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Sexual development and reproduction are largely linked to epigenetic changes in

many fish species. However, understanding of epigenetic regulation in scombrid

species, such as tunas and mackerels, is limited. This study investigates DNA

methylation’s impact on cyp19a expression, crucial for estrogen synthesis,

focusing on chub mackerel. Given the commercial significance of scombrids

and susceptibility of marine fish to environmental changes, elucidating

epigenetic mechanisms, particularly in the context of global warming,

becomes imperative. We aimed to generalize observations from chub

mackerel to other scombrids. Additionally, we studied DNA methylation

patterns across fish with different sexual systems to understand aromatase

regulation’s phenotypic plasticity. Our in silico analysis revealed highly

conserved promoter sequences within scombrids, sharing TFBS like Foxl2,

FOS::JUN, ESRR, and Sox3, while CpG content varies. This indicates a

conserved regulatory network controlling gene expression. We found sexual

dimorphism in DNA methylation, with males hypermethylated and aromatase

expression downregulated. Despite similar dnmt1 expression, tet1, tet2, and tet3

were higher expressed in females, suggesting that the observed DNAmethylation

patterns are maintained through active demethylation rather than differential

methylation. Gonochoristic Japanese anchovy and protogynous bamboo leaf

wrasse displayed similar trends, but species-specific methylation patterns

highlight DNA methylation’s complex role in gonadal changes. In vitro assays

confirmed methylation’s regulatory role and identified an SF-1 binding site

relevant for promoter activation in chub mackerel. Another studied SF-1 site,

present in both chub mackerel and bamboo leaf wrasse, showed regulatory

effects, indicating potential similar regulatory mechanisms for cyp19a expression.
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Overall, our findings suggest that while global methylation affects cyp19a

transcription, the variation in CpG density and location could be introducing

nuances in its epigenetic regulation. This study contributes to our understanding

of the cyp19a regulation in fish gonad maturation.
KEYWORDS

DNA methylation, cyp19a expression, scombrid, aromatase, epigenetics,
sexual plasticity
1 Introduction

Environmental changes, including disturbances to fish breeding

grounds, pose a threat to successful breeding, embryo/larval

survival, and sexual differentiation, impacting viability in

aquaculture and natural environments (Barange and Perry, 2009).

Epigenetic modifications at the genome level, triggered by global

changes, drive acclimatization and adaptation across generations

(Ryu et al., 2018). Specifically, DNAmethylation plays a pivotal role

in fine-tuning gene expression during reproductive maturation.

Reproduction is finely controlled by the hypothalamic-pituitary-

gonadal (HPG) axis and subsequent modulation of sex steroid

production. Some studies have shown that epigenetic marks are

disrupted by environmental factors, triggering changes in fish

phenotypes. For example, in the article by Anastasiadi et al., 2017

larvae of European sea bass exposed to an increase in temperature

experienced changes in global methylation and subsequent

expression of genes linked to stress response, growth

and differentiation.

Among the genes regulated by DNA methylation, Cytochrome

P450 Family 19 Subfamily A (Cyp19a), stands out for its essential

role in estrogen synthesis across vertebrates. Highly expressed in

ovarian tissue, Cyp19a catalyzes the conversion of androgens into

17b-Estradiol (E2) in granulosa cells, which then acts over the liver

to produce vitellogenin (Kime, 1993) during the reproductive

season. Cyp19a is modulated by a plethora of transcription factors

(TF), including the Forkhead box L2 (Foxl2), which is essential for

sex differentiation and maintenance (Huang et al., 2017), and can

activate aromatase transcription by binding to its promoter.

Additionally, in the presence of steroidogenic factor 1 (SF-1),

Foxl2 synergistically upregulates Cyp19a expression (Wang et al.,

2007). Other TF have been found to influence aromatase expression

as well. For instance, the estrogen-related receptor (ESRR) gamma

stimulates aromatase synthesis in human placental cells and, when

knockdown, drastically inhibits its expression (Kumar and

Mendelson, 2011), while FOS::JUN (also known as AP-1) motif is

implicated in aromatase expression up-regulation induced by leptin

in MCF-7 cell line (Catalano et al., 2003).
02
The epigenetic regulation of cyp19a, has been extensively

investigated in commonly consumed fish species such as the

Chinese sea perch (Chen et al., 2018), the Japanese flounder

(Wen et al., 2014) and the European sea bass (Navarro-Martıń

et al., 2011). However, little is known about the epigenetic

regulation of cyp19a in the Scombridae family, which

encompasses the most commercially valuable and widely

consumed fish, including tunas and mackerels (Supplementary

Figure S1). There is a significant gap in our knowledge regarding

the epigenetic mechanisms affecting these important food fishes. It

is said that pelagic fish are more susceptible to environment changes

(Petrik et al., 2020). Given that cyp19amodulation has proven to be

influenced in early developmental stages by environmental factors,

such as temperature, inducing masculinization in fish (Piferrer and

Blázquez, 2005), studying cyp19a modulation in the context of

global warming is imperative. Furthermore, understanding how

DNA methylation influences cyp19a expression in species with

varied sexual systems, such as gonochorists and sequential

hermaphrodites, could provide crucial information about the

flexibility and adaptability of reproductive strategies in different

ecological contexts.

In our study, we aim to investigate the conservation level of the

cyp19a promoter sequence within the Scombridae family, shedding

light on its evolutionary significance and the regulatory mechanisms

that operate across related species. Using chub mackerel (Scomber

japonicus) as a model, we aimed to unravel the modulation of cyp19a

expression by DNA methylation and identify potential epigenetically

influenced regulatory elements within this region. To achieve this, we

conducted in silico comparative analysis, assessed methylation levels

in the ovaries and testes of mature chub mackerel and performed in

vitro assays to further study potential transcription factors within the

promoter. Additionally, we compared its DNA methylation patterns

with those of Engraulis japonicus and Pseudolabrus sieboldi to gain

insights into the similarities and differences among species with

different sexual systems. This study revealed the evolutionary and

ecological drivers behind reproductive diversity, enhancing our

knowledge of the complexity of epigenetic regulation in marine

fish species.
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2 Materials and methods

2.1 In silico comparative study of
scombrids’ cyp19a promoter

Sequences from scombrids, including southern bluefin tuna

(Thunnus maccoyii), yellowtail tuna (T. albacares), and chub

mackerel, along with the non-scombrid teleosts Japanese medaka

(Oryzias latipes), Nile tilapia (Oreochromis niloticus) and Japanese

flounder (Paralichthys olivaceus), were obtained from the NCBI

database (Supplementary Table S1). Two additional sequences from

our laboratory, chub mackerel (here after referred as Q-saba strain)

and the bamboo leaf wrasse (P. sieboldi) were also aligned. As a

reference, we constructed a phylogenetic tree of the Scombridae

family using the online tool TimeTree 5 (Kumar et al., 2022), which

is included in the Supplementary Materials. A sequence spanning

approximately 1500bp upstream of the start codon and covering

both the first exon and intron, was selected for the analysis. The

alignment was conducted with Clustal Omega software (Madeira

et al., 2022) and transcription factor binding sites (TFBSs) search

was done using JASPAR (Castro-Mondragon et al., 2022) and

AnimalTFDB (Shen W et al., 2023) databases. The search was

conducted using default parameters, and a minimum relative score

of 85% was applied. A bibliographic search was conducted to pre-

select and identify relevant TFBSs in the database.
2.2 Fish rearing and handling

50 Q-saba brooders were reared in a 5-ton semi-circular FRP tank,

with continuous water exchange. Fish were maintained at 18~20°C

with a constant photoperiod of 16:8 (light: dark) hours for a period of 3

months. Food was fed twice a day at 2% of fish body weight using

commercial pelleted food. After checking the maturity status, fish were

injected with human chorionic gonadotrophin (400IU/kg fish) and

artificial fertilization was conducted. 3 days after hatching (dah), fish

were fed with live feed, followed by artificial food from 21dah. Later, at

around, 50dah (Fork length ~8cm), fish were transferred to 10mX10m

in open sea cages in Ao-suisan’s fish farm, at Karatsu bay, Japan. Fish

were fed with commercial pelleted feed (Marubeni Nissin, Japan) and

regularly examined for reproductive status. 11-month-old fish were

euthanized and sampled for further analysis. All experiments were

conducted in accordance with the Kyushu University Animal

Husbandry Guidelines, and all protocols were approved by the

competent committee.
2.3 DNA isolation and bisulfite
conversion treatment

gDNA and total RNA were isolated from gonads of 11-month-

old mature fish (4 females and 4 males), which were stored in DNA/

RNA shield (Zymo Research, USA), using the Quick-DNA/RNA

Magbead kit (Zymo Research, USA) and following manufacturer’s

instructions. Then, around 200ng of gDNA was subjected to
Frontiers in Marine Science 03
bisulfite conversion treatment employing EZ-96 DNA

Methylation-Gold MagPrep (Zymo Research, USA). Bisulfite-

converted DNA was stored at -20°C until use.
2.4 Cyp19a regulatory regions PCR and
DNA methylation pattern scoping

Bisulfite sequencing (BS-seq) was conducted to study the DNA

methylation patterns of cyp19a promoter in chub mackerel. Primers

were designed targeting the regulatory region surrounding cyp19a

start codon, with amplicons with average 250bp in length

(Supplementary Table S2). Primer design criteria mainly focused

on including all in silico detected CpGs in the analyzed region.

Bisulfite-converted DNA was amplified with KOD -Multi & Epi

enzyme (Toyobo, Japan). Reaction conditions were as follows: pre-

denaturation at 94°C for 2 min, followed by 45 cycles of 98°C for 10

s, 59°C for 30 s and extension at 68°C for 15 s. PCR products were

then purified with the NucleoSpin Gel and PCR Clean-up kit

(Takara, Japan). Since the fragments obtained after PCR were

blunt-ended, an A-tailing step was added, using dA-overhang

reaction Mix (Nippongene, Japan). The fragments were then

ligated into a pGEM-T Easy Vector (Promega, USA) following

manufacturer’s instructions. After incubating the ligation reactions

overnight at -4°C, bacteria were transformed, insert-positive

colonies cultured and plasmid then purified, with the FastGene

Plasmid Mini Kit (NIPPON Genetics, Japan) and sent to sequence,

using Sanger platform. Relative methylation levels per position were

calculated as the percentage of unmethylated cytosines over the

total coverage for that position.
2.5 Expression measurement of cyp19a and
genes involved in maintenance of
DNA methylation

To study gene expression of cyp19a, dnmt1, tet1, tet2 and tet3 in

ovaries and testes, RT-qPCR was conducted. Used primers can be

found in Supplementary Table S2. Around 1 µg of total RNA was

reverse transcribed into cDNA with Superscript IV (Invitrogen, USA).

RT-qPCRwas carried out using SSoFast EvaGreen Supermix (Bio-Rad,

USA) in a qTOWER3 G touch machine (Analytik jena, Germany).

Samples were run in duplicate and a final melting curve step was added

to confirm single amplicon amplification. The housekeeping rpl8 gene

was also measured for expression normalization.
2.6 Inter-species DNA methylation analysis

DNA methylation patterns were also compared across species

with different sexual systems. Data on cyp19a promoter methylation

in the gonochoristic fish Japanese anchovy (E. japonicus) and the

protogynous fish bamboo leaf wrasse was collected. Using a similar

method to the one described above, bisulfite-converted gonad DNA

was PCR amplified and then sequenced either by Sanger sequencing
frontiersin.org
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or Amplicon sequencing. A comparative analysis was conducted by

aligning the target sequences, identifying common TFBSs, and

comparing both global and CpG position-wise methylation levels.
2.7 Cyp19a vector construction

Specific primers were designed to amplify the proximal

promoter region of cyp19a, including the sequence previously

studied for DNA methylation patterns (Supplementary Table S2)

and with an overhang sequence overlapping pGL3-TK vector. PCR

was carried out with PrimeSTAR Max DNA Polymerase (Takara,

Japan), under the following conditions: 45 cycles of 98°C for 10 s,

56°C for 15 s and extension at 72°C for 15 s. The purified amplicon

was then inserted into the Xhol and Bgl II restriction enzyme

cutting sites of the pGL3-TK plasmid, using the In-Fusion® Snap

Assembly kit (Takara, Japan).

To study whereas methylation of cyp19a promoter was actually

affecting its activity, whole methylation of the constructed plasmid

was conducted with CpGMethyltransferase (M.SssI) enzyme (NEB,

USA), as specified by manufacturer’s instructions. Verification of

successful methylation was achieved through digestion with the

SmaI enzyme and subsequent gel electrophoresis.

To further investigate regulatory elements and their potential

involvement in cyp19a promoter activation, some of the previously

found TFBSs during the in silico analysis were selected for deletion.

The process included inverse PCR of the cyp19a/pGL3-TK plasmid

using PrimeSTAR Max DNA Polymerase (Takara, Japan) and

primers designed to be oriented in opposite directions

(Supplementary Table S2), overlapping the target sequences to be

deleted. Three 11bp deletions were introduced in positions -821/-

810 (ATGGCCTTCAG), -707/-696 (TTGTCCTTGTG), and -217/-

207 (TCAAGGTCGC). The nucleotide positions relative to the

ATG start codon site were considered as +1.
2.8 Cell culture and dual luciferase
reporter assay

Chinese hamster ovary (CHO) cells were cultured in Ham’s

F-12 (Wako, Japan) and supplemented with 10% fetal bovine serum

at 37°C in a 5% CO2 incubator. The cells were seeded in 96 well/

plate at an amount 10 000 cells per well and co-transfected the next

day with 100ng of a mix of reporter plasmids: cyp19a/pGL3-TK

(either methylated, control or promoter with deletion) and the

inner control pRL-SV40 (Promega, USA), in triplicates. Cells were

harvested 24 hours after transfection, and the Dual-Luciferase

Reporter (DLR) assay was performed according to the manual

(Promega, USA). Measurement was carried out using the

luminometer function of the Thermo Scientific Varioskan® Flash.

All statistical analysis were done with RStudio (version

2023.06.1 + 524). The data didn’t follow a normal distribution, so

comparisons were made with no parametric Kruskal test and a

posteriori contrast with Dunn’s test. UpSet plots (Lex et al., 2014)

for visualization of TFBSs per fish group were created with

ComplexUpset package (Krassowski et al., 2022).
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3 Results

3.1 Surrounding region of cyp19a gene is
highly conserved within Scombridae group

To investigate how conserved cyp19a regulatory region was, and

identify common regulatory elements and CpG sites, an in silico

study was conducted (Figure 1). Chub mackerel sequences (Wild

and Q-saba strain) were 95.8% identical, which interestingly is

slightly lower than that observed for the two species of tunas

(98.6%), even though the former correspond to the same species.

When comparing chub mackerel sequences with those of other

species, the similarity percentage varies, ranging from 44.7% in

Japanese medaka to 55% in Japanese flounder (Supplementary

Figure S2). The TATA box and ATG were consistently aligned in

all examined sequences. In most instances, a CpG site is detected

within an 11bp proximity to the TATA box. However, in tuna

species, the closest CpG is approximately 50bp away. Similarly, for

all species except tunas, a CpG site is typically located around 25–

29bp downstream from the ATG codon.

Within the nucleotide discrepancies found, three potential

TFBSs are present in the Q-saba strain mackerel: Sox3 (-919/-910,

TCTTTCTTTT), also present in the tunas’ sequence, Dmrt1 (240/

248, TACCAAGTA) and AR (-34/-13, TTCAGAACAAC

CTGTACACACC) (Figure 2, indicated in red). Conversely, two

novel Sox3 were absent in the Q-saba strain mackerel,

TTTTTGTCCC (-1033/-1024) and ATACAATGAAA (-1165/-

1155) (Figure 2, indicated in yellow). We found that the studied

sequence is highly conserved within the Scombridae family, with a

similarity of 72.8% in average. Both tuna species, southern bluefin

and yellowtail tuna, share all 24 TFBSs discovered, with 12 of them

also common to chub mackerel. These TFBSs include SF-1, Nr5A2,

Sox3, FOS::JUN, Foxl2, and ESRR. TFBSs conservation varies across

species. One Foxl2 site, consistently identified around position -170,

is present across all examined species. Additionally, two regions

harboring multiple putative TFBSs (ESRR, SF-1, and Nr5A2),

located relatively close upstream of this Foxl2 site, are commonly

observed in most sequences. Moreover, unique TFBSs were

discovered for each fish species. Notably, the Bamboo leaf wrasse

distinguishes itself with 20 out of 25 (80%) exclusive TFBSs,

predominantly featuring FOS: :JUN, Foxl2, and Sox3.

Furthermore, this species boasts the highest count of cAMP-

response element binding protein (CREB), Foxl2, and Dmrt1 sites

identified (Figure 2).

Exploring CpG content reveals CpG islands exclusively in

Japanese flounder (within the gene body, 108bp long) and Nile

tilapia (-1321/-1209 upstream of the start codon, 113bp long), with

no overlap. CpG site content is highest in flounder and tilapia (34

and 28 sites, respectively), followed by chub mackerel with 20 sites.

In contrast, southern bluefin tuna and yellowtail tuna exhibit the

lowest CpG site counts (11 and 12 sites, respectively). Notably,

sequences with the highest CpG content, namely Japanese flounder

and Nile tilapia, also display the lowest amount of TFBSs (15 TFBSs

in both species). Interestingly, additional CpG sites found in chub

mackerel but absent in tunas are predominantly within the gene
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body (Figure 1). Despite high sequence conservation between tunas

and chub mackerel, their CpG sites differ significantly in

distribution and abundance.
3.2 Sexual dimorphism in cyp19a DNA
methylation patterns and gene expression

Next, to explore the cyp19a promoter further and gain insights

into the molecular dynamics within a member of the Scombridae

family, we conducted BS-seq to examine DNAmethylation patterns

in chub mackerel. To do so, we first analyzed gonadal DNA

methylation levels of cyp19a promoter and first exon. The

Kruskal-Wallis test revealed significant differences in DNA

methylation patterns between females and males (p-value <

0.001). Consistency in CpG methylation levels was observed

among individuals of the same sex. Specifically, females exhibited

an average DNA methylation of 30.92% ± 3.42%, while males

showed 96.19% ± 1.12% (expressed as mean ± S.E.M).

Furthermore, post-hoc comparisons using Dunn’s test revealed

sex-related differences for almost all CpGs included in this study, with

DNA methylation levels significantly higher in males (Figure 3).

Notably, the most significant differences in methylation were
Frontiers in Marine Science 05
observed in the distal part of the promoter, whereas differences

within the 5’-UTR and the first exon were less pronounced. CpG

sites downstream the start codon exhibit an increased in methylation

levels in females (58~60%), compared to the sites located further

upstream (9~21%). It’s noteworthy that the majority of these CpGs

are exclusive to S. japonicus and not found in tunas.

When analyzing the link between DNA methylation levels and

cyp19a expression, a statistically significant negative correlation of

-0.52 was identified (p-value < 0.001). This finding suggests that fish

with higher gonad DNA methylation levels tend to exhibit lower

expression of aromatase. Additionally, the strength of this

correlation varies across different CpG positions analyzed,

ranging from a robust -0.70 correlation at CpG position 25 to a

milder -0.27 correlation at CpG position 107 (Figure 4).

We also measured gene expression of enzymes responsible for

maintaining DNA methylation dynamics. While no significant

differences were observed in dnmt1 expression, all three Tet

enzymes exhibited significantly higher expression levels in mature

ovaries compared to testes. Notably, tet1, tet2, and tet3 were

expressed approximately 5, 12, and 9 times more in females,

respectively (Figure 5). This gender-specific variation in the

expression of these enzymes aligns with the overall lower

methylation levels observed in ovaries.
FIGURE 1

Comparative analysis of cyp19a promoter sequences across several scombrids and non-scombrids. Putative TFBSs as well as TATA box and start
codon are highlighted in some way (e.g. colored, highlighted, underlined, etc.).
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3.3 The sex-biased methylation of cyp19a
promoter is well conserved, but
methylation patterns are species-specific

We compared the DNA methylation patters found in chub

mackerel with two other species. The target regions, even though

variable in length, were all established around the cyp19a start

codon (Supplementary Data). We found that Japanese anchovy also

shares a putative Foxl2 binding site with the other fish previously

analyzed, located at position -226/-218. This site is situated

relatively close to a well-conserved SF-1 site (position -247/-236),

with a CpG site in-between. The SF-1 site is also present in chub

mackerel and wrasse and overlaps with an ESRR site in these two

species (Supplementary Figure S3). When compared, the

methylation levels at that CpG site followed the expected trend,

with females displaying lower methylation levels (38% and 46%)

than males (94% in both cases) for Japanese anchovy and chub

mackerel, respectively. In the case of bamboo leaf wrasse, while the

trend persists, the difference is much smaller (92% for females and

100% for males). Across all three species, we noted higher cyp19a

promoter methylation levels in testes compared to ovaries,

consistent with the downregulation of aromatase expression

(Figure 6). However, these differences in methylation were

notably smaller in the hermaphrodite fish. While the males of the

two gonochoristic fish were between 38 to 69% more methylated

than females, this contrast was only 10% in the bamboo leaf wrasse.

Furthermore, this pattern completely inverts at the CpG site nearest

to the start codon, with hypermethylation observed in females

(85%) rather than males (29%). We found several putative TFBSs

overlapping that CpG, including CREBL1, CREB3L1, HES2, HES5

and Hey2, which make that region an interesting focus for

future research.
Frontiers in Marine Science 06
3.4 Cyp19a promoter activation in vitro

Finally, to investigate the impact of cyp19a promoter

methylation on gene expression in chub mackerel, we conducted

an in vitro experiment involving the artificial methylation of the

studied sequence. A significant reduction in the activation of the

methylated promoter was observed (adjusted p-value < 0.001).

These findings align with our previous observations of decreased

cyp19a expression under conditions of increased methylation,

further strengthening the link between DNA methylation and

cyp19a downregulation.

Additionally, we investigated specific regulatory elements on

the cyp19a promoter through deletion analysis. Specifically, we

investigated three putative binding sites for SF-1. Two of these

sites (positions -821/-810 and -707/-696) were unique to chub

mackerel and one (-217/-207) was shared by most species, also

overlapping with ESRR and Nr5A2. Interestingly, only the deletion

introduced at position -821/-810 upstream of the start codon

significantly repressed promoter activity (Figure 7). These

findings suggest that this deleted region, present in chub mackerel

but absent in other scombrids, play a role in the upregulation of

cyp19a. Moreover, while the other two introduced deletions did not

exhibit significant differences, a trend of reduced luciferase activity

compared to the control was observed, suggesting potential effects

on cyp19a regulation. Specifically, the deletion introduced at

position -217/-207, shared with bamboo leaf wrasse, contains a

differentially methylated CpG (mCpG) site in both species. The

sexual dimorphism at this position is evident in both species, but it

is more pronounced in chub mackerel, with methylation levels at

46% for females and 94% for males, whereas in wrasse, it stands at

92% for females and 100% for males. These results position the

deleted sequence as a TFBS candidate, shared across species.
FIGURE 2

UpSet plot illustrating unique and shared TFBSs among the analyzed fish species. The stacked bar plot indicates the frequency of each interaction,
with each color representing a different TFBS. The gray bar plot on the left shows the total number of TFBSs found for each fish species. Black dots
connected by lines indicate TFBSs that overlap in different species, while unconnected dots represent TFBSs unique to a particular species.
Interactions highlighted in red denote TFBSs that are novel to the Q-saba strain, while those in yellow indicate TFBSs unique to wild chub mackerel.
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4 Discussion

4.1 The regulatory elements of the cyp19a
promoter are highly conserved across
scombrid species, though their CpG
content varies

The comparative in silico examination of the cyp19a promoter

reveals several remarkably conserved elements among tunas and
Frontiers in Marine Science 07
chub mackerel, which are absent in other species. Southern bluefin

and yellowtail tuna share all 24 TFBSs discovered, half of them also

common in chub mackerel. These shared putative TFBSs include

Foxl2, Sox3, SF-1, and ESRR, indicating potential roles in gene

expression regulation. For instance, Foxl2 has been found to

upregulate cyp19a gene expression by directly binding to the

promoter in Nile tilapia (Wang et al., 2007), consistent with other

studies reporting a female-biased expression of Foxl2 in gonad

(Li et al., 2020; Shu et al., 2022; Shen X. et al., 2023). Similarly, we
FIGURE 4

Correlation between cyp19a expression and DNA methylation in gonad, for each CpG studied (represented in different colors). The global correlation
coefficient is -0.52 and this inversely proportional relationship prevails for most CpG positions.
FIGURE 3

Relative DNA methylation levels in the promoter region of gonad cyp19a for males (blue) and females (pink). Average methylation was computed for
each CpG position. Error bars indicate standard error and * denotates significant sexual differences for each CpG position (adjusted p value <0.05).
N=8 fish.
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also found that foxl2 gene is highly expressed in ovaries of mature

chub mackerel (data not shown). Furthermore, the co-transfection

of Foxl2 with SF-1 was shown to have a synergetic influence in the

in vitro activation of cyp19a promoter, effect lost when the promoter

is hypermethylated (Navarro-Martıń et al., 2011). Likewise, Sox3

has also been found to be differentially higher expressed in females

(Li et al., 2020; Shen X. et al., 2023) and is suggested to affect cyp19a

transcription by directly binding to the promoter in a frog species

(Oshima et al., 2009). The presence of these common regulatory

elements across scombrids suggests a conserved regulatory network

governing gene expression. The modulation of cyp19a expression,

may exhibit similar regulatory mechanisms across these species.

Moreover, the methylation status of the promoter could influence

the binding of a combination of these TFs and consequently

modulate aromatase expression in the gonad. To this date, there

are several articles discussing the relationship of DNA methylation

with transcription. In a global analysis of the human TF and CpG

methylation, for example, researchers found that most of the 542

TFBSs analyzed were affected by mCpG, with the great majority

being inhibited while some TF preferred to bind to methylated

DNA (Yin et al., 2017). The location and content of CpGs also hold

importance in gene regulation. While the majority of CpG sites

located in the distal part of the promoter were conserved in both

tunas and chub mackerel, those closer to the start codon were

largely absent in tunas. Despite the high conservation of the cyp19a

promoter region within the Scombridae family, the same level of

conservation does not extend to individual CpG sites. On a broader

scale, we also observed a variation in CpG content across species,

with some exhibiting CpG islands (notably in Japanese flounder and

Nile tilapia), and higher CpG content. We identified conserved SF-1

and Foxl2 sites, along with a CpG site in-between, across all species
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examined (with the CpG site absent only in the medaka sequence).

Some TFBSs were present in most species, but shifted location, like

the androgen receptor (AR). We found CpG sites surrounding the

TATA box at varying distances across different species. In a study

conducted in 2007, Kitazawa and Kitazawa observed that a single-

CpG site adjacent to the TATA box of the mouse RANKL gene

exhibited a tissue-specific methylation pattern and, when

methylated, influenced TBP binding subsequently affecting gene

expression. It is likely that certain CpG sites play varying roles in the

regulation of aromatase expression, with some contributing more

significantly while others exerting a lesser impact.
4.2 Differential DNA methylation patterns
of cyp19a promoter were found in adult
chub mackerel gonad, consistent with sex-
biased cyp19a expression

We found a clear difference in methylation patterns between

adult female and male chub mackerel. We detected significantly

higher methylation levels in male fish, matching the lower

observed aromatase expression, which suggests a potential

downregulation effect on cyp19a expression. Methylation of the

promoter may influence the activation of cyp19a transcription by

disrupting the binding of TF to the promoter. Conversely, while

still displaying sexual dimorphism, the observed differences in

methylation levels were considerably smaller for most mCpG sites

located downstream of the start codon. Interestingly, almost all

CpG sites located within cyp19a gene body were exclusively

present in chub mackerel. Whether methylation of these

intragenic CpGs is relevant or not on expression modulation is
FIGURE 5

Mean relative expression of tet1, tet2, tet3 and dnmt1 in ovaries (pink) and testes (blue). Error bars indicate standard error and significant differences
are denoted by their p-values (Dun’s test). N=15~16 fish.
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yet to be confirmed. There is limited information regarding

potential explanations in fish models, but some studies in other

vertebrates suggest that methylation within gene bodies may not

exert the same regulatory influence as methylation within

promoters. For instance, gene body methylation was found

not to be associated with gene repression on the human X

chromosome (Hellman and Chess, 2007). Moreover, in

mammalian genes, active expression has been observed in

presence of extensive methylation of intragenic CpG islands

(Larsen et al., 1993; Unoki and Nakamura, 2003). These findings

collectively emphasize that DNA methylation has context-

dependent effects on gene expression regulation. Intragenic CpG

sites, absent on other scombrids, could be affecting the overall

modulation of cyp19a to a lesser extent, affecting transcription

elongation or alternative splicing (Jones, 2012). It is also worth

mentioning that, due to experimental limitations of the bisulfite

treatment, commonly included in most DNA methylation related

studies, it is not possible to differentiate between mCpG and

hydroxymethylated CpGs. Cytosine hydroxymethylation is an

epigenetic modification of DNA which effects on gene

regulation may vary from those of DNA methylation. It was

found to be enriched on tissue-specific gene bodies and

associated with active transcription (Cui et al., 2020), in contrast

with the common association of DNA methylation with gene

repression. There is a possibility that the higher methylation levels

observed within actively transcribed gene bodies correspond to

hydroxymethylated cytosines.

Continuing our analysis, we performed in vitro experiments to

evaluate the impact of promoter methylation on transcriptional

activation. Our results indicated a significant repression of

luciferase activity in the methylated cyp19a promoter group

compared to the unmethylated control, confirming the regulatory
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role of methylation in gene expression. To elucidate the underlying

mechanisms, we then explored the involvement of three previously

identified SF-1 binding sites in gene regulation. We successfully

identified a putative SF-1 binding site that, when deleted, led to a

remarkable reduction in promoter activity, comparable with the

methylated promoter group, suggesting an essential role of this

motif in aromatase regulation. In addition, the other two deletions,

even though not significant, negatively affected luciferase activity.

Remarkably, the deleted sequence from position -217 to -207

contains three TFBSs (SF-1, ESRR, and Nr5A2) and is shared by

most of the analyzed fish species. Additionally, it overlaps with a

CpG site present in scombrids and bamboo leaf wrasse. Our

previous analysis of sf-1 gene expression in gonads revealed

comparable levels between females and males (data not shown).

Given SF-1 is present in both ovaries and testes, methylation of the

promoter may serve to obstruct the binding of available SF-1, which

is partially responsible for the downregulation of cyp19a.

When analyzing gene expression of enzymes involved in

methylation dynamics, we found that dnmt1 expression levels were

similar in all fish, whereas Tet enzymes expression exhibited a

significant increase in the female group. Dnmt1 plays a crucial role in

maintaining methylation patterns within the genome (Bestor, 2000),

while Tet enzymes are responsible for catalyzing the oxidation of methyl

groups (Tahiliani et al., 2009). Tet enzymes, due to facilitating active

DNA demethylation, offer a dynamic mechanism for modulating gene

expression in response to environmental cues. Interestingly, despite

similar levels of dnmt1 mRNA abundance, the notably elevated

synthesis of oxidases could be indicating active mCpG oxidation and

consequently activation of epigenetically modulated genes. Our findings

suggest that the distinct sexual dimorphicmethylation patterns observed

in chub mackerel cyp19a promoter are due to active demethylation by

tet enzymes, rather than male-biased dnmt1 activity.
FIGURE 6

Comparative analysis of the methylation patterns within the cyp19a promoter region in two gonochoristic fish (S. japonicus and E. japonicus) and a
protogynous hermaphrodite fish (P. sieboldin). Methylation range percentages are depicted in grayscale. On the right, cyp19a expression is presented
with standard error values in ovaries (pink) and testes (blue) for all three species.
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4.3 DNA methylation patterns are species-
specific and may differ depending on the
sexual system

The link between promoter methylation and cyp19a expression

has been previously studied in other species of fish. Sex differences

in methylation levels were also found in the cyp19a promoter of

Chinese sea perch (Chen et al., 2018) and Japanese flounder (Wen

et al., 2014), among others. In our laboratory, we also conducted

similar experiments with bamboo leaf wrasse, a hermaphrodite fish,

and Japanese anchovy. We found conserved binding sites for Foxl2

and SF-1, both of which have been shown to enhance the in vitro

activation of the cyp19a promoter (Nakamoto et al., 2007; Navarro-

Martıń et al., 2011), suggesting that these two closely located TFBSs

jointly play a role in cyp19a regulation.

In this study, we observed an increased methylation level in the

testes’ aromatase promoter, consistent with the previously mentioned

studies in other species. We also identified sexually and species-variable

DNA methylation patterns. The overall sexual difference in

methylation levels is much more distinct in the gonochoristic species

analyzed, whereas for the bamboo leaf wrasse, the differences were

much smaller. In a specific case, we examined the methylation levels of

a single CpG position (-210 in chub mackerel and -131 in bamboo leaf

wrasse), which coincides with one of the deletions introduced in the

experiment mentioned above (Figure 7, position -217/-207). This

deleted sequence encompasses two shared TFBSs by these fish, SF-1
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and ESRR. At this position, the sexual bias in methylation is much

more pronounced in chubmackerel. We observed a trend of repression

when deleting the sequence in chub mackerel, suggesting that this site

may have a mild effect on promoter activation. However, further

investigation is needed to determine the extent to which the

methylation of this common site is relevant.

Sex-change is a complex process that usually involves gonadal

transformation. Previously, a sharp downregulation of ovarian

aromatase was found to precede sex-change in three species of

wrasse (Thomas et al., 2019), supporting the idea of Cyp19a as a

proximal regulator of gonadal change in protogynous species.

Hypermethylation of the aromatase promoter during sex-change has

also been investigated before. In one study, scientists observed an

overall rise in methylation levels following masculinization of bluehead

wrasse, which is also evident in the hypermethylation of a CpG island

associated with the transcription start site (TSS) (Todd et al., 2019).

This aligns with the overall increase in methylation discovered in the

bamboo leaf wrasse but contrasts with the specific decrease in

methylation observed at the CpG site nearest to the TSS. An overall

hypermethylated promoter with a punctual hypomethylated CpG site

was also observed in the protogynous orange-spotted grouper after

sex-change (Guo et al., 2021). As mentioned earlier, even differential

methylation at a single CpG site can sufficiently modulate gene

expression (Kitazawa and Kitazawa, 2007). Given their capacity for

sex change, we anticipate that hermaphrodite fish will display greater

variability and plasticity in their methylation patterns. Furthermore,

this fish presented the highest unique TFBS count among the rest of

fish analyzed earlier, which highlights how distinct its regulatory region

is from those of gonochoristic fishes. DNA methylation shifts during

sex change seem to globally increase, while DNA methylation patterns

exhibit unique species-specific characteristics. This implies that while

the global increase in DNAmethylation is a commonality, the nuanced

patterns are intricately tailored to the specific genetic makeup of each

species, contributing to the complexity of the observed phenomenon.

This study contributes to our understanding of Cyp19a

regulation and gonad maturation in fish. Our research confirms

that DNA methylation of cyp19a exhibits sex-specific patterns and

is prevalent among adult fish. Notably, our findings reveal that the

cyp19a promoter is highly conserved in scombrids, suggesting that

the results obtained from chub mackerel could provide valuable

insights into the same process in other members of the Scombridae

family. Moreover, we discovered that, while overall methylation

affects cyp19a activity, differences in CpG content may introduce

subtle distinctions in its regulation. These findings are pivotal in

advancing our comprehension of sexual development and

reproductive processes in fish, shedding light on the intricate

mechanisms underlying these biological phenomena.
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FIGURE 7

In vitro assay of cyp19a promoter. Luciferase activity in the
methylated cyp19a promoter group (purple) was significantly
repressed, compared to the unmethylated group (***, adjusted p-
value < 0.001). All introduced deletions exhibited lower luciferase
activity, (measured as relative luminescence) than the control, but
only the -821/-810 deletion was significantly different (****, adj. p-
value < 0.0001).
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