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The feeding selectivity of bivalves can play an important role in shaping the
structure of phytoplankton communities of natural waters. This could be
particularly true in waters with intensive bivalves farming, like Sungo Bay,
Northern China. Understanding the role of bivalve feeding behavior is
important for assessing how the dense cultivation of bivalves may affect
phytoplankton community composition and food web structure in farm areas.
In this study, we investigated the feeding selectivity of blue mussel Mytilus
coruscus on natural phytoplankton assemblages in Sungo Bay using both
optical microscopy and HPLC-pigment analysis. Results showed that
cryptophytes dominated the phytoplankton community and made up 66.1% of
the total phytoplankton abundance. A comparison of phytoplankton
composition between natural and filtered seawater showed that M. coruscus
preferred cryptophytes and dinoflagellates than Chaetoceros spp. and
Skeletonema spp. Cryptophytes were not detected in gut contents by
microscopic observation, while their marker pigment alloxanthin was present,
suggesting they were also consumed by M. coruscus and can be readily digested.
This highlights the shortcomings of microscopic methods and the significance of
HPLC-pigment analysis in obtaining a comprehensive understanding of feeding
selectivity of bivalves. The proportions of Chaetoceros spp. and Skeletonema
spp. in gut contents were significantly lower than their proportions in the
seawater, and contrastingly, the proportions of Cocconeis spp. and Pinnularia
spp. showed opposite patterns. The marker pigments prasinoxanthin and
zeaxanthin were detected in the gut of M. coruscus indicating that
picophytoplankton (e.g., prasinophytes and Synechococcus) are also food
sources for this bivalve. This information furthers our understanding of bivalve
aquaculture and environment interactions.
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Introduction

Bivalves like mussels, oysters, and scallops are key species for
mariculture in coastal waters worldwide (Ward and Shumway,
2004; Filgueira et al.,, 2016). It is well known that filter-feeding
bivalves play an important role in shaping the structure of
phytoplankton community (Dame and Prins, 1998; Nakamura
and Kerciku, 2000; Filgueira et al., 2012). However, there remain
unknowns about the relationship between bivalve filter-feeding
and phytoplankton assemblages, particularly for dense
populations of bivalves in farming areas (Cedric et al., 2003).

Bivalves are exposed to diverse particles (living and
nonliving; large and small) in the marine environment.
Generally, suspension-feeding bivalves capture particles of
increasing size with increasing efficiency, until some size
threshold is met, beyond which all particles cannot be
effectively captured (reviewed by Rosa et al., 2018); for
example, the threshold for M. edulis is ~4 pm (Riisgird, 1988;
Riisgard & Larsen, 2010). It has been found that some particles
are more likely to be captured by bivalves than others, despite
being similar in size (Shumway et al.,, 1985; Naddafi et al., 2007).
This suggests that qualitative aspects apart from size can
influence selective feeding (Grizzle et al,, 2001; Ward &
Shumway, 2004; Rosa et al., 2021). Previous studies have
found that some bivalves may have flexible feeding behaviors
in response to changes in particle composition and
concentrations (e.g. Bayne & Worrall, 1980; Hawkins et al,
1996; Beninger et al., 2008; Strohmeier et al., 2012).

In some previous studies, the issue of feeding selectivity in
bivalves has been addressed using various combinations of
laboratory cultured algae (Shumway et al, 1985; Bougrier
et al., 1997; Pales Espinosa et al., 2016; Rosa et al.,, 2017).
These studies have found that bivalves can preferentially select
different algal species based on the size, morphology, particle
shape, and motility (Ward & Shumway, 2004); toxicity,
nutritional contents (Ren et al., 2006); and membrane
composition of the prey (Rosa et al., 2018). Feeding
experiments conducted in a laboratory with a cultured diet
may not appropriately reflect in situ conditions. Short-term
variations of phytoplankton biomass and species composition
may continually occur in response to the changing marine
environments (Filgueira et al., 2016). Previous studies have
explored particle selection by suspension feeders using natural
algal assemblages (Cognie et al., 2001; Yahel et al., 2006; Naddafi
et al,, 2007; Yahel et al., 2009; Safi and Hayden, 2010; Frau et al,,
2016). In those studies, the microscopic method has generally
been used to study the feeding of phytoplankton by bivalves. The
comparison of phytoplankton assemblages between gut contents
and the surrounding seawater has also been performed to deal
with their differential utilization by bivalves (Kamermans, 1994;
Rouillon et al., 2005). However, the microscopic method can
easily omit fragile or small phytoplankton cells in seawater,
especially in gut contents of bivalves (Trottet et al., 2008). This
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would introduce a bias into evaluating the effects of selective
feeding of bivalves on phytoplankton biomass and community,
as well as bivalve diet in the natural environment. In recent
decades, high-performance liquid chromatography (HPLC)
based pigments analysis has been developed, which provides a
chemotaxonomic qualitative and quantitative analysis for
phytoplankton as certain key pigments are sensitive indicator
of different algal groups (Zapata et al., 2000). The HPLC-
pigment method is appropriate for the identification of fragile
cells and small cells, but it cannot provide accurate taxonomical
information (to species or genus) of phytoplankton (Pan et al.,
2020). Nevertheless, this method has provided much important
information in the studies of both feeding and digestion of
molluscs (Loret et al., 2000; Lavaud et al., 2018; Jiang et al.,
2019). Consequently, a combination of these two methods might
provide a further understanding of the effects of bivalve selective
feeding on the profile of phytoplankton communities in
aquaculture sites (Trottet et al., 2008).

In the present study, we investigated the selective feeding of
phytoplankton assemblages by M. coruscus in farming waters of
Sungo Bay. We focused on two aspects of feeding selectivity:
clearance (also referred to as ‘retention’) efficiency in the
seawater, and a comparison between seawater and gut
contents. The species compositions of phytoplankton
in seawater and mussel gut contents were identified
using microscopic counting and HPLC-pigment analysis. This
study furthers our understanding of feeding selectivity
and diet composition of M. coruscus, and more broadly
about the potential effects of bivalve aquaculture on
phytoplankton communities.

Materials and methods
Experimental design

Sungo Bay is located in northern China and characterized
by a temperate climate. It has been used for farming bivalves
(e.g., oyster Crassostrea gigas and Chinese scallop Chlamys
farreri) and seaweed (Saccharina japonica) for several decades.
The feeding experiments were conducted on a floating
platform in a semi-enclosed dock of Sungo Bay (37°02'07"
N, 122°32’58"" E), China. The seawater used for the
experiments was pumped from 50 m off the shore at a depth
of 3m (Fig 1), which is about 3 km away from an aquaculture
area. The water temperature and salinity were around 24°C and
31, respectively. Previous study showed that the diatoms are
the most common species and dominate the phytoplankton
community in this area (Wang, 2017; Hou et al., 2021). During
the past several decades, the species number and Shannon’s
diversity index of phytoplankton in Sungo Bay have declined,
which has been ascribed to the high biomass of cultured
shellfish (Hou et al., 2021).
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Eight groups of feeding experiments with M. coruscus were
performed. The experimental groups NO. 1-6 and NO. 7-8 were
performed on Sept. 16 and 20, 2018, respectively (Table 1).
Before the experiments, all mussels were placed in a large plastic
chamber (20 1) over 24 h with continuous seawater influx from a
branch pipe of the headwater, which was the same source as the
feeding experiments (Figure 1). In each experimental group,
three mussels were placed in independent 1.0 1 PVC chambers
(as described in Cranford et al., 2016) supplied with seawater.
The chambers were mounted on magnetic stirrers to ensure that
the water was well mixed. The chambers were maintained in
flow-through until all mussels were observed to be open. At that
point, the flow of water was interrupted, and the chambers
became static. The size distribution of the particles in each
chamber was monitored using a PAMAS $40 GO instrument
(PAMAS, Rutesheim, Germany) (Figure 1). Particle counts were
measured once every 30 seconds throughout the static
incubations. Particles were both counted across different size
bins. Static incubations were run either until ~50% of particles
larger than 8.0 um were depleted, or for a maximum of one hour,

10.3389/fmars.2022.1070737

which resulted in different incubations times across
experimental groups (Table 1). The length of M. coruscus
ranged from 45 to 56 mm. The experimental groups NO. 1-5
and 7 were used for studying the clearance of phytoplankton
cells by M. coruscus using the microscopic method and the
experimental groups NO. 6 and 8 were for the clearance of
phytopigments by the HPLC pigments determination.

Microscopic observations for
phytoplankton

For the experimental groups NO. 1-5 and 7, triplicate
aliquots of 1.0 L seawater from the headwater were collected
for microscopic analyses. After completion of each experiment,
the filtered seawater in the chamber was also collected, and its
volume was measured. Seawater samples were fixed by Lugol’s
solution and concentrated to 5-15 mL overnight settling, with
0.1 mL placed in a counting chamber and counted under light
microscopy (Olympus BH-2, Olympus, Tokyo, Japan). Each

TABLE 1 Experimental design and total phytoplankton biomass in each experimental group (n=3 mussels for each group).

Experimental ~ Phytoplankton biomass before Phytoplankton biomass after ~ Clearance Experiment Refiltration
groups feeding experiment feeding experiment efficiency time (h) index (RI)
(%)
Microscopic Cell density (10* cell 1)
method
NO. 1 248+53 33 86.8 1.00 0.82
13 94.9 1.00 1.47
3.0 87.8 1.00 1.56
NO. 2 24753 4.0 83.8 071 035
5.0 79.6 0.72 0.93
8.7 64.7 071 1.04
NO. 3 366+ 1.8 226 38.2 0.29 0.04
18.0 50.9 0.28 0.65
73 80.0 0.29 0.57
NO. 4 36.7 £ 5.1 21.6 411 0.28 0.05
25.0 32,0 027 0.24
203 447 0.26 0.40
NO. 5 365+ 3.2 149 59.2 033 0.60
1.8 95.2 033 1.41
17.0 53.3 033 0.11
NO. 7 143+ 1.7 11 92.2 0.68 1.61
22 84.7 0.68 1.38
25 82.6 0.68 145
HPLC method Chl a concentration (ng )
NO. 6 575.9 + 267.9 137.8 76.1 031 0.34
87.0 84.9 033 0.67
3916 321 0.32 0.07
NO. 8 122.1 +43 76.4 37.5 041 1.16
55.1 54.9 041 0.13
105.9 133 041 036
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FIGURE 1

Feeding experiments in the Sungo Bay. (P, PAMAS; M, Magnetic stirrer; SA, Maintenance of M. coruscus samples).

sample was counted in triplicate and at least 350 cells were
identified per counting.

HPLC-pigment analysis for sea water

For the experimental groups NO. 6 and 8, 1.0 L seawater
(n=3) from the headwater was filtered through GF/F filters (0.7
um pore size, 47 mm diameter, Whatman). After feeding
experiments, the volume of remaining seawater in each
chamber was measured, and then filtered as described above.
The filters were immediately put into liquid nitrogen and stored
until HPLC analysis. Pigment extraction and determination
were performed according to Zapata et al. (2000). The 21
pigment standards were purchased from DHI (Denmark)
(Table S1). All HPLC procedures were described by Pan
et al. (2020).

Gut content analysis

After completion of the feeding experiments, mussel gut
contents were immediately collected into a plastic tube by
making an incision through to the gut cavity and rinsing of
contents using filtered seawater (GF/F filter (< 0.7 um)). Gut
contents of the 15 individuals in experimental Groups NO. 1-5
were fixed in Lugol’s solution for phytoplankton analysis by
microscope described as in Section Microscopic observations for
phytoplankton. Due to heavy disturbance by detritus, only 7 out
of 15 mussel gut samples could achieve counts of > 200 algal cells
(note that cryptophyte species were not observed due to
digestion, see Section 3.4), which was the adopted threshold to
guarantee the accuracy of the data (Venrick, 1978).
Consequently, the other 8 samples were excluded in this study.
The gut content of the 3 individuals of Group NO. 6 and 8 were
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filtered onto independent GF/F filters for pigments analysis
described as in Section HPLC-pigment analysis for sea water.

Clearance and selectivity of
phytoplankton

In each experimental group, clearance efficiency (CE) of
phytoplankton for each M. coruscus was calculated as follows
(Vahl, 1972):

PB,
CE%=[1-—2] x 100 (1)
PB

bf

where, PBys and PB,¢ are the phytoplankton biomass (cell density
(cell 1"") by microscopic counting and pigments concentration (ng
') by HPLC analysis) in the natural seawater (headwater) and
experimental water before and after the experiment, respectively.

For the whole experiment, the ratios of clearance efficiency
(RCE) for certain phytoplankton genera or groups against total
phytoplankton were calculated to describe the degree of selective
clearance by M. coruscus, as shown in formula (2):

_ CEphyto

RCE =
CEtotul

2)
where CEppy is CE of certain phytoplankton genera or group;
CEotar is CE of total phytoplankton. For certain phytoplankton
genera or group, RCE > 1 means it is selectively filtered by M.
coruscus, while RCE < 1 means it is selectively rejected.

Refiltration index
Given the different static incubation times and individual

variability in terms of pumping activity, a refiltration index was
calculated for comparative purposes across different mussels.
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This index describes the total amount of water that was pumped
by each mussel in the individual chamber during the
measurements. This refiltration index was calculated as a ratio
between the volume of water pumped by the mussel and the total
volume of the chamber. To calculate the volume of water
pumped by the mussel, pumping rate (PR) was calculated as:

PR = Agyergge X V % 60 3)

Where Ayyerage is the slope of In (particle concentration) over
time of particles which are captured with 100% efficiency by the
mussel (see Cranford et al., 2016 for a detailed description of this
equation). In this study, particles ranging between 8.25 and 10.75
pum were assumed to be 100% captured and used to calculate
Aaverage- T0 avoid error generated from non-constant pumping, or
very low particle counts, only slopes with an associated r* > 0.90
were used (Cranford et al., 2016). V is the chamber volume, and
PR is pumping rate in units of 1 h™. The refiltration index (RI) was
calculated dividing the total volume pumped by the mussel by the
volume of the chamber. A RI greater than 1 indicates that the
mussel pumped more water than the volume of the chamber.

Statistical analysis

One-way ANOVA (Fisher LSD Test) was performed to
evaluate the differences in the composition of phytoplankton

10.3389/fmars.2022.1070737

assemblages in seawater and gut contents of M. coruscus, which
was performed using SPSS 19.0. The agreement between RCE
of phytoplankton assemblages and CE of total phytoplankton
was evaluated using linear regression analysis. The
relationships between CE of phytoplankton assemblages (and
pigments) and RI were determined using logarithmic fit
analysis. The above correlation analysis was performed by
Origin 2017 software.

Results

Phytoplankton assemblage in the natural
seawater

A total of 57 phytoplankton species were identified
by microscope, including 48 diatoms, 6 dinoflagellates and
1 cryptophyte sp. (Figure 2). Cryptophytes, around 5-8 um
in diameter, were found as the dominant group, with average
abundance of 19.69x10* cell 1"}, and it made up 66.1% of the
total phytoplankton abundance. Diatoms Chaetoceros spp.
(1.58x10* cell I'") and Cocconeis scutellum (1.08x10* cell 1)
followed in abundance. Dinoflagellates (including
Gymnodinium spp., Gonyaulax spinifera, Gyrodinium spp.
and Prorocentrum spp.) only comprised 3.5% of total

phytoplankton abundance.

FIGURE 2

Some dominant phytoplankton species in this study. (A) Cryptophytes sp.; (B) Chaetoceros sp.; (C) Skeletonema costatum; (D) Pseudo-nitzschia
sp.; (E) Nitzschia sp.; (F) Pinnularia sp.; (G) Cocconeis scutellum; (H) Amphora sp.; (I) Gonyaulax spinifera; (J) Gymnodinium sp.; (K) Gyrodinium
spirale (A cryptophytes; B, C: centric diatoms; D—H: Pennatae diatoms; I-K: dinoflagellates).
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Clearance efficiency of different
phytoplankton genus/taxa by Mytilus
coruscus

Phytoplankton biomass (cell abundance and Chl a
concentration) before feeding experiments varied among
different experimental groups due to the fluctuation of natural
seawater (Table 1). Due to different incubation times and
pumping rate across individuals, large differences of RI among
the triplicate parallel experiments existed within each group
(e.g., NO. 3, 5) (Table 1). Consequently, different experimental
groups showed some variations of clearance efficiency of
different phytoplankton genus/groups (Figure S1).

100{A Total phytoplankton
90
80+
70
60
50
401
30 "
20
104

Y = 78.59 + 14.54*In (X)
r?= 0.62 (P <0.01)

Clearance efficiency (%)

0 ——— —_—
00 02 04 06 08 10 12 14 16 1.8
Refiltration index

1001C Centric diatoms
90

70+
60
50
40
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|
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FIGURE 3
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Given that the RI by M. coruscus varied between individual
mussels in the experiments (Table 1), the clearance efficiency of
phytoplankton cells was explored in relation to refiltration index
(RI) (Figure 3) rather than comparing the proportions of
phytoplankton before vs. after feeding experiments (Figure SI).
Significant statistical relationships were found between RI and total
phytoplankton cells (F=247; P< 0.01), as well as different groups (P<
0.01) (Figure 3). Moreover, these relationships revealed a differential
clearance efficiency for the different algal groups. For a RI of 1.0,
cryptophytes had the highest clearance efficiency (83%) while
centric diatoms had the lowest (63%) (Figures 3B, F, respectively).

There was a large variation in the ratio of clearance efficiency
(RCE) of different phytoplankton assemblages to total
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Logarithmic relationships between clearance efficiency of phytoplankton cells and refiltration index (RI) by M. coruscus.
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phytoplankton at RI = 1 by M. coruscus (Figure 4). The RCE of
cryptophytes against total phytoplankton was the highest (1.06)
while Chaetoceros spp. Showed the lowest (0.80), representing
preferential filtration and rejection, respectively. The other
centric diatom Skeletonema spp. Also showed a relatively low
RCE. By comparison, the pennate diatoms and dinoflagellates
showed similar RCR within a range of 0.91-0.99.

The relationship between RCE and CE of total
phytoplankton by M. coruscus differed across phytoplankton
groups (Figure 5). With an increasing CE and decreasing total
phytoplankton density in the remaining seawater after feeding
experiments, the RCE of the dinoflagellates decreased (P< 0.01)
while the centric diatoms showed an increasing trend (P< 0.01).
It was noteworthy that the RCE of centric diatoms never
exceeded 1.0. By comparison, the RCE of cryptophytes was
relatively stable and always above 1.0. The average RCE of
cryptophytes was significantly higher than centric diatoms (P<
0.01). No significant difference of RCE was observed among the
other phytoplankton assemblages (P > 0.05) (Figure 5).

Clearance efficiency of different
phytopigments by Mytilus coruscus

Significant relationships were found between the CE of
different pigments and RI (F=8.98; P< 0.05) except for
zeaxanthin (F=2.37; P = 0.19) (Figure 6). These relationships
differed across pigments. When the RI was 1.0, alloxanthin and
peridinin (marker pigment of cryptophytes and dinoflagellates,
respectively) had the highest CE (77%-78%), and fucoxanthin
(marker pigment of diatoms) ranked the third (Figures 6A-C).

10.3389/fmars.2022.1070737

By comparison, prasinoxanthin and zeaxanthin (marker
pigment of prasinophytes and Synechococcus, respectively) had
the lowest clearance efficiency (27%-31% at RI = 1.0)
(Figures 6D, E, respectively). Chl a, as an estimation of the
total phytoplankton biomass, showed a moderate clearance
efficiency (56% at RI = 1.0) (Figure 6G).

Comparison of phytoplankton
composition in seawater and gut
contents

The 7 samples having counts > 200 cells were distributed
over five experimental groups, and the total amount of
phytoplankton cells in gut contents ranged from 1.7x10> to
15.3x10° cells ind ™" (Table S2). Therefore, the pooled data of 15
water samples was compared to 7 mussels (Table 2 and Table S2)
to explore differences in the composition of phytoplankton
between them. A total of 31 phytoplankton species (or genera)
were observed in the gut contents (Table S2). It is noteworthy
that cryptophyte cells were not observed in the gut contents. The
proportion of Chaetoceros spp. and Skeletonema spp. was
significantly lower in the gut contents than in the seawater (P<
0.05). By contrast, Cocconeis spp. and Pinnularia spp. showed
significantly higher proportion in the former than the latter (P<
0.05) (Table 2).

Similarly, a comparison of the seawater and gut contents
showed different pigment structure (Table 3; Figure S2). In the
natural seawater, fucoxanthin and prasinoxanthin contributed
the highest proporation of total marker pigments (Table 3). By
comparison, the proportion of prasinoxanthin significantly

1.2

1.1

1.0 -

RCE

0.9+

0.8

0.7

FIGURE 4

Chae Ske Cocc Pseu Nitz Arﬁph Tra Pinn Gy'mnGény G)'/ro C'ry

The ratio of clearance efficiency (RCE) of dominant phytoplankton assemblages against total phytoplankton at Refiltration Index = 1. The
following abbreviations were used for the different communities: Chae, Chaetoceros spp.; Ske, Skeletonema spp.; Cocc, Cocconeis spp.; Pseu,
Pseudo-nitzschia spp.; Nitz, Nitzschia spp.; Amph, Amphora spp.; Tra, Trachyneis spp.; Pinn, Pinnularia spp.; Gymn, Gymnodinium spp.; Gony,

Gonyaulax spp.; Gyro, Gyrodinium spp.; Cry, cryptophytes
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The relationship between the ratio of clearance efficiency of different phytoplankton groups against total phytoplankton (RCE) and CE of total

phytoplankton by M. coruscus.

decreased in the gut contents of M. coruscus (P< 0.01).
Zeaxanthin and lutein showed similar changes. Meanwhile,
proportion of alloxanthin showed a significant increasing
trend, from 6.65 + 0.65% to 31.46 + 4.41% (P< 0.01) (Table 3).

Discussion

Preferential feeding selection of Mytilus
coruscus

The results indicated that cryptophytes dominated the
phytoplankton community in Sungo Bay, which was not
observed in previous studies (Wang, 2017; Hou et al.,, 2021).
In natural seawater, cryptophytes were rarely reported to be a
dominant phytoplankton group, largely due to the omission by
microscopic methods (easily deformed or broken in fixed
seawater samples) (Gieskes & Kraay, 1983).

HPLC-pigments analysis demonstrated that cryptophytes
contribute a high proportion to algal biomass along the coastal
areas of China (Wang et al., 2018; Pan et al., 2020). Our results
showed that M. coruscus preferentially filtered the cryptophytes
and dinoflagellates (Figures 3, 5). The preferential feeding
on flagellates has been previously observed in bivalves
(Dupuy et al., 2000b; Safi and Hayden, 2010). The mussel
Perna canaliculus preferentially ingested flagellated cells,
including dinoflagellates and other small flagellates, in the
natural seawater from Pelorus Sound (New Zealand) (Safi and
Hayden, 2010). Moreover, Naddafi et al. (2007) revealed that a
freshwater bivalve species (Dreissena polymorpha) could
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selectively clear cryptophytes, chrysophyceaens and
dinoflagellates. Ren et al. (2006) found the assimilation
efficiency of flagellates by mussels was significantly higher than
diatoms. Shellfish may have ability to select more nutritious
dinoflagellates over diatoms (Menden-Deuer and Lessard, 2000).

Similarly, the laboratory study of Pales Espinosa et al. (2016)
reported that cryptophyte Rhodomonas lens and R. salina tended
to be more easily filtered by Crassostrea virginica and M. edulis
and less rejected through pseudofeces than others.

Retention efficiency of bivalves in the natural seawater is
generally dependent on the diameter of particles, which
increases non-linearly with particle size (Strohmeier et al,
2012; Rosa et al, 2015). However, the retention efficiency of
different particle sizes “varies spatially and seasonally and
possibly in direct response to changes in the seston”
(Strohmeier et al., 2012). Bivalves may capture smaller
particles more efficiently than larger particles due to
differences of cell shape, flexibility and swimming ability
(Ward and Shumway, 2004). In this study, cryptophytes
dominated the phytoplankton community with the size
ranging 5-8 um in diameter, which was much smaller than the
other dominant chained diatom Chaetoceros spp. (composing 3-
6 cells, 3-4 um for width and 15-30 um for length of chains),
while the latter was poorly cleared during these experiments.
Similar to Chaetoceros spp., also Skeletonema spp. had the
chained shapes (composing 4-9 cells, 8-10 um for width and
50-100 um for length of chains) (Figure 2). It has previously
been suggested bivalves would retain the phytoplankton with
narrow widths (e.g.,<3 pm) and length to width ratio >3 at a low
efficiency (Rosa et al., 2015), which may be one reason for low

frontiersin.org


https://doi.org/10.3389/fmars.2022.1070737
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jiang et al. 10.3389/fmars.2022.1070737

1001 A Alloxanthin . 100 B Peridinin .
R 90+ v X 90+ !
§ 80 : ? 80+ ;
8 0 : o %7 :
‘S 60+ ' O 604 '
% 50 ' B 504 !
8 401 ! 8 40 !
g 30 ! & 30
S 20- 1Y=76.54+3203In(X) & 20+ 1Y =77.95 + 29.16*In (X)
O 104 . 12 = 0.66 (P <0.05) o 104 1?=0.91(P<0.01)
R S . B 0 —
00 02 04 06 08 1.0 12 14 16 18 00 02 04 06 08 1.0 1.2 14 16 18
Refiltration index Refiltration index
100/ C Fucoxanthin 100 D Prasinoxanthin
SITE SR
§ 80 Lo ‘c>" 80+ :
& 701 ' & 701 !
‘C 60+ ' O 60 i
B s0- ' B s0- !
8 401 ! 8 40 -
 30- ! & 30 |
© 20 = 1Y=5387+1578"In(X) & 20+ " 1Y =26.74 + 10.37*In (X)
O 104 1r?= 0.59 (P<0.05) O 104 . . |° = 0.62 (P <0.05)
0 — 0 —m
00 02 04 06 08 1.0 12 14 16 18 00 02 04 06 08 1.0 12 14 16 18
Refiltration index Refiltration index
1001 E Zeaxanthin . 100/ F Lutein .
R 90+ ! R 90+ !
§ 80 : §~ 80+ :
& 701 ' & 701 '
;\g 60 . | E 60 -
o 504 1Y=3085+971 () O 501 ' :
o 40 . 2= 0.18 (P=0.19) o 401 i
g 309 . g 309 |
8 204 ! 8 204 'Y =48.48 + 18.72%In (X)
O 104 . , . O 104 'r?= 0.63 (P <0.05)
0 — 0 e
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18
Refiltration index Refiltration index
100 G Chla .
R 90+ !
§ 80 . :
g :
S 60 :
T 501 /—/J
8 40 : [
$ 20 1Y =56.34 + 5.56*In (X)
O 104 . 2= 0.04 (P<0.05)

0 —_— _—
00 02 04 06 08 1.0 1.2 14 16 18
Refiltration index

FIGURE 6
Logarithmic relationships between clearance efficiency of phytopigments and refiltration index by M. coruscus.

Frontiers in Marine Science 09 frontiersin.org


https://doi.org/10.3389/fmars.2022.1070737
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jiang et al.

capture efficiency of both the large sized diatom species in this
study. By comparison, most diatom species (i.e., Pennatae
diatoms), which were unicellular and small, and some of
which are elliptical (e.g., Pinnularia sp. and Cocconeis
scutellum), showed relatively high clearance efficiency
(Figures 2, 4). Diatoms may still be the most important food
resources for mussels due to their high density and diversity
along the Chinese coasts (Wang, 2017; Wang et al., 2018; Pan
et al., 2020).

Preferential feeding selection in bivalves occurs in three
stages: the first pre-ingestive processing (selective particle
retention), the second pre-ingestive processing (particle
transport) and post-ingestive processing (Cognie et al., 2001;
Ward and Shumway, 2004; Frau et al., 2016). Particle retention is
the first step in the feeding process during which captured
particles are retained by the ctenidia of bivalves (Rosa et al,
2018). In this study, the preferential filtration of cryptophytes
and several diatom genus did not indicate that those contributed
significantly to the food source of bivalves because the second
pre-ingestive selection (i.e., pseudofeces) was not investigated. A
comparison of phytoplankton assemblages between seawater
and gut contents could help understand preferential feeding
selection (especially for cryptophytes) in bivalves as discussed in
Section Comparison of phytoplankton assemblages between
seawater and gut contents.

Our results suggested that CE of phytopigments was an effective
proxy of evaluating the degree of selective clearance of different
phytoplankton groups by M. coruscus. Size-fractionated pigment

10.3389/fmars.2022.1070737

TABLE 3 Composition of the 7 detectable marker pigments in sea
water and gut contents (n=3) in Experimental Group NO.6.
Sea water (%)

Dignostic pigments* Gut contents (%)

Peridinin 2.37 £0.15 7.28 £ 2.67**1
Fucoxanthin 40.15 + 1.69 56.24 + 1.43*1
Prasinoxanthin 36.70 = 0.85 0.83 + 0.21**]
Alloxanthin 6.65 + 0.65 31.46 + 4.41**1
Zeaxanthin 9.27 + 1.41 4.19 + 2.34*%]
Lutein 4.86 + 0.60 0+ 0]

*Note that other pigments were not included and calculated.

**Values of pigment composition in the same row indicate significant difference (LSD
Test, P< 0.01).

Comparison of phytoplankton assemblages between seawater and gut contents.

Arrows indicate the changing direction of the pigments from sea water to gut contents.

analysis showed that alloxanthin, peridinin and fucoxanthin
distributed in micro- and nano-fractions while prasinoxanthin
and zeaxanthin were mainly concentrated in pico-fraction (< 2.7
pm) in the seawater of Sungo Bay (Jiang, unpublished data). Like
the results of the microscopic method (Figure 3), the HPLC-
pigment analysis indicated that cryptophytes (i.e., alloxanthin)
and dinoflagellates (i.e., peridinin) were preferentially cleared by
M. coruscus (Figures 6A, B). In agreement with the previous studies
(Dupuy et al., 2000b; Strohmeier et al., 2012), our results further
demonstrated that M. coruscus filters pico-plankton prasinophytes
and Synechococcus (i.e. prasinoxanthin and zeaxanthin,
respectively) at lower efficiency than larger planktonic species
(Figures 6D, E).

TABLE 2 Average density and composition of phytoplankton assemblages in sea water and gut contents (in accordance with gut contents,
phytoplankton composition in seawater was only calculated for total diatoms and dinoflagellates but cryptophytes).
Phytoplankton taxa

Sea water (n=15) Gut contents (n=7)

Density (10 cell I'") Composition (%) Density (cells ind™) Composition (%)

Cryptophytes 235.5 + 67.0 — (729 £ 7.4)° 0 0
Chaetoceros spp. 17.7 £ 54 22,6 £ 4.7% 39 2+ 664 4.6 5.3
Skeletonema spp. 49+12 6.6 +2.2% 0 0*
Other centric diatoms 1.5+£05 2007 52 + 69 1.1+12
Cocconeis spp. 16.9 £ 4.7 21.6 £ 3.7% 3511 + 3797 50.6 + 6.8%*1
Pseudo-nitzschia spp. 46 £25 56+24 173 + 174 34140
Nitzschia spp. 22+05 29+0.38 128 + 132 1.8+1.0
Amphora spp. 79+24 10.2 + 2.3* 295 + 380 3.9 +29%]
Trachyneis spp. 46 £20 6.0+ 34 67 £91 1.8+28
Pinnularia spp. 56 +2.1 7.0 £ 1.7% 634 + 665 9.8 £2.0%*1
Synedra spp. 12+0.7 1.5+ 0.8 171 + 247 20+ 15
Other pennitae diatoms 24+038 32+11 425 + 529 57+32
Total dinoflagellates 84+23 10.8 2.2 519 + 330 153 +11.7
Total phytoplankton 318.6 £ 70.4 6373 + 6183

“This value in brace is the ratio of cryptophytes to total phytoplankton abundance.
**Values of phytoplankton composition in the same row with different asterisks indicate significant difference (LSD Test, P< 0.05).
Arrows indicate the changing direction of the phytoplankton from sea water to gut contents.
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Comparison of phytoplankton
assemblages between seawater
and gut contents

Comparisons of phytoplankton composition between
natural seawater and gut contents of bivalves have been
conducted with a single sampling, similarly to previous studies
(Loret et al., 2000; Tan and Ransangan, 2017; Jiang et al., 2019).
The comparisons revealed differences in phytoplankton
composition between gut contents and surrounding seawater
supporting previous findings (Loret et al., 2000; Tan and
Ransangan, 2017; Jiang et al., 2019; Asaduzzaman et al., 2020).
Our study has shown that cryptophyte cells dominated in
seawater but were not observed in gut contents. By
comparison, alloxanthin, the marker pigment of cryptophytes,
was selectively cleared from seawater and showed a relatively
high proportion in gut content compared to most of the other
pigments (Figure 6; Table 3). This demonstrated fast digestion of
cryptophytes by M. coruscus. Our results are similar to other
studies in which alloxanthin is preferentially accumulated in the
gut contents, suggesting the preferential feeding selectivity on
cryptophytes by bivalves (Loret et al., 20005 Jiang et al., 2019).
This contribution could also be affected by the presence of
detrital matter (e.g., aggregates of dead cells) in the water
column, which has not been assessed in this study. Similarly,
Cucci et al. (1985) revealed that the cryptomonad Chroomonas
salina was not found in the feces of M. edulis whereas diatom
and dinoflagellate cells could be detected without significant
digestion. Moreover, C. salina cells were completely digested and
absorbed during passage through the gut by several other bivalve
species (Shumway et al.,, 1985). The non-existence of
cryptophyte cells in gut was presumably due to its fragile cell
membrane which was broken during the digestion process.
Results from this study highlight the importance of HPLC-
pigment method in studying food composition in the gut
contents of bivalves. Although some fragile flagellates such as
cryptophytes may not be easily detected in gut contents by the
microscopic method, they can be an important food supply for
bivalves in the natural environment (Cucci et al., 1985; Shumway
et al., 1985; Loret et al., 2000; Jiang et al., 2019).

Selective filtration of different diatom species by M. coruscus
was also observed, with significantly lower proportions of
Chaetoceros spp. and Skeletonema spp. in the gut contents
than the seawater (Table 2). Rejection of diatoms by bivalves is
understood to be species-dependent (also might be size-
dependent) (Cucci et al., 1985; Defossez and Hawkins, 1997;
Naddafi et al., 2007). Tan & Ransangan (2017) reported P. viridis
showed a tendency to reject Chaetoceros spp. Similarly, Bougrier
et al. (1997) observed that the ratio of rejection to filtration for
some diatoms species (e.g., Chaetoceros and Nitzschia) was
greater than that of the flagellates by the oyster Crassostrea
gigas. The shape of diatom Chaetoceros spp. and Skeletonema
spp. were characterized by spicules and long-chains in the
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natural seawater as described in Section Preferential feeding
selection of Mytilus coruscus. Moreover, the intercalary and
terminal setae along two sides of the Chaetoceros chain will
greatly span to nearly 30 pm. Defossez and Hawkins (1997)
suggested that particles larger than 22.5 pm were preferentially
rejected as pseudofeces by M. coruscus. Although the size of
single Chaetoceros and Skeletonema cells was around 5-12 um
(Figure 2), the chained cells greatly exceeded this threshold (22.5
pum). In comparison, a significant feeding selectivity of Cocconeis
spp. and Pinnularia spp. by M. coruscus was observed. As shown
in Figure 2, both diatom species are oval or with rounded ends,
without spiny surface and sharp edges. Similarly, Asaduzzaman
et al. (2020) showed that P. viridis preferentially ingested the
Coscinodiscophyceae, Bacillariophyceae, Fragillariophyceae, as
well as Dinophyceae, in the south-east coast of the Bay of Bengal.
Therefore, we suggest that the size and shape of diatom species
(even flagellates) might be an important factor influencing the
feeding selectivity of M. coruscus in this study, which is in
agreement with the results of Defossez and Hawkins (1997).
Nevertheless, it should be acknowledged that feces and
pseudofeces were not collected in this study, and hence the
current data are not sufficient for estimating the assimilation
efficiency of different diatom assemblages, as well other algal
groups. Future efforts should quantitatively analyze the
phytoplankton biomass in water, feces, pseudofeces and gut
contents, which would further our understanding of filtration
and egestion of shellfish on different algal assemblages in
natural waters.

According to Sonier et al. (2016), picophytoplankton can
contribute to mussel growth in intensive culture environments
where picophytoplankton biomass is high. Retention efficiencies
of picophytoplankton by Mytilus edulis was estimated 20 + 2.0%
in eastern Prince Edward Island (Sonier et al., 2016). In
agreement with Sonier et al. (2016), our results suggested that
picoplankton could be an important fraction of the diet. In this
study, prasinoxanthin and zeaxanthin had the clearance
efficiency of 27%-31% at RI = 1.0 (Figures 6D, E), and it was
further evidenced by their presence in gut contents (Figure S2).
Aggregation of picoplankton might be an important way for the
filtration of these small particles by of bivalves (Ward and
Shumway, 2004). Moreover, compared with other filter-
feeding bivalves (e.g., oysters), mussels more efficiently filter
and retain picophytoplankton (Richard et al., 2022).

Environmental implications of feeding
selectivity by intensive bivalve
aquaculture

Feeding experiments were carried out in short time (0.26-
1 h) with high biomass of M. coruscus (1 mussel ") in a static
chamber. Under these conditions, our results suggested M.
coruscus can change the composition of phytoplankton
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community by selective clearance. Flagellated phytoplankton
cells, especially cryptophytes, may be subject to greater
filtration pressure than some diatom species under the feeding
behavior of M. coruscus. Similarly, field investigation revealed
that flagellates were selectively cleared by intensive oyster
aquaculture (Jiang et al, 2016). This study also showed that
mussels removed picoplankton at lower efficiency than the larger
planktonic species (Figure 6), which was consistent with
previous reports (Dupuy et al., 2000b; Strohmeier et al., 2012).
This process may skew the phytoplankton community toward
the relatively fast-growing pico-sized species. It was reported
that picoplankton contributed a high proportion to total
phytoplankton biomass in some shellfish aquaculture areas
(Vaquer et al, 1996; Safi and Gibbs, 2003; Cranford et al,
2008; Jiang et al., 2016). Weissberger and Glibert (2021)
reported that the oyster Crassostrea virginica preferentially
filtered large phytoplankton cells (e.g., diatoms and flagellates)
and rejected small cells (cyanobacteria), which would be another
mechanism by which bivalve filter-feeding may impact
phytoplankton communities. In addition to small cell size, low
nutritional value may be a reason why filter-feeding bivalves do
not feed extensively on picoplankton (Weissberger and Glibert,
2021). The selective feeding process of bivalves may be the
dominant factor that determines the size distribution of the
phytoplankton community in semi-enclosed areas with high
cultured bivalve biomass (Vaquer et al., 1996; Jiang et al., 2016).

Several diatom species, such as Chaetoceros spp. and
Skeletonema spp. showed lower clearance efficiency than other
diatoms from seawater by M. coruscus, and also less aggregation
in gut contents (Table 2). Other studies have found that
Chaetoceros spp. and Pseudo-nitzschia spp. are easily rejected
in pseudofeces in some bivalves (Mafra et al., 2009; Safi and
Hayden, 2010; Tan & Ransangan, 2017). Furthermore, some
algal species can survive in the pseudofeces and feces and return
to the water column (Santelices and Correa, 1985; Barille &
Cognie, 2000). These diatoms are the most common species and
frequently dominate the phytoplankton community in the near
shore waters along the coasts of China, especially in aquaculture
areas (Wang et al., 2006; Wang, 2017). Lower filtration and/or
higher rejection for these species than other diatoms might
increase the potential tendency toward their domination
in seawater.

Intensive bivalve cultivation could cause a significant
reduction of the micro and nano-sized diatoms and
dominance of picophytoplankton in the farm area (Jiang et al.,
2016). Apart from bivalve filtration activity, dynamics and size
distribution of phytoplankton are influenced by combined
environmental factors, such as water residence time, light
intensity and nutrients regime (Naddafi et al.,, 2007; Filgueira
et al., 2012; Filgueira et al, 2016). Consequently, the
environmental impact of bivalve aquaculture is site-specific,
which highlights the importance of site selection for shellfish
aquaculture (Silva et al., 2011). Researchers rarely considered the
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size structure and taxa composition of phytoplankton when they
investigated the environmental impact and carrying capacity of
shellfish aquaculture by numerical models, such as FARM model
(Ferreira et al., 2007; Silva et al, 2011). This study further
suggests that species-dependent (also size-dependent)
disturbance of phytoplankton community should be
considered for evaluating the environmental impact of bivalve
cultivation in future studies.

Conclusions

This study highlights the usefulness of combining HPLC-
pigment analysis with microscopic methods in providing a better
understanding of the effect of feeding behavior of bivalves on
phytoplankton communities. Of the available phytoplankton
diet, M. coruscus preferentially filtered larger sized flagellates
e.g., cryptophytes, compared to smaller species. However,
cryptophytes were not observed in gut contents by microscopy
while the marker pigment (i.e., alloxanthin) showed a relatively
high proportion by HPLC-pigment analysis. This result suggests
fast digestion of cryptophytes by M. coruscus and implied that
microscopic observation of gut contents could underestimate
their contribution to the diet of mussels. Selective feeding of
different diatom species by M. coruscus was also observed, with
significantly lower proportions of Chaetoceros spp. and
Skeletonema spp. in gut contents than the seawater. The size
and shape of diatom species might be an important factor
influencing the feeding selectivity of mussels. Picoplankton
cannot be neglected as potential food in the natural
environment, as evidenced by the presence of their
characteristic pigments in the gut. This selective feeding
suggests that intensive mariculture of M. coruscus may skew
the phytoplankton community toward the relatively fast-
growing pico-sized species.
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