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ARTICLE INFO ABSTRACT

Keywords: Sex in fish is remarkably plastic. In some gonochoristic species, temperature exposure during early development
Epigenetics can result in epigenetic changes and phenotypic reversal of an otherwise genetically encoded sex. In most of
DNA_mEthylatiO" these cases, high temperatures result in an increased proportion of phenotypic males. In sequential hermaph-
;ﬂz:ﬁy rodites, such as the protandrous barramundi (Lates calcarifer), the effect of temperature on sex is largely un-
Differentiation known. Here, we reared 1-year-old barramundi under four different temperature profiles and examined the
Hermaphroditism effects on mRNA expression, DNA methylation and phenotypic sex. Exposure to high temperature (34 °C) led to
Barramundi early sex change, skewing sex ratios toward transitional and female fish compared to the all-male control group.

These phenotypic changes were accompanied by differences in methylation and/or expression of conserved sex-
determining genes (e.g., cypl9ala and dmrtl), and others with putative roles in cellular sensing and signal
transduction. Global DNA methylation differences and alternative splicing were observed between sexes but not
between temperatures, suggesting that these epigenetic mechanisms occur downstream of putative temperature-
modulated signal transduction pathways. The results demonstrate that in contrast to gonochoristic fish, the
gonads of sequential hermaphrodites maintain plasticity beyond the completion of sex differentiation, and that
exposure to high temperatures leads to an increased proportion of females, rather than males. The findings may
assist in the development of temperature as a consumer friendly strategy for sex control in aquaculture.

1. Introduction

Most fish species are gonochoristic, characterised by gonadal phe-
notypes that are typically genetically predetermined, stable and binary
(male testes or female ovaries). However, in some gonochoristic species,
genetically encoded sex can be modified in response to anomalous
environmental conditions experienced preceding, or during primary
gonadal development (Hattori et al., 2020). This process is termed ‘sex
reversal’, and in most gonochorists leads to testes development in
genetically female fish (e.g., XX or ZW). Additionally, about 5 % of fish
species are sequentially hermaphroditic and may undergo protogynous

(female to male), protandrous (male to female), or bidirectional sex
change (either direction, multiple times) (Avise and Mank, 2009). In
contrast to sex reversal in gonochoristic species, sex change in sequential
hermaphrodites is part of typical reproductive development; it occurs
after primary sexual development and maturation of the initial gonadal
phenotype, under favourable environmental conditions and in the
absence of sex chromosomes or major sex determining genes. This
routine switch in reproductive mode requires that the gonads undergo a
drastic and unparalleled change in organ morphology and function
during adult life (Pla Quirante et al., 2018). Among vertebrates,
sequential hermaphroditism is unique to teleost fish, providing powerful
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models with which to study molecular mechanisms underlying sexual
development.

Temperature is a major driver of sexual phenotype in fish. For
example, high temperature exposure during, or just prior, to sex dif-
ferentiation leads to male development in genetically female European
seabass (Dicentrarchus labrax), half-smooth tongue sole (Cynoglossus
semilaevis), and Nile tilapia (Oreochromis niloticus) (Navarro-Martin
et al., 2011; Shao et al., 2014; Wang et al., 2019b). In hermaphrodite
fish, temperature may also influence primary sexual development, but
the effects have instead been observed at low temperatures. For
instance, in the simultaneous hermaphrodite mangrove killifish (Kryp-
tolebias marmoratus) and protandrous barramundi (Lates calcarifer) it
appears that low temperature exposure induces testes development
(Budd et al., 2022a; Ellison et al., 2015; Harrington Jr, 1967). In all of
these examples, changes in phenotypic sex were accompanied by
changes in gene expression and DNA methylation (a well-studied
epigenetic modification). In particular, an inverse relationship be-
tween DNA methylation and expression of male-associated dmrtl and
female-associated cypl9ala is consistently observed, suggesting that
these genes may serve as useful epigenetic markers for sex across species
(Piferrer et al., 2019).

The mechanisms by which temperature and other environmental
cues initiate sex change in fish have been widely investigated, though
they differ across reproductive systems. In socially controlled sex-
changing teleosts, sex change is commonly regulated by the
brain—pituitary-gonad (HPG) axis, where shifts in dominance hierarchy
initiate neuroendocrine signalling cascades (Godwin et al., 2003;
Nakamura et al., 1989). These are often accompanied by activation of
the brain-pituitary-interrenal (HPI) axis, particularly in response to
stress caused by social dominance or elevated temperature, resulting in
increased cortisol, suppression of aromatase (cyp19ala), and stimula-
tion of androgen synthesis—mechanisms typically associated with
masculinisation (Fernandino et al., 2013; Goikoetxea et al., 2017; Todd
et al., 2019). Such pathways are well-characterised in gonochoristic and
protogynous systems with social regulation. In contrast, protandrous
species like barramundi (Lates calcarifer), white seabream (Diplodus
sargus) and Black Porgy (Acanthopagrus schlegii) undergo mass spawning,
where mating is random or near-random and transitions occur instead
around size or age thresholds (Benvenuto et al., 2017; Shapiro, 1987;
Warner, 1975; Wu et al., 2010). Furthermore, in barramundi, elevated
temperature is associated with ovarian rather than testicular develop-
ment, indicating that stress-induced androgen synthesis is not an un-
derlying mechanism (Athauda et al., 2012). An alternative hypothesis
proposes that environmental cues such as temperature are transduced
via changes in intracellular calcium and redox (CaRe) status, which can
activate signalling pathways and epigenetic processes relevant to sexual
development (Castelli et al., 2020). While hormonal and CaRe pathways
may interact in some systems, current evidence suggests that CaRe may
provide a common cellular mechanism for environmental sex determi-
nation across both reptiles and teleosts, including species where high
temperatures encourage female development, and sex is determined
independent of social hierarchies.

The capacity for environmental cues to influence sexual develop-
ment also varies across reproductive strategies. In gonochoristic fish,
temperature exposure typically becomes ineffective once gonadal dif-
ferentiation is complete (Ospina-Alvarez and Piferrer, 2008; Valenzuela
et al., 2003). In contrast, phenotypic sex in sequential and bidirectional
hermaphrodites often remains responsive to endogenous and/or exog-
enous environmental stimuli even much later in life (Godwin, 2009;
Kobayashi et al., 2013; Warner, 1984). For example, sexually mature
protandrous gilt-head seabream (Sparus aurata) and clownfish
(Amphiprion ocellaris), as well as protogynous grouper (Epinephelus spp.)
and rice field eel (Monopterus albus), exhibit changes in the timing of sex
change in response to external factors like sex ratios, social hierarchies
and stocking densities (Iwata et al., 2019; Mackie, 2000; Mackie, 2003;
Quinitio et al., 1997; Sarter et al., 2006; Yuan et al., 2012; Zohar et al.,
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1984). In rice field eel and grouper, sex change is accompanied by
substantial changes in gene DNA methylation and expression, but it
remains unknown if these changes are induced by external factors (Guo
et al.,, 2021; Hu et al., 2022; Zhang et al., 2013). In sexually differenti-
ated barramundi, hormone (17p-estradiol) induces precocious male-to-
female sex change as well as changes in DNA methylation and gene
expression (Banh et al., 2021). Thus, unlike gonochoristic species, her-
maphrodite fish appear to remain responsive to environmental stimuli
even after sex differentiation, potentially allowing factors such as tem-
perature to produce changes in DNA methylation and sexual phenotype
later in life.

Sequential sex change creates a number of challenges for aquacul-
ture. Firstly, it prevents same generation selection practices, slowing the
rate of annual genetic progress (Bright et al., 2016; Robinson et al.,
2010). Secondly, it exacerbates difficulties in controlling broodstock
sex-ratios and parental contribution to spawning, leading to potential
inbreeding (Kuo et al., 2014; Marc et al., 2024). Finally, it often ne-
cessitates costly long-term maintenance of large broodfish until
sequential sex change takes place (Budd et al., 2015). As such, exam-
ining if the gonad of a given species is sensitive to endogenous and/or
exogenous stimuli, what the precise stimuli are and when these stimuli
could be most effectively applied are not only questions of biological
interest, but are of economic importance as well. Temperature exposure
treatments are particularly relevant, because of their potential to offer a
consumer-friendly alternative to the use of steroidal hormones in
aquaculture (Hoga et al., 2018) and the results have additional impli-
cations for fisheries management with predicted increases in ocean
temperatures (Honeycutt et al., 2019).

In Australia, wild-caught barramundi were widely considered to
mature as males from 2 to 4 years of age, and transition to female be-
tween 4 and 8 (Davis, 1982). However, more recent evidence suggests
that transition to females typically occurs even later, at around 8 to 10
years, and may be influenced by environmental temperature (Budd
et al., 2022b). Precocious sex change has been observed in cultured
barramundi in Singapore as early as 2 years, but the causes are currently
unknown (Terence et al., 2021). To date, barramundi is the only
sequentially sex changing fish for which temperature has been reported
to affect phenotypic sex (Athauda et al., 2012; Budd et al., 2022a; Budd
et al., 2022b). There is also substantial evidence to suggest that male-to-
female sex change in barramundi is under epigenetic control (Banh
et al., 2021; Budd et al., 2022a; Budd et al., 2022b; Domingos et al.,
2018). To better understand the molecular mechanisms underlying
changes in phenotypic sex in sequential hermaphrodites after sex dif-
ferentiation, we examine the effects of prolonged exposure to low,
elevated, and fluctuating temperatures on gonadal gene expression,
DNA methylation, and phenotypic sex in barramundi (Lates calcarifer).
We assess the potential for temperature to induce precocious sex change
and discuss the mechanisms through which these thermal cues may
influence sexual development.

2. Methods
2.1. Fish rearing and temperature exposure

Barramundi larvae from a single spawning event were produced at
an on-site hatchery (James Cook University, Townsville, QLD, Australia)
and reared at 28 °C, 30-35 ppt and 12 h light:dark photoperiod (Dhert
et al., 1992; Schipp et al., 2007). At 1 year of age, all individuals were
phenotypically male (see Budd et al., 2022a) 1 year of age,all individuals
were phenotypically male (see Budd et al., 2022a) and measured 34.5
cm + 2.29 in length and 0.54 kg + 0.11 in in weight (mean + SD, n =
10). Fish were allocated into 2000 L tanks (n = 7 fish per tank; n = 2
tanks per treatment; total n = 14 fish per treatment). Fish were held at
28 °C for a period of 1 week, where they were acclimatized at a rate of
1 °C/ day to either one of three constant temperature exposures: 24 °C
(low temperature; LT), 28 °C (control) and 34 °C (high temperature;



A.M. Budd et al.

HT); or a fourth, fluctuating temperature (FT) of 24-34 °C. Fish in the FT
group were continuously exposed to increasing temperatures of 1 °C/
day with a 1 week hold at 34 °C, and then lowered at the same rate with
a 1 week hold at 24 °C for a total of 11 cycles throughout the 12 month
period. Temperatures were selected to allow for physiologically mean-
ingful differences inadequate treatment intensity without compromising
growth efficiency or survival (Athauda et al., 2012; Katersky and Carter,
2007; Williams et al., 2006). The fluctuating treatment of 24-34 °C was
applied to simulate accelerated seasonal temperature fluctuations that
may be associated with maturation in wild populations of L. calcarifer
(Davis, 1985; Russell and Garrett, 1985).

Throughout the experiment, fish were kept in a recirculating aqua-
culture system with flow rates of 3-4 L per minute giving a total of 8-11
h for total exchange. Fish were stocked below commercial densities
(<10 kg/ms) and were fed ad-libitum twice daily with a commercial
barramundi diet (Ridley Corporation). Any unconsumed pellets were
removed after approximately 30 min. A total of four mortalities occurred
during the experiment, all of which were in the HT treatment. Another
three fish, one per treatment (excluding controls), were sampled at 6
months into the treatment period and macroscopic sex was assessed to
determine the date at which the experiment would be terminated. At this
timepoint, all fish (n = 3) appeared phenotypically male. Temperature
was measured twice daily to ensure that the tanks were as close as
practical to their target temperatures. Research was conducted under
James Cook University Animal Ethics Committee Approval Number
A2014.

2.2. Tissue sampling and histology

After 1 year of temperature exposure (i.e., at 2 years old) the
experiment was terminated and fish were humanely euthanized using
AQUI-S aquatic anaesthetic (AQUI-S New Zealand Ltd), followed by
immersion in an ice slurry and severance of the head at the junction of
the skull and the first vertebra. Total fish length and weight were
recorded. Tissue from the middle-most section along the length of the
right gonad was removed and immersed in RNAlater (Thermo Fisher
Scientific). The neighbouring section of each gonad was fixed in 10 %
neutral buffered formalin containing 4 % formaldehyde for at least 24 h
and subject to standard histology procedures with preparations
sectioned serially at a thickness of 5 pm and stained with hematoxylin-
eosin. After staining, slides were examined using an Olympus cellSens
Microscope Digital Camera System (Olympus). Gonad development
stages were assessed according to Guiguen et al. (1994), where M1-M4
represent male stages, T1-T4 represent transitional stages and F1-F4
represent female stages. Histological examination was performed on
the subset of individuals selected for sequencing (see Section 2.4).

2.3. Nucleic acid extraction

Gonad tissue was removed from RNAlater (Thermo Fisher Scientific),
washed once in PBS and dried with a KimWipe (Kimberly-Clark) before
immediate immersion into either TRIzol (Thermo Fisher Scientific) for
RNA extraction, or CTAB for DNA extraction (Doyle and Doyle, 1987).
Total RNA was extracted from homogenised gonad tissue using TRIzol
(Thermo Fisher Scientific) following the manufacturer’s protocol with
the exception of the precipitation step, in which 0.5 volumes of iso-
propyl alcohol and 0.5 volumes of RNA precipitation solution [1.2 M
sodium chloride, 0.8 M disodium citrate (Sambrook and Russell, 2001)]
were added to increase RNA yield. To remove any contaminating gDNA,
isolated RNA was then treated using TURBO DNase (Ambion), followed
by an ammonium acetate precipitation. Quantification and purity of
RNA was measured on an ND-1000 spectrophotometer (Nanodrop
technology) based on absorbance at 260 nm and 260/280 nm ratio. RNA
integrity was analysed using a TapeStation 2200 (Aligent). Genomic
DNA (gDNA) was extracted following the CTAB protocol, including an
overnight digestion with proteinase K (Doyle and Doyle, 1987).
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Quantification of gDNA was carried out as per RNA, and integrity was
assessed by visualisation on a 0.8 % agarose gel with lambda standards
at 50, 20, 10 and 5 ng/pl.

2.4. Library preparation and sequencing

Following extraction and quality checks, total RNA was subject to
TruSeq Stranded mRNA library preparation low sample (LS) protocol
(Illumina) and 100 bp paired end reads were sequenced across two lanes
on two flow cells using a HiSeq2500 (approx. 17-25 million reads/
sample; Illumina). Whole genome bisulfite sequencing (WGBS) libraries
were prepared using a TruSeq DNA Methylation Kit (Illumina) and 125
bp pair end reads were sequenced across five lanes on a single flow cell
using a HiSeq2500 (approx. 24 x coverage; Illumina). Library prepara-
tion and sequencing was performed at the Australian Genome Research
Facility (AGRF) for high quality samples from three individuals per
temperature group (total n = 12). To increase statistical power library
preparation the TruSeq Stranded mRNA library preparation low sample
(LS) protocol was performed in-house for another two individuals per
treatment (total n = 8) and sent to AGRF for RNA-sequencing as
described above. The extra samples were not sent for WGBS sequencing,
due to the higher cost. This resulted in 5 samples per treatment for RNA-
seq (total n = 20) and 3 samples per treatment for WGBS (total n = 12).
Only those samples with sufficient tissue quality, total RNA and DNA
yield, purity and integrity were able to be sequenced.

2.5. RNA-Seq analysis

Read quality was assessed using FastQC version 0.11.7 (Andrews,
2010). Raw reads were subject to sequencing error correction using the
k-mer based method, Rcorrector using jellyfish version 2.2.10 (Marcais
and Kingsford, 2011; Song and Florea, 2015). Corrected reads were then
quality filtered using Trimmomatic (Bolger et al., 2014) within Trinity
version 2.6.6 (Haas et al., 2013), trimming nucleotides below a Phred
quality score of 2 (MacManes, 2014) and discarding reads less than 25
bp long. Overlapping read pair data was merged with non-overlapping
or unpaired read data for use in subsequent transcriptome assembly
and differential expression analysis.

Alignment and assembly processes were performed following rec-
ommendations in Pertea et al. (2016). Specifically, trimmed, error cor-
rected reads were aligned and assembled using HISAT2 version 2.1.0
(Kim et al., 2015) using the L. calcarifer chromosome-level genome as-
sembly version 3 as reference (Vij et al., 2016). A custom index was built
to aid the mapping of RNA-Seq reads using extract splice sites.py,
extract exons.py, and the hisat2-build function. Filtered reads were then
aligned to the L. calcarifer genome specifying to report alignments
tailored for transcript assemblers and reverse stranded reads as inferred
by the infer-experiment.py script from the RSeQC package (Wang et al.,
2012). Aligned transcripts were assembled and merged using StringTie
version 2.0.4 and used for re-estimation of transcript abundances for
each sample (Pertea et al., 2015).

Expression analysis was performed in R version 4.1.3. Tximport
(Soneson et al., 2015) was used to compute counts from the coverage
information given by StringTie and then import the data into DESeq2
(Love et al., 2014). To assess the influence of technical variation, sur-
rogate variable analysis (SVA) was performed using known covariates
including tank, sequencing run, and library preparation batch. No major
structure attributable to these factors was detected (Fig. S1), and batch
terms were therefore not included in the final differential expression
model. Reads with zero counts, or only a single count across all samples,
were removed and a variance stabilising transformation was applied to
the DESeq2 matrix to reduce over influence of high-count transcripts
using the DESeq2 function vst (Anders and Huber, 2010; Huber et al.,
2003; Tibshirani, 1988). To test differences between the four groups
(HT, CT, FT and control), the DESeq2 function contrasts was used to
extract test results for log2 fold changes for all six possible treatment-to-
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treatment comparisons. For each comparison, p-values were corrected
using the Benjamini-Hochberg FDR method (Benjamini and Hochberg,
1995) and results were subset to only include those with an adjusted p-
value of less than 0.05 and an absolute fold change greater than one.

2.6. WGBS analysis

Read quality was assessed using FastQC version 0.11.5 (Andrews,
2010). Raw reads were subject to trimming using Trim Galore Version
0.6.5 (Krueger, 2015) removing standard Illumina adapters, specifying
the default minimum Phred quality score of 20 and a length cut off of 20
bp. Alignment and assembly were performed using Bismark version
0.19.0 (Krueger and Andrews, 2011). First, the L. calcarifer
chromosome-level genome assembly version 3 (Vij et al., 2016) was in
silico bisulphite converted (C-to-T conversion in the forward read, G-to-
A conversion in reverse) and indexed using bowtie2 to allow for align-
ment of bisulphite sequencing reads. To maximise sensitivity, the
trimmed reads were aligned to the reference genome specifying 1
mismatch per seed alignment and a 20 bp seed substring length. A
minimum alignment score of L’s,0, —0.2 (roughly two mismatches) was
applied. All other specifications left to default settings.

Bismark coverage files were imported into R using the methylKit
methRead function (Akalin et al., 2012), including a treatment vector of
all four temperature groups and the L. calcarifer reference genome.
Samples were filtered such that any bases with less than 10 x or more
than the 99th percentile of coverage were removed. Coverage was
normalised using median scaling and data were merged to extract bases
covered by reads in all the samples. Non-variable CpGs were removed
using the standard deviation method, keeping only CpGs with a standard
deviation of >2 %. Differential methylation was calculated using the
methylKit’s calculateDiffMeth function applying basic overdispersion
correction and correcting p-values for multiple testing using the
Benjamini-Hochberg method (Benjamini and Hochberg, 1995). Pairwise
comparisons between temperature groups were performed by first
creating all possible combinations and then applying methylKit’s reor-
ganise function to subset the data for each. Differential methylation was
re-calculated for each pair-wise test. Significantly differentiability
methylated CpG sites (DMCs) among all groups (using the full dataset)
were identified as those with g-values smaller than 0.05 and with
percent methylation difference larger than 25 %. These steps were car-
ried out to minimise false positives and increase robustness in the
context of limited replication, as is common in WGBS studies con-
strained by sequencing costs.

2.7. Functional annotation and analysis

Functional annotation was carried out for the DEG and DMCs in the
HT vs control comparison, as well as the top 20 overall. BED files for the
DMG and DMCs were exported from R, and BEDtools was used to obtain
fasta files of the DEGs, and the sequences overlapping or closest to the
DMCs (referred to as DMGs, herein). For the top 20 DEGs, CD-HIT was
used to cluster the sequences to reduce redundancy. A ray-finned fish-
specific database was created by filtering the full National Centre for
Biotechnology Information (NCBI) non-redundant protein (nr) database
for taxonomic identifier 7898 (Actinopterygii). The blastx command was
then used to query the database for the DEGs and DMGs. Functional
analysis was performed for the DEG and DMGs in the HT vs control
comparison. The results were imported into OmicsBox version 3.1.11
(BioBam) for mapping and annotation following the suggested gene
ontology (GO) annotation workflow including merging of InterProScan
and BLAST GO terms to produce the final annotation and combined
pathway analysis to search Kyoto Encyclopaedia of Genes and Genomes
(KEGG) and Reactome databases.
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2.8. Paired methylation and expression analysis

A fasta file was created containing three ovary-associated (cyp19ala,
esrl, foxI2) and three testis-associated (dmrt1, nr5a2 and amh) genes for
which full length annotated sequences were available. To identify their
genomic coordinates, the six genes were mapped to the L. calcarifer
chromosome-level genome assembly version 3 (Vij et al., 2016) using
minimap2 (Li, 2018). For expression data, BEDTools (Quinlan, 2014)
intersect was then used to identify overlapping genomic coordinates and
retrieve MSTRG StringTie IDs that corresponded to each of the mapped
sex genes. Using the resultant StringTie sex gene IDs, the DESeq2 plot-
Counts function was used to obtain expression values for the sex genes of
interest. Count data was transformed using a log base 10 transformation
and modelled using a negative binomial regression using the glm.nb
function in from the MASS package in R (Ripley et al., 2013). For the
methylation data, sex genes were mapped to the L. calcarifer genome
annotation file (.gff3) and the regions of interest were extracted from the
methylKit object using the selectByOverlap function. Percentages were
converted to proportions and logit transformed to allow subsequent
modelling using ANOVA. For both methylation and expression, pair-
wise comparisons between temperatures were performed using
Tukey’s Honest Significant Difference, adjusted for multiple testing
using the Benjamini-Hochberg procedure and represented using
compact letter display output, all from the multcomp package v1.4-8
(Hothorn et al., 2016).

To undertake fine-scale analysis of methylation over the length of
cypl9ala and dmrtl, the methods and scripts provided by Todd et al.
(2019) were followed. Briefly, mapped reads, Bismark coverage files, a
GTF file containing the genomic coordinates of cyp19ala and dmrt1 and
the barramundi reference genome and annotation were imported into
SeqMonk (www.bioinformatics.babraham.ac.uk/projects/seqmonk/).
Typically, the proximal promoter region of a gene is assumed to be
located up to 2000 bp upstream unless experimentally proven otherwise
(Chen et al., 2018; Hu et al., 2019; Zheng et al., 2017). As such, probes
were created to target predicted promoter regions and coding sequences
(from —2000 bp to stop codon) of the target sex genes using the feature
probe generator, specifying to remove exact duplicates. Running win-
dows of 2 bp with a 2 bp step size were created over the gene and pre-
dicted proximal promoter and the SeqMonk’s methylation pipeline
‘bisulphite methylation over features’ analysis was used to generate
percent methylation values. Paired mRNA expression values were
created similarly, quantifying the 2 bp running window probes by total
read count and normalising per million reads. Plots were created in R
using the Gvis package (Hahne and Ivanek, 2016).

2.9. Analysis of body size and sex change

To assess the effect of temperature and body size on the probability
of feminisation, a Firth logistic regression model was fitted using the
logistf package in R, which applies penalized maximum likelihood
estimation to reduce small-sample bias in logistic models. To enable
comparison of length at sex change between our experimental fish and
that of wild-caught barramundi, we also analysed the relationship be-
tween length and sex for 8923 individuals collected by Fisheries
Queensland Department of Agriculture and Fisheries (DAF) barramundi
biological monitoring program (Queensland, 2010) as part of a previous
study (Budd et al., 2022b). First, logistic regression models were fitted
for length and age frequency distributions for all individuals using the
glm function in R and specifying the family as binomial. The coefficients
were then extracted from the model to calculate the point of inflection of
the logistic curve, which represents the point at which the curve changes
most rapidly, i.e., the age and length at which most barramundi tran-
sition from male to female.
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3. Results
3.1. Phenotypic effects of temperature

Following 1 year of temperature exposure, HT barramundi exhibited
a skewed distribution toward transitional and female gonad stages,
while in all other groups fish were primarily male (Fig. 1A). Control fish
largely featured early testes stages (M1 and M2) with predominantly
spermatogonia and spermatocytes (Fig. 1C). Similarly, the LT fish
mostly possessed M2 stage testes, with one instance of an M3 stage in-
dividual as indicated by a predominance of spermatozoa (Fig. 1C). In the
FT group, male stages M1 to M3 were primarily observed, as well as one
transitioning individual with T2 stage gonads, characterised by degen-
erating testes tissue concurrent with the emergence of ovarian tissue
(Fig. 1B). HT fish displayed the most significant variation in gonad
development, with one individual remaining in the male phase (M2),
while the majority of individuals (80 %) were in transitional phases (T1
or T2). A single fish in the HT group was also observed to possess
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vitellogenic oocytes (F2 female stage; Fig. 1C). Histological images for
all individuals are provided in Supplemental Fig. S2.

Higher temperature positively influenced fish length and weight,
with the HT group achieving the largest size by the conclusion of the 1
year exposure period (Fig. 1B). HT fish were markedly heavier and
longer than those from the LT group but did not differ significantly in
size from the control group (Fig. 1B). Fish from the LT group were
significantly smaller in length compared to the controls, whereas FT fish
did not significantly deviate from the controls in either growth metric
(Fig. 1B). The HT female was both notably younger and smaller (60 cm;
2 yo) relative to the average size (88 cm) and age (8 yo) of transition for
wild-caught barramundi (Fig. 1D, Supplemental Fig. S3).

A firth logistic regression was conducted to examine the effect of
treatment on sex, where transitional and female stages were combined
into a single “non-male” category and all male stages were combined
into a single “male” category (n = 20). The model was statistically sig-
nificant, likelihood ratio XZ(S) =8.59, p =.035. Compared to the control
group, HT individuals had significantly higher odds of being non-male,
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Fig. 1. Phenotypic effect of temperature on barramundi (Lates calcarifer) following exposure from 1 to 2 years of age. Control: 28 °C, LT: low temperature; 24 °C, FT:
fluctuating temperature 24-34 °C, HT: high temperature; 34 °C. A. Gonadal development stage based on Guiguen et al. (1994) where M1-M4 represent male stages,
T1-T4 represent transitional stages and F1-F4 represent female stages. B. Comparison of length and weight, where letters denote pair-wise comparisons using Tukey’s
Honest Significant Difference following ANOVA (P = .05) and values show mean with standard deviation. C. Hematoxylin and eosin staining on the gonads.
Spermatogonia (SG), spermatocytes (SC), spermatids (ST), spermatozoa (SZ), oocyte (O), pre-vitellogenic oocyte (PVO) and degenerating tissue (DGT). Scale bars =
20 pm. D. Diagram illustrating the age (2 yo) and size (60 cm) of the HT-induced female and the age (8 yo) and size (88 cm) at which wild-caught barramundi
typically transition from male to female. Values for the wild-caught female represent the point of inflection of fitted binomial GLMs for 8923 sexed samples (see

Supplemental Fig. S3 for details).
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OR = 32.99, 95 % CI [1.90, 5502.93], p = .013. No significant differ-
ences were observed for the LT or FT groups. An additional Firth logistic
regression tested the effect of treatment and body weight. The overall
model was statistically significant, likelihood ratio X2(4) =12.16,p =
.016. The effect of treatment was not statistically significant after con-
trolling for weight (all p > .33), however the trend remained direc-
tionally consistent. Weight was a significant predictor, with higher
weight associated with increased odds of being non-male, OR = 1.0025,
95 % CI [1.0000, 1.0146], p = .048.

3.2. Global gene expression and methylation patterns

Genome-wide DNA methylation patterns in barramundi revealed
global hypomethylation in the female individual compared to males
(Fig. 2). Linkage groups ASB_LG5, ASB_LG17, ASB_LG3, ASB_LG24, and
ASB_LG9 exhibited relatively lower methylation levels across all sam-
ples, whereas ASB_LG7_2 and ASB_LG14 showed consistently higher
average methylation (Fig. 2). However, global DNA methylation levels
did not show clear separation among treatments. This indicates that at
the whole methylome level, DNA methylation was more strongly
influenced by phenotypic sex than by temperature treatment directly.

Analysis of differential gene expression and methylation revealed
patterns that were strongly associated with their respective temperature
treatments and stages of gonadal development (Fig. 3). Clustering of
samples based on all DMCs and the top 20 DEGs resulted in pronounced
and early divergence of female and transitional fish, which subsequently
formed a distinct group (Fig. 3). Conversely, male staged individuals
were grouped more ambiguously (Fig. 3). Within the top 20 DEGs, HT
individuals segregated distinctly from those in other groups, with the
exception of one transitional fish in the FT group, which aligned with the
other transitional individuals from the HT group (Fig. 3). FT individuals
clustered less distinctly, highlighting the variability in gonadal stages
(ranging from M1 to T2) previously mentioned (Fig. 1, Fig. 3). In
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contrast, DMC analysis resulted in defined clustering for the HT and FT
groups, whereas individuals from the LT and control groups were more
diffuse. Overall, patterns of clustering for both DEGs and DMCs consis-
tently show a marked difference between HT-treated fish and all other
groups.

Annotation of the top 20 DEGs and DMGs indicated that these genes
were primarily involved in cellular sensing and/or signalling, as well as
epigenetic and other regulatory pathways (Fig. 3; Supplemental
Tables S1 and S2). Two of the DMGs identified were involved in G
protein coupled-receptor activity, including adgra2 (a positive regulator
of Wnt signalling, which has been implicated in sexual development)
and celsrl (predicted to enable calcium ion binding activity) (Fig. 3;
Supplemental Table S1). An additional two DMGs were involved in
redox and calcium sensing, namely ndor (predicted to enable oxide
reductase activity by catalysing the transfer of electrons from NADPH to
potential redox partners) and unc79 (a subunit of the NALCN channel
that contributes its calcium ion sensitivity of the cell). Other DMGs were
involved in epigenetic or other regulatory processes, including smyd2
(implicated in RNA polymerase II binding and histone methyltransferase
activity), tadal (subunit of the human STAGA chromatin-modifying
multi protein complex) as well as hox10a and Ibw (regulators of the
Wnt signalling pathway). Finally, two DMGs were involved in degen-
eration and regeneration, namely znf503 and spirel (involved in G1 to
GO transition of the cell and positive regulation of double-strand break
repair, respectively) (Fig. 3).

Within the top 20 DEGs, genes with regulatory roles were common
(Fig. 3; Supplemental Table S2). These included: znf271 (regulator of
transcription), srrml and ddx17 (with functions in mRNA binding and
processing, including splicing) as well as naca (involved in binding
nascent proteins). Three zona pellucida proteins zpd, zp3f.2, zpxc were
also differentially expressed, which are predicted to enable sperm
binding (Fig. 3, Supplemental Table S2). Two genes with specific
epigenetic regulatory functions were among the top 20 DEGs, namely
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Fig. 2. Heatmap of DNA methylation across chromosomes among treatments and gonadal development stages in barramundi (Lates calcarifer). Chromosomes
(columns) are labelled as ASB_LG#, where ‘ASB’ denotes Asian seabass, and ‘LG#’ refers to linkage groups derived from genetic linkage mapping (Vij et al., 2016).
Samples (rows) are labelled by treatment, and in brackets by gonadal development stage, followed by the total percent methylation across all chromosomes, i.e.,
whole-genome methylation percentage. M1-M4 represent male stages, T1-T4 represent transitional stages, and F1-F4 represent female stages, as described by
Guiguen et al. (1994). Tissue samples were collected from barramundi gonads following temperature exposure between 1 and 2 years of age. Row colours indicate
different treatments (Control: 28 °C, LT: low temperature; 24 °C, FT: fluctuating temperature 24-34 °C, HT: high temperature; 34 °C). Hierarchical clustering was
performed using Euclidean distance to calculate pairwise similarities and complete linkage for agglomeration, grouping both rows (samples) and columns (chro-

mosomes) based on the most dissimilar elements within each cluster.
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h2a (proteins involved in the structure of chromatin in eukaryotes) and clqgtnf1 (involved in positive regulation of signal transduction), was also
iws] (involved in regulation of histone modification). Several DEGs identified (Fig. 3, Supplemental Table S2).

encoding membrane proteins with potential roles in cellular sensing

were also identified, namely cldnd and srap, as well as membrane re-

ceptor nedd4a (enables sodium channel inhibitor activity). Finally,
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3.3. Functional results

A total of 8257 DEGs and 50 DMCs were identified between HT and
control groups (Supplemental Fig. S4). Overlapping Gene Ontology
(GO) terms were predominantly categorized under Molecular Functions,
with an emphasis on various binding activities including ATP, protein,
DNA, calcium, metal, and zinc ion binding (Fig. 4A). Notably, two of
these GO terms were specifically attributed to RNA polymerase II DNA-
binding activities, either associated with transcription factor activity, or

A DEG
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cis-regulatory region specificity (Fig. 4A). For Cellular Components,
both DEGs and DMGs were predominantly assigned to structures
including the cell membrane, nucleus, plasma membrane, and cyto-
plasm (Fig. 4B). Biological Processes implicated included the regulation
of transcription by RNA polymerase II, signal transduction, and
anatomical structure development (Fig. 4A). Reactome pathway anal-
ysis highlighted that DEGs were primarily involved in metabolic path-
ways, whereas DMGs showed a heightened association with signal
transduction pathways (Fig. 4B). Additional Reactome pathways
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Fig. 4. Comparative functional analysis of differentially expressed genes (DEGs) and differentially methylated genes (DMGs) in Lates calcarifer gonads subject to high
temperature exposure (34 °C) from 1 to 2 years of age. A. Shared Gene Ontology (GO) terms are categorized into Biological Process, Molecular Function, and Cellular
Component. Bars represent the number of sequences associated with each GO term. B. Shared pathway categories based on Reactome analysis, where bars depict the
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molecular intersections of gene expression regulation and DNA methylation in the gonads in response to temperature exposure.
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implicated included metabolism of proteins, cellular response to stimuli,
gene expression, and developmental biology (Fig. 4B). Enzyme classes
common to both DEG and DMGs included transferases, hydrolases, ox-
idoreductases, and isomerases (Fig. 4C).
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3.4. DNA methylation and expression in sex genes
Targeted examination of six annotated sex-related genes highlighted

differential expression patterns across temperatures. Specifically, HT
fish exhibited an upregulation of all three genes associated with ovarian

Testis—associated genes
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function—cyp19ala, esrl, and foxI2. Accordingly, HT fish also showed a
reduction in expression for two of the three genes typically associated
with male development (gpr54 and sox8) (Fig. 5A). In contrast, LT fish
displayed the opposite pattern, with a decrease in the expression of
cypl9ala and foxI2 and an increase in gpr54 and sox8 relative to the HT
group (Fig. S5A).

WBGS analysis did not reveal significant differences in average DNA
methylation profiles across temperatures for the promoter regions, first
exons, or gene bodies of any of the six annotated sex genes (Fig. 5B).
Nevertheless, a non-significant trend toward decreased gene body
methylation was evident for cyp19ala and dmrtl in the HT group

|
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(Fig. 5B). Correlation analyses revealed a positive correlation for gene
body methylation in gpr54 (Fig. 5C). No significant inverse relationships
between methylation and expression were observed, although the gen-
eral trend of decreasing expression with increasing methylation was
apparent for most regions in cyp19ala and esrl (Fig. 5C). Correlations
for other genes and regions displayed no significant patterns, with an
equal distribution of negative and positive correlation coefficients
(Fig. 5C). It should be noted that although an inverse correlation be-
tween DNA methylation and expression of the sex genes was not seen
(Fig. 5), in general, DMCs exhibited decreased methylation and DEGs
exhibited increased expression between HT and control groups (Fig. S5).
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female fish following temperature exposure from 1 to 2 years of age. Presented DNA methylation and RNA expression levels for one control-treated male (28 °C; blue
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version of this article.)
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3.5. Single base-pair resolution analysis of dmrtl and cypl9ala

Base-pair resolution analyses across the length of sex-determining
genes cypl9ala, associated with ovarian function, and dmrt1, linked
to testicular differentiation, revealed variation in methylation and
expression patterns and evidence of alternative splicing between male
and female fish (Fig. 6, Supplemental Figs. S6 and S7). For example,
mRNA expression was relatively uniform across all exons of cyp19ala in
the female, whereas males showed a marked overrepresentation of
mRNA transcripts within the initial four exons and an absence of
expression in exons 5-9 (Fig. 6). Additionally in males, expression was
identified within the intronic region separating exons 3 and 4 and was
reduced in regions of exon 1 and 2 producing a known short-form mRNA
cypl9ala sequence. Expression of dmrtl was present in the female,
contrary to anticipated trends for a gene typically expressed in testes.
However, there was a complete lack of expression in exon 1 for the fe-
male, indicative of alternative splicing (Fig. 6). Exon 1 of dmrt1 contains
the active and highly conserved DNA-binding motif (DM domain).
Methylation levels were comparatively elevated in dmrtl exon 1 of the
female, as well as at CpGs situated at —122 and —130 base pairs, close to
potential transcription factor binding sites for E2F and SP1 (Supple-
mental Fig. S8). Transitional stage fish generally paralleled male
methylation and expression patterns (Fig. S6, Supplemental Fig. S7).
However, all HT treated fish (female and transitional) demonstrated a
trend of reduced methylation in the exons of cyp19ala, as well as within
a cluster of CpG sites located in the upstream proximal promoter region
(Fig. 6; Supplemental Figs. S6 and S7). Overall, although there were
some differences in methylation and expression observed between
temperatures, alternative splicing was only observed between the sexes.

4. Discussion

Here, 1-year-old barramundi were exposed to four different tem-
perature regimes for a period of 1 year and the influence of temperature
on sequential sex change, gonadal DNA methylation and gene expres-
sion was examined. High temperature exposure led to an increased
proportion of transitional and female individuals, accompanied by
downregulation of testes-associated and upregulation of ovary-
associated sex genes. Although the number of individuals assessed
using histological examination and WGBS was contrained, aconsistent
pattern of feminisation in the HT group—supported by gene expression
and methylation data—strengthens confidence in these observations.
Both global and gene-specific differential DNA methylation were
observed between male and female individuals, accompanied by alter-
native splicing in ovary-associated cypl9ala and testes-associated
dmrtl. Among treatments, an inverse relationship between methyl-
ation and expression was observed for cyp19ala and esrl, although the
correlations were not significant. Functional analyses and annotation of
DEGs and DMGs among treatments revealed a predominance of genes
and biological functions associated with cellular sensing and signalling
pathways, instead of those directly involved in DNA methylation, or
other epigenetic and/or regulatory mechanisms as was expected. The
results suggest that temperature most strongly affects the expression and
DNA methylation of genes involved in cellular signalling pathways, and
that the downstream completion of transition from male to female in-
volves differential methylation and alternative splicing of sex-associated
genes, including cyp19ala and dmrtl.

4.1. Effect of temperature on phenotypic sex

High temperature exposure resulted in largely transitional and fe-
male fish, whereas low and control temperatures resulted in exclusively
male fish after 1 year of temperature exposure (at 2 years of age). This
morphological result was supported by DNA methylation and gene
expression profiles, whereby transitional and female fish (largely from
the high temperature group) were found to cluster together based on
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DMC and DEG profiles. There was also significant upregulation of ovary-
associated genes and downregulation of testis-associated genes in the
high temperature group. Our results are consistent with previous
research which showed that high temperature (31 °C) induced both
transitional and female 18 month old barramundi following 3.5 months
of temperature exposure (Athauda et al., 2012). Here, we showed that
wild-caught barramundi typically transition at 8 years and 88 cm,
whereas all experimental individuals were under 65 cm and 2 years old,
demonstrating a substantial reduction in the time taken to reach male-
to-female transition. These results indicate that, in contrast to gon-
ochoristic species, the gonads of barramundi remain sensitive to tem-
perature exposure well beyond the period of primary sexual
differentiation (as males), which occurs from approximately 40 to 140
days post hatch (Banh et al., 2017).

The finding of high temperature leading to early female development
in barramundi is also in contrast to the pattern known to most gon-
ochoristic fish (Geffroy and Wedekind, 2020; Ospina-Alvarez and
Piferrer, 2008), where high-temperature exposure during primary sex
differentiation typically leads to decreased cypI9ala expression, and
subsequent testis development (e.g., Hattori et al., 2009; Hayashi et al.,
2010). However, this pattern is disrupted in species where sex differ-
entiation is strongly linked to size and/or growth (Ospina-Alvarez and
Piferrer, 2008). In barramundi, increased juvenile growth rate has been
shown to influence the timing of male-to-female sex change (Roberts
et al., 2021), suggesting that high temperature could promote femini-
sation indirectly through accelerated growth. Consistent with this,
treatment effects were not statistically significant when controlling for
weight; however, the effect of high temperature remained directionally
consistent. Moreover, Although HT fish were larger than LT fish, their
size did not differ significantly from controls, despite exhibiting marked
differences in gene expression and DNA methylation. Given that the
optimal thermal range for metabolic efficiency in barramundi is
28-32 °C, the reduced size observed at 24 °C is more likely a result of
suppressed metabolic activity and reduced feed intake, rather than
enhanced growth at 34 °C, where signs of metabolic stress begin to
emerge (Katersky and Carter, 2007). These findings suggests that while
growth may contribute to temperature-induced feminisation, it cannot
fully explain the observed effects. Instead, our results point to the
involvement of additional temperature-sensitive regulatory mechanisms
in barramundi. Such mechanisms may resemble those present in TSD
reptiles for which high temperature similarly induces feminisation (see
section 4.5).

4.2. Sex-specific global DNA methylation

Global hypomethylation in female barramundi is consistent with
previous observations in tongue sole (Cynoglossus semilaevis), where fe-
males exhibited lower DNA methylation levels in gonadal tissues
compared to males. For tongue sole, this comparison included both
genetic (ZZ) and temperature-derived (ZW) ‘pseudo’ males and dem-
onstrates that sex correlates with epigenetic but not genetic differences
(Shao et al., 2014). This consistency in methylation status of males and
females across species and irrespective of temperature treatment points
to the existence of a conserved global sex-specific epigenetic mecha-
nism. The absence of global methylation differences between male and
transitional stages in our study may be attributed to the dynamic nature
of gonadal tissue during these phases. Transitional stages encompass a
mix of cell types at various stages of differentiation, and male gonads at
different stages of spermatogenesis, potentially masking distinct
methylation patterns. Similar challenges have been noted in previous
research, where the heterogeneity of gonadal tissue complicates the
detection of clear epigenetic markers in hermaphrodite fish (Ortega-
Recalde et al., 2020). Future studies employing the use of single cell
sequencing will help to elucidate cell-specific patterns of gonadal DNA
methylation during transitional stages.
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4.3. Relationship between DNA methylation and mRNA expression

The present analyses revealed a general trend of increased gene
expression and decreased DNA methylation between HT and control
groups but did not identify a consistent inverse correlation among the six
annotated sex-associated genes examined. The major biological conse-
quence of DNA methylation is thought to be gene silencing (Colot and
Rossignol, 1999) and there are reports of inverse relationships between
promoter, first exon and first intron methylation (Anastasiadi et al.,
2018; Brenet et al., 2011; Kuroda et al., 2009) and positive relationships
with gene body methylation (Ball et al., 2009). Nevertheless, there are
many exceptions to these general trends (Suzuki and Bird, 2008) and the
absence of an inverse correlation between methylation and expression in
sex-related genes in fish is commonly reported. For example, sex-related
genes in temperature sex-reversed tongue sole (C. semilaevis) showed a
variety of relationships between expression and gene body methylation,
including positive, negative or no change (Shao et al., 2014). Similarly,
previous research in barramundi showed upregulated promoter
methylation and gene expression in amh, as well as no relationship be-
tween promoter methylation and gene expression in cypl9ala
(Domingos et al., 2018). Here a single inverse correlation was observed
between methylation in the first exon of cyp19ala, but not for any other
sex gene or region (i.e., promoter or gene body). However, we observed
an overall decrease in methylation and increase in expression between
HT and control groups. These results highlight that although there are
general trends, the relationship between methylation and expression is
unique to many genes and may be obscured by the presence of multiple
transcripts.

4.4. Alternative splicing in cyp19ala and dmrtl

Base-pair resolution analysis of DNA methylation and expression
along the length of cypI9ala revealed that HT-treated fish exhibited
lower cypl19ala methylation in exonic regions, but also in a cluster of
CpG sites in the upstream promoter region. Similar analysis in bluehead
wrasse (Thalassoma bifasciatum) revealed hypermethylation in males
compared to females, most notably in a CpG island close to the tran-
scription start site (Todd et al., 2019). In the present study, transcripts
from cypl9ala in male and transitional fish were heavily over-
represented in the first four exons and introns but absent for the
remaining coding sequence (exons 5 to 9). Only in the female fish was
the complete gene expressed. For dmrt1, the female individual lacked
expression of the first exon almost entirely, which was also heavily
methylated. Notably, this exon contains the active DM domain, likely
rendering the gene non-functional in females (Zarkower and Murphy,
2021). This finding is supported by our previous work which showed
that wild-caught female barramundi lack the first exon of dmrtl
(Domingos et al., 2018). In addition to altered patterns of gene expres-
sion, DNA methylation has a known role in the regulation of splicing
(Maor et al., 2015) and may lead to the sex specific splice dynamics
observed in barramundi and other teleosts (e.g., Guo et al., 2005; He
et al., 2003; Shao et al., 2014; Yu et al., 2003; Zhang et al., 2008).
Because methylation and expression patterns were similar in the control
males and HT transitional fish (Supplemental Fig. S6, Supplemental
Fig. S7), it is likely that temperature does not directly affect alternative
splicing, and that this is a downstream effect of sex change. However, in
the absence of functional studies, it is challenging to determine causa-
tive factors.

4.5. Putative upstream mechanisms of high temperature-induced
feminisation

While DNA methylation has been identified as the mechanism link-
ing changes in environmental temperature to differences in phenotypic
sex in fish (Ellison et al., 2015; Navarro-Martin et al., 2011; Shao et al.,
2014; Wang et al., 2019b), as well as many reptiles (Matsumoto et al.,
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2013; Parrott et al., 2014), specifically how temperature affects DNA
methylation is not known. Temperature has been proposed to elicit an
effect on methylation through the activity of DNA methyltransferases
(DNMTs); temperature-sensitive enzymes responsible for the physical
transfer of methyl groups onto nucleic acids (Navarro-Martin et al.,
2011). In this study, GO terms associated with genes differentially
methylated and expressed between HT and control treated barramundi
did not reveal a marked overrepresentation in DNA methylation or
methyltransferase-related gene functions. Additionally, none of the top
20 DEGs or DMGs among temperature groups were associated with DNA
methyltransferases. These findings indicate that the observed DNA
methylation changes in barramundi are unlikely to result directly from
the effect of temperature on methyltransferase expression.

Elevated temperature is also known to induce heat shock proteins,
which may act as upstream temperature sensors in sex determination
pathways. For example, in tongue sole, high temperature treatment has
been shown to upregulate several HSP family members, including hsp 70
and hsp90, in sex-reversed males (Wang et al., 2019a). Because hsp90f
is upregulated in olive flounder testis, and hsp70 is associated with testis
development in tilapia, these have been identified as candidate tem-
perature sensors for further investigation (Fan et al., 2014; Tao et al.,
2018). However, the present analysis did not identify any HSPs among
differentially expressed or methylated genes, nor were any HSP-related
GO terms (e.g., response to heat, response to stress, protein folding)
enriched, providing no evidence for this mechanism in barramundi.

High temperature exposure has also been shown to induce mascu-
linisation in several teleost species, including medaka and pejerrey,
through upregulation of cortisol biosynthesis, increased expression of
androgen-producing enzymes, and suppression of aromatase activity
(Hattori et al., 2009; Hayashi et al., 2010). Cortisol-associated mascu-
linisation also occurs during protogynous sex change in bluehead wrasse
(Todd et al., 2019). While we did not measure cortisol directly, our
findings contrast with these patterns: elevated temperature in barra-
mundi was associated with upregulation of gonadal cyp19ala (aroma-
tase), esr1, and foxI2, along with downregulation of sox8 and gpr54, and
a corresponding increase in the proportion of female and transitional
fish. The fluctuating treatment may have introduced a different form of
thermal stress; however, this treatment did not show a consistently
strong femininizing or masculinising effect. Taken together, our obser-
vations indicate that high-temperature-induced feminisation in barra-
mundi operates through mechanisms distinct from the cortisol-mediated
masculinisation observed in other fish species.

Alternatively, it has been proposed that cells can sense environ-
mental temperature through changes in calcium and redox balance,
which initiates downstream epigenetic and transcriptional responses
that influence sex differentiation in temperature sex-determined (TSD)
reptiles (Ahn and Thiele, 2003; Castelli et al., 2020; Singh et al., 2020).
Notably, evidence for changes in calcium and redox balance have been
observed in the absence of increased cortisol (Mukai et al., 2022) and in
species for which high temperature induces feminisation (Whiteley
etal., 2021). In the present research, many differentially methylated and
expressed genes in barramundi exposed to high temperature were
associated with GO terms related to signal transduction, transcriptional
regulation and ion binding, including calcium. Reactome analysis
similarly highlighted enrichment in signal transduction, responses to
stimuli and metabolic pathways known to modulate cellular redox status
(Gong et al., 2020). Furthermore, enzyme classifications of differentially
expressed and methylated genes were dominated by hydrolases and
transferases, key mediators of intracellular signal transduction, as well
as oxidoreductases, which are directly involved in redox signalling
(Rack et al.,, 2020). These data support the hypothesis that redox-
mediated signals may be driving temperature-driven sex differentia-
tion across vertebrates.

Additional support for the CaRe hypothesis in barramundi emerged
from the annotation of the top 20 differentially methylated and
expressed genes. A minority of these were involved in epigenetic (e.g.,
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histone modification) or regulatory pathways, but the majority had
putative roles in cellular sensing. For example in humans, unc-79 en-
codes a protein that contributes to NALCN calcium channel sensitivity,
and ndorl, a redox enzyme closely related to cytochrome P450 reductase
(por), which is an obligate electron donor for steroidogenic enzymes,
including cyp19al (Banci et al., 2013). Other genes identified included
eefsex, predicted to be involved in selenocystine incorporation critical
for redox maintenance (Labunskyy et al., 2014) and clnd4, encoding a
transmembrane protein potentially involved in ion regulation (Berselli
et al., 2022). Leucine-rich repeat extension proteins, known in plants to
function in perceiving extracellular signals and relaying this information
to the cytoplasm (Herger et al., 2019), were also found to be differen-
tially expressed. Together these findings support a role for cellular cal-
cium and redox signalling pathways as transducers of environmental
temperature into sex-specific gene regulation in barramundi (Castelli
et al., 2020).

4.6. Future directions

Although this study is largely observational, the results suggest that
understanding how temperature exerts an effect on sex in barramundi
and other fish species requires investigating beyond the repressive
relationship between DNA methylation and gene expression. Future
research should explore additional roles of DNA methylation, other
regulatory mechanisms, and cellular signalling dynamics. Theories like
the calcium and redox hypothesis offer improved understanding of the
genes and cellular functions that may be involved in temperature-
induced sex change and reversal, and can help direct future functional
studies (Castelli et al., 2020). For example, calcium channels are known
to respond to pharmacological compounds, which may inhibit the effect
of temperature on the cell (Herger et al., 2019). In corals, it has been
shown that suppressing the supply of extracellular calcium by chelation
with EGTA can deplete active calcium signalling and inhibit the loss of
zooxanthellae in response to high temperatures (i.e., bleaching) (Huang
et al., 1998). Although similar studies have not been conducted in fish,
there is evidence to show that oxidative stress and differential calcium
regulation are involved in sex change in bluehead wrasse (Todd et al.,
2017), and that genes involved in ion transport processes are upregu-
lated in sex-reversed male Nile tilapia (Wang et al., 2019b). A deeper
understanding of how exogenous stimuli influence sex determination
could lead to more effective sex control in aquaculture.

The present results corroborate previous work suggesting that tem-
perature may provide a viable method of sex control for barramundi
aquaculture (Athauda and Anderson, 2014; Budd et al., 2022a). Here,
culture at high temperatures resulted in one female and three transi-
tional fish, corresponding to a frequency of 20 % female and 60 %
transitional individuals. Increasing numbers to a commercial scale could
validate temperature as an effective method for sex control in aqua-
culture. This is particularly relevant if the effects of temperature on sex
are stable in offspring, meaning that temperature exposure would not
need to be repeated for newly spawned broodfish. Transgenerational
effects of temperature on phenotypic sex have previously been observed
in tongue sole, where high temperatures resulted in sex reversal of both
the parent and offspring (to which no temperature exposure was
applied) (Shao et al., 2014). Future work should look to understand if
the effects of temperature on barramundi are similarly retained in
offspring, leading to early development of females in the absence of
temperature exposure. The work could further be extended to examine
possible cumulative effects of temperature when applied to consecutive
generations, as transgenerational effects have been observed in other
fish species (Pierron et al., 2021; Shao et al., 2014; Valdivieso et al.,
2020). Alternatively, breeders could select for temperature sensitive
families which may allow for reduced temperatures or exposure periods
(Baroiller and d’Cotta, 2016; Baroiller et al., 2009; Saillant et al., 2002;
Wessels et al., 2017). Such initiatives could ultimately establish tem-
perature as an economically and environmentally sustainable method
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for sex control in aquaculture.
5. Conclusion

This study demonstrates that elevated temperature induces femini-
sation in barramundi through coordinated physiological, epigenetic and
transcriptional changes, providing insight into the molecular basis of sex
change in a protandrous fish. Understanding these environmentally
responsive mechanisms is key to improving sex control in aquaculture,
informing fisheries management and advancing our knowledge of sexual
development across vertebrates. Our findings support the idea that
sequential hermaphrodites retain prolonged sensitivity to environ-
mental cues and provide evidence to support the existence of evolu-
tionary conserved cellular mechanisms that detect and transduce
environmental temperature. Reproductive plasticity may enable
climate-driven shifts in sex ratios and population structure - effects that
are already evident across environmental gradients for this species
(Budd et al., 2022b). In aquaculture, these insights highlight the po-
tential for temperature-based sex control in barramundi and other
commercially important species.
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