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Abstract: As important bacterivores in planktonic food webs, mixotrophic nanoflagellates cancause
mortality in marine Synechococcus spp. Our previous study found that the pigmented nanoflagellate
(PNF) has a significant grazing impact on Synechococcus spp. In the current study, we applied the
dilution approach to test the growth and grazing rates of nanoflagellates on Synechococcus spp. We
then compared the differences between experimental nutrient additions and in situ conditions in
the coastal waters of the East China Sea during the summer season from July to September. The
growth rates of Synechococcus spp. in the ambient environment were between 0.54 and 0.62 day−1,
which were slightly higher than the 0.56 and 0.66 day−1 with nutrient enrichment in summer. In
contrast, our nutrient enrichment experiments produced a marked decline approximately from 21%
to 58% in the nanoflagellate grazing rate on Synechococcus spp. The reason was that the mixotrophic
PNFs directly used the added nutrients and reduced their supply of nutrients from prey during the
incubation experiments.
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1. Introduction

Synechococcus spp. is a genus of cyanobacteria that lives in coastal environments and
is responsible for primary production [1]. Generally, Synechococcus are the numerically
dominant picophytoplankton [2,3], and the dynamics of Synechococcus abundance are
therefore of importance for our understanding of the microbial food web. Some previous
studies demonstrate the importance of the grazing mortality of marine Synechococcus, of
which daily removal rate of Synechococcus assemblage could be as high as 50% [4,5]. Hence,
it is apparent that grazing is critical in the marine food webs and provides energy to the
higher trophic levels.

Although grazing by heterotrophic nanoflagellates is showed by top-down control in
the bacterial communities, pigmented nanoflagellates (PNFs) have been considered as im-
portant bacterivores in planktonic food webs in recent studies [6–8]. Some field studies ob-
served that in marine and freshwater systems, PNFs outnumber the heterotrophic nanoflag-
ellates, and thus have a greater grazing impact on the bacterial community [6,8–10]. PNFs
can survive in different environments by relying on bacterivory during low-light conditions,
darkness, dissolved nutrient concentration, and photosynthesis when prey concentration
is low [11–14].

The important role of pigmented nanoflagellatesas important bacterial consumers has
been demonstrated in previous studies [6,8], but their significance in regulating bacterial
communities is still under discussion. PNFs are also important Synechococcus grazers in
marine environments [15]. Our previous findings showed a significant impact of PNF
grazing on Synechococcus [16]. This finding has provided new data for estimating the
impact of grazing on Synechococcus and the importance of PNF in a marine ecosystem.
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Our results showed that the nutrient concentrations were low during warm seasons [3].
Therefore, with their smaller cell sizes and high surface area to volume ratio, Synechococcus
can take up nutrients more efficiently than PNFs. As PNFs cannot successfully compete
with Synechococcus under these conditions, we suggested that PNFs employ phagotrophic
behaviors as a means to obtain extra supplemental nutrients.

Other field studies suggested that resources (inorganic nutrients) and temperature
are the two primary factors limiting the growth of Synechococcus [17–19]. Moreover, the
growth of phytoplankton and Synechococcus in warmer seasons is seemingly controlled by
the availability of nutrients (also referred to as bottom-up control) [17,18]. Considering this
significant control role of inorganic nutrients on Synechococcus growth in warmer seasons,
some studies reported higher growth rates of Synechococcus in nutrient-enriched incuba-
tions [20,21]. We believe that nutrient supply accelerates the growth rates of Synechococcus.
However, the effects of PNF grazing rates under nutrient enrichment have rarely been
elucidated [22]. Here, we hypothesize that the nanoflagellate grazing rates on Synechococcus
would increase due to the greater abundance and growth rates of Synechococcus in nutrient-
enriched incubations. In this study, we tested the response of growth and nanoflagellate
grazing rates on Synechococcus to experimental nutrient additions in dilution experiments
in coastal waters of the western subtropical Pacific Ocean during the summer of 2020.

2. Material and Methods
2.1. Study Sites and Samplings

Samples were collected using a bucket on 5 and 29 July, 10 August, and 17 September
2020 from the surface waters at an established station, which is located in coastal waters off
the Northeastern Taiwan coast (25◦09′06′′ N, 121◦46′38.5′′ E). Seawater was collected on
each sampling day from 09:00 to 10:00 in the morning (local time) for dilution experiments.
Water temperature was taken at the time of casting. The zooplankton-free whole water was
obtained by gently siphoning the seawater through a 200 µm mesh immediately into acid-
cleaned10 L polypropylene carboys, which were rinsed with 10% HCl and Milli-Q water.
All samples were deposited in the lab within 30 min of sampling. Nutrient concentrations
were measured with a custom-made flow injection analyzer with phosphate (PO4) and
nitrate (NO3) detection limits of 0.03 and 1.5 µmol L−1, respectively [23].

2.2. Incubation Experiments

A major objective of this study was to understand the effects of experimental nutrient
additions on growth and nanoflagellate grazing rates on Synechococcus. We estimated these
rates using a dilution technique following the method described by Landry and Hasset [24].
Samples were size-fractionated by filtration. We used a 10 µm Nuclepore filter to remove
microzooplankton, and a 0.2 µm Nuclepore filter pore with low pressure (<100 mm Hg) to
remove the remaining planktonic organisms, including the bacteria. Additionally, we chose
the size fractionation for grazers (<10 µm) based on our previous study, and eliminated
ciliates, except for nanoflagellates [6]. The 10 µm filtrates were diluted in the 0.2 µm
filtrate in a four-point dilution series: 25, 50, 75, and 100% of the 10 µm filtered seawater
sample. Furthermore, each dilution was poured into triplicates in 500 mL acid-washed
polycarbonate bottles. The final concentrations of the nutrients were 20 µmol L−1 NO3
and 2 µmol L−1 PO4 before added to these bottles. Another dilution series was prepared
with no added nutrients, and the difference of growth and nanoflagellate grazing on
Synechococcus was compared between these two (nutrient-enriched and in situ condition)
treatments. The samples were placed in a water bath under natural light for 24 h and
were made in triplicates. Synechococcus abundance (Nt0; Nt24) was estimated based on the
subsamples (50 mL) taken at the beginning (t0) and 24 h (t24) after the incubation. The net
growth rate of Synechococcus (k, day−1) was calculated as k = (lnNt24−lnNt0)/t, where t is
the incubation time (24 h), and Nt24 and Nt0 are the Synechococcus abundance at the end
and the start of the experiments, respectively. In the linear regression of the observed net
growth rates versus dilution, µ is the y-intercept of the regression and a direct estimate
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of grazing rates (g) of nanoflagellates from the slope of the regression line. The growth
(µ) and nanoflagellate grazing rates (g) on Synechococcus were estimated based on the
linear regression.

We used an epifluorescence microscope (NikonOptiphot-2) (1000×) to count the
Synechococcus and nanoflagellate abundance. After we placed the subsamples of 1–2 mL or
20 mL onto 0.2 µm or 0.8 µm black Nuclepore filters for Synechococcus and nanoflagellates,
we stained the samples with DAPI at a final concentration of 1 µg mL−1 [25] to count
heterotrophic (nonpigmented) nanoflagellates (HNF). A separate filter set optimized for
chlorophyll or DAPI was used to count the PNFs and HNFs based on the absence or
presence of chlorophyll autofluorescence. Under UV illumination, HNFs were in blue
fluorescence, and under blue excitation light, PNFs and Synechococcus were in red and
orange autofluorescence, respectively.

2.3. Statistical Analysis

Least-squares regression analysis was performed to analyze the relationship between
Synechococcus net growth rate and fraction of 10 µm filtered water in the ambient nutrients
and nutrient enrichment experiments. Significance of the regression lines was tested using
an analysis of variance (ANOVA). Moreover, the significance between both slopes was
determined using an F test. STATISTICA 7.0 (StatSoft Inc., Tulsa, OK, USA) software was
used for all statistical operations, with a statistical significance level of <0.05.

3. Results

The in situ abundance of Synechococcus was observed between 3.2 × 104 and
6.2 × 104 cells mL−1 during the study periods. Heterotrophic (nonpigmented) and pig-
mented nanoflagellates abundance ranged from 1.8 to 2.8 × 103 cells mL−1 and 3.2 to
4.3 × 103 cells mL−1 at our study site, respectively. In the current study, we found that
PNFs have more abundance than nonpigmented nanoflagellate communities, comprising
about 60% of the total nanoflagellate population at our study site.

Figure 1 shows the estimates based on the dilution experiments for growth and grazing
rate of nanoflagellates on Synechococcus with added nutrients and ambient nutrients. On
the other hand, NO3 and PO4 concentrations in added nutrients and the ambient condition
are shown in Table 1. The growth rates of Synechococcus ranged from 0.54 to 0.62 day−1 and
0.56 to 0.66 day−1 with ambient nutrients and nutrient enrichment experiments during the
study periods, respectively (Figure 1, Table 1).

The observed effects of the experimental nutrient amendment on the grazing rates of
nanoflagellates on Synechococcus were observed between 0.15 and 0.31 day−1 in the summer
(Table 1, Figure 1). Overall, the grazing rate of nanoflagellates on Synechococcus was
significantly lower in nutrient-enriched treatments than in the in situ condition (Table 1);
the grazing rate of nanoflagellatesin nutrient-enriched treatments decreased from about
21% to 58%compared to that in ambient conditions (Table 1).
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Figure 1. Dilution plots of Synechococcus spp. net growth rate (day−1) versus the fraction of 10 μm 
filtered water in early (A), the end of July (B), August (C), and September (D). Open circles and 
cross marks represent the net growth rates in the in situ condition and nutrient-enriched treatments, 
respectively. 

Table 1. Surface in situ water temperature, nutrients at the sampling site, and enriched incubations at the beginning of 
experiments. Growth and nanoflagellate grazing rates upon Synechococcus spp. estimated by linear regression of dilution 
experiments under in situ and nutrient-enriched conditions conducted during the study period. a: Percentage of difference 
of grazing rate between nutrient enriched and in situ condition. 

 Temperature NO3 PO4 Growth Rate Grazing Rate 
Decreased Percentage of 

Grazing Rate a 
 (°C) (μmol L−1) (μmol L−1) (day−1) (day−1)  

5 July       
In situ 28.5 2.3 0.4 0.60  0.34   

nutrient-enriched  19.4 1.9 0.66  0.15  56% 
       

29 July       
In situ 30 1.8 0.5 0.62  0.50   

nutrient-enriched  18.6 1.8 0.65  0.21  58% 
       

August       
In situ 29 3.1 0.8 0.59 0.42  

nutrient-enriched  16.2 1.5 0.64 0.31 21% 
       

September 28.5      
In situ  3.5 0.7 0.54 0.35  

nutrient-enriched  18.9 1.6 0.56 0.18 49% 

The observed effects of the experimental nutrient amendment on the grazing rates of 
nanoflagellates on Synechococcus were observed between 0.15 and 0.31 day−1 in the 

Figure 1. Dilution plots of Synechococcus spp. net growth rate (day−1) versus the fraction of 10 µm
filtered water in early (A), the end of July (B), August (C), and September (D). Open circles and
cross marks represent the net growth rates in the in situ condition and nutrient-enriched treatments,
respectively.

Table 1. Surface in situ water temperature, nutrients at the sampling site, and enriched incubations at the beginning of
experiments. Growth and nanoflagellate grazing rates upon Synechococcus spp. estimated by linear regression of dilution
experiments under in situ and nutrient-enriched conditions conducted during the study period. a: Percentage of difference
of grazing rate between nutrient enriched and in situ condition.

Temperature NO3 PO4 Growth Rate Grazing Rate
Decreased

Percentage of
Grazing Rate a

(◦C) (µmol L−1) (µmol L−1) (day−1) (day−1)

5 July
In situ 28.5 2.3 0.4 0.60 0.34

nutrient-enriched 19.4 1.9 0.66 0.15 56%
29 July
In situ 30 1.8 0.5 0.62 0.50

nutrient-enriched 18.6 1.8 0.65 0.21 58%
August
In situ 29 3.1 0.8 0.59 0.42

nutrient-enriched 16.2 1.5 0.64 0.31 21%
September 28.5

In situ 3.5 0.7 0.54 0.35
nutrient-enriched 18.9 1.6 0.56 0.18 49%

4. Discussion

Synechococcus is an important part of the microbial food web and carbon flow. It
is also well recognized that nanoflagellate grazing is an important top-down control
for Synechococcus mortality, particularly in the summer in the western Pacific coastal
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region [3]. In this study, we experimentally exposed the same community to changes in
the nanoflagellate grazing rates on Synechococcus after nutrient addition. The experimental
results do not support our hypothesis that the nanoflagellate grazing rates on Synechococcus
would increase due to the greater abundance and growth rates of Synechococcus in nutrient-
enriched incubations. Our results show that the grazing rate of PNFs on Synechococcus was
significantly lower in nutrient-enriched treatments than in the in situ condition.

In the present study, the addition of nutrients into the experimental bottles only
led to slightly increased growth rates of Synechococcus (Table 1). Similarly, Worden and
Binder [5] noted that changes in the nitrogen and phosphorus contents did not have a
significant effect on the growth rates of Synechococcus. In the laboratory experiments on
Synechococcus isolates, preference of NH4 over NO3 was observed [26]. In our previous
study, we observed that viruses significantly affect the nutrient regeneration, and enhanced
the growth rates in Synechococcus during the daytime in the subtropical western Pacific
coastal waters [27]. Data from the previous studies indicated that viral-induced ammonium
regeneration resulted in increased growth of Synechococcus [28,29]. The abovementioned
results could explain the meager increase in the growth rates of Synechococcus in the
nutrient-enriched bottles in this study.

Phytoplankton cells grazed by microzooplanktons vary in size from picophytoplank-
ton to large cells [30]. However, at our study site, microzooplanktons (e.g., ciliates) could
only remove 3% of Synechococcus production [16]. Indeed, in this region, our study is the
first to identify the dominant PNF populations in the nanoflagellate community and report
that PNF dominated grazing on Synechococcus [16]. This finding proved that Synechococcus
represents the transfer of carbon and nutrients to PNF through the microbial food web in
our study site.

After nutrient addition, the grazing rate of PNFs on Synechococcus increases, which
may be caused by the changes in the quality of the cyanobacteria available as food for
grazers [16]. In contrast, the grazing rate of PNFs on Synechococcus in nutrient-enriched
treatments decreased between 21% and 58%, compared with that in the ambient condition
in this study (Table 1). Some studies concluded that nutrient limitation might stimulate
mixotrophic grazing in some environments [31,32]. Olrik [32] demonstrated that ingesting
bacteria by mixotrophic Chrysophytes could limit their demand for phosphorus. Similarly,
Tsai et al. [6] found that the PNF population ingested bacteria for phosphate supplement
when soluble reactive phosphorus was low. In this study, we suggest that PNF used the
added nutrients and reduced their feeding ability to supply themselves with nutrients from
preys during the incubation experiments. A similar result was reported earlier in another
nutrient-enriched experiment, wherein Sargasso Sea populations also caused a remarkable
decline in phagotrophically active PNFs after adding phosphorus [22].

In most earlier dilution studies, nutrients were added to the bottles to prevent nutrient
limitation of phytoplankton growth during incubation [5,19,33]. However, it is notable
that the effects of nutrients on the grazing rates on picoplankton were different in the
in situ conditions. In fact, the importance of Synechococcus consumers in nanoflagellate
composition should be taken into consideration. In the case of PNF dominance, the grazing
rate of PNFs on Synechococcus under nutrient-enriched incubations may be underestimated
due to the reduced feeding ability of PNFs, similar to that observed in our study. Some
studies were unable to assess the reason for so many non-significant grazing rates in their
dilution experiments, and suggested varied factors, such as food selection and dilution
effects on microzooplankton [34], as the cause for such a high portion of non-significant
grazing estimates. The grazing impact of PNFs on Synechococcus under nutrient-enriched
conditions was not considered in these field studies.

5. Conclusions

In summary, our study tested the Synechococcus growth and the grazing rates of
nanoflagellates under conditions of with and without nutrient additions. The samples
were collected from the coastal waters of the western subtropical Pacific Ocean during the
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summer season. The experimental results suggest that nutrient enrichment did not have
a significant effect on the growth rates of Synechococcus. Furthermore, we suggest that in
the summer season, as Synechococcus has great capacity to acquire regenerated nutrients at
low concentrations, its growth rate is greatly affected. Overall, the grazing rate of PNFs
on Synechococcus was significantly lower in nutrient-enriched treatments than that with
ambient nutrients. In this situation, we speculate that the PNFs used the added nutrients
and decreased their ability to supply themselves with nutrients from prey in the incubation
experiments. The present study should guide future work towards understanding the
functional roles of PNF in other environments.
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