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ABSTRACT

Nannochloropsis oculata, Isochrysis galbana and Chaetoceros muelleri are tropical microalgae that have
different shapes, particle sizes, surface structure, and biochemical compositions. As these species are easy
to cultivate, can endure high temperatures, and are rich in unsaturated fatty acids, they are widely used in
tropical and subtropical regions for invertebrate larval rearing. These three microalgae species were tested
for ingestion, digestion, growth and survival of Pinctada fucata larvae, using an optical microscope, in
order to identify an appropriate diet for P. fucata. An experiment was conducted using larvae at 2 dph
(days post hatching) (shell length: 79.01 + 2.00 um), 8 dph (90.81+ 4.61 um), 14 dph (108.81 + 6.58
um), and 20 dph (146.83 £ 8.92 pm). Larvae were stocked in flasks and fed 103 cells/mL of each species
of microalgae individually. Larvae were fed for one hour and then observed under the microscope to
detect ingestion. Larvae were then sieved and placed in flasks containing filtered seawater to measure
the area of microalgae in the stomach, and to analyze the digestion of the microalgae ingested every two
hours. Of the three species, N. oculata and 1. galbana were ingested at any stage, while C. muelleri were
not ingested at all, and the ingestion rate of N. oculata was higher than that of /. ga/bana. In addition, /.
galbana were easily digested, and N. oculata were difficult to digest. Subsequently, growth and survival
rates were determined by feeding larvae N. oculata and I. galbana. Better growth and survival rates were
observed in the larvae fed with /. galbana. The un-ingestible algae could not be used by the larvae, and
high concentrations of algae were detrimental to larval growth and survival. These findings suggest that
the microalgae used as staple foods in the larval culture practice of P. fucata should consist of small
particle size, spherical shape, smooth surface, and should be easily digested. In addition, algae should be
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fed to larvae at appropriate concentrations and times.

INTRODUCTION

he pearl oyster Pinctada fucata is one of the most
important bivalves used for the cultivation of seawater
pearls worldwide (Guan et al., 2017). Since the larval
rearing of the pearl oyster P. fucata was first successfully
carried out in 1965 in China, seawater pearling has been
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developing rapidly. Currently, it is one of the main
industries in some coastal regions of Guangdong,
Guangxi, and Hainan provinces in China (Meng et al.,
2017; Liet al., 2017). Although the artificial seed-breeding
of P. fucata can be successfully achieved, the larvae have
a high mortality rate in their pelagic phase, and seed
breeding is still difficult (Wang et al., 2012). Cultivation
of floating larvae is key to the seed cultivation of bivalve
mollusks, and in particular the selection of proper feeds
and feeding strategies are crucial for larval cultivation
(Deng et al., 2016). In the rearing of other marine bivalve
mollusks, some studies have shown that larval growth
rate and survival rate could be increased by adjusting
larval cultivation density (Taylor et al., 1997; Doroudi
and Southgate, 2000; Deng et al., 2013), and by adjusting
the concentration, types and ratios of microalgae species
(Doroudi et al., 1999; Doroudi and Southgate, 2000;
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Pettersen et al., 2010; Fernandez-Pardo et al., 2016), based
on analysis of nutritional values of microalgae species,
and the nutritional needs of larvae (Renaud et al., 1999;
Martinez-Fernandez et al., 2006, Martinez-Fernandez
and Southgate, 2007; Aranda-Burgos ef al., 2014; Liu et
al., 2016). Microalgae species are the main type of feed
used for the cultivation of bivalve mollusk larvae, and the
utilization of the nutrition provided by microalgae directly
affects larval growth and survival rates (Brown et al.,
1997). The nutritional values of microalgae determined
experimentally in growth trials not only reflect the nutrient
compositions of microalgae, but also the ability of larvae
to digest them, and the efficiency with which their nutrients
are assimilated (Carboni et al., 2012; Kaspar et al., 2014;
Duy et al., 2015). Factors, such as the particle size, degree
of digestion difficulty, and biochemical compositions
of microalgae species, determine whether microalgae
species may be ingested and digested by larvae to meet
larval nutritional needs for their growth and development.
Therefore, it is important for people to select and apply
an appropriate feed type and feeding strategy for larval
cultivation with microalgae species (Marshall et al.,
2010). However, not all microalgae species can be utilized
by larvae during their cultivation. For example, Lora-
Vilchis et al. (1997) fed Pacific calico scallop, Argopecten
ventricosus, larvae with 10 microalgae species, and found
that only seven species could be ingested, and only three
could be digested. Similarly, Martinez-Fernandez et al.
(2004) fed winged pearl oyster, Pteria sterna, larvae with
10 microalgae species, and found that.only five species
could be ingested, and only two<could be digested. To
date, studies on the ingestion and utilization of microalgae
species by P. fucata have primarily focused on the adult
mollusks. Deng et al. (2016) found that adult P, fucata had
a higher ingestion rate of large-sized microalgae species
than of small-sized microalgae species, while over-feeding
with microalgae species reduced feed digestibility, so
that the feeds could not be fully utilized. However, the
ingestion and utilization of different microalgae species
by P. fucata larvae, and the optimal feeding standards and
feeding strategies for larval cultivation remain unknown.
Nannochloropsis  oculata, Isochrysis  galbana,
and Chaetoceros muelleri are three tropical microalgae
species, which, due to their richness in many kinds
of unsaturated fatty acids, their ability to resist high

temperatures, and the fact that they are easily cultivated
at large scales under natural conditions, are widely used
as feeds in the cultivation of marine invertebrate larvae
in tropical and subtropical regions (Martinez-Fernandez et
al., 2004; Martinez-Fernandez and Southgate, 2007; Duy
etal.,2015; Liu et al., 2016). The three microalgae species
belong to the divisions of Chlorophyta, Chrysophyta
and Bacillariophyta, respectively, and have different
particle sizes, morphology and surface structures. In this
experiment, these microalgae species were fed to larvae of
different day-ages, and the larval ingestion and digestion
efficiency of different microalgae species were monitored.
Using the three microalgae species as feeds, we observed
their effects on larval growth and survival. We expect that
our results will provide a treference for selecting proper
feeds and feeding strategies  that are suitable for the
successful cultivation of P, fucata larvae.

MATERIALS AND METHODS

Experimental materials

The parent P. fucata (shell length: 57.36 + 5.69 mm,
age: 20 months, n = 30) used in this study were cultivated
by our research group in Lingshui New Village Harbor
(18°25'N, 109°59’E), Hainan Province, China. All the N.
oculata, I. galbana and C. muelleri (Fig. 1) used in this
study were from our research group, and their particle
size and main characteristics are listed in Table I. The
experimental site was in Sanya, Hainan Province.

Fig. 1. Three microalgae species. (A) N. oculata; (B) 1.
galbana; (C) C. muelleri.

Microalgae cultures and larval rearing

The N. oculata, I. galbana and C. muelleri were
cultivated by adding F/2 nutrient solution (Guillard, 1975) in
glass-fiberbarrels (top diameter of 90 cm, bottom diameter of

Table I. Size and characteristics of three microalgae species.

Species Division Size/pm Characteristics
Nannochloropsis oculata Chlorophyta 3.22+045 Very small. Fibrous glycoprotein cell wall
Isochrysis galbana Haptophyta 5.47£0.67 Two flagella, round—oval shaped

Chaetoceros muelleri Bacillariophyta

(7.8240.87) x (5.86+0.76)

Rigid cell wall, large spines
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80 cm, and height of 74 cm) under natural light conditions,
with an illumination intensity of approximately 0~5000
Ix inside the barrels. When fed to the larvae, the three
microalgae species were in a logarithmic growth stage and
their cell concentrations exceeded 10° cells/mL.

After the surface adherents of the parent P, fucata were
removed, they were rinsed until clean, and then placed in
a cool shaded area for a 3-h period of stimulation. When
the parent P. fucata opened their two shells, individual
P fucata with full gonads were selected and transferred
to a cement pool, where they were stimulated with
flowing water so that they underwent natural ovulation
and fertilization. When the fertilized eggs developed to
D-shaped larvae 24 h after hatching, a 47 um mesh sieve
was used to collect the floating larvae in the upper layer,
and the collected larvae were transferred to 10 square
cement pools (each with a size of 1 m X1 m x1 m), where
they were cultivated at a density of approximately 5 cells/
mL. Of the 10 cultivation pools, four used /. galbana as
the feed, three used N. oculata as the feed, and three used
C. muelleri as the feed (the larvae should be fed with 1.
galbana before ingesting C. muelleri). The feeds were
added three times a day, at 8:00, 16:00 and 24:00. Feeds
were always supplied at a quantity of 1x10°~5x10° cells/
mL, and the water was refreshed every two days, so that
the volume of refreshed water accounted for 30%~50%
of the original water volume. During larval cultivation,
water temperature was kept at 26.73 + 0.58(, salinity was
maintained at 28.35 + 0.78, and pH was 8.05 £ 0.02.

Ingestion and digestion trials

At the day-age of 2 dph (days post hatching), 8 dph,
14 dph, and 20 dph, bolting-silk bags with pore size of 47
pm were used to sample some larvae from a cultivation
pool to which 1. galbana was added as the feed. The
collected larvae were subjected to starvation for 12 h in
clear seawater that was pre-filtered through filter bags with
pore size of 1 um. The starved larvae were placed (at a
density of 5 cells/mL) into three 500-mL flasks, each filled
with one of the three microalgae species at a density of
105 cells/mL. The larvae were allowed to feed in the flasks
for 1 h, and then portions of the larvae in each flask were
euthanized with NaClO, (content 10%). The euthanized
larvae were placed under a phenix-ph 50 microscope
in order to observe whether the larvae had ingested the
microalgae species. Those larvae that had ingested the
microalgae species were filter-rinsed with bolting silk
and then placed in clear filtered seawater. The above
sampling procedure was repeated every 2 h to observe
the statuses of microalgae species digestion by the larvae.
The microscope was connected to a camera with 8-million
pixels. Software Toup View 3.7 was used to measure the

area (um?) of microalgae species in the larval stomachs,
with 30 larvae being measured each time in each group.

Measurement of larval growth rate and survival rate

At a given day-age (i.e., 2 dph, 8 dph, 14 dph, 20 dph
and 25 dph), a 1 L water sampler was used to collect 1 L
of water five times, once from the center, and four times
from the four corners of the cultivation pools, followed
by water mixing. For each pool, a volume of water was
sampled from the mixed water until the sampled volume
contained more than 500 larvae, and 2 drops of NaClO,
were then added to make the larvae precipitate, followed
by collection of the settled larvae. Settled larvae were then
placed in a 1 mL plankton counting chamber and counted
under the microscope, so that the larval survival rate could
be calculated. The larval shell length was also measured
(n=30).

Image processing and date analysis
The experimental data are expressed as mean =+

standard deviation ( X+ SD), and one-way ANOVA was
conducted in statistical software SPSS 21. The significance
(P <. 0.05) of inter-group differences was evaluated with
the least significant difference (LSD) test. The images were
processed with Photoshop CS5, and plots were generated
with origin 9.1.

RESULTS

Ingestion and digestion of microalgae species

The statuses of larvae of P. fucata after being fed with
N. oculata, I. galbana or C. muelleri for 1 h, observed
under the microscope, are shown in Figure 2A, B, C. As
shown in the figures, the larvae had ingested N. oculata and
I galbana, but not C. muelleri. After the larvae of different
day-ages were fed with one of the three microalgae species
at a density of 10° cells/mL for 1 h, the quantity of ingested
microalgae species in the larvae stomachs was expressed
as the area of the ingested microalgae species, as shown in
Table II. The uptake of N. oculata by the larvae varied with
larval age, increasing first and then gradually decreasing,
with the maximum uptake occurring at 8 dph. However,
the uptake of 1. galbana by the larvae increased with larval
age, and the uptake at 2 dph and 8 dph was lower than that
for N. oculata. The digestion statuses of microalgae species
in the stomachs of the larvae that had been transferred to
clear filtered seawater are shown in Figure 2D. Figure
2D shows that the digested microalgae species in the
stomachs were in a diffuse state, and that the digestive
diverticulum after absorbing nutrients showed a color
change, from pale under the starvation condition, to the
same color as the digested microalgae species. The larval
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statuses just after microalgae species were fully digested
and excreted from the stomachs are shown in Figure 2E,
which indicates that the larval stomachs were empty and
the digestive diverticulum still had the same color as the
digested microalgae species.

Fig. 2. The starved larvae which ingested three microalgae
species for 1 h at 105 cells/mL, and then digested these
in the filtered fresh seawater. (A) starved larvae ingested
N. oculata; (B) starved larvae ingested /. galbana; (C)
starved larvae did not ingest C. muelleri; (D) microalgae
in the stomach were digested; (E) larvae were had finished
digestion; nan, N. oculata; iso. I, galbana; emp, empty
stomach; sto, stomach; dig, digestive diverticula.

Fig. 3. Changes of microalgae area in the stomachs of
larvae of different dph. A, 2 dph; B, 8 dph; C, 14 dph; D,
20 dph.

After the larvae fed on N. oculata and 1. galbana
for 1 h, they were filter-rinsed and transferred to clear
seawater. The digestion statuses of microalgae species in

the larval stomachs were observed every 2 h, as shown
in Table III, and the variation of microalgae species area
in the stomachs is shown in Figure 3. The results indicate
that it was difficult for the larvae to digest N. oculata,
while it was easy for them to digest /. galbana. Regardless
of whether the microalgae species were digested in the
stomachs, the quality of those microalgae species kept
reducing; as larvae age increased, the larvae showed
an increasingly enhanced capability for digesting and
excreting the microalgae species.

Fig. 4. The effects of growth and survival rates of larvae
when fed N. oculata and I galbana, respectively. (A)
The effect of growth when fed N. oculata and I. galbana,
respectively; (B) The effect of survival rates when fed N.
oculata and I. galbana, respectively.

Different microalgae species were fed to the larvae
during their cultivation, and the larval shell length and
survival rate were monitored every six days. Larval shell
lengths are shown in Figure 4A, and the larval survival
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Table II. The three microalgae species area in larval stomachs after larvae fed for one hour, by larvae of different

dph (um?).

Microalgae species 2 dph 8 dph 14 dph 20 dph

597.92 + 93.34° 745.50 £ 108.67° 641.19+111.91°
Isochrysis galbana 460.41 £ 62.06* 692.66 = 79.17° 788.27 £101.48°

Chaetoceros muelleri 0? 0? 0? 0?

Nannochloropsis oculata

490.57 £ 127.64°
878.81 + 132.861

Means in the same rows with different superscript are significantly different (P < 0.05).

Table III. Stages of ingestion and digestion of three microalgae species by larvae of different dph.

Microalgae species 2 dph 8 dph 14 dph 20 dph

1 357 9 m1i3 1 3 5 7 9 11 13 1 3 5 1 3 5
Nannochloropsis oculata I T T I I II 1O I I I I I [III UI ¢ IOp. ITIT 11T IOID IO IOX
Isochrysis galbana I I I momrir - - mr 1w I oI - - I Il IIT I IIII I
Chaetoceros muelleri NO NO NO NO

I, Whole algal cells well defined in the stomach; II, Whole and lysed algal cells mixed in the stomach or no whole cells present (lysed algae only); III,

larvae had finished digestion; --, means no observed; NO, means no ingested.

rates are shown in Figure 4B. During the entire experimental
period, the larvae did not feed on C. muelleri, and therefore
Figure 4 does not illustrate the effect of C. muelleri on the
larval growth and survival. When fed with N. oculata, the
larvae at 2 dph had a shell length of 79.01 +2.00 um, while
the length became 81.89 + 3.06 um and 86.42 + 4.86 um
at 8 dph and 14 dph, respectively. The larval survival rate
decreased with the larval growth, with the rate-becoming
0 at 20 dph. When fed with . galbana, the larval growth
rate and survival rate were both higher than in larvae fed
with N. oculata. In particular, at 25 dph the larval shell
length of larvae fed I. galbana was 183.03 + 6.54 pm,
and some of the larvae started to undergo settlement and
metamorphosis, with a larval survival rate of 5.4 + 0.65 %.

DISCUSSION

All the P. fucata larvae of different day-ages could
ingest N. oculata and I. galbana, but not C. muelleri. At 8
dph, the larvae had a greater ingestion rate for N. oculata
than for I. galbana. Based on comparative analysis of the
shape and particle size of the three microalgae species,
we believe that the larvae were more likely to ingest
the microalgae species that were small in size, and had
a spherical shape and a smooth cell surface, which is
in agreement with the reported ingestion behaviors of
catarina scallop, 4. ventricosus-circularis larvae (Lora-
Vilchis et al., 1997), winged pearl oyster, P. sterna larvae
(Martinez-Fernandez et al., 2004), Paphia schnelliana
(Deng et al., 2021a), Antigona lamellaris (Deng et
al., 2021b) and Trachycardium flavum larvae (Deng
et al., 2016) for microalgae species. Algae in the genus

Chaetoceros are rich in the essential fatty acids that are
necessary for normal growth and survival of marine
invertebrate larvae (Reitan, 2011; Carboni et al., 2012;
Scholtz et al., 2013), and therefore have been used as a
primary feed or supplementary feed for the cultivation
of many marine bivalve mollusk and echinoderm larvae
(Doroudi et al., 2003; Knauer, 2011). However, none of
the larvae of different day-ages successfully ingested C.
muelleri. Observations about the ingestion processes of 7.
Sflavum larvae (Deng et al., 2016), geoduck clam, Panopea
zelandica larvae (Le et al., 2017) and oyster, Crassostrea
angulate larvae (Qiu et al., 2015) in water, suggest that the
ingestion of food by bivalve mollusk larvae is achieved by
swinging the peripheral cilia of the face plate to form water
flow. This moves microalgae species toward the oral groove
of the larvae, where they are captured by the swinging
cilia of the oral groove, and enter the oral groove, and
subsequently the stomach, which completes the ingestion
of microalgae species (Deng et al., 2021a, b). Constrained
by the size of the larval oral groove, microalgae species
usually have long, rigid antennal hairs, which can easily
prevent microalgae species from entering the oral groove
of the larvae, thereby making it impossible for the larvae
to successfully ingest the algae (Patinosuarez et al., 2004).
In this study, until 8 dph, larvae had a greater ingestion
rate for N. oculata than for I. galbana, which suggests
that the larvae had a greater ingestion rate for small-sized
microalgae species than for large-sized counterparts. This
is in contrast to the microalgae species ingestion behaviors
of adult P fucata (Deng et al., 2016), young Atlantic
bay scallops, Argopecten irradians and Pacific oysters,
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Crassostrea gigas (Wang et al., 2000). The ingestion by
spats and adult mollusks is conducted through filter-feeding
on the gill. It is commonly accepted that with the increase
of microalgae species size, the possibility for the gill to
miss the capture of microalgae species would decrease,
and therefore, given the same concentration of microalgae
species, the ingestion rate for large-sized microalgae
species is higher than that for small-sized microalgae
species (Deng et al., 2016). N. oculata have a diameter
of only about 3 um while . galbana have a diameter of
5~6 pm. Both species have almost the same likelihood of
moving with water flow to reach the oral groove of the
larvae, but some 1. galbana, due to their larger particle
size, may touch the cilia, or the oral groove, so that they
are easily bounced off, which causes them to be ingested
at a lower rate than larger N. oculata, and thereby making
the larvae have higher ingestion rates for N. oculata than
for 1. galbana. After 14 dph, the larval rate of ingestion
for N. oculata decreased, which may be associated with
ingestion behaviors of larvae. The observations made by
Qiu et al. (2015) on the movement and ingestion behaviors
of oyster larvae suggested that larvae in later stages had
intermittent bivalve closure, which shortened the effective
ingestion time, and thereby decreased the ingestion rate
for N. oculata. However, the larvae in this study showed
an increased ingestion rate for /. galbana, which may. be
attributed to the fact that, with increased larval age and
growth, their ingestion capability gradually increased, and
therefore the larvae had an enhanced effective ingestion
rate for I galbana, thereby offsetting the decrease in
effective ingestion time.

It was difficult for the larvae to digest N. oculata,
while it was easy to digest /. galbana. This finding is in
agreement with the digestion behaviors of catarina scallop,
A. ventricosus-circularis, larvae (Lora-Vilchis et al.,
1997), winged pearl oyster, P. sterna, larvae (Martinez-
Fernandez et al., 2004), T. flavum larvae (Deng et al., 2016)
and sandfish, Holothuria scabra, larvae (Duy et al., 2015)
for these two microalgae species. The degree of difficulty
associated with microalgae digestion is mainly due to their
structure. N. oculata is in the division Chlorophyta, and its
surface is coated with a layer of cellulose cell wall, which
makes it more difficult to degrade and digest N. oculata
than 1. galbana in larval stomachs. The observation made
by Deng et al. (2016) about the digestion and excretion of
microalgae by 7. flavum larvae indicated that microalgae
in the larval stomachs kept swinging via microvilli, so that
microalgae could rapidly turn over and undergo digestive
cleavage due to digestive enzymes. When broken down
through digestion to a certain particle size, microalgae
that are subjected to the swinging of stomach villi and
stomach contractions are discharged from the stomach

to the intestine and to the anus, from which they are
excreted out of the body to complete a normal digestion
and excretion process for microalgae. When the larval
stomach is subjected to excessive one-time ingestion, the
rapid stirring of microvilli, and the contractions of the
stomach would allow for undigested microalgae in the
stomach to be squeezed into the intestine, from which
they are rapidly excreted out of the body. This makes the
larvae unable to fully digest and utilize /. galbana, despite
the fact that this microalgae is easy to ingest and cleave
digestively. This is the main cause for the gradual decrease
of larval growth rates and survival rates with increasing
concentrations of microalgae beyond a certain threshold
value, a phenomenon also observed by Fernandez-
Pardo et al. (2016), who used different concentrations of
microalgae to feed Venerupis corrugata larvae. Given the
same concentration of N. oculata and I. galbana added
to the larval cultivation system, the latter algae led to a
greater larval growth and survival rate than the former
algae. This is consistent with the observation by Tang et al.
(2006), who reported that the growth rate and survival rate
of Asiatic hard clam, Meretrix meretrix, larvae fed with .
galbana were higher than those fed with other microalgae
species that were more difficult to digest. This means that
itis important to consider the degree of digestion difficulty
for microalgae in the selection of feeds. Therefore, when
cultivating P. fucata larvae, we should choose to use those
microalgae species that are easily cultivated on a large
scale, and are easily ingested and digested by the larvae.
Furthermore, implemented feeding regimes should consist
of appropriate feeding quantities, and feeding frequencies,
based on the ingestion rate and digestion rate of microalgae
species by the larvae under specific conditions.

CONCLUSIONS

In the larval cultivation of P. fucata, the microalgae
should be with small cell size, spherical shape and easy to
digest, and the principle of small amount and many times
should be followed.

ACKNOWLEDGEMENTS

This work was supported by the National Key R
and D Program of China (2019YFD0900905), Financial
Fund of Ministry of Agriculture and Rural affairs of China
(NHYYSWZZZYKZX2020), China Agriculture Research
System of MOF and MARA, Beihai Scientific Research
and Technology Development Project (BKH201995002,
BKH202181014), Central Public-interest Scientific
Institution Basal Research Fund, CAFS (2020TD55).



Ingestion and Utilization of Microalgae with Different Characteristics by Pearl Oyster 7

Statement of conflict of interest

The authors have declared no conflict of interest.
REFERENCES

Aranda-Burgos, J.A., Costa, F.D., Novoa, S., Ojea,
J., and Martinez-Patino, D., 2014. Effects of
microalgal diet on growth, survival, biochemical
and fatty acid composition of Ruditapes decussatus,
larvae. Aquaculture, 420-421: 38-48. https://doi.
org/10.1016/j.aquaculture.2013.10.032

Brown, M.R., Jeffrey, S.W., Volkman, J.K., and Dunstan,
G.A., 1997. Nutritional properties of microalgae
for mariculture. Aquaculture, 151: 315-331.

Carboni, S., Vignier, J., Chiantore, M., Tocher, D. R.,
Migaud, H., 2012. Effects of dietary microalgae
on growth, survival and fatty acid composition of
sea urchin Paracentrotus lividus, throughout larval
development. Aquaculture, 324-325: 250-258.
https://doi.org/10.1016/j.aquaculture.2011.10.037

Deng, Y.W.,, Fu, S., Liang, F.L. and Xie, S.H., 2013.
Effects of stocking density, diet, and water
exchange on growth and survival of pearl oyster
Pinctada maxima larvae. Aquacult. Int., 21: 1185-
1194. https://doi.org/10.1007/s10499-013-9622-0

Deng, Z.H., Jiang, S., Zhang, B., Liu, B.S., Huang,
G.J., and Yu, D.H., 2016. Ingestion and digestion
of pearl oyster (Pinctada fucata) on microalgae of
different types and concentrations. S. China Fish.
Sci. China, 12: 112-118.

Deng, Z.H., Wei, H.J., Zhao, W., Chen, M.Q., Yu, G.,
Sun, J., Li, Y.N., and Wang, Y., 2021a. Embryonic
development and larval cultivation of Paphia
schnelliana (Dunker), a unique economic species
of the Beibu Gulf. Aquaculture, 533: 736161.
https://doi.org/10.1016/j.aquaculture.2020.736161

Deng, Z.H., Ye, L., Wu, K.C., Yu, Y.Y,, Jiang, S., and
Zhang, B., 2016. Ingestion and digestion of nine
species of microalgae by Trachycardium flavum
larvae. S. China Fish. Sci. China, 12: 91-98.

Deng, Z.H., Zai, Z.Q., Wei, H.J., Zhao, W., Chen,
M.Q., Sun, J., Li, YN., Wang, Y., and Yu, G.,
2021b. Embryonic and larval development of
Antigona lamellaris, and their ingestion and
digestion of different microalgal species. Aquacult.
Rep., 20: 100732. https://doi.org/10.1016/j.
aqrep.2021.100732

Doroudi, M.S. and Southgate, P.C., 2000. The
influence of algal ration and larval density on
growth and survival of blacklip pearl oyster
Pinctada margaritifera (L.) larvae. Aquac. Res.,

31:  621-626.  https://doi.org/10.1046/j.1365-
2109.2000.318483.x.

Doroudi, M.S., Southgate, P.C, and Lucas, J.S., 2003.
Variation in clearance and ingestion rates by
larvaec of the black-lip pearl oyster (Pinctada
margaritifera L.) feeding on various microalgae.
Aquacult. Nutr., 9: 11-16. https://doi.org/10.1046/
j-1365-2095.2003.00222.x

Doroudi, M.S., Southgate, P.C., and Mayer, R.J., 1999.
Growth and survival of blacklip pearl oyster larvae
fed different density of microalgae. Aquacult.
Int., 7: 179-187. https://doi.org/10.1046/j.1365-
2109.2000.318483.x

Duy, N.D.Q., Pirozzi, 1., and Southgate, P.C., 2015.
Ingestion and digestion of live microalgae and
microalgae concentrations by sandfish, Holothuria
scabra, larvae. Aquaculture, 448: 256-261. https:/
doi.org/10:1016/j.aquaculture.2015.06.009

Fernandez-Pardo, A., Costa, F.D., Rial, D., Noévoa,
S., Martinez-Patifio, D., and Vazquez, J.A,,
2016. . Use of response surface methodology
to determine optimum diets for Venerupis
corrugata, larvae: Effects of ration and microalgal
assemblages. Aquaculture, 452: 283-290. https://
doi.org/10.1016/j.aquaculture.2015.11.005

Guan, Y., He, M. and Wu, H., 2017. Differential mantle
transcriptomics and characterization of growth-
related genes in the diploid and triploid pearl oyster
Pinctada fucata. Mar. Genomics, 33: 31-38.

Guillard, R.L.,1975. Culture of phytoplankton for
feeding marine invertbrates, In: Culture of
marine invertbrate animals (eds. W. Smith and
M. Chanley). Springer US, pp. 29-60. https://doi.
org/10.1016/j.margen.2017.01.001

Kaspar, H.F., Keys, E.F., King, N., Smith, KF,
Kesarcodi-Watson, A., and Miller, M.R.,
2014. Continuous production of Chaetoceros
calcitrans, in a system suitable for commercial
hatcheries. Aquaculture, 420-421: 1-9. https://doi.
org/10.1016/j.aquaculture.2013.10.021

Knauer, J.,, 2011. Growth and survival of larval
sandfish, Holothuria scabra (Echinodermata:
Holothuroidea), fed different microalgae. J.
World Aquacult. Soc., 42: 880-887. https://doi.
org/10.1111/§.1749-7345.2011.00523.x

Le, D.V., Alfaro, A.C., Ragg, N.L.C., Hilton, Z,
Watts, E., King, N., 2017. Functional morphology
and performance of new zealand geoduck clam
(Panopea zelandica) larvae reared in a flow-
through system. Aquaculture, 468: 32-44. https://
doi.org/10.1016/j.aquaculture.2016.09.047

Li, HM., Wang, D.Q., Deng, Z.H., Huang, G.J., Fan,


https://doi.org/10.1016/j.aquaculture.2013.10.032
https://doi.org/10.1016/j.aquaculture.2013.10.032
https://doi.org/10.1016/j.aquaculture.2011.10.037
https://doi.org/10.1007/s10499-013-9622-0
https://doi.org/10.1016/j.aquaculture.2020.736161
https://doi.org/10.1016/j.aqrep.2021.100732
https://doi.org/10.1016/j.aqrep.2021.100732
https://doi.org/10.1046/j.1365-2109.2000.318483.x
https://doi.org/10.1046/j.1365-2109.2000.318483.x
https://doi.org/10.1046/j.1365-2095.2003.00222.x
https://doi.org/10.1046/j.1365-2095.2003.00222.x
https://doi.org/10.1046/j.1365-2109.2000.318483.x
https://doi.org/10.1046/j.1365-2109.2000.318483.x
https://doi.org/10.1016/j.aquaculture.2015.06.009
https://doi.org/10.1016/j.aquaculture.2015.06.009
https://doi.org/10.1016/j.aquaculture.2015.11.005
https://doi.org/10.1016/j.aquaculture.2015.11.005
https://doi.org/10.1016/j.margen.2017.01.001
https://doi.org/10.1016/j.margen.2017.01.001
https://doi.org/10.1016/j.aquaculture.2013.10.021
https://doi.org/10.1016/j.aquaculture.2013.10.021
https://doi.org/10.1111/j.1749-7345.2011.00523.x
https://doi.org/10.1111/j.1749-7345.2011.00523.x
https://doi.org/10.1016/j.aquaculture.2016.09.047
https://doi.org/10.1016/j.aquaculture.2016.09.047

Z. Deng et al.

S.G.,Zhou,D.Z.,Liu,B.S., Zhang, B.,and Yu, D.H.,
2017. Molecular characterization and expression
analysis of chitinase from the pearl oyster Pinctada
fucata. Comp. Biochem. Physiol., B.,203: 141-148.
https://doi.org/10.1016/j.cbpb.2016.10.007

Liu, W., Pearce, C.M., Mckinley, R.S., and Forster,
LP, 2016. Nutritional value of selected species
of microalgaec for larvac and early post-set
juveniles of the pacific geoduck clam, Panopea
generosa. Aquaculture, 452: 326-341. https://doi.
org/10.1016/j.aquaculture.2015.10.019

Lora-Vilchis, M.C., and Maeda-Martinez, A.N., 1997.
Ingestion and digestion index of catarina scallop
Argopecten  ventricosus-circularis, ~ Sowerby
I, 1842, veliger larvae with ten microalgae
species. Aquacult. Res., 28: 905-910. https://doi.
org/10.1046/j.1365-2109.1997.00917.x

Marshall, R., Mckinley, S., and Pearce, C.M., 2010.
Effects of nutrition on larval growth and survival
in bivalves. Rev. Aquacult., 2: 33-55. https://doi.
org/10.1111/5.1753-5131.2010.01022.x

Martinez-Fernandez, E., Acosta-Falmon, H., Rangel-
Favalos, C., 2004. Ingestion and digestion of 10
species of microalgae by winged pearl oyster
Pteria sterna (Gould, 1851) larvae. Aquaculture,
230: 417-423.  https://doi.org/10.1016/S0044-
8486(03)00416-2

Martinez-Fernandez, E., Acosta-Salmén, H., and
Southgate, P.C., 2006. The nutritional” value of
seven species of tropical microalgae for black-
lip pearl oyster (Pinctada< margaritifera L.)
larvae. Aquaculture, 257: 491-503. https://doi.
org/10.1016/j.aquaculture.2006.03.022

Martinez-Fernandez, E., and Southgate, P.C., 2007.
Use of tropical microalgae as food for larvae of
the black-lip pearl oyster, Pinctada margaritifera.
Aquaculture, 263: 220-226. https://doi.
org/10.1016/j.aquaculture.2006.09.040

Meng, Z.H., Zhang, B., Liu, B.S., Li, HM., Fan, S.G.,
and Yu, D.H., 2017. High carotenoids content can
enhance resistance of selected Pinctada fucata
families to high temperatrue stress. Fish Shellfish
Immunol., 61: 211-218. https://doi.org/10.1016/j.
£51.2016.12.032

Patinosuarez, V., Aranda, D.A., and Zamora, A.G.,
2004. Food ingestion and digestibility of five
unicellular algae by one day old Strombus gigas
larvae. Aquacult. Res., 35: 1149-1152. https://doi.
org/10.1111/j.1365-2109.2004.01138.x

Pettersen, A.K., Turchini, G.M., Jahangard, S.,

Ingram, B.A., and Sherman, C.D.H., 2010. Effects
of different dietary microalgae on survival,
growth, settlement and fatty acid composition
of blue mussel (Mytilus galloprovincialis)
larvae. Aquaculture, 309: 115-124. https://doi.
org/10.1016/j.aquaculture.2010.09.024

Qiu, T, Liu, Y., Zheng, J., Zhang, T., and Qi, J., 2015.
A feeding model of oyster larvae (Crassostrea
angulata). Physiol. Behav., 147: 169-174. https://
doi.org/10.1016/j.physbeh.2015.04.043

Reitan, K.., 2011. Digestion of lipids and
carbohydrates from microalgae (Chaetoceros
muelleri Lemmermann and Isochrysis aff.galbana
clone T-ISO) in juvenile scallops (Pecten maximus
L.). Aquacult. Res; 42: 1530-1538. https://doi.
org/10.1111/5.1365-2109.2010.02745.x

Renaud, S.M., Thinh, L.V., and Parry, D.L., 1999.
The gross‘chemical composition and fatty acid
composition of 18 species of tropical australian
microalgaec  for possible use in mariculture.
Aquaculture,170: 147-159. https://doi.org/10.1016/
S0044-8486(98)00399-8

Scholtz, R., Bolton, J.J., and Macey, B.M., 2013. Effects
of different microalgal feeds and their influence on
larval development in the white-spined sea urchin
Tripneustes gratilla. Afv. J. Mar., 35: 25-34. https://
doi.org/10.2478/s11756-009-0135-2

Taylor, J.J., Rose, R.A., Southgate, P.C., and Taylor,
C.E., 1997. Effects of stocking density on growth
and survival of early juvenile silver-lip pearl oysters,
Pinctada maxima, (Jameson), held in suspended
nursery culture. Aquaculture, 153: 41-49. https://
doi.org/10.1016/S0044-8486(97)00015-X

Tang, B., Liu, B., Wang, G., Zang, T., and Xiang, J.,
2006. Effects of various algal diets and starvation
on larval growth and survival of Meretrix
meretrix. Aquaculture, 254: 526-533. https://doi.
org/10.1016/j.aquaculture.2005.11.012

Wang, F., Dong, S.L., Zhang, S., and Wang, R.C., 2000.
Experimental studies on feeding selectivity and
the filter-feeding rate of Argopecten irradians and
Crassostrea gigas. Oceanol. Limnol. Sin. China,
31: 139-144. http://dx.chinadoi.cn/10.3321%21]j.
issn%3a0029-814X.2000.02.005

Wang, H., Zhu, X.W., Wang, Y.A., Luo, M.M. and Liu,
Z.G.,2012. Determination of optimum temperature
and salinity for fertilization and hatching in the
Chinese pearl oyster Pinctada martensii (Dunker).
Aquaculture, 358-359: 292-297.  https://doi.
org/10.1016/j.aquaculture.2012.04.050


https://doi.org/10.1016/j.cbpb.2016.10.007
https://doi.org/10.1016/j.aquaculture.2015.10.019
https://doi.org/10.1016/j.aquaculture.2015.10.019
https://doi.org/10.1046/j.1365-2109.1997.00917.x
https://doi.org/10.1046/j.1365-2109.1997.00917.x
https://doi.org/10.1111/j.1753-5131.2010.01022.x
https://doi.org/10.1111/j.1753-5131.2010.01022.x
https://doi.org/10.1016/S0044-8486(03)00416-2
https://doi.org/10.1016/S0044-8486(03)00416-2
https://doi.org/10.1016/j.aquaculture.2006.03.022
https://doi.org/10.1016/j.aquaculture.2006.03.022
https://doi.org/10.1016/j.aquaculture.2006.09.040
https://doi.org/10.1016/j.aquaculture.2006.09.040
https://doi.org/10.1016/j.fsi.2016.12.032
https://doi.org/10.1016/j.fsi.2016.12.032
https://doi.org/10.1111/j.1365-2109.2004.01138.x
https://doi.org/10.1111/j.1365-2109.2004.01138.x
https://doi.org/10.1016/j.aquaculture.2010.09.024
https://doi.org/10.1016/j.aquaculture.2010.09.024
https://doi.org/10.1016/j.physbeh.2015.04.043
https://doi.org/10.1016/j.physbeh.2015.04.043
https://doi.org/10.1111/j.1365-2109.2010.02745.x
https://doi.org/10.1111/j.1365-2109.2010.02745.x
https://doi.org/10.1016/S0044-8486(98)00399-8
https://doi.org/10.1016/S0044-8486(98)00399-8
https://doi.org/10.2478/s11756-009-0135-2
https://doi.org/10.2478/s11756-009-0135-2
https://doi.org/10.1016/S0044-8486(97)00015-X
https://doi.org/10.1016/S0044-8486(97)00015-X
https://doi.org/10.1016/j.aquaculture.2005.11.012
https://doi.org/10.1016/j.aquaculture.2005.11.012
http://dx.chinadoi.cn/10.3321%2fj.issn%3a0029-814X.2000.02.005
http://dx.chinadoi.cn/10.3321%2fj.issn%3a0029-814X.2000.02.005
https://doi.org/10.1016/j.aquaculture.2012.04.050
https://doi.org/10.1016/j.aquaculture.2012.04.050

