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Abstract
The greasyback shrimp Metapenaeus ensis is widely distributed along the coast of India and the West Pacific where it is an 
important fisheries species. We have examined seasonal changes in ovarian development, spermatogenesis, and mating of 
Me. ensis in histological studies and by external observations on specimens collected in Ise Bay, its northernmost habitat. 
Ovaries were found to be previtellogenic from February to May, with the first signs of development being the accumulation 
of yolk in oocytes in late May. Ovarian shadow ratios were high during the period late July to mid-September. The forma-
tion of cortical rods in the peripheries of oocytes and germinal vesicle breakdown were observed in ovaries from late June 
to September. Male shrimps had sperm in the testes during the period early June to early October, and female shrimps had 
spermatophores in spermatheca after early July. In late July, some post-spawn female shrimps had exogenous vitellogenic 
oocytes in their ovaries, indicating that ovarian development had been repeated in preparation for the next spawning. Ovarian 
shadow ratios, which were positively correlated with gonadosomatic indices and ovarian development, seem to be a useful 
marker to determine ovarian development. Our results indicate that mating in Me. ensis started in early July and that the 
spawning season ranged from July to September with more than two cycles of spawning in Ise Bay.
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Introduction

The greasyback shrimp Metapenaeus ensis belongs to the 
Penaeidae family and is widely distributed along the coast 
of India and the West Pacific (India, Sri Lanka, Australia, 

Southeast Asian countries, China, Taiwan, and Japan). In 
Japan, they inhabit the coastal waters  of central Honshu 
and southwards (Hayashi 1992). Ise Bay, a semi-closed sea 
area located in the central part of Honshu (Fig. 1), is the 
northernmost fishing ground of Me. ensis on the Pacific side, 
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along with Mikawa Bay. The annual catch of Me. ensis in 
Ise Bay landed in Mie Prefecture ranged from 0.9 to 30 tons 
between 1992 and 2012 (Mizuno 2014). Reared juveniles are 
released every year for stock enhancement (Yamane 2014a). 
Metapenaeus ensis has become an important commercial 
species for bottom trawl fisheries not only in Japan but also 
in many other countries, and many studies on its life history, 
in particular its spawning season, have been conducted in 
various regions around the world, including the waters off 
the coast of Japan. It is generally considered that penaeid 
shrimps in tropical waters have two major spawning periods 
in a single year: spring and autumn (Garcia 1988). However, 
the annual spawning frequency of penaeid shrimps remains 
controversial. Various studies have reported that Me. ensis 
in tropical and subtropical regions has two spawning seasons 

per year or, alternatively, that it spawns throughout the 
whole year (Crocos et al. 2001; Samphan et al. 2016). In 
contrast, its spawning season along the coast of Japan has 
been reported to be about 3 months long, extending from 
June to September, although there are some differences 
among regions (Tokuda et al. 1997). As in Japan, in the 
coastal area of central Queensland, Australia, Me. ensis has 
been reported to spawn mainly in summer (Courtney et al. 
1989). Since the spawning season of Me. ensis in Japan is 
actually shorter than that in tropical and subtropical regions, 
it is widely accepted that this shrimp may have a life cycle 
with a single spawning season rather than multiple ones, 
although no substantial evidence has been reported so far.

Females of closed-thelycum penaeid shrimps mate 
immediately after molting and receive the spermatophore 
containing sperm from males (Hudinaga 1942; Dall et al. 
1990). The stopper/plug that forms on the spermatophore 
can be observed on the outside of the female copulatory 
organ (thelycum), which is located at the base of the fifth 
pair of legs (Primavera 1985). Females of the kuruma 
prawn Marsupenaeus japonicus are observed with a sper-
matophore throughout the year (Hudinaga and Kurata 
1971). Shrimp hatcheries in Japan that raise juveniles for 
release exclusively use mature females with a spermat-
ophore that were caught in the wild to obtain fertilized 
eggs, while the mating process with males does not nec-
essarily occur in hatcheries. Likewise, in Me. ensis, only 
females with a spermatophore are used to produce juve-
niles (Yamane 2014a), indicating that males do not need 
to be present at the time of spawning and fertilization. 
This has led to research on the reproductive ecology of 
Me. ensis being biased toward females; for example, his-
tological analysis of ovaries (Courtney et al. 1989; Crocos 
et al. 2001), external estimation of ovarian developmental 
stages using the ovarian shadow (Chu et al. 1993), and 
investigation of gonadosomatic index (GSI) (Abe et al. 
1995; Tokuda et al. 1997), whereas information pertain-
ing to males is limited. In Ise Bay and Osaka Bay, female 
Me. ensis do not have a spermatophore except during the 
spawning season (Abe et al. 1995; Yamane 2014b; Ariy-
ama and Sano 2015), suggesting that Me. ensis in Ise Bay 
will mate mainly during the spawning season. Although 
it is speculated that males have a seasonal reproductive 
cycle, similar to that of females, actual annual changes in 
spermatogenesis remain largely unknown.

The purpose of this study was to clarify the reproductive 
cycle of both Me. ensis males and females in Ise Bay by 
externally observing the ovarian shadow and by conducting 
histological analyses of the ovary and testis. In addition, to 
identify the period of mating in Ise Bay, we also investi-
gated the relationship between the presence or absence of 
the spermatophore in females, as well as the ovarian matura-
tion stage.
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Fig. 1  Sampling area of Metapenaeus ensis in Ise Bay, Japan. Filled 
circles indicate the fishery markets sampled, the star indicates the 
location of a continuous monitoring system in Nakayama Channel 
(34°37′40″N, 136°58′90″E; Ministry of Land, Infrastructure, Trans-
port and Tourism). Pref Prefecture
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Materials and methods

Animals and sampling

Shrimp (Me. ensis) caught by a small-type trawl net in Ise 
Bay were obtained or observed at local fish markets (Fig. 1) 
around Ise Bay from 2007 to 2014 (Table 1). These shrimp 
were immediately transported to the Mie Prefectural Fish 
Farming Center and used for analyses. Since the smallest 
individual with ovaries in development throughout the study 
period weighed 8.0 g (body length [BL]: 84.0 mm, carapace 
length [CL]: 22.6 mm), only females weighing > 8.0 g were 
considered for this study.

Ovarian shadow ratio and ovarian developmental 
stage

The shadow of the ovary, which was photographed from 
the back, was observed by shining a light on the ventral 
surface of the shrimp. The ovarian shadow ratio (OSR) was 
calculated according to Sakiyama et al. (2013) as: OSR 
(%) = width of the ovary (part of the first abdominal seg-
ment)/width of the first abdominal segment × 100. The 
ovarian developmental stages were determined based on the 
OSR: stage A, invisible or unclear; stage B, 30–40; stage C, 
40–55; stage D, > 55 (Fig. 2 upper part).

Histology

For the histological analyses, pieces of the midportion of 
the ovaries (first and second abdominal segments) or whole 
testes were fixed in Davidson's fixative solution, embed-
ded in paraffin after dehydration through a series of ethanol 
and xylene, and sectioned at a thickness of 5 μm, following 
which the sections were stained with hematoxylin and eosin. 
Oocyte development was classified into six stages accord-
ing to previously reported criteria (Kawazoe et al. 2000; 
Okumura et al. 2007): oogonium, previtellogenic oocyte 
(oocyte with homogeneously hematoxylin-stained cyto-
plasm), endogenous vitellogenic oocyte (oocyte with eosin-
negative vesicles in the cytoplasm and enveloped by follicle 
cells), exogenous vitellogenic oocyte (oocyte with eosin-
positive yolk globules in the cytoplasm), early-maturing 
oocyte (oocyte with cortical rods around the periphery of the 
oocyte plasma membrane), and late-maturing oocyte (oocyte 
after germinal vesicle breakdown [GVBD]). The criterion 
on which histological determination of the ovarian develop-
mental stages was based was the relative abundance of the 
most advanced type of oocyte in the ovary: previtellogenic 
stage, endogenous vitellogenic stage, exogenous vitellogenic 
stage, maturation stage, or GVBD. In this study, the exog-
enous vitellogenic stage was further divided into before and 
after the clear formation of oocyte developmental groups 
(clusters). The developmental stages of spermatogenesis 

Table 1  Sampling schedule of Metapenaeus ensis 

GSI gonadosomatic index, OSR ovarian shadow ratio
a Mean ± standard deviation (SD) with the minimum–maximum (min–max) values given in parentheses
b A Aritaki Fish Market in Ise City, O Oyodo Fish Market in Meiwa Town, Tm Tomisuhara Fish Market in Yokkaichi City, Ty Toyohama Fish 
Market, Minami-chita Town (Fig. 1)

Year Month Frequency per 
month

Num-
ber of 
shrimp

Sex Body weight (g)a Fish  marketb Purpose

2007 June–September Once or twice 72 Female 23.4 ± 5.3 
(12.2–34.8)

A, O, Tm, Ty

2008 June–September Once or twice 94 Female 21.5 ± 5.4 
(8.6–43.1)

A, O, Tm, Ty Relationship 
between ovarian 
tissue, GSI, and 
OSR

2009 July–August Once or twice 62 Female 25.3 ± 7.0 
(12.3–43.6)

A, O, Tm, Ty

2011–2012 April–March Two or three times 1165 Female 20.0 ± 8.5 
(8.0–58.0)

A Seasonal changes in 
ovarian shadow

2012 February–Novem-
ber

One to three times 104 Female and male Female:31.0 ± 9.7 
(18.0–56.3) 

Male:17.3 ± 2.6 
(13.1–21.9)

A, O, Tm, Ty Seasonal changes in 
gonadal histology

2014 Late May–August Once every 10 days 303 Female 24.1 ± 6.0 
(8.2–46.0)

O, Ty Relationship 
between ovarian 
maturation stages 
and mating ratio
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were determined according to King (1944): spermatogonia, 
primary spermatocyte, secondary spermatocyte, spermatid, 
and spermatozoa. The GSI was calculated using the fol-
lowing formula: GSI = (gonad weight/body weight) × 100. 
The relationship between ovarian tissue, GSI, and OSR was 
examined.

The incidence of spermatophores in females

The presence of a spermatophore implanted on the female 
thelycum (Fig. 3a, b) was confirmed by external observa-
tion, and when a spermatophore was not observed by eye, 
the spermatheca was examined further for the presence of 
a spermatophore (Fig. 3c) under a stereomicroscope after 

dissecting the female genital organs. To examine the rela-
tionship between the existence of a spermatophore and ovar-
ian development, the ovarian developmental stage was also 
determined by the ovarian shadow, and in the case of stage 
A, histological observation was used to distinguish whether 
it was post-spawn or not.

Statistics

The GSI of each developmental stage is shown as 
mean ± standard deviation (SD), and multiple comparisons 
were made using the Steel–Dwass’s multiple comparison test 
(P < 0.05) by Excel-Toukei 2012 (Social Survey Research 
Information Co., Ltd., Japan).

Results

Relationship between ovarian tissue, GSI and OSR 
of female Me. ensis

The results of the study using samples collected from 2007 
to 2009 show that there was a significant difference in the 
mean GSI values among developmental stages, from the pre-
vitellogenic to the maturation stages, but that there was no 
significant difference between the maturation and GVBD 
stages (Table 2). The GSI was highly correlated with the 
OSR (GSI = 0.3233 × OSR − 6.6326; r = 0.903; Fig. 2, 
lower part). Ovarian shadows were not visible in stage A 
during the previtellogenic and endogenous vitellogenic 
stages but were visible after the beginning of exogenous 
vitellogenesis (stages B–D in the exogenous vitellogenic 
stage, stages C, D in the maturation and GVBD stages 
(Table 2).

Seasonal changes in ovarian shadow of female Me. 
ensis

Seasonal changes in the ovarian shadow were investigated 
using samples collected from 2011 to 2012 (Table 1); the 
results are shown in Fig. 4. All females were in stage A 
from January to May. In mid-June, individuals at stage B 
first appeared, followed by the emergence in early July of 
stage C individuals and in late July of stage D individuals. 
The proportion of stage D individuals then increased rap-
idly, reaching 48% in early August and remaining at > 30% 
until early September, following which time the number of 
individuals in stage D decreased and were not observed in 
October. Individuals in stages B and C appeared until middle 
October and late October, respectively, but did not appear 
in November.
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Fig. 2  Upper part shows four ovarian developmental stages, namely, 
A, B, C, and D, determined by the size of the ovarian shadow. Lower 
part shows the relationship between the gonad somatic index and 
ovarian shadow ratio of individuals sampled from 2007 to 2009 
(r = 0.903, P < 0.05, n = 181)
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Seasonal changes in ovarian histology

Seasonal changes in the histology of ovaries were observed 
in a few to ten females at each sampling time, using a 2012 
sample (Table 1). In February, the ovary was filled with 
oogonia and previtellogenic oocytes, and cells that are 
believed to be the precursor of follicular cells elocalized 
along the connective tissue that separates the ovarian lobules 
(Fig. 5a). There were no obvious histological changes in 
the ovaries between individuals obtained in February and 

those obtained in early May. In contrast, in late May, large 
oocytes appeared along the connective tissue, indicating 
the beginning of endogenous vitellogenesis (Fig. 5b). In 
June, individuals that had reached the exogenous vitello-
genic stage began to appear (Fig. 5c). In the middle of June, 
individuals with an advanced exogenous vitellogenic stage 
ovary appeared (Fig. 5d), and most of the exogenous vitel-
logenic oocytes were similar in size. In late June, individuals 
with a mature ovary with cortical rods in the peripheries of 
oocyte cytoplasm were observed (Fig. 5e, f). In late July, 

Fig. 3  Female genital organ of 
Me. ensis. a, b The thelycum 
with (a) or without (b) the 
stopper/plug. c The inserted 
spermatheca was observed from 
inside of the body

Fifth legStopper/plug

a

Fifth leg

b

Spermatheca

c

Table 2  Relationship between the ovarian developmental stage, GSI and OSR in female Me. ensis observed from 2007 to 2009

a Values are the  mean ± SD with the min–max values given in parentheses
b Different uppercase letters (A–E) following values indicate a significant difference (P < 0.05) between groups according to the Steel–Dwass’s 
multiple comparison test
c Ovarian shadows are invisible or unclear

Developmental stage Number of speci-
mens

GSIa, b OSR (%)a Ovarian shadow

Previtellogenic 10 1.1 ± 0.2A (0.8–1.6) Unmeasurablec Stage A
Endogenous vitellogenic 7 3.1 ± 0.5B (2.3–3.7) Unmeasurablec Stage A
Exogenous vitellogenic (exogenous 

vitellogenesis begins) 
14 4.6 ± 1.2C (3.3–6.8) 35.7 ± 4.9 (30.5–44.4) Stage B-C

Exogenous vitellogenic (egg clusters 
separate completely) 

77 8.3 ± 1.8D (4.8–11.7) 48.0 ± 6.4 (32.0–61.8) Stage B-D

Maturation 68 12.6 ± 2.0E (7.7–17.0) 57.5 ± 5.6 (44.4–70.1) Stage C-D
Germinal vesicle breakdown 22 12.1 ± 1.6E (9.2–15.5) 56.9 ± 5.5 (45.9–66.9) Stage C-D
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individuals having traces of mature eggs remaining in the 
ovarian cavity were identified, indicating that they were at 
a post-spawn stage; these individuals also had endogenous 
and eosin-stained exogenous vitellogenic oocytes (Fig. 5g, 
h). The histology of ovaries from individuals obtained from 
August to September was similar to that of those obtained 
in July. In early October, most individuals that carried exog-
enous vitellogenic stage oocytes had oocytes with disrupted 
nuclei and cytoplasm (Fig. 5i). On the other hand, some indi-
viduals had oocytes in the GVBD stage and in the exogenous 
vitellogenic stage with no cortical rods (Fig. 5j), showing 
asynchronous oocyte development that was not observed 
in individuals obtained during late June. In addition, there 
were a few oocytes with collapsed nuclei and cytoplasm. In 
November, the ovary was filled with oogonia and previtel-
logenic oocytes, similar to the ovary of individuals observed 
in February (Fig. 5a).

Seasonal changes in testis histology

Seasonal changes in testis histology were observed in 
a few to ten males at each sampling time, using a 2012 
sample (Table 1). In March, the testis consisted of two 
kinds of seminal lobules: one was surrounded by the basal 
lamina, and the other contained spermatogonia and nurse 
cells (Fig. 6a). In late April, individuals whose seminal 
lobule was filled with spermatogonia and primary sper-
matocytes appeared (Fig. 6b), and in early June, some 
individuals appeared with mature sperm in the seminal 
lobule (Fig.  6c). The process of spermatogenesis was 
asynchronous among seminal lobules in the same indi-
vidual (Fig. 6d). The status of testis development was 

observed from June to September. In early October, the 
spot area where sperm had been released into the semi-
niferous tubules became hollow, and an individual with a 
seminal lobule containing only spermatogonia appeared. 
In the hollowed-out seminal lobule, nurse cells gathered 
and surrounded the cavity (Fig. 6e). In November, seminal 
lobules were filled with nurse cells, but they were not in 
the process of spermatogenesis (Fig. 6f).
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Relationship between ovarian maturation stages 
and mating ratio

The existence of spermatophores on each sampling day was 
examined using a 2014 sample, as shown in Fig. 7. From 29 
May to 25 June, no individuals in this sample possessed a 
spermatophore; on 2 July, 40% of individuals possessed a 
spermatophore, and the ratio increased rapidly, reaching 92% 
on 31 July. The ratio of individuals possessing a spermato-
phore for each ovarian maturation stage is shown in Table 3. 
The ratio for stage A individuals was low (15.8%), but that 
of stage B through stage D individuals, especially stages C 
and D individuals, was high (88.3% and 97.7%, respectively). 
Histological analysis revealed that the ovarian tissues in indi-
viduals with a soft carapace (1 individual was fixed at 14:00 
on 31 July and 2 individuals were fixed at 4:30 on 28 August; 
with all 3 individuals considered to be immediately post molt) 
were in the endogenous vitellogenic stage or in the onset stage 
of exogenous vitellogenesis.

Discussion

Annual reproductive cycle of female and male Me. 
ensis in Ise Bay

In this study, based on histological and external observation 
of ovaries, we determined that Me. ensis in Ise Bay spawns 
from July to September, with peak spawning occurring in 
early August to early September. This result is consistent 
with previous reports showing that the spawning season of 
Me. ensis is during the summer in Japan (Ikematsu 1959; 
Abe et al. 1995; Tokuda et al. 1997). In the 2012 sample, 
females with mature oocytes with cortical rods appeared 
in late June. As GVBD and ovulation are  known to begin 
a short time after the formation of cortical rods in oocytes 
(Anderson et al. 1984; Suitoh et al. 1996), this observation 
indicated that spawning would likely occur in July. On the 
other hand, in the 2011 sample, > 80% of females had an 
invisible ovarian shadow (stage A) in early July, and females 
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Table 3  Spermatophore (stopper) possession ratio in each ovarian 
developmental stage of Me. ensis 

Stage Number of specimens 
at stage

Stopper possession

Number Ratio (%)

A 38 6 15.8
B 42 29 69.0
C 103 91 88.3
D 44 43 97.7
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with a large ovarian shadow (stage D) appeared in late July. 
These results indicate that spawning appeared to have 
occurred later in 2011. Differences between years might be 
due to environmental factors, such as water temperature of 
the habitat. Changes in the temperature of the bottom water 
(depth: 14.88 m) in Nakayam Channel (indicated by the star 
in Fig. 1) from April to September in 2011 and 2012 are 
shown in Electronic Supplementary Material (ESM) Fig. 1 
(Ise Environmental Database Web: http:// www. isewan- db. 
go. jp/; accessed 22 Aug 2021). The daily water temperature 
from April to June 2011 was 0.1–4.2 ℃ lower than that for 
the same period in 2012, and this lower water temperature 
was presumably responsible for the delay in the start of 
spawning in 2011. Likewise for Me. ensis in Osaka Bay, 
the spawning season in 1993 was later than that in 1991 and 
1992, and it has been speculated that the delay was caused 
by the lower water temperature due to the cold summer in 
1993 (Abe et al. 1995). In the present study, there were a 
few females with mature oocytes with cortical rods in early 
October, but only some of these oocytes with an advanced 
stage of yolk accumulation showed cortical rod formation, 
while the remainder of the ovary remained in an exogenous 
vitellogenic stage (Fig. 5j), indicating the loss of synchrony 
in oocyte development. Such asynchrony was not observed 
in females during July and August. In addition, there were 
females with regressed oocytes in early October (Fig. 5i). 
From these results, we concluded that spawning of Me. ensis 
in Ise Bay in 2011 had ended by October of that year.

In general, environmental factors, such as water tempera-
ture and day length, are thought to affect the beginning and 
end of the spawning season in penaeid shrimps (Kanazawa 
1982). July, when the spawning season of Me. ensis in Ise 
Bay begins, is the time when the water temperature rises and 
the day length begins to shorten. Based on the difference in 
the timing of spawning initiation between 2011 and 2012 
in Ise Bay, water temperature may have a greater influence 
on the ovarian development and prespawning molt than day 
length. September, which is the end of the spawning season, 
is the time when water temperatures begin to fall and day 
length becomes shorter. Further study is needed to determine 
whether water temperature or day length is the more impor-
tant factor influencing spawning.

The spawning season of Me. ensis in Ise Bay (July–Sep-
tember) is later than that in other areas of Japan; for exam-
ple, the spawning season is from late June to mid-August 
in the Ariake Sea (Ikematsu 1959), from late June to late 
August in the Buzen Sea (Tokuda et al. 1997), and from 
late June to early September in Osaka Bay (Abe et al. 1995). 
The main environmental factor influencing the start of the 
spawning season is considered to be an increase in water 
temperature, suggesting that the water temperature in Ise 
Bay may be lower than that in these other areas. Because 
Me. ensis spends the winter in deep water in bays and moves 

to shallow coastal areas around June for spawning in Osaka 
Bay (Abe et al. 1995), the bottom water temperatures of 
the deep water areas considered to be wintering areas and 
the shallow water areas considered to be spawning areas 
were compared between Osaka Bay (Research Institute of 
Environment, Agriculture and Fisheries, Osaka Prefecture 
2013, 2014, 2015, 2016) and Ise Bay (Mie Prefecture Fish-
eries Research Institute 2011, 2012, 2014, 2015, 2016) for 
the months of March to October from 2011 to 2014 (ESM 
Fig. 2). From June to October, the bottom water tempera-
tures in the deep waters tended to be higher in Osaka Bay 
than in Ise Bay, while from March to June, the bottom water 
temperatures in the shallow waters tended to be lower in 
Osaka Bay than in Ise Bay and, conversely, higher from July 
to October. Shrimps are considered to migrate from deep 
waters to shallow waters for spawning around June (Abe 
et al. 1995), so the higher water temperature in Osaka Bay 
between the deep waters in June and shallow waters after 
July may have affected the earlier start of the spawning sea-
son. In addition, most of Ise Bay has a depth of < 35 m, 
while Osaka Bay has areas that are > 50 m in depth. This 
difference in the depth of water of the overwintering areas 
may also have contributed to the difference in the start of 
the spawning season. Since the main environmental factor 
for the end of the spawning season is unknown, the reason 
for the late end of the spawning season in Ise Bay is unclear. 
Abe et al. (1995) reported that a delay in the start of the 
spawning season results in a delay in the end of the spawning 
season. The end of the spawning season in waters other than 
those of Ise Bay is from August to early September, when 
water temperatures are at their highest, suggesting that high 
water temperatures may have an effect on the end of the 
spawning season.

The variation in the start of the spawning season between 
years observed in this study may have had an impact on 
shrimp stock abundance. In years with low water tempera-
ture from early spring to summer, such as 2011, the spawn-
ing season shortened, which may have reduced the total 
abundance of egg-laying. In terms of water temperature, the 
relationship between water temperature (both surface and 
bottom waters) and the following year’s catch was investi-
gated in Osaka Bay by Abe et al. (1995) who pointed out that 
when low water temperatures are observed in the previous 
year, the catch in the following year tends to decrease, and 
vice versa. Similarly, in Ise Bay, it is expected that the water 
temperature will affect the stock fluctuation in the following 
year—that is, the catch of the next year when the spawning 
season is shortened as in 2011 will decrease, but to prove 
this, further research is required.

The OSR showed a strong positive correlation with the 
GSI (r = 0.903), similar to  the result of a previous study 
on Ma. japonicus (r2 = 0.803; Sakiyama et al. 2013). The 
OSR is easy to observe and is a useful indicator to estimate 

http://www.isewan-db.go.jp/
http://www.isewan-db.go.jp/
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ovarian development in Me. ensis. It can be used as a market 
survey of Me. ensis catches to determine the state of ovar-
ian maturity as an alternative to the GSI and histological 
analyses.

Our histological observations of ovaries appear to indi-
cate that female Me. ensis of Ise Bay spawn more than twice 
within one spawning season. Oocytes in the endogenous and 
exogenous vitellogenic stages were found in the ovaries of 
females that had regressing mature eggs and that appeared 
to be in the post-spawn stage. Oocytes in the endogenous 
and exogenous vitellogenic stages start to accumulate yolk 
in preparation for the next spawning. This condition of the 
ovaries is the same as that reported for Ma. japonicus, which 
spawns multiple times in one spawning season (Suitoh et al. 
2014). The ovarian developmental processes of penaeids 
have been well described for Ma. japonicus (Yano 1988), 
Penaeus monodon (Tan-Fermin and Pudadera 1989), and 
the fleshy prawn Fenneropenaeus chinensis (Oka and Shira-
hata 1965). Based on the criteria of ovarian developmental 
mode in teleost fish (Kurita 2010), some penaeids, such as 
Ma. japonicus and P. monodon, are categorized into “group-
synchronous oocyte development”, in which a part of the 
oocytes starts vitellogenesis as a cluster group and eggs are 
laid once or more during the spawning season (Makinouchi 
et al. 1994; Suitoh et al. 2014). In Me. ensis, the diameter 
of oocytes accumulating yolk was almost uniform, and the 
oocytes were divided into two major groups: previtellogenic 
and exogenous vitellogenic stages (Fig. 5d). Based on these 
observations, ovarian maturation of Me. ensis was catego-
rized into “group-synchronous oocyte development”, as for 
Ma. japonicus and P. monodon.

Ovary maturation in Me. ensis is very consistent to that 
in Ma. japonicus but has the different morphological char-
acteristics of cortical rods after GVBD. In Ma. japonicus, 
the cortical rods grow in size during oogenesis, changing 
in shape from spherical to elliptical (Hudinaga 1942; Yano 
1988). In contrast, cortical rods in the ovary of  Me. ensis 
do not change morphologically, even after GVBD. The 
contents of cortical rods are released into seawater during 
spawning and form a layer of jelly that surrounds the eggs. 
The roles of the jelly layer are widely accepted as attract-
ing sperm, preventing polyspermy, and protecting eggs from 
environmental stimuli that are unsuitable for fertilization and 
embryonic development (Hudinaga 1942; Clark et al. 1980; 
Pongtippatee-Taweepreda et al. 2004). In Me. ensis, smaller 
cortical rods could result in a smaller jelly layer, but the dif-
ferences in physiological roles are unknown.

In our study, the smallest female Me. ensis with develop-
ing ovaries observed during this study weighed 8.0 g (CL: 
22.6 mm, BL: 84.0 mm). The smallest size of a female Me. 
ensis with a stopper/plug was reported to be 25.9 mm in CL 
in a female Me. ensis collected in the Ariake Sea (Ikematsu 
1959), 76 mm in BL in one collected in Osaka Bay (Ariyama 

and Sano 2015), and 20.5 mm in CL in one collected in the 
waters off Australia (Courtney et al. 1989). The smallest 
size of female Me. ensis in the process of yolk accumulation 
was also reported to be 24.2 mm in CL (Australia; Court-
ney et al. 1989). Although the results obtained in this study 
differed slightly from those reported in these studies, they 
can be considered as the biological minimum size of female 
Me. ensis. In Ise Bay, female Me. ensis are thought to start 
reproduction at around a weight of 8 g and BL of 80 mm.

Males having a seminal lobule filled with spermatids 
were observed from early June to September. During this 
period, males are ready for mating in Ise Bay. At the end of 
the spawning season (in early October), a hollow part where 
sperm had been released was observed in the testis, indicat-
ing that there was no supply of new mature sperm; in other 
words, spermatogenesis had terminated. Taken together, 
these results indicate that spermatogenesis of Me. ensis in 
the Ise Bay population occurred only during the spawning 
season. Since the testis of male Me. ensis is small and did 
not show a distinct change in size during testis development, 
gonadal shadow by lighting from the ventral surface was not 
used for males.

Relationship of timing between mating and ovarian 
maturation stage

In this study, the ratio of individuals with a spermatophore 
increased rapidly in July, indicating that mating occurred 
in July. A similar trend has been reported in Osaka Bay, 
where the ratio of female Me. ensis with stopper/plug 
increased rapidly in July, reaching 80–100% within 1 
month (Abe et al. 1995, Ariyama and Sano 2015). Females 
of closed-thelycum penaeid shrimp mate and receive a 
spermatophore containing sperm from males immediately 
after molting (prespawning molt) when their shells are soft 
(Hudinaga 1942; Dall et al. 1990). Female Me. ensis will 
mate for the first time that year following the first molt in 
July. Females may have molted before July, but they did 
not mate at that time. In general, females need to attract 
males with pheromones for mating. When females mate, 
their ovaries are in the endogenous vitellogenic stage or at 
the onset stage of exogenous vitellogenesis; this status of 
ovarian development might be associated with attracting 
males. Unlike Me. ensis, Ma. japonicus females have a pair 
of spermatophores in the spermatheca throughout the year 
(Hudinaga and Kurata 1971). The spawning period of Ma. 
japonicus is long, from March to November (Suitoh et al. 
2014), and in order to use spermatophores for spawning 
in March, female Ma. japonicus likely need to mate and 
receive spermatophores before the winter when they do not 
molt due to low water temperature. The difference in the 
length of the spawning period between Me. ensis and Ma. 
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japonicus could lead to the difference in the period during 
which females have spermatophores in spermatheca.

We found only one virgin Me. ensis female that had 
reached sexual maturity (1 of 44 individuals in stage D; 
Table 3). Even in Ma. japonicus, it has been reported that 
some females with soft shells (thought to be immediately 
after molting) have not mated (7 of 1424 individuals; 
Hudinaga 1942). These findings indicate that there may be 
a certain percentage of females in closed-thelycum penaeid 
which were not able to mate after the pre-spawning molt. 
The proportion of such female shrimps may be lower in 
years with a large population (male and female encounter 
rate is high) and higher in years with a smaller population 
(male and female encounter rate is low). Alternatively, 
they may be permanently present during the spawning sea-
son regardless of population size. In any case, it is very 
interesting to note that many males and females encounter 
and mate during a very limited time period, just after molt-
ing, in the vast natural ocean.

In general, reproduction in decapod crustaceans, includ-
ing prawns, is primarily regulated by endocrine factors 
secreted from the X organ-sinus gland complex in the 
eyestalks (Katayama et al. 2013). Although several repro-
duction-related peptide hormones, such as vitellogenesis-
inhibiting hormone and molt-inhibiting hormone, have 
been identified in Ma. japonicus (Katayama et al. 2013), 
there are also areas in which research is lacking: for exam-
ple, the molecules/genes responsible for the prespawning 
molt in females and those responsible for the promotion 
and termination of gonad maturation in both females and 
males. As mentioned previously, the Me. ensis popula-
tion in Ise Bay has a short period for spawning (about 
3 months), and the emergence rate of mature females 
reaches about 50% in the peak spawning season. On the 
other hand, the spawning season of Ma. japonicus popu-
lation in the same area is longer than that of Me. ensis, 
extending from March to November, and the emergence 
rate of mature females is about 20%, even in the peak 
spawning season (Suitoh et al. 2014). In addition, female 
Me. ensis have a distinct prespawning molt period com-
pared to Ma. japonicus which are found to have stopper/
plug (spermatophores) throughout the year. These results 
suggest that Me. ensis has the advantage of individuals at 
specific physiological states, such as pre- and postspawn-
ing molt and GVBD that are synchronized well, being easy 
to obtain. The approaches used in this study and the find-
ings of the study will be valuable in subsequent research 
aimed at shedding light on the endocrine and molecular 
mechanisms of reproduction in penaeid species and may 
enable proper stock management by adjusting the number 
of Me. ensis juveniles released according to the water tem-
perature from early spring to the spawning season.
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tary material available at https:// doi. org/ 10. 1007/ s12562- 021- 01569-8.
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