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ABSTRACT

The current study observed the histological diftferences of the swim bladder of
the tropical eel, Anguilla bicolor bicolor, as an adaptation resulting from hydro-
static change. A total of 15 eels were collected from Pasir Puncu, Keburuhan,
Purworejo and Segara Anakan, Cilacap, Indonesia in June 2017, September
2020, and April 2021. The eels were grouped into 4 stages based on the silver-
ing stage and sex, namely: yellow undifferentiated, yellow female, silver male,
and silver female. The average length and body weight of yellow undifferenti-
ated eels were 255.07 £ 45.91 mm and 138.66 * 8.5 g, respectively; for yellow
female, the values were 874.35 = 41.51 mm and 56.5 £ 12.02 g; for silver male,
the values were 432.43 + 15.15 mm and 140.29 + 13.85 g; and for silver female
were 702 + 0.00 mm and 545 * 11.31 g. The present study successfully rec-
orded the histological structure of the swim bladder of A. bicolor bicolor in sil-
ver male and silver female stages. Silver males and females displayed a greater
significant development of the swim bladder than yellow stages in the gas
gland, mucosa, and submucosa layers. These results suggest that an increase in
the gas gland thickness allows a greater contribution from gas to gas secre-
tion, the mucosa exerts a mechanical effect on the newly formed gas bubbles,
and the submucosa thickness reduces gas conductivity from the swim bladder
wall.

Copyright: © 2023, J. Tropical Biodiversity Biotechnology (CC BY-SA 4.0)

INTRODUCTION

Eels (Anguillidae, Anguilla) are a facultative catadromous fish, with juve-
niles living in estuaries, rivers, and lakes, while the adult stage migrates
to marine environments for reproduction (Tesch 2003). The life cycle of
freshwater eels is divided into 5 stages, namely leptocephalus larvae,
glass eel post-larvae, elver young eel, non-mature adult yellow eel, and
migratory adult silver eel (Bertin 1956; Cresci 2020; Hatakeyama et al.
2022; Van Wichelen et al. 2022). Upon sexual maturation, the eels under-
go physiological and morphological changes to help them undertake the
long and difficult oceanic migration to offshore spawning sites. Eels usu-
ally display changes in morphological and physiological characters that
include an increase in eye diameter (Pankhurst 1982; Beullens et al.
1997), changes in the integumentary structure and colour (Pankhurst &
Lythgoe 1982), changes in retinal sensitivity to adapt to dark environ-
ments (Pankhurst & Lythgoe 1983; Bowmaker et al. 2008), lateral line
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differentiation (Zacchei & Tavolaro 1988), gastrointestinal degeneration
(Pankhurst & Sorensen 2011), changes in osmoregulatory processes
(Righton et al. 2012), and swim bladder modification (Yamada et al.
2001) used as a volume gas exchange regulator during swimming (Smith
& Croll 2011).

The swim bladder of Anguilla is classified as physostomous in the
glass eel stage and is supplied and discharged through the pneumatic
duct (Prem et al. 2000). However, the swim bladder behaves more like
physoclistous fish during the metamorphosis process from yellow to sil-
ver phase (Pelster 2013). Research on changes in swim bladder at the de-
velopmental stage of Anguilla rostrata has been previously reported, re-
vealing that the concentration of crystal guanine deposition within the
swim bladder in American eels increased 1.5 times with gonadal maturity
(Kleckner 1980a; Kleckner 1980b) and increasing acid secretion in gas
gland during silvering process (Drechsel et al. 2022). Another study re-
vealed that the length and luminal diameter of the rete mirabile capillar-
ies in the silver eel stage of 4. rostrata are higher than that of the yellow
stage (Yamada et al. 2001). In addition, the GSI value of A. rostrata is
lower than 3.5 and producing 5 times more gas compared to yellow eels
(Yamada et al. 2001), allowing A. rostrata to migrate and lay eggs in
deeper waters (Schneebauer et al. 2021). Swim bladders of Japanese eels
Anguilla japonica start to develop in rivers or in shallow seawater before
entering the open sea, once they are in the open sea, the swim bladder
characteristics become stable (Tesch 2003). The previous study also as-
sumed that swim bladder function would be improved compared to the
yellow eels during their spawning migration experience in high hydro-
static pressure (Pelster 2015; Schneebauer et al. 2021; Drechsel et al.
2022).

Research on swim bladders in tropical eels is very limited, and giv-
en the theory that tropical eels have closer spawning grounds than tem-
perate eels (Aoyama et al. 2003), it’s possible that changes in swim blad-
der characteristics are less obvious. The current study aimed to observe
the histological structure of the swim bladder of the tropical eel Anguilla
bicolor bicolor as the consequence of adaptation to environmental hydro-
static change to spawn in the open sea. The results of this study are ex-
pected to provide the baseline information for sustainable conservation of
tropical eels by differentiating the histological structure of the swim
bladder between the yellow and silver stages, as well as males and fe-
males.

MATERIALS AND METHODS

Sampling Location and Staging

Live eels were collected with wuwu (traditional baited trap) from Segara
Anakan, Cilacap, Indonesia, (Figure 1A) in June 2017 and with fishing
gear (Maguro, Lieyuwang 5000, Damyil, and Deco) from Pasir Puncu,
Kaburuhan, Purworejo, Indonesia, (Figure 1B) in September 2020 and
April 2021. The map figures were constructed using QGIS software. In-
dividuals were identified through morphological characters (Ege 1939)
and grouped into four stages based on gonad maturity and sex (Melia et
al. 2006; Sugeha, et al. 2009; Geftroy & Bardonnet 2016; Arai & Abdul
Kadir 2017). The four stages are yellow undifferentiated, yellow female,
silver male, and silver female. Yellow eels present partial melanization at
the tip of the pectoral fins and yellow color on the belly, while silver eels
present full melanization at the tip of the pectoral fins and metallic hue
on the belly (Okamura et al. 2007).
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Figure 1. The map shows the study area in (A) Segara Anakan and (B) Pasir
Puncu, Indonesia.

Morphometric Measurements

Live eels were transported to the Laboratory of Animal Structure and
Development, Faculty of Biology, Universitas Gadjah Mada, Indonesia,
where they were anaesthetized and euthanized with 100 ppm MS222, fol-
lowing animal welfare policies of The Integrated Research and Testing
Laboratory (No. 00117/04/LPPT/I1/2017), to acquire their external
and internal biometrics.

Morphological measurements included total length (TL), horizon-
tal eye diameter (HED), vertical eye diameter (VED), and pectoral fin
length (PFL). These measurements were carried out using a digital cali-
per (Taffware SH 20) with an accuracy of 0.01 mm. Body weight (BW)
was determined using a digital weighing scale to the nearest 0.01 g. BW
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of less than 100 g, swim bladder weight (SBW), and gonadal weight
(GW) were determined using a digital jewelry scale (8028-series) to the
nearest 0.001 g. TL, EDV, EDH, GW, BW, and PFL values were used to
measure the following:

Gonadosomatic Index (GSI) = 100 GW BW-!

Eye Index (EI) = 100nt TL' [0.25 (HED+VED)] 2(Pankhurst 1982)
Pectoral fin index (PFI) = 100 PFL TL-! (Hagihara et al. 2012; Huyen et
al. 2022)

Swim bladder Index (SBI) = SBW BW-! (Hagihara et al. 2012; Huyen et
al. 2022)

Histological Preparation

The swim bladders of A. bicolor bicolor were prepared following the stand-
ard paraftfin method (Layton et al. 2018). Initially, the swim bladders
were extracted from the body, fixed with Bouin's solution overnight, and
washed with 70% alcohol. The next step was tissue dehydration using
graded ethanol followed by immersion in toluene or xylene EMSURE®
solution to purify the tissue (Wolte 2019).

When the tissue was ready, it was infiltrated with paraftin (Leica
Surgipath®, Leica Biosystem Richmond, Inc. USA). Sections were
trimmed into 6 slides from every sample with a thickness of 5 pm using a
microtome (MICROM HMS310®). Afterwards, the tissue was stained
with hematoxylin eosin (HE) dye consisting of hematoxylin Ehrlich, eo-
sin 2%; and Mallory acid fuchsin (MAF) dye consisting of Mallory
(aniline blue and orange blue), phosphomolybdic acid (PMA) 1%, and acid
tuchsin. Tissue observation was carried out using a Leica ICC50® micro-
scope to observe the gas glands, the mucosa, and submucosa layers with
10 X 10 and 40 x 10 magnifications. The thickness of the gas gland, mu-
cosa, and submucosa layers were measured to the nearest pm using the
Image J software, and the data are presented as Gas Gland Index (GGI),
Mucosa Index (MI) and Submucosa Index (SMI) (Schneider et al. 2012).

Histological Measurements

To differentiate the maturation levels and adaptation to hydrostatic envi-
ronment, histological differences were examined. The histological struc-
tures of the swim bladders were analyzed descriptively, qualitatively, and
quantitatively by comparing the swim bladder index. Histological obser-
vations were carried out based on the thickness of gas gland cells (GG),
mucosa (M), and submucosa (SM) layers of the undifferentiated yellow,
yellow eels, silver males, and silver females. The GGI, MI, and SMI were
measured as in Yamada et al. (2004) as follows:

Gas Gland Index (GGI) = 100 GG TL!

Mucosa Index (MI) = 100 M TL-!

Submucosa Index (SMI) = 100 SM TL-!

GGI, MI, and SMI were calculated from 1-6 slides for each sample, and
every slide was measured from 5 directions as replications.

Data Analysis
The collected data were analysed using the Kruskal-Wallis test and the
pairwise comparison test with a confidence level of 95%. All statistical

analyses were conducted using the SPSS software version 24.0 (SPSS
Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION
As shown in Table 1, eels obtained from Pasir Puncu (n=8) belonged to
yellow undifferentiated, yellow female, and silver male. Meanwhile, the
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Segara Anakan eels (n=7) only consisted of the silver male and female. In
this study, the total length and body weight of female silver is higher
than male silver eel. This also supports previous research that mature
temale A. bicolor bicolor is larger in size than male A. bicolor bicolor (Arai &
Abdul Kadir 2017).

The sizes (total length and body weight) of silver stage (male and
female) were significantly larger (p < 0.05) than those of yellow unditter-
entiated. Meanwhile, the sizes of yellow undifferentiated and yellow fe-
male were not significantly different. Additionally, the total length and
body weight of the silver stages were not significantly different from
those of the yellow stage of females (Figure 2).

The statistical analyses results showed that GSI, EI, and PFI of
silver males were significantly higher than those of yellow undifferentiat-
ed, while SBI did not show significant differences among the four catego-
ries (Figure 3).
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Figure 2. Total length and body weight of eels (A. bicolor bicolor); YU - yellow undifferentiated; YF - yellow fe-
males; SM - silver males; SI' - silver female; different letters on the bar indicate significant differences between

stages.
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Figure 3. Gonadosomatic index (GSI), eye index (EI), pectoral fin index (PFI), swim bladder index (SBI) of A. bi-
color bicolor; YU - yellow undifferentiated; YI - yellow female; SM - silver male; SF - silver female; different letters
on the bar indicate significant differences between stages.

-5-



J. Tropical Biodiversity and Biotechnology, vol. 08 (2023), jtbb74702

Table 1. Total length, body weight, stage, and sex of A. bicolor bicolor collected from Segara Anakan and Pasir
Puncu.

Total

Specimen : : . Sampling TL £ 8D and
length  Weight Sampling location Stage and sex
No. 8 gh (g)  Sampling date 8 W+ SD
(mm)

1 264.49 23.4

2 266.1 12.45 . . yellow undifferenti-  255.07 = 45.91 mm
Pasir Punc April 2021

3 299.18  15.88 Hneu P ated and 13.66 + 8.50 g

4 190.52 2.92

5 845 48 Pasir Puncu September ellow fernale 874.85 £ 41.51 mm

6 403.7 65 2020 Y and 56.5 + 12.02 g

4 15 .

7 30 7 Pasir Puncu September

8 418 150 2020

190 12? li:;‘% silver male 13243 £ 16.15 mm

‘ Segara Anakan and 140.29 + 13.85 g

11 442 138.75 June 2017

12 419 131.76

13 417 116.27

14 702 537 : - 702 £ 0.00 d

2 Segara Anakan June 2017 silver female i an
15 702 553 545 £11.31 g

As shown in Figure 4 a-h, the swim bladder consists of 3 layers, 1)
the gas gland layer (GG) containing cuboidal epithelium, gas gland cells,
and blood vessels, 2) the mucosa layer (M) in the form of smooth muscle,
and 8) the submucosa layer comprising dense connective tissue. MAF
staining shows collagen fibers (CF) as blue, while blood vessels in rete
mirabile (RM) and GG (Figure 4e and h) were stained as purple. The epi-
thelium of gas gland in the yellow undifferentiated stage is cuboidal in
shape and not folded, whereas in the yellow female and silver stages, the
epithelium is folded. The epithelial cells size in the silver stage are long-
er. There are blood vessels (BV) in the lamina propria located in the basal
of the gas gland layer at the yellow stage, while at the silver stage, blood
vessels are found abundantly in between the gas gland cells. Higher de-
velopmental stage results in thicker mucosa and submucosa layers, which
consists of connective tissue that regulate gas permeability (Morris &
Albright 1975).

The GGI range was between 0.45 £ 0.08 and 1.18 £ 0.23 in yellow
undifferentiated eels, between 0.96 £ 0.15 and 1.12 * 0.3 in yellow fe-
males, between 1.05 + 0.27 and 2.92 + 0.67 in silver males, and from 2.06
+ 0.36 to 2.12 + 0.79 in silver females (Table 2). The highest GGI (2.37
+ 0.77) was observed in silver male, while the lowest (0.73 + 0.32) was
found in the yellow undifferentiated (Table 2). These results are lower
compared to those of Japanese eel, in which the GGI can reach up to 10
(Yamada et al. 2004).

The GGI and SMI of yellow stages (undifferentiated and female)
were significantly lower than those of silver stages (male and female), but
not between the same color stages. While the MI was significantly difter-
ent between the first three stages, this was not the case between silver
stages (Figure 5).

The silvering process of freshwater eels has been reported to be
accompanied by increased body size and GSI to support egg ripening and
increased swimming capabilities to prepare for oceanic migrations to
spawning locations (Durif et al. 2006). Compared to the males, female
eels tend to maximize their body weight and length to maximize fecundi-
ty (Wenner & Musick 1974; Vollestad & Jonsson 1986; Helfman et al.
1987). The EI of 4. bicolor bicolor in this study also showed 3 folds grow-
ing trend in females with increasing sexual maturity from yellow to sil-
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Figure 4. Histology of the swim bladder of A. bicolor bicolor: (a) yellow undifferentiated; (b) yellow female; (c) silver
male; (d) silver female, (a-d with HE staining, 400x magnification); (e) yellow undifferentiated; (f) yellow female; (g)
silver male; (h) silver female (e-h with MAI" staining 100x magnification); BV - blood vessel; E — epithelium; GG -
gas gland; M - mucosa; SBL - swim bladder lumen; SM - submucosa; RM - rete mirabile.
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Figure 5. The gas gland, mucosa, and submucosa indices of the swim bladder of A. bicolor bicolor. YU - yellow un-
differentiated; YI - yellow female; SM - silver male; SI - silver female; different letters on the bar indicate signifi-
cant differences between stages.
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Table 2. Gonadosomatic index (GSI), eye index (EI), pectoral fin index (PFI), swim bladder index (SBI), gas gland
index (GGI), mucosa index (MI), and submucosa index (SMI) of 4. bicolor bicolor collected from Segara Anakan and
Pasir Puncu, Indonesia.

Mean £SD
Stage
GSI EI PFI SBI GGI SMI MI
Yellow un-
differentiat  0.16 £ 0.21 142 £0.58 2.79 + 0.22 0.72 £ 0.38 0.73+0.32 045+0.23 172+ 0.74
ed (n=4)
Yellow fe-
1.09 £ 0.88 2.50+0.23 2.97+0.31 0.62 £ 0.18 1.04 £0.11 1.11 £0.81 2.21 £0.41
male (n=2)
Silver male 14.14
M 0.70 £ 0.91 5.84 + 0.45 0.85 + 0.14 2.87+0.77 176 £0.80 4.16+ 1.35
(n=7) 4.04
Silver fe-
v = 1.65+0.18 7.48 +£1.06 4.79+0.13 0.16 £ 0.06 2.09 +0.04 2.18=*0.02 4.04=*0.10
male (n=2)

ver stages. The increased diameter of the eyes in the silver stage also in-
dicates an enhanced ability to adapt to dark environments such as their
deep spawning grounds. An increase in PFI might also indicate that pec-
toral fins function as power stabilizers to avoid predators (Hagihara et al.
2012).

Based on histological observations, silver stages (male and females)
had significantly thicker layers of swim bladder than other stages as
shown by the histological result (Figure 8) and measurements (Figure 5).
These data suggested that an increase in the thickness of the gas gland
allows a greater contribution of gas to gas secretion, and that the submu-
cosa thickness reduces gas conductivity from swim bladder wall (Yamada
et al. 2001; Yamada et al. 2004). Mucosa layer contains bundle sheets of
smooth muscles that play an important role in the mechanical movement
of the swim bladder and are closely associated with gas glands (FFange
1958).

The results of the current study are in line with the previous study
(Marshall 1972), demonstrating that deep-sea fish swim bladders have a
gas gland thickness larger than that of shallow sea fish, allowing in-
creased gas secretion. Our study also showed that GGI and SMI of Indo-
nesian eels were lower than those of temperate eels, indicating that tem-
perate eels might migrate deeper than tropical eels.

In the present study, a significant and sudden increase of the gas
gland thickness and mucosa thickness were observed at silver stages. It is
hypothesized that these changes would allow for a shift in the behavior
from a benthic, shallow water life in riverine environments to a deep oce-
anic migration and distant spawning locations. Similar changes were also
evident in silver Japanese eels with GSI > 3.5 (Yamada et al. 2001). The
early stage silver eels completed the development of swim bladders while
still residing in riverine environments prior to commencement of their
spawning migrations (Yamada et al. 2001).

CONCLUSIONS

The current study highlighted the difference in the histological structure
of the A. bicolor bicolor swim bladder from four sexual maturity develop-
mental stages: yellow undifferentiated, yellow female, silver male, and
silver female. Similar to temperate eels such as A. japonica and A. rostrata,
the tropical species A. bicolor bicolor also displayed thickening of the gas
gland, mucosa, and submucosa layers at the mature silver stage. Further-
more, silver females and males showed no significant differences in the

-8-



J. Tropical Biodiversity and Biotechnology, vol. 08 (2023), jtbb74702

thickness of the swim bladders, suggesting a similar spawning ground
habitat.
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