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This study examined the effect that silica content in diatom cells has on the behavior of
protists. The diatoms Thalassiosira weissflogii and T. pseudonana were cultured in high or
low light conditions to achieve low and high silica contents, respectively. These cells were
then fed to a heterotrophic dinoflagellate Noctiluca scintillans and a ciliate Euplotes sp. in
single and mixed diet experiments. Our results showed that in general, N. scintillans and
Euplotes sp. both preferentially ingested the diatoms with a low silica content rather than
those with a high silica content. However, Euplotes sp. seemed to be less influenced by
the silica content than was N. scintillans. In the latter case, the clearance and ingestion
rate of the low silica diatoms were significantly higher, both in the short (6-h) and long
(1-d) duration grazing experiments. Our results also showed that N. scintillans required
more time to digest the high silica-containing cells. As the high silica diatoms are harder to
digest, this might explain why N. scintillans exhibits a strong preference for the low silica
prey. Thus, the presence of high silica diatoms might limit the ability of the dinoflagellate to
feed. Our findings suggest that the silica content of diatoms affects their palatability and
digestibility and, consequently, the grazing activity and selectivity of protozoan grazers.
Keywords: diatom silica content, protozoa, grazing, food preference, digestion

INTRODUCTION
Diatoms are one of the most prevalent groups of phytoplankton in the world oceans. They are
responsible for ∼40% of the oceanic primary productivity (Nelson et al., 1995; Smetacek, 1999),
which makes them an important component of marine food webs and a major source of carbon
export. Diatoms can vary greatly in both size and form, but they all have a characteristic outer
cell wall (or frustule) made of biogenic silica. A number of possible functions of the frustule
have been suggested, such as offering protection from photoinhibition; providing an increased
uptake of nutrients; controlling the sinking rate; and acting as a mechanical defense against grazers
(Martin-Jézéquel et al., 2000; Hamm et al., 2003; Raven and Waite, 2004; Finkel and Kotrc, 2010;
Spillane, 2016). The silica content of diatoms varies both within and among species, according to
size (Paasche, 1973; Durbin, 1977; Waite et al., 1997) and growth phase (Brzezinski et al., 1990;
Martin-Jézéquel et al., 2000; Hildebrand, 2006), as well as in response to environmental factors,
such as light, temperature, salinity and nutrients (Bienfang et al., 1983; Martin-Jézéquel et al., 2000;
Claquin et al., 2002; Vrieling et al., 2007; Shatwell et al., 2013).
Diatoms are an important food source for zooplankton grazers. It has been suggested
that large zooplankton such as copepods act as the sole link between oceanic primary
production and the higher trophic levels of the food chain (Turner, 2004, 2014). However,
other studies have shown that the dominant grazers of marine diatoms are microzooplankton
(<200 µm), due to their high abundance, short generation time and various feeding strategies
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N. scintillans is a cosmopolitan red tide-forming heterotrophic
dinoflagellate (of ∼200–2,000 µm in diameter), which is widely
distributed throughout temperate-to-subtropical coastal waters
(Elbrächter and Qi, 1998; Harrison et al., 2011). Many studies
have shown that N. scintillans feeds mainly on phytoplankton,
particularly diatoms (Schaumann et al., 1988; Umani et al., 2004;
Harrison et al., 2011; Zhang et al., 2016). N. scintillans blooms are
also known to co-occur with diatom blooms (Kiørboe et al., 1998;
Nakamura, 1998; Tiselius and Kiørboe, 1998; Dela-Cruz et al.,
2002). Euplotes sp., which are in the ciliate order Hypotrichida,
are common in both freshwater and marine habitats. They are
known for their ability to “walk” on a substrate, and they are filter
feeders of suspended prey (Fenchel, 1986), feeding planktonically
when sufficient suspended prey are available (Dolan, 1991). The
results of our study suggest that these different grazers have
different levels of tolerance for the silica content of their diatom
prey. Overall, however, the silica content of the diatoms does
affect the grazing and digestive behavior of both the protozoan
grazers tested. These findings might have potential implications
for the dynamics of bloom formation, food web structure, and
biogeochemical cycles of carbon and nutrients in the coastal
oceans.

(Lessard, 1991; Strom et al., 2001; Sherr and Sherr, 2002, 2007;
Strom, 2002; Landry and Calbet, 2004). Strom et al. (2001)
suggested that microzooplankton grazers, which consist largely
of protists such as ciliates and heterotrophic dinoflagellates,
account for an average of ∼65% of the grazing that occurs on
bloom-forming diatoms. In contrast, mesozooplankton grazing
only contributes to an average of ∼22% (or less) of the total
predation on diatoms (Calbet, 2001; Strom et al., 2001). These
protozoan grazers thus play two important ecological roles in the
marine ecosystem: (1) the transfer of organic material up the food
chain, when they are themselves consumed by larger zooplankton
(Stoecker and Capuzzo, 1990); and (2) the recycling of nutrients,
via the release of inorganic and organic matter in both dissolved
and particulate forms (Caron, 1990; Nagata and Kirchman, 1991,
1992; Strom et al., 1997). When microzooplankton graze on
diatoms, they produce lightweight, easily accessible detritus,
which can then be hydrolyzed by bacteria in the microbial
loop (Schultes et al., 2010). They also produce detrital bSiO2 ,
which promotes the recycling of Si(OH)4 in the microbial
loop (Schultes et al., 2010). For example, when pallium-feeding
thecate dinoflagellates feed on diatoms, they discard the empty
silica frustules (Jacobson and Anderson, 1986), whereas athecate
dinoflagellates, which directly ingest diatoms, produce mini-fecal
pellets composed of the frustules with little associated carbon
(Buck and Newton, 1995; Strom and Strom, 1996; Saito et al.,
2006).
Previous studies investigating the importance of the
silicification level of diatoms in diatom-grazer interactions have
focused on the changes in diatom silica content in response to
grazing pressure (Pondaven et al., 2007; Schultes et al., 2010). For
example, Schultes et al. (2010) reported that microzooplankton
grazing leads to the enhanced uptake of Si(OH)4 by diatoms,
which suggests the potential influence of grazing on the
silicification of diatom frustules. Many of the arguments
in favor of mechanical defense, however, only considered
predation from copepods and there has been relatively little
attention paid to that from protists (Liu et al., 2016; Liu and
Wu, 2016; Spillane, 2016). Liu et al. (2016) recently showed
that the silica content of the diatom Thalassiosira weissflogii
could be modulated by changing the intensity of light they
were exposed to, whereas other parameters such as the size,
cellular content and stoichiometry of other essential elements
were not significantly affected. They also demonstrated that
copepods can ingest significantly more low silica-containing
diatom prey (grown in high light intensity conditions) than
those with high silica content (grown in low light intensity
conditions). In the present study, we investigated how the
cellular silica content of diatoms affect protozoan grazing and
digestion. We conducted a series of grazing experiments by
feeding T. weissflogii or T. pseudonana, which were cultured
under different light intensities (as described by Liu et al., 2016),
so that they contained different levels of biogenic silica, to
the protists Noctiluca scintillans and Euplotes sp. To further
examine the influence of the silica content of diatoms on protist
digestion, we determined the food vacuole defecation rate of N.
scintillans after it was fed with diatoms cells of different silica
content.
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MATERIALS AND METHODS
Experimental Organisms and Culture
Conditions
The diatoms Thalassiosira. weissflogii and T. pseudonana were
maintained in exponential growth in f/2+Si medium (Guillard
and Ryther, 1962). For most experiments, both species were
kept at 22 ± 1◦ C in a 12:12 h light:dark cycle, under light
intensities of 15 µmol photons m−2 s−1 and 200 µmol photons
m−2 s−1 , to generate cells with high and low cellular silica
content, respectively. In the first grazing experiment, however, T.
pseudonana was cultured at 23 ± 1◦ C in a 14:10 h light:dark cycle
with light intensities of 5 µmol photons m−2 s−1 and 88 µmol
photons m−2 s−1 to generate cells with high and low cellular silica
content, respectively. The diatom cultures were transferred every
4 and 8 days for the high- and low-light batches, respectively.
The heterotrophic dinoflagellate N. scintillans and the ciliate
Euplotes sp. were used as grazers in the present study. N.
scintillans was fed with T. weissflogii at a concentration of
∼1 mg C L−1 , and this algal food was replenished every 3 d. As
early experiments showed that continuous shaking and rotation
caused deleterious effects on N. scintillans growth, these cultures
were only gently agitated manually 1–2 times a day to keep the
prey items homogeneously distributed. N. scintillans cells were
collected by reverse filtration via a 100 µm mesh, and transferred
to freshly filtered and autoclaved seawater every 2 wk. Euplotes
sp. was kept in autoclaved filtered seawater containing 0.005%
yeast extract, and transferred to fresh medium every 2 wk. These
predator cultures were maintained in low light levels under the
same conditions as their diatom prey.
Cultures were kept under the respective light conditions
for at least 3 transfers before each experiment. The amount
of biogenic silica (bSiO2 ) in the diatom cells was measured
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ESD (µm)

Si (fmol cell−1 )

12.26 ± 0.890

Light

6.49 ± 0.850

Species

Si:P

TABLE 1 | Cell size (ESD, µm) and silica content (fmol cell−1 ) of the diatom prey
used in each experiment.

14.17 ± 0.940
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**3.90 ± 0.006

Zhang et al.

11.46 ± 0.73

**367.20 ± 3.59

High

4.71 ± 0.38

**51.12 ± 2.37

Low

4.15 ± 0.32

67.07 ± 2.60
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0.114 ± 0.007
15.18 ± 3.34
All values are mean ± SD (n = 3).
Hsi, high silica content; LSi, low silica content. Levels of significance are *p < 0.05, **p < 0.01, and ***p < 0.001.

107.91 ± 5.38
7.34 ± 1.68
5.47 ± 0.33
0.59 ± 0.03
HSi

0.083 ± 0.015

0.109 ± 0.009
18.02 ± 0.59
*130.12 ± 4.67
7.22 ± 0.26
**3.61 ± 0.17
**0.47 ± 0.03

0.065 ± 0.002

*0.045 ± 0.003

0.058 ± 0.004
16.72 ± 1.31

*11.58 ± 1.08
*86.03 ± 6.88

112.11 ± 12.99
6.69 ± 0.26

*7.44 ± 0.11

LSi
T. pseudonana

Two sets of grazing experiments were conducted. In the
first series of experiments, the heterotrophic dinoflagellate N.
scintillans and the ciliate Euplotes sp. were used as grazers, and
they were fed separately with T. pseudonana that contained
high or low levels of silica (Table 1), achieved via culture at
different intensities of light as described above. N. scintillans
and Euplotes sp. were adapted to T. pseudonana 1 week before
the experiment. Stocks of these two predators were concentrated
using reverse filtration to remove the prey from the medium.
They were then resuspended in 0.2 µm filtered autoclaved
seawater, and starved for 1–2 days to void their food vacuoles
prior to the start of the experiment. Microscopic examination
was carried out to verify that the predators were still active after
starvation. Starved N. scintillans (final conc. 4 cells ml−1 ) and
Euplotes sp. (final conc. 75 cells ml−1 ) were then placed into
each food suspension (∼ 1mg C L−1 ) in 125 ml polycarbonate
bottles with five replicates. Two bottles containing prey items
without grazers were used as controls. All the bottles were
kept in low-light conditions (i.e., 5 µmol photons m−2 s−1 ),
under the same conditions as described above (23 ± 1◦ C in a
14:10 h light:dark cycle), for 1 day. The cultures were gently
agitated manually 2–3 times a day to avoid cell aggregation and
settlement.

83.71 ± 9.48

Grazing Experiments

94.22 ± 1.24

TABLE 2 | Summary of the elemental contents and ratios of the diatom prey in the 2nd grazing experiment.

C:P

following the procedures described by Grasshoff et al. (1999).
Cellular C, N and P of the diatoms in the second grazing
experiment were also measured by filtering 10–15 ml of
culture onto a pre-combusted GF/F filter, and storing the
filters at −80◦ C until analysis. Cellular C and N were analyzed
with a CHN elemental analyzer (Perkin-Elmer) and cellular
P was analyzed as ortho-phosphate after acidic oxidative
hydrolysis with 1% HCl (Grasshoff et al., 1999). The cell
size of the diatom prey was determined using a Coulter
Counter (Beckman Coulter, Z2 Coulter Particle Count and Size
Analyzer).

1.392 ± 0.065

All values are means ± SD (n = 3).
Levels of significance are *p < 0.05, **p < 0.01, and ***p < 0.001.

9.30 ± 0.27

44.31 ± 0.38

*8.10 ± 0.60

3.88 ± 0.32

HSi

Low

LSi

***34.72 ± 1.57

T. weissflogii

4.26 ± 0.33

C:N

550.50 ± 7.63

High

N:P

***387.42 ± 3.50

P (fmol cell−1 )

11.23 ± 0.51

N (pmol cell−1 )

11.00 ± 0.46

C (pmol cell−1 )

T. pseudonana

High
Low

*1.091 ± 0.094

Si:C

542.91 ± 36.33

FOOD VACUOLE DEFECATION EXPT.
T. weissflogii

0.058 ± 0.010

11.29 ± 0.71

Silica content
of prey

T. pseudonana

High
Low

Species

T. weissflogii

0.056 ± 0.003

43.28 ± 3.72

2ND GRAZING EXPT.

0.024 ± 0.002

*26.26 ± 2.42

Low

0.028 ± 0.002

High

Si:N

1ST GRAZING EXPT.
T. pseudonana
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As mentioned previously, N. scintillans blooms are usually
associated with diatom blooms (Elbrächter and Qi, 1998;
Harrison et al., 2011). Thus, in the second series of grazing
experiments N. scintillans alone was used as the predator, in order
to investigate further if the diatom silica content might affect the
feeding preference of this bloom-forming dinoflagellate. Because
it is hard to distinguish between the diatom cells that contain
high or low levels of silica based on morphology alone, in this
experiment, N. scintillans were fed a mixed diet by pairing a
diatom containing a high or low level of silica, with a reference
algal prey. Thus T. weissflogii was paired with Platymonas
helgolandica and T. pseudonana was paired with Dunaliella
salina. N. scintillans was also fed single prey, as described in
the first grazing experiment, but in this experiment the feeding
duration only lasted for 6 h. The two reference algae have
previously been reported to be good prey for N. scintillans, and
they are within a similar size range as the paired diatom species
(Zhang et al., 2016). The ratio of two prey items in the mixed
diet was ∼1:1 based on the carbon biomass measured previously
(Zhang et al., 2016), and the total prey concentration for all the
food treatments was adjusted to ∼1 mg C L−1 .
Subsamples to determine the predator and prey abundances
were collected at the start and end of the incubation period,
and preserved in acidic Lugol’s solution (final concentration
2%). Ingestion and clearance rates, and the prey consumption
index of N. scintillans for each of the prey were determined.
Ingestion rates, clearance rates and average prey and predator
concentrations were calculated, as described by Frost (1972). The
prey consumption index (values from 0 to 1; Zhang et al., 2016),
an indicator of food preference, was calculated by comparing
the frequency distribution of specific prey in the ambient
environment and in the diet, as described by Chesson (1978).

(Version 2.0.0), and by assuming that they are spherical in
shape.

Statistical Analysis
Student’s t-tests (2-tailed) were performed using SigmaPlot 12.5
(Systat Software), and with significance levels of p < 0.05.

RESULTS
Diatom Silica Content
The diatom prey T. weissflogii and T. pseudonana grown in
low light (i.e., at 15 µmol photons m−2 s−1 ) consistently
contained significantly higher levels of biogenic silica than those
grown in the high light (i.e., at 200 µmol photons m−2 s−1 )
throughout our study (Table 1). A further comparison of the
diatoms grown at high and low light intensity levels showed
no significant difference in their equivalent spherical diameter
(Table 1), but the cells grown under low light conditions
(i.e., with high silica content, HSi) yielded higher contents of
cellular carbon (C), nitrogen (N) and phosphorus (P) (Table 2).
However, the significance of the difference of these elemental
contents between the high and low silica diatoms varied
between T. weissflogii and T. pseudonana. For example, the
P content of T. pseudonana with high vs. low silica content
was significantly different, whereas that of T. weissflogii was
not (Table 2; Student’s t-test, n = 6, p < 0.05). In addition,
variations in the elemental stoichiometry of the diatom cells
containing high and low silica were almost opposite for T.
weissflogii and T. pseudonana (Table 2). Moreover, the elemental
ratios of T. weissflogii with low and high silica content were all
significantly different, apart from the Si:N ratio; whereas those of
T. pseudonana showed no significant difference, except the C:P
ratio.

Food Vacuole Evacuation Experiment

Grazing Response of Protists to the
Diatoms with Different Levels of Silica
Content

A food vacuole evacuation experiment was conducted to
investigate the influence of the diatom silica content on the
digestion of N. scintillans. In this experiment, N. scintillans cells
in stock cultures were starved for 1 day before the start of the
experiment. Then ∼1,500 vacuole-free N. scintillans cells were
separately inoculated into 300 ml food suspensions containing
equal cell concentrations (∼1 mg C L−1 ) of T. weissflogii or T.
pseudonana with high or low silica contents. After incubation for
24 h, ∼10 active N. scintillans cells containing food vacuoles were
separated from the prey items, and transferred to 6-well plates
that contained 10 ml of 0.2 µm-filtered autoclaved seawater (4–
6 replicates). Cells were inspected under a dissecting microscope
every hour over a period of 10 h for those previously reared on
T. weissflogii, and every 3–7 h over a period of ∼30 h for those
previously reared on T. pseudonana. Digestion was considered
to be complete only when there was no trace of food in the cell.
The food vacuole defecation rate of N. scintillans on different
types of diatom prey were calculated as the constant of the
exponential decay plot of the percentage of the cells with food
vacuoles vs. starvation time (Zhang et al., 2016). The volume
of the food vacuoles in N. scintillans cells (n = 30) after 1 d
incubation was calculated from their areas, which were measured
using the SPOT image program (Version 3.5.0) and ImageJ
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In the first series of grazing experiments (i.e., 1 d), both N.
scintillans and Euplotes sp. showed higher clearance and ingestion
rates for T. pseudonana with low silica content as compared to
those with high silica content (Figure 1), although the difference
was not significant for Euplotes sp. (Student’s t-test, n = 6, p <
0.05).
The same trend was also observed in the second series
of grazing experiments (i.e., 6 h), in that N. scintillans
consumed significantly more T. weissflogii and T. pseudonana
containing low silica content than they did those with high
silica content (Figure 2). This trend was observed in both
the single and mixed diet treatments. For example, in the
mixed diet treatments, N. scintillans cleared T. weissflogii and
T. pseudonana with low silica content at rates of 2.98 ± 0.22
and 2.78 ± 0.44 µl Noc−1 h−1 , respectively, whereas they
cleared T. weissflogii and T. pseudonana with high silica content
at 1.86 ± 0.12 and 0.65 ± 0.08 µl Noc−1 h−1 , respectively
(Figures 2A,C). Accordingly, in the mixed diet treatments, the
prey consumption index of N. scintillans for diatoms with low
silica content was significantly higher than for those with high
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FIGURE 1 | Clearance and ingestion rates of Noctiluca scintillans (A,B) and Euplotes sp. (C,D) on the diatom Thalassiosira pseudonana with different silica contents.
LSi and HSi are low and high silica diatom prey, respectively. The error bars show 1 SD (n = 3). *indicates statistically significant differences at p < 0.05 (Student’s
t-test, 2-tailed).

DISCUSSION

silica content (Student’s t-test, n = 6, p < 0.05; Figure 3).
These results indicate that the silica content of diatoms can
affect the grazing activity and feeding preference of protozoan
grazers.

Many environmental conditions such as nutrient concentration,
salinity, temperature and light, can affect the degree of
silicification in diatoms (Bienfang et al., 1983; Martin-Jézéquel
et al., 2000; Claquin et al., 2002; Vrieling et al., 2007; Shatwell
et al., 2013). In non-silica limiting conditions, light intensity
has been shown to affect the amount of silica per cell mainly
due to a reduction in the growth rate (Paasche, 1980; MartinJézéquel et al., 2000; Liu et al., 2016; Liu and Wu, 2016). Our
new results support those from previous studies (Liu et al.,
2016; Liu and Wu, 2016), and show that when T. weissflogii
and T. pseudonana are grown under low light intensity, they
consistently contain a higher amount of biogenic silica, and when
they are grown under high light intensity they contain a lower
amount of biogenic silica (Table 1). In contrast, changes in cell
volume and the content of other essential elements are negligible
(Tables 1, 2).
Previous studies have shown that copepods preferentially
feed on diatom species with more weakly silicified frustules
and a higher growth rate, and their fecal pellets are produced
and degraded rapidly. In contrast, they feed less on diatoms
possessing more complex frustules with a high silica content
and the fecal pellets produced exhibit greater stability (Friedrichs
et al., 2013; Liu et al., 2016; Liu and Wu, 2016). Our results
confirm that the protists N. scintillans and Euplotes sp. prefer
to ingest low silica-containing diatoms, which suggests that

Digestion of Diatoms with Different Levels
of Silica Content
After a 1-d incubation with T. weissflogii or T. pseudonana, the
N. scintillans that had been fed on low-silica diatoms contained
more food vacuoles than those fed on high-silica diatoms
(Figure 4). When N. scintillans consumed T. pseudonana with
low or high silica content, the resulting food vacuoles occupied
on average ∼11.34 and ∼9.1% of the cell volume, respectively.
Similarly, consumption of T. weissflogii with low or high silica
content resulted in food vacuoles comprising 5.36 and 5.15%
of the cell volume, respectively (Figure 4). Moreover, food
vacuoles containing the high silica forms of both T. weissflogii
and T. pseudonana yielded a much slower decay plot than
those containing low silica diatoms (Figure 5), suggesting that
diatom cells with a high silica content are digested more
slowly. It was also noted that the time it took for N. scintillans
to digest T. weissflogii and T. pseudonana was different. In
the case of T. weissflogii, it took ∼10 h for >80% of the
food vacuoles to be evacuated, whereas for T. pseudonana,
it took >30 h for a similar amount of food vacuoles to be
evacuated.

Frontiers in Marine Science | www.frontiersin.org
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FIGURE 2 | Clearance and ingestion rates of Noctiluca scintillans on Thalassiosira weissflogii (A,B) and T. pseudonana (C,D) that contain different levels of biogenic
silica in the single and mixed diet treatments (i.e., T. weissflogii + Platymonas helgolandica, T. pseudonana + Dunaliella salina). LSi and HSi are low and high silica
diatom prey, respectively. Error bars are 1 SD (n = 3).

FIGURE 3 | Prey consumption index of Noctiluca scintillans on either T. weissflogii + P. helgolandica (A), or T. pseudonana + D. salina (B). LSi and HSi are low and
high silica-containing diatom prey, respectively. Error bars indicate 1 SD (n = 3).

prey (Kiørboe and Titelman, 1998). In contrast, Euplotes sp. are
interstitial ciliates, which are normally associated with surfaces.
Thus, although Euplotes sp. can swim freely, they are reported to
prefer creeping along a substratum (Ricci et al., 1987). One might
think that increasing the silica content of prey would result in an
increase in cell density, which would lead to a higher sinking rate.
Therefore, it is reasonable to assume that the positively-buoyant
N. scintillans might have a problem ingesting diatoms with high

their grazing activity might be (similar to copepods) affected
by the silica content of the available food. However, it was also
noted that the silica content of the diatoms did not significantly
affect the grazing behavior of Euplotes sp. We hypothesize
that the difference between the two protozoan grazers tested,
might be due to their different feeding behaviors. N. scintillans
has negligible swimming ability and usually exhibits positive
buoyancy; it relies on its high ascent velocity for encountering
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silica content, whereas the substratum-associated Euplotes sp.
are less likely to be affected. However, it has previously been
reported that the extent of silicification is not directly correlated
with the sinking rate (Bienfang et al., 1983; Culver and Smith,
1989; Waite et al., 1997). For example, Waite et al. (1997)
demonstrated that T. weissflogii and T. pseudonana exhibit a
contrasting hyperbolic relationship between the cell sinking rate
and light intensity. T. pseudonana had higher sinking rate when
grown under low light conditions (10 µmol m−2 s−1 ) than it did
when grown in high light conditions (and the sinking rate was
almost constant at irradiance >50 µmol m−2 s−1 ), whereas T.
weissflogii exhibited the opposite sinking rate pattern. The same
two diatom species were used as prey in our study; however, N.
scintillans constantly consumed more, and preferentially fed on
the low silica-containing cells of both species in both the short(6 h) and long- (1 d) duration grazing experiments, as well as

in the single and mixed diet treatment experiments (Figures 1,
2). The experimental bottles were gently agitated manually 2–3
times a day to avoid cell aggregation and settlement. Therefore,
differences in the sinking rate of the high and low silica diatoms
are not relevant for explaining the higher ingestion rate of (and
preference for) the low silica-containing diatoms by the protists.
It has been previously suggested that thicker frustules reduce
the digestibility of diatom cells (Raven and Waite, 2004). In
our present study, the food vacuole evacuation experiment
showed that N. scintillans find it harder to digest diatoms with
a higher silica content. Therefore, the lower ingestion rate, and
reduced preference of N. scintillans for high silica-containing
diatoms, might be because the latter are harder to digest. The
diatoms therefore remain in the food vacuoles longer, and
thus limit the ability of N. scintillans to feed. This general
phenomenon has been widely observed in zooplankton (Donk
et al., 1997; Smetacek, 1999; Hamm et al., 2003; Spillane, 2016).
Most recently, Spillane (2016) observed a significantly lower
digestion rate of N. scintillans when feeding on thick-frustuled
diatoms, which lead to lower carbon-based ingestion rates and
hence growth rates. In addition, Liu and Wu (2016) showed
that when Calanus sinicus were fed on a high concentration
of highly silicified diatom prey (induced by changing the level
of light irradiance), they exhibited a lower grazing and fecal
pellet production rate when compared with those fed on a
similar amount of low silica content diatom prey. Therefore,
diatoms with the higher silica content might be less palatable
and harder to digest, which could explain the lower ingestion and
clearance rates observed both in protists (the present study) and
in copepods (Liu et al., 2016; Liu and Wu, 2016).
In addition to prey digestibility, the nutritional quality of
the available food source is also considered to be an important
factor governing the feeding preference of grazers (Sterner,
1989; Landry et al., 1991; Verity, 1991; DeMott, 1998). Zhang
et al. (2015) reported that the 6ALA (α-linolenic acid) +EPA
(eicosapentaneoic acid) and P content of diets represent good
indicators of food quality for N. scintillans. In this study, we
observed some differences in the elemental composition of the

FIGURE 4 | Percentage (v/v %) of Noctiluca scintillans cells that contain food
vacuoles after 1 day feeding on T. weissflogii or T. pseudonana that contain
different levels of biogenic silica (n = 30). LSi and HSi are low and high silica
diatom prey, respectively.

FIGURE 5 | Change in percentage of food vacuoles over time in Noctiluca scintillans cells that have ingested T. weissflogii (A) or T. pseudonana (B) with different silica
contents. LSi and HSi are low and high silica diatom prey, respectively. Error bars indicate 1 SD (n = 4–6).
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diatom cells grown in the different light intensities (Table 2),
although the differences were not always consistent or significant
(Liu et al., 2016). Species-specific differences were also observed
with regards to the effect of light intensity. For example, for T.
pseudonana, a significantly higher P content was observed when
cells were grown in low light (i.e., with a high silica content),
but for T. weissflogii the P content was not significantly different
when comparing the low- and high-light intensity-exposed cells
(Table 2). Although we did not measure the composition of
fatty acids in this study, it has previously been shown that
in T. pseudonana the lipid quota and percentage of EPA (the
major polyunsaturated fatty acid in diatoms) are similar (or
even lower) when they are grown in high or low light intensity
conditions (i.e., 6 µmol m−2 s−1 and 25 µmol m−2 s−1 ,
respectively; Harrison et al., 1990). Therefore, the variance in
the nutritional quality of the diatom prey (after being subjected
to different light intensities) does not appear to be the cause
of the higher preference of N. scintillans for low silica diatoms.
Rather, the silica content of the diatoms per se might play a more
prominent role in determining their palatability and digestibility
as a food source for N. scintillans. Obviously, the level of such
influence varies depending on the types of prey and predator
examined.
It should be mentioned that the concentration of prey
used in our experiments was typically higher than that found
in the natural environment. Feeding selectively requires the
expenditure of energy, so there should be a tradeoff between the
cost of selective feeding and the benefits it provides. This is why
selectivity usually eases off when the concentration of prey is low
and the differences in the type of prey are minor. Nevertheless,
the concentration of prey we used in this study is comparable to
those observed during the diatom/Noctiluca blooms that occur
in the eastern waters of Hong Kong every winter (Zhang et al.,

in press). It is therefore likely that during the early stages of a
diatom bloom, the silica content of cells is low due to sufficient
levels of light and nutrients, and the zooplankton feeding rate is
concomitantly relatively high, which leads to a rapid increase of
N. scintillans. As the bloom proceeds, the silica content of diatom
cells increases due to the depletion of silicate and the growth rate
decreases because of nutrient exhaustion and/or shading due to
the increase in algal density. This results in a lower ingestion
rate for N. scintillans and other zooplankton grazers. This might
explain why diatom blooms persist longer than other competing
algae (Gobler and Sunda, 2012).
In conclusion, the results of our study suggest that the silica
content of diatom cells affects their ingestion and digestion by
protists. In addition, the reduction in the feeding preference and
ingestion rate, and the increase in the digestion time of protists,
such as N. scintillans, when consuming high silica-containing
diatom cells, might explain the long-lasting nature of diatom
blooms.
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