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A B S T R A C T

Japanese flounder (Paralichthys olivaceus) undergoes metamorphosis by changing its body from the larval to the
juvenile form, and this process involves muscle development. Smyd1, a histone methyltransferase, plays a role in
the skeletal muscle. In the present study, the Smyd1a and Smyd1b expression patterns and their 5′ UTR and exon
1 DNA methylation levels were analyzed during metamorphosis of the Japanese flounder. Sample were analyzed
21 days post-hatching (dph) (with no migration of right eye; M1stage), 28 dph (during migration of right eye; M2
stage), and 35 dph (after migration of right eye; M3 stage). The results show that Smyd1a expression was highest
in the M2 stage and then decreased, whereas Smyd1b expression continued to rise during the three stages.
Methylation levels of CpG sites at positions−2318 and−2217 of the Smyd1a P region (−2462 to−2181 region
of the 5′ UTR), and the CpG sites at positions −351, −330, −284, −190, and− 92 of the Smyd1b promoter,
with both regions containing putative transcription factor binding sites, showed significant differences in the
three stages (p < 0.05). Interestingly, the methylation levels of these CpG sites were negatively correlated with
mRNA expression. We inferred that binding of the predicted transcription factors might be affected by methy-
lation of the CpG sites and thus modulate gene expression. Taken together, our results suggest that DNA me-
thylation in the Smyd1a and Smyd1b genes participates in the regulation of metamorphosis, and epigenetics may
provide clues for further studies of the mechanisms of metamorphosis in the Japanese flounder.

1. Introduction

Smyd1, a histone methyltransferase containing the conserved SET-
MYND functional domain, is specifically expressed in the heart and
skeletal muscle (Hwang and Gottlieb, 1997; Hwang and Gottlieb,
1995). Previous research has shown that Smyd1 plays an important role
in myofiber maturation and contraction in zebrafish and is essential for
cardiac differentiation and morphogenesis in mice (Gottlieb et al.,
2002; Tan et al., 2006). Sequence analysis showed that Smyd1 genes are
present in two copies (Smyd1a and Smyd1b) in zebrafish (Sun, 2008). In
mice, targeted deletion of the Smyd1 gene resulted in embryonic leth-
ality (Gottlieb et al., 2002). Interestingly, knockdown of Smyd1a ex-
pression resulted in a normal myofibril alignment, with little effect on
muscle development (Gao et al., 2014). In contrast, knockdown of

Smyd1b expression affected sarcomere organization (Li et al., 2013).
Previous studies have shown that Smyd1 plays an important role in the
early stages of muscle development. However, it is still unclear whether
this gene plays a role in the metamorphosis of marine fish.

Epigenetic modifications such as DNA methylation, RNA inter-
ference, and histone modification play an important role in the reg-
ulation of gene expression (Paszkowski and Whitham, 2001; Stefanska
and Macewan, 2015; Portela and Esteller, 2010). DNA methylation can
also affect the expression of genes by interacting with transcription
factors or altering chromatin structure (Razin and Kantor, 2005). The
11 zinc finger-containing DNA binding protein CTCF, which is highly
conserved in vertebrates, can block the interaction between the en-
hancer and promoter but binds only to non-methylated sites (Bell et al.,
1999). In addition, MeCP2 leads to the formation of an inactive
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chromatin structure by binding to methylated DNA and the corepressor
Sin3A (Jones et al., 1998; Nan et al., 1998). However, some methyla-
tion events associated with transcription factors do not have obvious
effects on gene expression. The binding site of the transcription factor
Sp1 contains a central CpG, and Sp1 is able to bind to its methylated site
and promote transcription (Höller et al., 1988). At present, research on
Smyd1 mostly focuses on its role as a histone methyltransferase, as
Smyd1 inhibits the transcription of genes in a histone deacetylase-de-
pendent manner (Gottlieb et al., 2002). No reports on the methylation
levels of the Smyd1a and Smyd1b genes were found in the literature.

Japanese flounder is a valuable marine fish, but also an important
marine aquaculture fish. The Japanese flounder undergoes metamor-
phosis during development, and in this process it changes from a
symmetrical pelagic larva to an asymmetrical benthic juvenile, ac-
companied by obvious external characteristics (eye migration and
craniofacial remodeling) (Klaren et al., 2008). These changes are as-
sociated with methylation and expression patterns of some genes. As-
sessment of global DNA methylation showed significant differences in
methylation pattern during lamprey metamorphosis (Covelo-Soto et al.,
2015). During metamorphosis of the Japanese flounder, IGF-IR-1 and
IGF-IR-2 mRNA levels vary markedly (Zhang et al., 2011). However,
genes methylation patterns during metamorphosis of the Japanese
flounder have not been reported. Because of the economic importance
of Japanese flounder, study of the methylation pattern and mRNA ex-
pression levels of muscle-related genes during metamorphosis is re-
quired for a better understanding of the growth and development of this
marine fish.

In this study, we investigated the DNA methylation and relative
gene expression patterns of Smyd1a and Smyd1b during metamorphosis
of the Japanese flounder. The results will help elucidate the functional
relationship between Smyd1a and Smyd1b and their role in metamor-
phosis during development of the Japanese flounder from an epigenetic
perspective.

2. Materials and methods

2.1. Ethics statement

The study was approved by the respective Animal Research and
Ethics Committees of Ocean University of China. The field studies did
not involve endangered or protected species.

2.2. Experimental animal collection

Japanese flounder larvae [21, 28 and 35 days post hatching (dph)]
were provided by the aquatic farm, Jimo, China. According to the
classification of the developmental stage of Minami (1982) and com-
bined with the right eye migration, we divided the metamorphic stages
of Japanese flounder into three stages, M1 (21 dph, no migration of
right eye), M2 (28 dph, during migration of right eye), M3 (35 dph,
finished migration of right eye). The larvaes were stored at −80 °C for
islation of genomic DNA and total RNA.

2.3. Genomic DNA isolation

Genomic DNA was extracted from the larvaes (we cut off redundant
tissue and only retain muscle tissue under the microscope) using Marine
Animal Genomic DNA Kit (TransGen, China). About 4–5 individuals
were needed in the stages of M1 and M2 for the extraction of each DNA
sample and 2–3 individuals for M3 stage. The DNA concentration was
measured using the nucleic acid analyzer Biodropsis BD-1000 (OSTC,
China), and the integrity by agarose gel electrophoresis examination.
The DNA was stored at −20 °C.

2.4. DNA bisulfite modification and sequencing

Genomic DNA was modified using the BisulFlash DNA Modification
Kit (EpiGentek, USA) following the manufacturer's instructions. Primers
were designed on the Oligo 6.0 according to the bisulfate-modified DNA
sequences. After that the methylation specific PCR was performed, the
PCR products were separated by agarose gel electrophoresis. The Quick
Gel Extraction Kit (TransGen, China) was used to purify the products of
separation. And then purified products were cloned into the pEASY-T1
vector (TransGen, China), and transferred into Trans1-T1 Phage
Resistant Chemically Competent Cell (TransGen, China). For three
biological repetitions of each stage, 7–10 individual clones were se-
quenced to evaluate the methylation level. The efficiency of bisulfite
modification was calculated by a formula that the percentage of the
number of converted cytosines on the total number of cytosines (except
the cytosines of CpG dinucleotides).

2.5. RNA isolation and reverse transcription

Total RNA was extract by RNAiso Reagent Kit (TaKaRa, Japan). The
concentration of RNA was quantified by the nucleic acid analyzer
Biodropsis BD-1000 (OSTC, China), and the integrity by agarose gel
electrophoresis examination. The PrimeScript™ RT Reagent Kit with
gDNA Eraser (TaKaRa, Japan) was used to obtain the cDNA. The cDNA
was stored at −20 °C.

2.6. Quantitative real-time PCR and expression analysis

Quantitative real-time PCR was conducted by the Roche
LightCycler480 (German) and SYBR Premix Ex Taq™ (TliRNaseH Plus)
Kit (Takara, Japan). It was used to determinate the relative expressions
of Smyd1a (GenBank accession no. MH_349346) and Smyd1b (GenBank
accession no. MH_349347). Primers are listed in Table 1, the Japanese
flounder 18 s (GenBank accession no. EF126037.1) was used as the
endogenous reference gene. The amplified system was formed from
10 μl SYBR®Premix Ex Taq (TliRNaseH Plus), 0.4 μl ROX Reference Dye,
0.4 μl PCR Forward Primer, 0.4 μl PCR Reverse Primer, 2 μl cDNA
template, add RNase-free water to 20 μl. The reaction completed ac-
cording to the procedure of 95 °C for 30 s, 40 cycles of 95 °C for 5 s, Tm
for 30 s. All samples were run in triplicate. And then we calculated the
relative expression by the method of comparative threshold (2−ΔΔCt)
(Livak and Schmittgen, 2001).

2.7. Genetic structure and phylogenetic analysis of Smyd1a and Smyd1b

The online MethPrimer design software (http://www.urogene.org/
methprimer/) was used to achieve CpG-rich regions. The presumptive
transcription factor binding site was predicted using PATCH™ public
1.0 online software (http://www.gene-regulation.com/cgi-bin/pub/
programs/patch/bin/patch.cgi). The Open Reading Frame (ORF)
Finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi) was used for
predicting the coding sequence of Smyd1a and Smyd1b. The Smyd1
amino acid sequences of the various species were obtained from
Ensembl and GenBank. The phylogenetic tree was constructed using the
Neighbor-Joining (NJ) method within the Molecular Evolutionary
Genetics Analysis (MEGA 4.0) software. Furthermore, the topological
stability of the trees was evaluated under the 1000 bootstrap replica-
tions.

2.8. Statistical analysis

The data were presented as means ± SE. The statistical differences
were analyzed by one-way ANOVA and Duncan's multiple range tests
using SPSS 19.0. The Pearson correlation coefficient (r) between the
methylation level and the mRNA expression level was determined by
independent samples t-test. p-Value < 0.05 was considered statistical
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significance.

3. Results

3.1. Structure analysis of Smyd1a and Smyd1b gene

As shown in Fig. 1A, the Smyd1a P region contains a CpG-rich region
(located at −2368 bp to −2240 bp) with 12 CpG sites. Some putative
transcription factor binding sites are located near these CpG sites and
some at a CpG site. Putative binding sites for the transcription factors
SRF, GATA-1, LVc, SP1, c-Ets-1, RAR-beta2, and c-Ets-2 were found.
These transcription factors have various regulatory functions (Fig. 1B).
The Smyd1b promoter contains 15 CpG sites (Fig. 1C), and similar to
Smyd1a, the predicted transcription factor binding sites are at or near a
CpG site. Putative binding sites for the transcription factors c-Ets-2,
SP1, E2F-1, RAR-alpha1, and GATA-1 were found.

3.2. Phylogenetic analysis of Smyd1a and Smyd1b

To examine the evolutionary relationship of Japanese flounder
Smyd1a and Smyd1b with other species, a phylogenetic tree was con-
structed with the MEGA4.0 software using the Neighbor-Joining
method. We analyzed 17 amino acid sequences from 12 species and the
clustering results are shown in the Fig. 2. Japanese flounder Smyd1a
and Smyd1b were grouped into the two diverse lineages. All teleost
Smyd1a and Smyd1b are placed into two different clades.

3.3. The DNA methylation patterns and expression levels of Smyd1a

Analysis using agarose gel electrophoresis showed that the PCR
products after bisulfite modification were of the same size as the target
amplified product (Fig. S1A, SI Appendix). We randomly selected 12
sequencing results of the Smyd1a exon (containing 38 cytosines outside
CpG dinucleotides) showing that only 10 cytosines were not converted
to thymine, and the bisulfite modification efficiency achieved was
97.8%. Part of the sequencing diagram was shown in Fig. S1B (SI
Appendix). This proved that the conversion efficiency of bisulfite
modification was very efficient.

The DNA methylation levels of the Smyd1a P region and exon 1 are
shown in Fig. 3A. There are 12 CpG sites in the P region of Smyd1a, and
methylation levels were high in all stages. DNA methylation levels
decreased from M1 to M2 and increased slowly from M2 to M3. There
are 4 CpG sites in the exon 1 of Smyd1a, and methylation levels de-
creased from M1 to M2 and increased from M2 to M3. Methylation
levels of the P region were higher in each stage than those of exon 1.
Methylation levels of the Smyd1a P region and exon 1 were not sig-
nificantly different in the three stages of metamorphosis. Methylation

levels of a single CpG site are shown in Fig. S2 (SI Appendix). The
methylation pattern of the single CpG site in the Smyd1a P region was
the same as that of the P region. In contrast, the methylation levels at
the −2318 and −2217 sites showed significant difference (p < 0.05)
(Fig. 3B).

Smyd1a mRNA expression levels are shown in Fig. 3C. Expression
levels were high in the M2 stage, and lowest in the M1 stage. Expression
levels from M1 to M3 first increased and then decreased. In addition,
methylation levels of the CpG sites located at the Smyd1a P region
−2318 (r=−0.865) and− 2217 (r=−0.932) positions were nega-
tively correlated with the expression levels of Smyd1a (Fig. 3D).

3.4. The DNA methylation patterns and expression levels of Smyd1b

As shown in Fig. 4A, 15 and 11 CpG sites are located in the promoter
and exon 1 of Smyd1b, respectively. Methylation levels at the promoter
were relatively high in the M1 stage, decreased in the M2 stage, and
increased again in the M3 stage. The methylation pattern of exon 1 in
the three stages was relatively flat, with a slow upward trend. Methy-
lation levels in the Smyd1b promoter and exon 1 were also not sig-
nificantly different in the three stages of metamorphosis. The methy-
lation levels of the single CpG site in the Smyd1b promoter were the
same as those of the promoter (Fig. S3, SI Appendix). In contrast, the
methylation levels at the −351, −330, −284, −190, and −92 sites
were significantly different (p < 0.05) in the three stages of meta-
morphosis, and the methylation pattern was the same as that of the
promoter (Fig. 4B).

Expression levels of Smyd1b showed a continuous increase in the
three stages of metamorphosis, and the levels in the M3 stage were
much higher than in the M2 stage (Fig. 4C). Unexpectedly, its expres-
sion levels were not negatively correlated with methylation levels of
CpG sites of the Smyd1b promoter at the −351, −330, −284, −190,
and −92 positions (Fig. 4D). From the M2 to the M3 stage, both me-
thylation and expression levels tended to increase.

3.5. The relationship of methylation and expression levels between Smyd1a
and Smyd1b

The methylation levels of the P region of Smyd1a were higher than
those of the Smyd1b promoter at every stage, but the change pattern is
the same. Smyd1a showed the highest methylation levels in the M1
stage, whereas the highest methylation levels of Smyd1b was observed
at the M3 stage (Fig. S4A, SI Appendix). A comparison of exon 1 me-
thylation levels between Smyd1a and Smyd1b is shown in Fig. S4B (SI
Appendix). Methylation levels of Smyd1a are highest in the M1 stage,
whereas those of Smyd1b are highest in the M3 stage. The expression
levels of Smyd1a were lower than those of Smyd1b in every stage. The

Table 1
Primers used for bisulphate PCR and quantitative real-time PCR.

Primer names Sequence (5′–3′) Product size (bp) Tm (°C) Accession no.

Smyd1a P region* (BS-PCR) F:TTTTTAGGTTTTTTGGGTGAGATTTT 282 55.4
R:AAAAACCTTAACATTTAATTCCTCCT

Smyd1a exon1 (BS-PCR) F:TTGGAAAAGGGAGGGGTTTGAAGG 306 60.5 MH_349346
R:AATCCCTCTTATCCAAACCCCCAC

Smyd1a (qRT-PCR) F:CAACTCACCTGGAAAAGG 235 53.6
R:GCACTCTTGCTTGTGTTC

Smyd1b promoter (BS-PCR) F:TTGTGGATTAAAATATTTAAGGAGGA 356 53.2
R:CCAAACAAAACACAAAAATCAAAAAC

Smyd1b exon1 (BS-PCR) F:AGTGTTGTATTGTTTGATGTAGGG 337 60.2 MH_349347
R:CTCACTCCTAAAATCTAAACCCAA

Smyd1b (qRT-PCR) F:AAGTGGTCTTCACCGAGC 177 53.6
R:ACTCCTGCTTGTGCTCGT

18s (qRT-PCR) F:ATTGACGGAAGGGCACCAC 134 65.0 EF126037.1
R:ATGCACCACCACCCACAGA

Note: *: The −2462 to −2181 region of 5′ UTR.
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expression levels of both Smyd1a and Smyd1b increased significantly
(p < 0.05) from M1 to M2, whereas Smyd1a levels decreased and
Smyd1b levels continued to increase significantly (p < 0.05) from M2
to M3. The expression levels of Smyd1a were highest in the M2 stage,
whereas Smyd1b levels were highest in the M3 stage (Fig. S4C, SI
Appendix). Fig. 5 shows a comparison between average methylation
and expression levels of Smyd1a and Smyd1b.

4. Discussions

Japanese flounder metamorphosis is an important period in its
growth and development, and is accompanied by an asymmetric re-
modeling of some tissues and organs (Schreiber, 2006). These changes
in shape and function are related to methylation of genes and tran-
scriptional or post-transcriptional regulation of expression. Previous
studies in other species have shown that differences in methylation and
gene expression underlie metamorphosis (Covelo-Soto et al., 2015;
Zhang et al., 2011). Therefore, the study of Smyd1 gene expression
during metamorphosis of the Japanese flounder is particularly in-
formative. In this study, we examined the methylation and expression
levels of Smyd1a and Smyd1b genes during metamorphosis.

Methylation-sensitive amplified polymorphism analysis showed that

the dramatic morphological changes may be related to changes in DNA
methylation during metamorphosis of European eel (Anguilla anguilla,
L.) (Trautner et al., 2017). In addition, DNA methylation is involved in
the epigenetic regulation of post-natal development of sea lamprey
(Petromyzon marinus) (Covelo-Soto et al., 2015). To investigate the re-
lation between metamorphosis and epigenetics in the Japanese
flounder, we determined the methylation levels of two genes involved
in muscle development, Smyd1a and Smyd1b. The results show that the
changes in methylation levels of Smyd1a and Smyd1b showed the same
pattern during metamorphosis. Changes in promoter and exon 1 me-
thylation levels during the three stages of metamorphosis were not
significant. It is noteworthy that significant differences were observed
in the methylation levels of some CpG sites in the Smyd1a P region and
Smyd1b promoter. At position −2318 and −2217 of the Smyd1a P
region and at position −351, −330, −284, −190, and −92 of the
Smyd1b promoter, methylation levels decreased from stages M1 to M2
and increased from stages M2 to M3. These sites may play an important
role in metamorphosis.

During metamorphosis of the Japanese flounder, the expression
level of related genes would presumably change (Bao et al., 2005; Gong
et al., 2005). In this study, we examined the expression levels of the
Smyd1a and Smyd1b genes during metamorphosis. The expression

Fig. 1. Structure analysis of Smyd1a and Smyd1b
gene. The long black line indicates the Smyd1a gene
structure and the empty black box indicate the CpGi
region (CpG island). The regions of measuring the
methylation level (from −2462 bp to −2181 bp and
from +29 bp to +334 bp) in 5′ UTR and exon1 are
marked with red line (Fig. 1A.) The predictive tran-
scription factors and putative binding sites on the
Smyd1a (B) P region and Smyd1b (C) promoter. The
CpG dinucleotide sites are represented by the yellow
shade. The red frames represent the putative binding
sequences of the transcription factors and the pre-
dictive transcription factors are indicated above
them.
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levels of the Smyd1a and Smys1b were different during metamorphosis.
Smyd1a showed the highest and lowest expression levels in the M2 and
M1 stages, respectively. In contrast, the expression levels of Smyd1b
increased in the three stages. A previous study has shown that Japanese
flounder skeletal muscle is composed of thin layers of muscle fibers
with a low content of myofibrils before metamorphosis. At the peak of
metamorphosis, muscle fibers become thick and myofibrils are abun-
dant (Zhang and Shi, 2003). Smyd1b is essential for myofibrillogenesis
in zebrafish skeletal muscle (Li et al., 2013). In zebrafish embryos,
Smyd1a and Smyd1b play a role in myofibril assembly, although Smyd1b
is more important than Smyd1a (Gao et al., 2014). We hypothesize that
both Smyd1a and Smyd1b play an important role in the muscle devel-
opment of Japanese flounder during metamorphosis, but higher ex-
pression levels of Smyd1b are required for muscle fibers to become thick
during metamorphosis. On the other hand, Smyd1a has a relatively
large supporting role in the early stages of metamorphosis, and its ex-
pression levels decrease in the later stages. Further research is needed
to uncover the biological significance of different expression patterns of
Smyd1a and Smyd1b during metamorphosis of the Japanese flounder.

DNA methylation can affect the availability of proteins by altering
the chromatin structure of the corresponding genes (Bird, 2007). CpG
methylation inhibits the viral genome during mammalian development
(Nan et al., 1998). Many studies have described that methylation of
gene promoter regions results in its transcriptional suppression (Soria
et al., 2002; Zhu et al., 2017; Lazo-De-La-Vega-Monroy et al., 2017).
Recent studies showed that DNA methylation in the coding region also
strongly inhibits gene expression (Hsieh, 1997; Irvine et al., 2002;
Graessmann et al., 1994). To elucidate the relationship between DNA
methylation and Smyd1a and Smyd1b genes expression during meta-
morphosis, we studied the relationship between methylation levels and
Smyd1a and Smyd1b expression levels. In every stage, the methylation
levels of the P region of Smyd1a were higher than those of the Smyd1b
promoter and the expression levels of Smyd1a were lower than those of
Smyd1b. The methylation levels of the Smyd1a P region and exon 1 were
negatively correlated with the corresponding expression levels. These
results suggest that the methylation levels of Smyd1a inhibit its ex-
pression. However, no negative correlation between methylation levels
in the Smyd1b promoter and exon 1 and the corresponding expression
levels was observed, indicating that methylation may not play a
dominant role in affecting Smyd1b gene expression. These results may
also be related to the special period of metamorphosis, in which the
level of hormones, gene expression and other factors would change

(Zhang et al., 2011; Yoshikawa et al., 2013; Manzon et al., 2014).
Further research is needed to clarify this issue.

A previous study has shown that methylation of CpG sites inhibits
the binding of transcription factors, leading to gene silencing (Deng
et al., 2001). Methylation of CpG sites can also activate the binding of
specific transcription factors (Chatterjee and Vinson, 2012). However,
some transcription factors are not affected by CpG site methylation
(Harrington et al., 1988). In our study, the putative transcription factor
binding sites of the P region of the Smyd1a and Smyd1b promoters were
identified. Most of the predicted transcription factor binding sites are
located near or at CpG sites, and binding of transcription factors at
these sites also affected gene expression. For example, the transcription
factor Sp1, which binds to the CpG sites at positions−351 and−284 of
the Smyd1b promoter, has been reported to have an effect on the ex-
pression of many genes. In addition, Sp1 enhances human insulin re-
ceptor gene promoter activity (Chen et al., 1994). Studies have shown
that SP1 could inhibit the transcriptional activity of the MEPE gene in
mouse pre-osteoblasts (Liu et al., 2017). The transcription factor GATA-
1, which binds to the CpG site at position −92, has been shown to
activate the EpoR promoter in fibroblast transfection assays (Zon et al.,
1991). The transcription factors serum response factor (SRF) and EBs,
binding at other CpG sites, also affect Smyd1 gene expression. It has
been reported that Smyd1 is associated with SRF, and that Smyd1 forms
a complex with SRF and enhances SRF DNA binding activity (Ye et al.,
2016). In mouse embryonic bodies (EBs), the expression of Smyd1 is
reduced owing to deletion of the transcription factor Ets2 (Islas et al.,
2012). Therefore, we inferred that binding of the predicted transcrip-
tion factors may be affected by methylation of CpG sites, thus affecting
gene expression, but this issue remains unclear.

As a histone methyltransferase, Smyd1 specifically methylates his-
tone H3 at lysine 4 (Tan et al., 2006), and thus histone methylation is
related to gene expression. In the future, histone methylation levels will
be determined to further verify gene expression level.

5. Conclusions

In this study, we determined the pattern of methylation and ex-
pression of Smyd1a and Smyd1b genes during metamorphosis of the
Japanese flounder. The results show that the gene expression patterns
of Smyd1a and Smyd1b were different, which may result from differ-
ences in the function of both genes during metamorphosis or from the
time point chosen for the M3 stage being earlier than that of the down-

Fig. 2. Phylogenetic trees of Smyd1a and Smyd1b.
The accession numbers are: Ensembl: Oreochromis
niloticus Smyd1a: ENSONIG00000012570; Takifugu
rubripes Smyd1a: ENSTRUG00000013032; Takifugu
rubripes Smyd1b: ENSTRUG00000015565; Astyanax
mexicanus Smyd1a: ENSAMXG00000009168; Homo
sapiens Smyd1: ENSG00000115593; Mus musculus
Smyd1: ENSMUSG00000055027; Poecilia Formosa
Smyd1a: ENSPFOG00000006798; Poecilia Formosa
Smyd1b: ENSPFOG00000007466; Xiphophorus macu-
latus Smyd1a: ENSXMAG00000010713; Paralichthys
olivaceus Smyd1a: MH_349346; Paralichthys olivaceus
Smyd1b: MH_349347; Danio rerio Smyd1a:
ENSDARG00000009280; Danio rerio Smyd1b:
ENSDARG00000091253; Tetraodon nigroviridis
Smyd1b: ENSTNIG00000016679; Oryzias latipes
Smyd1b: ENSORLG00000003877; GenBank:
Siniperca chuatsi Smyd1a: AHG32674.1; Siniperca
chuatsi Smyd1b: AHG32675.1.
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regulation of Smyd1b. The methylation patterns of Smyd1a and Smyd1b
were similar. The negative correlation between methylation and ex-
pression levels of Smyd1a indicated that methylation may be one of the

factors affecting gene expression. There was no negative correlation
between the methylation status and expression of Smyd1b, indicating
that methylation of Smyd1b had no significant effect on its expression.
The combination of transcription factors may also affect expression of

Fig. 3. DNA methylation patterns and expression levels of Smyd1a. DNA me-
thylation patterns of P region and exon 1 in Smyd1a (A). The methylation state
was represented by a circle, open circles were unmethylation and filled circles
were methylation. The numbers above represent the location of the CpG re-
lative to the starting codon. The percentage was average methylation level, data
is expressed by mean ± SEM. The methylation levels of two CpG sites with
significant difference of the Smyd1a P region (B). The mRNA expression levels
of Smyd1a gene from metamorphic stages M1 to M3 (C). Values are shown as
mean with SEM. Significant differences between stages are indicated by dif-
ferent letters. Fig. 3D. The correlation between DNA methylation levels (−2318
and −2217 sites of P region) and mRNA expression levels of Smyd1a gene at
three metamorphic stages of Japanese flounder.

Fig. 4. DNA methylation patterns and expression levels of Smyd1b. DNA me-
thylation patterns of promoter and exon 1 in Smyd1b (A). The methylation state
was represented by a circle, open circles were unmethylation and filled circles
were methylation. The numbers above represent the location of the CpG re-
lative to the starting codon. The percentage was average methylation level, data
is expressed by mean ± SEM. The methylation levels of five CpG sites with
significant difference of the Smyd1b promoter (B). The mRNA expression levels
of Smyd1b gene from metamorphic stages M1 to M3 (C). Values are shown as
mean with SEM. Significant differences between stages are indicated by dif-
ferent letters. Fig. 4D. The correlation between DNA methylation levels (−351,
−330, −284, −190 and− 92 sites of promoter) and relative expression levels
of Smyd1b gene at three metamorphic stages of Japanese flounder.
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Smyd1a and Smyd1b, but further studies are needed to clarify this issue.
Our results may help to elucidate the molecular mechanisms of meta-
morphosis in the Japanese flounder from the perspective of epigenetics.
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