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Bestiolina amoyensis distributes in subtropical inshore waters across the Pacific Ocean,
with a relatively long reproductive lifespan and high intrinsic population increase rate
compared with other small paracalanid species, which makes it a good candidate to
develop culture techniques for hatchery larval rearing. However, the reproductive biology
of this subtropical broadcast spawning species is still largely unknown. The present
investigation provides the first published data on the embryo development and effects
of different light intensities (0, 500, and 1,000 Ix), temperatures (16°C, 18°C, 20°C,
22°C, 24°C, 26°C, 28°C, 30°C, 32°C, and 34°C), and salinities (22, 24, 26, 28, 30, 32,
and 34 psu) on hatching success rates of B. amoyensis. The same batch of eggs were
collected from gravid females to observe their embryonic development and incubated
under designed light intensities, temperatures, and salinities. Results showed that the
whole embryonic development of B. amoyensis lasted, on average, 6 h and 40 min at
26°C, and egg hatching time of B. amoyensis shortened exponentially with the increasing
temperature. The highest egg hatching rate (100%) was recorded from the O-Ix treatment,
indicating that the dark condition was favorable for the egg incubation of B. amoyensis.
The optimum temperature and salinity range for the hatching success of B. amoyensis
was 22°C-30°C (above 94%) and 22-34 psu salinity (above 88%), respectively, indicating
that B. amoyensis had wide adaptability to temperature and salinity. Light and too low or
high temperature leads to abnormal embryonic development and malformed nauplii. The
relatively wide adaptability to temperature and salinity and fast embryo development also
suggests that B. amoyensis was a good candidate as live feed for hatchery larval rearing.

Keywords: hatching time, egg hatching rate, hatching success, live feed, Calanoida

1 INTRODUCTION

Planktonic copepods are natural and preferable feeds for fish and invertebrate larvae in marine
environment and are widely used as live feed in marine larviculture hatcheries (Drillet et al., 2011;
Santhanam et al., 2019; Fernandez-Ojeda et al., 2021; Pan et al., 2022), especially some species of
paracalanid family, such as Parvocalanus carssirostris (Alajmi & Zeng, 2015; Kline & Laidley, 2015;
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Valencia et al., 2022), Bestiolina similis (McKinnon et al., 2003;
Camus et al., 2009; VanderLugt et al., 2009; Camus & Zeng, 2010;
Camus et al., 2021), and Bestiolina amoyensis (Wang et al., 2021).
Small body size and the herbivorous characteristics make them
good candidates as larvae prey for fish larvae with small mouth
gape (Wang et al,, 2021).

Calanoid copepods are generally well adapted to seasonal
fluctuations in temperature and salinity under natural conditions
(Miller & Marcus, 1994; Engel & Hirche, 2004; Marcus, 2005).
Examples are Eurytemora affinis (Roddie et al., 1984; Nagaraj,
1992; Devreker et al., 2009; Souissi et al., 2016; Karlsson et al.,
2018) and a number of Acartia congeners (Gaudy et al, 2000;
Castro-Longoria, 2003; Chinnery & Williams, 2004; Milione &
Zeng, 2008; Choi et al., 2021; Choi et al., 2022); these estuarine
and coastal calanoid copepods are more widely adapted to
temperature and salinity than pelagic species, which makes them
more suitable for culture as live feed. For most of Paracalanidae
species, information about reproduction is still very limited,
and the functional response of reproductive success (i.e., egg
production and hatching) to salinity and/or temperature only
have been studied in a handful species, such as Paracalanus
parvus (Jang et al., 2013). In addition, light is one of the most
significant ecological factors influencing many biological
functions of organisms (Hairston & Kearns, 1995; Chinnery &
Williams, 2004; Radhakrishnan et al., 2020), but there are few
studies that focus on the functional response of copepods to light
intensity and/or periodicity (Peck & Holste, 2006, Peck et al.,
2008; Radhakrishnan et al., 2020; Wang et al., 2021). Therefore, it
is necessary to further study the effects of environmental factors
on the reproductive success of copepods in order to optimize
the culture conditions and maintain a relative high population
density.

The embryonic development study of Crustaceans can be
retracted to the nineteenth century, but it mainly focus on the
species of Decapoda. Copepods have always received very
little attention (Loose & Scholtz, 2019). Few available copepod
embryonic studies were mainly on species with large eggs (>100
pum) (Marshall & Orr, 1954; Marshall and Orr, 1955; Conover,
1967; Gao, 2014; Loose & Scholtz, 2019) or resting eggs (Marshall
& Orr, 1954; Marshall and Orr, 1955; Chen, 2014; Nilsson &
Hansen, 2018). Small size copepods usually have a tiny egg (50-
90 m in diameter) and covering with a very complicated chitin
shell, which make the observation became difficult. We still
know very little about the embryonic development of copepods
nowadays.

Bestiolina amoyensis distributes in subtropical coastal and
estuarine waters, which is easily cultured in laboratory (Wang
et al,, 2021) and hence is recommended as one of the promising
live feed candidates. Previous studies have quantified the effects
of food concentration and photoperiod on the reproductive
performance of B. amoyensis, including egg production and
female life expectancy (Wang et al, 2021). Clarifying the
embryonic development of B. amoyensis not only could improve
the basic understanding about ontogenesis of crustaceans but also
could enhance the intensive culture techniques as a live feed. For
some fish larvae with a small gape, they only could use Nauplii I
copepods as the first feed. Farmers could predict the exact time

when Nauplii I copepods could be collected for fish feeding.
Therefore, the embryonic development process was investigated
at 26°C, and the hatching time at different temperatures was
evaluated. In an effort to optimize the incubation conditions for
egg hatching and embryonic development of B. amoyensis, three
experiments were conducted to quantify egg hatching success:
(1) under different light intensities, (2) at different temperatures,
and (3) at different salinities.

2 MATERIALS AND METHODS

2.1 B. amoyensis Stock Culture

Bestiolina amoyensis was obtained from Ornamental Aquarium
Engineering Research Centre of Jimei University, Xiamen, China.
It was scaled up and kept in several 18-L containers filled with
0.01-pm filtered seawater and with gentle aeration. For stock
culture conditions, B. amoyensis was fed daily with microalgae
Isochrysis spp. at a concentration of 1 x 10° cells ml~!, and the
temperature and salinity were maintained at 26 + 1°C and 28 +
1 psu, respectively. Light intensity was 500 Ix with a light/dark
cycle of 12 h:12 h (Wang et al, 2021).

2.2 Experimental Design and Setup

A series of experiments were carried out to explore the embryonic
development of B. amoyensis and assess the effects of temperature,
salinity, and light intensity on the hatching of embryos.

2.2.1 Embryogenesis of B. amoyensis

The mature male/female ratio was designed to be 2:1 to make
sure the mating success and placed into six-well cell culture plates
with 28 + 1 psu seawater, and the concentration of microalgae
Isochrysis spp. was 1 x 10° cells ml-%. Plates with paired adults
were placed into an incubator with constant temperature (26 +
1°C) and a light/dark cycle of 0L:24D. After 20-30 min of dark
culture in the incubator, newly spawned fertilized eggs were
collected under a microscope using a glass pipette with an arc tip.

Embryo development experiments were performed with 90
replicates (two to three eggs from the same batch per replicate).
Eggs were transferred to 35 mm in diameter NEST" glass-
bottom cell culture dishes, containing filtered seawater of the
same salinity. Eggs were incubated at 26 + 1°C for embryonic
development under dark conditions.

The frequency of embryo observation was determined by pre-
experiments as a way to calculate the percentage of specific stages
within a set time. Microscopic observations were made at 5-min
intervals for 40 min after spawning and at 30-min intervals
for the next 90 min. Microscopic observations were made at
1-h intervals after 2 h and 10 min of spawning and at 30-min
intervals after 5 h and 10 min of spawning. Median development
time of a specific stage was defined as the period when 50% of the
species had passed into that stage (Landry, 1975).

2.2.2 Hatching Time Experiment

This experiment was designed with five temperatures of 22°C,
24°C, 26°C, 28°C, and 30°C. With 30 replicates (two to three
eggs from the same batch per replicate) per treatment, a total
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of 150 NEST" glass-bottom cell culture dishes were set up. Eggs
were incubated at designed temperatures under dark conditions.
After 3 h of incubation per treatment, microscopic observations
were made every 30 min, recording the incubation time until
all eggs had hatched. The relationship between hatching time
(D; h) and temperature (T; °C) in small copepods was fitted to
Bélehradek’s function (McLaren et al, 1969; Lee et al, 2003):

D=A(T-a)’
where A, B, and « are fitted constants.

2.2.3 Spawning Rhythm Experiment

To study the daily egg spawning rhythm of B. amoyensis, 36
replicates were set up, each with one pair of adults, and the paired
adults were placed into six-well cell culture plates, one pair per
well, and feed microalgae Isochrysis spp. at a concentration of 1 x
10° cells ml-; the temperature and salinity were maintained at 26
+1°Cand 28 £ 1 psu, respectively. Light intensity was 500 Ix with
a light/dark cycle of 12 h:12 h. Spawning rhythm experiment of
B. amoyensis within 24 h was started at 8:00 a.m. The plates were
examined microscopically at 2-h intervals, and the eggs were
sucked out with an aforementioned arc pipette, the spawning
time, and the number of eggs were recorded.

2.2.4 Egg Hatching Rate

Three environmental factors affecting incubation were set up,
namely, light intensity, temperature, and salinity. Three light
intensity treatments were 0, 500, and 1,000 Ix, with a total of 45
replicates for each treatment (two to three eggs from the same
batch per replicate), and eggs were collected in the same way as
described previously. Salinity and temperature were the same
as the stock culture (ie., 26 £ 1°C, 28 = 1 psu). Similarly, 10
temperature treatments of 16°C, 18°C, 20°C, 22°C, 24°C, 26°C,

28°C,30°C, 32°C, and 34°C were set up, each with 45 replicates per
treatment (two to three eggs from the same batch per replicate),
incubated at the same salinity as the stock culture (28 + 1 psu).
In addition, seven salinity treatments of 22, 24, 26, 28, 30, 32,
and 34 psu were set up with a total of 45 replicates, incubated at
the same temperature as the stock culture (26 + 1°C). The effect
of temperature and salinity on incubation were conducted in
dark conditions. The egg hatching rates (EHRSs) of B. amoyensis
under different designed regimes are presented in two categories:
“Proportion of Hatching Normal Naupliiy which included
normal nauplii, and “Proportion of Hatching Abnormal Nauplii,”
which included deformed nauplii (with twisted and distorted
appendages and body). All eggs were kept in designed culture
conditions for 24 h of observation until hatched. Unhatched eggs
were moved into 26 £ 1°C, 28 + 1 psu, dark condition after 24 h
of experiment, and culturing was continued for another 24 h to
make sure of the status of the egg.

2.3 Data Collection and Analysis

Data from all experiments were analyzed using one-way
ANOVA. All data were tested for normality (Shapiro-Wilk test)
and homogeneity of variance (Levenes test) prior to analysis
of ANOVA. When significant differences (p<0.05) were found,
Tukey’s multiple comparisons test was performed to determine
significant differences among treatments (p<0.05).

3 RESULTS
3.1 Embryo Morphology of B. amoyensis

The whole embryonic development of B. amoyensis lasted, on
average, 6 h and 40 min at 26°C. It was classified into seven main
stages: fertilized eggs, cleavage stage, grastrulation, no structure
visible, limb bud, early nauplii, and hatching. Percentages of

TABLE 1 | Percentages of embryonic stages during the embryo development of B. amoyensis (N=90).

Time

Embryonic stages

S1 S2 S3 S4

S5 S6 G NS LB EN FN

5min 100%

10 min 90% 10%

15 min 90% 10%

20 min 80% 20%
25 min 35% 55%
30 min 70%
35 min

40 min

1h 10 min

1h 40 min

2h10min

3 h, 10 min

4 h, 10 min

5h10min

5h 40 min

6h10min

6 h 40 min

10%
30%
90% 10%
45% 55%
100%
45% 55%
100%
100%
100%
100%
100%
45% 55%
100%

Embryogenesis was divided into following stages: fertilized egg (S1), 2-cell stage (S2), 4-cell stage (S3), 8-cell stage (S4), 16-cell stage (S5), multicellular stage (S6),
grastrula stage (G), no structure visible (NS), limb bud stage (LB), early nauplii (EN), and final nauplii just before hatching (FN).
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FIGURE 1| Embryonic development of B. amoyensis. (A), fertilized eggs; (B), 2-cell stage; (C-E), 4-cell stage; (F), 8-cell stage; (G), 16-cell stage; (H-1),
multicellular phase; (J-0), grastrula stage; (P-Q), no structure visible; (R-T), limb bud stage; (U-W), the early stage of nauplii; (X1-X5), the rupture stage of outer
membrane; (Y1-Y2), the rupture stage of inner membrane; (Z), the first stage of nauplii.

embryonic stages during the embryo development of B. amoyensis
was shown in Table 1.

3.1.1 Fertilized Eggs

The fertilized egg was about 71.74 pm in diameter, brownish
yellow in color, and has two layers of membrane. The eggs,
which sank to the bottom of the container after being laid,
were long and elliptical in shape, very similar to the long strips
shape of fecal pellet. They quickly absorbed water and became
ellipsoidal in shape, turning into near-spherical shape a few
minutes later (Figure 1A).

3.1.2 Cleavage Stage

The cleavage of B. amoyensis was total and equal to adequal. After
the onset of oogenesis, the fertilized egg cells underwent mitosis in
sequence, with the cleavage furrow clearly visible at each stage. The
number of cells was increasing, and the nuclei were arranged in
columns, showing the typical features of radial cleavage (Figures 1B-I).

The first cleavage occurred about 15 min (majority of 90%,
Figure 1B) after the egg was deposited, followed by 4-cell,
8-cell, 16-cell, and multicellular stage at about 20, 25, 35, and
40 min after, respectively (majority of 80%, 55%, 90%, and 55%,
Figures 1C-I). The first, second, and fourth cleavage divisions
were meridional, while the third cleavage was equatorial and
oriented perpendicularly to the previous cleavage. “I-section
shaped” (Figure 1C), “X-section shaped” (Figure 1D), and
“Herringbone” (Figure 1E) division furrow of second cleavage
were obvious from different angles of view, while the division
furrow of 8- and 16-cell resembled “cross-shaped” (Figure 1F)
and “*” shaped (Figure 1G).

3.1.3 Gastrulation

The gastrulae were formed 1 h and 40 min after oviposition
(majority of 55%, Figures 1J-O) when translucent area appeared
at the edge of the egg, and the cells were continuously invaginated
to form the archenteric cavity.
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3.1.4 No Structure Visible

The stage of no structure visible was formed 4 h and 10 min after
oviposition (100%, Figures 1P, Q), and the internal structure
of the embryo was variable, with numerous transparent areas
appearing on both sides (Figures 1P, Q).

3.1.5 Limb Bud Stage

The embryo developed into the early limb bud stage 1 h after
of the stage of no structure visible, and the limb primordia was
initially distinguishable, outlined with lateral invaginations
between the three pairs of limbs in horizontal view (Figure 1R).
At the late stage of limb bud, tubular structures were seen at the
distal end of the limb (Figures 1S, T).

3.1.6 The Early Stage of Nauplii

The embryo assumed the typical nauplii configuration about
30 min after the limb bud stage. At this stage, a large amount
of red pigment gathered toward the anterior end of the
embryo, forming a red eyespot, with obvious segmentation of
the appendages and a clear endwise furrow between the body
and the appendages (Figures 1U-W).

3.1.7 Hatching Stage

This stage was formed 6 h and 10 min after oviposition (majority
of 55%) and could be divided into the rupture stage of outer and
inner membranes.

3.1.8 The Rupture Stage of Outer Membrane

This stage could be recognized by the intermittent twitch of
appendages and the concentrations of muscles. The nauplii twitched
on an average frequency of three to four times per minute initially.
Thistwitching process couldlast forabout20-30min,anditwasnotata
consistent speed; sometimes it twitched strongly, sometimes it stopped
twitching. The frequency of twitching accelerated to once per 1 or2 s
near the rupture stage of the outer membrane (Figure 1X). The embryo
ruptured the outer membrane from the posterior end (Figure 1X2).
The transparent outer membrane slid and shrank backward, and
the inner membrane, which enclosed the fully developed nauplii,

y=24.01%(x-16.92)"'

22 24 26 28 30
Temperature(°C)

FIGURE 2 | Correlation curves between egg development time (D) and
water temperature (T) in B. amoyensis (N=30). Data are presented as mean+
standard error (SE).

extruded from the outer membrane, which took about 10 s
(Figures 1X3-X5).

3.1.9 The Rupture Stage of Inner Membrane

The inner membrane was thinner and more transparent than
the outer membrane. The appendages of nauplii stretched out
and the inner membrane expanded; subsequently, the nauplii
rapidly ruptured membrane from the anterior end of the body
70 s after the rupture of the outer membrane (Figures 1Y1, Y2).
The nauplii remained stationary for about 10 s after hatching and
then began to do skipping movements (Figure 1Z).

3.2 Effects of Temperature on Egg
Hatching Time

The time required for hatching of viable eggs (exceed 50%) at
various temperatures are shown in Figure 2. A Bélehrddek’s
function was applied to describe the relationship between egg
hatching time and the water temperature. By fitting the data
between 22°C and 30°C, the following equation was derived:

D=24.01(T-16.92)""

The physiological relationship between temperature and
development time was obvious: water temperature significantly
affected egg development time of B. amoyensis (p< 0.001, one-
way ANOVA), and egg hatching time of B. amoyensis shortened
exponentially with increasing temperature.

3.3 Spawning Rhythm

The fluctuations of egg production of B. amoyensis from 8:00
a.m. to next day 8:00 a.m. are shown in Figure 3. Copepods kept
spawning during the 24 h of the whole experiment. Females
usually spawn two eggs at a time, sometimes up to four, and the
eggs are arranged in pairs. The maximum egg production was
44 eggs female™! day~!, and the minimum egg production was
24 eggs female™! day~!, with an average egg production of 33
eggs female~! day~!. The peak of egg production of B. amoyensis

w
1

[
L

Average number of spawning by time period
(eggs female™)

T T T T T T T T T T T T
10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 2:00 4:00 6:00 8:00

Time

FIGURE 3 | The daily spawning rhythm of B. amoyensis. Data are presented
as mean+ standard error (SE). The dotted line is the point in time when the
dark period is entered.
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] Normal incubation [HI Malformed nauplii Hatching rate

a5 2 3
3 3 S
L L L

Egg hatching rate(%)

%)
S
L

0 500 1000
Light intensity(Lux)

FIGURE 4 | Egg hatching rate of B. amoyensis incubated at three different
light intensities (N=45). Data are presented as mean + standard error (SE).

presented after 2 h of dark; more than 54% of eggs spawn during
dark period (p<0.001).

3.4 Effects of Light Intensity, Temperature,
and Salinity on Egg Hatching Rate

3.4.1 Effects of Light Intensity on Egg Hatching Rate
The EHRs of B. amoyensis are presented in Figure 4. Significant
differences were detected under different light intensities, and the
EHR of B. amoyensis decreased with increasing light intensity.
The data were used to show the overall egg hatching rate, the rate
of hatching normal nauplii, and deformed nauplii (p< 0.05, one-
way ANOVA).

There was >50% success in EHR across all treatments, and
the highest EHR (100%) was recorded for the dark treatment,
which was significantly higher (p< 0.01) than that of the 1,000 Ix
treatment. Malformed nauplii, which usually could not survive,
were observed at both two treatments of 500 and 1,000 lx, and the
ratio of malformed nauplii was 36% and 30%, respectively, which

[ Normal incubation [HI Malformed nauplii Hatching rate

e

80

Y
S
1

Egg hatching rate(%)
8
:

20 4

22 24 26 28 30 32 34
Salinity(psu)

FIGURE 6 | Egg hatching rate of B. amoyensis incubated at seven different
salinities (N=45). Data are presented as mean+ standard error (SE).

l:l Normal incubation - Malformed nauplii
100 =

A |

60

Hatching rate

40 4

Egg hatching rate(%)

204

Temperature(°C)

FIGURE 5 | Egg hatching rate of B. amoyensis incubated at different
temperatures(N=45). Data are presented as meanz standard error (SE).

indicated that these two light intensities were detrimental to egg
hatching of B. amoyensis and dark condition was favorable for the
egg incubation of B. amoyensis. The percentage of normal nauplii
from the 500 Ix group was 42%, while in the 1,000 Ix group, it was
22%. The unhatched embryos stopped developing and presented
an abnormal shape, which were obviously dead.

3.4.2 Effects of Temperature on Egg Hatching Rate
Temperature significantly affected egg incubation (p< 0.01, one-
way ANOVA). Hatching success of B. amoyensis eggs incubated
at different temperatures was highest at a range of 24-28°C
(Figure 5), with 100% of eggs hatched in all replicates, followed
by 97% and 96% at 30°C and 22°C, respectively.

Hatching percentages from 32°C (36%) and 34°C (30%)
were significantly lower than that of other treatments (p< 0.01).
Hatching success also was significantly lower (p< 0.01) from
three temperatures lower than 22°C, which was 56%, 69%,
and 0% at 20°C, 18°C, and 16°C, respectively (Figure 5). These
results suggested that too low and too high temperatures would
decrease EHR and lead to malformed nauplii. Hatching success
at 22°C-30°C was above 94% for all (Figure 5), and no statistical
differences were found among them, which indicated that this
temperature range was optimum for the egg incubation of B.
amoyensis. The percentage of malformed nauplii from 18°C,
20°C, 32°C, and 34°C was 40%, 20%, 30%, and 30%, respectively,
while no malformed nauplii was found in the treatments of 22°C,
24°C, 26°C, and 28°C. The ratio of normal nauplii from 18°C,
20°C, 32°C, and 34°C was 29%, 29%, 6%, and 0%, respectively.
Embryo development of the unhatched eggs stopped, and the
abnormal shape obviously indicated that they were already dead.

3.4.3 Effects of Salinity on Egg Hatching Rate
Hatching success was not significantly different among the six
salinity treatments (p > 0.05, one-way ANOVA), which were
all above 88% and the hatching success reached 100% at 26-30
psu salinity treatments (Figure 6). Although a few malformed
nauplii were hatched at salinity of 34 psu, the hatching rate from
that salinity was still high and that of all replicates was above
96%. These results indicated that B. amoyensis eggs could hatch
well within a salinity range of 22-34 psu.
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4 DISCUSSION

Bestiolina amoyensis has a small egg (<75 um) compared to
other free-spawning copepods, such as Calanus spp., whose eggs
are about 145-340 pum in diameter (Marshall and Orr, 1954;
Marshall and Orr, 1955; Conover, 1967); that of Acartia spp.
are about 77-78 pm (Marshall & Orr, 1954; Marshall and Orr,
1955; Nilsson & Hansen, 2018). Bestiolina amoyensis also has a
demersal egg, which quickly sinks into the water after spawning,
and the sinking egg facilitated its collection from the bottom of
the culture vessel and the embryonic observation.

The embryonic development of copepods starts from the
nuclear division of fertilized egg to the hatching of the first
stages of nauplii, which are generally divided into different stages
according to the external morphological features of embryos at
different development process, such as blastomere division, the
appearance of appendages, and the formation of the compound
eyes and other organs. Similar to free-spawning calanoid
copepods such as Calanus finmarchicus (Marshall & Orr, 1954;
Marshall and Orr, 1955), Parvocalanus carssirostris (Yang, 1977),
Centropages tenuiremis (Gao, 2014), Sinocalanus tenellus and
Acartia spp. (Chen, 2014), and A. tonsa (Nilsson & Hansen,
2018), the embryonic development of B. amoyensis was divided
into seven stages: newly laid eggs, cleavage stages (2-cell stage,
4-cell stage, 8-cell stage 16-cell stage, and multicellular stage),
grastrulation, no structure visible, limb bud stage, early stage of
nauplii, and hatching.

The early cleavage stages of copepods, although with more or
less stereotyped patterns of blastomere divisions, have been largely
neglected in copepod embryology (Loose and Scholtz, 2019).
The cleavage of free-living copepods is total and equal to adequal
(Loose and Scholtz, 2019), such as Calanus helgolandicus (Poulet
et al,, 1995), C. finmarchicus, C. pacificus, C. marshallae, Metridia
spp. (Zirbel et al., 2007), A. tonsa (Nilsson and Hansen, 2018), and
Skistodiaptomus spp. (Loose and Scholtz, 2019). Yang (1977) showed
that the first and second cleavage of P, carssirostris were meridional,
and the third cleavage was equatorial. Loose and Scholtz (2019)
showed that the first and second cleavages of Skistodiaptomus spp.
are both meridional; the third cleavage is equatorial, forming a total
of four smaller and four larger blastomeres; and the fourth and fifth
cleavage are asynchronous. The cleavage of B. amoyensis is similar
to the above-mentioned free-spawning copepod in that the first
cleavages are meridional, bisecting the two blastomeres, which are
approximately equal in size. Furthermore, the second cleavages are
meridional, the third cleavage is equatorial, the fourth cleavages are
meridional, and the fifth cleavages are difficult to distinguish under
light microscopy due to the small size of the blastomere.

The early cleavage stage of B. amoyensis developed very fast
at 26°C. It took 30 min from spawning to the fourth cleavage
stage, which was very similar with P carssirostris, in which it
took 28 min from newly laid eggs to the fourth cleavage stage
at 29°C-30°C (Yang, 1977). The duration of the 2-, 4-, 8-, and
16-cell stages of B. amoyensis was short and almost isochronous,
taking about 5 min each at 26°C. In addition, the two-, four-,
and eight-cell stages of early cleavage in C. tenuiremis at 20°C
also approximated isochronous development, which was 0.8,

1.0, and 0.9 h, respectively (Gao, 2014). These results indicated
that, to some extent, the duration of the early cleavage stage of
copepods may be approximately isochronous. The relative long
early cleavage duration of C. tenuiremis mainly related to the
much lower embryo incubation temperature, which was 20°C
for C. tenuiremis, while for B. amoyensis and P. carssirostris, the
incubation temperature was 26°C and 29°C-30°C, respectively.

Some studies stained embryonic nucleus to observe the
cleavage (Poulet et al., 1995; Nilsson & Hansen, 2018; Loose
& Scholtz, 2019), while those copepods typically had either
large eggs or hard eggshells, facilitating the manipulation of
the staining process. We tried hard to stain the embryo of B.
amoyensis but failed. The relatively small (<75 um) size and the
thin egg membranes made it very difficult to manipulate and
easy to lose during the staining process. In addition, the eggs of
Parvocalanus aculeatus and P. parvus not only have a thin egg
membrane that is easily ruptured but also are transparent, which
make the observation difficult. These might be the reasons why
the study of copepod embryology is somewhat neglected.

It is noteworthy that the nauplius of almost all species
started twitching shortly before hatching (Marshall & Orr,
1954; Marshall and Orr, 1955). Although the eggs of numerous
copepods hatched in much the same way (Marshall & Orr, 1954;
Marshall and Orr, 1955), studies and specific descriptions of
copepod hatching need to be refined, and even further studies
are needed to determine whether the hatching patterns are
the same. Marshall & Orr (1954) stated that in free-spawning
copepods such as Calanus spp., Metridia spp., and Acartia spp.,
the embryonic inner membrane was completely separated from
the outer membrane. Several studies (Marshall & Orr, 1954;
Marshall and Orr, 1955; Yang, 1977; Chen, 2014) indicated that
copepod eggs had both inner and outer membranes. Separation
of the outer membrane from the inner membrane was also
observed in B. amoyensis, and the inner membrane was bulged
out of the outer membrane. This is similar to the description
of the incubation process by Davis (1959), who examined the
freshwater copepod Diaptomus asblandi, Diaptomus siciloides,
Cyclops bicuspidatus, and Mesocyclops edax, where the outer
membrane was ruptured by pressure from the inner membrane,
while the inner membrane was expanded by the osmotic entry
of water.

It had been observed that the nauplii of B. amoyensis, B.
similis, and P. carssirostris all broke the outer membrane from
the tail end during hatching, which was consistent with the
description by Marshall and Orr (1954), who proposed that the
nauplius usually extrudes from the head or tail end during the
process of rupturing the outer membrane. Marshall and Orr
(1954) also found that although some nauplii also could extrude
out from lateral side of the limbs occasionally, it usually leads to
hatching failure. When nauplii just got rid of inner membranes,
they often did not start swimming immediately; they usually
remained stationary for 10-20 s and then swam off (Marshall &
Orr, 1954; Marshall and Orr, 1955), and this phenomenon was
also observed in B. amoyensis.

In an environment where food is not a limiting factor,
the temperature is the main environmental factor regulating
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the development time of copepods (Ban, 1994; Anzueto-
Sanchez et al, 2014), and temperature changes could increase
or decrease the hatching time of eggs (Castro-Longoria, 1998;
Chinnery & Williams, 2004). Previous investigations indicated
that the development time of copepod decreased with increasing
temperature (Ozaki & Ikeda, 1997; Chinnery & Williams, 2004),
as does the hatching time of B. amoyensis eggs, which shortened
progressively as temperature increased at a range of 22°C-30°C.

Light is one of the most important structuring factors for
life in aquatic biology (Radhakrishnan et al., 2020). There are
some evidence suggesting that subitanous and/or dormant eggs
of various invertebrates (e.g., crustaceans, insects, and rotifers)
can exhibit photoreception (Hagiwara & Hino, 1989; Itoh &
Sumi, 2000; Blackmer et al., 2002). Photic stimulations represent
important extrinsic factors controlling aspects of reproduction
in many marine invertebrates (Moraitou-Apostolopoulou &
Verriopoulos, 1982). A majority of studies reported that light
could induce hatching in aquatic invertebrates (Takahashi,
1977; Mitchell, 1990; Hagiwara et al.,1995; Murugan & Dumont,
1995). Conversely, the present results indicated that too much
light (500 and 1,000 Ix) inhibited the hatching of B. amoyensis
eggs. Hagemann et al. (2016) also found a highly negative effect
of light on EHR of cold storage eggs of A. tonsa and noted that
light hindered the oxygen diffusion across the eggshell, resulting
in a high bacterial load that prevented the eggs from hatching.
Although the exact cause of the negative effects of light on
EHR of B. amoyensis still needs further experiment, the present
hindrance to the hatching of B. amoyensis eggs might be related to
its nocturnal spawning rhythm. Marine calanoid copepods had
a distinct diurnal spawning rhythm, and Calanus spp. (Harding
etal., 1951) and P. crassirostris (Sun, 2008) were mostly nocturnal.
The daily spawn rhythms of B. amoyensis (500 Ix, 12L:12D) were
observed. The peak of egg production of B. amoyensis presented
after 2 h of dark; more than 54% of eggs spawned during dark
conditions (p<0.001). We also cultured B. amoyensis under light
intensity of 4,000-5,000 Ix and found that over 90% of the eggs
produced during dark period. These characteristics indicated that
B. amoyensis was a nocturnal spawning species, and high levels
of light intensities (500 and 1,000 lux in the present experiment)
were detrimental for its embryo development. Unfortunately,
there is very little reference involving the effects of light intensity
on embryonic development of crustacean. Liang and Chen
(2010) reported that Panulirus ornatus eggs should incubated
in a light intensity<200 Ix; lots of malformation were observed
when light intensity was higher than 500 Ix. Further study is
needed to explore the effect of light on the malformation.

Unlike Acartia species, whose eggs are hard and with an
opaque egg outer membrane, B. amoyensis has transparent
and thin egg membrane. Considering the mode of action of
light, it could act directly on germ cells by passing through the
integument in transparent or translucent organisms (Moraitou-
Apostolopoulou & Verriopoulos, 1982). Most marine copepods
including B. amoyensis, B. similis, P. parvus, Calanus spp. (Marshall
& Orr, 1954; Marshall and Orr, 1955), and P. carsirostris (Yang,
1977) have transparent egg membranes and nocturnal spawning
habits, and thus, the effects of light on their hatching could be

direct. If such nocturnally laid eggs are incubated under light
conditions, the light might directly affect the embryo through
the transparent egg membrane, altering the rhythm of long-
adapted dark incubation, which placed the embryo in a state
of stress, further leading to abnormal embryonic development
and malformed nauplii. This would account why more than
30% malformed B. amoyensis nauplii were recorded under 500
and 1,000 Ix of light intensity. Meanwhile, light condition, i.e.,
photoperiod and light intensity, can be easily manipulated with
minimal costs in larviculture (Chinnery & Williams, 2003). For
B. amoyensis, farmers could incubate the eggs during the night,
which ensures that large numbers of nauplii could be collected
the next daytime to timely meet the prey requirements of marine
fish larvae.

Temperature and salinity are the two most important
environmental parameters affecting the seasonal and spatial
distribution of marine copepods in the wild (Miller & Marcus,
1994). Copepods like P. crassirostris, A. clausi, and P. parvus (Li
et al,, 2001; Yang, 2007; Lian et al, 2018), living in nearshore
and warm water areas, are a group of high temperature and low
salinity species; surface water temperatures of their natural waters
are generally >20°C (Sun et al.,, 2014), and the distribution salinity
range are approximately within 20-31.7 psu (Huang & Zheng,
1984). Bestiolina amoyensis usually lives in coastal and estuarine
waters (Wang et al., 2021), where it adapts to a temperature range
of 14°C-29.5°C and a salinity range of 16.6-30.7 psu in nature.
Larger numbers of B. amoyensis were reported when salinity was
higher than 25 psu (Li & Huang, 1984). The hatching success of B.
amoyensis at 22°C-30°C, i.e., within the acclimation temperature
range of their natural distribution area, was above 94% in the
present experiment. Moreover, the hatching success reached 100%
at salinities of 26-30 psu, which was consistent with the larger
distribution populations at salinity >25 psu (Li & Huang, 1984).
All of the above indicate that B. amoyensis is a nearshore and
warm-water species.

Temperature and salinity exceeding suitable range caused
malformation of nauplii of B. amoyensis. Planktonic copepods
maintain large free amino acid pools, such as C. finmarchicus
(Cowey & Corner, 1963) and A. tonsa (Alzara, 1968; Farmer &
Reeve, 1978), and catabolism of free amino acids is important in
the regulation of cellular osmotic pressure exposed to low and
high salinity (Farmer & Reeve, 1978). Previous research also
indicated that prolonged exposure to salinity and temperature
stress enhanced protein absence (Gonzalez & Bradley, 1994;
Kimmel & Bradley, 2001). Free amino acid would be catabolized
to cope with the temperature and salinity stress and increase
the consumption of protein, which might lead to abnormal
embryonic development and malformed nauplii.

5 CONCLUSION

The embryonic development process of B. amoyensis is similar
to other calanoid copepods including seven sequential stages:
fertilized eggs, cleavage stage, gastrulation, no structure visible
stage, limb bud stage, early nauplii, and hatching. The egg hatching
time of B. amoyensis shortened exponentially with the increasing
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temperature. The optimum light intensity, temperature, and
salinity ranges for the egg hatching of B. amoyensis was 0 Ix,
22°C-30°C, and 22-34 psu, respectively.
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