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Abstract: We used flow cytometry to follow diel variations of viruses, picoplankton, and
nanoflagellates for 2 days with about 4 hours of temporal sampling in spring 2024 in coastal surface
waters of the subtropical western Pacific. An event of wind change, associated with rainfall and
increased turbulence, disrupted diel patterns of the overall microbial communities during the
second cycle. We observed that bacterial abundance did not follow a consistent diel pattern and that
viral abundance was positively correlated with bacterial abundance. Synechococcus spp. and
Prochlorococcus spp. grew during the light period and with peak abundance at night, exhibited
marked diel variability, however, opposite patterns were observed in picoeukaryotes. According to
Synechococcus spp. and Prochlorococcus spp. diel changes, nanoflagellate grazing could control their
abundances and may explain temporally varying picocyanobacterial abundances. As we observed
in the culture experiments, the results showed a significant increase in picoeukaryotic abundance
from noon to nighttime, and a decrease in bacterial abundance during nighttime, to show the prey-
predator cycle. Our study suggests picoeukaryotes could serve as bacteria predators by being
mixotrophs. Future studies aiming to understand the interactions between prokaryotes and
picoeukaryotes within marine microbial communities should take these differences into account.

Keywords: diel variations; Synechococcus spp.; Prochlorococcus spp.; picoeukaryotes; mixotrophs;
nanoflagellate

1. Introduction

Picophytoplankton, including picoeukaryotes (PE), Prochlorococcus spp. (Pro), and Synechococcus
spp. (Syn), contribute to phytoplankton biomass and nutrient cycling in aquatic ecosystems, and their
importance is expected to increase in the future with global warming [1,2]. It is observed that these
cells undergo rapid divisions (up to once a day or more) and react very rapidly to environmental
fluctuations, such as changes in cloud cover [3], vertical mixing [4], and nutrients pulses [5]. There is
little knowledge about the effect of environmental factors on phytoplankton populations over the
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short term. To better understand the factors limiting and regulating picophytoplankton, it is
important to investigate picophytoplankton population variability on short timescales. It is
particularly interesting since changes in these short-term processes are likely to influence long-term
changes in populations [4].

There is no doubt that light is a major factor driving the variability of picophytoplankton
throughout the day. Previously, it was shown that Syn cell cycles were phased with the daily light
cycle [6,7], possibly because of a genetic clock [8]. There is, however, evidence in natural ecosystems
and cultures that the division of Syn, Pro, and PE does not occur simultaneously [4,9]. There is no
clear indication of whether phase differences between groups are related to their differential
sensitivity to light [10], but Jacquet et al. [11] suggest that the cell cycle of Pro is closely linked to
irradiance levels. Furthermore, in oceanic environments, photosynthetic release is believed to be one
of the main sources of dissolved organic matter (DOM) for marine bacteria [12]. As a consequence,
intensive research has been conducted to determine if phytoplankton-bacteria interactions influence
short-term bacterial variability since a tight coupling between primary production and bacterial
activity is expected to result in periodic and significant fluctuations in bacterial heterotrophic activity
in marine environments. In addition to ultraviolet radiation, bacterivory, and viral lysis, other factors
that affect marine bacteria also vary daily [13]. In general, diel patterns in abundance are more altered
than other parameters, suggesting an imbalance between growth and loss. Due to diel variations in
picophytoplankton community structure indicating that loss processes occur differently during the
day [14,15], nanoflagellate grazing activity may vary with picophytoplankton cell cycle [7], and viral
infection could display diel variability [14], disruption of the diel periodicity in nanoflagellates or
virus abundance could increase prey abundance.

The concept of mixotrophy, the combination of photosynthesis with phagotrophy in one
microorganism, is well-established among the vast majority of photosynthetic species. There is a
growing recognition that mixotrophs play an important role in biogeochemical cycling in aquatic
ecosystems, as well as their wide distribution in aquatic ecosystems. It has previously been
demonstrated [16] that pigmented nanoflagellates (PNF) are the key grazers of Syn populations in
subtropical western Pacific coastal waters. In response to daily fluctuations in the size, abundance,
biomass, or composition of prey, grazers may respond differently to their diverse nutritional
requirements [17]. According to the following study, diel variations in ingestion rates are affected by
non-dividing cells of Syn [18], implying food size selectivity is responsible for PNF grazing impact
on Syn. Moreover, it was estimated that 52% of the total bacteria consumption was accounted for by
the 3-6 m PNF, which was a major consumer of nanoflagellates [19]. In these situations, heterotrophy
enables mixotrophic PNF to acquire nutrients from their prey when nutrients are scarce. Further,
photosynthetic PE is an important primary producer in oceanic and coastal environments. Aside from
being primary producers, PE has been found in several studies to be mixotrophs and major predators
of bacteria [20,21]. It is important to consider quantitatively the proportion of phagotrophs in
microbial food webs, even though it was highly variable in short-term samplings.

In coastal waters of the western Pacific subtropical ocean, we analyzed the relationship between
marine viruses, bacteria, and picophytoplankton and their nanoplanktonic protistan consumers
during the diel cycle. The aim of this study was to document the diel variations in viral, picoplankton,
and nanoflagellate abundance using flow cytometry samples taken at a high frequency (4 h intervals)
during two cycles of 48 h in spring 2024. In addition, we examined diel samples taken from the same
study site of marine viruses, bacteria, picophytoplankton, and nanoflagelates in a 10L incubation
bottle in order to compare the difference in population abundance between field and incubation
conditions.
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2. Materials and Methods

2.1. Study Site and Samplings

We selected a semi-enclosed port, which is a shallow (3 m depth) oligotrophic coastal station
with relatively insignificant wave effects inside the port, located on the north coast of Taiwan as the
site of study (Figure 1). A previous study has found that the temperatures of the water exhibited a
clear seasonal cycle and ranged between 17°C (January) and 31°C (July). The concentration of
chlorophyll a in this study ranged from 0.03 to 6.45 mg m= (average 2.29 mg m?), with the highest
concentrations occurring during the warm season (May to October) [22]. During two successive three-
day periods (from 9-11 March 2024), two diel cycles were studied in this study. The sampling of
surface water was performed at 0.5-m depth with polycarbonate carboys at a frequency of six
samplings per day (every 4 h), and then the samples were transported to a laboratory within 20
minutes for analysis. Temperature and salinity of the waters were measured with a Multiparameter
(HI98194). In addition, seawater was also transferred directly into 10 L polycarbonate bottles for
incubation under natural light outside the lab under an in situ temperature tank when used for
incubation experiments. Water samples in incubation were collected every 4 h during the study
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Figure 1. A map of sampling site in the coastal waters of the subtropical western Pacific (red point).

2.2. Net Increased Abundance of Bacteria and Picophytoplankton

In this study, to determine the effect of nanoflagellate and viral abundance changes on diel
variability, we calculate the net increased abundance of bacteria and picophytoplankton at each
sampling time. Increased abundance of picoplankton is a result of net growth rate (growth rate -
grazing rate). A net increased abundance can be calculated as Nw+-N:, where N corresponds to the
abundance of bacteria or picophytoplankton, t+4, and t is measured every four hours.
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2.3. Flow Cytometric Analyses

We collected 2 ml seawater samples from each treatment, preserved them in 0.5%
paraformaldehyde (final concentration), flash-frozen, and stored them in liquid nitrogen for
enumerating nanoflagellates, picophytoplankton and heterotrophic bacteria. Samples were frozen at
-80°C until analysis in the laboratory a CytoFLEX S flow cytometer (Beckman Coulter, Indianapolis)
equipped with a 488 nm air-cooled argon-ion laser, a standard 525 nm filter, and an SYBR signal
trigger. To minimize interference from high particle density, viral samples were diluted 1:10 in TE
buffer (pH 8.0, EM grade) prior to staining. SYBR Green I (final concentration 1:50,000 commercial
stock) was stained onto the diluted samples and incubated in the dark for 10 minutes at 80°C.
Following the staining process, samples were cooled to 25 °C in an ice bath and analyzed by FCM
according to Brussaard [23]. To detect and eliminate buffer noise, blank controls of TE buffer stained
with SYBR Green I were used. According to Hammes and Egli [24], bacteria samples were stained
with SYBR Green I (final concentration 1:10,000) for 15 minutes in the dark, then processed by FCM.
Based on flow cytometric analysis, on the basis of their red fluorescence from chlorophyll (>650 nm)
and orange fluorescence from phycoerythrin (578 nm) and light scatter signals (SSC),
picophytoplankton from the area were separated into two groups (Syne and Pro) according to Calvo-
Diaz and Moran [25]. Furthermore, in this study, heterotrophic and pigmented nanoflagellates
enumeration was also performed using flow cytometer according to Rose et al. [26].

3. Results

3.1. Temporal Variability in Bacterial and Viral Abundance

Temperature variations varied from 18.3 to 20.1°C during sampling times over the 48-hour
period (data not shown). In our observation period, the semi-diurnal tide exhibited irregular diurnal
patterns, with the highest water levels around 10 a.m. and 18:15 p.m. and the lowest levels around
14:40 p.m. and 02:40 a.m. (Figure 2). Furthermore, bacterial abundance ranged between 0.91 and 5.7
x 10° cells ml-!, with the highest value occurring at 7 am in the first cycle. The abundance of bacteria
did not show a consistent diel pattern (Figure 2A). Furthermore, there was no significant difference
in bacterial abundance between the day and night (p > 0.05, t-test) (Figure 3A). The virus density
ranged from 0.91 to 5.7 x 106 viruses ml-!, with no significant difference (p >0.05) between daytime
and nighttime (Figures 2A and 3A). Based on the results of our analysis, it was found that bacterial
abundance showed a similar pattern as viral abundance and viral abundance was positively
correlated with bacterial abundance (Figure 4).
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Figure 2. Diel variations in viruses, picoplankton and nanoflagellate group abundances as measured
by flow cytometry. Abundances of (A) heterotrophic bacteria and viruses, (B) picophytoplankton
(picoeukaryotes (PE), Prochlorococcus spp. (Pro), and Synechococcus spp.(Syn)), (C) pigment (PNF) and
total nanoflagellate (TNF) measured at 4 h time intervals throughout the study period. The gray areas
correspond to the dark period; the error bars correspond to the range of variation of the triplicate
samples. (Red arrow: high tide, Blue arrow: low tide).
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Figure 3. Averaged abundance of bacteria and viruses (A), picophytoplankton (picoeukaryotes (PE),
Prochlorococcus spp. (Pro), and Synechococcus spp.(Syn)) (B), pigment (PNF) and total nanoflagellate
(TNF) (C) in daytime and nighttime. The error bars correspond to the range of variation of the
triplicate samples. *Significant difference in abundance between daytime and nighttime (p < 0.05).
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Figure 4. Relationship between bacterial and viral abundance.

3.2. Temporal Variability in Picophytoplankton and Nanoflagellate Abundance

There is a general tendency for Syn abundance to increase during the dark period and decrease
during the light period. First cycle (March 9-10), Syne abundance followed a clear 24-h cycle (0.41 to
10.1 x 10° cells ml™") (Figure 2B). There was a less pronounced diel pattern in Syne abundance in the
second diel cycle due to partly cloudy and rainy conditions on 10 March (Figure 2B). There was a
higher average abundance of Syne at night than during the day (p < 0.05, t-test) (Figure 3B).
Additionally, Pro showed a significant increase in abundance during the first diel cycle at night,
peaking at 3 am (March 10) (Figure 2B). During the second cycle, no diel pattern of Pro abundance
was observed. Moreover, there was no significant difference between average abundance values at
night and during the day during the study period (p > 0.05, t-test) (Figure 3B). Surprisingly, the
opposite pattern was observed in PE, whose concentration increased during the daytime and
decreased during the dark phase (Figure 2B). Note that the average abundance of PE during the
daytime was significantly higher (t-test, p < 0.005) than at night (Figure 3B). Furthermore, the
heterotrophic nanoflagellate (HNF) was numerically dominant among the total nanoflagellate (TNF)
communities analyzed, ranging from 1.4 x 10% cells ml~' to 9.0 x 10° cells ml~! (data not shown). During
the first diel cycle, the highest TNF concentrations were observed at 3am, but no apparent trend was
noticed during the second diel cycle (Figure 2C). There was no significant difference in TNF and PNF
abundance between night and day in our study (Figure 3C).

3.3. Net Increased Abundance of Bacteria and Picophytoplankton

An increase in picoplankton abundance is a result of an increase in net growth rate (growth rate
minus grazing rate). In our study, we found that the net abundance of bacteria had a negative
relationship with the viral abundance (Figure 5A). In the present study, diel variations in bacterial
abundance were clearly associated with viral lysis rates. Furthermore, with all data pooled, the
regression analyses also revealed that a significant negative relationship between the net increased
abundance of Syn and Pro and total nanoflagellate abundance (Figure 5B,C).

d0i:10.20944/preprints202405.1866.v1
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Figure 5. An analysis of the relationship between the different abundances of bacteria at each
sampling time and the viral abundance (A). the relationship between the different abundances of
Synechococcus spp.(Syn) (B), and Prochlorococcus spp. (Pro)(C) at each sampling time and the total
nanoflagellate abundance.

3.4. Temporal Variability in Microbial Communities in the Experimental Incubations

The bacteria in our study grew rapidly in the incubation experiments, reaching a maximum
abundance of 22.0 x 105 cells ml-' after 32 h (Figure 6A), corresponding to bacterial growth rate was
0.81 d-1. Viral abundance varied from 2.4 x 106 to 4.5 x 10¢ viruses ml-!, however, it was not influenced
by diel changes of bacteria during incubation (Figure 6A).
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Figure 6. Diel variations in abundances of (A) heterotrophic bacteria and viruses, (B)
picophytoplankton (Prochlorococcus spp. (Pro), and Synechococcus spp.(Syn)), (C) pigment (PNF) and
total nanoflagellate (TNF) measured at 4 h time intervals throughout the study period in incubation
experiment. The gray areas correspond to the dark period; the error bars correspond to the range of

variation of the triplicate samples.

Overall, cell abundance of Pro and Syn in the experimental incubations, varied from 0.10 x 10*
to 0.29 x 10 cells ml™" and 0.46 x 105 to 1.06 x 10° cells ml™, respectively (Figure 6B). As for diel
variations, we found no obvious trend for Syn or Pro abundance (Figure 6B). As for nanoflagellates,
the abundance of PNF followed a slightly diel cycle during the incubation period (Figure 6C). TNF
abundance increased slightly in the dark period, peaking at midnight and decreasing until dawn
during the first cycle. In the daytime after dawn, only the lower values were observed in TNF

concentrations (Figure 6C).
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Surprisingly, PE abundance showed a significant diel periodicity throughout the study period
in the incubation (Figure 7). A significantly higher variance was shown by PE over the diel cycle than
by Syne and Pro (Figure 6B). The second cycle showed a significant increase in PE abundance from
noon to nighttime, and a decrease in bacterial abundance during nighttime, to show the prey-
predator cycle (Figure 7).
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Figure 7. Diel variations in abundances of heterotrophic bacteria and picoeukaryotes (PE) measured
at4h time intervals throughout the study period in incubation experiment. The gray areas correspond
to the dark period; the error bars correspond to the range of variation of the triplicate samples.

4. Discussion

Observing short-term patterns of picoplanktonic populations is largely influenced by the natural
alternation of day and night. Our study focused on the diel variability of different picophytoplankton
populations and observed changes in bacterial and viral abundance during the short-term period.
Briefly, our results indicate (i) clear diel variations in picophytoplankton, (ii) differences in the
microbial community diel patterns in the field and incubated samplings, and (iii) a potential role for
picoeukaryotes. The results of this study are discussed in the following section.

4.1. Diel Patterns in Bacterial and Viral Abundance

Surface waters are driven by a complex infrastructure of biological and physicochemical
processes driven by sunlight and the marine biota, resulting in day and night variations in
heterotrophic activity. Sunlight and aquatic bacteria interact in a variety of ways, including direct
effects on cells through irradiation or indirect effects caused by shifting primary production rates and
changes in the nature of dissolved organic matter [27,28]. These interactions are a major factor in
short-term variation in aquatic bacterial communities. In several marine environments, bacterial
activity is significantly influenced by photosynthetic rates [26,27]. An earlier study, on the other hand,
indicated that bacterial growth in ocean surface water in a diel pattern opposite to phytoplankton.
This study also suggested that inorganic nutrients, organic substrate supply rates, and bacterivory
all contribute to the bacterial diel cycle [29]. Besides these reasons, about half of the euphotic layer is
exposed to UV radiation, which more adversely affects bacteria than phytoplankton [30].
Furthermore, until now, diurnal fluctuations in bacterial activity have mostly been studied at the
community level, and very few studies have addressed this issue at the single-cell or group level.
There may be differences in substrate preferences or phytoplankton species among different
phylogenetic groups [31]. Even though we did not measure bacterial activity and different groups at
different times of the day, future experiments should estimate bacterial growth changes over time.
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In this study, we found that the abundance of bacteria did not show a consistent diel pattern.
Furthermore, there was no significant difference in bacterial abundance between the day and night
during the study period (Figure 4A). The results of this study are similar to those of another, which
found that the fluctuations in bacterial abundance over a day seem to be quite stable, where bacterial
production and mortality are generally considered to be balanced [32]. Our study found that bacteria
had no diel pattern of abundance (Figure 3A), but varied with viral abundance (Figure 5). In this
situation, we propose the following hypothetical scenario for diel variations in viral infection and
lysis of bacteria in coastal waters. Indeed, two dial incubations were performed at the same study site
previously, and viral production was higher during the day than at night [33]. Thus, diel changes in
viral production indicate that estimates of virus-mediated bacterial mortality and regeneration DOM
and nutrients release also vary during the day [34].

Viral diel dynamics were implicated by previous culture experiments and field studies, based
on the light-dark cycle and host replication in addition to transcriptional and metabolic processes
[13,35,36]. Several studies have demonstrated the ability of viral abundance to fluctuate daily and
even hourly [37], implying that changes in viral production can occur even over short periods of time
[33]. Moreover, in the present study, there was no significant difference in viral abundance between
the day and night during the study period (Figure 4A). For a comprehensive analysis of viral
dynamics, measurements of viral production and decay must be made independently. Several
studies have shown that UV radiation damages DN A-containing viruses in marine environments in
the past decade [38,39]. It was shown by Suttle and Chen [38] that areas with high exposure to
sunlight experience higher virus decay rates, ranging from 40 to 80% per hour. In other studies, UV
damage was identified as one of the most significant factors that contribute to viral decay [39]. It was
not apparent that daytime and nighttime viral abundance differed significantly in this study. It is
certainly possible that virus populations increase in production during daytime, and have higher
viral decay under sunlight.

4.2. Diel Patterns in Picophytoplankton Abundance

The abundance of picophytoplankton groups changes daily due to physical (e.g., light and
temperature) and biological (e.g., cell division, grazing, and viral lysis) factors [4,6,7,9,11]. In this
study, abundances of Syn varied dramatically across the 48-hour sampling period, with high values
recorded in samples taken in the early evening or at midnight (Figure 2B). Moreover, partly cloudy
and rainy conditions on 10 March resulted in a less pronounced diel pattern in Syn abundance (Figure
2B). Different sunlight intensities during the study period are partially responsible for the diel
variations of Syn mentioned above. Responses of phytoplankton to light variability are crucial for
their dynamics because they enable them to adapt to the surrounding environment and optimize
their performance. Additionally, picophytoplankton was more sensitive to changes in light during
the day than larger phytoplankton [40]. In other study also suggested that light is clearly one of the
most important factors in regulating the cell cycle, with cell division occurring from late afternoon to
early evening [41].

A high-frequency sampling strategy is needed to identify the key biological factors (such as
growth and mortality rates) influencing picophytoplankton population abundance on a time scale of
hours. Increases in picophytoplankton abundance can only be explained by cell division in the
absence of strong advection, while decreases usually result from cell death, grazing, or viral infections
[42,43]. According to most studies, Syn abundance varies significantly with the day and night, with
peak abundance occurring late afternoon or early night, with inverse patterning of cell size [18,41],
despite considerable differences between depths and locations. Previously, we reported that the
ingestion rates of Syn are affected by diel changes in non-dividing Syn cells, implying food selectivity
is a factor in the effects of nanoflagellate grazing on Syn [18]. It is worth noting that the study of Tsai
et al. [18], suggested that day/night net growth rates allow us to speculate two mechanisms for diel
variation in the abundance of Syn: 1. dividing cells of Syn are too large to be consumed by
nanoflagellates during the day; or 2. the ingestion rates increase in response to higher abundances of
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non-dividing Syn at night. These results strongly indicated that nanoflagellate grazing was the
underlying biological factor regulating diel variations in Syn abundance in our study site.

In the present study, Pro and Syn abundance demonstrated significant higher values at midnight
during the first diel cycle (Figure 2B). Weaker but significant diel periodicity in Pro abundance was
detected in our study. Even though Syn and Pro are commonly co-occurring, their adaptation to
biogeochemical conditions is different. Light is most likely to play a role in the differential
distribution of Sy and Pro among physicochemical factors [44]. In previous studies, strong light
intensities (including UV radiation) were suggested to be detrimental to prokaryotes, especially Pro,
leading to fluorescence quenching, growth slowdown, and a reduction in DNA synthesis [4]. Apart
from light, water turbidity, disturbances, competition within groups, and grazing pressure are also
important factors controlling Pro and Syn fluctuations [45,46].

4.3. Potential Role of Picoeukaryotes

An interesting result of our study is that the PE abundance increased during the daytime and
decreased during the dark phase (Figure 2B). Note that the average abundance of PE during the
daytime was significantly higher than at night. In this study, PE shows the opposite diel dynamic to
Syn and Pro. As a result of these discoveries, PE may have distinctive ecological characteristics
compared to other picophytoplankton (Syn and Pro). According to our understanding,
photosynthetic picoeukaryotes contribute significantly to phytoplankton biomass and primary
production [47]. There have been more studies demonstrating that photosynthetic picoeukaryotes
can be mixotrophs than previously thought [20,21].

As we observed in the culture experiments, PE was also possible for bacterial prey with
heterotrophs (Figure 7). In comparison with similar-sized autotrophs, phagotrophic mixotrophs
should have an advantage when dissolved nutrients are scarce as compared to prey nutrients [48].
Consequently, we found no diel trend for Syn or Pro abundance, and maintained the lower daytime
abundance in the culture experiments (Figure 6B). However, a significantly diel cycle was shown by
PE, and show significant increase in PE abundance from noon to nighttime, with a decrease in
bacterial abundance during nighttime. The data from our study site suggest that PE may be a
significant bacterivore during the springtime. Despite being outnumbered by picocyanobacteria (Syn
and Pro, > 104 cells mL"), the larger cell size of PE makes it impossible for them to compete for
nutrients. Small mixotrophic eukaryotes may obtain nutrients through the consumption of prey in
this situation. Mixotrophs may be particularly advantageous in oligotrophic ecosystems since
nutrients are often limited to phototrophs that utilize mixotrophic (autotrophy and heterotrophy)
pathways to acquire nutrients [20,21]. There are many similarities between picoeukaryotes and
prokaryotes, but they also differ fundamentally in their ecological roles, functionality, and
evolutionary paths. Future studies aiming to understand the interactions between prokaryotes and
picoeukaryotes within marine microbial communities should take these differences into account.

To summarize, detailed analyses of diel patterns of bacteria and picophytoplankton remain
crucial to understanding how populations develop and their physiological status. In this study, we
presented a description of diel patterns of variability in bacterial and picophytoplankton abundances
and attempted to analyze them. As far as the abundance of bacteria is concerned, it seems that it did
not follow a consistent diel pattern. Overall, bacterial mortality and production are considered to be
balanced. The diel patterns of picophytoplankton show a great deal of complexity, with each
population displaying its behaviors which are partly influenced by the amount of light available. An
interesting result of our study is that predation on prokaryotes (heterotrophic bacteria and
picocyanobacteria) may be another pathway for picoeukaryotes. Biogeochemical cycles in the ocean
could be significantly impacted by shifts in species composition and the relative proportion of
mixotrophic and strictly autotrophic PE.
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