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Abstract
Phenotypic plasticity is an important driver of species resilience. Often mediated by 
epigenetic changes, phenotypic plasticity enables individual genotypes to express 
variable phenotypes in response to environmental change. Barramundi (Lates calcari-
fer) are a protandrous (male-first) sequential hermaphrodite that exhibits plasticity in 
length-at-sex change between geographic regions. This plasticity is likely to be medi-
ated by changes in DNA methylation (DNAm), a well-studied epigenetic modification. 
To investigate the relationships between length, sex, and DNAm in a sequential her-
maphrodite, here, we compare DNAm in four conserved vertebrate sex-determining 
genes in male and female barramundi of differing lengths from three geographic re-
gions of northern Australia. Barramundi first mature as male and later sex change 
to female upon the attainment of a larger body size; however, a general pattern of 
increasing female-specific DNAm markers with increasing length was not observed. 
Significant differences in DNAm between males and females of similar lengths sug-
gest that female-specific DNAm arises rapidly during sex change, rather than gradually 
with fish growth. The findings also reveal that region-specific differences in length-at-
sex change are accompanied by differences in DNAm and are consistent with variabil-
ity in remotely sensed sea temperature and salinity. Together, these findings provide 
the first in situ evidence for epigenetically and environmentally mediated sex change 
in a protandrous hermaphrodite and offer significant insight into the molecular and 
ecological processes governing the marked and unique plasticity of sex in fish.
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1  |  INTRODUC TION

The ability of individual genotypes to produce different phenotypes 
in response to environmental change, known as phenotypic plas-
ticity, is an important driver of species resilience (Hu & Barrett, 2017; 
Pigliucci, 2005). In contrast to adaptive evolution, which is under-
pinned by random genetic mutation alone, phenotypic plasticity is 
often mediated by epigenetic changes (Duncan et al., 2014; Richards 
et al., 2010). Epigenetic changes can be defined as mitotically and/
or meiotically heritable modifications that occur to the structure of 
DNA, rather than the nucleotide sequence, resulting in changes in 
phenotype in the absence of changes in genotype. Epigenetically 
mediated changes in phenotype exhibit a number of key attributes 
that differentiate them from those that are genetically underpinned: 
(1) they can accumulate within the lifetime of an individual, as well as 
intergenerationally; (2) they often arise in response to environmen-
tal stimuli (internal or external), rather than via random mutation; 
and (3) they can offer higher and more dynamic rates of change than 
genetic mutation alone (Zhang et al., 2013). In eukaryotes, the best 
characterized epigenetic modification is DNA methylation (DNAm), 
which typically involves the replacement of the 5th carbon of cyto-
sine with a methyl group at CpG sites (i.e., where the DNA sequence 
is ‘CG’) but can also occur at other cytosine sites, and in other nu-
cleotides (Jones, 2012). While it is likely that DNAm works in combi-
nation with other epigenetic mechanisms (histone modification and 
micro RNAs) to regulate gene expression, methods of analysis for 
DNAm are the most well-established and widely used. Thus, DNAm 
provides an accessible and comparable measure to investigate how 
epigenetics underpins phenotypic plasticity in different species (e.g., 
Duncan et al., 2022).

Epigenetic variation can provide explanation for cases in which 
classical quantitative genetics, based on sequence variation alone, 
has been unable to explain rapid phenotypic responses to envi-
ronmental change (Bossdorf et al., 2008). In fish, recent evidence 
suggests that population-level epigenetic variation plays a role in 
generating phenotypic plasticity in wild populations. For example, 
in Chrosomus eosneogaeus, a clonal diploid fish, epigenetic varia-
tion is consistent with differences in environmental pH and occurs 
in the absence of genetic variation (Massicotte & Angers, 2012). 
Furthermore, in Atlantic salmon (Salmo salar), sexual maturation is 
mediated by DNAm (Mohamed et al., 2020), and in wild populations, 
high levels of epigenetic variation are thought to enable the preco-
cious (early) maturation of small ‘sneaker’ males (Morán & Pérez-
Figueroa, 2011). Most recently, it has been shown that adaptation 
of shortfin mollies (Poecilia mexicana) to sulfidic environments is 
promoted through DNAm, and that these epigenetic changes are 
heritable (Kelley et al., 2021). These examples demonstrate how 
habitat-specific DNAm can enable environmental adaptation in fish. 
While there are several studies that suggest epigenetic mechanisms 
underlie phenotypic plasticity in plants, similar studies in vertebrates 
are scarce (Kilvitis et al., 2017 and references therein).

Sequential hermaphroditism presents an extreme case of epi-
genetically mediated, phenotypic plasticity, whereby an individual 

undergoes complete transition from one sex to another (Todd et al., 
2016 and references therein). For example, barramundi (Lates calcar-
ifer) are a protandrous (male-first) sequential hermaphrodite fish in 
which sexual maturation as male and subsequent sex change to fe-
male is associated with increases in length (as anterior to posterior; 
Davis, 1982; Guiguen et al., 1994; Moore, 1979; Roberts et al., 2021). 
Not only do barramundi exhibit responsiveness to internal cues to 
initiate male-to-female sex change, but also the length at which sex 
change occurs differs between geographic regions, suggesting that 
sex is additionally responsive to external environmental cues (Davis, 
1984; Loughnan et al., 2019). For example, in Australia, barramundi 
from the Gulf of Carpentaria (GoC) sex change at approximately 
70–90 cm, compared with 85 – 100 cm in the Northern Territory 
(NT) and east coast of Queensland (Qld; Davis, 1982; QFMA, 1991). 
Furthermore, within the GoC, barramundi north of approximately 
13°S (from Weipa to the northern tip of Qld; Figure 1) reach sex-
ual maturity earlier and sex change at shorter lengths compared 
with barramundi from the southern GoC (i.e., Aurukun to Karumba; 
Figure 1), which sex change at approximately 80 cm (Davis, 1984). 
The underlying drivers of the differences in length-at-sex change in 
barramundi between regions are unknown, but the phenomenon has 
been associated with differences in genetic origin and growth rate 
(Davis, 1984; Roberts et al., 2021), as well as environmental factors, 
such as temperature and salinity (Athauda & Anderson, 2014; Budd, 
2020).

The observed difference in length-at-sexual maturation and sex 
change in barramundi from different regions was previously proposed 
to be underpinned by genetic factors (Davis, 1984). Barramundi in 
Australia are considered to be composed of two genetic populations; 
western and eastern with a central region of admixture (Loughnan 
et al., 2019). Additionally, 21 genetic subpopulations have been iden-
tified, including two within the Qld region of the GoC (Figure 1; Jerry 
et al., 2013; Keenan, 1994). However, genetic differences are greater 
between the Qld east coast and GoC, rather than within the GoC 
where more marked differences in sexual precociousness have been 
observed (Davis, 1984). This suggests that differences in length and 
age at sexual maturation and sex change between barramundi from 
different geographic regions are unlikely to be explained by genetic 
factors alone and may be underpinned by epigenetic changes.

Sex change in many fish species has been attributed to differen-
tial DNAm of several conserved vertebrate sex-determining genes. 
In barramundi, significantly higher DNAm in dmrt1 [doublesex and 
mab-3 (DM)-related transcription factor 1] and nr5a2 (Nuclear 
Receptor Subfamily 5 Group A Member 2), as well as lower DNAm 
in cyp19a1a (cytochrome P450, family 19, subfamily A, polypeptide 
1a) occurs in females than that in males (Domingos et al., 2018). 
Similar sex-related differences in DNAm of dmrt1, cyp19a1a, nr5a2, 
and/or esr1 (estrogen receptor alpha) have been observed in other 
fish species, such as the protogynous bluehead wrasse (Thalassoma 
bifasciatum; cyp19a1a and dmrt1) (Todd et al., 2019), protogynous 
ricefield eel (Monopterus albus; cyp19a1a) (Zhang et al., 2013), di-
gonic black porgy (Acanthopagrus schlegelii; cyp19a1a and dmrt1) 
(Wu et al., 2016), and gonochoristic zebrafish (Danio rerio; nr5a2 
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and esr1) (Han et al., 2021; Yuan et al., 2020). Specifically, gonadal 
DNAm in M. albus gradually increases in cyp19a1a during female-to-
male sex change, and prior to sex change, eels exhibit approximately 
50% DNAm in this gene (Zhang, Zhang, et al., 2013). This suggests 
there is an accumulation of DNAm before the onset of sex change 
in M. albus. In barramundi, it is unknown whether sex-specific differ-
ences in DNAm accumulate gradually with fish growth, or if DNAm 
changes occur more rapidly upon transition from male to female.

Epigenetic changes are strongly influenced by internal and ex-
ternal environmental cues, integrating genetic and environmental 
factors to produce differences in phenotype. For example, both tem-
perature and salinity are known to affect sex in fish via changes in 
DNAm (see Li et al., 2017; Metzger & Schulte, 2018; Navarro-Martín 
et al., 2011; Shao et al., 2014; Wang et al., 2019; Wen et al., 2014 for 
examples). In barramundi, maturation of the gonads and subsequent 

spawning is synchronized with the southwest monsoon and coin-
cides with seasonal changes in temperature and salinity that occur 
just prior to its arrival (Grey, 1987; Pusey et al., 2004). Sex change is 
thought to commence just prior to spawning, as the testes ripen for 
a final time, and finish shortly after when the gonads are contracted 
and germ cells are multiplying (Davis, 1982). Given the intimate asso-
ciation between gonadal maturation and spawning, it is thought that 
decreases in salinity and increases in temperature concurrent with 
the arrival of the monsoon trigger sex change (Athauda et al., 2012; 
Davis, 1985). Furthermore, low salinities and high temperatures can 
lead to increased size and overall body condition in this species, of-
fering greater reproductive capacity and likely leading to male-to-
female sex change (Budd, 2020; Katersky & Carter, 2005; Partridge 
& Lymbery, 2008; Warner, 1988; Woo & Chiu, 1995). Thus, here, 
it was hypothesized that low salinities and high temperatures may 

F I G U R E  1 (a) Map of Queensland, Australia, showing sampling locations (colored markers) as well as distribution of the genetically 
distinguishable subpopulations of barramundi (Lates calcarifer) identified by Jerry et al. (2013; dashed circles). (b) Principal component 
analysis summarizing genetic diversity among the barramundi sampled and analyzed in the present study, using the same genetic markers 
as in the aforementioned study. (c) Average austral summer yearly (October through September) salinity and temperature estimated by the 
Hybrid Coordinate Ocean Model (HYCOM) for positions 8.88 km offshore of the north Queensland east coast (green), mid-northern GoC 
(orange) and southern GoC (blue) barramundi catch locations. Data are represented as mean point with standard error bars
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be consistent with the observed geographic differences in length-
at-sex change in barramundi, and that these phenotypic differences 
may be accompanied by differences in DNAm.

In this research, DNAm within amplicons covering the beginning 
of the first exon (start codon) and neighboring regions of four con-
served vertebrate sex-determining genes dmrt1, nr5a2, cyp19a1a, 
and esr1 were quantified to examine the epigenetic and ecological 
variables governing sex change in a protandrous hermaphrodite. 
These sex-determining genes are referred to throughout the man-
uscript as either male- or female-associated, where male-associated 
genes typically show higher expression and lower DNAm in male 
vertebrates and female-associated genes typically show the same 
pattern, but in female vertebrates (Piferrer et al., 2019). Specifically, 
here, we (1) investigate whether changes in DNAm gradually accu-
mulate with increasing length to become more female-specific in 
barramundi; (2) compare DNAm in males and females from distinct 
geographic regions to identify whether differences in length-at-sex 
change are associated with differences in DNAm; and (3) use re-
motely sensed sea temperature and salinity estimates to explore the 
role of temperature and salinity as potential ecological contributors 
to differences in length-at-sex change in wild individuals.

2  |  METHODS

2.1  |  Animal collection and sampling design

Length, sex, and age data were collected as part of the Fisheries 
Queensland, Department of Agriculture and Fisheries (DAF) bar-
ramundi biological monitoring program from the year 2000 to 
2017. Gonadal tissue samples were collected throughout the 2015 
and 2016  barramundi wild harvest fishery open season (February 
through October) and stored in RNAlater (Thermo Fisher Scientific). 
Sex was determined macroscopically, whereby male and female go-
nads were identified by their distinct color and texture (Fisheries 
Queensland, 2020a). No fish undergoing testes-to-ovary transition 
were recognized in this sample set, as their identification requires 
histological examination (Davis, 1982). Total length (to the nearest 
10 mm) was measured from the anterior-most part of the snout to 
the posterior tip of the caudal fin (Fisheries Queensland, 2020a). 
Fish age was determined by sectioned otolith examination including 
increment counts, edge classification, and periodicity, as well as tim-
ing of opaque zone transformation (Fisheries Queensland, 2020b; 
Stuart & McKillup, 2002). Preliminary analysis revealed differences 
in the length at which sex change occurs (length-at-sex change, 
herein) within GoC samples; thus, the southern GoC subpopula-
tion was split into ‘southern GoC’ (at ~16°S to land, near Karumba) 
and ‘mid-northern GoC’ (at ~13°S to 14°30″S near Aurukun; Table 
S1; Figure 1). Only the northern Qld east coast region (at ~16°S to 
18°S, near Cairns and Mission Beach; Figure 1), referred to as ‘NQ 
east coast’ in text, was included due to insufficient sample size 
south of this latitude. Stratified random sampling was used to se-
lect gonad samples for downstream DNAm analysis. For each of 

the three geographic regions, 1–10 gonad samples (based on sam-
ple frequency and therefore availability) from fish from each 10-cm 
length category were analyzed (Figure S1). Samples did not require 
collection permits or animal ethics approval, as the fish were taken 
by recreational, charter, and commercial operators as part of usual 
fishing practices. Samples collected were fishery regulation capture-
dependent and restricted by minimum and maximum length limits of 
58 and 120 cm, respectively.

2.2  |  Temperature and salinity data acquisition

Sea surface temperature and salinity data were obtained from 
the HYbrid Coordinate Ocean Model (HYCOM) and accessed via 
Google Earth Engine (Chassignet et al., 2009; Gorelick et al., 2017). 
Temperature values were validated using data from Australian 
Institute of Marine Science temperature loggers at available inter-
secting points, to achieve correlation coefficients of 0.99 where ad-
equate coverage was available (Figure S6; AIMS, 2017). As HYCOM 
data points are interpolated to a standard 40 z-levels and uniform 
0.08 degrees, data were obtained for coastal regions 0.08 degrees 
(~8.88 km) from the specific inlets associated with reported catch 
locations (Fisheries Queensland, 2014). Specifically, NQ east coast 
temperatures are derived from coastal locations east of Snapper, 
Gladys, and Trinity Inlets at 16.31°S, 145.53°E; 17.50°S, 146.16°E; 
16.85°S, 145.85°E, respectively. Mid-northern GoC temperatures 
are derived from west of Aurukun Inlet at 13.33°S, 141.55°E, and 
southern GoC temperatures are derived from west of Gilbert 
Pocket at 16.54°S, 141.19°E. From these data, austral summer year 
(October through September) means were calculated for each region 
for use in data visualization and statistical analyses.

2.3  |  Genomic DNA extraction and 
microsatellite genotyping

Gonadal tissue was removed from storage in RNAlater (Thermo 
Fisher Scientific), washed once in PBS and dried with a KimWipe 
(Kimtech Science) before immediate immersion into DNA extrac-
tion buffer [100-nM Tris-HCl, 1.4-M NaCl, 20-nM EDTA, 2% cetyl 
trimethylammonium bromide (CTAB), and 2% polyvinylpyrrolidone 
(PVP)]. Genomic DNA (gDNA) was extracted following the CTAB 
protocol (Doyle & Doyle, 1987), including overnight digestion with 
Proteinase-K followed by the addition of a phenol:chloroform:isoamyl 
alcohol (25:24:1) step to assist with the removal of proteins. Quantity 
and purity of gDNA was assessed using an ND-1000 spectropho-
tometer (Nanodrop technology) based on absorbance at 260-nm 
and 260/280-nm ratio, and integrity was assessed by visualization 
on a 0.8% agarose gel with lambda DNA standards at 50, 20, 10, and 
5 ng/µl and a 1 kb Plus DNA ladder (Thermo Fisher Scientific). Based 
on the findings of previous studies, it was assumed that individuals 
collected within the GoC were genetically similar to each other, but 
distinct from those originating from the NQ east coast. To validate 
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this assumption, microsatellite genotyping was performed accord-
ing to Loughnan et al. (2019), using 16 microsatellite DNA markers 
(loci). Genotyping was performed on the same gDNA used for BSAS, 
where n = 36 for the NQ east coast region, n = 32 for the southern 
GoC region, and n = 25 for the mid-northern GoC region.

2.4  |  Bisulphite conversion of gDNA and amplico-
specific PCR

To analyze DNAm levels of the region surrounding the start codon 
of cyp19a1a, esr1, dmrt1, and nr5a2, a targeted bisulphite amplicon 
sequencing (BSAS) approach, adapted from Masser et al. (2013), was 
applied. These regions were selected based on our previous work, 
both published (cyp19a1a and nr5a2) and unpublished (esr1 and 
dmrt1), to identify those showing significant correlations with phe-
notypic sex (Banh et al., 2021; Budd, 2020; Domingos et al., 2018). 
While the region surrounding the transcription start site is typically 
the most informative (Piferrer et al., 2019), not all sex-related genes 
show sex-specific DNAm patterns in amplicons near this region 
(e.g., sox9; Figure S7). Following the manufacturer's instructions, 
500  ng of extracted gDNA was subject to bisulphite treatment 
using EZ DNA Methylation-Gold™ (Zymo Research). Gene-specific 
primers spanning the start codon of each gene were designed using 
MethPrimer (Li & Dahiya, 2002) with the Illumina adapter overhang 
nucleotide sequences added (Table S2). Gene structure diagrams in-
dicating the positioning of the primers, CpG sites, introns, and exons 
of each gene were generated using the genoPlotR package and can 
be found in Figures S2 and S3. PCR amplification of these regions 
was achieved using Platinum® Taq DNA Polymerase (Thermo Fisher 
Scientific) following the manufacturer's instructions. Reaction con-
ditions were as follows: 95°C for 2 min followed by 40 rounds of 
95°C for 30  s, 57.5°C for 35  s, 72°C for 40  s, with a final exten-
sion of 72°C for 10 min. PCR products were purified using Sera-Mag 
SpeedBeads (GE Healthcare) prepared following Faircloth and Glenn 
(2014) and quantified using QuantiFluor (Promega) fluorometric nu-
cleic acid quantitation and measured on an EnSpire Multimode plate 
reader (PerkinElmer).

2.5  |  NGS library preparation and DNA 
methylation quantification

Dual indexed libraries were generated using a Nextera XT Index Kit 
following the manufacturer's protocol (Illumina). Purified PCR prod-
ucts were indexed using limited cycle number PCR under the fol-
lowing reaction conditions: 95°C for 5 min followed by 12 rounds of 
95°C for 30 s, 58°C for 35 s, 72°C for 40 s, with a final extension of 
72°C for 10 min. Indexed amplicons were purified and quantified as 
described above, normalized by molarity to 4 nM and pooled into a 
final library. The final library was and quality checked on an Aligent 
TapeStation (Aligent Technologies) and quantified on a Qubit 3.0 
Fluorometer (Invitrogen) for subsequent molarity determination. 

Libraries were then diluted to 8 pM, spiked with 20% PhiX to com-
pensate for low base diversity in the amplicon sequencing library and 
loaded onto a 600 cycle V3 reagent cartridge for sequencing on an 
Illumina MiSeq (Illumina). FASTQ files were imported into Geneious 
Version 10.2.6 (Kearse et al., 2012). Paired reads were merged using 
BB merge paired Read Merger Version 37.25 (Bushnell et al., 2017), 
sequences were then trimmed based on an error probability limit of 
0.05 with a maximum of one ambiguity, and resultant reads were 
aligned to in silico bisulphite converted reference sequences using 
the Geneious in-built read mapper end-to-end read mapping and 
a minimum mapping quality of 30. Variants were detected using a 
minimum coverage of 500 reads to identify C-T conversions in CpG 
positions. Because only unmethylated cytosines are converted to 
thymines through bisulphite treatment, at a given CpG site, the pro-
portion of reads with C-T variants indicates the proportion of un-
methylated gene copies in the original gDNA sample. The inverse 
of this value gives the proportion of cytosine methylation (DNAm) 
for each CpG site for each gene amplicon, which was used in subse-
quent statistical analysis.

2.6  |  Statistical analyses

Statistical analyses were performed using R (version 2.15.2). 
Microsatellite data were analyzed using the adegenet package, by 
first converting the data using the df2genind function, then per-
forming PCA analysis using the dudi.pca function (Jombart, 2008). 
Beta regression analyses were performed using algorithms imple-
mented in the R package betareg (Cribari-Neto & Zeileis, 2009; R 
Core Team, 2013). The values for the hypothesized relationship 
between DNAm, length, and sex (‘simplified hypothesis’; Figure 2) 
were calculated using the seq function in R-base package to gener-
ate a sequence starting from the minimum to maximum proportion 
methylated value for any CpG within a given gene, and increments 
were determined by calculating largest difference between any 
proportion methylated value for a CpG and the minimum value for 
a given gene, and dividing it by 10. Length data were generated by 
creating a sequence between 55 and 105 cm, with increments of 
5 cm, and sex data were generated using a sequence of 6 males 
and 5 females, respectively. Regression lines for the hypothesized 
relationship were generated using the geom_line function from gg-
plot2. Regression lines for the ‘preliminary result’ panel in Figure 2 
were generated using the geom_smooth function, specifying the 
glm method, and R2  values were generated using the stat_reg-
line_equation function, also from ggplot2. For subsequent analy-
sis, since DNAm data generated by BSAS are proportional (bound 
between 0 and 1), beta regression was used to fit the data on the 
logit scale (Ferrari & Cribari-Neto, 2004; Seow et al., 2012). For 
each gene, DNAm levels at individual CpG sites were initially mod-
eled adjusting for sex, region, CpG site, length, and/or age with 
the inclusion of all possible three-way interaction terms. To de-
velop an appropriate model and avoid multicollinearity between 
fish age and length, generalized variance inflation factor (GVIF), 
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F I G U R E  2 Comparison of DNA methylation levels between male and female barramundi (Lates calcarifer) from Queensland, Australia 
(all regions pooled), by amplicon. (a) Box plots demonstrating low methylation of male-associated amplicons dmrt1 and nr5a2 and high 
methylation of female-associated amplicons cyp19a1a and esr1 and in males (blue), and the reciprocal relationship in females (orange). Letters 
denote significant differences between males and females resulting in the Mann–Whitney tests (p < .001, Table S8). (b) Hypothesized 
relationship between DNA methylation, length, and sex based on the results in a. (c) Preliminary generalized linear model of the relationship 
between DNA methylation and length (as total length, anterior to posterior), showing the overall relationship (black line), as well as the 
relationship for males (blue dashed line) and females (orange dashed line) separately
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Pearson's correlation coefficients, Bayesian information criterion 
(BIC), and pseudo-adjusted coefficients of determination (pseudo 
R2) values were calculated. While GVIF analysis did not indicate a 
problem with multicollinearity (Table S3), regression analysis re-
vealed a significant relationship between age and length (p < .001; 
Figure S5). With the exception of dmrt1, all BIC values for mod-
els including length (but not age) were more preferable to those 
including age (but not length; Table S4). Therefore, based on the 
regression results and BIC values calculated, length was retained 
in the subsequent analyses, and age was excluded (Table S5, Table 
S6). The inclusion of length, but not age, in the model is supported 
by a recent analysis of barramundi from Western Australia, which 
identified that sex change is more closely related to length than 
age (Roberts et al., 2021).

A chi-square test of goodness of fit based on deviance was per-
formed to determine the effect of each factor in the model and 
identify interaction terms that were nonsignificant for all amplicons, 
which were subsequently dropped from the model. The resulting 
model used for all amplicons included six interaction terms, five of 
which included sex. Given that sex had significant interactions with 
all other factors (Table S5), the data were subset by sex (male and 
female) to enable greater resolution in the resulting beta regression 
models (Table S6). To account for multiple testing, a Benjamini-
Hochberg FDR correction was applied (Benjamini & Hochberg, 
1995). The final model for each sex within each gene predicted 
DNAm based on the three remaining factors (CpG, region, and 
length) and included one significant interaction term (region: length). 
The final models explained 20%–80% of the total variance in DNAm, 
depending on the gene and sex (Table S6). Post hoc evaluation of 
the differences in the mean response between geographic regions 
(holding other predictors at their means) was performed through lin-
ear hypothesis testing (linearHypothesis function, car package; Fox 
et al., 2013). Binomial GLMs for fitting length frequency distribu-
tions were performed using general linear models (glm function, R-
base stats package) using Fisheries Queensland data years 2000 to 
2017. Temperature and salinity data were analyzed using one-way 
ANOVA (aov function in the R-base stats package) followed by pair-
wise comparisons with Bonferroni corrections (glht function, mult-
comp package).

3  |  RESULTS

3.1  |  Confirmation of genetic structure

PCA of microsatellite genotyping provided a summary of the genetic 
diversity among the sampled individuals in this study (Figure 1). The 
results confirmed the assumption that individuals from the mid-
northern and southern GoC (as defined here) are of a single genetic 
origin and are genetically differentiated from the NQ east coast 
(Figure 1b). This assumption was based on previous research de-
fining the population genetic structure of barramundi in Australia 
(Jerry et al., 2013; Loughnan et al., 2019).

3.2  |  Significant differences in modeled sea 
temperature and salinity between regions

Analysis of variance for HYCOM salinity and temperature data re-
vealed significant associations between region and yearly mean sa-
linity [F (2, 51) = 29.69, p < .001] and temperature [F (2, 51) = 34.84, 
p  <  .001]. Pairwise comparisons between the three regions more 
specifically revealed significant differences in both salinity and tem-
perature between all three regions (p < .05), where the mid-northern 
GoC exhibits the lowest salinity and highest temperature values, the 
NQ east coast exhibits the opposite (highest salinity and lowest tem-
perature values), and the southern GoC exhibits intermediate salin-
ity and temperature (Figure 1c).

3.3  |  DNA methylation is sex-specific, but the 
relationship between methylation, length, and sex 
is not as predicted

Analysis of the gonads of wild barramundi revealed that males and 
females exhibit highly divergent DNAm in all amplicons of the four 
sex-associated genes examined (Table S8, Figure 2). Specifically, 
higher DNAm levels were observed in the female-associated am-
plicons cyp19a1a and esr1 in males, and higher DNAm levels in 
male-associated amplicons dmrt1 and nr5a2 in females (Table S8 
and Figure 2a). On average, female-associated amplicons cyp19a1a 
and esr1 were 33% and 24% more methylated in males, and male-
associated amplicons dmrt1 and nr5a2 were 7% and 29% less meth-
ylated in male compared to that in females (Table S8 and Figure 2a). 
Thus, male-specific DNAm was characterized by high DNAm in cy-
p19a1a and esr1 and low DNAm in dmrt1 and nr5a2. Reciprocally, 
female-specific DNAm was characterized by comparatively low 
DNAm in cyp19a1a and esr1 and comparatively high DNAm in dmrt1 
and nr5a2 (Table S8 and Figure 2a).

Preliminary regression analysis revealed substantial variation in 
DNAm with fish length in all four amplicons of the sex-associated 
genes examined, indicating a more complex relationship between 
DNAm, length, and sex than was initially hypothesized (Figure 2b,c). 
This was due to substantial overlap in size classes between males 
and females, where DNAm levels are more strongly predicted by sex 
than length (Figure 2c, Table S5). This led to high variability in DNAm 
levels at a given length, with obvious differences between males and 
females (Figure 2c). Where DNAm and length were modeled with 
both sexes together, the direction of this relationship (i.e., positive or 
negative) was consistent with our hypothesis of increasing female-
specific DNA methylation levels with length for two of the four 
sex-associated gene amplicons (dmrt1 and cyp19a1a). However, in 
all cases, the association was very weak (as indicated by low R2 val-
ues, Figure 2b,c). Where the sexes are modeled separately, females 
largely follow the hypothesized trend (positive for male-associated 
amplicons, negative for female-associated amplicons, with large 
variance) and males do not. Thus, the relationship between DNAm 
and sex was, for all four sex-associated amplicons, directionally 
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divergent (Figure 2c). Analysis using beta regression including all 
covariates (length, sex, region, and CpG site) revealed significant in-
teractions between sex and all other factors (Table S5). This result 
confirmed that the relationship between DNAm and length, sex, re-
gion, and CpG site is different between the sexes, and as such, the 
data were subset by sex in the subsequent analyses (Table S6).

3.4  |  DNA methylation in males becomes more 
male-specific with increasing length

Beta regression modeling confirmed that barramundi exhibit a 
significant relationship between DNAm levels and length in all 
four amplicons of key sex-related genes examined. However, 
as length increases, males typically show an increase in male-
specific DNAm, rather than female-specific. For example, DNAm 
of female-associated amplicons cyp19a1a and esr1 increased with 
length in males (Figure 3). Similarly, DNAm of male-associated am-
plicons dmrt1 and nr5a2 decreased with length in males (Figure 3). 
This was in contradiction to the expected increase in DNAm of 
male-associated amplicons with increasing length initially hy-
pothesized to lead to size-related male-to-female sex change 
(Figure 2b).

3.5  |  DNA methylation in females generally 
becomes more female-specific with increasing length

In most cases, DNAm in females became more female-specific with 
increasing length. However, it is unlikely that any DNAm changes 
in females contribute to sex change as these individuals have al-
ready changed sex. Specifically, for females from all regions, beta 
regression modeling revealed that DNAm of female-associated am-
plicons became more female-specific as length increased (Figure 3). 
In contrast, for male-associated amplicons, only females from the 
mid-northern GoC exhibited increases in female-specific DNAm as 
length increased (Figure 3, Figure 2b). These observations are con-
sistent with the predicted increase in female-specific DNAm with 
growth. However, these cumulative changes in DNAm occurred fol-
lowing sex change (i.e., in females), rather than prior to sex change 
(i.e., in males). Therefore, the present results do not provide support 
for gradual, cumulative changes in DNAm leading to male-female sex 
change in this species.

3.6  |  Mid-northern GoC barramundi demonstrate 
differential DNA methylation

Mid-northern GoC males demonstrated differential DNAm com-
pared to males from both other regions sampled. More specifically, 
individual hypothesis testing revealed that mid-northern GoC males 
had significantly different DNAm levels compared to males from 
the NQ east coast and southern GoC, which were not significantly 

different from each other (Table S7). Mid-northern GoC males dem-
onstrated more male-specific DNAm in smaller length classes, be-
coming more similar to males from the southern GoC and NQ east 
coast in larger length classes (Figure 3, Table S6). The trend was simi-
lar for the relationship between DNAm and increasing age (Figure 
S6). In females, DNAm was more variable between both amplicon 
and geographic region comparisons compared to males. Individual 
hypothesis testing revealed significant differences between NQ east 
coast region and both GoC regions for cyp19a1a, but only between 
NQ east coast and the southern GoC for esr1 (Table S7). In NQ east 
coast females, DNAm in female-associated amplicons (cyp19a1a and 
esr1) were higher overall, and changes with length were of greater 
effect size compared to females from the mid-northern and south-
ern GoC (Figure 3, Table S6). While DNAm levels in male-associated 
amplicons (nr5a2 and dmrt1) were also higher in females from the 
NQ east coast, the direction of the relationship between DNAm and 
length followed the inverse relationship for females from the mid-
northern GoC compared with the other regions (i.e., was positive 
rather than negative; Figure 3). In summary, NQ east coast females 
tend towards higher levels of DNAm than GoC females in all am-
plicons and mid-northern GoC females exhibit a directionally diver-
gent relationship between DNAm and length for male-associated 
amplicons.

3.7  |  Mid-northern GoC barramundi demonstrate 
differences in length- and age-at-sex change

Binomial GLM confirmed the relationship between length and sex, 
with length significantly predicting sex [b = 0.098, z(6761) = 29.333, 
p <  .001; where b indicates the beta value, or coefficient, and z is 
the z-statistic]. The model further demonstrated that region was a 
significant predictor, with the mid-northern GoC more strongly dif-
ferentiated from the NQ east coast [b  =  2.394, z(6761)  =  23.687, 
p < .001] than the southern GoC [b = 0.26, z(6761) = 2.649, p < .01]. 
Visualizing the model revealed a clear shift towards females of 
smaller length classes from the mid-northern GoC, indicating that 
barramundi from this region exhibit a smaller length-at-sex change 
than those from the southern GoC and NQ east coast, in addition 
to exhibiting differential DNAm (Figure 4a,b). Binomial GLM of the 
relationship between age and sex demonstrate that age is a signifi-
cant predictor of sex [b = 0.342, z(6761) = 20.81, p < .001], where 
the mid-northern GoC is again more strongly differentiated from the 
NQ east coast [b = 1.654, z(6761) = 18.270, p < .001], compared to 
that of the southern GoC [b = 0.337, z(6761) = 3.564, p <  .001]. A 
higher proportion of females at younger ages was observed for the 
mid-northern GoC (Figure 4c).

4  |  DISCUSSION

Barramundi exhibit phenotypic plasticity in length-at-sex change 
between geographic regions and sex-specific DNAm in key sex 
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genes (Davis, 1984; Domingos et al., 2018). Here, the analysis of 
DNAm in two male- and two female-associated genes revealed that: 
(1) A general trend of increasing female-specific DNAm patterns 

with increasing length was not observed in barramundi, despite the 
occurrence of male-to-female sex change at larger body lengths, 
and (2) region-specific differences in length-at-sex change are 

F I G U R E  3 Proportion of DNA methylation in male (left column) and female (right column) barramundi (Lates calcarifer) explained by 
length (as total length in centimeters) and CpG site (as base pair position) for amplicons of male-associated amplicons nr5a2 and dmrt1 and 
female-associated amplicons cyp19a1a and esr1. Fitted curves correspond to beta regression with logit link for three regions in Queensland, 
Australia (indicated by color). Curves were evaluated at varying lengths, and the CpG with intercept value closest to the average value is 
shown. Model: Proportion methylated ~CpG site + region + total length + region: total length with logit link
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consistent with differences in DNAm. Notably, these differences 
occurred between two regions of the GoC that represent a sin-
gle genetic subpopulation, indicating that epigenetics underpins 
phenotypic plasticity in length-at-sex. Additionally, differences in 
DNAm and length-at-sex change between the mid-northern GoC, 
southern GoC, and NQ east coast were consistent with differences 
in remotely sensed sea temperature and salinity estimates, suggest-
ing these may be ecological drivers of epigenetic and phenotypic 
variation in sex.

4.1  |  No general trend of increasing female-specific 
DNAm patterns with length in barramundi

The occurrence of male-to-female sex change at larger body 
lengths in barramundi lead to the expectation of a general increase 
in female-specific DNAm patterns with length. It was hypothesized 
that these increases in female-specific DNAm (in sex-associated 
genes) would eventually reach a threshold level and trigger male-
to-female sex change. However, a trend of female-specific DNAm 

F I G U R E  4 Analysis of length (as total length, anterior to posterior), sex, and age in barramundi (Lates calcarifer) from the north Qld east 
coast (n = 1247; green), mid-northern Gulf of Carpentaria (GoC; n = 2319; orange), and southern GoC (n = 3169; blue) >50 cm, Australia, 
collected between 2000 and 2017. (a) Fitted binomial GLM (solid lines) with standard error (gray shading) showing predicted proportion of 
females at a given length for each region. Gray dashed and dotted vertical lines indicate previously reported size ranges for sex change in the 
northern GoC (68–90 cm) and north Qld east coast (85–100 cm), respectively. (b) Length frequency distribution showing the total number of 
male (light color shades) and female (dark color shades) barramundi of each 10-cm size class sampled for length, age, and sex in each region. 
(c) Fitted binomial GLM (solid lines) with standard error (gray shading) showing predicted proportion of females at a given age for each region
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with increasing length was not observed for males from any region 
in any of the four sex genes examined. In females, DNAm generally 
became more female-specific with increasing length, most con-
sistently for female-associated genes. In other words, an increase 
in sex-specific DNAm, rather than a general increase in female-
specific DNAm, with length was observed. Therefore, sex change 
cannot be attributed to an increase in female-specific DNAm, as 
this trend was only observed in individuals that had already under-
gone the sex change process (i.e., it was only observed in females). 
As such, when examined as single-point, group-level data, it does 
not appear that gradual changes in DNAm over time is what leads 
to male-to-female sex change, at least in the four gene regions 
examined here.

From these data alone, it cannot be excluded that, at the indi-
vidual level, a gradual accumulation in DNAm over time may occur. 
However, the disparity between DNAm levels in males and females 
of similar lengths and the observation that large males exhibit more 
male-specific DNAm with increasing length suggest that the initially 
predicted gradual accumulation is unlikely. Instead, female-specific 
DNAm may arise rapidly upon male-to-female sex change, rather 
than gradually over time with growth. Indeed, male-to-female sex 
change in barramundi occurs in less than 17 days (Guiguen et al., 
1994). This rapid change in phenotypic sex provides further indica-
tion that sex-specific changes in DNAm occur equally rapidly, and 
a possible explanation for the sizable and significant differences in 
DNAm between males and females are described here.

An alternate explanation for the observed increase in sex-specific 
DNAm with length is that DNAm is the consequence, rather than the 
cause of sex change in fish. Due to the inverse relationship between 
DNAm and gene expression in vertebrates, including many cases 
of cyp19a1a and dmrt1 in fish, it is generally accepted that changes 
in DNAm lead to changes in gene expression and phenotypic sex 
(Anastasiadi et al., 2018; Piferrer et al., 2019 and references therein). 
However, here, it was found that DNAm in both sexes became more 
sex-specific with increasing length, despite the well-established 
relationship between length and sex in barramundi (i.e., males are 
small and females are large—Davis, 1982; Guiguen et al., 1994; 
Moore, 1979; Roberts et al., 2021). DNAm is strongly impacted by a 
genes’ transcriptional state in fish, and other organisms (McGaughey 
et al., 2014), suggesting that changes in DNAm may arise due to sex-
specific transcriptional activity, rather than (or in addition to) DNAm 
being the cause of changes in transcription of sex-related genes. As 
such, DNAm as a result of transcription may be involved in the main-
tenance of gonadal phenotype. In addition, while DNAm can cause 
changes in hormone production and hormone receptor expression, 
hormones can also cause changes in DNAm, for example, through 
the regulation of their associated enzymes (DNMTs; Baumbach & 
Zovkic, 2020). In barramundi specifically, estrogen treatment re-
sulted in decreased DNAm and increased expression of cyp19a1a, 
as well as early male-to-female sex change (Banh et al., 2021). It 
remains unknown whether changes in DNAm occur prior to or fol-
lowing changes in gene expression and natural hormone production, 
which lead to sex change in fish.

Time-course analysis of the gonads before, during, and after sex 
change in individuals would provide increased insight into how sex-
specific DNAm arises, and precisely how these relate to changes in 
sexual phenotype. Previous work in wild-caught bluehead wrasse 
(Todd et al., 2019) has significantly increased understanding of 
DNAm and gene expression in transitional individuals (i.e., in fish 
actively undergoing female-to-male sex change). However, for bar-
ramundi, the identification of transitional individuals cannot be mac-
roscopically determined and usually requires destructive sampling 
followed by histological examination of the gonad (Davis, 1982). 
Furthermore, the short timeframe in which sex change occurs, as 
well as a fishery closure during the spawning season, means that 
transitional individuals are rarely captured in the wild. For exam-
ple, Moore (1979) reported a frequency of 1.4% of transitional in-
dividuals. In captive barramundi, however, nondestructive gonadal 
cannulation samples are routinely taken for the assessment of re-
productive status of broodstock. Appropriate preservation of these 
samples would allow for the analysis of gonadal DNAm and gene ex-
pression in individuals during the stages of adult sexual development 
(i.e., male, transitional, and female), and enable better insight into the 
molecular events preceding and succeeding sex change in fish.

The observation that males exhibit increasingly more male-
specific DNAm with increasing length suggests that not all barra-
mundi undergo male-to-female sex change (as was first suggested by 
Moore, 1979). Previous work in both wild and cultured barramundi 
has shown that while the average body size (as length and/or weight) 
of males is smaller than that of females of the same age, there is 
substantial overlap in size distributions between the sexes (Guiguen 
et al., 1994; Lim et al., 1986; Yue et al., 2012). This substantial overlap 
was also observed in the present study. Collectively, these results 
suggest that there are factors in addition to body size, which lead 
to sex-specific DNAm and male-to-female sex change (or not). For 
example, there may be social factors involved in the maintenance of 
male and/or development of female barramundi [as first proposed 
by Guiguen et al. (1994)], as is the case in many species of protogy-
nous grouper (e.gLiu & Sadovy de Mitcheson, 2011; Mackie, 2000, 
2003). Similarly, density is known to affect DNAm and female-to-
male sex change in protogynous rice field eels (Zhang, Zhang, et al., 
2013). The effects of social factors such as density and sex ratio on 
DNAm and sex change in a protandrous fish, particularly in mass and 
group spawning species, are yet to be investigated.

4.2  |  Region-specific differences in length-at-sex 
change are reflected in DNA methylation of males

While previous reports have shown differences in length-at-sex 
change between barramundi from the Qld east coast and GoC 
more broadly (QFMA, 1991), the present analysis revealed similari-
ties in length-at-sex change between the north Qld east coast and 
southern GoC (with both regions occurring slightly south of 16°S; 
see Figure 1 and Figure 4a). Furthermore, previously reported dif-
ferences in length-at-sex change within the GoC were only reported 
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north of 13°S (Davis, 1984). However, the present results showed 
significant differences in length-at-sex change between two regions 
of the GoC that occur south of Davis’ 13°S (Figure 1). While abrupt 
variation in length-at-sex change was previously proposed to infer 
underlying genetic drivers (Davis, 1984), this new evidence (reported 
here) indicates that variation in length-at-sex is more clinal than pre-
viously thought and offers support for epigenetically mediated sex 
change in barramundi. Differences in length-at-sex change occurred 
within a single genetic subpopulation (i.e., within the GoC), and ge-
netic analyses showed no evidence for substantial genetic dissimilar-
ity between the southern and mid-northern GoC regions as defined 
here (Figure 1; Jerry, 2014; Keenan, 1994; Loughnan et al., 2019; 
Shaklee & Salini, 1985). Thus, the present results suggest that the 
phenotypic differences in length-at-sex change observed between 
the southern and mid-northern GoC are primarily underpinned by 
epigenetic and not genetic differences.

Male barramundi from the mid-northern GoC demonstrated 
differential DNAm compared with males from both other regions 
sampled, as well as smaller lengths-at-sex change. The shorter 
lengths-at-sex change suggest a similar but less marked sexual pre-
cociousness (including early sexual maturation and sex change) for 
the mid-northern GoC than what has been previously observed 
for the far northern GoC (Davis, 1984). Sexual precociousness has 
been associated with differences in DNAm of cyp19a1a and other 
genes in animals as diverse as humans and grouper (Guo et al., 
2021; Stueve et al., 2014). In barramundi, sexual precociousness 
may be underpinned by a shift in DNAm trajectory towards shorter 
length classes, resulting in sex change at shorter lengths. Here, mid-
northern GoC males exhibited more marked differences in DNAm 
at shorter lengths compared with other regions, suggesting that 
this predicted shift is present but truncated at the lower end (due 
to legal size limits for barramundi in Queensland; i.e., individuals 
<55 cm and >120 are absent from the data). In addition to truncated 
DNAm data, these size limits meant that growth curves could not 
be accurately calculated. Future work measuring changes in DNAm 
in barramundi below the legal size limit will allow for region-specific 
examination of the potential association between growth rate and 
early sexual maturation, as well as early sex change (Roberts et al., 
2021; Warner, 1988).

4.3  |  Differences in length-at-sex change are 
consistent with variation in salinity and temperature

The effect of temperature on sex in fish has been documented in 
over 60 species, with many laboratory-reared individuals exhibiting 
associated differences in DNAm (Budd et al., 2015, and references 
therein). In barramundi specifically, temperature experiments have 
demonstrated an association between high temperatures and male-
to-female sex change (Athauda et al., 2012). These temperature-
induced differences have recently been shown to be accompanied 
by changes in DNAm, and the upregulation of signaling pathways 
thought to be involved in the transduction of temperature cues 

(Budd, 2020; Castelli et al., 2020). Here, it was observed that the 
mid-northern GoC exhibits significantly higher temperatures, lower 
salinities, shorter lengths-at-sex change, and differential DNAm 
compared to that in the southern GoC and NQ east coast regions. 
These results suggest that the positive association between envi-
ronmental temperature and male-to-female sex change occurs in 
natural environments, in addition to laboratory experiments. To our 
knowledge, the observations here present the first in situ investiga-
tion of ecological variables, epigenetics, and sequential sex change 
in wild fish.

In addition to temperature and salinity, there may be alternative, 
additive and/or related mechanisms leading to the differences in 
length-at-sex change and DNAm between regions observed here. 
For example, the stress hormone cortisol has been identified as the 
link between social factors and protogynous (female-to-male) sex 
change in bluehead wrasses, leading to increased DNAm and de-
creased expression of cyp19a1a (Goikoetxea et al., 2017; Todd et al., 
2019). Similarly, in some gonochoristic fish, high-temperature expo-
sure leads to an increase in cortisol production, decrease in cyp19a1a 
expression, and subsequent testis development (e.g., Hattori et al., 
2009; Hayashi et al., 2010). It is likely that exposure to cold tem-
peratures causes thermal stress and reduced growth in barramundi 
(Newton et al., 2013), which may lead to differences in length-at-sex 
change. Growth and body condition are also highly likely to lead to 
differences in fecundity and the timing of male-to-female sex change 
in protandrous species, including barramundi (Roberts et al., 2021; 
Warner, 1988). In barramundi, freshwater flow (e.g., Robins et al., 
2006) and food availability (e.g., Russell et al., 2015) have marked 
effects on growth rate, which is known to lead to differences in the 
timing of male-to-female sex change in this species (Roberts et al., 
2021). In the case of temperature, the effect on male-to-female sex 
change may therefore be indirect (e.g., through changes in hormone 
levels and/or growth rate), direct (e.g., via cellular transduction of 
temperature cues), or both. Further research that aims to better 
understand the relationships between DNAm, hormonal shifts, sex, 
and environmental variables, including experimental and functional 
studies, will yield greater insight into environmentally mediated phe-
notypic plasticity in length-at-sex change in barramundi and other 
species. This information may also contribute to understanding how 
GoC barramundi populations will respond to fluctuations in environ-
mental conditions under a changing climate.

4.4  |  Implications for fisheries management

Barramundi support important recreational, commercial, and indig-
enous fisheries across the species’ entire distribution, throughout the 
Indo-West Pacific from the Arabian Gulf, across south-east Asia to 
northern Australia and Papua New Guinea (Grey, 1987). Protandrous 
sex change presents a unique challenge for fisheries management, ne-
cessitating both upper and lower legal catch length limits to protect a 
proportion of male and female spawners, respectively (i.e., a gaunt-
let fishery). Protandrous sex change also increases the complexity of 
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population models needed to assess stock status (Benvenuto et al., 
2017; Campbell et al., 2017). Current fisheries modeling for barra-
mundi, specifically in Queensland, Australia, relies on the assump-
tion that sex ratios are unchanging over time and space, and that the 
data collected by Davis (1982, 1984) on sex (including maturity and 
fecundity) at length nearly 40  years ago are temporally representa-
tive (Campbell et al., 2017). Given the demonstrated plasticity of sex 
change in barramundi within Queensland identified here, it is likely 
that fisheries modeling could be improved through the use of region-
specific data (see Streipert et al., 2019). DNAm and related measures 
are potentially highly useful molecular markers for population de-
mographics in fisheries modeling, for example, age and total lifespan 
(Mayne et al., 2019, 2021). The results presented here, among others, 
suggest that DNAm and other epigenetic measurements could also be 
used to predict sexual development (including sexual differentiation, 
maturity, and change) and likely fecundity (Heydenrych et al., 2021; 
Piferrer et al., 2019). Further work on the identification and develop-
ment of epigenetic indicators of sex in commercially important fish 
species will enable better representation of environmentally mediated 
biological processes in fisheries modeling, stock assessments, and re-
fined management strategies, particularly for sex-changing species.

5  |  CONCLUSION

In sequentially hermaphroditic fish, sex change is often associated 
with the attainment of a minimum body length. More recently, sex 
change has also been associated with epigenetic changes. Here, we 
present observations of epigenetic (as DNAm) and phenotypic vari-
ation in length-at-sex change in a protandrous hermaphrodite. Our 
results suggest the rapid onset of sex-specific DNAm upon male-to-
female sex change, as DNAm in males and females of similar lengths 
is disparate. Additionally, DNAm in males becomes more male-
specific (rather than more female-specific) with increasing length, 
despite the occurrence of male-to-female sex change at larger body 
lengths. Further analysis revealed region-specific relationships be-
tween length and DNAm, which were accompanied by differences 
in length-at-sex change. The greatest epigenetic and phenotypic 
differences were observed between regions that were genetically 
indistinct, providing evidence for epigenetically underpinned phe-
notypic plasticity. Finally, the observed epigenetic and phenotypic 
differences were consistent with ecological differences in sea tem-
perature and salinity, suggesting that these may be direct, or indi-
rect, ecological drivers of DNAm and length-at-sex in barramundi. 
Together, these findings provide the first in situ investigation of epi-
genetics, ecology, and sequential sex change in a protandrous fish. 
More broadly, the research provides a unique example of how differ-
ential DNAm of trait-of-interest genes is associated with phenotypic 
plasticity in a natural environment.
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