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Abstract
The barramundi (Lates calcarifer), a significant aquaculture species, typically displays
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mechanisms underlying color variations in teleosts. Unlike stable color patterns in
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many fish, the “panda” variant demonstrates phenotypic plasticity, responding
dynamically to unknown cues. We propose a complex interplay of genetic factors
and epigenetic modifications, focusing on DNA methylation. Through a multiomics
approach, we analyze transcriptomic and methylation patterns between PB and PG
patches. Our study reveals differential gene expression related to melanosome traf-
ficking and chromatophore differentiation. Although the specific gene responsible for
the PB-PG difference remains elusive, candidate genes like asip1, asip2, miph, and
mreg have been identified. Methylation emerges as a potential contributor to the
“panda” phenotype, with changes in gene promoters like hand2 and dynamin possibly
influencing coloration. This research lays the groundwork for further exploration into
rare barramundi color patterns, enhancing our understanding of color diversity in tel-
eosts. Additionally, it underscores the “panda” phenotype's potential as a model for

studying adult skin coloration.
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1 | INTRODUCTION

“panda” phenotype, as its name implies, is characterized by a blotch-like

pattern, with a combination of silver, black (PB), and golden (PG) skin

Barramundi (Lates calcarifer), also known as Asian seabass, is a species
native to tropical regions of the Indo-Pacific and is of importance in
aquaculture, capture, and recreational fisheries (Jerry, 2013). The typical
skin coloration of barramundi varies from silver to bronze, but this spe-
cies also exhibits several rare skin color variants, including the “golden”,
“platinum”, “black” and “panda” phenotypes (Marcoli et al., 2023). The

patches (Figure 1). Prior histological and cytological research, which
examined the skin coloration among barramundi color morphs,
highlighted differences in the composition of skin cell populations
between different color phenotypes in barramundi (Marcoli et al., 2023).
This study specifically examined the differences between the two-color

patches of barramundi in the “panda” phenotype, analyzing fin tissues at
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FIGURE 1 Barramundi (Lates
calcarifer) color variants examined in this
study: (a, b, c) “panda” phenotype,

(d) wild type. (a) Sample P1, (b) sample P2,
(c) sample P3, and (d) wild-type
barramundi (for this present study no
samples were taken from the wildtype
phenotype).

the boundary between PB and PG using various techniques such as his-
tological, immunohistochemical, and ultrastructural analysis (Marcoli
et al., 2023). In accordance with the different techniques used, the study
demonstrated that differences in the presence and abundance of
melanin-producing (stages 2, 3, and 4) melanophores were the major
driver of the difference in coloration between PG and PB (Marcoli
et al., 2023). Furthermore, an analysis of the transcriptome profile distin-
guishing the golden phenotype from the wildtype silver phenotype
showed that multiple genes related to the melanin production were
altered between the two color variants (Marcoli et al., 2024); the under-
lying molecular basis influencing the black and gold patches in “panda”
barramundi within the same individual, however, has not been examined.
The unique pigmentation exhibited by “panda” barramundi not only
enhances the appeal of this species in the aquarium and commercial
aquaculture trades, but also could serve as a potential model for studying

the molecular mechanisms governing color changes in teleosts.

While many studies have investigated color pattern formation in
teleosts (Irion & Nusslein-Volhard, 2019; Tian et al., 2022), most of
the literature available is associated with investigating the basis
of regular (and wild-type) stripe-like patterning (Gur et al., 2020;
Johnson et al, 1995; Kondo et al., 2021; Singh & Nisslein-
Volhard, 2015; Yamaguchi et al., 2007) and changes in dorso-ventral
pattern coloration (Ahi & Sefc, 2017; Cal et al., 2019), and to date
there is only limited research conducted in fish relating to phenotypes
representing a random blotch-like pattern coloration (Fang
et al, 2022; Luo et al, 2018; Santos et al., 2016). These studies
involve the melanic side-spotting patterns in Poeciliid guppies
(Zerulla & Stoddard, 2021) and the multiple coloration patterns within
individuals of koi carp (Cyprinus rubrofuscus) (Dong et al., 2020; Luo
et al, 2018; Tian et al., 2022). However, unlike patterning in most
other teleosts, where the coloration is considered mainly static once

developed (or within the life stage that characterized it) (Kratochwil &
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Mallarino, 2023), the “panda” barramundi exhibits a remarkably plastic
phenotype, showcasing changes in the positioning of the color
patches in response to unknown cues (Data S1). This phenotypic plas-
ticity suggests a complex interplay between genetic and epigenetic
factors, prompting an exploration into the transcriptomic and methyl-
ation profiles associated with the “panda” variant.

DNA methylation is a significant epigenetic alteration found in
DNA. It is essential for maintaining the biological functions of higher
organisms (Moore et al., 2013) and is involved in various processes
such as genomic imprinting, X chromosome inactivation, aging, and
carcinogenesis (Mhanni & McGowan, 2002). DNA methylation at pro-
moter sites frequently acts as a transcriptional repressor by suppres-
sing gene expression, leading to a negative association between DNA
methylation status and gene expression level (Robertson &
Jones, 2000). Previous studies with teleosts have examined transcrip-
tomic changes linked to pigmentation patterns, but very few have
used a multiomics approach to analyze the relationship between
methylation, changes in gene expression, and physical characteristics
(Li et al., 2015; Liu et al., 2022; Zhang et al., 2017). It is noteworthy
that no study has examined DNA methylation changes related to color
patch variation within the same individual, but the relationship
between coloration, gene expression, and microRNA-induced gene
regulation has been proposed as the epigenetic and cellular mecha-
nism underlying the species' individual color variations in koi carp
(Dong et al., 2020; Luo et al., 2018; Tian et al., 2022). Given the com-
plexity of epigenetic factors and how they modulate transcription, it is
possible that multiple molecular mechanisms might interplay to influ-
ence dynamic color pattern formation in teleosts.

Through the analysis of the “panda” barramundi transcriptome
and methylation patterns, the objective of this study was to establish
a fundamental understanding of the molecular mechanisms underlying
color changes and the color plasticity in the species, but also to utilize
the “panda variant” as a valuable model for investigating coloration in
fish. The findings of this study may have broader implications beyond
the understanding of the rare “panda” phenotype in barramundi,
offering an insightful comprehension into the color diversity and
blotch-like pattern formation in teleosts more broadly.

2 | MATERIALS AND METHODS

2.1 | Experimental design and sampling

Three individual barramundi representing the “panda” color variant (mean
weight 0.62 + 0.09 kg, mean length 34.1 + 1.1 cm) were obtained from a
commercial population (Mainstream Aquaculture Group). The fish were
housed in a 2000-L tank that was part of a 10-tank recirculating tank sys-
tem. Three times per day, the fish were fed a commercial aquaculture
feed to satiety. The animals were closely monitored during feeding and
routinely inspected throughout the day. The photoperiod was set to cor-
respond with daylight, with lights turned off at night. Sampled fish were
sedated in 0.2 mL/L Aqui-S (Aqui-S New Zealand Ltd) (JCU ethics
approval: A2829) and approximately 1-cm? dorsal fin samples were taken.

Two separate samples were taken for each fish: a sample from the
golden-colored patch (PG) and one from the black-colored patch (PB).
The samples were placed in RNALater™ Stabilizing Solution (Thermo Fish-
erm) and stored at —80°C prior to RNA and DNA extraction.

2.2 | DNA and RNA isolation and library
preparation

DNA and RNA were isolated from the same fin tissue sampled to
directly compare gene expression with methylation levels. The RNA
extraction methodology is outlined in the study conducted by
(Marcoli et al., 2024). The AllPrep DNA/RNA Kits (Qiagen) were used
to isolate total DNA from approximately 100 mg of fin tissue for
methylation analysis. The DNA that was obtained was subjected to
RNAse treatment to remove any residual RNA. The initial quality of
DNA was assessed by evaluating absorbance ratios at optical density
(OD) 260/280 and OD 260/230 using a NanoDrop® ND-1000
UV-Vis spectrophotometer. Furthermore, the evaluation of DNA quality
was conducted through the utilization of 1.5% agarose gel electrophore-
sis. This involved visually examining the gel under ultraviolet light to ver-
ify the absence of any potential RNA contamination bands. The DNA
samples were subsequently stored at a temperature of —80°C prior to
their transfer to the Australian Genome Research Facility for subsequent
quantification using an Agilent DNA Bioanalyzer chip (https://www.
agilent.com/). Library preparation for Whole Genome Enzymatic Methyl-
ation Sequencing (WGEMS) was undertaken using a NEBNext Enzymatic
Methyl-seq kit before pair-end sequencing on an lllumina NovaSeq S4

Lane, 300 cycles, yielding 150 bp reads.

2.3 | Transcriptome and methylome analysis

The transcriptome methodology was described in Marcoli et al. (2024).
In brief: FeatureCounts (Galaxy Version 2.0.1 + galaxy2), MultiQC
(Galaxy Version 1.11 + galaxy1) (Ewels et al., 2016), and the DESeq2
packages (Galaxy Version 2.11.40.7 + galaxy2) (Love et al., 2014) were
utilized to compare the three golden patches (PG) to the three black
patches (PB) of the “panda” barramundi. Differentially expressed genes
(DEGs) selected for further analysis were chosen when |log2FC| > 1 (fold
change [FC] >2 or <0.5) and with adjusted p < 0.05.

Following WGEMS sequencing, the FASTQ files were quality checked
and the adapter trimmed using the Galaxy platform version 22.05. In brief,
FastQC (Galaxy Version 0.73 + galaxy0) (Andrews, 2010), Trim Galore!
(Galaxy Version 0.6.7 + galaxyO - adapter: lllumina Universal Adapter)
(Krueger et al., 2021), Bwameth (Galaxy Version 0.2.6 + galaxyO)
(Pedersen et al., 2014), rmdup (Li et al., 2009), and methylDackel (https://
github.com/dpryan79/MethylDackel) were utilized to generate the CpG
coverage for further analysis (output option: MethylKit).

Utilizing the MethylKit software, the statistical method used to
detect differentially methylated cytosines (DMCs) between groups was
logistic regression, with thresholds of False Discovery Rate <0.01 and

minimum difference in methylation of 25%. PB coloration of barramundi
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was considered as reference. For each DMC site, if the PG compared to
the PB had a methylation level at least of 25% higher, then that DMC
was considered hypermethylated. Alternatively, if the methylation level
was 25% lower in PG compared to the PB, then the DMC was consid-
ered hypomethylated. Tools such as Integrated Genome Viewer, Chip
Seeker, ShinyGO (Version 0.76.3), String, and KOBAS (Version 3.0) were

used for gene ontology enrichment analysis.

24 | Transcriptome-methylome association

To associate differential methylation with the transcriptome analy-
sis, genes that were considered to be both differentially methyl-
ated genes (DMGs) and DEGs were selected and classified as
differentially expressed-methylated genes (DEMG). DEMG gene
reference ID was utilized for enrichment analysis with ShinyGo
and KOBAS software. To further analyze the data, the DEMGs that
had a DMC in the promoter or transcription start site were further
analyzed, plotted, and classified as differentially expressed-
methylated genes in the promoter (pDEMGs). Considering the
knowledge that promoter methylation and gene expression are
inversely proportional, only genes with hypermethylation-
downregulation and hypomethylation-upregulation were selected
and classified as inversely proportional differentially expressed-
methylated genes in the promoter (ipDEMGp). To examine the
effect of DNA methylation on the local regulation of gene expres-
sion, the Pearson correlation (R) between the percentage of meth-
ylation and the normalized expression values (Z-score) of the
corresponding genes was calculated. Importantly, some gene pro-
moters contained multiple CpGs and consequently the correlation
coefficient was calculated for each CpG(promoter)-gene expres-
sion pair. |R| >0.5 and p-adjusted <0.05 were set as the significance

threshold for correlations.

(a) (b)

Expression

3 | RESULTS

3.1 | Overview of the RNA-seq data

Sequencing of the mRNA libraries of the two skin color patches
resulted in >100 M reads per library (Data S2). In total 126.50 Gb of
data yield was generated, with average raw reads of 100,652,663
+ 3,639,011 for the three PG fish and 113,572,913 + 2,318,750 for
the three PB fish. The average GC content was 48.4% and the read
length 150 bp. The average numbers of clean reads between samples
of the same variants were 100,530,463 * 3,646,274 for PG and
113,441,479 + 2,310,682 for PB. The reads were mapped to the Lates
calcarifer genome (Vij et al., 2016) for analysis, and the average per-

centage of uniquely mapped genes among the samples was 83.46%.

3.2 | DEG analysis among PG and PB of “panda”
barramundi
3.2.1 | Pairwise comparison and DEG analysis

Pairwise comparisons of DEGs were plotted to identify gene expres-
sion differences between PG and PB (Figure 2a). Analyses showed
1601 genes exhibiting differential expression between PG and PB;
930 genes, equivalent to 58.08%, were downregulated in PG, while
671, equivalent to 41.91%, were upregulated in PG. To reveal the dif-
ferences underlying the molecular basis in the color pattern formation
in “panda” barramundi the DEGs from the pairwise comparison
between PG and PB were evaluated, and the Z-score for each gene
was generated and plotted as a heatmap to visualize the gene expres-
sion difference for each DEG in each sample (Figure 2b), with the top
Kyoto Encyclopedia of Genes and Genomes (KEGGs) and Gene Ontol-

ogy (GOs) shown in Figure 3a. Pathways related to inflammation and
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(a) Volcano plots of “panda-golden” (PG) vs. “panda-black” (PB) barramundi. (b) Heatmap representing Z-scores of differentially

expressed genes (DEGs)s between PG and PB. Light blue, downregulation; red, upregulation. (c) Principal coordinates analysis of gene expression

patterns of color variants (group) of Lates calcarifer.
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immune systems (neutrophil activation, granulocyte activation, inflam-
matory response, immune response) were found to be enriched within
the biological process, while in the KEEGs pathways cell adhesion
molecules, phagosome, tyrosine metabolism, and melanogenesis were

among the pathways found to be enriched.

3.2.2 | Principal component analysis

Principal component analysis (PCA) among the two fin colors showed
that 71% of the global variation in gene expression was explained by
the first two principal components (PC1 48% and PC2 23%)
(Figure 2c). Samples representing a similar color variant (PG or PB)
clustered in the multidimensional space, indicating that each color

variant generally had a distinct pattern of gene expression.

3.3 | Normalized counts of genes associated to the
melanin pathway

3.3.1 | Melanin- and melanophore-associated genes
To delve deeper into the function of the pathways identified in the
skin color variations of barramundi, we examined the normalized
expression of genes associated with melanophores and melanogenesis
pathways. Adcyap1rlb and asip1 followed the same pattern of expres-
sion with PG showcasing a significant upregulation, compared to PB
(Figure 3b). asip2b, prkcab, dct, camk2b1, alx3, mreg, and miph fol-
lowed the same pattern of expression, with PG showcasing a signifi-

cant downregulation, in comparison to PB (Figure 3b).

Celular Component

(a)

3.4 | Overview of the whole-genome enzymatic
sequencing data

To better understand barramundi methylome changes between PG
and PB color patches, WGEMS libraries were sequenced and quality
checked using lllumina sequencing technology. Each library yielded an
average of 106,923,106 sequence reads. For analysis, the reads were
mapped to the Lates calcarifer genome, with an average percentage of
uniquely mapped reads to the bisulphite converted genome of 99.7%.
Individual samples and compared groups (PG vs. PB) did not differ sig-
nificantly in terms of raw, trimmed, or mapped reads. The per-base
methylation metrics were extracted from the mapped reads for fur-
ther analysis. Routine checks were performed within the Methylkit
package (Akalin et al, 2012) to assess the quality of the CpG
extracted sites, where the histogram of % of CpG methylation for
each sample (Data S3) represents a normal distribution; additionally,
the absence of a peak on the right side of the histogram (Data S4)
indicates that the data did not contain polymerase chain reaction
(PCR) duplicates.

3.4.1 | Differentially methylated cytosine analysis
among color variants: PCA and sample clustering

A total of 160,460 CpG positions that were found in every sample at
least once were used for analysis of differential methylation between
color morphs, and of those 4877 were differentially methylated
between the two groups. PCA among PG and PB fin colors, based on
DMCs, showed that 92.83% of the global variation in methylation was
explained by the first two principal components (PC1 63.8% and PC2
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(d) Genomic feature distribution of DMC.

29.03%) (Figure 4a). Samples from the same individual clustered
tightly in multidimensional space, no matter the color differences
(Data S5). The PCA correlation among skin colors, utilizing the total
160,460 CpG positions, were also analyzed; the PCA showed that
74.22% of the methylation profile was explained by the first
three principal components (PC1 = 29.07%, PC2=24.81% and
PC3 = 20.33%) (Data S6 and S7).

3.4.2 | Differentially methylated CpG
Comparing the methylation of CpGs in the fin between PG and PB,
differential methylation analysis showed that 4877 DMCs (>25%,
q < 0.01) were significant. Of these, 1596 (26.57%) were hypomethy-
lated and 3581 (73.43%) were hypermethylated (Figure 4b). The mean
methylation per chromosome was homogeneous, with a higher per-
centage of hypermethylated DMCs than hypomethylated DMCs
(Figure 4c).

Each DMC was mapped against the genome to determine the

gene reference corresponding to the closest transcript site. A total of

4825 DMCs were mapped to a gene (in one of its multiple regions),
yielding 3554 unique differentially methylated genes (DMGs). Geno-
mic feature analysis revealed the different locations of the DMCs.
Overall, 20.05% of the DMCs were located in the promoter region
(<1 kb, 7.23%; 1-2 kb, 7.3%; 2-3 kb, 5.97%), 0.25% and 2.78% were
located in the 5’ untranslated region (UTR) and 3’ UTR, respectively,
5.76% were located in exon regions, while 44.35% were located in
introns (1st intron, 10.26%, other introns, 34.09%), and 0.169% of the
DMCs were in the downstream (<300) and 26.18% in the distal inter-
genic region (Figure 4d).

3.5 | Comparative analysis of DEGs and DMGs
between PG and PB of the “panda’ barramundi

To further analyze the data and identify putative functional DMCs,
methylation analysis data were integrated with the previously ana-
lyzed transcriptome data (Section 4.1) where the RNA-sequencing
(RNA-seq) analysis of PG and PB was analyzed. Among the two color
variants, 1601 genes were found to have differential expression. The
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DEG list and Z-score for each gene were used to identify genes that
were both differentially expressed and differentially methylated.
Subsequently, 177 genes were identified as being concurrently differ-
entially expressed and differentially methylated (differentially
expressed-methylated genes [DEMGs]) (Figure 5a).

3.6 | Correlation between expression and
methylation within DEMGs between PG and PB

Given that methylation variation at promoter regions has been shown
to affect transcription activity and may thus play a role in phenotypic
variation in the color of barramundi, we chose DEMGs with at least
one DMC in the promoter region (DEMGp). We therefore selected
49 DEMGps, corresponding to 56 DMCs. To investigate the impact of
the promoter DMC and expression of the corresponding gene, the
relationship between methylation and expression was further investi-
gated. The relationship between promoter methylation and expression
is often reported as inversely proportional (Robertson & Jones, 2000).
We therefore reported genes that were either hypermethylated-
downregulated or hypomethylated-upregulated. A total of 30 DMCs
were found with such a relationship, corresponding to 26 unique
ipDEMGps (Data S8). Of these, nine DMCs had a significant negative
correlation (R < —0.5, adj p < 0.05) between methylation and expres-
sion, corresponding to eight ipDEMGps (Data S9). The rational and
results from the initial methylated cytosine to final statistically corre-
lated genes are summarized in Figure 5a,b.

The relationship between the expression and methylation of the
eight ipDEMGps is depicted in Figure 5c.x. The genes gsta (i), tatdn3
(ii), trom3 (i), dnmla (vi), adamts2 (vii), prr33 (viii), and hpse2
(ivv) exhibited a consistent pattern of expression and methylation.
Specifically, PB expression was increased compared to PG (Figure 5c.
y), and the promoter region was found to be hypermethylated in the
PG (Figure 5c.z). The gene hand2 (iv. and v.) exhibited an inverse pat-
tern, with the promoter being identified as hypomethylated in PG
(Figure 5c.z.iv,v) and the expression being downregulated in PB, as
compared to PG (Figure 5c.y.iv,v).

4 | DISCUSSION

To investigate the molecular mechanisms behind the rare “panda”
phenotype in L. calcarifer, this study integrated RNA-seq analysis and
DNA methylation (WGEMS) data through a multiomics approach. The

s FISHBIOLOGY |

study initially identified 1601 DEGs and 3554 DMGs between PG and
PB patches of the “panda” barramundi. By combining the transcrip-
tome and methylation data, 26 genes with a negative correlation
between expression ratio and the percentage of methylation at the
promoter region were identified. Among these, eight genes exhibited
statistically significant associations. Additionally, several genes known
to be associated with the pattern formation and pigmentation of tele-

osts were found to be differentially expressed.

41 | asip genes and their role in pattern formation
Prior research has emphasized the association between pigmentation
and the presence, abundance, and interaction of chromatophores
(Burton, 2011). In the case of barramundi, melanophores and xantho-
phores were found to be the primary pigment cells determining skin
coloration (Marcoli et al., 2023): concentration and quantity of mela-
nin and melanophores were described to be the main difference
between the PG and PB patches of “panda” barramundi. Similar find-
ings were found in zebrafish (Danio rerio), where the adult dark and
light horizontal stripes are the result of the precise arrangement of
pigment cells (Patterson & Parichy, 2019).

Several genes have been identified, particularly through studies
involving mutations, as being implicated in the correct pattern forma-
tion in teleosts (Irion & Nusslein-Volhard, 2019) and pigment trans-
portation (Hu et al., 2021). The agouti gene (also known as the asip
gene) has long been known as responsible for countershading pattern
formation in vertebrates (Cal, 2017) and encodes for the Agouti-
signaling protein. It has been demonstrated that in many teleosts the
expression of this gene follows a dorso-ventral expression, with increases
in expression from the dorsal to the ventral positioned skin, resulting in
the countershading pattern (Irion & Niisslein-Volhard, 2019). In fact, high
asip gene expression is known to be associated with reduced melanogen-
esis as the agouti-signaling protein binds to the mc1r receptor, leading to
light coloration in mammals (production of pheomelanin) and melanin
production inhibition in teleosts (Cal et al., 2017). Significantly, a study
on Oujiang colored common carp (Cyprinus carpio var. color) examined
the expression of the asip gene in both the black and white patches of
the same individual (Chen et al., 2019). The findings revealed that the
expression of asip gene not only played a role in the ancestral dorso-
ventral pattern formation of common carp, but also had a connection to
the formation of black patches, specifically the black patches exhibited a
statistically lower expression of the asip gene, compared to the white

ones (Chen et al., 2019). Similar results were also found in pseudo-albino

FIGURE 5

(a) Venn diagram representing the number of differentially expressed genes (DEGs) in green, differentially methylated gene (DMG)

in pink, and differentially expressed-methylated gene (DEMG) in brown. (b) Table summarizing the rational and results from initial methylated
cytosine to final genes with statistical correlation between methylation at promoter and expression. (c) x. Correlation between methylation and
expression of genes with statistical correlation in the “panda” phenotype of Lates calcarifer. y. Z-score expression of PB (“panda black”) and PG
(“panda golden”). z. Methylation percentage of PB and PG. i. Gsta (LOC108893003), ii. Tatdn3 (LOC108887491), iii. Trpm3 (LOC 108878432)
iv. Hand2-10,915,553 (LOC108872743), v. Hand2-10,915,562 (LOC108872743), vi. Dnm1a (LOC108874455), vii. Adamts2 (LOC108873642),

viii. prr33 (LOC108902713), ivv. Hpse2 (LOC108884124).
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cultured turbot (Scophthalmus maximus), where the expression of the
asip1 gene was statistically upregulated in the non-pigmented patches,
compared to the pigmented ones, in both dorsal and ventral skin (Guillot
et al., 2012). In the present study involving “panda” barramundi, the
expression of the asip1 gene was found to be upregulated in the PG and
downregulated in the PB, highlighting the possible role of this gene on
the onset of the pattern formation. Additionally, a second copy of the
asip gene (asip2b) was also found to be differentially expressed and hav-
ing an opposite pattern of expression to the asip1 gene (up regulated in
PB and downregulated in PG) between the two-color patches of barra-
mundi. The presence of multiple copies of the asip gene has been found
within the genome of both mammals (Norris & Whan, 2008) and teleosts
(Kang & Kim, 2023; Liang et al., 2021). The different role between asip1
and asip2b (also known as agrp2) has been described previously (Liang
et al,, 2021), where asip2b is thought to be a “global stripe repressor”. To
demonstrate this, the expression of this gene was found to be signifi-
cantly higher in non-striped species (compared to the striped ones) of
the subfamily Danioninae (Liang et al., 2021). Additionally, similarly to
what was found in our present study between golden and black patches,
the expression of asip1 and asip2b was found to have opposite expres-
sion between yellow and black vertical stripes in Haplochromis latifascia-
tus (Liang et al., 2020). It has been suggested that asip1 and asip2b have
contrasting functions in pigment dispersion and chromatophore prolifera-
tion, where asip1 acts as a repressor, while asip2b acts as a stimulator
(fig. 1 from Cal et al., 2017). Hence, it is plausible that the combination of
differential expression of the two asip genes in barramundi may play a

role in determining pattern formation in this species.

4.2 | Genes related to melanosomal trafficking
Several genes involved in melanosomal trafficking were found to be dif-
ferentially expressed between the PG and PB patches of barramundi.
Melanosomes are organelles within the melanophore that contain mela-
nin. The balance between anterograde and retrograde transport deter-
mines how these organelles aggregate or disperse within the
melanophore, ultimately determining the lightening or darkening of the
skin (Scott, 2006). Rab36 and melanoregulin are recognized to function
as cargo receptors on melanosomes for retrograde transport (Maruta &
Fukuda, 2022). Melanoregulin is the product of the mreg gene, and its
alteration has been correlated to changes in pigmentation in mammals
(Wu et al,, 2012), as well as in teleosts (Henning et al., 2013; Ng'oma
et al., 2014). Differences in melanoregulin expression were also found
between golden and wildtype Midas cichlid (Amphilophus citrinellu),
where mreg was found to be downregulated in the golden phenotype
(Henning et al, 2013). Similarly, mreg was differentially expressed
between the yellow tail morph and red tail morph from F2 progeny from
N. furzeri x N. kadleci (Ng'oma et al., 2014). Consistent with these find-
ings in other telosts, the mreg gene was found downregulated in the PG
barramundi variant compared to the PB, highlighting the possible role of
this gene in barramundi pigmentation.

Another gene involved in melanosome transport is the miph gene.

This gene provides instruction for the protein melanophillin,

responsible, alongside with the proteins MyoVa and Rab27a, with the
trafficking of melanosomes. While MyoVa and Rab27a play a broader
role in vesicle trafficking (Fukuda, 2021; Langford, 2002), melanophil-
lin is thought to be dedicated to the melanosome only (Kuroda
et al., 2003). Loss of function and dysregulation of this gene have
been associated with pigmentation changes (color dilution) in many
vertebrates, including quail (Yuan et al, 2023), dog (Drégemidiller
et al., 2007), American mink (Cirera et al., 2013), goat (Li et al., 2010),
python (Lederer et al., 2023), zebrafish (Sheets et al., 2007), and
Oujiang color common carp (Philipp et al., 2005). In barramundi, the
expression of the miph gene was found to be downregulated in PG, in
comparison to the PB patches. Similar results were found in a study
undertaken on the Oujiang color common carp, where two pheno-
types with double color patches, WB (white and black patches) and
RB (red and black patches), were analyzed. In both phenotypes, the
black patches exhibited a significantly higher expression of miphl
compared to the red/white spots (Hu et al., 2021).

Additionally, in zebrafish, a novel function of melanophillin has
been proposed; melanophillin is proposed to independently regulate
dynein, a protein responsible for melanosome trafficking (Sheets
et al., 2007). Interestingly, in barramundi, dynamin gene (dnm1a) was
one of the eight ipDEMGp genes, where its expression was upregu-
lated in PB, in comparison to the PG, and the promoter was hyper-
methylated in the PG. Dynamin is a putative protein identified in
melanosomes, alongside dynein, dynactin, kinesin, and myosin Va
(Aktary et al., 2021), and plays a pivotal role in vesicle trafficking
(Vaman et al., 2015), as well as having an important binding function
with melanophillin/slac2-a (Aktary et al., 2021). It is therefore possible
that the differential methylation (and consequential differential
expression) of dynamin could have an important role in the “panda”
pattern formation in barramundi.

Other genes that have been found to be involved in melanosome
trafficking are adcyaplrs, coding for the pituitary adenylate cyclase-
activating polypeptide (PACAP) receptors. Although the PACAP and its
receptors are widely expressed and play a variety of roles in vertebrate
physiology, it is also known that variations in their expression are linked
to the regulation of skin pigmentation in frogs (Tang et al., 2014) and tel-
eosts such as catfish (Clarias gariepinus) (Lugo et al., 2008). In our present
study, adcyap1rlb, one of the PACAP receptors, was found to be upre-
gulated in PG barramundi in comparison to PB. Similar results were
found in speckled tilapia (Oreochromis mossambicus), where the dark and
light color skin were analyzed, and the expression of adcyaplrla was
found to be upregulated in the lighter skin (Cardoso et al., 2015); within
the same study the expression of adcyaplrlb was found to be not
altered between the two color forms, thus it is possible that the expres-

sion of these genes is species specific.
4.3 | hand2 and its role in “panda” barramundi
coloration

The hand2 gene was found within the eight genes with a statistical

correlation between expression and methylation. This gene encodes
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for the heart- and neural crest derivatives-expressed protein 2 protein,
a multifunctional DNA binding protein affecting differentiation and
cell type specific gene expression in the neural crest (Hendershot
et al., 2008). Alteration of the expression of this gene results in a sig-
nificant loss of neurons, as well as significant reduction of TH expres-
sion (Hendershot et al., 2008). TH encodes for the enzyme tyrosine
hydroxylase, which is essential for the normal functioning of the ner-
vous system, but has also a role in the melanin synthesis, by convert-
ing L-tyrosinase to L-dihydroxyphenylalanine (Ferreira et al., 2023).
Additionally, Hand2 is known to positively affect the regulation of
alx3 (Funato et al., 2016), whose main role is correlated to skeletal
development (Beverdam et al., 2001). Remarkably, a recent study
undertaken on chipmunks showcased the evident role of alx3 in the
stripe pattern formation in rodents (Mallarino et al., 2016), where alx3
acts as a transcription factor repressing mitf, therefore promoting light
colored pheomelanin biosynthesis (Mallarino et al., 2016). In “panda”
barramundi, alx3 was found to be downregulated in PG. This result
could be explained by the basic difference in pigmentation production
between mammals and teleosts, where, in fish, the difference in color-
ation is not due to biochemical changes in the biosynthesis of phome-
lanin/eumelanin, but rather to the presence/absence of certain cells
(Kottler et al., 2015). hand2 methylation and differential expression
could therefore be a core molecular driver in the mechanism charac-
terizing the two colorations of “panda”, as a direct regulator of alx3.

5 | CONCLUSION

Our study highlights the differential expression of genes involved in
melanosome trafficking and chromatophore differentiation. Several
genes, exhibiting both differential expression and methylation, may
influence the onset of the “panda” pattern in barramundi and
although the coloration difference between PG and PB could not be
attributed to a single gene, a list of candidate genes were identified.
Methylation appears to be implicated in the phenotypic variation, sug-
gesting that the trait is under epigenetic regulation. For future explo-
ration, it would be of interest utilizing CRISPR-Cas? trials targeting
the genes found within this research, as a proof of concept.

Additionally, following the precedent studies on koi carp (Luo
et al., 2018), microRNA may play a significant role in barramundi color
differentiation, alongside DNA methylation. Further investigation into
microRNA could provide deeper insights into the underlying molecular
mechanisms shaping the distinct color patches. Because of the plastic-
ity of the “panda” pattern phenotype, a comprehensive study with
multiple sampling times during pattern changes may further unravel
these intricate mechanisms.

To conclude, our study identifies crucial genes with both differen-
tial expression and methylation, providing crucial information and the
basis for future investigations into barramundi pattern formation.
Additionally, barramundi could serve as a valuable model for studying
skin pattern formation and modification in teleosts, providing insights

into the blotch-like pattern formation.
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