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the study investigated the effects of environmental factors (salinity, pH, ions and activation media) on 
sperm motility (activation rate, duration of quick movement, and lifespan) and fertilization rate of 
Phascolosoma esculenta. the results showed that spermatozoa in the coelom and nephridium are able to 
move quickly. the optimal salinity was 14.64 to 43.35 and the optimal pH was 6.46 to 9.53 for sperm 
activation and motility, whereas the ranges for fertilization were narrower (18.56 to 30.3 for salinity and 
6.46 to 8.61 for pH). of the ions studied, na+ was indispensable for sperm motility and fertilization, and 
ca2+ and mg2+ were necessary for fertilization. P. esculenta sperm could not fertilize eggs and have short 
lifespans in 200 to 600 mmol/l nacl and Kcl solutions. furthermore, they could not be activated or 
move in 200 to 600 mmol/l cacl2, mgso4, and sucrose solutions.
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introdUction

sperm motility and fertilization rate are often used to assess gamete quality. of stud-
ies on the sperm motility of aquatic animals, the majority have been on fish [5, 9, 13] 
and shellfish [4, 16, 19, 24]. The sipuncula Phascolosoma esculenta is an important 
commercial species in china and has a unique mode of reproduction. its sperm and 
eggs are collected in the nephridia after their maturation in the coelom. mature gam-
etes are released from the body to be fertilized. previous studies indicate that the 
relatively large number of mitochondria in the middle of spermatozoon (6–7) make it 
possible for sperm to perform long-term movement in sub-optimal environments, so 
that fertilization can be realized [23]. The spermatogenesis and sperm morphology 
[14], oogenesis and oocyte morphology [6, 21], fertilization cytology [22], and 
embryonic and larval development of this species have been studied [10]; however, 
there are no data on sperm motility and fertilization rate of P. esculenta. 

In this paper, we evaluated the influence of salinity, pH, ion availability, and activa-
tion media on sperm motility and fertilization rate of P. esculenta. We also compared 

 * Corresponding authors; e-mail addresses: jinchunhua@nbu.edu.cn; zhujunquan@nbu.edu.cn
**these authors contributed equally to this work.



environmental factors affect sperm motility of peanut worm 275

Acta Biologica Hungarica 65, 2014

our in vitro fertilization results with similar studies on sperm motility in other aquat-
ic animals and discuss the adaptations of P. esculenta sperm. our work was con-
ducted to provide a basis for further studies on the mechanisms of sperm movement 
and fertilization and on the cryopreservation of P. esculenta sperm. our conclusions 
can be used for reference when choosing the appropriate environmental conditions 
for artificial spawning and insemination and for cultivating high quality sperm.

matErials and mEtHods

experimental animals

Phascolosoma esculenta (2 to 3 g each) were collected from an aquaculture farm in 
Wenling, taizhou, zhejiang province in august 2011. 

experimental design

environmental factors applied

salinity gradiEnt
a salinity gradient (5.51, 9.42, 14.64, 18.56, 25.08, 30.30, 35.52, 38.13, 43.35, and 
45.96) was established by adding sea salt or distilled water to natural seawater (tem-
perature 30–31 °c, salinity 18.56, pH 8.2). salinity was measured using a refractom-
eter.

pH gradiEnt
a pH gradient (3.56, 3.98, 4.48, 4.93, 5.46, 5.95, 6.46, 7.02, 7.56, 8.16, 8.61, 9.05, 
9.53, 10.00, and 10.11) was established by adding 1 mol/l Hcl or 1 mol/l naoH to 
natural seawater. pH was measured using a pHs-25 digital pH meter.

artificial sEaWatEr prEparation 
Artificial seawater was modified from the formula of Morisawa (19.29 g NaCl, 0.51 
g Kcl, 0.84 g cacl2, 4.24 g mgso4, and 0.12 g naHco3 in 1000 ml artificial seawa-
ter) [13]. Each type of artificial seawater lacked one or two metal ions so that the 
effect of ion availability on sperm motility could be investigated (table 1). 

activation mEdia (nacl, Kcl, cacl2, mgso4, and sUcrosE solUtion) 
prEparation
the gradient of activation media (200, 300, 400, 500, and 600 mmol/l) was estab-
lished by adding different activation media to distilled water.

all chemicals were analytical reagent grade and were weighed using a precision 
electronic balance.
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Gamete collection
 
sexually mature P. esculenta species were selected, washed with filtered seawater, 
and laid on a sieve for drying in the shade in a ventilated room. after several hours, 
dry P. esculenta were placed in a seeding pond containing filtered seawater (tempera-
ture 30–31 °c, salinity 18.56, pH 8.2) and were induced to spawn by stimulation with 
flowing water. Once some of the individuals began to spawn, P. esculenta species 
filled with sperm or eggs were selected and dissected. The gametes obtained were 
immediately moved to petri dishes placed on ice bath.
 
 
measurement of sperm motility
 
sperm density was measured using a blood count board and egg density was meas-
ured using a 1 ml zooplankton count box.

one microliter of semen was injected into a 1.5 ml centrifuge tube containing  
1 ml experimental solution (i.e., a solution with different salinity, pH, ions, or activa-
tion media) and mixed. the activation rate, duration of quick movement, and lifespan 
of the sperm were measured at ×400 magnification using a light microscope [7, 11]. 
the activation rate of the sperm was determined as the percentage of motile sperm in 
a given field of vision under a light microscope. The duration of quick movement of 
sperm was the time from activation until the time when 90% of the sperm showed 
slower movement. the lifespan of the sperm was the time from activation until the 
time when 90% of the sperm stopped moving. We took samples from each experi-
mental solution every 1 to 2 min and measured the indexes under a light microscope. 
the salinity or pH of experimental solutions was measured every hour. if salinity or 
pH differed from the original value, the solution was adjusted to the original value. 
Each experimental solution was tested in triplicate.

table 1
Different ion concentrations of artificial seawater (ASW)

name formula

ca2+-free asW cacl2 was replaced with the same amount of nacl in asW

mg2+-free asW mgcl2 was replaced with the same amount of nacl in asW

na+-free asW nacl and naHco3 were replaced with the same amount of Kcl in asW

K+-free asW Kcl was replaced with the same amount of nacl in asW

so4
2--free asW mgso4 was replaced with the same amount of mgcl2 in asW

(mg2+, ca2+)-free asW mgso4 and cacl2 were replaced with the same amount of nacl in asW

(K+, mg2+)-free asW Kcl and mgcl2 were replaced with the same amount of nacl in asW

(K+, ca2+)-free asW Kcl and cacl2 were replaced with the same amount of nacl in asW
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Determination of fertilization rate
 
the sperm was diluted 1000 times using the appropriate experimental solution, then 
sperm and eggs (50:1) were added to a 500 ml beaker containing 300 ml experimen-
tal solution (approximate egg density = 50 eggs/ml). Eight minutes later, fertilized 
eggs were filtered, rinsed, and added to another beaker containing 300 mL experimen-
tal solution. the fertilization rate was measured in a random sample of 300 eggs after 
3 h. fertilization rate (%) = cleavage number/egg number ×100%.
 
 
statistical analysis
 
all tests were replicated at least three times. microsoft Excel and spss 13.0 were 
used for statistical analyses. data were analyzed using a one-way analysis of variance 
(ANOVA) and significant differences were analyzed using the least-significant differ-
ence (LSD) multiple comparison method. The difference was considered significant 
at P < 0.05. all the data are presented as the means ± sd.

rEsUlts

characteristics of gametes in nephridia

Sperm density in semen and egg density in egg fluid were 5.68 ± 0.15 × 109/ml and 
2.97 ± 0.05 × 105/ml, respectively. after semen was activated by natural seawater, 
sperm immediately began moving. activation rate, duration of quick movement, and 
lifespan of the sperm were 100%, 12.60 ± 0.36 h, and 17.17 ± 0.76 h, respectively.

sperm that had been stored for 5 h in petri dishes in an ice bath were activated by 
natural seawater. the activation rate, duration of quick movement, and lifespan of 
these sperm were 99.33 ± 0.58%, 12.00 ± 1.23 h, and 16.96 ± 1.58 h, respectively. 
There was no significant difference in mobility between fresh and frozen sperm 
(P > 0.05). Eggs maintained in petri dishes in an ice bath for 2 h before fertilization 
had a fertilization rate close to 100%.

effect of salinity on sperm motility and fertilization rate

as shown in fig. 1, the activation rate, duration of quick movement, and lifespan of 
sperm were all more than 93.33%, 8.66 h, and 13.66 h, respectively, when salinity 
ranged from 14.64 to 43.35. There were no significant differences in activation rate 
or lifespan among groups when salinity ranged from 14.64 to 35.52 (P > 0.05). the 
sperm had the longest duration of quick movement when salinity ranged from 18.56 
to 25.08 (≥11.50 h). However, sperm motility declined significantly when the salinity 
was <14.64 or >43.35. 
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gametes had higher fertilization rates (>93.33%) when salinity ranged from 18.56 
to 30.3. When salinity was 35.52, the fertilization rate declined slightly to 
88.67 ± 2.08%. However, it declined significantly when salinity was <18.56 or 
>35.52. When salinity was 9.42, the cytoplasm of the eggs expanded in volume and 
the perivitelline space decreased significantly. When the salinity was 43.35, the cyto-
plasm of the eggs decreased in volume, the perivitelline space increased significantly, 
and fertilization did not occur.

effect of pH on sperm motility and fertilization rate

activation rates were >95.33% for all groups when pH ranged from 6.46 to 9.53. 
sperm had the longest duration of quick movement (12.83 ± 0.88 h) and lifespan 
(16.75 ± 0.90 h) at pH 8.16. However, when pH was <6.46 or >9.53, sperm motility 
declined significantly. The duration of quick movement at higher pH values declined 
more than that at lower pH values. although most sperm (82.00 ± 2.65%) were acti-
vated when pH was 10.00, sperm lifespan declined significantly (Fig. 2).

fertilization rates were higher (>95.33%) among all groups when pH ranged from 
6.46 to 8.61. The fertilization rate declined significantly (P < 0.05) when pH was 9.05 
or 9.53, although the fertilization rate was ≥75.00%. Eggs were not fertilized when 
pH was >9.53 or <5.95.

Fig. 1. Effect of salinity on sperm motility and fertilization rate of Phascolosoma esculenta. the 18.56 
salinity group is the control group. “+”, “*”, “#”, and “^” denote a significant difference in activation rate, 

duration of quick movement, lifespan, and fertilization rate, respectively, from the control
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Effect of series of artificial seawaters on sperm motility  
and fertilization rate

There were no significant differences in activation rate obtained in artificial seawater 
and natural seawater at 30–31 °c (P > 0.05). the duration of quick movement and 
lifespan of sperm declined significantly in Na+-free, (mg2+, ca2+)-free, and (K+, 
mg2+)-free artificial seawater compared to natural seawater (P < 0.05) (table 2). 
There were no significant differences between the remaining artificial seawater 
groups and natural seawater (P > 0.05) (table 2).

There were no significant differences in fertilization rate obtained in artificial sea-
water and natural seawater (P > 0.05). The fertilization rate declined significantly in 
mg2+-free, K+-free, and so4

2–-free artificial seawater. The egg membrane dissolved 
in mg2+-free artificial seawater. The eggs were not fertilized in Ca2+-free or na+-free 
artificial seawater.

effect of different activation media on sperm motility  
and fertilization rate

the sperm had high activation rates (>90.66%) but their lifespan was relatively short 
(not more than 20 min) in 300–500 mmol/l nacl solution at 30–31 °c. at 200 
mmol/l or 600 mmol/l nacl, the sperm had poor motility, which was manifested in 
local rotatory movement (fig. 3).

 
table 2

Effect of artificial seawater on sperm motility and fertilization rate
of Phascolosoma esculenta

name activation rate/% duration of quick 
movement/h lifespan/h fertilization rate/%

natural seawater 100 12.67±0.31 17.5±1.32 97±2.65
asW 98±2 12.37±0.71 16.5±0.5 97.1±1.01
ca2+-free asW 95.33±2.52 12.17±0.76 16.67±0.81 0^
mg2+-free asW 96±2 11.83±1.61 17.05±1.26 12.43±2.5^
na+-free asW 95.30±2.64 0.25±0.05* 0.57±0.12# 0^
K+-free asW 95.67±2.08 12.37±1.53 16.84±0.81 71.13±3.56^
so4

2--free asW 94.33±4.04 12.27±0.76 16.53±0.76 79.63±3.19^
(mg2+, ca2+)-free asW 96±2 0.13±0.03* 0.42±0.10# 0^
(K+, mg2+)-free asW 94±3.61 0.47±0.06* 1.03±0.25# 2±1^
(K+, ca2+)-free asW 95.56±3.2 12.05±1.35 16.05±1.76 0^

Note: The natural seawater group is the control. “+”, “*”, “#”, and “^” denote a significant difference 
in activation rate, duration of quick movement, lifespan, and fertilization rate, respectively, from the 
control.
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the activation rate and lifespan of sperm were 94.33 ± 2.52% and 13.32 ± 1.14 
min, respectively, at 30–31 °c in 200 mmol/l Kcl solution. When the Kcl concentra-
tion was above 200 mmol/L, the sperm had poor motility and had significantly lower 
activation rates and lifespans (fig. 4).

the sperm did not move in 200–600 mmol/l cacl2, mgso4, or sucrose solution 
at 30–31 °c. the eggs were not fertilized in 200–600 mmol/l nacl, Kcl, cacl2, 
mgso4, or sucrose solution.

Fig. 3. Effect of nacl solution on sperm motility and fertilization rate of Phascolosoma esculenta

Fig. 4. Effect of Kcl solution on sperm motility and fertilization rate of Phascolosoma esculenta
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discUssion

the reproductive mode of sipunculans is unique because the differentiation of sper-
matids into sperm occurs in a sperm cell mass in the coelomic fluid. Mature sperm 
are discharged into nephridia and are eventually released from the body [15]. Free 
sperm from the coelom and nephridia of P. esculenta [23] can move quickly after 
direct extraction. P. esculenta is a poikilosmotic species in which the osmotic pres-
sure of sperm is similar to that of the external environment. therefore, the sperm 
lifespan is very long in natural seawater.

P. esculenta live in tidal flats of intertidal zones where the salinity fluctuates. The 
adaptive salinity range of P. esculenta sperm is wider than that of other species, such 
as tegillarca granosa, which inhabits the same environment as P. esculenta and has 
a salinity range of 15 to 35 for its sperm [24], and Pinctada fucata and Pinctada 
margaritifera, which inhabit the open sea and have a salinity range of 25 to 35 for 
their sperm [4, 20]. These results suggest that P. esculenta sperm are well adapted to 
the intertidal zone environment. 

P. esculenta eggs underwent morphologic changes when salinity was 14.64 or 
43.35. However, the sperm of P. esculenta had high motility at these two salinities, 
which indicates that sperm can function in a wider salinity range than eggs. 

P. esculenta sperm had high motility from pH 6.46 to 9.53 and had higher motility 
in alkaline environments than in acidic environments, which is similar to tegillarca 
granosa sperm [24]. These results show the adaptive potential of sperm to pH fluc-
tuations in the intertidal zone.

fertilization occurred between pH 6.46 and pH 8.61, whereas sperm activation 
occurred between pH 6.46 and pH 9.53. this demonstrates that sperm adaptability to 
alkaline environments is higher than that of the eggs. sperm could not fertilize the 
eggs when the pH was too low or too high, as similarly reported for Haliotis discus 
and crossastrea gigas [12].

na+, K+, ca2+ and mg2+ are the main cations in aquatic environments that affect the 
sperm motility of aquatic invertebrates and fishes [1, 2, 17, 19]. In this study, the 
duration of P. esculenta sperm movement declined significantly in Na+-free artificial 
seawater compared to natural seawater. this did not occur in K+-free, ca2+-free, or 
mg2+-free artificial seawater, which demonstrated that Na+ is required for sperm 
motility in this species. If the artificial seawater lacked Ca2+ and mg2+ or K+ and 
mg2+, the duration of sperm movement declined significantly. However, if the artifi-
cial seawater lacked K+ and ca2+, the duration of sperm movement increased signifi-
cantly.

previous studies have demonstrated that ca2+ plays an important, even essential, 
role in animal fertilization [3]. The fertilization rate of H. discus declined signifi-
cantly and fertilization of c. gigas did not occur in ca2+-free artificial seawater [12]. 
We obtained similar results in this study. P. esculenta sperm could not fertilize the 
eggs but they had motility in ca2+-free artificial seawater. This suggests that Ca2+ is 
necessary for fertilization but not sperm motility in P. esculenta. the fertilization rate 
of P. esculenta was lower and the egg membrane dissolved in mg2+-free artificial 
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seawater when compared to that in natural seawater. similar results were observed in 
c. gigas, except that the egg membrane was normal. a point worth emphasizing is 
that very high concentrations of ca2+ or mg2+ caused severe reductions in the fertili-
zation rate of misgurnus anguillicaudatus [18]. Na+ is indispensable and K+ and 
so4

2– are important for fertilization in P. esculenta.
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