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Abstract: The effects of water temperature on egg laying and hatching in vitro were investigated, and egg laying

and development in vivo at 20°C were also characterised. The results indicated a positive correlation between mean

egg production and temperature in vitro, and the mean egg production was 5.9, 9.1, 9.2 and 13.4 eggs/worm at 10,

20, 30 and 35°C, respectively. Except 4°C, majority of the eggs were laid during the first 5h. However, egg laying

of the mature worms was continuous and uniform, with a mean 6.5 eggs/worm at 20°C per day. Although the
hatching time and the duration of hatching declined with increasing temperature, with 19d, 3d, 2d, 36h and 24d, 5d,
5d, 3d at 10°C, 20°C, 30°C and 35°C, respectively, the highest hatching success was observed at 30°C. Ninety
percent of worms reached maturity within 7 days post-infection when exposed to 20°C. The life-cycle of D. vas-
tator from egg to sexual maturity lasted for 8 to 11 days which indicated that a second treatment should be admi-

nistered a week later at 20°C.
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Fish diseases caused by monogenean parasites arise
due to intensive farming practices and the deteriora-
tion of water quality, and are among the most serious
parasitic diseases in aquaculture "%, The symptoms
of infected fish by gill monogeneans included in-
flamed gills, excessive mucous secretions, and ele-
vated respiration rate !, Common carp (Cyprinus
carpio carpio Linnaeus, 1758) and crucian carp (Car-
assius auratus Linnaeus, 1758) are farmed extensively
in China, and are generally infected by an important
monogenean gill parasite, Dactylogyrus vastator Ny-
belin, 1924. Infection with D. vastator has resulted in
serious economic losses to the aquaculture industry of
common carp and crucian carp in China 3,

Various parasiticides, including formalin ", tri-
chlorfon ), praziquantel ' and mebendazole ! have
been used to control the parasite. However, monoge-
nean eggs are relatively resistant to physical and
chemical treatment '® ' ' Their survival and the
subsequent propagation of a new generation of worms
could lead to the rapid evolution of drug resistance %!,
For this reason, getting insight into the life-cycle of D.

(6]
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vastator was vital to formulate effective strategies to
manage and control parasite populations.

Water temperature are one of important environ-
mental factors to influence the life cycle of monoge-
neans [*~°1. Previous studies have shown that the
development of Benedenia seriolae, Zeuxapta seriolae,
Neoheterobothrium hirame and Neobenedenia girellae
from egg to sexual maturity is strongly affected by
temperature !''*! In addition, egg hatching and the
maturation of larval D. vastator are also shown to be
temperature-dependent under a temperature range of
4°C to 28°C ' 2% To date, however, the effects of
temperature on egg laying and hatching success in D.
vastator have not been investigated in China. In addi-
tion, ambient temperature in the subtropics of Central
China where carp are farmed is usually above 30°C
during summer. The life-cycle of D. vastator in the
subtropical belt is expected to be different from that in
the subfrigid zone, yet the effects of higher tempera-
tures on the life-cycle of D. vastator remain unknown.
Accordingly, in this study, the effects of temperatures
ranging from 4°C to 35°C on egg laying and egg
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hatching were investigated in D. vastator in vitro. In
addition, the egg laying and the developmental period
from oncomiracidia to sexual maturity at 20°C were
characterised in vivo.

1 Materials and Methods

1.1 Collection of Dactylogyrus vastator

Goldfish (Carassius auratus Linnacus, 1758) in-
fected with Dactylogyrus spp. were obtained from a
farmer and reared in a 40 L glass tank in the laboratory,
each tank with 40 goldfish. The fish were feed per day,
and 1/3 of the cultured water was changed every 2
days. To increase the sample of goldfish infected with
D. vastator, the infected goldfish were stocked at a
ratio of 20% to newly purchased, uninfected goldfish
in 120 L tanks for a minimum of 1 mo (50 fish per
tank). The water temperature was maintained at
around 20°C and the fish were fed daily on commer-
cial pellet feed.

Subsequently, the gills of the goldfish were re-
moved and examined for infection with Dactylogyrus
spp. under a stereomicroscope (XTB-1, Shanghai
Zhaoyi Photoelectric Co., LTD.). All identified Dac-
tylogyrus spp. were collected from the gills using fine
needles and placed in 24-well culture plates. Only
active parasites were selected for experiments. Dac-
tylogyrus vastator parasites were identified by the
morphological features of the anchor hook and copu-
latory organ using a biological microscope (Nikon
E200, Japan) 2",

1.2 The effect of water temperature on egg laying
in vitro

Each adult D. vastator was randomly allocated to 1
well of a 24-well culture plate containing 2 mL
dechlorinated tap water. The plates were incubated
either at 4°C in a refrigerator, or at 10°C, 20°C, 30C
and 35°C in a dark incubator. Water was changed daily
in each well by gentle pipetting. At least 20 adult
worms were used in each temperature group (Tab. 1).
Parasites were observed every hour during the initial
5h, and subsequently every 2h until all worms were
dead. The number of eggs laid in each well and
whether each parasite remained alive were recorded.
The diameter of 10 randomly selected eggs was also
measured.

1.3 The effect of water temperature on egg hatching

Eggs laid at 20°C were collected immediately and
incubated at 4°C in a refrigerator, or at 10C, 20°C,
30°C and 35°C in a dark incubator. Eggs were ob-
served under an inverted microscope once per day,
until eyespots were detected, when the frequency of
monitoring increased to 6h intervals. The total number
of eggs with opened opercula in each temperature

group were recorded and the experiment was termi-
nated when no egg hatching had been observed for 3
consecutive days (except for the 10°C temperature
group, which was terminated when no egg hatching
had been observed for 7 consecutive days). Hatching
success was expressed as the proportion of empty egg
cases out of the total number of eggs incubated. Ten
oncomiracidia were chosen and incubated in each
temperature group, and the longest survival time in
each temperature group was recorded. Furthermore,
the motion of oncomiracidia incubated at 20°C was
observed. At the end of the experiment, 10 on-
comiracidia were fixed in formalin and their ante-
rior-posterior length was measured.

1.4 In vivo egg laying and larval development at

20C

The egg laying rate and reproductive development
of D. vastator larvae in goldfish were examined in this
experiment. Thirty naive goldfish (3.0+£0.2) g that had
been starved for 48h were transferred to a 20 L tank.
To obtain freshly hatched oncomiracidia for host ex-
posures, Petri dishes containing eggs were placed in
an incubator and observed daily. Oncomiracidia
hatched within 2h were removed with a pipette,
counted, and introduced into the container with naive
goldfish in dechlorinated tapwater. To that tank, on-
comiracidia that had hatched within the previous 2h
were added *2. After 24h exposure to the oncomira-
cidia at 20°C with natural illumination, the fish were
transferred to a 40 L tank.

At 4 days post-infection, 4 fish were removed and
D. vastator observed on their gills was collected using
fine needles. This continued every 3 days until all
worms could lay eggs. At each occasion, 10 of the
worms collected (chosen at random) were fixed in
formalin and their anterior-posterior lengths were
measured using an ocular micrometer under a light
microscope. A further 10 worms were placed indi-
vidually into the wells of a 24-well plate containing
2 mL dechlorinated tap water. The egg laying and the
deposition of pigment in the worms were recorded.

To observe egg laying in vivo, on day 12 when all
the worms had matured according to the results of the
development experiment, the remaining 18 goldfish
infected with the oncomiracidia were kept separately
in 18 beakers containing 500 mL dechlorinated tap
water at 20°C. Every 24h for 3 consecutive days, the
beaker water was filtered through a 40 pm nylon mesh
and new dechlorinated tap water was added. Eggs that
adhered to the mesh were counted under a light mi-
croscope. At the end of the experiment, the goldfish
were killed and the number of D. vastator on their
gills was recorded.
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Finally, the prevalence and mean abundance **! of
the 30 goldfish were also determined.
1.5 Statistical analysis

Significant differences in egg production among the

5 temperature groups were tested by one-way ANOVA.

A Chi-square test was used to evaluate whether there
were significant differences in egg hatching success
among the different temperature groups. Analyses
were performed using the program SPSS 13.0.

2 Results

2.1 The in vitro effect of water temperature on egg
laying

Eggs (n=10) are dark brown colour and symmetrical
or asymmetrically oval, with an average diameter of
(45.743.2) pm (41.0—50.1 pm), and a short filament
at posterior end (Fig. 1A). Egg laying was observed
after D. vastator had been removed and incubated for
about Smin in all temperature groups, except the 4°C
treatment where almost no egg laying was observed.
The duration of egg laying decreased with increasing
temperature (Tab. 1). The mean egg production was
5.9, 9.1, 9.2 and 13.4 eggs/worm at 10, 20, 30 and
35°C, respectively. It was significantly higher at 35°C
than that in the other temperature groups (P<0.05).
There was no significant difference in mean egg pro-
duction between at the 20°C and 30°C temperature
groups, though production was significantly higher at
20°C and 30°C than that at 10°C (P<0.05). The pro-
portion of eggs produced during the first Sh of the
total egg output also increased with increasing tem-
perature, accounting for 79.1%, 88.8%, 94.7% and
97.5%, respectively (Tab. 1).

Tab. 1

2.2 The in vitro effect of water temperature on egg
hatching
No egg hatching was observed after a mo of incu-
bation at 4°C. The eggs, however, had developed to an
oncomiracidia-like stage after 25 days at 4°C. Both
hatching time and duration of egg hatching decreased
with increasing incubation temperature (Tab. 2). The
hatching successes of D. vastator eggs were 57.0%,
61.7%, 65.5% and 51.1% at 10°C, 20°C, 30C and
35°C, respectively. No significant differences were
detected among the temperature treatment groups. In
contrast, the longest survival times of the oncomira-
cidia declined with increasing temperature (Tab. 2).
2.3 In vivo egg laying and the larval development
at20C
In the artificial infection experiment, all of the
goldfish were infected with oncomiracidia. The mean

Fig. 1 Morphologic characteristics of Dactylogyrus vastator (A)
eggs and larvae hatched on day (B) 1, (C) 4, (D) 7, and (E) 10
post-hatch at 20°C. Scale bar 100 pm

Characteristics of in vitro egg laying of Dactylogyrus vastator at different temperatures

The letters in Test columnindicate differences in mean egg production between the different temperature treatments (the different letters
between any 2 temperature groups indicate the significant difference at the 5% level); duration is continuous time of egg laying; percentage
indicates the proportion of eggs that were produced during the first Sh of the total egg output

Temperature (C) No. of mature D. vastator Mean egg production + SD Test Duration Percentage (%)
4 20 0.3+0.4 a - -
10 30 5.9+3.3 b 4 days 79.1
20 24 9.1+3.1 c 23h 88.8
30 24 9.2+4.5 c 15h 94.7
35 22 13.4+8.0 d 11h 97.5

Tab. 2 In vitro effects of water temperature on egg hatching and the survival of Dactylogyrus vastator oncomiracidia

Temperature (C)

Hatching time

Duration of egg hatching

Hatching success (%)

Longest survival time of oncomiracidia

10 19d 24d
20 4d 5d
30 2d 5d
35 36h 3d

57.0 5d
61.7 3d
65.5 60h
51.1 42h
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abundance of parasites per goldfish was 10.743.1.
Morphology of the attachment hooks and copulatory
organ of the collected larvae was the same as those of
D. vastator as described by Gussev 1?1,

Mean body length of the newly-hatched oncomira-
cidia was (100.3+3.7) um (92.8—105.4 um); Fig. 1B).
The body shape of worms was pyriform with 4 black
eye spots in the anterior end of the pharynx. There
were 3 bands of cilia located on the anterior, middle
and posterior haptor segments. The larvae travelled in
straight lines, but occasionally turned in circles. After
3—4h of rapid and vigorous movement, some of the
oncomiracidia sank and feebly crawled on the bottom.
At 4 days post-infection, the larvae collected from the
gills averaged (407.8+22.8) um in length. The worms
were transparent, with a little pigment in the middle of
the body (Fig. 1C). Two pairs of head lobes were
prominent, and the copulatory organ could be seen
clearly under a microscope. Larvae now moved vi-
gorously, with constant contractions and extensions,
though none of the worms laid eggs at this stage. At 7
days post-infection, D. vastator worms were almost
cylindrical and averaged (634.7+22.2) pm in length
(Fig. 1D). By this stage, 90% of the parasites could lay
eggs. Pigmentation was observed from the pharynx to
posterior of the worm. At 10 days post-infection, all
worms exhibited a dark body colour, with an average
length of (931.3£23.0) um, and could lay eggs (Fig.
1E).

Egg laying in vivo was continuous and uniform.
Mean egg production per day at 20°C was 6.5 eggs/
worm, with mean egg production being 6.0+0.4,
6.240.6 and 7.1£0.2 on days 12, 13 and 14, respec-
tively.

3 Discussion

In this study, we have shown that the egg laying
rates of D. vastator increased significantly with in-
creasing water temperature, and also demonstrated
that there was a difference in the rhythm of egg laying
between in vitro and in vivo conditions. However, our
results showed that the hatching time and duration of
egg hatching decreased with increasing water tem-
perature, that peak hatching success occurred at an
intermediate temperature. At 20°C, the life-cycle of
the D. vastator was 8—11 days.

The positive correlations we observed between
mean egg production and egg laying rate and the water
temperature have been previously reported for in vitro
and in vivo egg laying of D. extensus Y and
Neobenedenia girellae "', However, mean egg pro-
duction in vitro by Benedenia seriolae and Zeuxapta
seriolae in the kingfish Seriola lalandi were observed

to be highest not at 21°C, but at 17.5°C "), Similarly,
the in vivo egg production rates of D. anchoratus >,
D. intermedius %, Protopolystoma xenopodis "' and
Discocotyle sagittata *"' decreased at highest tem-
peratures. Previously, Paperna ** reported the ovi-
position rate of D. vastator significantly decreased
until at 37°C in vivo. Combined with our results that
the egg production was still high at 35°C suggested
that D. vastator exhibited a broader range of tolerance
to thermal extremes.

Previous studies have revealed that artificial and
unfavourable conditions usually result in intensive egg
laying '), and shown that in vitro egg laying rhythm
often different to those in vivo. In this study, we also
observed different egg laying rhythm in vitro and in
vivo: at 20°C in vitro egg production was 9.1 eggs/
worm within 23h, with more than 88% of eggs laid
during the first 5h, while egg production every day in
vivo was 6.5 eggs/worm, and occurred in a continuous
and uniform manner. Bychowsky ') demonstrated that
D. vastator laid 4—10 eggs/d in vivo at 12—18°C.
Similarly, other studies have observed intensive egg
laying when worms were removed from their hosts in
D. extensus Y, Polylabroides multispinosus %,
Benedenia lutjani, B. rohdei [29], and B. seriolae """
Dactylogyrus vastator removed from the gills of fish
might experience poor conditions as they lacked the
nutrition they required. This unfavourable condition
might stimulate the worm to undergo mass egg pro-
duction in a short period of time. In addition, because
the parasites’ nutrients were gradually depleted the
longer they remained off the host, starvation was
thought to be a major contributor to the reduction of
egg production in vitro B%. Therefore, it was not sur-
prising that we observed that egg laying rate of D.
vastator in vitro decreased sharply compared to the
egg laying rate in vivo.

A more short hatching time with increasing tem-
perature in D. vastator concurred with previous results
recorded for D. vastator '), D. extensus ** and B. se-
riolae ", A similar relationship between incubation time
and temperatures was also observed for Z. seriolae ') N.
girellae B H okamotoi "2, N. hirame " and Proto-
polystoma xenopodis **!. In contrast, we did not find a
linear relationship between hatching success and tem-
perature, as the highest hatching rate occurred at in-
termediate temperatures (>60.0% success at 20°C and
30°C). The hatching success of several species, such
as B. seriolae, 7. seriolae ', Bivagina tai 34 and N.
hirame """ had been reported to decline at higher
temperatures. Our results indicated that an intermedi-
ate temperature of between 20°C and 30°C was opti-
mal for egg hatching in D. vastator.
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The development of larvae has been recorded for
several monogeneans. At 22°C, sexual maturation of D.
vastator was attained only on the 9th—10th day .
Prost ) recorded that D. anchoratus laid eggs 6 days
after infection. However, maturity in B. seriolae oc-
curred between 16 and 20 days post-infection (DPI) at
21°C, with 90% of parasites laying eggs by 20 DPI "],
Sexual maturity of Z. seriolae U7 N. hirame %), Hete-
robothrium ecuadori ®* and P. xenopodis "% was at-
tained by 25, 16, 38, 33 and 73 DPI at 20—23°C, re-
spectively. In this study, when exposed to an ambient
temperature of 20°C, we observed that 90% of D.
vastator worms were capable of laying eggs by 7 DPI,
and the egg-laying worms of D. vastator were found
4—6 days in the same conditions *°. Hence, com-
parising with other monogenean species, Dactylogyrus
spp. required a shorter time to attain maturity at
20—23°C.

In conclusion, based on the characteristics of in
vivo egg hatching and the larval development at 20°C,
the development of D. vastator from egg to sexual
maturation lasted from 8 to 11 days. According to this
life-cycle, we proposed that drug treatments to control
parasite outbreaks be administered in 2 stages, with a
second treatment administered 1 wk later after the first
at 20°C.
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