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Holothuria tubulosa is one of the most common sea cucumber species
inhabiting the Mediterranean Sea. Due to its commercial interest for the
international market, it has been harvested without proper management
causing the overexploitation of its stocks. Inadequate management is also
caused by lack of information on basic biology and ecology not allowing the
estimating of the species vulnerability and resilience to growing anthropogenic
pressures. In this paper, we have investigated basic life-history traits of H.
tubulosa (population structure and reproductive cycle) in a population of
Central-Western Mediterranean (Sardinia, Italy). A macroscopic maturity scale
for both sexes was defined through an instrumental colorimetric analysis of the
gonads and the ramification level of the gonad’s tubules, subsequently
confirmed by histological analysis. The seasonal trend of the Gonado-
Somatic Index, the changes in color of the gonads and tubules ramification
indicated that the spawning period of H. tubulosa was concentrated in summer
with a peak in late August, closely related to the increase in water temperature.
A synchronous development of the gonads, with a unique and short
reproductive event during the year, was also detected. In conclusion, this
study provides new evidence on the biological and ecological features of H.
tubulosa, essential data for developing a scientifically-based stock assessment
as well as conservative management at a local scale. Finally, we provided basic
information for the domestication of broodstock in a conservative hatchery.
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1 Introduction

Holothurians, known as sea cucumbers, are common
benthic marine invertebrates belonging to the Phylum
Echinodermata, Class Holothurioidea, represented by more
than 1500 species worldwide (Horton et al.,, 2018). Most sea
cucumbers are strong deposit-feeder bioturbators and, as such,
are thought to play a key ecological role in benthic
biogeochemistry (Roberts et al., 2000; Uthicke, 2001; Mangion
et al., 2004; Amaro et al., 2010; Purcell et al., 2016; Neofitou
et al,, 2019).

Sea cucumbers are part of the culinary culture of Eastern
Asian countries and are largely used in traditional Chinese
medicine (Yang and Bai, 2015; Yang et al,, 2015). They are a
valuable source of bioactive compounds used in the
pharmaceutical and cosmetic industry and are also considered
a gourmet seafood called trepang or béche de mer (Kinch et al.,
2008; Bordbar et al., 2011; Purcell et al., 2012; Janakiram et al.,
2015; Yang and Bai, 2015; Hame at al., 2022). The high cost of
trepang (generally between 50 to 600 US$ dry kg™') (Purcell et al.,
2012; Ram et al., 2014; Purcell, 2014), and the numerous medical
applications of sea cucumbers, led to the overexploitation of
most of the Indo-Pacific species (Lovatelli et al., 2004; Conand,
2006; Choo, 2008; Purcell et al., 2011; Conand et al., 2014). In
response to the market demand, the fishery of sea cucumbers
have shifted to new target species as the Mediterranean ones
(Gonzalez-Wangiiemert et al., 2014; Gonzalez-Wangiiemert
et al, 2018). In many cases, the sea cucumber harvesting
increased without an adequate management, which, coupled
with the illegal catches, caused the collapse of several stocks
(Toral-Granda et al., 2008; Anderson et al., 2011; Purcell, 2014,
Gonzalez-Wangtiemert et al., 2018; Ramirez-Gonzalez et al.,
2020a). One of the main causes of the failure of sea cucumber
management can also be a reflection of severe knowledge gaps
on basic biological and ecological attributes, and their
reproductive biology. Then again, the current lack of
information about the sea cucumbers population dynamics
depends also upon their peculiar body morphology. Indeed,
the lack of a rigid skeleton and the high plasticity of the body
wall, that can vary in response to environmental conditions
(Bulteel et al., 1992; Kinch et al., 2008; Zang et al., 2012; Prescott
et al., 2015; Tolon et al., 2017; Ramirez-Gonzalez et al., 2020b),
limit practically the possibility to estimate appropriately their
age/size relationship and growth rates. Moreover, such
peculiarity led to different approaches when measuring these
organisms with authors reporting the gutted weight, the drained
weight or wet weight to build the morphometric relationships
producing different reference data (Kazanidis et al, 2010;
Aydin, 2020).

Since an accurate knowledge of the reproductive cycle is a
crucial step for breeding practices in captivity, more insights
about the biology and ecology of sea cucumbers are needed to
ultimately produce valuable biomass and reduce the fishing
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pressure on wild stocks (Morgan, 2000; Agudo, 2006; Purcell
et al., 2012; Dominguez-Godino and Gonzalez-Wangiiemert,
2018; Rakaj et al., 2018; Rakaj et al., 2019).

Sea cucumber species are generally gonochoric, only
sporadically hermaphrodites, and are mainly broadcast
spawners (e.g. Hyman, 1955; Smiley et al., 1988; Smiley, 1990;
Smiley et al., 1991; Mohsen and Yang, 2021). The maturation
process of gametes seems to be controlled by either exogenous or
endogenous factors. Temperature, light intensity, photoperiod,
lunar cycle, tidal flux, food quality and its availability are among
the most influential exogenous factors (Conand, 1981; Ramofafia
et al., 2000; Tan and Zulfigar, 2001; Hamel and Mercier, 2004;
Mercier and Hamel 2009; Lee et al., 2018), but their different role
in modulating the reproduction is still far to be
fully accomplished.

In the Mediterranean Sea, one of the most common sea
cucumber species is Holothuria tubulosa Gmelin 1791, which
inhabits organic matter-rich soft bottoms and Posidonia
oceanica meadows, where it plays a prominent role in
recycling sedimentary organic detritus (Bulteel et al., 1992;
Mezali et al., 2006; Mezali and Soualili, 2013; Costa et al.,
2014; Boncagni et al., 2019; Pasquini et al., 2021). In the last
few years, this species has been one of the most commercially
exploited in the whole Mediterranean basin (Gonzalez-
Wangiiemert et al., 2014; Gonzalez-Wangiiemert et al., 2015;
Gonzalez-Wangtiemert et al., 2018; Dereli and Aydin, 2021)
leading the Italian Ministry of Agriculture, Food and Forestry
(MIPAAF) to ban sea cucumber fishing along the entire national
coastline (Ministerial decree 156/2018), as a precaution for their
conservation (Pasquini et al., 2021). Considering its growing
economic interest, appropriate biological information is
required. Currently, fragmentary data are available about the
population structure and reproductive cycle in the Eastern
(Bulteel et al., 1992; Despalatovic et al., 2004; Dereli et al,
2016; Ocana and Sanchez Tocino, 2005) and the Western
(Tahri et al.,, 2019) Mediterranean Sea. Nevertheless, no
information is reported about the spawning period of H.
tubulosa in the Central-Western Mediterranean Sea.

In particular, studies about the reproductive period of H.
tubulosa have mainly been focused on the histological
observation of the gonads and yet the macroscopic
characteristics and their correspondence with the microscopic
features have been almost entirely ignored, resulting in a
knowledge gap, in contrast to what has been done for other
species (e.g., H. fuscogilva; Ramofafia et al., 2000). Furthermore,
studies on the reproductive cycle and population dynamics
conducted so far on H. tubulosa are related to limited
temporal and spatial scales and, as such are not exhaustive.

In order to promote the scientific management of H. tubulosa,
it is essential to acquire a baseline knowledge about its ecology,
population dynamics, and reproduction. Therefore, the objectives
of the present study are: (1) to provide a detailed description of the
morphology of reproductive structures in relation to the

frontiersin.org


https://doi.org/10.3389/fmars.2022.1029147
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Pasquini et al.

reproductive cycle; (2) to obtain an insight of the seasonal and
inter-population variability of the reproductive cycle.

2 Materials and methods
2.1 Study area and sampling

Specimens of H. tubulosa were collected in three different
sites (Gulf of Oristano, Gulf of Teulada, and Tortoli) (Figure 1)
of the coastal area of Sardinia Island (Italy, Central-Western
Mediterranean Sea).

A total of 214 specimens were collected by divers (3 - 10
meters depth) in 21 different sample occasions from 2018 to
2022. At each sampling date, sea surface temperature was
recorded using a multiparametric probe (In-Situ SmarTROLL
Multiparameter Handheld). After collection, specimens were
placed into a 3L plastic bag and transported to the laboratory
inside a cooler box (at in situ temperature). In the lab, in order to
reduce the intra-specimen variability, sea cucumbers were gently
squeezed to remove the excess water from the respiratory tree
following the protocol of Costa et al. (2014) and then were
weighted (WW, g, + 0.01 g). The total length (TL, cm, + 0.1 cm),
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FIGURE 1
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was recorded using an ichthyometer considering the extended
length of the sea cucumber, and the width (TW, cm, + 0.1 cm)
was recorded by caliper. After gutting (the removal of gonads
and gut), the cucumbers were also weighted (GW, g, 0.01 g).

2.2 Population structure

Specimens were ordinated according to different size
(Iength) classes and the length-frequency distribution was
defined. To analyze relative changes in sea cucumbers
morphology, allometric relationships were assessed using the
allometric equation established by Keys (1928):

Y =ax’

where b is the allometric coefficient and a is the intercept,
estimated from least-squares fitting method of the log,
-transformed variables:

logY = loga + blogX

This equation was used to assess five different relationships
(WW- TL; GW- TL; WW- TW; GW-TW; GW-WW). Since H.

[10°E

Map of the study area. Sampled sites of Oristano (Or), Teulada (Te), and Tortoli (To) are indicated.
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tubulosa lacks in sexual dimorphism, specimens were sexed after
dissection, observing the gonads’ color, and were divided into
four categories: F, females; M, males; I, undetermined, and U,
unsexed (that occurred when was not possible to dissect the
specimens). The sex-ratio (SR; females:males) was, also,
estimated for the entire population.

2.3 Macroscopic and colorimetric
analyses of the gonads

2.3.1 Macroscopic observation of the gonads
The macroscopic gonadal stage was assigned considering the
following parameters: Gonado-Somatic index (GSI), color and
the number of ramifications of the gonadal tubules. The gonad
was separated from the gut and the respiratory tree and weighted
(GoW, g, £ 0.01 g) and the GSI was calculated as follows:

ast = (W) 100
WW

whenever possible, the sex of the specimens was assigned by

observing the gonads’ color according to Despalatovic et al.
(2004): white for males and pink for females. The number of the
gonad tubules ramifications (from 1 to 5, used as a descriptor of
the gonad maturation stage; the high the number of
ramifications, the more developed the gonad; Ramofafia et al.,
2000) was considered as reported in Figure S1, and the highest
ramification level recorded.

2.3.2 Colorimetric analysis of the gonads

The gonad color is the most common macroscopic clues to
identifying sea cucumbers sex and maturity (Ramofafia et al., 2000;
Ramofafia et al., 2003; Despalatovic et al., 2004). The color was
defined using a reference palette with 10 main colors and the
respective RGB scores and Pantones® codes (Pantone Inc. USA) in
natural daylight (Table SI) (Prato et al, 2018). However, the
capacity to assign colors may vary between observers, hence, an
analytical method to assign the color to the gonads was used (Addis
et al, 2014). The gonads’ colorimetric analyses were conducted
using a digital colorimeter (Chroma meter CR-400, Konica Minolta,
Tokyo, Japan), which specified the color according to the
Commission Internationale de I'Eclairage (CIE, Commission
Internationale de I'Eclairage (2008) Vienna, Austria) as lightness
(L*), redness (a*), yellowness (b*) color space (CIELAB).

2.4 Histological analysis
Gonads were processed for histological analysis. For each
sample, a piece of gonad tissue (0.5 to 1 cm long) was

immediately fixed in a buffered 5% formalin solution (0.1 mol
L', pH 7.4) for 48 h. The tissues were then dehydrated and
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embedded in a synthetic resin (GMA, Technovit 7100, Bio-
Optica, Milan, Italy) following routine protocols and sectioned
at 3.5 um with a rotating microtome (ARM3750, Histo-Line
Laboratories, Pantigliate, Italy). Slides were stained with Gill
hematoxylin followed by eosin counterstain (H&E) for standard
histology and with periodic acid-Schiff (PAS) and Alcian blue
(AB) in combination to assess the production of neutral and
sulfated acid mucins (Cerri and Sasso-Cerri, 2003).
Subsequently, sections were dehydrated in graded ethanol (96—
100%), cleared in Histolemon (Carlo Erba Reagents, Cornaredo,
Italy) and mounted in resin (Eukitt, Bio-Optica).

Female histological samples were examined to determine the
developmental stage of oocytes. The microscopic maturity stages
of females were determined based on the ovarian wall thickness,
the position of the oocytes in the gonad section and the oocyte
size (following the description used by Ramofafia et al., 2000 and
modified ad hoc for H. tubulosa.). The size composition of
oocytes was obtained measuring only oocytes where the
nucleus was clear, and given that these oocytes are rarely
perfectly spherical in shape, in order to reduce the variance,
the diameter of each oocyte was taken using Tps.dig v. 2.12
software (Rohlf, 2009) and calculated as average of the major
and minor axis.

As in females, to assess the maturity stage of males’ gonad,
the following clues were considered: the thickness of the testis,
the extension of the germinal layers and its folds and the
abundance (by rank) of spermatozoa filling the gonad lumen.
For each individual, the average thickness was determined by
measuring the thickness at five different points.

2.5 Reproductive period and maturity

The seasonality of spawning of H. tubulosa was estimated
through an analysis of the monthly distribution of the
percentage of maturity stages of females and males and the
evolution of the mean GSI (see above). A range of mature
individuals TL (males and females separately, and total
population) was also reported.

2.6 Statistical analyses

To test the adequacy of the model used to assess the TL-
WW, TW-WW, TL-GW, WW-GW relationships, an ANOVA
test, using the P value for Lack-of-Fit, was performed on
previously transformed (In) data.

The significance of deviation of sex-ratio from the 1:1 null
hypothesis was tested using the Chi-Square test (Xz) (Zar, 1999),
while to assess differences among length-frequency distributions,
the Kolmogorov-Smirnov test was used.

To evaluate differences between the GSI of the specimens
and season, a univariate permutational analysis of variance
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https://doi.org/10.3389/fmars.2022.1029147
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Pasquini et al.

(PERMANOVA) was applied using maturity stages, season and
month as fixed factor. Prior to the statistical analysis, the GSI
data were arcsin transformed (x’ arcsinVx). The
PERMANOVA was also performed to test differences in the
gonad colors spaces L*, a*, b* (using sex and maturity stages as

fixed and orthogonal factors) and in the oocytes’ diameters
(using season as fixed factor). Principal-components analysis
(PCA) was carried out using the PRIMER 7 software (Clarke and
Gorley, 2015), to visualize the relationship between GSI and
temperature with months considering the whole population and
by sex, showing the importance of the contribution of each
variable to the PC axes. All PERMANOVA tests were based on
Euclidean distances of previously normalized data, using 999
random permutations of the appropriate units. When significant
differences were observed, pairwise tests were also performed. P
values in the PERMANOVA and pairwise tests were obtained
from Monte Carlo asymptotic distributions (Anderson and
Robinson, 2003) using the routines included in the PRIMER 7
software (Clarke and Gorley, 2006).

3 Results
3.1 Population structure

Among 214 sea cucumber collected, 170 specimens of H.
tubulosa were dissected to define the sex. Males (n=47) and
females (n=57) are equally distributed (SR= 0.82) showing no
significant differences among them (y* = 0.4825; p =0.4876).

Considering the whole population, the WW of sea
cucumbers ranges between 52.78 and 989.10 g (278.76g +

ouU oI

100
90
80
70

o -

Frequency (%)

|
0
30 ‘

20

18

FIGURE 2
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160.85 s.d.), the GW ranges between 33.54 and 296.43 g
(133.17g+ 97.99 s.d.), the TW ranges between 2.5 and 9.7cm
(5.3cm * 1.2 s5.d.), the TL ranges between 9 to 37 cm (20.5cm *
5.7 s.d.). In detail, in females, the TL ranges from 14 to 37 cm
(22.66cm =+ 5.56 s.d.), while in males the TL ranges from 11 to
35.5 cm (22.38cm + 6.03 s.d.) (Figure 2) with both females and
males attaining substantially the same size. The results from
Kolmogorov-Smirnov two-sample test do not indicate a
statistically significant difference in length-frequency
distribution among sexes (K-S test = 0.62; p = 0.832).

The allometric equations (y = ax’) between all taken
parameters (TL, TW, WW and GW) and estimates are present
in Figure 3. The relationships between weights and lengths
(Figures 3A-D) show a b value always lower than 3,
highlighting a negative allometric growth, with significant
power curves. Among them, the best relationship is WW-TL
with a slope of 1.725 and R* of 0.739. The results of the Analysis
of Variance with Lack-of-Fit of the four relationships (p>0.05)
indicate that the models used to describe the relationships fit
with the observed data. A negative allometric growth (b<1) is
observed also between WW and GW (Figure 3E).

3.2 Macroscopic maturity stages

The reproductive apparatus of H. tubulosa consists in a
single gonad ramified in several tubules and a gonoduct that lead
to the gonopore situated in the anterior part of the organism. All
sea cucumbers collected in the present study had a visible and
recognizable gonad, leading us to identify these sea cucumbers as

adults. Juveniles (i.e. immature specimens) and recruits were not

=M ®F

22 24
TL (cm)

26 28 30 32 34

Length — frequency distribution in different size classes of female (F), male (M), undetermined sexes (I) and unsexed (U) specimens of

Holothuria tubulosa.
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recorded in the present study. Based on the GSI, the number of
gonad ramifications and their color, five macroscopic gonadal
stages can be identified for H. tubulosa:

3.2.1 Recovery

The gonad is very small, and its weight (GoW) is
generally<2 g. The color is pale and translucent (Table S1, ID
454; 461) and is not possible to distinguish between females and
males. In this stage, the number of ramifications cannot be
assigned macroscopically (Figures 4A, M). The GSI varies
between 0 and 1 (Figure 5). The TL of sea cucumbers in this
stage is 15.92cm + 3.4 s.d.

3.2.2 Growing

The weight of the gonad is greatly variable, ranging between
2 and 25g (8.39g + 9.35 s.d.), with female gonads (9.84g + 8.90
s.d.) bigger than male ones (8.52g + 10.02 s.d.). In both sexes, the
gonad occupies up to one third of the coelomic cavity
(Figures 4B, M). Males have a matt pale yellow gonad

10.3389/fmars.2022.1029147

(Figure 4M; Table S1, ID 461; 454), whereas females have a
translucent red-coral gonad (Figure 4B, Table S1, ID 151; 157).
The number of ramifications varies between 2 and 3. The GSI
increases and varies between 1 and 10, in detail in females 2.97 +
1.86 s.d. and males 2.38 + 2.16 s.d. (Figure 5). The TL of sea
cucumbers in this stage is 20.63cm * 5.949 s.d.

3.2.3 Mature

The gonad reaches the maximum weight (43.13g + 28.03
s.d.), with female gonad (51.84g + 33.40 s.d.) bigger than males
one (31.27g +
cavity. Males have a matt pale yellow gonad (Figure 40; Table
S1, ID 157; 461), whereas females have a translucent red-coral
and red gonad (Figure 4C; Table S1, ID 172, 485). The number of
ramifications varies between 3 and 5 and the GSI is comprised
between 3 and 35 (12.93 + 7.66 s.d.) (Figure 5). In particular, in
females, GSI shows values 2 times higher than males, 16.18 +
8.12 s.d. and 8.52 + 4.02 s.d. respectively. The mean TL of sea
cucumbers in this stage is 23.80cm + 5.48 s.d.

10.61 s.d.), up to occupy the whole coelomic
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FIGURE 3

Allometric relationships for Holothuria tubulosa. (A) WW-TL relationship; (B) GW-TL relationship; (C) WW-TW relationship; (D) GW-TW
relationship; (E) GW-WW relationship. TL, total length; WW, wet weight; GW, gutted weight; TW, total width.
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Recovery Growning

FIGURE 4

Partly spawned

Macroscopic and histological maturity stages of Holothuria tubulosa females (A—L) and males (M-V). (A), ovary at recovery stage (GSI<2,
observed in autumn and winter); (B), female in growing stage (TL: 21.3 + 1.2 s.d.; GSI: 4.0 + 1.4 s.d.; observed in spring and summer); (C),
female in mature stage (TL: 22.8 + 5.2 s.d.; GSI: 15.8 + 8.2 s.d.; observed mainly in summer); (D), female in partly spawned stage (TL: 20.1 + 1.2
s.d.; GSI: 2.29 + 2.1 s.d.; observed in summer and autumn); (E), ovary in spent stage (GSI<1; observed in autumn and winter); (F), longitudinal
section of ovary in recovery stage with small developing oocytes arranged in a single layer, thick ovarian wall (E=H); (G), ovary in growing
stage with developing and mature oocytes arranged in multiple layers (E-H); (H) ovary in mature stage characterized by fully-grown mature
oocytes densely packed; thin ovarian wall (AB/PAS); (1), ovary in partly spawned stage with mature oocytes less abundant and empty spaces in
the lumen (E—H); (L) ovary in spent stage with thick ovarian wall and unspawned relict oocytes (E—H); (M), testis at recovery stage (GSl< 2,
observed in winter); (N), testis in growing stage (TL 20.6 + 5.3 s.d., GSI 2.3 + 2.1 s.d., observed in spring and summer); (O), male in mature
stage (TL 25.1 + 5.5 s.d., month of sample GSI 8.5 + 4.0 s.d. observed in spring and summer); (P), testis in partly spawned stage (TL 17.3 + 3.1
s.d.; GSI 7.4 + 4.9 s.d,, observed in summer); (Q), testis in spent stage (GSI<1, observed in winter and autumn); (R), testis in recovery stage with
spermatogonia on the germinal layer, thick testicular wall (E-H); (S), testis in growing stage with spermatocytes extending towards the lumen
and spermatozoa start to fill the lumen (E—H); (T), testis in mature stage with densely packed spermatozoa in the lumen (E—H); (U), testis in
partly spawned stage with spermatozoa less densely packed (E—H); (V), testis in spent stage with unspawned spermatozoa and phagocytes
visible (E-H). ct, connective tissue; do, developing oocyte; |, lumen; mo, mature oocyte; o, ovary; ow, ovarian wall; p, phagocyte; ro, relicted
oocyte; sc, spermatocyte; sg, spermatogonium; sz, spermatozoa; t, testis; tw, testicular wall. (H-E, Hematoxylin and eosin, AB/PAS, Alcian Blu/

Periodic Acid Schiff.

3.2.4 Partly spawned

The gonad is reduced in size, and its weight is 11.42g +
8.35 s.d., with males’ gonad (13.74g + 8.55 s.d.) bigger than
females one (5.61g + 5.59 s.d.). Males have a matt pale yellow
gonad (Figure 4P; Table S1, ID 461), whereas female gonad
loses its translucency and appears dull coral-red (Figure 4D;
Table S1, ID 157). The gonads are emptied, the tubules are
elongated and thin, and the number of ramifications varies
between 3 and 4. The GSI is between 1 and 15 (Figure 5), in
particular in females is 2.29 + 2.16 s.d. and in males is 7.47 +
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4.92 s.d. The mean TL of sea cucumbers in this stage is
17.90cm + 3.00 s.d.

3.2.5 Spent

The gonad is much reduced and the weight is <2g. It shows
segments with different colors and is not possible to distinguish
between females and males (Figures 4Q, E). Branches
ramifications are not visible or recognizable. The GSI is
between 0 and 1 (Figure 5). The mean TL of sea cucumbers in
this stage is 19.16cm * 4.65 s.d.
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GSl variation among different maturity stages of the gonads in Holothuria tubulosa specimens. In (A) whole sample showing all the maturity
stages; (B) females; (C) males. Lowercase letters indicate the results of the post-hoc tests. The boxes show the interquartile range, with the
median value indicated by the horizontal line and the '+’ sign indicating the mean; whiskers show the range. Individual symbols show outliers.

The statistical analyses reveal significant differences in the
GSI among all the maturity stages described above (Table S2, S3;
Figure 5). Females and males show a similar trend (Figures 5A,
B) despite females have a higher GSI value in Mature (2 times)
and males in Partly spawned (3 times), whereas the lowest value
is observed in recovery and spent specimens when they could
not be sexed with the macroscopic approach.

The color of the gonads differs significantly between
Growing and Mature stages in both females and males. The
pairwise comparison shows that in Mature females, when
compared to the Growing ones, the L* (lightness) component
decreases, the a* (redness) one increases, and the b* (yellowness)
one does not change (Figures 6A-C). Males’ gonad color is much
less variable and significant differences occur between Growing
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FIGURE 6

Boxplot of the color space (lightness, L*; redness, a*; yellowness, b*) of the gonads of Holothuria tubulosa, for females (A—C) and males (D—F)
at Growing and Mature maturity stages. The boxes show the interquartile range, with the median value indicated by the horizontal line and the
‘+' sign indicating the mean; whiskers show the range. Individual symbols show outliers. Lowercase letters indicate the results of the pairwise

comparison of the L*a*b* value between Maturity stages.

Frontiers in Marine Science

08

frontiersin.org


https://doi.org/10.3389/fmars.2022.1029147
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Pasquini et al.

and Mature males only for the a* (redness) component
(Figures 6D-F).

3.3 Microscopic maturity stages

Based on the histology of the gonads of males and females
(Figure 4) and the diameter distribution of oocytes (Figure 7A)
in females, five female gonadal stages are recognized
(Figures 4F-M, R-V) and described in Table 1. The oocyte
size varies significantly among all the identified maturity stages
(Tables S4, S5), except for Mature and Partly spawned, where
oocytes show similar diameter (Figure 7A). Moreover, in Mature
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stage, the oocyte population shows a unimodal distribution with
a peak at 110 pm, indicating that H. tubulosa females have a
synchronized development of the ovaries (Figure 7B).

The cross-inspection of the gonadal stages as determined
using separately macroscopical and histological cues provides
evidence of a validation of the two different approaches,
summarized in Table S6.

3.4 Reproductive period and maturity

The GSI, in both sexes, varies significantly among seasons
and months (Figures 8A, B; Table S3), increasing progressively

Frequency (%)
= = NN W
o OO O O U O

40 50 60 70 80 90 100 110 120 130 140 150
Oocyte size (um)

(A) Oocytes size in different maturity stages. Lowercase letters indicate the results of the pairwise comparison between Maturity stages. The
boxes show the interquartile range, with the median value indicated by the horizontal line and the '+’ sign indicating the mean; whiskers show
the range. Individual symbols show outliers. Lowercase letters indicate the results of the pairwise comparison of the maturity stages. (B) Detail

of the size-frequency distribution of ococytes in Mature ovaries.

TABLE 1 Description of the microscopic gonadal stages in female and male of Holothuria tubulosa specimens.

Stage

Females

Microscopic description

Males

Recovery Ovaries contain only small developing oocytes arranged in a single layer, thick ovarian

wall show thickened walls (68.6 + 25.2 um).

Growing Ovaries show mainly previtellogenic oocytes in the germinal layer and oocytes at different
vitellogenesis levels arranged in multiple layers. As vitellogenesis progressed, fully-grown
oocytes, surrounded by small follicular cells, begin to take up a central position in the

lumen. The ovarian wall is less thick (39.4 + 14.4 pm).

Mature ~ Mature oocytes, surrounded by the follicle membrane, reach their maximum size in all of
the gonad layers, including the lumen. Very narrow ovarian wall (15.8 + 5.4 ym).
Partly Ovaries with fewer mature oocytes inside the tubules with empty spaces due to the partial

spawned gametes spawn visible. Mature oocytes with evident signals of degradation (without the
follicular membrane and without a visible germinal vesicle) are present. The gonad has a

thinned wall (16.4 + 6. um).

Spent Ovaries has traces of unspawned relicted oocytes. Thick ovarian wall with abundant

connective tissue that fills the lumen.
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Testes with thick gonadal wall (85.5 + 25.5 um). The germinal
epithelium presented numerous folds that increased the surface
area for spermatogenesis. Only spermatogonia are visible.

Testes characterized by active spermatogenesis. Spermatocytes
extend towards the lumen and spermatozoa start to fill the
lumen. The testicular wall is less thick (58.0 + 13.8 um), and the
folds of the epithelium begin to straighten.

Densely-packed spermatozoa completely fill the lumen of the
tubule. Spermatogenesis continues and spermatocytes are present
in the germinal layer. Narrow gonadal wall (22.2 + 6.8 pm).
After the partial emission of the gametes, the density of
spermatozoa in the testes decreases, living empty areas in the
lumen. The gonadal wall continues to be narrow (27.4 + 8.8
pm).

Testes with residual unspawned spermatozoa and phagocytes
visible. Thick gonadal wall with a large amount of connective
tissue.
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from late autmn (December) to summer, when it reaches the
highest value in August, then dropping in September. In general,
in spring (April, May and June) and summer (July and August),
the GSI in female specimens reaches higher values than that
observed in males (Figures 8A, B). Based on the maturity scale of
female and male gonads reported above, monthly variations in
the frequency of the different gonadal stages are also investigated
(Figure 8). As far as the females are concerned, in winter, in
correspondence of the lowest surface temperature (14.52°C +
0.75 s.d.) only the Recovery (December and February) and the
Growing stages (January 50% each) are observed (Figure 8A). In
spring (April), when the sea surface temperature begins to rise
(17.99°C + 1.90 s.d.), we observe a dominance of the Growing
stage (ca. 66%) that progressively gives way to the Mature stage
in May and June. During the summer season, the frequency
distribution of mature females increases up to 93% when
maximum sea surface temperature are recorded (25.45°C +
1.29 s.d.). Moreover, in August the first Partly spawned
females are observed (ca. 6%). Mature and Growing stages
disappear in September, when only the Partly spawned stage is
observed. No females are observed in October and November. A
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similar trend is observed in males, characterized by a peak of
mature individuals in July and August (Figure 8B). Unassigned
specimens (I) in the Spent stage appear only from October to
February (Figure 8C). The relationship between temperature
and GSI with months and sexes are clearly visualized, Figure 9,
S2 respectively, showed by the PCA ordination.

Observing the female sea cucumbers length at different
maturity stages, the results reveal that the range of matures is
15-37 cm (22.75 + 5.15 cm TL), while the TL range of males is
14-35.5 cm TL (23.34 + 7.15 cm TL). Since H. tubulosa does not
show any sexual dimorphism, the interval of mature population
is 14-37 cm TL (23.01 + 5.15 cm TL).

The ovary is characterized by different oocyte diameters
along the different gonadal stages (Figure 7A). Such variation is
also reflected in their size when considering different seasons.
Oocyte’s diameter varies significantly among seasons, with
minimum values in winter, and much higher values in all
other seasons. Values increase progressively in spring and
summer, while in autumn, the oocyte diameter is greatly
variable due to the presence of both female in Recovery and in
Growing stages (Tables S5; Figure 10).
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Two-dimensional PCA ordination of the pattern of GSI and temperature in different months.
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Oocyte diameters in the different seasons (Winter, January - March; Spring: April - June; Summer: July - September; Autumn: October -
December). The boxes show the interquartile range, with the median value indicated by the horizontal line and the '+’ sign indicating the mean;
whiskers show the range. Individual symbols show outliers. Lowercase letters indicate the results of the pairwise comparison between the

oocytes size in different season.

4 Discussion

Several field and modelling studies have been conducted so far
on the population structure of historically exploited sea cucumbers
such as Apostichopus japonicus, Cucumaria frondosa, and
Isostichopus fuscus (e.g., Herrero-Perezrul et al., 1999; Reyes-
Bonilla and Herrero-Perezrul, 2003; Hamel and Mercier, 2008;
Purcell et al., 2011; Glockner-Fagetti et al., 2016; Ramirez—Gonzalez
et al,, 2020b). However, Gonzalez-Wangtiemert et al. (2016) put the
baseline for the study of population dynamics of the new target
species including Holothuria polii, H. mammata, H. arguinensis and
H. tubulosa. The analysis of sea cucumbers population structure
and monitoring, based on common tagging methods, is typically
biased by the high morphological plasticity of the body wall
(Prescott et al,, 2015), which makes poorly effective the use of
tags (Kinch et al,, 2008). At the same time, body size of holothurians
can vary in response to environmental conditions, food availability
and stress level of the organism (including the evisceration of the
internal organs) (Bulteel et al., 1992; Wilkie, 2001; Zang et al., 2012;
Tolon et al., 2017). Consequently, different authors considered the
gutted weight and the gutted length to reduce the intraspecific
varjability (Kazanidis et al, 2010; Gonzalez-Wangiiemert et al.,
2014; Prescott et al., 2015; Dereli et al., 2016; Marquet et al., 2017;
Aydin, 2020). This approach can be used in fish-dependent data
(Gonzalez-Wangiiemert et al, 2014). On the other hand, for
restocking and sea ranching activities, where it is necessary to
follow the growth of sea cucumbers, this option is not applicable.
Another way to reduce the intraspecific variability, avoiding the
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death of the sea cucumbers, is to gently squeeze the specimens to
remove the excess water from the respiratory tree (Sewell, 1990;
Costa et al,, 2014), the same approach used in the present study to
record data of alive specimens. We reported here that, whatever the
morphometrical relationship considered, sea cucumber H. tubulosa
shows a negative allometric growth, indicating that it would
preferably invest its resources in increasing the length rather than
its wall thickness. This result is corroborated by previous studies on
this species (Kazanidis et al., 2010; Aydin, 2020), and for other
species belonging to the same genus (e.g. Gonzalez-Wangiiemert at
al,, 2014; Marquet et al., 2017; Azevedo et al., 2021). Moreover, our
data indicate that among the relationships considered here, the Wet
Weight (WW)-Total length (TL) relationship represents the most
reliable and can be used as proxy for investigating the size structure
of H. tubulosa and comparing different populations. The use of the
WW and the TL parameters, which can be easily taken on alive
specimens, has the advantage, not negligible, to avoid the sacrifice of
sea cucumbers, representing a useful tool for their monitoring and
management (e.g., restocking and/or sea ranching actions).

The sea cucumbers collected in the present study show
bigger sizes (max 35 cm TL) and weights (max 989.10 g WW)
than those collected in the Dardanelles Strait (max TL 30.3;
Dereli et al,, 2016), the south Aegean Sea (max 19.7 cm TL and
350g WW, Antoniadou and Vafidis, 2011) and Turkish coasts
(max TL 23 cm, max GW 130 g; Gonzalez-Wangiiemert et al,
2014). Such differences could be related to the local different
trophic settings of the environment occupied by sea cucumbers
combined also with the effect of the local fishery, which can lead
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to lose the larger individuals in the exploited populations
(Vafeiadou et al., 2010, Gonzalez-Wangtiemert et al., 2014).

The sex-ratio of H. tubulosa reveals that males and females
are equally represented in the studied population as also
reported by Kazanidis et al. (2014) and Despalatovic et al.
(2004) in the Adriatic Sea, and Dereli et al. (2016) in the
Dardanelles Strait on the same species, and by Mezali et al.
(2014) on H. sanctori in Algerian coasts. However, several
studies on the reproductive biology of sea cucumbers such as
H. mammata in the Atlantic Ocean (Santos et al., 2017;
Venancio et al.,, 2022), H. whitmaei in the Pacific Ocean
(Shiell and Uthike, 2006), and H. leucospilota in the Western
Indian Ocean (Gaudron et al., 2008) highlighted an imbalanced
sex ratio with females outnumbered males. Our study was
carried out in areas where the population is unexploited,
suggesting that this ratio is a natural trait for these non-
fissiparous sea cucumbers, while unbalanced sex-ratio
described above could be due to evisceration events,
association in same-sex groups, unsexed reproduction (i.e.
fission), as well as fishing pressure as a possible causes (Shiell
and Uthike, 2006; Muthiga et al., 2009; Santos et al., 2017).

Population structure is characterized mainly by adult
individuals (TL > 9 cm), which reach the same range in sizes
in both sexes, as also reported for the same species in the
Aegean (Kazanidis et al., 2010) and Adriatic Sea (Despalotovic
et al., 2004). However, the failure to detect a separate mode for
juveniles and immature holothurians, a common pattern
observed also in other species (e.g. Venancio et al, 2022),
may be due to the sampling method used in this study, which is
size-selective because the small specimens show cryptic
behavior, or even could occupy different environment
(Mercier et al., 2000; Hamel et al., 2001; Kazanidis et al.,
2010; Aydin, 2019). On the other hand, a very fast growth
during the first age of the species (Massin and Jangoux, 1976), a
different habitat preference or, most likely, a cryptic or diel
behaviour, as observed for other sea cucumber species (e.g.,
Sloan, 1979; Shiell, 2004; Purcell, 2010; Soliman et al., 2019;
Felix et al., 2021) could also explain the few (or absent)
juveniles and recruits in Sardinian populations.

Regarding the macroscopic observation of the gonads, it
allowed us to identify five different gonadal stages, similarly as
observed by Ramofafia et al. (2000, 2003) for the tropical H.
fuscogilva and H. scabra. In detail, the RGB color palette enabled
us to distinguish clearly the sex of the developed individuals, but
it was almost ineffective in the determination of the sex of
undeveloped specimens (Recovery and Spent maturity stages)
with gonads characterized by a pale-white color or a
heterogeneous color with rust blotches (Marquet et al., 2017).
In addition, the discrimination between the Growing and
Mature stages within the sexes is not always clear because of
the numerous nuances of the gonads color and the observer’s
sensitivity, which can lead to different color assignments. Thus,
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the innovative colorimetric method using the CIELAB color
space, here used for the first time in holothurians, allowed us to
overpass such subjective assignment of the gonad color avoiding
misinterpretations of a certain reproductive stage, analysing the
different coordinates, lightness, redness and yellowness.

A good correspondence between the maturity stages based
on tubule appearance (e.g. color, dimension, ramification
degree), and those based on histology is observed. Thus, the
tubule morphology in alive specimens, which is possible to
observe after a dorsal incision in the body wall near the
gonopore, can be used to detect the release of gametes in the
breeding programs when the sea cucumbers cannot be sacrificed,
as also reported for H. fuscogilva (Ramofafia et al., 2000).
However, this is an invasive practice which can cause
pathogen infection and stress in the sea cucumbers (Becker
et al., 2004).

H. tubulosa shows a synchronic gonad development at level
of tubules and oocyte size distribution in females, revealed by the
histological observation of gonads. This reproductive strategy is
widespread among holothurians such as Holothuria atra, H.
mexicana, H. nobilis, Actinopyga echinites, Stichopus variegatus
and Thelenota ananas (Sewell et al., 1997). The results indicate
that H. tubulosa does not fit the tubule recruitment model which
involves several stages of gonad development in the same gonad,
observed in other holothurians as Isostichopus badionotus
(Foglietta et al., 2004), H. scabra (Ramofafia et al., 2003) and
H. floridiana (Ramos-Miranda et al., 2017).

Both macroscopic and histological approaches have proven to
be reliable in identifying the reproductive period of H. tubulosa in
the study sites. Monthly changes in GSI and the frequency
distribution of the maturity stages clearly depict the restricted
reproductive season, which is concentrated, in the Sardinian
population, at the end of the summer season. Our result is in
good agreement with those reported earlier for the same species by
Despalatovic et al. (2004) in the Adriatic Sea, Kazanidis et al.
(2014) in the Aegean Sea, Dereli et al. (2016) in the Dardanelles
Strait, and Tahri et al. (2019) in Oran coast (Algeria).

The clear association between the peak of H. tubulosa
spawning and the maximum values of sea surface temperature
recorded in the sampled sites is a common pattern of sea
cucumber species (e.g. Bulteel et al.,, 1992; Despalatovic et al,
2004; Kazanidis et al., 2010; Antoniadou and Vafidis 2011;
Acosta et al., 2021; Venancio et al.,, 2022). Moreover, the
seasonal variation of temperature is accompanied by the
increase of the day-length and the availability of
phytoplankton in the water-column (Venancio et al., 2022).
The increasing of temperature can also modify the metabolism
of sea cucumbers (Kithnhold et al., 2019) that use their energy to
develop the gonads as observed in other holothurian species
such as A. japonicas (Yang et al., 2006) and Australostichopus
mollis (Slater et al., 2011). Furthermore, the seasonality may have
an indirect effect on reproduction by increasing food availability
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for broodstock through increased benthic productivity
(Muthiga, 2006), and fostering the phytoplankton abundance
for larval development (Boidron-Metairon, 1995; Cameron and
Frankboner, 1989; Rakaj et al., 2018). Another environmental
factor that can influence the gametogenesis and spawning in
holothurians is the rainfall (e.g. Asha and Muthiah, 2008;
Benitez-Villalobos et al., 2013; Leite-Castro et al., 2016; Acosta
et al,, 2021). Indeed, during the rainy season, there is a
significant increase in phytoplankton, related to the
contribution of nutrients from runoff and rivers (Acosta et al.,
2021). However, in our investigated areas, it does not seem to be
a determinant factor, because the pluvial precipitations do not
follow a clear seasonal pattern as observed in the tropical regions
to determine and characterize the spawning cycle of this species.

Among the life history traits of new target species, the size at
maturity represents one of the most common and useful
information for the estimation of the minimum fishing size
(Navarro et al., 2012) ensuring spawning of mature sea
cucumbers and protecting their natural stocks (Abdel-Razek
et al., 2005). The absence of immature sea cucumbers did not
allow us to define the size at maturity, but here we report that the
smallest mature female is observed at 15 cm TL and the smallest
mature male measured 14 cm TL. Few information about the
size at maturity of the Holothuria genus are available in
literature. Indeed, the only information about the maturity of
H. tubulosa comes from the Adriatic Sea (Kazanidis et al., 2014),
where it was estimated only in terms of the drained weight of the
individuals (approximately 220 g). Beside this, our range of
maturity is in agreement with that reported for the congeneric
species H. mammata showing the size at first maturity in males
TL=14.2 cm and females TL=16.7 cm (Venancio et al., 2022),
with which H. tubulosa shares a similar geographical
distribution (Tortonese, 1965; Borrero-Pérez et al., 2009;
Gonzalez-Wangiiemert et al., 2014; Gonzalez-Wangiiemert
et al,, 2018; Dereli and Aydin, 2021). Hence, our data should
be considered as a preliminary evaluation of the adult size-
structure, requiring the investigation of lower size classes, not
included in this study, to have an exhaustive description of the
whole population.

Conclusion

The results of this study provided evidence that the sea
cucumber H. tubulosa has a synchronous development of the
gonads, with an apparently unique reproductive event during
the year, corresponding to the end of the summer season. Our
results provides a first insight on size-range of matures of this
valuable species, giving useful information for the
management policy.

This study also shows that either the macroscopic or
microscopic approach used to identify the different gonadal
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stages provide overlapping information. Nevertheless, the
macroscopic proxy is faster than, and similarly reliable to, the
microscopic one. Additionally, the macroscopic approach can be
used in the field following the maturity scale here provided,
allowing even not-expert observers such as fishermen to
expeditiously determine sex and maturity stage of natural
populations of sea cucumbers.

Given our results, this study is essential to increase the
biological and ecological knowledge of the populations of H.
tubulosa, create conditions for the domestication of broodstock
in captivity and precise measures for the conservation
of biodiversity.
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