of interest are shown in red when they have significant raw P values (above 
horizontal line) and an absolute FC (representing the effect size) > 2 (|log 2 FC| > 1, vertical lines). DEGs left to the left vertical line and right to the right 
vertical line are respectively significantly underexpressed and overexpressed compared with the control C. Middle row: gene functional categories 
from KEGG, Reactome, and GO BP analysis for D) TS, E) SM, and F) those uniquely present in the combined treatment TS + SM. Top and middle rows 
show transcriptomic data from individually raised AB strain embryos. Bottom row shows LAMP data of candidate genes associated with stress 
metabolites showing the normalized time of detection (−ΔΔCT) in C and SM in more realistic environmental conditions (genetically diversified 
outcrossing PET strain raised in groups). G) chs1, chitin synthase 1; H) ldha, lactate dehydrogenase A4; I) ora3, olfactory receptor class A related 3. 1ND, 
mRNA amplification nondetected suggesting a depletion of ora3 in SM; J) otofa, otoferlin a; K) prg4a, proteoglycan 4a; L) tlr18, toll-like receptor 18. 
Student’s t tests compared SM with C with significant comparisons shown by horizontal bars with *P ≤ 0.05 and **P ≤ 0.01. Treatments were SM, stress 
metabolites at 27°C; TS, fresh medium in thermal stress; and TS + SM, stress metabolites in thermal stress, compared with C, control in fresh medium 
at 27°C.
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particular gene that was significantly altered by TS + SM com-
pared with SM was olfactory receptor C family, b1 (olfcb1, LFC =  
2.30, P-adj < 0.0001), suggesting that heat in combination with 
SM affects chemosensation. Comparing TS + SM with the TS treat-
ment showed that the addition of SM adds 32.5% novel BP terms, 
37.5% Reactome pathways, and 16.7% KEGG pathways (Fig. S7D 
and E). Overall, our results show that heat stress altered the re-
sponse to SM, supporting our Hypothesis 4 (Fig. 1A).

Stress and control media show distinct 
metabolomic profiles
Next, we asked whether heat-stressed individuals release SM with-
in their environment that differ from that of undisturbed animals 
and could be responsible for stress propagation (Hypothesis 2, 
Fig. 1A). For this purpose, we explored the metabolome released 
in the media by heat-stressed vs. control embryos and the relative 
concentrations of the metabolites they contain (Fig. 4A). The me-
tabolomic profile of the SM contained 89 metabolites which were 
matched to 658 possible compounds (Figs. 4A and S8 and Dataset 
S2). Figure 4A represents the blank-corrected concentrations of 
compounds in SM and CM, which showed that metabolites were ei-
ther present in both media in varying concentrations or were 
uniquely secreted in either CM or SM (dubbed “CM cloud” and 
“SM cloud,” Fig. 4A and Table S3). Two different masstags were as-
signed to 3′-mercaptolactate (SM12 and SM21). Several a priori–de-
fined candidate chemicals for SM (i.e. from alarm/disturbance cue 
studies, Table S2) were unexpectedly more concentrated in control 
medium compared with stress medium, such as 

hypoxanthine-3-N-oxide (C5H4N4O2, for which we found hypoxan-
thine C5H4N4O), trigonelline or homarine, cysteine, or acetylcholine 
(Table S3 and Dataset S2). Representative compounds of each iden-
tified masstag were used for functional subclass and KEGG pathway 
enrichments (Fig. S9 and Dataset S2), which revealed that CM were 
mainly associated with amino acids (e.g. CM8 proline and CM14 
L-tyrosine), catechols, purine ribonucleoside monophosphate 
(e.g. CM6 adenosine monophosphate), and dipeptides. SM in 
contrast were mostly associated with sulfur-containing 
carbothioic S-acids (organosulfur compounds) and lipids including 
O-acylglycerol-phosphates, fatty acids, and glycerophospholipids 
(Fig. S9). The representative SM compounds were mainly ascribed 
to lipid molecules and “organic oxygen compounds”, whereas con-
trol medium contained molecules which had a more diverse chem-
ical classification and were mainly “organic acids and derivatives” 
and “nucleosides, nucleotides, and analogs” (Fig. 4B and C, 
Table S3, and Dataset S2). Several compounds did not have 
a ChemOnt classification but were likely proteins (SM1, SM4, 
SM19, and SM23) or polyamines (SM7). Overall, the metabolomic 
data showed that CM (i.e. metabolites within the medium collected 
from C) differ from SM (i.e. metabolites within the medium col-
lected from TS).

Multiomic analysis uncovers sender–receiver 
gene–metabolite candidate cause-and-effect 
pathways
We then aimed to investigate the molecular chain of events be-
tween senders and receivers of SM by searching for functional 
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links between SM and the transcriptomes of donors and receivers. 
Since (i) the DEGs of heat-stressed donors (TS vs. C) putatively lead 
to the synthesis and/or release of SM, which (ii) may in turn have 
regulated the transcriptomic signature in receivers (DEGs from 
SM vs. C), we explored this possibility using joint pathway and 
STITCH analyses (Dataset S2). The joint pathway analysis evi-
denced that donors significantly enriched the “glycolysis/gluco-
neogenesis” pathway and compounds (Fig. 4D). Receivers, in 
contrast, enriched, albeit with weak evidence (raw P ≤ 0.07 but 
FDR > 0.05), glycerophospholipid, ether lipid, cysteine and me-
thionine, and amino sugar metabolism pathways (Fig. 4E and 
Dataset S2). The hypothetical CPI network evidenced a strong con-
nectivity of SM with DEGs of either TS (64 CPI edges observed vs. 5 
expected edges, P < 0.0001) or SM (14 CPI edges observed vs. 3 ex-
pected) (Fig. 3). For instance, lactate dehydrogenase A4 (ldha) was 
linked to 3′-mercaptolactate in donors (Fig. 3A), whereas in re-
ceivers, many genes, including toll-like receptor 18 (tlr18), chitin 
synthase 1 (chs1), and otoferlin A (otofa), were linked to glucose, 
while proteoglycan 4a (prg4a) was associated with phosphocho-
line (Fig. 3B). Altogether, our results show that there may be 

functional links between the molecular response of directly heat- 
stressed metabolite donors and receivers.

Both heat stress and heat-induced SM alter 
development and stimulus-induced behavior
After having unraveled the molecular mechanisms underlying 
stress propagation, we asked what were their consequences on 
the overall biology of animals by monitoring fitness-relevant 
phenotypic traits (development and behavior) over the course of 
development in directly heat-stressed embryos and SM receivers. 
We expected that heat and SM were stressors that could cause 
changes in escape and startle behavioral responses, which are 
standard measurements to indicate anxiety and changes in sen-
sory and motor functions (33–35). Heat stress (F = 30.1, R2 = 0.25, 
P = 0.001), but neither SM (F = 0.16, P = 0.7610) nor the interaction 
term (F = 2.34, P = 0.1320), altered the phenotype of 1-dpf embryos 
(Fig. 5A and Table S4). Post hoc tests confirmed that thermal stress 
significantly altered embryo growth, reaching the pharyngula 
stage earlier (z = −2.67, P = 0.0076, Figs. 5C and S10A and B). 
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Conversely, SM had no effect on growth at 1 dpf. However, an 

ANOVA of the two-way model terms showed that 4-dpf zebrafish 

embryos grew significantly longer in the presence of SM (t = 4.80, 

P = 0.0304, small effect size = 0.35) but not under thermal stress 
(t = 1.91, P = 0.1692) nor the interaction term (t = 0.11, P = 0.7353, 

Fig. 5D). An ANOVA revealed that both heat and SM significantly 
altered the increment in growth (ΔSEL) between 1 and 4 dpf, 
but in opposite directions (Fig. 5E and Tables S5 and S6). 
Heat-exposed embryos had a lower ΔSEL (t = 20.99, P < 0.0001, 
large effect size = 0.81), whereas those experiencing SM 
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accelerated growth from 1 to 4 dpf (t = 6.65, P = 0.0112, small effect 
size = 0.43) and slightly surpassed the TS treatment in average fi-
nal length at 4 dpf (Fig. 5D and E). Heat stress (t = 18.15, P < 0.0001), 
but neither SM (t = 0.29, P = 0.5891) nor their interaction (t = 0.07, 
P = 0.7872), significantly reduced the startle response of 1-dpf ze-
brafish embryos (Fig. 5B and Tables S7 and S8). Heat also slowed 
mean acceleration (t = 4.26, P = 0.0412, small effect size = 0.34), 
and TS marginally reduced mean speed compared with C (t =  
−2.74, P = 0.0212) in the touch-evoked swimming response of 
4-dpf larvae (Fig. S11B and C). Larvae incubated in SM, however, 
swam fewer burst counts compared with fresh medium (t =  
−2.1, P = 0.0381, Fig. 5F). Since the metabolomic analysis sup-
ported our hypothesis that SM from stressed animals are different 
compared with CM from undisturbed controls, we explored the 
consequences of SM vs. CM at the phenotypic level. We found 
that SM tended to induce less hatching (Fig. S10D) and tended to 
have altered startle responses at 1 dpf (Figs. 5B and S10F and 
Table S8) and swimming patterns at 4 dpf (Fig. S11D) compared 
with CM. Overall, alterations in fitness-relevant phenotypes con-
firmed that both TS and SM induced stress responses in zebrafish 
embryos and that CM and SM have different phenotypic conse-
quences. See Supplementary Results for an extensive description 
of phenotypic data.

SM also exist in group-raised nonlaboratory 
embryos
Laboratory strains of zebrafish may perform differently to their 
wild counterparts, raising questions about the ecological rele-
vance of findings using less-plastic laboratory-adapted strains 
(22, 36, 37), and embryos in clutches may react differently to social 
cues to single embryos in tubes due to their social nature (38, 39). 
In line with this, in our laboratory AB line experiments, we found a 
localized response to SM and a lower phenotypic response than 
we found previously (16) using pet store (PET) line embryos 
(Fig. S12). Therefore, we aimed to explore the effects of SM in so-
cial groups of a more genetically diverse strain, that is, in settings 
that better match the natural conditions of zebrafish to gain fur-
ther insights about the ecological relevance of our findings. For 
this purpose, the expression of a subset of genes (chs1, ldha, ora3, 
otofa, prg4a, and tlr18) was measured in an independent confirma-
tory experiment utilizing nonlaboratory (PET line), group-raised 
zebrafish embryos. These genes were selected based on the evi-
dence of their involvement in stress propagation gathered from 
RNA-seq data and functional links with possible SM (see previous 
sections). We expected to find similar molecular responses to SM 
in group-raised outcrossed zebrafish embryos, perhaps with dif-
ferent magnitudes of gene expression due to changes in density 
ratios and concentrations of SM.

First, ldha, overexpressed in both TS and TS + SM in the 
RNA-seq data and functionally linked to one possible SM 
(3-mercaptolactate), was not altered in response to SM (t =  
−0.14, P = 0.8960, Fig. 2H and Table S9). Two candidate genes in-
volved in sensory perceptions (otofa, which we identified as a 
gene of interest expressed in SM and also expressed in lateral 
line hair cells of 5-dpf larvae, see Dataset S1) and immunity 
(tlr18, which we selected because SM altered immunity-related 
functions) were (nonsignificantly) up-regulated by SM (Fig. 2J 
and L and Table S9). SM significantly up-regulated prg4a (which 
was selected for its interaction with phosphocholine SM in re-
ceivers; t = −8.01, P = 0.0026, |d| = 6.52, “huge” effect size), with 
all of these genes’ expression patterns matching the RNA-seq 
data of the AB line zebrafish. In contrast, chs1 was identified as 

an important keratan sulfate-related gene and was significantly 
down-regulated (t = 3.08, P = 0.0487, |d| = 2.18, “huge” effect size, 
Fig. 2G and K and Table S9) in this experiment, contrasting with 
significant up-regulation in SM of the AB line experiment (LFC =  
1.64). One chemosensory candidate gene, ora3, could not be de-
tected in the SM treatment, suggesting receptor depletion in em-
bryos exposed to SM (Fig. 2I).

Discussion
While the concept of stress propagation between disturbed ani-
mals is well established in certain contexts, such as predation 
(15), we lack knowledge about the mechanisms and consequences 
of social stress transmission (18) and about the extent of this phe-
nomenon upon abiotic stress and in early life stages. Therefore, 
we aimed to elucidate the molecular aspects of heat-induced 
stress propagation in zebrafish embryos. Our contribution dem-
onstrates previously unidentified cues responsible for stress 
propagation along with the transcriptome and phenotypes of 
abiotically stressed senders and receivers.

We first confirmed that repeated heat peaks alter a range of dif-
ferent aspects of the biology of zebrafish embryos. In our study, 
heat stress altered molecular profiles leading to behavioral and 
developmental changes and earlier hatching. Contrasting with 
studies reporting hyperactivity upon heat stress (40, 41), zebrafish 
embryos were hypoactive, which likely reflects differences in the 
temperature regime we used. The up-regulation of heat shock 
protein (HSPs) transcripts and cortisol confirmed that repeated 
heat stress induced a (cellular and heat) stress response inde-
pendent of faster development (42, 43). However, the induction 
of HSP70 found at 1 dpf (16) was no longer present in 4-dpf larvae 
having experienced 4 days of repeated heat peaks, which suggests 
either attenuation of the heat shock response (9, 10) or habitu-
ation to higher temperatures. One limitation of our study is that 
we only measured protein levels of HSP70, but a more comprehen-
sive picture could be obtained by analyzing other heat-responsive 
chaperone proteins. Heat stress induced glucose, pyruvate, and 
ADP/ATP metabolism, indicating mobilization of energy reserves. 
Heat stress altered developmental transcriptome dynamics. As a 
consequence, heat-stressed embryos were older and grew longer 
at 1 dpf, in accordance with previous studies (4, 16, 44). 
However, we observed a subsequent slowdown of development 
from 1 to 4 dpf conforming to the temperature–size rule stating 
that fish growing faster during early stages become smaller adults 
(45). Of note, future studies should use additional stage-matched 
controls to decipher the involvement of heat-induced develop-
ment vs. heat-induced behavioral changes—as of now, we do 
not know yet whether the effects of TS are a consequence of 
heat stress or heat-accelerated development. Overall, using com-
mon broad definitions of stress as deviations to homeostasis (26– 
29), our data showed that heat induced stress in embryos com-
pared with controls, allowing us to investigate stress propagation 
toward conspecifics.

Only a few prior studies have characterized stress-induced 
whole-body metabolome profiles in fish (46–48), but none yet 
have focused on cue secretion into the environment. Here, we 
used metabolomics to explore the hypothesis that stressed ani-
mals release stress-induced metabolites in their environment 
(Hypothesis 2, Fig. 1A). A major finding in our study was that 
heat induces the release of SM into the medium that are distinct 
from CM released by unstressed embryos. The multiomic com-
pound–protein interactome evidenced functional links between 
transcriptomes and the metabolome containing SM released 

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/5/pgad137/7174779 by guest on 26 M

ay 2023

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data


Feugere et al. | 9

into the medium. Interestingly, several candidate chemicals (e.g. 
trigonelline, homarine, and hypoxanthine-3-N-oxide) previously 
identified as alarm cues (49, 50) were more concentrated in the 
control medium. In contrast, SM were mainly ascribed to two 
compound superclasses: “organic oxygen compounds” and “lipids 
and lipid-like molecules.”

Carbohydrates within SM may originate from heat-induced 
metabolic activity such as glycolysis (51). The multiomic analysis 
highlighted that the pentose phosphate pathway (PPP, including 
deoxyribose, gpia, and pgm1), a major cellular redox mechanism 
(52), was altered in response to heat. Organosulfur compounds 
(such as 3-mercaptolactate or 2-oxo-4-methylthiobutanoic acid) 
were a main component of the organic oxygen compound classi-
fication. Multiomic analyses of SM with receiver DEGs revealed 
“cysteine and methionine metabolism” as the third most import-
ant altered pathway, lending support to a functional relationship 
between secreted organosulfur compounds and receiver re-
sponses. 3-mercaptolactate is part of the cysteine transamination 
pathway and synthesized by the heat stress-induced DEG lactate 
dehydrogenase A ldha (53). Lactate dehydrogenase was likewise 
found to be up-regulated by heat stress in rockfish Sebastes schlege-
lii (46). Organosulfur compounds may function as cues in chem-
ical ecology, for instance, in fox urine (54) and cat urinary 
pheromones (55), and therefore warrant further study.

In addition, SM predominantly contained a range of lipids, in-
cluding fatty acyls, glycerolipids, sphingolipids, glycerophospholi-
pids, and steroid esters. The multiomic analyses found 
“glycerophospholipid metabolism” and “ether lipid metabolism” 
as the two major KEGG pathways enriched between SM and re-
ceiver transcriptomes. Previous lipidomic studies demonstrated 
a role of lipids, particularly sphingolipids, in protecting the 
cell from heat damage and acting as messengers (56, 57). 
Differential vulnerability of lipid classes to reactive oxygen spe-
cies leads to temperature-controlled membrane lipid remodeling 
(58, 59). Two notable glycerophospholipids among SM were phos-
phocholine and glycerophosphocholine, which is known from tis-
sues of heat-stressed olive flounder Paralichthys olivaceus (60) and 
may originate from temperature-induced breakdown of phos-
phatidylcholine in the cell membranes (51). A possible role for lip-
ids in chemical communication is likewise documented (61). For 
instance, mating in reptiles may depend on epidermal skin lipids 
(62), and migratory behaviors in sea lamprey are regulated by 
larval-released fatty acid derivatives (63). Lastly, in zebrafish em-
bryos, these lipids may also originate from the yolk sac, being the 
most common membrane lipids (64). Since membrane lipids such 
as phosphatidylcholine are known not only as cellular signaling 
molecules, but also as conveying group identity between newly 
hatched catfish (Plotosus lineatus; 65), this supports a role for heat- 
mediated change in composition of membrane lipids as heat 
stress-related signaling molecules. For instance, xkr8.2, active 
within zebrafish lateral line hair cells (66)—which plays a role in 
chemical communication (32)—is overexpressed in response to 
SM. Its human ortholog xkr8 flips phospholipids between the inner 
and outer membrane layers (67), so it could be used by receivers to 
interact with lipid SM. Further compounds functioning as SM 
could be peptides or proteins (68), which we could not character-
ize further. It is worth noting that our metabolomics analysis is ex-
ploratory, and we acknowledge that without the use of internal 
standards, we have not definitively identified individual metabo-
lites. Still, our metabolomic data enabled us to provide evidence 
for chemical classes of SM—in addition to possible candidate mol-
ecules—released by stressed embryos into their environment. 
Further mass spectrometry studies are needed to definitively 

identify the compounds, to discover more chemicals that act as 
SM, and also to discriminate the involvement of heat-induced de-
velopmental effect vs. heat-induced metabolic shifts in the syn-
thesis of candidate SM. Future studies should test the direct 
effects of SM we identified to validate their involvement in stress 
propagation.

SM released by heat-stressed donors induced stress in naive re-
ceiver embryos, indicative of a positive feedback loop (Fig. 1A). 
Molecular and phenotypic effects included accelerated develop-
ment and impaired behavioral activity, as previously found for 
SM (16) and alarm cues (24). These phenotypic effects were simi-
lar to those induced by heat itself, but developmental acceler-
ation caused by SM had a later onset at 4 dpf. SM also initiated 
a suite of cellular signaling pathways different from those in-
duced by heat. The most significantly down-regulated gene in 
SM receivers was si:ch211-214b16.2 (NOD2 ortholog) which is in-
volved in intracellular signal transduction (69) and the activation 
of apoptotic and immune pathways (70, 71). Further immune and 
apoptosis responses were induced via fthl28 and tlr18. tlr18 is a 
fish-specific toll-like receptor expressed in the skin, regulated by 
infection challenge and lipopolysaccharides (72), and may be 
homologous to the mammalian tlr1 which binds lipopeptides 
(73). Therefore, tlr18 may be directly responsive to lipid SM pre-
sent in the medium, which we could independently confirm in 
group-exposed PET line zebrafish. Corroborating these results, 
brain transcriptomes of three-spined stickleback Gasterosteus acu-
leatus exposed to predator and alarm odors were also enriched for 
apoptosis, immune, and signaling pathways (74). Moreover, sev-
eral genes related to development such as keratins were activated 
by SM, which may explain the observed developmental acceler-
ation in this treatment. In addition to hypoxanthine 3-N-oxide 
(C5H4N4O2 for which we here found C5H4N4O to be more prevalent 
in the control condition), Schreckstoff is also known to contain oth-
er components such as extracellular polysaccharides (glycosami-
noglycans), presumably but not exclusively chondroitin sulfate, 
and mucin proteins (75). The second major glycosaminoglycan 
in zebrafish is keratan sulfate (76), which is bound to proteogly-
can, another component of the mucus layer next to mucins. In 
this contribution, we found that phosphocholine and sugars se-
creted from heat-stressed embryos significantly up-regulated 
proteoglycan 4 (prg4a) and altered two transcripts involved in ker-
atan sulfate biogenesis (chs1 and chst2b) in receiver embryos, both 
in AB and PET line experiments. This lends support to proteogly-
can 4 and keratan sulfate being signaling components alike to 
Schreckstoff, and since this was observed in receivers, but not 
senders, of SM, it could mean that naive receivers may them-
selves propagate the release of Schreckstoff-like social anxiety 
cues to further embryos in a developing clutch. Of note, the ab-
sence of expression of the chemosensory receptor ora3 in embryos 
group-exposed to SM suggests receptor depletion upon involve-
ment in SM detection. While comparing genes expressed in SM 
vs. sensory hair cell genes also pinpoints the possible involvement 
of olfactory-mediated pathways in response to SM, more work is 
needed to confirm its role by using stages at which the olfactory 
system is fully developed. It is also important to note that studies 
on chemical cues should utilize chemicals from undisturbed con-
trols (15). We used such control with the additional CM condition, 
which showed that the chemicals released by unstressed (CM) vs. 
stressed (SM) individuals induce different phenotypic outcomes, 
in line with our previous study (16). While future studies should 
also compare SM vs. CM through transcriptomics to address 
this limitation in our current work, we anticipate that there would 
also be differences in the gene expression patterns as supported 

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/5/pgad137/7174779 by guest on 26 M

ay 2023



10 | PNAS Nexus, 2023, Vol. 2, No. 5

by consistent differences in key antioxidant and immune genes in 
our prior work (16).

Outside of the laboratory, high-density population scenarios 
such as developing fish clutches exposed to heat would experi-
ence SM simultaneously with heat, leading to combined exposure. 
Here, the combined treatment of heat and SM from heat-exposed 
embryos revealed that these larvae grew the most and also had 
the lowest behavioral activity. While heat was the predominant 
driver of this transcriptome, it also showed unique responses 
compared with the heat-only treatment, catalyzed through the 
addition of SM. These involved differential expression of two che-
mosensory (vomeronasal receptor-like) genes, ora3 and olfcb1, and 
genes involved in developmental acceleration via five genes in the 
apelin signaling pathway. Apelin signaling is a type of environ-
mental signal processing with a wide array of physiological effects 
such as angiogenesis, renal fluid homeostasis, energy metabol-
ism, immune response, embryonic development, and the neuro-
endocrine stress response (77), which hints at activation of the 
sympathetic nervous system (SNS) (78) and the emergence of 
chronic stress (79).

The basic principle of stress communication dates back to the 
1930s with von Frisch’s discovery that alarm cues from injured 
fish scared conspecifics (80, 81), which was then also shown in 
noninjured animals (82). However, despite decades of research, 
most studies on chemical cues heavily focused on behavioral 
and physiological endpoints monitored in animals disturbed by 
biotic stressors, mostly related to predation (15, 83). With the ex-
ception of one study by Hazlett in 1985 in crayfish exposed to heat 
(19), and our pilot studies using pH in marine species (17) and heat 
stress in zebrafish (16), there is little evidence about (i) whether cli-
mate change–related abiotic stress can induce stress propagation, 
(ii) their prevalence in embryonic and larval stages, and (iii) the 
underlying molecular mechanisms of stress propagation. We 
here address these gaps by investigating the molecular mecha-
nisms and fitness-relevant consequences of stress propagation 
in heat-stressed fish embryos. We showed that heat effects have 
been propagated to receivers through SM, inducing similar pheno-
typic outcomes and molecular mechanisms related to growth ac-
celeration, but also some characteristic differences to the direct 
stress response such as the absence of cortisol and the use of dif-
ferent signaling pathways (Fig. 6). Our findings support the hy-
pothesis that abiotically stressed animals can chemically 
propagate stress responses in conspecifics (Fig. 1A), leading to 
fitness-relevant consequences on development and behavior 
(Fig. 6). We therefore anticipate that such positive stress feedback 
loops warrant further study due to the ever-increasing occur-
rences of diel and seasonal heat events. Importantly, we evi-
denced the prevalence of stress propagation in a social context 
using a more natural zebrafish strain which supports the rele-
vance of our findings as a framework basis for future ecological 
studies on chemical stress propagation in aquatic animals.

Materials and methods
Experimental design
Zebrafish embryos were collected by breeding adult zebrafish at 
the University of Hull. Embryos were collected in the morning, 
cleaned in fresh 1X E3 medium, and rinsed by bleaching. 
Embryo stages were measured in hours post fertilisation (hpf) ac-
cording to Kimmel et al. (84). Starting from the blastula period 
(∼3.3 hpf), two temperature protocols were used, either (i) a con-
trol constant temperature of 27°C or (ii) repeated temperature 

fluctuations from 27 to 32°C. While departing from realistic heat-
waves, this temperature protocol contained maximal repeats of 
sublethal +5°C heat peaks during crucial times of embryogenesis 
and larval development. Of note, our results have to be inter-
preted with respect to constant darkness delaying the normal ze-
brafish embryonic development (85). A factorial design for the two 
factors “temperature” and “SM” (Fig. 1B) yielded four experimental 
treatments: fresh medium at 27°C (control C), fresh medium with 
thermal stress (TS), medium containing SM at 27°C (SM), and me-
dium containing SM with thermal stress (TS + SM). A fifth 
condition CM had control metabolites contained within the me-
dium collected from C. We measured five different endpoints at 
different time points, which yielded (i) cortisol, (ii) transcriptomic, 
(iii) metabolomics, (iv) multiomic, and (v) phenotypic data 
(Fig. 1C). We combined transcriptomic and metabolomic data, to 
explore the mechanistic basis of stress propagation, with fitness- 
relevant phenotypic responses, to understand its consequences at 
the whole-body level. The different time points were selected to 
account for the specific onset of each measured response during 
embryogenesis. For endpoints i–v, embryos were exposed in isola-
tion in individual PCR tubes. Additionally, we aimed to evaluate 
the validity of our findings by testing their repeatability in differ-
ent experimental settings by using a different zebrafish strain 
and altering the temperature stress and fish density protocols. 
For this purpose, (vi) the effects of SM on gene expression were 
measured in nonlaboratory PET line embryos exposed by groups 
of 20 embryos in petri dishes (Fig. 1D). For molecular endpoints, 
embryos were pooled for data collection, while phenotypic data 
are reported for each individual embryo. Briefly, medium was pre-
pared according to published standards (86), and putative metab-
olites were obtained by pooling medium conditioned by 
heat-stressed (stress medium containing SM) or control (control 
medium containing CM) embryos on the day prior. Studies on 
stress cues should use odors from undisturbed individuals as con-
trol (15). Therefore, we included CM released by control embryos 
in our experimental design for phenotypic data. However, we 
opted to perform the RNA-seq using fresh medium (condition C) 
as the appropriate control for the two-way factorial design includ-
ing SM, TS, and TS + SM treatments in order to remove confound-
ing effects of signaling molecules and their induced pathways in 
receivers from CM. Refer to Supplementary Methods for further 
details on fish handling methods and medium and temperature 
protocols.

Endpoint 1: cortisol and HSP70 response to heat 
and heat-induced metabolites in 4-dpf embryos
We first aimed to confirm that our heat stress protocol induced a 
stress response in zebrafish donors, as a condition to study stress 
propagation. Cortisol is a reliable stress biomarker (43) that we 
used, along with the heat-inducible HSP70 (87), to infer whether 
heat-exposed embryos were stressed. HSP70 was used as a stress 
biomarker based on its well-established induction in fish through 
heat (87), including by environmental variation in temperature 
(88–90). We previously quantified HSP70 in 1-dpf embryos (16). 
Since cortisol is not stress responsive before 2–4 dpf (91, 92) and 
our heat stress protocol does not induce a cortisol spike at 1 dpf 
(16), we aimed to determine the optimal time point to assess the 
cortisol stress response; we followed the dynamics of cortisol lev-
els in control embryos at 1, 2, 3, and 4 dpf. For this purpose, control 
embryos were incubated in E3 medium in clutches at 27°C with 
natural (∼12:12 dark:light h) light conditions. Embryos were 
pooled into groups of 40 embryos per sample (n = 3 pooled 
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samples per time point). After optimization for ELISA assay, zebra-
fish embryos were exposed in individual wells to C, CM, TS, and 
SM treatments from 0 to 4 dpf, until 60 embryos per biological rep-
licate were obtained for each treatment (n = 3 samples per treat-
ment, total of 180 embryos per treatment). Cortisol and HSP70 
protein levels were then quantified in 4-dpf larvae.

Endpoint 2: transcriptomic response to heat and 
heat-induced metabolites in 1-dpf embryos
To explore the molecular basis of stress propagation, we needed 
to identify the genes involved in the release of SM in heat- 
stressed donors and their detection in receivers. Since our pilot 
study confirmed that SM induced gene expression changes at 
1 dpf (16), we used RNA-seq in 1-dpf zebrafish embryos. The tran-
scriptomic response to thermal stress and SM was characterized 
by individually exposing zebrafish embryos to treatments C, TS, 
SM, and TS + SM for 24 h. At the end of the exposure, viable 
zebrafish embryos still in their chorion were pooled into groups 
of 20 and processed for RNA-seq (n = 3 biological replicates of 
20 embryos, i.e. total of 60 embryos per treatment). Embryos 
were pooled for sequencing to increase statistical power by 
reducing noise from individual variation in gene expression 
(93). Reads were quality processed, annotated, and analyzed for 
DEGs, either as a complete data set or by subset of candidate 
GO terms, and for functional enrichment of BP, KEGG, and 
Reactome pathways. Since the zebrafish lateral line system is a 
candidate organ for chemical stimulus perception, we addition-
ally compared the relative expression between hair cells and 
adjacent nonhair cells, of the SM DEGs vs. other genes expressed 
in zebrafish lateral line system hair cells from the data set of 
Elkon et al. (66).

Endpoint 3: exploratory metabolomics 
characterization of heat-induced SM
We performed an exploratory characterization of the putative 
metabolites released by embryos into the medium upon thermal 
stress. We characterized metabolites released upon thermal 
stress. Zebrafish embryos were exposed for 24 h. The protocol 
and medium samples resulted from our previous study (16) where 
the heating protocol consisted of 13 heat peaks followed by a re-
covery period of 7 h and 45 min at 27°C until 24 h of treatment 
were reached and medium would therefore not contain short- 

lived volatile cues. Media from donor embryos raised in C (i.e. con-
trol medium containing CM) or TS (i.e. stress medium containing 
SM) were collected for metabolite identification. To account for 
contaminants in the E3 solution and microbial compounds, a 
blank was prepared by incubating fresh medium without embryos 
for 24 h at 27°C. LC–MS/MS analysis was performed at the 
Metabolomics & Proteomics Facility of the University of York. 
After data preprocessing and blank correction, masstags filtered 
for signal-to-noise threshold were retained as possible biomarkers 
of CM or SM (Fig. S1A). These blank-corrected relative concentra-
tions of compounds were used to compare the profiles of stress vs. 
control media. Possible biomarkers were compared using their 
unique m/z masses (± 0.0005 m/z) to known metabolites, including 
candidates (Table S2), from publicly available metabolomic data-
bases. Possible biomarkers of either CM and SM groups were then 
functionally enriched for KEGG pathways and chemical 
subclasses.

Endpoint 4: multiomic analysis
To better connect the genetic responses to heat stress by 
donors and secreted metabolites with the response to these SM 
by receivers, transcriptomic and metabolomic data were inte-
grated into joint analyses using joint pathway analyses and hypo-
thetical CPI. We reasoned that DEGs in TS may lead to the 
synthesis and release of SM which would initiate a transcriptome 
response in receiver embryos. Hence, both the joint pathway and 
hypothetical CPI analyses were performed by combining the SM 
with DEGs of either SM or TS.

Endpoint 5: phenotypic response to heat and 
heat-induced metabolites in 1-dpf and 4-dpf 
embryos
A range of phenotypic parameters was measured in zebrafish em-
bryos at 1 dpf and 4 dpf in all five treatments, both within and out-
side of their chorions after dechorionation. All conditions were 
tested twice on two independent batches at different dates, using 
each time one embryo clutch for all treatments to limit batch ef-
fects. At 1 dpf, embryos were imaged (Fig. S1B), and light-induced 
startle responses were recorded. At 4 dpf, larvae were imaged, and 
touch-evoked behaviors were videoed. Images and videos were 
randomized for blind analysis. Escape and startle behavioral re-
sponses are standard measurements that can indicate anxiety 

behavior

behavior

behavior

Fig. 6. Conceptual summary of stress-induced communication mediated through SM in zebrafish embryos.
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and changes in sensory and motor functions (33–35) and were 
used to evaluate the effects of treatments on fitness-relevant be-
havioral outcomes.

Endpoint 6: loop-mediated isothermal 
amplification characterization of candidate genes 
in response to heat SM in outcrossing 
group-exposed embryos
Finally, we aimed to confirm the relevance of our findings by 
evaluating the mechanisms of stress propagation in different set-
tings that better match the natural conditions of zebrafish, by util-
izing a group exposure of a more genetically diverse strain. For 
this purpose, outcrossing PET line zebrafish were exposed in 
groups (3 sets of 20 embryos each) in petri dishes for 24 h to either 
fresh E3 medium or SM (n = 60 embryos per sample, 250 μL me-
dium per embryo). SM were obtained from donors experiencing 
constant thermal stress of 32°C from 0 to 1 dpf. Total RNA was ex-
tracted from four such pools per treatment as previously de-
scribed to quantify chs1, ldha, ora3, otofa, prg4a, and tlr18 using 
fluorometric loop-mediated isothermal amplification (LAMP) 
technology, which we chose for its cost-effective and rapid, accur-
ate quantification of gene expression (94). These genes were se-
lected based on evidence from multiomic data of their possible 
involvement in stress propagation and functional links with SM.

Acknowledgments
We acknowledge Alan Smith, Sonia Jennings, Emma Chapman, 
Robert Donnelly, and Paul Green for technical support. We are 
thankful to the animal facility staff of the University of Sheffield 
for providing us with a line of AB zebrafish. We thank all the mem-
bers of the MolStressH2O and ChemEcolHull research clusters 
(University of Hull, UK) for valuable peer review. We thank the 
members of the Metabolomics & Proteomics Facility of the 
University of York (including Tony Larson, Swen Langer, and 
Adam Dowle) for conducting the LC–MS/MS analysis and their 
valuable help in achieving the metabolomic project. The authors 
wished to acknowledge Matthew Arno and other members of 
the Edinburgh Genomics Facility for performing the RNA-seq 
and for their support in this project. We further acknowledge 
Chris Collins and the Viper High Performance Computing facility 
of the University of Hull and its support team. This manuscript 
was posted on a preprint: https://doi.org/10.1101/2022.09.15. 
508176.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
Funding was provided by the University of Hull within the 
MolStressH2O cluster to L.F., P.B.-A, and K.C.W.V. and the Royal 
Society (RGS\R2\180033) to K.C.W.V. K.C.W.V acknowledges fund-
ing by the European Union (ERC, MolStressH2O, 101044202). Views 
and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union or 
the European Research Council Executive Agency. Neither the 
European Union nor the granting authority can be held respon-
sible for them. A.B. acknowledges funding by the University of 
Hull PhD Scholarships Fund for Health Global Data Pipeline 
(Health*GDP) for biomedical research and clinical application 
cluster. 

Author contributions
K.C.W.V. conceived the study. K.C.W.V. and P.B.-A. designed the 
experiments. L.F. collected RNA samples and performed the 
RNA-seq analysis. K.C.W.V., A.B., and L.F. customized RNA-seq 
pipelines. L.F. performed the laboratory work and data analysis 
for the metabolomics, cortisol, and phenotypic experiments. T.E. 
and E.C. performed LAMP experiments. A.B. customized LAMP 
data analysis. L.E.M., K.B., and P.B.-A. performed HSP70 measure-
ments. J.H. and K.C.W.V. supervised metabolomic data analysis. 
L.F. wrote the manuscript draft with P.B.-A. and K.C.W.V. All au-
thors contributed to the final manuscript.

Data availability
The raw molecular and phenotypic data are available on 
Zenodo [DOI: 10.5281/zenodo.7308630 (95)], along with 
the custom code to process and analyze the data. The RNA-seq 
data is available under the GEO accession number 
GSE220546 (BioProject PRJNA910181).

References
1 Brett JR. 1971. Energetic responses of salmon to temperature. A 

study of some thermal relations in the physiology and fresh-
water ecology of sockeye salmon (Oncorhynchus nerka). Am Zool. 
11:99–113.

2 López-Olmeda JF, Sánchez-Vázquez FJ. 2011. Thermal biology of 
zebrafish (Danio rerio). J Therm Biol. 36:91–104.

3 Long Y, Li L, Li Q, He X, Cui Z. 2012. Transcriptomic characteriza-

tion of temperature stress responses in larval zebrafish. PLoS One 
7:e37209.

4 Schröter C, et al. 2008. Dynamics of zebrafish somitogenesis. Dev 
Dyn. 237:545–553.

5 Alfonso S, Gesto M, Sadoul B. 2020. Temperature increase and its 
effects on fish stress physiology in the context of global warming. 
J Fish Biol. 98:1496–1508.

6 Otsuka A, Shimomura Y, Sakikubo H, Miura K, Kagawa N. 2022. 
Effects of single and repeated heat stress on anxiety-like behav-

ior and locomotor activity in medaka fish. Fish Sci. 88:45–54.
7 Clark KJ, Boczek NJ, Ekker SC. 2011. Stressing zebrafish for behav-

ioral genetics. Rev Neurosci. 22:49–62.
8 Ouchi Y, et al. 2020. Repeated thermal conditioning during the 

neonatal period affects behavioral and physiological responses 
to acute heat stress in chicks. J Therm Biol. 94:102759.

9 Sessions KJ, et al. 2021. The heat shock response shows plasticity 
in embryonic lake whitefish (Coregonus clupeaformis) exposed to 
repeated thermal stress. J Therm Biol. 100:103036.

10 Whitehouse LM, et al. 2017. Development of the embryonic heat 

shock response and the impact of repeated thermal stress in 
early stage lake whitefish (Coregonus clupeaformis) embryos. J 
Therm Biol. 69:294–301.

11 Pörtner HO, Farrell AP. 2008. Ecology. Physiology and climate 
change. Science 322:690–692.

12 Martin BT, et al. 2020. The biophysical basis of thermal tolerance 
in fish eggs. Proc Biol Sci. 287:20201550.

13 Dahlke F, et al. 2020. Fish embryo vulnerability to combined acid-
ification and warming coincides with a low capacity for homeo-

static regulation. J Exp Biol. 223:jeb212589.
14 Barbosa Júnior A, Magalhães EJ, Hoffmann A, Ide LM. 2010. 

Conspecific and heterospecific alarm substance induces behav-
ioral responses in piau fish Leporinus piau. Acta Ethol. 13:119–126.

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/5/pgad137/7174779 by guest on 26 M

ay 2023

https://doi.org/10.1101/2022.09.15.508176
https://doi.org/10.1101/2022.09.15.508176
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad137#supplementary-data


Feugere et al. | 13

15 Crane AL, Bairos-Novak KR, Goldman JA, Brown GE. 2022. 
Chemical disturbance cues in aquatic systems: a review and pro-
spectus. Ecol Monogr. 92(1):e01487.

16 Feugere L, Scott VF, Rodriguez-Barucg Q, Beltran-Alvarez P, 
Wollenberg Valero KC. 2021. Thermal stress induces a positive 
phenotypic and molecular feedback loop in zebrafish embryos. 

J Therm Biol. 102:103114.
17 Feugere L, et al. 2021. Behavioural stress propagation in benthic 

invertebrates caused by acute pH drop-induced metabolites. 
Front Mar Sci. 8:773870.

18 Brandl HB, Pruessner JC, Farine DR. 2022. The social transmission 
of stress in animal collectives. Proc Biol Sci. 289:20212158.

19 Hazlett BA. 1985. Disturbance pheromones in the crayfish 

Orconectes virilis. J Chem Ecol. 11:1695–1711.
20 Tegelenbosch RAJ, Lucas P J, Richardson MK, Ahmad F. 2012. 

Zebrafish embryos and larvae in behavioural assays. Behaviour 
149:1241–1281.

21 Scholz S, et al. 2008. The zebrafish embryo model in environmen-
tal risk assessment–applications beyond acute toxicity testing. 

Environ Sci Pollut Res Int. 15:394–404.
22 Morgan R, et al. 2019. Are model organisms representative for cli-

mate change research? Testing thermal tolerance in wild and la-
boratory zebrafish populations. Conserv Physiol. 7:coz036.

23 Cao X, Li W. 2020. Embryonic substances induce alarm response 
in adult zebrafish (Danio rerio). J Fish Biol. 97:225–230.

24 Lucon-Xiccato T, Di Mauro G, Bisazza A, Bertolucci C. 2020. 

Alarm cue-mediated response and learning in zebrafish larvae. 
Behav Brain Res. 380:112446.

25 Stensmyr MC, Maderspacher F. 2012. Pheromones: fish fear fac-
tor. Curr Biol. 22:R183–R186.

26 Chrousos GP. 1998. Stressors, stress, and neuroendocrine inte-
gration of the adaptive response. The 1997 Hans Selye 
Memorial Lecture. Ann N Y Acad Sci. 851:311–335.

27 Barton BA. 2002. Stress in fishes: a diversity of responses with 

particular reference to changes in circulating corticosteroids. 
Integr Comp Biol. 42:517–525.

28 Barton BA, Iwama GK. 1991. Physiological changes in fish from 
stress in aquaculture with emphasis on the response and effects 
of corticosteroids. Annu Rev Fish Dis. 1:3–26.

29 Chrousos GP. 2009. Stress and disorders of the stress system. Nat 

Rev Endocrinol. 5:374–381.
30 Zdobnov EM, et al. 2021. OrthoDB in 2020: evolutionary and func-

tional annotations of orthologs. Nucleic Acids Res. 49:D389–D393.
31 Mojib N, et al. 2017. Zebrafish aversive taste co-receptor is ex-

pressed in both chemo- and mechanosensory cells and plays a 
role in lateral line development. Sci Rep. 7:1–11.

32 Desban L, et al. 2022. Lateral line hair cells integrate mechanical 

and chemical cues to orient navigation. bioRxiv 505989. https:// 
doi.org/10.1101/2022.08.31.505989, preprint: not peer reviewed.

33 Colwill RM, Creton R. 2011. Imaging escape and avoidance be-
havior in zebrafish larvae. Rev Neurosci. 22:63–73.

34 Basnet RM, Zizioli D, Taweedet S, Finazzi D, Memo M. 2019. 
Zebrafish larvae as a behavioral model in neuropharmacology. 
Biomedicines 7:23.

35 Beppi C, Beringer G, Straumann D, Bögli SY. 2021. Light-stimulus 
intensity modulates startle reflex habituation in larval zebrafish. 
Sci Rep. 11:22410.

36 Morgan R, et al. 2022. Reduced physiological plasticity in a fish 
adapted to stable temperatures. Proc Natl Acad Sci U S A. 119: 
e2201919119.

37 Vossen LE, et al. 2020. Low concentrations of the benzodiazepine 

drug oxazepam induce anxiolytic effects in wild-caught but not 
in laboratory zebrafish. Sci Total Environ. 703:134701.

38 Groneberg AH, et al. 2020. Early-life social experience shapes so-
cial avoidance reactions in larval zebrafish. Curr Biol. 30: 
4009–4021.e4.

39 Wee CL, et al. 2022. Social isolation modulates appetite and 
avoidance behavior via a common oxytocinergic circuit in larval 
zebrafish. Nat Commun. 13:2573.

40 Gau P, et al. 2013. The zebrafish ortholog of TRPV1 is required for 

heat-induced locomotion. J Neurosci. 33:5249–5260.
41 Yokogawa T, Iadarola M, Burgess H. 2014. Thermal response be-

haviors in larval zebrafish: startle escape, thermotaxis and ther-
mal arousal. Measuring Behavior 2014.

42 Iwama GK, Afonso LOB, Todgham A, Ackerman P, Nakano K. 
2004. Are hsps suitable for indicating stressed states in fish? J 

Exp Biol. 207:15–19.
43 Sadoul B, Geffroy B. 2019. Measuring cortisol, the major stress 

hormone in fishes. J Fish Biol. 94:540–555.
44 Schmidt K, Starck JM. 2010. Developmental plasticity, modular-

ity, and heterochrony during the phylotypic stage of the zebra-
fish, Danio rerio. J Exp Zool B Mol Dev Evol. 314:166–178.

45 Wootton HF, Morrongiello JR, Schmitt T, Audzijonyte A. 2022. 
Smaller adult fish size in warmer water is not explained by ele-

vated metabolism. Ecol Lett. 25:1177–1188.
46 Song M, et al. 2019. The impact of acute thermal stress on the me-

tabolome of the black rockfish (Sebastes schlegelii). PLoS One 14: 
e0217133.

47 Rosdy MS, Rofiee MS, Samsulrizal N, Salleh MZ, Teh LK. 2021. 
Understanding the effects of Moringa oleifera in chronic unpre-

dictable stressed zebrafish using metabolomics analysis. J 
Ethnopharmacol. 278:114290.

48 Sun Y-C, Wu S, Du N-N, Song Y, Xu W. 2018. High-throughput 
metabolomics enables metabolite biomarkers and metabolic 
mechanism discovery of fish in response to alkalinity stress. 
RSC Adv. 8:14983–14990.

49 Parra KV, Adrian JC Jr, Gerlai R. 2009. The synthetic substance 

hypoxanthine 3-N-oxide elicits alarm reactions in zebrafish 
(Danio rerio). Behav Brain Res. 205:336–341.

50 Poulin RX, et al. 2018. Chemical encoding of risk perception and 
predator detection among estuarine invertebrates. Proc Natl 
Acad Sci USA. 115:662–667.

51 Karakach TK, Huenupi EC, Soo EC, Walter JA, Afonso LOB. 2009. 

1H-NMR and mass spectrometric characterization of the meta-
bolic response of juvenile Atlantic salmon (Salmo salar) to long- 
term handling stress. Metabolomics 5:123–137.

52 Stincone A, et al. 2015. The return of metabolism: biochemistry 
and physiology of the pentose phosphate pathway. Biol Rev 
Camb Philos Soc. 90:927–963.

53 Andreeßen C, Wolf N, Cramer B, Humpf H-U, Steinbüchel A. 

2018. In vitro biosynthesis of 3-mercaptolactate by lactate dehy-
drogenases. Enzyme Microb Technol. 108:1–10.

54 McLean S, Nichols DS, Davies NW. 2021. Volatile scent chemicals 
in the urine of the red fox, Vulpes vulpes. PLoS One 16:e0248961.

55 Miyazaki M, et al. 2006. A major urinary protein of the domestic 
cat regulates the production of felinine, a putative pheromone 
precursor. Chem Biol. 13:1071–1079.

56 Török Z, et al. 2014. Plasma membranes as heat stress sensors: 
from lipid-controlled molecular switches to therapeutic applica-
tions. Biochim Biophys Acta. 1838:1594–1618.

57 Balogh G, et al. 2013. Key role of lipids in heat stress management. 
FEBS Lett. 587:1970–1980.

58 Crockett EL. 2008. The cold but not hard fats in ectotherms: con-
sequences of lipid restructuring on susceptibility of biological 

membranes to peroxidation, a review. J Comp Physiol B. 178: 
795–809.

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/5/pgad137/7174779 by guest on 26 M

ay 2023

https://doi.org/10.1101/2022.08.31.505989
https://doi.org/10.1101/2022.08.31.505989


14 | PNAS Nexus, 2023, Vol. 2, No. 5

59 Hazel JR. 1995. Thermal adaptation in biological membranes: is 
homeoviscous adaptation the explanation? Annu Rev Physiol. 
57:19–42.

60 Kim S, et al. 2019. Glutathione injection alleviates the fluctuation 
of metabolic response under thermal stress in olive flounder, 
Paralichthys olivaceus. Metabolites 10:3.

61 Watson SB, Caldwell G, Pohnert G. 2009. Fatty acids and oxylipins 
as semiochemicals. In: Kainz M. Brett MT, Arts MT, editors. Lipids 
in aquatic ecosystems. New York: Springer. p. 65–92.

62 Goldberg JK, Wallace AK, Weiss SL. 2017. Skin lipids of the striped 
plateau lizard (Sceloporus virgatus) correlate with female receptiv-
ity and reproductive quality alongside visual ornaments. 
Naturwissenschaften 104:81.

63 Li K, et al. 2018. Fatty-acid derivative acts as a sea lamprey migra-
tory pheromone. Proc Natl Acad Sci U S A. 115:8603–8608.

64 van der Veen JN, et al. 2017. The critical role of phosphatidylcho-
line and phosphatidylethanolamine metabolism in health and 
disease. Biochim Biophys Acta Biomembr. 1859:1558–1572.

65 Matsumura K, Matsunaga S, Fusetani N. 2007. Phosphatidylcholine 
profile-mediated group recognition in catfish. J Exp Biol. 210: 
1992–1999.

66 Elkon R, et al. 2015. RFX transcription factors are essential for 
hearing in mice. Nat Commun. 6:8549.

67 Sakuragi T, et al. 2021. The tertiary structure of the human 
Xkr8-Basigin complex that scrambles phospholipids at plasma 
membranes. Nat Struct Mol Biol. 28:825–834.

68 Wyatt TD. 2014. Proteins and peptides as pheromone signals and 
chemical signatures. Anim Behav. 97:273–280.

69 Alliance of Genome Resources Consortium. 2020. Alliance of 
Genome Resources Portal: unified model organism research plat-

form. Nucleic Acids Res. 48:D650–D658.
70 Kuss-Duerkop SK, Keestra-Gounder AM. 2020. NOD1 and NOD2 

activation by diverse stimuli: a possible role for sensing 
pathogen-induced endoplasmic reticulum stress. Infect Immun. 
88:e00898-19.

71 Deshmukh HS, et al. 2009. Critical role of NOD2 in regulating the 
immune response to Staphylococcus aureus. Infect Immun. 77: 
1376–1382.

72 Shan S, et al. 2018. Non-mammalian Toll-like receptor 18 (Tlr18) 
recognizes bacterial pathogens in common carp (Cyprinus carpio 
L.): indications for a role of participation in the NF-κB signaling 
pathway. Fish Shellfish Immunol. 72:187–198.

73 Nie L, Cai S-Y, Shao J-Z, Chen J. 2018. Toll-like receptors, associ-
ated biological roles, and signaling networks in non-mammals. 
Front Immunol. 9:1523.

74 Sanogo YO, Hankison S, Band M, Obregon A, Bell AM. 2011. Brain 
transcriptomic response of threespine sticklebacks to cues of a 
predator. Brain Behav Evol. 77:270–285.

75 Mathuru AS, et al. 2012. Chondroitin fragments are odorants that 
trigger fear behavior in fish. Curr Biol. 22:538–544.

76 Souza ARC, et al. 2007. Chondroitin sulfate and keratan sulfate 
are the major glycosaminoglycans present in the adult zebrafish 
Danio rerio (Chordata-Cyprinidae). Glycoconj J. 24:521–530.

77 Chapman NA, Dupré DJ, Rainey JK. 2014. The apelin receptor: 
physiology, pathology, cell signalling, and ligand modulation of 
a peptide-activated class A GPCR. Biochem Cell Biol. 92:431–440.

78 Drougard A, et al. 2014. Hypothalamic apelin/reactive oxygen 
species signaling controls hepatic glucose metabolism in the on-
set of diabetes. Antioxid Redox Signal. 20:557–573.

79 Vashist SK, Marion Schneider E. 2014. Editorial: depression: an 
insight and need for personalized psychological stress monitor-
ing and management. J Basic Appl Sci. 10:177–182.

80 Frisch KV. 1942. Über einen schreckstoff der fischhaut und seine 
biologische bedeutung. Z Vgl Physiol. 29:46–145.

81 Frisch KV. 1938. Zur psychologie des fisch-schwarmes. 
Naturwissenschaften. 26:601–606.

82 Jordão LC, Volpato GL. 2000. Chemical transfer of warning infor-
mation in non-injured fish. Behaviour 137:681–690.

83 Ferrari MCO, Wisenden BD, Chivers DP. 2010. Chemical ecology 
of predator–prey interactions in aquatic ecosystems: a review 
and prospectus. Can J Zool. 88:698–724.

84 Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 
1995. Stages of embryonic development of the zebrafish. Dev 
Dyn. 203:253–310.

85 Villamizar N, Vera LM, Foulkes NS, Sánchez-Vázquez FJ. 2014. 
Effect of lighting conditions on zebrafish growth and develop-
ment. Zebrafish 11:173–181.

86 Cold Spring Harbor Laboratory Press. 2011. E3 medium (for ze-
brafish embryos). Cold Spring Harb. Protoc. 2011:db.rec66449.

87 Yamashita M, Yabu T, Ojima N. 2010. Stress protein HSP70 in 
fish. Aqua-biosci Monogr. 3:111–141.

88 Fader SC, Yu Z, Spotila JR. 1994. Seasonal variation in heat shock 
proteins (hsp 70) in stream fish under natural conditions. J Therm 

Biol. 19:335–341.
89 Krone PH, Sass JB, Lele Z. 1997. Heat shock protein gene expres-

sion during embryonic development of the zebrafish. Cell Mol 
Life Sci. 53:122–129.

90 Hallare AV, Schirling M, Luckenbach T, Köhler H-R, Triebskorn R. 
2005. Combined effects of temperature and cadmium on devel-
opmental parameters and biomarker responses in zebrafish 
(Danio rerio) embryos. J Therm Biol. 30:7–17.

91 Eto K, Mazilu-Brown JK, Henderson-MacLennan N, Dipple KM, 
McCabe ERB. 2014. Development of catecholamine and cortisol 
stress responses in zebrafish. Mol Genet Metab Rep. 1:373–377.

92 Alderman SL, Bernier NJ. 2009. Ontogeny of the corticotropin- 
releasing factor system in zebrafish. Gen Comp Endocrinol. 164: 
61–69.

93 Takele Assefa A, Vandesompele J, Thas O. 2020. On the utility of 
RNA sample pooling to optimize cost and statistical power in 
RNA sequencing experiments. BMC Genomics 21:312.

94 Mori Y, Notomi T. 2009. Loop-mediated isothermal amplification 
(LAMP): a rapid, accurate, and cost-effective diagnostic method 
for infectious diseases. J Infect Chemother. 15:62–69.

95 Feugere L, et al. 2023. Data for: Heat induces multiomic and pheno-
typic stress propagation in zebrafish embryos (Version v1) [Dataset]. 
https:/doi.org/10.5281/zenodo.7308630

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/2/5/pgad137/7174779 by guest on 26 M

ay 2023

https:/doi.org/10.5281/zenodo.7308630

	Heat induces multiomic and phenotypic stress propagation in zebrafish embryos
	Introduction
	Results
	Heat stress, but not SM, leads to increased cortisol in 4-day post fertilization larvae
	Heat stress alters the whole-body transcriptome of 1-dpf embryos
	SM induce a localized transcriptomic signature in 1-dpf embryos
	Heat stress and SM induce few similar genes and have unique effects in combination
	Stress and control media show distinct metabolomic profiles
	Multiomic analysis uncovers sender–receiver gene–metabolite candidate cause-and-effect pathways
	Both heat stress and heat-induced SM alter development and stimulus-induced behavior
	SM also exist in group-raised nonlaboratory embryos

	Discussion
	Materials and methods
	Experimental design
	Endpoint 1: cortisol and HSP70 response to heat and heat-induced metabolites in 4-dpf embryos
	Endpoint 2: transcriptomic response to heat and heat-induced metabolites in 1-dpf embryos
	Endpoint 3: exploratory metabolomics characterization of heat-induced SM
	Endpoint 4: multiomic analysis
	Endpoint 5: phenotypic response to heat and heat-induced metabolites in 1-dpf and 4-dpf embryos
	Endpoint 6: loop-mediated isothermal amplification characterization of candidate genes in response to heat SM in outcrossing group-exposed embryos

	Acknowledgments
	Supplementary Material
	Funding
	Author contributions
	Data availability
	References




