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Abstract

:

This study investigated the spatial variation in the components of a microbial food web (viruses, picoplankton, nanoflagellates, and ciliates) in different hydrographic environments in the Taiwan Strait during winter. Water temperature and salinity varied spatially, with lower temperatures (15.3–22.8 °C) and salinities (32.2–33.4 psu) in the northern part of the Taiwan Strait, largely affected by runoff from the coast of China. Concentrations of nutrients and Chl a were significantly higher in the northern part than that in the southern part of the study area. Synechococcus spp., nanoflagellate, and ciliate abundance also varied significantly, with the northern strait having higher abundances of these communities. In contrast, a higher abundance of bacteria was found in the southern part of the Taiwan Strait. The results of this study, which describes two different ecosystems in the Taiwan Strait, suggest that during winter, a “viral loop” might play an important role in controlling bacterial production in the southern part of the Taiwan Strait, while nanofalgellate grazing of picophytoplankton may contribute mainly to the flux of energy in the northern part.
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1. Introduction


The microbial community, which consists of bacteria, nanoflagellates, and microzooplankton, plays an important role in the life of aquatic environments [1]. An understanding of the relationship between the distributions of microbial organisms and their environments can help us better understand their eco-physiological requirements. Bacteria are able to use dissolved organic matter and incorporate it into their own biomass. Their biomass may be reduced in several ways, with the important one being grazing by phagotrophic protists (nano- and microzooplankton) and viral lysis [2,3,4,5]. These studies showed that both viral lysis and grazing can cause significant mortality, but that the impact of each varies by season, host organism, and environmental conditions. Seasonally, viral lysis is reported to be the main cause of bacterial mortality during the winter, and thus a “viral loop” might serve as an important control mechanism for bacterial production in colder seasons, while grazing can be the cause of most bacterial mortality during warmer seasons [5].



The growth of bacteria can also be controlled by physical factors, such as temperature and the supply of substrates [6,7,8]. Li [9] reported that their regulation can be seasonal and suggested that, over the course of a year, temperature is the dominant factor affecting bacterial growth in colder seasons. Other factors, such as substrate supply, may be important in warmer seasons. Ochs et al. [10] found that bacterial growth rates are unrelated to temperatures above 14 °C, which was further confirmed by Shiah and Ducklow [11].



Understanding the principles that govern trophic interactions among microbial planktonic organisms, those that regulate carbon and energy flows in microbial food webs, is an important goal in biological oceanography. The dominating predators of bacteria are heterotrophic nanoflagellates (HNFs) [3,12,13]. Some studies reported increases in HNFs in areas where there are increases in bacteria, suggesting that HNFs are resource controlled [12,14]. Other studies have found a weak coupling between bacteria and HNF density and recommended predation control [15,16]. Although correlative data can suggest possible governing factors, such data do not provide much insight into the complex mechanisms involved. For example, the lack of a strong relationship between HNFs and bacterial abundance might be related to the possibility that HNFs use other sources of carbon (e.g., picophytoplanktonic cyanobacteria) [13], or it may be that there are other more important predators of bacteria (e.g., ciliates) [17]. Other studies suggested that bottom-up control dominates HNF abundance [18,19], while other studies noted that top-down control is more important [16,20]. In addition, the relative importance of these controls may change along with the environmental trophic state, season, and other environmental factors [21,22].



Taiwan is located at the junction of Ryukyu and Luzon in the northwestern part of the Pacific Ocean. This large island country is bordered to the west by the shallow Taiwan Strait and to the east by the deep Philippine Sea. The broad (140 to 200 km) Taiwan Strait Shelf is located between the coasts of China and Taiwan and extends for more than 300 km. Generally, currents in the Taiwan region vary consistently from season to season [23]. Jan et al. [24] described the seasonal variations in currents in the Taiwan Strait in detail. During winter, the northward flow of South China Sea waters through the Penghu Channel is slowed down by the northeasterly winter monsoon and turns northwestward along the southern edge of the Changyun Ridge. In the northern area of the Taiwan Strait, the cold and fresh southward flow of China’s coastal waters turn cyclonically at the northern edge of the Changyun Ridge, where they form a cyclonic cold eddy. These winter differences in physicochemical and biotic factors in the shallow Taiwan Strait may set the scene for differences in the development of microorganisms and provide an excellent environmental frame to analyze the potential changes in microbial food web components under very different trophic environments. We hypothesize that the spatial variation in temperature affects the microbial dynamics in the shallow Taiwan Strait in cold seasons. Therefore, this study investigated the surface water distributions of viral, heterotrophic bacterial, Synechococcus spp., nanoflagellate, and ciliate abundance, as well as possible HNF-bacterial coupling along different cruise transects in the Taiwan Strait during winter.




2. Material and Methods


2.1. Study Sites and Samplings


Samples were collected in January and February 2018 from the surface waters at 25 established stations (9 transects; A–I) located in the Taiwan Strait on board the Fishery Researcher I (Figure 1A). During this cruise, seawater samples were collected at depths of 2 m using a SeaBird CTD (Sea-Bird Scientific, Bellevue, WA, USA) and General Oceanic Rosette assembly with 10 L Niskin bottle (General Oceanic, Florida, USA) Temperature and salinity were measured with a SeaBird CTD. Water samples were filtered (25 mm GF/F: Whatman glass microfiber filters) for Chl a analysis and measured after extraction using an in vitro fluorometer (Turner Design 10-AU-005) (Turner Designs, Inc, San Jose, CA, USA) [25]. Nutrients in seawater samples were measured as previously described by Gong et al. [25]. Sample volumes of 50 mL were used to count bacteria, Synechococcus spp., and nanoflagellates. They were fixed with gluteraldehyde at a final concentration of 0.5%. For ciliates, 500 mL water samples from the surface were fixed with neutralized formaldehyde (2% final concentration) [26] and preserved at 4 °C until analysis. Virus populations were identified and measured using flow cytometry (FCM) (BD FACSCaliburTM) (Biosciences, Macquarie Research Park, Sydney, Australia) [27].




2.2. Microbial Counts


Bacteria, Synechococcus spp., and nanoflagellates were counted using an epifluorescence microscope (Nikon Optiphot-2) (1000×). Subsamples of 1–2 mL, 4 mL, and 20 mL were filtered onto 0.2 μm or 0.8 μm black Nuclepore filters for bacteria, Synechococcus spp., and nanoflagellates, respectively. Samples were stained with DAPI (4′,6-diamidino-2-phenylindole) at a final concentration of 1 μg mL−1 [28] to count bacteria and heterotrophic nanoflagellates (HNFs). Pigmented nanoflagellates (PNFs) and HNFs were detected and counted based on the absence or presence of chlorophyll autofluorescence using a separate filter set optimized for chlorophyll or DAPI under a 1000× epifluorescence microscope (Nikon Optiphot-2). Bacteria and HNFs were identified using their blue fluorescence under UV illumination. Synechococcus spp. and PNFs were identified using their orange and red autofluorescences under blue excitation light. Furthermore, to obtain reliable ciliate counts, a 500-mL water sample was concentrated into a 100-mL subsample using a 20-μm mesh size net, and then the subsamples (100 mL) were allowed to settle in an Utermöhl chamber (Utermöhl). The entire area of the Utermöhl chamber was examined at 200× or 400× magnification using an inverted microscope (Nikon-TMD 300). To perform FCM analysis, we diluted them to 1:10 with a 0.2-μm filtered TE buffer (Tris-EDTA buffer) (10 mM Tris, 1 mM EDTA: Ethylenediaminetetraacetic acid), stained them with SYBR Green I solution (1:500 dilution; Molecular Probes), and incubated them at 80 °C in the dark for 10 min [29]. Cell side scatter (a proxy of cell size) and SYBR Green fluorescence (an indicator of nucleic acid) were used to distinguish viruses from heterotrophic bacteria [29].



All statistical analyses were performed using SPSS software (SPSS 14). A Student t-test was carried out to check for significant differences in microbial community (viruses, bacteria, Synechococcus spp., HNFs, PNFs, and ciliates) and environmental factors (temperature, salinity, NO3, and Chl a) between the northern and southern parts of the Taiwan Strait, with a confidence level of 95% (α = 0.05). Regression analyses were used to explain the relationship between microbial community and environmental factors. This study used redundancy analysis (RDA; rda function in R package vegan) to examine the environmental conditions to explain the microbial community composition in the studied parameters and the spatial variation of the microbial community. To identify the main patterns of spatial change of the relationship between microbial community and environmental conditions, we conducted a series of RDAs using (1) all datasets of the Taiwan Strait, (2) northern part, and (3) southern part of the Taiwan Strait.





3. Results


3.1. Environmental Conditions


The spatial variations in hydrographic parameters (temperature, salinity, and NO3 concentration) in the surface waters of the Taiwan Strait are shown in Figure 1. During the study period, water temperature and salinity were found to have different patterns in different areas, with the northern part of the Taiwan Strait having lower temperatures (15.3–22.8 °C) and salinities (32.2–33.4 psu) (transects A–D) (Figure 1A,B), as they were affected by China’s coastal waters. Temperatures and salinities were higher in the southern part (transects E–I) (t-test, p < 0.05, Figure 2A). NO3 concentrations were higher (>4 μM) in the northern part compared to the southern part of the study area (Figure 1C and Figure 2B). Chl a concentrations were highest (1.6 mg m−3) at the edge of China’s coastal waters in the northern part (Figure 1D). In general, the northern and southern parts of the Taiwan Strait had significant differences in average Chl a concentrations (t-test, p < 0.05) (Figure 2B).




3.2. Spatial Changes in Microbial Community


During the study period, the spatial variations in viral abundance ranged from 0.4 × 107 to 2.4 × 107 viruses mL−1, was slightly lower in the northern (transects A–D) part (1.2 ± 0.5) × 107 viruses mL−1) than that in the southern (transects E–I) part of the Taiwan Strait, (1.5 ± 0.6) ×107 viruses mL−1) (Figure 3A). Bacterial abundance varied between 0.4 × 106 and 1.1 × 106 cells mL−1 and 0.6 × 106 and 2.9 × 106 cells mL−1 in the northern (transects A–D) part and southern (transects E–I) part of the Taiwan Strait, respectively (Figure 3B). Bacterial abundances in the northern part (transects A–D) were significantly lower than those in the southern part (transects E–I) (Figure 4). Based on our field studies, bacterial abundance was probably related to temperature, and temperature explained about 42% of the difference in bacterial abundance (Figure 5A). Furthermore, viral abundance was significantly positively related to bacterial abundance in the northern part (r = 0.41, p < 0.05) and southern part (r = 0.82, p < 0.05) of the Taiwan Strait (Figure 5B). Abundance of Synechococcus spp. ranged from 0.4 × 104 to 4.2 × 104 cells mL−1 and showed higher values in the northern part (transects A–D) (Figure 3C and Figure 4). Nanoflagellate concentrations were higher in the northern part (transects A–D), HNF concentrations were (0.6–2.8) × 103 cells mL−1, and PNF concentrations were (0.3–2.3) × 103 cells mL−1 (Figure 3D,E and Figure 4). When Synechococcus spp. and PNFs from all stations were pooled, they were found to be positively correlated with total Chl a values (Synechococcus spp.: r = 0.77, p < 0.05; PNF: r = 0.63, p < 0.05; Figure 6). Mean Synechococcus spp. and PNFs represented a significant part of the total phytoplankton biomass. The same pattern was noted for ciliate abundances and the nanoflagellate community, with the southern part of the Taiwan Strait having lower ciliate concentrations (<400 cells L−1) (Figure 3F and Figure 4).



Based on analysis of all the data, environmental conditions explained 43.7% of variance in the data for microbial community composition in the Taiwan Strait. We observed that HNFs, PNFs, ciliates, and Synechococcus spp. showed similar patterns of spatial fluctuations (Figure 7A). On the other hand, temperature and salinity were associated with bacteria (Figure 7A). This result is supported by the correlation analysis between both of them (Figure 5A). Interestingly, a different pattern was observed between the northern and the southern parts of the Taiwan Strait (Figure 7B,C). In the northern part of the Taiwan Strait, we noticed the marked impact of the bacteria characterized by temperature, salinity, and viruses (Figure 7B). However, in the southern part of the Taiwan Strait, the impact parameters appeared in a different way, as bacteria variations were associated with an abundance of viruses and HNFs, highlighting the importance of top-down control as a limiting factor on bacteria (Figure 7C).





4. Discussion


This study explored spatial variations in microbial communities across the Taiwan Strait during the winter months (January and February) of 2018. We used temperature and salinity in our study period to distinguish two hydrographic regions in the Taiwan Strait. Transects A–D and transects E–I were assumed in this study to be representative of the northern and southern parts of the strait, respectively. To the best of our knowledge, there are no previous studies of aquatic–microbial community dynamics in the Taiwan Strait, and so this study represents the first to investigate aquatic microbial ecology in this region. We found viral and bacterial concentrations to be higher at higher temperatures and in oligotrophic oceans, which have higher salinities in the southern part of the Taiwan Strait. Synechococcus spp., nanoflagellates, and ciliates had different spatial variations, with higher abundances of both found in the northern part (transects A–D) of the Taiwan Strait containing cold China coastal waters.



4.1. Spatial Variations in Bacterial and Viral Abundance


In marine environments, substrate availability and water temperature are important factors regulating bacterial production [9,30,31,32,33]. Some previous studies have suggested that, over the course of a year, temperature is the dominant factor affecting bacterial growth in colder seasons. Other factors, such as substrate supply, may be more important in warmer seasons [9,34]. In a study of a Delaware estuary, Hock and Kirchman [34] showed that its temperature varied over an annual cycle and that bacterial growth rate was directly related to temperatures below, but not above, 12 °C. In the present study, we found a clear relationship between temperature and bacterial abundance (ANOVA, p < 0.05) (Figure 5A), but not between Chl a and bacteria concentrations.



Viruses control bacterial mortality and may help to maintain bacterial community diversity [35]. In most aquatic environments, viral abundance was positively correlated with bacteria [27,35,36]. Interestingly, we found a closer linear relationship between viruses and bacteria in oligotrophic oceans in the southern part than those in the northern part of the Taiwan Strait (Figure 5B). One previous study of two lakes in the French Massif Central found that the relationship between viral and bacterial abundances to be weaker in the more productive lake, suggesting that there is an increase in relative abundance of non-bacteriophage viruses, such as cyanophages, in more productive environments [37]. In the present study, Synechococcus spp. abundance was significantly higher in the northern part of the study area (transects A–D) (Figure 4). This might explain the weaker linear relationship between the abundance of viruses and bacteria in the northern part of the Taiwan Strait (Figure 5B). Aside from this, differences in these relationships may be related to the burst size and infection rate of host cells [36]. Thus, future studies may want to include viral lysis and viral production when assessing the ecological role of phages and their potential for controlling bacterial dynamics.




4.2. Effects of Bottom-Up and Top-Down Controls on HNFs


According to one study, HNF abundance should be higher in warm environments than in colder ones, owing to consistent differences in the food web structure along the latitudinal gradient [38]. Some models of the predator–prey relationship have predicted that an increase in trophy of the freshwater environment should be reflected in both higher prey and higher predator abundances [39]. For example, a positive relationship has been found between bacterial and HNF abundances in marine systems [12,40,41,42]. Therefore, we also expected to find a relationship between the abundances of bacteria and HNFs in our study, but after considering all the data we collected, we found no consistent positive relationship between bacterial and HNF abundances (Figure 8), which is a correlation reported previously by many studies [12,41,42,43]. Šolić et al. [44] also reported a very low association between bacteria and HNF concentrations during the colder part of the year, suggesting that HNFs did not graze as much on bacteria during the colder months in the middle of the Adriatic Sea. In addition, top-down control on HNFs weakens the relationship between the abundances of bacteria and HNFs [15,16]. Therefore, a negative relationship was found between bacteria and HNFs in the northern part of the Taiwan Strait (r = −0.57) (Figure 8), showing a top-down control on bacteria by HNFs in this study area. The significant and positive relationship between water temperature and bacterial abundance (r = 0.65) suggests a stronger bottom-up control of bacteria in the northern part of the Taiwan Strait (Figure 5A). For another possibility of both bacteria and HNFs showing a negative relationship, the high correlation between HNFs and ciliates (strong top-down control of HNFs) could explain their relationship through the “trophic cascade effect.” This predation effect is known as the trophic cascade and is based on predation limitation at several trophic levels [45].



We looked to interpret our data using Gasol’s [16] theoretical framework to better understand the HNFs’ limitation in our study (Figure 8). According to Gasol’s model, points located below the MRA line (mean realized abundance) suggest top-down control of HNFs and points above it suggest low top-down control of HNFs. Points close to the MAA (maximal attainable abundance) line indicate clear bottom-up control of HNFs. The points were all below the MRA line in the southern part of Taiwan Strait in this study, denoting that HNFs were controlled more by predation (top-down) than available resources (bottom-up) (Figure 8). However, we did not observe a higher abundance of ciliates, top-down predators of HNFs, in the southern part of the Taiwan Strait (Figure 3D and Figure 4). However, viral lysis is a major source of bacterial loss [46,47], and its effect on bacterial mortality has been compared with the effect of nanoflagellate grazing in many oceanic systems [47,48,49].



This study found a closer linear relationship between viruses and bacteria in the southern part than those in the northern part of the Taiwan Strait (Figure 5B), thus suggesting that a significant fraction of bacterial carbon and energy is probably not transferred to higher trophic levels, but instead is cycled in a bacteria–virus–dissolved organic matter (DOM) loop. This “viral loop” [50] might serve as an important control mechanism for bacterial production in the southern part of the Taiwan Strait. Therefore, future studies may want to take viral lysis into account when studying mechanisms controlling bacterial abundance. Aside from this, mixotrophic nanoflagellates (MNFs) and HNFs have been described as important grazers on bacteria; in particular, the relevance of MNFs as grazers in oligotrophic environments was recognized [8]. Furthermore, a group of grazers (MNFs) may be related to bacteria, but not to HNFs, which probably affects the bacteria–HNF relationship.



We applied our field data of bacteria and HNF abundances in the northern part of the Taiwan Strait to the model by Gasol [16] (Figure 8). Because most points lay between the MRA and MAA lines in this part of the strait in this study, top-down control on HNFs should be low and bottom-up control should be high (Figure 8). This part of the Taiwan Strait is relatively high in nutrients. Thus, our results were not in agreement with Gasol regarding dominant bottom-up control of HNFs in oligotrophic sites [16]. At the stations in the northern part of the strait, bacterial abundance was relatively low, because low temperature reduced bacterial growth. In this situation, HNFs could not satisfy their carbon demand through only grazing on bacteria in the northern part of the strait.



The increase in HNF abundance in the northern part of Taiwan Strait may have to do with the availability of other types of prey, such as Synechococcus spp. or picoeukaryotes, as well as low top-down control by predators such as ciliates. Some studies have found variations in the abundance of ciliates to be important in explaining the variations in abundance of nanoflagellates. Weisse [51] and Nakano et al. [52] reported a negative relationship between abundances of the two. According to earlier studies, predation control on HNFs should increase with productivity [12,16]. However, in the current study, we found a positive relationship between ciliates and nanoflagellates (ANOVA, p < 0.05). As for the ciliate community, ciliates of <30 μm in equivalent spherical diameter (ESD), including Strombidium spp., Strobilidium spp., and Tontonia spp., were the most abundant group (65–90%) of the ciliate community in the northern part of the strait in this study. These small ciliates probably control the production of picoplankton [53]. This positive relationship between ciliates and nanoflagellates may suggest that the same factors control the abundance of both communities, since they basically have the same resource requirements (picophytoplankton) and potential predators (zooplankton) [21]. Thus, the high abundance of HNFs obtained in relation to the low abundance of bacteria we found in the northern part of the strait in this study was probably due to the availability of other prey sources. HNFs are known to have other food resources (e.g., picophytoplankton) besides bacteria [54]. However, this does not change the fact that we found that HNFs were primarily resource limited in the northern part of the study area. The spatial variations in Synechococcus spp. abundance in the present study showed higher values in the northern part (transects A–D) (Figure 4). Thus, we believe that the major flux in energy in the northern part of the strait during winter was nanofalelltes grazing on picophytoplankton.





5. Conclusions


We found higher abundances of bacteria in waters with warmer temperatures and lower salinities, while nanoflagellate and ciliate abundances were found to be higher in the northern part of the Taiwan Strait due to cold China coastal waters. Our findings characterize two different ecosystems in the Taiwan Strait. We suspect that a “viral loop” plays a major role in controlling bacterial production in the southern part of the strait and that picophytoplankton plays a major role in the flux of energy in the northern part of the strait during winter, though further studies are needed to investigate these possibilities.
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Figure 1. Spatial variations of temperature (A), salinity (B), NO3 (C), and Chl a concentrations (D) during the study period in the Taiwan Strait. 
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Figure 2. Mean values were determined from the transects A–D (□) and transects E–I (■) for temperature and salinity (A) and for Chl a and NO3 (B). 
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Figure 3. Spatial variations of viral (A), bacterial (B), Synechococcus spp. (C), heterotrophic nanoflagellate (D), pigmented nanoflagellate (E), and ciliate (F) abundance during the study period in Taiwan Strait. 
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Figure 4. Mean values were determined from the transects A–D (□) and transects E–I (■) for viral, bacterial, Synechococcus spp., HNF, PNF, and ciliate abundances. 
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Figure 5. Relationship between temperature and log(bacterial abundance) (A) and between viral and bacterial abundance (B) during the study period. The solid line is the regression line for all data (○); (□): the data for transects A–D; (■): the data for transects E–I. 
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Figure 6. Relationship between Synechococcus spp. (A), PNF abundance (B), and Chl a concentration during the study period. The solid line is the regression line for all data. 
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Figure 7. Redundancy analysis (RDA)-based microbial community composition (bac = bacteria, vir = viruses, HNF = heterotrophic nanoflagellate, PNF = pigmented nanoflagellate, cil = ciliate, and Syn = Synechococcus spp.), and environmental conditions (chl a = chlorophyll a, T = temperature, S = salinity) as the explanatory variables, for all data (A), northern part (B), and southern part (C) of the Taiwan Strait. In (A), samplings from northern part and southern part of the Taiwan Strait are labeled using magenta and black, respectively. The percentages of the community composition variation explained by the first and second RDA are labeled on the two axes of each RDA plot. The explanatory environmental conditions and microbial compositions are presented as blue arrows and red lines on RDA plots, respectively. 
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Figure 8. Simultaneous observations of bacterial and HNF abundances plotted following Gasol’s model [16]. MAA is the maximum attainable abundance line, and MRA is the mean realized abundance line. (○): the data for transects A–D; (■): the data for transects E–I. 
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