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INTRODUCTION

The jack mackerel, Trachurus japonicus, belonging 
to the order Perciformes, family Carangidae, is one of 
the most important commercially exploited pelagic fish 
species in the waters aroud Japan.  It has been managed 
in Japan using the total allowable catch (TAC) system 
since 1997.  Detailed biological information, such as age, 
growth, reproduction, and migration of this target spe-
cies, is needed to assess and manage the fishery resource.  
To date, many studies on the biology of jack mackerel 
have been conducted (Nishida, 2006); however, the infor-
mation available on its reproductive biology is not suffi-
cient to assess and manage the stock.

 Experiments using reared fish often provide infor-
mation that is useful for better understanding the biol-
ogy of wild stocks.  Recent advances in the knowledge of 
reproductive physiology and techniques for seed produc-
tion in finfish have made it possible to breed and raise 
small pelagic fish in captivity (e.g., Atlantic mackerel 
Scomber scombrus [Mendiola et al., 2007] and chub 
mackerel Scomber japonicus [Murata et al., 2005]).  By 
combining survey data with experimental analyses in 
captivity, we should be able to clarify the actual repro-
ductive and spawning biology of wild stocks.

There are few published studies of rearing experi-
ments with jack mackerel; those that exist were con-
ducted between 1980 and 1983 for seed production (Oka 
and Mori, 2006).  To date, however, there has been no 

success with stable seed production of jack mackerel.  
Recently we began a study aimed to establish a suitable 
experimental system for inducing final oocyte matura-
tion (FOM) and spawning of jack mackerel.  We selected 
jack mackerel with fully grown oocytes (>500 μm diame-
ter) soon after they were caught by purse seine, and 
attempted to induce FOM by injecting them with human 
chorionic gonadotropin (hCG); however, the majority of 
adult females did not undergo FOM because they had 
atretic oocytes, likely due to fishing stress (Yoda et al., 
2006).  When we attempted to use adult fish that had 
been reared in land tanks for over 1 year, female fish 
failed to undergo vitellogenesis, possibly due to captiv-
ity–induced stress (Nyuji et al., 2008).  Thus, in jack 
mackerel FOM and ovulation could not be reliably induced 
because it has been difficult to obtain females with nor-
mal vitellogenic ovaries. 

In this study, we temporarily reared wild–caught fish 
in sea pens to avoid stress caused by fishing or long–term 
captivity, and could obtain suitable females with normal 
vitellogenic ovaries for inducing FOM and ovulation 
although the number of fish is not enough.

MATERIALS AND METHODS

Animals
Jack mackerel, caught using a purse seine, were 

kept for about 1 month in sea pens at a fish farm in Oita 
Prefecture under natural day lengths and water temper-
atures.  A total of 125 fish were transferred to the Fishery 
Research Laboratory of Kyushu University, Fukuoka 
Prefecture, Japan, on 15 May 2006.  The following day, 
fish were anesthetized with 2–phenoxyethanol 
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(100 mg/L), and fork length (FL, mm) and body weight 
(BW, g) were measured.  A gonadal biopsy was performed 
using a plastic catheter (2 mm internal diameter) con-
nected to syringe barrel tubing into the ovarian cavity in 
order to collect gonadal tissues.  In addition, an identifi-
cation (ID) tag (model TX1400L, DestronFearing Co., 
MN, USA) was embedded into the dorsal muscle.  Ovarian 
tissues were preserved in Ringer’s solution (135 mM 
NaCl, 2.4 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 1 mM 
NaHCO3, 0.5 mM NaH2PO4) and the diameters of the 20 
most advanced oocytes were measured.  Consequently, 
20 females were obtained with oocyte of >500 μm diam-
eter that showed complete yolk accumulation (Yoda et 
al., 2006).  Other fish were females with immature ovaries 
or males.  After measuring oocyte diameters of 20 fish, 
the Ringer’s solution was discarded and a few drops of 
Sera clearing solution (ethanol: formalin: acid = 6: 3: 1, 
v/v) were added to make the cytoplasm transparent, 
allowing us to view the nucleus (geminal vesicle, GV) 
(Fig. 1).  If a GV was not observed, this indicated the 
onset of oocyte atresia (Mylonas et al., 1997; Shiraishi et 
al., 2005).  Finally, 20 fish were divided into two groups: 
Group A, 16 fish (276–356 mm FL, 307–513 g BW) pos-
sessing normally yolked oocytes of >500 μm diameter 
(Fig. 1b); Group B, 4 fish (299–306 mm FL, 285–338 g 
BW) possessing oocytes of >500 μm diameter, most of 
which were atretic oocytes (Fig. 1c). 

hCG (human chorionic gonadotropin) injection
Fish in the two groups were injected intramuscularly 

with hCG (500 IU/kg, GONATROPIN, ASKA 
Pharmaceutical Co., Tokyo, Japan), dissolved in 0.6% 
NaCl solution at approximately 14:00, followed by Yoda 
et al. (2006).  Sixteen fish in Group A were kept in a 
1000–L flow–through seawater tank under a natural pho-
toperiod and at water temperatures of 16.7–17.0˚C.  Three 
to five fish were sampled between 15:00 and 8:00 (i.e., 
25 and 42 h post–injection, respectively).  The four fish 
in Group B were kept in a separate 1000–L tank under 
the same conditions.  One to two fish were sampled at 
15:00, 22:00, and 8:00 (25, 32, and 42 h post–injection, 
respectively). 

Ovarian histology
After identifying individuals by the ID number on 

the tag, fish were sacrificed and ovaries were dissected 

out and weighted.  The gonadosomatic index (GSI) was 
defined as GSI=100×(GW/BW), where GW is gonad 
weight.  Small pieces of ovary were fixed in Bouin’s solu-
tion, dehydrated, and embedded in Technovit resin 
(Kulzur, Wehrheim, Germany) for histological study.  For 
light microscopy examination, 3–μm thick sections were 
cut and stained with 1% toluidine blue solution.

Developmental stages of oocytes
 The morphological characteristics of oocytes in 

hCG–stimulated jack mackerel can be classified into five 
stages as follows: (i) late yolk (LY) stage; (ii) germinal 
vesicle migration (GVM) stage; (iii) germinal vesicle 
breakdown (GVBD) stage; (iv) hydration (HY) stage; 
and (v) ovulation (OV) stage.  The ovarian stages were 
represented by the developmental stages of the most 
advanced group of oocytes.  Detailed descriptions are 
given in the Results. 

RESULTS

A total of 16 female jack mackerel (Group A) with 
normally yolked oocytes, as determined by gonadal 
biopsy, and 4 with atretic oocytes (Group B) were 
selected from 125 wild–caught fish that were reared in 
sea pens for about 1 month.  Just prior to injection (0h, 
14:00), females of Group A had oocytes in the LY stage, 
with a central GV and small oil droplets scattered 
throughout the cytoplasm (Fig. 2a).  Fish with GVM–
stage oocytes, where the GV was located between the 
center of the oocyte and the animal pole (Fig. 2c), 
appeared at 25 h post–injection (15:00) (Table 1).  
During the GVM stage, yolk globules at the vegetal pole 
of the cytoplasm began to fuse with each other.  Three 
out of four fish sampled at 32 h post–injection (22:00) 
had oocytes in the GVBD stage, where the nuclear mem-
brane had disappeared and the translucent appearance 
of the oocyte was likely due to the progression of yolk 

Fig. 1.    Photomicrographs of whole oocytes from jack mackerel 
ovaries.  a, oocyte at late yolk (LY) stage in Ringer’s solu-
tion; b, oocyte at LY stage in Sera clearing solution; c, atret-
ic oocyte in Sera clearing solution.GV, germinal vesicle.  

Fig. 2.    Photomicrographs of histological sections of jack mackerel 
oocytes.  a, oocyte at the late yolk stage; b, atretic oocyte 
at the late yolk stage; c, oocyte at the germinal vesicle 
migration stage; d, oocyte at the germinal vesicle break-
down stage; e, fully hydrated oocyte.
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proteolysis (Fig. 2d).  Four out of five fish sampled at 
39 h post–injection (5:00) had oocytes in the HY stage, 
where oocytes were almost transparent without degraded 
GV and all globules were fused to form yolk plates (Fig. 
2e).  One of the five fish sampled at 39 h and all four fish 
sampled at 42 h post–injection (8:00) had OV–stage ova-
ries that contained ovulated eggs. 

GSI values did not change during the GVM (3.83± 
0.51, mean±SEM, n=4) or GVBD (3.21±0.91, n=3) stages; 
however, they increased from the GVBD to HY (5.94± 
1.08, n=4) stages due to hydration. 

In atretic oocytes, the disintegration of the GV mem-
brane and zona radiata occurred, leaving only the follicu-
lar layers (Fig. 2b).  When hCG was injected into Group 
B fish with atretic oocytes (Fig. 2b), oocyte development 
did not occur.  Oocytes sampled at 25, 32, and 42 h post–
injection (15:00, 22:00, and 8:00, respectively) showed 
the same histology and diameters as those sampled just 
prior to injection. 

DISCUSSION

Like the hatchery–reared broodstock of many com-
mercial fish species, female jack mackerel are unable to 
complete their reproductive cycle in captivity (Oka and 
Mori, 2006).  Previous studies in our laboratory on the 
annual reproductive cycles of captive jack mackerel have 
shown that in the majority of females, vitellogenesis does 
not progress normally in land tanks.  Specifically, oocytes 
were in the pre– or early–vitellogenic stages during the 
spawning season, even though the fish were of reproduc-
tive age and mature size and body condition (Nyuji et 
al., 2008).  When adult males were reared in captivity, 
spermatogenesis also did not progress normally, even 
when the histology of the testes showed spermiation.  In 
these males, the GSI were extremely low, and no milt 
was observed after abdominal massage (Nyuji et al., 
2008).  In the present study, wild–caught jack mackerel 
were temporarily reared in sea pens and 16 female fish 
(Group A) had ovaries with normal yolk formation.  Thus, 
the failure of vitellogenesis could have been influenced 
differently by the stress of rearing conditions in jack 
mackerel.  Similar dysfunction of vitellogenesis under cap-
tive conditions has been reported in other carangid fish, 
Mediterranean greater amberjack Seriola dumerili 
(Micale et al., 1999; Mylonas et al., 2004).

In teleost fish, as well as in other vertebrates, ovarian 
development and recrudescence are regulated by pitui-

tary gonadotropins (GtHs), follicle–stimulating hormone 
(FSH), and luteinizing hormone (LH).  In salmonid fish, 
FSH regulates oocyte development (Planas and Swanson, 
2007).  FSH stimulation results in the production of 
estradiol–17β (E2), which in turn stimulates the hepatic 
production of vitellogenin.  After the completion of 
oocyte growth, a surge in LH secretion causes a decrease 
in E2 and a dramatic elevation in maturation–inducing 
hormone (MIH), which induces FOM (Nagahama, 1997; 
Matsuyama, 2007).  The endocrine mechanism that leads 
to the failure of vitellogenesis in captive–reared jack 
mackerel is still unclear.  To establish an experimental 
system for inducing FOM and spawning in captive–
reared jack mackerel, techniques need to be developed 
to promote vitellogenesis based on endocrinological dys-
function mechanisms in the gonadal development of cap-
tive fish.

We measured oocyte diameter and observed the 
absence of GV to select jack mackerel used for inducing 
FOM.  Jack mackerel with oocytes of >500 μm diameter 
were considered suitable females because this size typi-
cally indicates the completion of vitellogenesis (Hotta 
and Nakashima, 1971).  Further, to identify the GV and 
view clear cytoplasm, oocytes were immersed in Sera 
clearing solution (Fig. 1).  When the GV was not observed, 
it raised the possibility of onset of atresia in the oocytes.  
Fish in Group A were selected based on maximum oocyte 
diameter and the identification of a GV.  A single injec-
tion of hCG induced FOM in all fish of Group A, which 
had normally developed and yolk–accumulated oocytes.  
In contrast, the atretic oocytes of Group B fish did not 
respond to hCG injection, even though their diameters 
exceeded >500 μm.  Therefore, the selection of suitable 
fish for the induction of FOM and ovulation by hCG treat-
ment requires visual identification of the GV of biopsied 
oocytes, as well as the measurement of oocyte diameters. 

In this study, we showed the time course of hCG–
induced FOM and ovulation in jack mackerel at water 
temperatures of 16.7–17.0˚C (Fig. 3).  We found that 
GVM, GVBD and ovulation occurred at 25–32 h, 32 h and 
39–42 h post–injection, respectively.  In cultured fish, 
water temperature affects the duration of latency, i.e., 
the time between hormone injection and ovulation/spawn-
ing (Fortuny et al., 1988; Drori et al., 1994).  In general, 
latency is negatively correlated with water temperature.  
Nishida (2006) suggested that the mean water tempera-
ture of jack mackerel spawning around Japan ranged 
from 19˚C to 21˚C.  Therefore, if we inject jack mackerel 

Table 1.  Time course of final oocyte maturation and ovulation of the jack mackerel injected with human 
chorionic gonadotropin (hCG, 500 IU/kg BW) at 14:00 under 16.7-17.0°C in water temperature

Clock time Time after hCG
injection (h) n

Developmental stage of most advanced oocyte

GVM GVBD HY OV

15:00 25 3 3

22:00 32 4 1 3

05:00 39 5 4 1

08:00 42 4 4

GVM, germinal vesicle migration; GVBD, germinal vesicle breakdown; HY, hydration; OV, ovulation.
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with hCG at these temperatures, the time needed for ovu-
lation become less than 42 h post–injection.  Future 
experiments outlining how temperature affects latency 
are necessary.

We could induce FOM and ovulation reliably in the 
fish which has been reared for a month in sea pens after 
fishing.  The temporary rearing of adult fish may be useful 
for avoiding stress caused by fishing or long–term cap-
tivity.  In chub mackerel, we have established the spawn-
ing–induction methods using hCG or GnRHa (Shiraishi 
et al., 2005, 2008; Nyuji et al., 2011) in which female fish 
were selected by the GV confirmation and oocyte diame-
ter like the present study.  Furthermore, spawning fre-
quency in the wild stock of chub mackerel has been esti-
mated based on the postovulatory follicle aging which 
has been analyzed in the tank experiment (Shiraishi et 
al, 2009).  In the present study, time course of FOM and 
ovulation of jack mackerel was clarified.  Detailed spawn-
ing information of jack mackerel, such as spawning fre-
quency, spawning time and batch fecundity, will be 
expected to be clarified in future utilizing the methods 
developed in the present study.
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