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Abstract
Eyestalk ablation (ESA) is commonly used in aquaculture to stimulate ovarian maturation in crustaceans, and methyl farneso-
ate (MF) affects crustacean molting and reproduction. To investigate the physiological effects of ESA and MF treatments on the 
shrimp Litopenaeus vannamei, we compared the effects of single eyestalk removal and MF injections. The ESA group had the 
lowest survival rate (50%), and individuals in the 0.1 µg and 1.0 µg MF-treated groups had survival rates of 80 and 73.3%, respec-
tively. Conversely, molting numbers were highest in the ESA group, and similar to those of the 1.0-µg MF group. To investigate 
shrimp growth, we measured body weight during the experimental period and found that individuals in the ESA and 1.0 µg MF 
groups showed significant increases in body weight. Furthermore, to investigate the effects of ESA and MF treatments on gonadal 
maturation, the gonad somatic index (GSI) was calculated after the experiment. All treated groups (ESA and MF) had higher 
GSI values than the control group, but the ESA and 1.0 µg MF groups were not significantly different. Using histological ovary 
analysis, we determined that all treated groups showed indications of the previtellogenic stage, unlike the control group (immature 
stage). These results suggest that the high-MF-concentration treatment produced effects similar to those of ESA with respect to 
molting number, growth, and ovarian maturation.
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Introduction

Manipulating reproduction is a major challenge in crus-
tacean aquaculture. Single-eyestalk ablation (ESA) is cur-
rently the only strategy used to induce gonad development 
and spawning in crustacean aquaculture farms (Choy, 1987; 
Emmerson, 1980), and is based on the hormonal physiology 
of decapod crustaceans. Molting and reproduction are regu-
lated mainly by ecdysteroids, especially 20-hydroxyecdysone 
(20E), which is produced by the Y-organ (Nakatsuji et al., 
2009). The eyestalk ganglia contain the X-organ/sinus gland 
(XO-SG) complex, which produces a molt-inhibiting hor-
mone (MIH). As a member of the crustacean hyperglycemic 
hormone (CHH) subfamily II, the MIH peptide hormone acts 

on the Y-organ, suppressing 20E synthesis (Covi et al., 2009; 
Nakatsuji et al., 2009; Mykles, 2011; Nagaraju, 2011). As the 
result of ESA, inhibitory factors, including MIH, are removed, 
increasing 20E production and up-regulating its physiological 
response. Although ESA is an effective strategy for inducing 
maturation, the high death rates following surgical proce-
dures, and lower healthy seed ratios, remain major problems 
(Emmerson, 1980; Choy, 1987); thus, a better strategy must 
be developed.  

Methyl farnesoate (MF) is a sesquiterpenoid compound 
found in decapod crustaceans, and is structurally similar to the 
juvenile hormone (JH) of insects. However, MF differs from 
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(700 L/m3) of seawater, with circulating aeration. Temperature 
(28 ± 0.5°C) was maintained with a thermostat (Ami Co., Ko-
rea), and salt concentration (34 ± 1 psu) was adjusted using 
distilled water or filtered seawater daily, without exchanging 
water. To remove nitrogenous compounds, SRO-500EXT 
skimmer (REEF OCTOPUS, Shanghai ,China) was used for 
water circulation. The laboratory photoperiod was kept at 10-h 
light:14-h dark. Animals were fed a frozen diet composed of 
50% polychaete worms and 50% squid once daily, which ac-
counted for a total of 5% of the animals’ wet weight biomass, 
adjusted daily. Feces and unconsumed feed were removed 
from the tanks daily. 

MF treatment and biological measurement 

We produced a stock solution of MF (Echelon Bioscienc-
es, Salt Lake City, UT, USA), following Nagaraju and Borst 
(2008). The solution was aliquoted and stored at –20˚C before 
use. Sixty immature adult shrimp (body weight [BW] 21.22 ± 
1.48 g, mean ± SD) were divided randomly into four groups 
(15 individuals per group): control, ESA, 0.1-µg MF, and 1.0-
µg MF. Eyestalks were removed and wounds were cauterized 
to minimize hemolymph loss, as described by Salma et al. 
(2012). The MF solutions were injected into shrimp on days 
1, 8, 15, 22, and 29. To calculate survival rate, we removed 
dead individuals from each experimental group, and to calcu-
late molt frequency, we removed molted shells from tanks, on 
a daily basis. 

After 31 days of culture, individuals in each group were 
dissected immediately following BW measurement. Survival 
rate was calculated as the final number of live shrimp × 100/
the initial number of shrimp. The BW gain was calculated by 
comparing the final and initial BWs of individuals. To investi-
gate maturation, we calculated the GSI, as follows. The repro-
ductive organs (ovaries) in the cephalothorax were dissected, 
following Bell and Lightner (1988), and wet weights were 
recorded. The GSI was calculated using the standard formula:

Gonadosomatic index = × 100
Wet weight of the gonad (g)

Wet weight of the body (g)

Histological analysis

To understand maturation stages, three gonads from each 
group were subjected to histological analysis. The dissected 
gonads were fixed in Bouin’s fixative for 1 day and washed in 
running tap water. After washing, the samples were dehydrat-
ed in a gradient alcohol series, and embedded in paraffin. The 
paraffin blocks were trimmed and then sectioned (5 µm) with 
a microtome. Sections were stained with Harris’ hematoxylin 
and eosin, and mounted on a slide using marynol (Muto Pure 
Chemicals Co., Tokyo, Japan). The developmental stage was 
divided into the following four categories, following Tinikul 
et al. (2011): 1) early previtellogenic oocytes, 2) late previtel-

juvenile hormone (JH III) in containing an epoxide moiety at 
the terminal end (Fig. 1). Crustaceans appear to lack epoxi-
dase and S-adenosyl-methionine-dependent methyltransfer-
ase, which convert farnesoic acid (FA) to JH III (Hui et al., 
2010). Therefore, crustaceans lack JH III, and MF is the end 
product of sesquiterpenoid biosynthesis. In insects, JH III is 
the major hormone related to metamorphosis, gonad matura-
tion, and molting (Belles et al., 2005; Tsubota et al., 2010). 
Since its discovery in the mandibular organ (MO) in crusta-
ceans ~25 years ago, research has accumulated and authors 
have proposed that MF acts as a crustacean hormone (Borst 
et al., 1987; Laufer et al., 1987; Nagaraju, 2007). The major 
production site for MF is MO, and its biosynthesis is nega-
tively controlled by the mandibular organ-inhibiting hormone 
(MOIH), secreted from the XO-SG complex at the terminal 
end of the eyestalk (Borst et al., 2001; Nagaraju et al., 2003, 
2005). The MOIH peptide hormone suppresses the production 
of MF. 

Previous studies have suggested that MF treatment results 
in a physiological response similar to that to 20E in decapod 
crustaceans. Several studies showed that MF stimulates go-
nadal development in crustaceans (Wainwright et al., 1996; 
Homola and Chang, 1997; Borst et al., 2002; Nagaraju, 2007). 
In addition, MF treatment causes molt acceleration in several 
crustacean species, such as the crayfish Procambarus clarkii 
(Laufer et al., 2005) and the freshwater crab Oziotelphusa 
senex senex (Reddy et al., 2004). However, the effects varied 
among species, and no consensus has yet been reached. 

The main goal of this study was to compare the chronic 
effects of MF treatment and ESA on the growth and ovarian 
maturation of the shrimp Litopenaeus vannamei. We evaluated 
molt frequency, growth rate, and gonadosomatic index (GSI) 
index after injection of 0.1- and 1.0-µg MF and unilateral ESA 
for 1 month. Histological analysis was also performed to com-
pare the reproductive stages in the experimental groups.

Materials and Methods

Animals

Live Litopenaeus vannamei individuals were purchased 
from a local market in Busan, South Korea. Before the ex-
periment, shrimp were acclimatized for 1 week in plastic tanks 

Fig. 1. Chemical structures of methyl farnesoate (MF) and juvenile 
hormone III (JH III).
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2005). Additionally, MF injection accelerated molting in both 
female and male crabs, Oziotelphusa senex senex (Reddy et 
al., 2004). Finally, Abdu et al. (2001) found that feeding Ch-
erax quadricarinatus females MF also increased molting fre-
quency (Abdu et al., 2001). Although the precise mechanism 
is unknown, these findings support the association of MF with 
crustacean molting.

Finally, we evaluated BW gain during the experimental pe-
riod (Fig. 2). Final BWs in the 1.0-µg MF and ESA groups 
were significantly different from the initial values (P < 0.01). 
There was no significant difference in BW between the 0.1-µg 
MF and control groups. The increased growth in the 1.0-µg 
MF and ESA groups may have resulted from the higher fre-
quency of molting. As in other arthropods, growth in decapods 
is discontinuous and the greatest weight gain accompanies 
molting (Hiatt, 1948; Kurata, 1953).

Effect of treatments on ovarian maturation

To understand the effects of MF on maturation, GSI indices 
were calculated 31 days after treatment (Fig. 3). All experi-

logenic oocytes, 3) early vitellogenic oocytes, and 4) mature 
oocytes.

Statistical analysis 

For statistical analysis, we used Student’s t-test (α = 0.05), 
in SigmaPlot, version 10.1. 

Results and Discussion

Effects of treatments on survival rate, molting 
and growth

To investigate the effects of ESA and MF treatments, sur-
vival rate and molt frequency were calculated after 31 days 
of culture (Table 1). Survival rate was highest in the control 
group (90%), followed by MF-treated groups (73.3% for 1.0 
µg and 80% for 0.1 µg). The highest mortality occurred in 
the ESA group (50%), in which six individuals died within 
24 h, supporting the notion that physical amputation is a di-
rect cause of death. Although ESA is commonly used for 
ovarian maturation (Browdy, 1992), it has negative effects on 
survival. Unilateral ESA is an accepted alternative method of 
improving survival rates (Ponnuchamy et al., 1981), but rates 
vary among species; e.g., Panulirus ornatus (Juinio-Meñez 
and Ruinata, 1996), Penaeus monodon (Santiago, 1977), and 
Penaeus japonicas (Yano, 1984). This variation may have 
arisen from species-specific characteristics or the skill levels 
of experimenters in performing ESA. In this study, injections 
of MF resulted in higher survival rates than ESA, suggesting 
that MF injection is relatively safer. 

 Individuals in the ESA group showed the highest rate of 
molting, almost double that of the control group (Table 1). 
Groups treated with MF had a higher frequency of molting 
than did the control group, and shrimp treated with 1.0 µg of 
MF showed a frequency of molting similar to that of the ESA 
group, indicating that MF injection facilitates molting, similar 
to the effects of ESA. Several previous studies have proposed 
that MF is associated with crustacean molting. For example, in 
Procambarus clarkia, the MF concentration increased during 
the pre-molt stage and decreased during the post-molt stage, 
similar to the ecdysteroid concentration pattern (Laufer et al., 

Table 1. Effects of MF and unilateral ESA on survival and molting of 
Litopenaeus vannamei

Group No. Total  
mortality

Survival 
rate (%)

No.of 
molting

Control 10 1 90.0 14
0.1 µg 15 4 73.3 19
1.0 µg 15 3 80.0 23
ESA 20          10            50 26

MF, methyl farnesoate; ESA, eyestalk ablation.

Fig. 2.  Change of wet body weights by methyl farnesoate (MF) 
treatment and unilateral eyestalk ablation (ESA). White and black circle 
represent initial weight and final weight, respectively. Two asterisks (**) 
are shown for the statistical difference (P < 0.01).
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Fig. 3. Comparison of gonadosomatic indices (GSIs) in response to 
methyl farnesoate (MF) injection and unilateral eyestalk ablation (ESA). 
Statistical significance in each group was shown alphabetically (P < 0.05).
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to the levels induced by ESA.
Histological analysis also indicated that both MF injec-

tion and ESA facilitated ovarian maturation (Fig. 4). Unlike 
in the control group (immature stage), characteristics repre-
sentative of the previtellogenic stage, with oocytes containing 

mental groups had higher GSI values than the control group. 
The 1.0 µg MF group (0.33 ± 0.08) had GSI values three-
fold greater than the 0.1 µg MF group (0.10 ± 0.03), and was 
not significantly different from the ESA group (0.36 ± 0.14). 
Therefore, a high level of MF can induce ovarian maturation 

Table 2. Effects of methyl farnesoate on crustacean reproduction

        Species name Study Response                  References
Cherax quadricarinatus In vivo NE Abdu et al., 2001
Homarus americanus In vivo + Borst et al., 1987

In vivo NE Tsukimura et al., 1993
Libinia emarginata In vivo + Jo et al., 1999
Litopenaeus vannamei In vitro +

In vivo + Present study; unpublished data
Macrobrachium malcolmsonii In vivo + Nagaraju et al., 2003
Macrobrachium rosenbergii In vivo NE Wilder et al., 1994
Oziotelphusa senex senex In vitro +

Nagaraju, 2003
In vivo +

Penaeus indicus In vivo + Nagaraju et al., 2002
Penaeus monodon In vivo – Marsden et al., 2008
Procambarus clarkii In vitro + Rodríguez et al., 2002

In vivo +
Sicyonia ingentis In vivo + Paran et al., 2010
Triops longicaudatus (adults) In vitro NE Riley and Tsukimura, 1998
T. longicaudatus (juveniles) In vivo – Tsukimura et al., 2006

+, gonad stimulation; –, gonad inhibition; NE, no effect.

Fig. 4. Histology of ovaries 31 days after methyl farnesoate (MF) and eyestalk ablation  treatment. Each ovary was stained with H&E, and observed in light 
microscope(ⅹ100). (A) Control female; (B) 0.1 µg MF treated female; (C) 1.0 µg MF treated female; (D) unilaterally eyestalk ablated female.
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growth in L. emarginata. 
In conclusion, the high-dose MF treatment (1.0 µg) stimu-

lated molting, growth, and ovarian maturation in L. vanna-
mei, effects similar to those of ESA. The similar physiological 
effects of MF and ESA have raised questions in the field of 
crustacean reproductive endocrinology. Therefore, further re-
search addressing the cooperative or synergic effects of MF 
and 20E on growth and reproduction is important for our un-
derstanding of crustacean reproductive endocrinology.
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