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Abstract
Background Anguillid eels spend their larval period as leptocephalus larvae that have a unique and specialized body 
form with leaf-like and transparent features, and they undergo drastic metamorphosis to juvenile glass eels. Less is 
known about the transition of leptocephali to the glass eel stage, because it is difficult to catch the metamorphosing 
larvae in the open ocean. However, recent advances in rearing techniques for the Japanese eel have made it possible 
to study the larval metamorphosis of anguillid eels. In the present study, we investigated the dynamics of gene 
expression during the metamorphosis of Japanese eel leptocephali using RNA sequencing.

Results During metamorphosis, Japanese eels were classified into 7 developmental stages according to their 
morphological characteristics, and RNA sequencing was used to collect gene expression data from each stage. A total 
of 354.8 million clean reads were generated from the body and 365.5 million from the head, after the processing of 
raw reads. For filtering of genes that characterize developmental stages, a classification model created by a Random 
Forest algorithm was built. Using the importance of explanatory variables feature obtained from the created model, 
we identified 46 genes selected in the body and 169 genes selected in the head that were defined as the “most 
characteristic genes” during eel metamorphosis. Next, network analysis and subsequently gene clustering were 
conducted using the most characteristic genes and their correlated genes, and then 6 clusters in the body and 5 
clusters in the head were constructed. Then, the characteristics of the clusters were revealed by Gene Ontology (GO) 
enrichment analysis. The expression patterns and GO terms of each stage were consistent with previous observations 
and experiments during the larval metamorphosis of the Japanese eel.

Conclusion Genome and transcriptome resources have been generated for metamorphosing Japanese eels. Genes 
that characterized metamorphosis of the Japanese eel were identified through statistical modeling by a Random 
Forest algorithm. The functions of these genes were consistent with previous observations and experiments during 
the metamorphosis of anguillid eels.
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Background
Metamorphosis in vertebrates is regarded as being when 
a developmental stage exhibits remarkable body changes 
accompanied by a drastic shift in habitat or behavior. A 
commonly known example metamorphosis is the trans-
formation in amphibians. In amphibians, aquatic larvae 
(tadpoles) undergo a series of morphological changes 
including a loss of the tail and hind limbs develop as they 
transition to terrestrial juveniles. In some teleosts, such 
as in the Pleuronectiformes (flatfish) and Elopomorpha, 
they also undergo metamorphosis and transition from a 
larval stage to immature juveniles.

In flatfish, the asymmetry of body shape appears after 
metamorphosis [1–3]. In the larval stage, they have sym-
metrical bodies like most other fishes, and they keep 
the symmetry and upright swimming position during 
their pelagic life. Toward the end of the larval stage, the 
one eye migrates across the top of the head to the con-
tralateral side of the head, resulting in both eyes located 
on one side of the head, and then the whole-body struc-
ture is modified accordingly. Concomitant with these 
changes, their lifestyle changes from pelagic feeders to 
sedentary carnivores, lying flat on the bottom of with 
both eyes facing up. Because flatfish are relatively easy to 
rear in captivity, researchers have intensively studied the 
metamorphosis of flatfish mainly from physiology, endo-
crinology and developmental biology perspectives. It has 
been shown that the flatfish metamorphosis is primarily 
controlled by the pituitary-thyroid axis in a comparable 
way to amphibian metamorphosis [4–9]. These studies 
have revealed that the developmental changes in various 
organs are controlled by hormones during metamorpho-
sis [10–15]. Molecular biological studies have also been 
conducted on the pathway controlling the formation of 
the left/right axis during early development of flatfish. 
Recently, transcriptome analysis using next-generation 
sequencers (NGS) has made it possible to comprehen-
sively understand the genetic dynamics of flatfish during 
metamorphosis [16–18].

Elopomorphs are composed of the Elopiformes, Albu-
liformes, and Anguilliformes [19], with the later includ-
ing marine and freshwater eels. All elopomorphs have 
leptocephalus larvae, which are a unique larval form with 
laterally compressed, leaf-like transparent bodies [20, 
21] and they undergo a remarkable metamorphosis [22, 
23]. During metamorphosis, they transform into a cylin-
drical form while there is a reduction in both the length 
and the depth of the body, a loss of teeth, and thickening 
and pigmentation of the skin [22]. Compared to flatfish, 
metamorphosis in elopomorphs is not well-documented 
or studied physiologically. This is because the process 
occurs mostly in the ocean making it difficult to catch 
live metamorphosing larvae [24] and rearing methods are 

not established for any elopomorphs except for the Japa-
nese eel, Anguilla japonica [25].

The Japanese eel is a highly valued species for aqua-
culture. At present, eel aquaculture is totally dependent 
on wild glass eels captured in estuaries, although the 
natural stocks of eels have been decreased markedly [26]. 
Because of this situation, the eel aquaculture industry has 
recently experienced severe restrictions and rising prices 
of wild glass eels [27]. To solve this problem, research on 
the development of artificial glass eel production tech-
niques for Japanese eel has been a long-term effort [25, 
28–33]. Over the last two decades, these techniques 
have been greatly improved [34, 35]. This allowed us to 
study the mechanism of metamorphosis of leptocephali 
using larvae reared with using these now well-established 
rearing methods. Morphological changes during meta-
morphosis in the laboratory were precisely documented 
recently [36] and the effects of water temperature, star-
vation and body size on the onset of metamorphosis 
have been studied [37]. In addition, it has been sug-
gested that the pituitary-thyroid axis is important in eel 
metamorphosis, as it is in amphibians and flatfish [38, 
39]. However, transcriptome analysis during eel meta-
morphosis has never been conducted. In the present 
study, metamorphosizing A. japonica leptocephali were 
subjected to RNA sequencing (RNA-seq) for obtaining 
basic knowledge about the genetic mechanisms of eel 
metamorphosis.

Methods
Ethics
This project was conducted accordance with the Guide-
lines for Animal Experimentation of the Fisheries Tech-
nology Institute (Japan). All experimental protocols 
and procedures were approved by Animal Care and Use 
Committee of the Fisheries Technology Institute (Japan). 
This study was carried out in compliance with the 
ARRIVE guidelines.

Eel larvae
To obtain Japanese eel larvae for analysis, hormonal 
treatments and artificial maturation of adult eels were 
conducted in the laboratory. Glass eels purchased from 
a commercial dealer were feminized by administration of 
estradiol-17β mixed with commercial eel feed (10 mg/kg 
feed) for a period of 6 months, because most artificially 
raised glass eels become males. Male eels purchased 
form commercial dealer were matured by weekly injec-
tion of human chorionic gonadotropin (1000 IU/ kg 
body weight) as described previously [40]. Semen was 
cryopreserved in liquid nitrogen until insemination [41]. 
Female eels were weekly injected with salmon pituitary 
extract (20  mg/kg body weight) for induction of oocyte 
maturation. Final maturation was induced by injecting 
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17α-hydroxyprogesterone (Sigma, St. Louis, MO, USA) 
at a dose of 2 mg/kg. Eggs were obtained by gently strip-
ping the ovulating female and subsequently fertilizing 
them with thawed cryopreserved sperm. Larvae hatched 
from the fertilized eggs were maintained in a 180-L cylin-
drical polycarbonate tank supplied with filtered seawa-
ter at 25 oC until 6 days post hatch (dph). Approximately 
1000 larvae were stocked in 20-L acrylic tank supplied 
with filtered seawater (1 L/min) at 25 oC and then fed 5 
times a day at 2 h intervals with a slurry-type diet mainly 
composed of shark egg, soybean peptide, and krill extract 

[25]. These larvae were reared up to a maximum of 415 
dph. After the larvae had metamorphosed into glass eels, 
they were then fed blood warms until sampling.

A total 52 specimens were sampled for obtaining lar-
vae that were before, during and after metamorpho-
sis. All specimens were anaesthetized with 400 ppm 
2-phenoxyethanol and measured for total length (TL), 
pre-anal length (PAL), and body depth (BD). The devel-
opmental stages during metamorphosis were classified 
by the morphological indices of proportion, PAL/TL, 
and BD/TL, and skin coloration as previously described 

Fig. 1 Photographs of the developmental stages of artificially reared Japanese eels (Anguilla japonica) from the leptocephalus stage to the yellow eel 
stage, including 3 metamorphosing stages (M1-M3), the non-feeding glass eel stage and the elver stage when feeding begins
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[36, 42] (Fig. 1). Larvae with a PAL/TL ratio ≥ 70% were 
classified as being in the leptocephalus stage before the 
onset of metamorphosis. The metamorphic phase, in 
which drastic body shape change to an eel-like form 
occurs, was defined to consist of three stages: M1 stage, 
≥ 55% and < 70% in PAL/TL and ≥ 10% in BD/TL; M2 
stage, ≥ 40% and < 55% in PAL/TL and ≥ 10% in BD/TL; 
and M3 stage, ≥ 40% and < 45% in PAL/TL and ≥ 7% and 
< 10% in BD/TL. The glass eel stage was < 40% in PAL/
TL and < 7% in BD/TL, and the elver stage was defined 
by having melanophores on the mediolateral line of the 
pre-anal body surface. The yellow eel stage has complete 
guanine deposition on the intraabdominal membrane 
[42]. After measurement, all were sacrificed by anaesthe-
tizing them for 20 min and were preserved in RNA later 
solution (Thermo Fisher Scientific, Waltham, MA, USA) 
until analysis. A total of 28 specimens (4 individuals from 
each stage) were randomly selected and used as samples 
for the analysis (Supplementary Table S1).

Genome annotation
In this study, we performed structural gene annotation of 
the genome assembly of the Japanese eel (Anguilla japon-
ica). As the reference genome sequence, we employed 
scaffold sequences anchored to genetic markers as pre-
viously described for the Japanese eel genome [43]. To 
comprehensively identify the transcribed structural genes 
in the species A. japonica, we mapped its public Illumina 
RNA-seq reads and our own Ion Torrent reads to the ref-
erence genome using HISAT2 (https://daehwankimlab.
github.io/hisat2/) [44] and TMAP (https://github.com/
iontorrent/TMAP), respectively. We merged respective 
BAM files, and subsequently assembled the transcribed 
regions with StringTie (https://ccb.jhu.edu/software/
stringtie/) [45], creating a set of sequences representing 
the transcribed cDNA. We conducted gene structure 
annotation using MAKER (https://www.yandell-lab.org/
software/maker.html) [46] with the transcribed cDNA 
and deduced proteome sequences of the genomes of nine 
fish species (Astyanax mexicanus, Danio rerio, Gadus 
morhua, Gasterosteus aculeatus, Lepisosteus oculatus, 
Oreochromis niloticus, Oryzias latipes, Poecilia Formosa, 
Takifugu rubripes, Tetraodon nigroviridis, and Xiphoph-
orus maculatus) retrieved from Ensembl (https://asia.
ensembl.org/index.html) for evidence-based gene anno-
tation with conserved genes. To identify splicing variants, 
we mapped the public Illumina RNA-seq reads derived 
from A. japonica to the reference genome using TopHat 
(https://ccb.jhu.edu/software/tophat/index.shtml) 
[47] and reconstructed gene structures with Cufflinks 
(https://github.com/cole-trapnell-lab/cufflinks) [48], 
which were merged using Cuffmerge. Subsequently, all 
transcript sequences predicted in the MAKER and RNA-
seq reads mapping were evaluated using Transdecoder 

(https://github.com/TransDecoder/TransDecoder/
releases) [49] to identify coding sequences. In this evalu-
ation, the deduced proteome sequences from nine fish 
species and the set of conserved protein domains of 
Pfam (http://pfam.xfam.org/) [50] were referenced to 
assess coding potential. For each genic region, the getorf 
program of EMBOSS (https://emboss.sourceforge.net/
apps/) was used to identify full-length coding sequences, 
creating models of splicing structure and deducing pro-
teome sequences. Through these steps, we constructed 
the primary structural gene annotation of the A. japonica 
genome.

Next, to ensure the comprehensiveness of gene expres-
sion profiles in the samples collected for this study, we 
updated the primary genome annotation using both 
mRNA sequences of A. japonica known genes and the 
metamorphosis RNA-seq data generated in this research. 
A. japonica mRNA sequences including known meta-
morphosis-related genes, such as thyroid hormone recep-
tors, were retrieved from NCBI. These sequences were 
processed using CD-HIT (https://sites.google.com/view/
cd-hit) [51] for clustering with over 90% similarity, while 
selecting the longest sequence in clusters as representa-
tive sequences. The representative sequences were then 
mapped to the reference genome using GMAP (https://
github.com/juliangehring/GMAP-GSNAP) [52], and the 
results were integrated with the primary genome anno-
tation. In addition, the metamorphosis RNA-seq reads 
were mapped using TMAP and assembled on the refer-
ence genome using Cufflinks, and the mapping results 
were further combined using Cuffmerge. We updated the 
structural annotation by identifying coding sequences 
with Transdecoder, and splicing structures and proteome 
sequences using the getorf program. Through these steps, 
we updated the structural gene annotation of A. japon-
ica (Supplementally file 1), providing a reference gene 
structure that facilitates our metamorphosis RNA-seq 
analysis.

RNA-seq analysis
Each sample was dissected and divided into head and 
body parts. All samples were used in the analysis for 
the body, while four samples per development stage 
were analyzed for the head. Total RNA of each part was 
extracted using the Maxwell RSC simply RNA Kit (Pro-
mega, Madison, WI, USA) and mRNA was purified 
from 3 µg total RNA using the Gene Read Pure mRNA 
kit (Qiagen, Venlo, Netherlands). Sequencing librar-
ies were constructed from 5 ng of each mRNA sample 
using the Ion Total RNA-Seq Kit v2 and sequenced with 
Ion Proton (Life technologies) according to manufactur-
er’s protocols. The RNA-seq reads were quality checked 
and trimmed by using CLC Genomics Workbench 9.5.2 
software (CLC Bio, Aarhus, Denmark) with default 
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parameters (quality limit = 0.05 and ambiguous limit = 2). 
Clean reads were aligned with the A. japonica reference 
genome assembly (DDBJ Accession No. BEWY01000001-
BEWY01083292) [44] using TMAP program v.3.4.1 using 
the default parameter settings. The read counts data were 
generated using the featureCounts tool of the subread 
package (https://subread.sourceforge.net/) [53] v.1.5, and 
normalized based on reads per million (RPM).

Data analysis
A correlation heat map was generated by using Pearson’s 
correlation coefficient with the standard R (version 4.2.2) 
function, to compare the differences in gene expression 
among the developmental stages. These calculations were 
performed using the logarithm of all gene profiles.

A classification model was created to filter the genes 
that the characterize developmental stages. For mod-
eling, we adopted the Random Forest (RF) algorithm 
that used the regression algorithm from scikit-learn, a 
Python library [54]. RF is an algorithm for classification 
and regression modeling using an ensemble of decision 
trees [55] and is frequently employed in recent biomarker 
discovery and structure prediction studies [56–58]. The 
filtering of characteristic genes for the developmental 
stages was performed based on the gene expression pro-
files using the following procedures [56]. Firstly, a RF 
algorithm was used to create developmental stage clas-
sification models for both the body and head, incorpo-
rating all gene profiles. The created models underwent 
cross-validation using the leave-one-out approach. Next, 
the feature importance (gini importance) of explanatory 
variables (genes), obtained from the created models, was 
used to sequentially add highly ranked genes. The accu-
racy was then plotted at each iteration of cross-validation. 
This process was repeated until the accuracy plateaued. 
The set of genes that reached the plateau were defined as 
the ‘most characteristic genes’ during metamorphosis.

Correlation network analysis allows for the visual-
ization of overall correlations and the discovery of new 
relationships [59, 60]. Genes that are highly correlated 
with the most characteristic genes do not change their 
cross-validation accuracy rate with variable addition. 
Therefore, genes with a high correlation (0.9 or higher) 
with the most characteristic genes were also extracted 
for network analysis. A network analysis figure was cre-
ated by connecting the colored nodes that represent most 
characteristic genes and the black nodes, which are genes 
that correlate with most characteristic genes with edges. 
Genes that are correlated with multiple characteristic 
genes belong to multiple clusters. Plotting of the network 
analysis was performed with the software Gephi (ver-
sion 0.10, https://gephi.org/) [61]. To show the increase/
decrease of each gene cluster, the expression values were 
averaged for each cluster after Z-score normalization of 

RPM values among samples of each gene and are com-
pared for each developmental stage.

Gene ontology (GO) enrichment analysis is a valu-
able analysis to gain insight into the functions assigned 
to genes [62, 63]. Based on the clusters created above, 
we identified functions that respond to the develop-
mental stage changes. We calculated the percentage of 
genes annotated with a specific GO in each cluster and 
the percentage of genes annotated with that GO among 
all genes, and picked up GOs that were observed signifi-
cantly more frequently. For calculation of significance, 
the p-value was determined by the Fisher’s exact test 
(using python library “SciPy” version 1.3.0) and corrected 
by the Benjamini-Hochberg method. Significant p-values 
were set at less than 0.05.

Results
Overview of transcriptome analysis during metamorphosis
A total of 354.8 million (Body) and 365.5 million (Head) 
clean reads from transcriptomic libraries were gener-
ated after the processing of raw reads from the different 
stages of Japanese eels from the leptocephalus to the yel-
low eel stage. In the head, one of the samples from the 
glass eel stage was excluded from the analysis because 
of insufficient data quality. Transcriptome sequencing 
revealed that more than 96.5% of the total reads in each 
sample were uniquely mapped reads (Table S2). In both 
the body and head, higher PCC values in the expression 
profiles were observed within the same developmental 
stage (Fig.  2). When compared among stages, the PCC 
values were relatively high between adjacent stages. We 
found that the yellow eel stage showed lower PCC values 
in comparison to all the other stages in the body, showing 
different expression profiles, but such distinct differences 
were not observed in the head especially for the glass eel 
and elver stages.

Most characteristic genes during metamorphosis
For validating the classification model created by the RF 
algorithm, the leave-one-out cross-validation all genes 
(before filtering the genes) showed correct answer rates 
of 0.54 and 0.26 for the body and head, respectively. Gene 
filtering found that body genes were 100% accurate to 
identify the developmental stages using 46 genes. In the 
head, 169 genes showed the maximum accuracy (96.3%) 
and then the accuracy decreased (Fig. 3A, B). From these 
results, 46 genes selected in the body and 169 genes 
selected in the head were defined as the “most charac-
teristic genes” (Table  1, Supplementary file 2, 3 and 4). 
Principal component analysis (PCA) using the most 
characteristic genes revealed changes in the develop-
mental stages and the characteristics of the increased and 
decreased expressed genes were captured (Fig.  3C). For 
the body, the PC1value decreased from M1 to the elver 

https://subread.sourceforge.net/
https://gephi.org/
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stage, and the PC2 value of the body decreased after the 
M3 stage (Fig. S1a). In the head, the PC2 value decreased 
greatly from the leptocephalus stage to the glass eel stage, 
and the PC1 value increased until the yellow eel stage 
(Fig. S1b).

Clusters consisting of the most characteristic genes and 
their correlated genes were constructed. Six clusters in 
the body and five clusters in the head were constructed 
(Fig. 4A, B). Clusters 1 to 6 of the body consisted of 165, 
377, 376, 133, 49 and 79 genes respectively (Supplemen-
tary file 3). Cluster 1 to 5 of the head consisted of 168, 
35, 117, 27, and 203 genes, respectively (Supplemen-
tary file 4). It has been confirmed that thyroid hormone 
genes, which are important based on existing knowl-
edge, have been extracted by clusters. Thyroid hormone 
receptor aA (TRaA) and TRaB belonged to cluster 5 in 
the body. TRbA belongs to cluster5 in the head. Genes 
in each cluster differed depending on the developmental 
stages and GO enrichment analysis revealed the charac-
teristics of the clusters (Fig.  4C). Genes of body cluster 
1 were mainly related to intestinal villi, and expression 
levels of these genes were higher in the leptocephalus 
stage and the yellow eel stages (Table 2, Supplementary 
file 5 and 6). Genes of body cluster 2 mainly consisted of 
proteasome and protein synthesis associated genes that 
temporarily increased in the M2 and M3 stages. Extra-
cellular matrix and procollagen associated collagen pre-
cursors genes were enriched in cluster 3 in the body and 
these genes increased in the M2 and M3 stage as they 
were cluster 2. Genes of body cluster 4 mainly consisted 

of extracellular matrix and lung-associated genes and 
increased from M2 to Elver stages. The genes of body 
cluster 5 were related to pore complex and cornification 
associated genes and increased in the elver and yellow 
stages. Chloride anion exchanger and polysaccharide 
digestion-associated genes were enriched in body clus-
ter 6 and these genes increased in the yellow eel stage. 
Genes of head cluster 1 were higher in the leptocephalus 
and M1 stages, and mainly consisted of visual, photore-
ception and cardiac associated genes. Genes of head clus-
ters 2, 3, and 4 continuously fluctuated according to the 
developmental stage, and extracellular matrix-associated 
genes were enriched in all of them. In cluster 5, neuron 
and visual/photoreceptor-associated genes increased, 
and visual-associated genes were different from those in 
cluster 1.

Discussion
Ecological knowledge about the metamorphosis of 
anguillid eels is limited, primarily because they meta-
morphose in the ocean and even the large larvae rarely 
survive net-capture. Although intensive research cruise 
sampling surveys have succeeded to collect metamor-
phosing larvae in some cases [24, 64], the metamorpho-
sis of anguillid eels has not been possible to be seen in 
net captured larvae or directly observed in the oceanic 
environment. However, the development of the ability to 
produce Japanese eel seedlings [25] and the recent pro-
gression of these techniques [34, 35] allowed us to use 
metamorphosing larvae in the laboratory for various 

Fig. 2 Heat map of Pearson Correlation coefficients (PCC) obtained from the transcriptome datasets based on RPM values for samples from the body 
(left) and head (right). The PCC values between the samples of the same stages are marked by yellow squares
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Fig. 3 Classification modeling for RNA-seq datasets to filter the genes that characterize the developmental stages. A: The feature importance (gini 
importance) of genes, obtained from each created model. B: Cross-validation using the leave-one-out approach. C: Principal component analysis of the 
most characteristic genes during metamorphosis
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types of experiments [36–39]. In the present study, we 
performed RNA-seq analysis on Japanese eel larvae dur-
ing metamorphosis and on the early juvenile stages. Eels 
were divided into 7 developmental stages during meta-
morphosis based on their morphological characteristics, 
and gene expression data was compared among each 
stage. Gene expression profiles within the same develop-
mental stage were generally similar in both the body and 
head. These results suggest that our gene expression data 
are valid for the analysis of the developmental stages dur-
ing metamorphosis. The expression profiles of the yellow 
eel stage in the body were observed to be different than 
those of the other stages. After offshore and upstream 
migration, eels settle in rivers or lakes for growth as yel-
low eels. Previous histological observation revealed that 
the completion of organogenesis occurs during yellow 
stages [36]. Our results are quite consistent with those 
findings. In contrast to the body, apparent differences 
in expression pattern were not observed in the head 
between the glass eel, elver, and yellow eel stages. After 
metamorphosis into glass eels, they enter shallow inland 
water, which is quite different from the deep ocean envi-
ronment, and thus their sensory organs need to be pre-
pared to adapt new environments. It is possible that the 
expression pattern in the head is related to this event. To 
our knowledge, the RNA-seq dataset of this study is the 
first stage-series dataset of transcriptome analysis during 
the larval metamorphosis of anguillid eels.

This analysis enabled us to identify key genes that con-
tribute to the stages of metamorphosis of eels through 
analysis using the classification model and features pro-
vided by the RF algorithm. The commonly used method 
for comparing expression levels of genes in a dataset is 
the analysis of differentially expressed genes (DEG) [65, 
66]. However, DEG has limitations in its ability to capture 
non-linear changes that occur in response to dynamic 
variations of temporal pattens [67]. In this study, we 
conducted a selective analysis, following the methodol-
ogy outlined by Asakura et al. (2018) [60] to determine 
the minimum set of variables necessary for identifying 
characteristic genes during metamorphosis. This analysis 
allowed for the identification of genes that are the most 
characteristic genes that fluctuate nonlinearly during the 
metamorphosis period. As indicated by the results of the 
PCA based on the extracted genes, the PCA scores clus-
tered according to developmental stages and expressed 
a temporal trend. However, when performing selective 
analysis, adding genes that exhibit the same changes 
does not contribute to the model accuracy, so they are 
not included among the “Most characterized genes”. This 
omission leads to a reduction in the ability to observe the 
overall phenomenon. Therefore, genes that also increased 
or decreased along with the “Most characteristic genes” 
were additionally extracted using correlation coefficients. Bo
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Fig. 4 Correlations from network analysis using the most characteristic genes and their co-expression genes. A: Body Clusters. B: Head Clusters. C: Aver-
age expression values of each cluster during metamorphosis
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The clusters of genes obtained through the additional 
extractions demonstrated temporal variations during 
the metamorphosis, and by combining them with GO 
analysis, we were able to extract more refined expression 
dynamics. The results of this versatile analysis could be a 
good example of temporal fluctuation of gene expression. 
Using a correlation coefficient of 0.9, we successfully 
identified distinct GO features. However, we acknowl-
edge that genes with correlation coefficients below 0.9 
might have been overlooked. Hence, it is worth consider-
ing the degree of contribution to the GO analysis based 
on the correlation coefficient in future studies.

To gain further insight into the gene expression 
dynamics of metamorphosis in anguillid eels, we con-
ducted gene clustering for the most characteristic genes 
and their correlated genes, and as a result, 6 clusters 
were constructed for the body and 5 clusters were con-
structed for the head. Then, the characteristics of the 
clusters were revealed by GO enrichment analysis. In the 
body, expression levels of cluster 1 genes were lower dur-
ing the process of metamorphosis and these genes were 
mainly related to intestinal villi. During early metamor-
phosis, the position of the anus moves forward, and the 
gut shortens. We observed that the eel larvae stopped 
feeding around the M3 stage. After changing to glass eels, 
they continued fasting over one month or more in the 
experimental tank, and while their digestive tract had not 
completed organogenesis [68], and glass eels are known 
to not feed when they recruit from open ocean to coastal 
water [69, 70]. Elvers then migrate upstream during 
spring to summer and resume feeding. During this time 
period, food uptake eventually intensifies and then they 
settled as yellow eels [71]. Our results on the timing of 
gene expression are consistent with these observation of 
eels in the natural environment.

Other clusters that were found were related to other 
biological functions. The GO terms of both cluster 1 

and 5 in the head were mainly related to visual function. 
Genes of cluster 1 were highly expressed at the lepto-
cephalus stage and decreased in expression as the devel-
opmental stages progressed, while the genes of cluster 5 
had the opposite expression pattern. Anguillid eel larvae 
are distributed in relatively low-light layers of the upper 
few hundred meters of the open ocean [22, 72]. In con-
trast, the habitats of yellow eels are shallow estuarine or 
inland aquatic areas. Because of this difference in habitat 
between the larvae and juveniles, retinas of eels change 
through metamorphosis. The retina of anguillid eel lar-
vae shows a homogenous pattern of rod-like photorecep-
tors similar to those of deep-sea fish [73, 74], whereas 
most fish larvae have retina that contain only cone pho-
toreceptors for high-light conditions, with no rods [75]. 
When metamorphosing from leptocephali into glass eels, 
the retina of eels change from pure-rod to a duplex retina 
with rod and cone cells based on morphological analysis 
[76, 77]. In addition, the phototaxis of eel larvae changes 
throughout the metamorphosis: they exhibited a clear 
negative phototaxis in the leptocephalus stage, but no 
phototaxis was detected after the glass eel stage [78]. The 
result of the present study clearly reflected these changes.

Genes of many clusters (cluster 3 and 4 in the body, 
and cluster 2 to 4 in the head) were upregulated during 
metamorphosis and may be mainly related to the major 
changes that occur with the extracellular matrix. The 
body composition of eel larvae was drastically changed 
in many ways after metamorphosis, but importantly the 
extracellular matrix contained in a mucinous pouch is 
converted into new body tissues. Hyaluronan, a poly-
mer of disaccharides composed of glucuronic acid and 
N-acetylglucosamine, is a main component of the extra-
cellular body matrix of the leptocephalus stage [79, 80]. 
During metamorphosis, eels convert the hyaluronan that 
is accumulated during larval stage into other materi-
als such as new tissue like muscle [81, 82]. This unique 
metabolism of hyaluronan might relate to the association 
of the extracellular matrix with genes of many clusters. 
We separated and analyzed cluster 3 and 4 in the body, 
because genes belonging to cluster 4 exhibited distinct 
characteristics during the glass eel stage. As expected, 
the results of the analysis of the changes in these adjacent 
clusters and GO analysis were similar.

Genes of cluster 2 in the body were also highly 
expressed in the M1 to M3 stages and were related to 
proteasome and protein synthesis. We observed that 
body height shrinks during the M1 to M3 stage, and it 
is reported that the connective tissues in the dorsal and 
ventral regions decreased [36]. The proteasome that 
is a large protein complex responsible for degradation 
of intracellular proteins, may be associated with these 
changes.

Table 2 Enriched GO terms of each cluster in the body and head
Cluster Enriched GO

Body 1 Intestinal villus association
2 Proteasome and protein synthesis association
3 Extracellular matrix, procollagen association
4 Extracellular matrix and lung association
5 Pore complex and cornification association
6 Chloride anion exchanger and polysaccharide 

digestion
head 1 Visual, Photoreceptive and Cardiac association

2 extracellular matrix association, (sugar me-
tabolism, cholesterol association)

3 extracellular matrix and collagen association 
(ear and roof of mouth association)

4 Extracellular matrix association
5 Nerve cell-related, photoreceptor (camera eye 

retrina) association
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Genes of cluster 5 in the body related to cornification 
and these genes peaked in expression at the elver stage. 
Anguillid eels actively swim upstream or climb over 
obstructions in rivers during the elver stage [42, 83, 84] 
and the thickness of the dermis increases [36]. It is specu-
lated that the elevation of cornification related genes is 
related to skin change to prevent injury during upstream 
migration. Genes of body cluster 6 were related to the 
chloride anion exchanger and polysaccharide diges-
tion. These genes were elevated at the yellow eel stage. 
When they reach the yellow eel stage, organogenesis is 
complete and the long growth period is started that lasts 
until the silver eel stage. Eels are euryhaline fish that can 
spend most of their life as yellow eels in different salini-
ties depending on where they can find suitable habitats: 
freshwater river, brackish water estuarine, and coastal 
water saline habitats [85, 86]. In the growth-stage yellow 
eel phase, they feed on a wide range of invertebrates and 
fishes [87–95]. Cluster 6 genes may be related to these 
ecological features of yellow eels. In this analysis, genes 
that appear to be unrelated to metamorphosis such as 
lung associated genes and pore complex associated genes 
were also found to be related. It is not known how these 
genes are related to eel metamorphosis and we also need 
to reconsider whether the GO term is appropriate. Fur-
ther studies may help to more clearly characterize the 
function of various genes during the metamorphosis of 
anguillid eels.

Conclusion
The process of larval metamorphosis of Japanese eels was 
classified into 7 developmental stages according to their 
morphological characteristics, and RNA sequencing was 
used to collect gene expression data from each stage. 
A total of 354.8  million clean reads from the body and 
365.5  million from the head were generated after pro-
cessing the raw reads. Statistical modeling using the Ran-
dom Forest algorithm identified the most characteristic 
genes during the metamorphosis of this species. Using 
the most characteristic genes and their correlated genes, 
network analysis, gene clustering and then GO enrich-
ment analysis of the expression patterns and GO terms 
of each stage were found to be consistent with previous 
observations and experiments during the larval meta-
morphosis of anguillid eels.

To our knowledge, this is the first report of transcrip-
tome analysis during the metamorphosis of Japanese eels 
which are a highly valuable species for aquaculture. The 
present study contributes substantially to the molecular 
resources available for this species and will be an impor-
tant tool for identifying new potential molecular markers 
for clarifying the mechanisms metamorphosis of anguil-
lid eels.
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