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Proteases in male reproductive tract are considered to play key roles in fertilization processes. In contrast to mammals, there are 
limited data concerning crustacean sperm proteases. We previously identified a novel sperm gelatinase (MSG) from Macrobra-
chium rosenbergii that was inhibited by a male reproduction-related Kazal-type protease inhibitor (MRPINK) specifically. In the 
present study, MSG was found to be distributed on the vas deferens and terminal ampullae by Western blot. Immunohistochemi-
cal analyses revealed that MSG was expressed in secretory epithelial cells and sperm distributed mainly at the base zone. RNA 
interference (RNAi) mediated knock-down of MSG resulted in a marked loss of sperm gelatinolytic activity. Taken together, the 
results show that MSG is closely linked to and probably involved in the fertilization process.  
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The involvement of sperm proteases in fertilization pro-
cesses has been demonstrated in mammals, as shown by the 
negative effects of protease inhibitors and knockout of pro-
tease genes on fertilization processes [1]. Many proteases 
involved in fertilization have been highlighted in the well- 
studied mouse model, including acrosin, TESP5/PRSS21 
and plasminogen activator (PA) [2–4]. Acrosin is an acro-
somal serine protease whose loss results in delayed sperm 
penetration of the zona pellucida (ZP) at early stages of in 
vitro fertilization [5]. TESP5/PRSS21 is another mouse 
sperm serine protease, which is localized on the sperm 
membrane as a glycosylphosphatidylinositol (GPI)-an- 
chored protein [3]. The epididymal sperm of mutant male 
mice lacking Prss21 (Prss21–/–) are severely defective in 
their ability to fertilize eggs in vitro [6]. Sperm proteases 

have also been identified in non-mammals, including birds 
[7], fish [8], ascidia [9] and shrimp [10,11]. Spermosin is a 
trypsin-like protease associated with ascidian sperm and 
participates in sperm penetration through the vitelline coat 
during ascidian fertilization [12]. A protease with trypsin-like 
enzymatic activity in sperm extracts of the shrimp Rhyncho-
cinetes typus is also suggested to participate in sperm passage 
through the egg-coat during fertilization [10]. 

Mammalian fertilization involves a complex set of mo-
lecular and cellular events, including sperm penetration of 
the cumulus cells, sperm adhesion to the ZP, the acrosome 
reaction, penetration of acrosome-reacted sperm through the 
ZP, and finally, the fusion of acrosome-reacted sperm with 
the egg plasma membrane, resulting in a fertilized egg 
[13,14]. In contrast to the motile sperm systems of mam-
mals, nonmotile sperm systems in decapod crustaceans, 
such as the crayfish, crab, lobster and prawn are poorly un-
derstood [15]. Furthermore, the fertilization process in deca-
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pods differs markedly from those of motile sperm systems. 
Decapod crustaceans have non-motile sperm with no flagella, 
which prevents them from swimming towards eggs like their 
motile counterparts. A further major difference with respect 
to mammals is that decapod crustacean fertilization occurs 
externally. Thus, it seemed interesting to determine the mo-
lecular mechanisms of fertilization involving proteases and 
protease inhibitors in a non-motile sperm model.  

In our previous report, a male reproduction-related Ka-
zal-type peptidase inhibitor (MRPINK) was isolated from 
the giant freshwater prawn, Macrobrachium rosenbergii 
[16], and was shown to have an inhibitory effect on both the 
gelatinolytic and proteolytic activity of prawn sperm. 
Meantime, it was found that the activity of a novel sperm 
gelatinase (MSG) was blocked by MRPINK specifically 
[11]. Li et al. [11] demonstrated that the MSG gene is ex-
pressed specifically in the prawn male reproductive tract 
(such as testis, vas deferens, and terminal ampullae), where 
it is localized in the secretory epithelial cells of the vas def-
erens and terminal ampullae. 

The present study investigated MSG protein distributions 
in the male reproductive tract and sperm of M. rosenbergii 
and knockdown of the MSG gene was performed by RNA 
interference (RNAi) in vivo. The possible role of MSG in 
crustacean fertilization is discussed. 

1  Materials and methods 

1.1  Animals 

Giant freshwater prawns, M. rosenbergii (body weight from 
20.0 to 35.5 g), were purchased from Yuanpu Prawn Cul-
ture in Hangzhou, China. Prawns were cultured separately 
in aquaria with circulating freshwater at 25C with a light: 
dark artificial photoperiod of 14:10 h per day. Prawns were 
fed twice daily. 

1.2  Antibody preparation 

The cDNA coding for the mature MSG was amplified using 
a pair of primers, MSG-PF (5′-CGCGGATCCGACGAA- 
GACCTTGCTTCCGAA-3′) and MSG-PR (5′-CCGGAA- 
TTCTCACTGCTTCTTCTTGGGACA-3′), with BamH I 
and EcoR I digestion sites, respectively. The cDNA was 
subcloned into the pET-28a(+) (Novagen, Germany) vector 
with a sequence coding for a N-terminal His6-tag. Recom-
binant MSG protein was expressed in E. coli BL21 (DE3) 
and purified using Ni-NTA agarose bead (Qiagen). The anti- 
MSG rabbit polyclonal antibody was raised using the recom-
binant proteins (HuaAn Biotechnology Co. Ltd., Beijing).  

1.3  SDS-PAGE and Western blotting 

Mature male prawns were anesthetized in an ice bath for 
1–2 min before sacrifice. The male reproductive tract, testis, 

vasa deferentia and terminal ampullae were removed and 
snap-frozen in liquid nitrogen and stored at –80C until use. 
Proteins were extracted using protein loading buffer (0.2 
mmol L–1 dithiothreitol, 4% (w/v) SDS, 0.2% (w/v) bro-
mophenol blue, 20% (v/v) glycerol in 0.1 mmol L–1 
Tris-HCl, pH 6.8). Next, 50 g of protein was separated on 
a 12.5% SDS-PAGE gel, and then the proteins were trans-
ferred to a PVDF membrane (Millipore Corporation) for 
Western blotting analysis. Membranes were incubated with 
anti-MSG antibody (1:10000, HuaAn Biotechnology Co. 
Ltd) and anti--tubulin antibody (1:10000, HuaAn Bio-
technology Co. Ltd) overnight at 4C. Immunoreactive 
bands were detected using a BM Chemiluminescence 
Western Blotting Kit (Roche Diagnostics GmbH).  

1.4  Immunohistochemistry 

Tissue slices of vasa deferentia and terminal ampullae were 
prepared from specimens that were snap-frozen in liquid 
nitrogen. After embedded in TissueTek OCT compound 
(Sakura Finetechnical Co. Ltd, Chuo-ku, Tokyo, Japan), 
samples were cut into 8 m-thick sections using a frozen ul-
tramicrotome. Frozen sections were alcohol-gradient dehy-
drated and incubated with goat anti-rabbit IgG (Fc) AP-con- 
jugated secondary antibody (1:250; Promega Corporation). 
Staining was performed with NBT/BCIP solution in dark. 

1.5  Immunolocalization of MSG on sperm 

Spermatophores were extracted from terminal ampullae and 
were fragmented and resuspended in PBS. Suspensions of 
sperm were mounted on glass slides and dried. Then slides 
with samples were fixed in 4% (w/v) paraformaldehyde/ 
PBS for 10 min. After washing, slides were blocked with 
0.5% BSA (w/v)/PBS for 1 h and incubated overnight with 
anti-MSG antibody (1:500) at 4C. The slides were washed 
with 0.1% (v/v) Tween-20/PBS and then were incubated 
with anti-rabbit IgG labeled with Alexa Fluor 488 (1:250; 

Life Biotechnology Co. Ltd, USA) for 30 min at 37C. Slides 
were washed and inspected with a fluorescence microscope 
(Nikon Eclipse TE2000-S; Nikon Instruments Inc.). 

1.6  RNA interference 

Two primers MSG-RNAiF (5′-GCTCTAGACGGTGGAA- 
TCCTCTTGTTT-3′) and MSG-RNAiR (5′-CGGGATCC- 
GGCGTCAATGATGCTTACCA-3′) was designed for the 
preparation of MSG dsRNA. A 350-bp fragment was ampli-
fied by these two primers and then was subcloned into a 
pET-T7 vector using the Xba I and BamH I restriction sites. 
A 359-bp GFP cDNA fragment, which was amplified with 
the primers GFPF (5′-GGAATTCAACTTACCCTTAAT- 
TTTATTTGC-3′) and GFPR (5′-GCTCTAGAGCCATTC- 
TTTGGTTTGTCTC-3′), was used as a negative control. 
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The recombinant plasmids were transformed into Esche-
richia coli HT115 and dsRNAs were produced and purified 
as described by Yodmuang et al. [17]. 

We selected mature male prawns weighing 25–35 g for 
RNAi experiments. Totally 40 M. rosenbergii males were 
selected based on the presence of genital papillae on the 
fifth walking leg. Before injection prawns were acclimated 
in a culture tank for one week. Then, 10 g MSG dsRNA 
(in 2 L 0.9% (w/v) physiological saline) was injected with 
a microinjection needle into each prawn (n = 20) through 
the arthrodial membrane at the base of the fifth walking leg. 
The controls (n = 20) were injected with an equal amount of 
GFP dsRNA. Prawns were cultured in tanks for four weeks 
before testing. 

1.7  Gelatin SDS-PAGE 

A 12.5% SDS-PAGE gel containing 0.1% (w/v) gelatin was 
prepared, according to a previously described method [10]. 
After fragmented and resuspended in PBS, spermatophores 
were sonicated for periods of 3 s on an ice bath for a total of 
10 min. The suspension was then centrifuged at 12000g 
for 10 min at 4C. The supernatant was removed and stored 
at –80C until use. Sperm extracts (20 g) were loaded and 
run at 20 mA under nonreducing conditions at 4C. Fol-
lowing electrophoresis, gels were equilibrated for 1.5 h at 
room temperature in 0.1 mol L–1 Tris-HCl (pH 8.0) con-
taining 2.5% (v/v) Triton X-100. After several washes with 
0.1 mol L–1 Tris-HCl (pH 8.0), gels were incubated for 20 h 
at 37C in the same buffer containing 5 mmol L–1 CaCl2 and 
0.2 mol L–1 NaCl instead of Triton X-100. The gels were 
stained with Coomassie blue. 

1.8  Gelatin substrate film assay 

A gelatin substrate film assay was used to determine the 
gelatinolytic activity of sperm, according to previously de-
scribed methods [18]. Spermatophores from terminal am-
pullae were fragmented to free sperm. Then, 40 L sperm 
suspension was evenly spread on the surface of a gela-
tin-coated glass slide. The slide was allowed to dry in a 
horizontal position at room temperature for 10 min and 
placed horizontally in a humidified box, which was incu-
bated overnight at 37C. After incubation, slide was in-
spected using a phase contrast microscope (Nikon Eclipse 
TE2000-S). 

2  Results 

2.1  Distribution of MSG 

Western blotting was used to determine the distribution of 
MSG protein in the male reproductive tract (Figure 1(A)). It 
was found that MSG was mainly located in the vas deferens  

 

Figure 1  Distribution of MSG protein in the reproductive tract of male M. 
rosenbergii. (A) Diagram of the male reproductive tract. (B) The distribu-
tion of MSG in the three parts of the tract. Equal amounts of tissue protein 
(50 g) were hybridized with anti-MSG antibody. -Tubulin was used as a 
control protein and was detected with anti--Tubulin antibody. (C) Im-
munohistochemical analysis. Cross-sections of vasa deferentia (a) and 
terminal ampullae (b) hybridized with anti-MSG antibody. No binding 
signals were observed in sections incubated without anti-MSG antibody  
(a, b). Scale bar, 50 m. T, testis; VD, vas deferens; TA, terminal ampul-
lae;  E, epithelial cell; SW, spermatophore wall; S, sperm. 

and terminal ampullae but not in the testis (Figure 1(B)). 
Immunohistochemical analysis showed that MSG was lo-
calized in the secretory epithelial cells and sperm from the 
vas deferens and terminal ampullae. No signal was detected 
in the spermatophore wall. And there was also no signal 
observed in control sections incubated without anti-MSG 
antibody (Figure 1(C)). 

2.2  Localization of MSG on sperm 

To further determine the localization of MSG in sperm, 
sperm cells were separated individually from terminal am-
pullae and mounted on glass slides. Mature sperm is com-
posed of a cup-shaped base and a single spike that projects 
from the convex surface of the base [19]. By immunofluo-
rescence analysis, it was found that MSG was mainly lo-
cated on the convex surface of the sperm base and very 
weak signal was also observed on the spike part. The sig-
nals were absent in sperm not incubated with anti-MSG 
antibody (Figure 2). 

2.3  Decreased gelatinalytic activity of MSG RNAi-  
induced prawn sperm 

DsRNA was injected into mature male M. rosenbergii  
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Figure 2  Immunolocalization of MSG on sperm. The immunofluores-
cence signal was visualized on the convex surface of the sperm base as a 
green fluorescent zone (a). No fluorescence was detected on sperm incu-
bated without anti-MSG antibody (b). The corresponding bright field im-
ages of sperm (a, b). Diagram of the sperm in a (boxed, c) and b (boxed, 
d). Note that the spike in (d) is pointing upward. Scale bar, 15 m. 

 
prawns to knockdown the MSG in vivo. To exclude the ef-
fects of non-RNAi-induced spermatophores that might 
originally be present in the terminal ampullae, males were 
mated three to five times with normal females before per-
forming the experiments. It was found that, after RNAi, 
levels of MSG mRNA and protein were both reduced about 
80% when compared with control samples (Figure 3(a) and 
(b)). 

MSG RNAi-induced prawns showed no differences in 
fertility or embryo development compared with GFP 
RNAi-induced ones (data not shown), but the gelatinolytic 
activity of sperm from RNAi-treated prawns was remarka-
blely decreased. Gelatin SDS-PAGE gels and Western blots 
were compared simultaneously to identify the position of  

 

 

Figure 3  Differences between MSG RNAi-induced and GFP RNAi- 
induced sperm extracts. (a) Detection of the relative MSG mRNA levels in 
MSG RNAi-induced and GFP groups. 18S was used as a control. (b) De-
tection of MSG protein levels in RNAi-induced and control groups. 
-tubulin was used as the loading control. (c) Gelatin SDS-PAGE zymo-
graphs. Two major bands are visible in the GFP RNAi-induced sperm 
extract zymograph. MSG is indicated by an arrow. The bands were absent 
in the MSG RNAi-induced sperm extracts. M indicates the size marker. 

the MSG protein. Two major bands were observed on the 
gelatin zymographs at ~18 and 20 kD in control sperm ex-
tracts. These two bands were almost absent in the RNAi- 
induced sperm extraces (Figure 3(c)). The ~20 kD band was 
identified as MSG. An average of 95% of control sperm 
formed gelatin-free halos on the gelatin substrate film, 
whereas no gelatin-free halos were found with the RNAi- 
induced sperm. This result further demonstrated that MSG 
participates in sperm activity during the fertilization process 
(Figure 4). 

3  Discussion 

The presence of proteases involved in the crustacean fertili-
zation process has been described before, but the molecular 
characterization of such proteases has only been reported 
for Macrobrachium rosenbergii [11]. The sperm gelatinase 
MSG was selected for investigation, mainly because its ac-
tivity can be specifically blocked by MRPINK, which is a 
two-domain Kazal-type protease inhibitor found in the male 
reproductive tract. In our previous study, the primary struc-
ture of the MSG transcript and its expression patterns at the 
mRNA level was reported [11]. 

In the present study, MSG was found to be expressed in 
the vas deferens and terminal ampullae, but not in the testis 
(Figure 1(B)). Immunohistochemical analysis further 
showed that MSG was located in the secretory epithelial 
cells and sperm of both the vas deferens and terminal am-
pullae (Figure 1(C)). These results were consistent with 
previous findings, i.e., that (1) MSG mRNA is expressed in 
the vas deferens and terminal ampullae and (2) mRNA sig-
nals are observed only in the secretory epithelial cells of 
these two tissues. It is known that epithelial cells secrete 
plenty of complex regulatory substances into the lumen to 
modify proteins or maintain a specific microenvironment 
for sperm activity [20]. The presence of a 20 amino-acid 
signal peptide in MSG suggests that it is likely to be a se-
creted protein [11]. MSG was detected on sperm at the pro-
tein level by immunohistochemical analysis, which suggests 
that MSG is not an intrinsic sperm protein but instead is 
acquired from secretory epithelial cells during sperm 
transport through the male reproductive tract.  

 

 
Figure 4  The gelatinolytic activity of GFP (a) and MSG (b) RNAi-induced 
sperm on a gelatin substrate slide. (a) Clear gelatin-free halos can be seen 
around the sperm bases. (b) No halos can be seen in RNAi-induced sperm. 
Scale bar, 15 m. 
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The nonflagellated, nonmotile sperm of M. rosenbergii 
are composed of a main body (base) and a single spike ex-
tending from the convex surface of the base [19]. Immuno-
reactivity analysis showed that MSG was mainly localized 
on the base (Figure 2). This situation is analogous to 
MRPINK, which is also distributed on the sperm base [11]. 
MSG is specifically inhibited by MRPINK, which suggests 
that MSG is modulated by MRPINK in the male reproduc-
tive tract of the prawn. 

RNAi was conducted to identify the role of MSG in the 
fertilization process. Sexually mature male prawns were 
subjected to RNAi treatment before each experiment. The 
MSG RNAi-induced male prawns were mated with females 
that subsequently underwent a pre-spawning molt, indicat-
ing that the males were fertile (data not shown). The em-
bryo development of eggs produced by the MSG RNA-  
induced group was not different from that of the GFP group 
(data not shown). However, electrophoresis of sperm extract 
on SDS-PAGE gels containing gelatin showed that the ge-
latinolytic activity of MSG was considerably lower in the 
MSG RNAi-induced sperm than in GFP RNAi-induced 
sperm (Figure 3(c)). The control sperm formed gelatin-free 
halos around their base on gelatin film, whereas no halos 
were found with the MSG RNAi-induced sperm (Figure 4). 
These results clearly show that MSG is responsible for the 
hydrolysis of gelatin by individual sperm. This conclusion 
is supported by the previous studies showing that sperm 
lose the ability to hydrolyze gelatin when pretreated with 
MRPINK [11]. Thus, MSG is involved in the gelatinolytic 
process of prawn sperm. 

Why the fertility of MSG RNAi-induced male prawns 
was unaffected when sperm function was defective in vitro? 
Cesari et al. [21] suggested that turning off a single enzyme 
could lead to its replacement by another enzyme with re-
dundant activity on the mammalian sperm surface. A good 
example is acrosin, which was long believed to participate 
in the limited proteolysis of ZP and thereby in the success-
ful fusion of the sperm and egg. However, acrosin- deficient 
(Acr−/−) male mice are fully fertile, suggesting that acrosin 
is not essential for sperm penetration of the zona pellucida 
or for fertilization [2]. Furthermore, Yamashita et al. [6] and 
Kawano et al. [22] demonstrated that single- knockout mice 
lacking PRSS21 (Prss21−/−) or double- knockout mice 
lacking both ACR and PRSS21 (Acr−/−/ Prss21−/−) had nor-
mal fertility, although many defects in sperm function were 
observed in vitro. Interestingly, the reduced fertility of 
Prss21−/− or Acr−/−/Prss21−/− epididymal sperm could be 
rescued by exposing the sperm to the uterine microenvi-
ronment or by treating the sperm in vitro with uterine fluids. 
Therefore, we speculate that maternal materials secreted by 
female prawns during the spawning process may have 
compensated for the loss of sperm MSG. 

The sperm base first makes contact with the egg invest-
ment layer during the M. rosenbergii sperm-egg interaction, 
but enzymatic digestion is not detected at this stage. Instead, 

some filamentous strands from the sperm seem to be asso-
ciated with the egg investment. After this stage, the spike at 
the base bends to make contact with the egg investment, 
which results in the formation of a lytic breach around the 
tip of the spike. The spike then penetrates the egg invest-
ment as the lytic breach continuously enlarges. Finally, the 
sperm base gains entry into the egg [15]. It has been sug-
gested that an enzyme localized on or in the spike may be 
activated after the base makes contact with the egg invest-
ment and subsequently released to hydrolyze the egg in-
vestment. Based on the current study, it is proposed that 
proteases localized on or in the sperm base (i.e., MSG in 
this study) might be activated by the lytic action of the en-
zyme on the spike tip, which would at least partially facili-
tate the sperm-egg fusion process. 

4  Conclusion 

Overall, the results of this study suggest that MSG is in-
volved in sperm gelatinolytic activity, but it is not essential 
for fertilization or embryo development. Alternatively, ma-
ternal materials may be secreted by female prawns that 
compensate for the loss of MSG. It is also possible that 
MSG is not the key protease involved in the fertilization 
process. If this were the case, the identification and charac-
terization of the actual key enzyme (probably located in the 
spike tip) would provide new insights into the mechanism 
of M. rosenbergii sperm-egg interactions. 
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