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Abstract: Labyrinthulomycetes protists (LP) play an important role in ocean carbon cycling with
an ubiquitous presence in marine ecosystems. As one of the most important environmental factors,
salinity is known to regulate their diverse metabolic activities. However, impacts of salinity gradient
on their distribution and ecological functions in natural habitats remain largely unknown. In this
study, the dynamics of LP abundance and community structure were examined in the surface water of
plume, offshore, and pelagic habitats in the South China Sea (SCS). The highest (5.59 x 10° copies L1
and lowest (5.28 x 10* copies L~1) abundance of LP were found to occur in the waters of plume
and pelagic habitats, respectively. Multiple dimensional scaling (MDS) analysis revealed a strong
relationship between salinity and LP community variation (p < 0.05, rtho = 0.67). Unexpectedly,
relative low LP diversity was detected in the brackish water samples of the plume. Moreover, our
results indicated the genus Aplanochytrium dominated LP communities in offshore and pelagic, while
Aurantiochytrium and Ulkenia were common in the plume. Physiological and metabolic features
of these genera suggested that LP ecological functions were also largely varied along this salinity
gradient. Clearly, the salinity gradient likely regulates the diversity and functional partitioning of

marine protistan micro-eukaryotes in the world’s oceans.
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1. Introduction

Changes in marine environmental factors influence the growth rate of individual mi-
crobial taxa, shape various microbial communities, and, in turn, affect the biogeochemical
functions of microbes in different marine habitats [1-5]. In the coastal area, the riverine
inputs largely change the environmental factors of seawaters. Among these factors, a
salinity gradient is generally obvious and thus regarded as a sign of environmental gradi-
ents [2,6,7]. In fact, salinity itself is one of the most important environmental parameters
to affect various biological aspects of microbes [8-12]. Particularly, salinity gradient is
known to significantly affect the community and diversity of marine microbes. For instance,
Beta-proteobacteria and Actinobacteria dominate bacterial communities in estuaries, while
Alpha- and Gamma-proteobacteria occur largely in the oceanic waters [11,13-15]. Beta-
diversity analyses (such as MDS and NMDS ) of some previous studies have revealed
strong relationships (p < 0.001, r > 0.7) between salinity and bacterioplankton communi-
ties [8,14]. From estuary to open ocean, it can be separated into several different habitats
such as estuarine (salinity < 30%o), offshore (depth < 200 m and salinity > 30%.), and
epipelagic (depth > 200 m and salinity > 30%o.). Bacterioplankton communities were also
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found to be different in these different habitats [8,14]. Moreover, salinity change was found
to largely affect the bacterioplankton diversity of both their populations and functional
genes in the coastal area of the East China Sea [16]. Phytoplankton and zooplankton com-
munities are also greatly affected by salinity gradient [17-20]. Particularly, as the salinity
exceeds 3 %o, freshwater phytoplankton and zooplankton have been reported to disappear
rapidly [18,19]. The richness and Shannon index of phytoplankton and zooplankton were
found to be relatively low in brackish waters, suggesting that the low salinity suppresses
their diversity [17,20]. Traditionally, heterotrophic micro-eukaryotes (i.e., protists and fungi)
were generally considered to benefit from the relative vacancy of the brackish ecological
niches from other microplankton groups. Their richness and/or Shannon diversity have
always been reported to be high in estuary/plume waters/sediments [20-22]. For example,
along the salinity gradient of Rhode Island, the observed fungal richness in plume marsh
(113 OTUs in 99% similar) was 1.4-fold higher than that in salt marsh (79 OTUs) [22]. Re-
cently, in the Pearl River-influenced region, one study also uncovered the species number
of protists in the plume (905 OTUs in 95% similar, salinity 18%.) was higher than that of
pelagic (762 OTUs, salinity 34%o) and freshwaters (692 OTUs, salinity 0%.) [23], suggesting
that most of the micro-eukaryotes can adapt to the less-saline environment.

As a major group of marine heterotrophic micro-eukaryotes, Labyrinthulomycetes
protists (LP) have attracted increased attention in recent years. Due to their high cell
volume (average 212.5 um?3) and carbon content (96.4 pg C per cell) [24], LP are usually
found with high biomass in coastal and oceanic ecosystems (occasionally exceeding that
of bacterioplankton), and thus considered to be a major significant contributor to the
secondary production [25-28]. LP are well-known for their diverse nutrition models (e.g.,
saprophyte, parasite, bacterivory, and even herbivory) in diverse marine habitats [29-31].
In coastal and pelagic waters, they have been shown to display significant temporal and
spatial variations in community levels in both coastal and pelagic waters (such as the
coastal zone of Bohai Sea, Osaka Bay, and pelagic zone of the South China Sea) [25,26,32].
Particularly, LP have been reported to display distinct depth-related or seasonal-related
(e.g., insolation and temperature) ecotype partitioning, suggesting their unique adaptive
ability to environmental gradients [25-27,32,33].

Salinity has been reported to largely regulate the growth, life cycle, and even diverse
metabolic activities of culturable LP strains [34-37]. It has been reported to affect the
production and motility of LP zoospores [37]. For example, when the salinity increased from
7.5%0 to 20%o, the rate of zoospores’ production and motility of Aurantiochytrium mangrovei
sp. KF6 decreased from 90% to 50%, and, the zoospores’ motility of Thraustochytrium striatum
sp. KF9 increased by more than 60% [37]. Thus, different LP strains seem to have different
preference and tolerance to salinity levels. In addition, salinity has been reported to affect
the biomass and high-valued bioproducts’ (e.g.,, DHA and squalene) accumulation of
Aurantiochytrium strains [34-36,38]. However, little is known about the impact of salinity
gradients on the distribution and ecological functions of LP communities in natural marine
environments.

The Pearl River has the second largest discharge volume (~336 km? per year) among
rivers in China and its outflow largely influences the South China Sea (SCS) [39—41]. The
discharge of Pearl River has obvious seasonality and most of it occurs disproportionately
(about 80% of the annual discharge) in summer [39—-41]. Therefore, during the summer,
the horizontal extension of the Pearl River-influenced SCS region is advected eastward,
generating a series of habitats with a distinct salinity gradient [42,43], which provided us
with an ideal system to study the changes of LP along the salinity gradient. In this study,
the abundance and community structure of LP in the Pearl River-influenced SCS surface
waters were investigated along a plume, offshore, and pelagic gradient during two summer
cruises (2016 and 2018). Further, the abundance and diversity variation of bacterioplankton
along the same environmental gradient was assessed and performed as a control. The
ultimate goal of the current study was to understand the impacts of riverine inputs on the
distribution and ecological function of Labyrinthulomycetes protists.
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2. Materials and Methods
2.1. Seawater Sampling

Seawater samples were collected from surface waters of offshore and pelagic ocean
during two summer cruises (May-June 2016 and June-August 2018) of the South China
Sea (Figure 1, Table S1). At each station, two liters of water were collected by a Sea Bird
CTD rosette sampler and filtered through 0.22 um polycarbonate Isopore membrane filters
(Millipore, USA). The resulting filters were frozen at —80 °C until further use. For the flow
cytometric (FCM) analysis of the bacterioplankton, 1.5 mL of seawater was transferred
into a 2 mL cryovial in triplicate, fixed with 0.22 pm filtered glutaraldehyde (0.5% final
concentration), and incubated for 15 min at 4 °C.
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Figure 1. Map of sampling stations in the South China Sea. Plume stations: P1-P3; Offshore stations:
C1-C4; Pelagic stations: O1-O4.

Temperature and salinity at each station were measured with their respective probes
equipped with the Sea Bird CTD rosette sampler. The plume stations were defined using
the method proposed by previous reports and included those offshore stations with salinity
less than 32.5%o [42,44].

2.2. Quantification of LP and Bacterioplankton

The total genomic DNA of individual filters was extracted using a Water DNA kit
(OMEGA, Norcross, GA, USA) according to the manufacturer’s protocol. Using the LP-
specific primers (SYBR-ThrF and SYBR-ThrR), the abundance of 185 rRNA genes of LP was
determined by qPCR method as described previously [45]. Plasmids containing genes of
interest were used to construct the standard curve. The qPCR reactions were performed on
an CFX ConnectTM Real-Time System (Bio-Rad, Richmond, CA, USA) in 20 uL reaction
containing 10 pL of ChamQ SYBR Green Supermix (Vazyme, China), 0.5 pL of each primer
(5 uM), 8 uL of sterile Milli-Q water, and 1 uL of pre-diluted (10x) template DNA. The gPCR
program was set for initial denaturation at 95 °C for 3 min, followed by 40 cycles of 30 s at
95 °C and 30 s at 60 °C [45]. Melting curve analysis was then performed after 40 cycles by
heating the samples from 65 °C to 95 °C to confirm the specificity of primer pairs.

To determine bacterioplankton abundance, water samples were stained with SYBR-I
Green solution (1:500 dilution) and counted with a FACS Calibur flow cytometer (BD-
Biosciences, Franklin Lakes, NJ, USA) following the procedures described in a previous
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study [25]. Yellow-green, fluorescent polystyrene latex beads (Molecular Probes, Eugene,
OH, USA) were added to individual FCM sample as an internal standard.

2.3. High-Throughput Sequencing Analysis

A total of 30 water samples were selected for the diversity analysis of LP and bacteri-
oplankton along the salinity gradient (Table S2). Barcoding LP-specific primers, LABY-A
(5-GGGATCGAAGATGATTAG-3') and LABY-Y (5'-CWCRAACTTCCTTCCGGT-3) were
used for the high-throughput sequencing of LP 185 rRNA genes [46]. The 25 uL PCR
reaction mixture contained 12.5 pL of Tagmix (Takara Bio, Otsu, Japan), 1 puL (10 pM) each
of the barcoding primers, 1 puL of template DNA, and 9.5 uL sterile Milli Q water. The PCR
reactions were carried out using the following protocol: 95 °C for 5 min, 35 cycles of 60 s at
95 °C, 60 s at 52 °C, and 60 s at 72 °C, with a final extension at 72 °C for 20 min [27]. The
V3-V4 region of bacterial 16S rRNA gene was amplified using the universal primers 338F
(ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTAAT) [47]. The
25 uL PCR reaction contained 12.5 pL of Taqmix (Takara Bio, Japan), 1 uL (10 uM) each of
the barcoding primers, 1 puL of template DNA, and 9.5 uL sterile Milli Q water. The PCR
reactions were used in the following protocol: 95 °C for 3 min, 35 cycles of 30 s at 95 °C,
30sat5h5°C, and 45 s at 72 °C, with a final extension at 72 °C for 10 min [48].

PCR products from triplicate reactions for each sample were combined, purified with
TIANquick Midi Purification Kit (Beijing, China), and then quantified with NanoDrop
(Thermo Scientific, Waltham, MA, USA) and sequenced on the [llumina Miseq platform at
Allwegene Tech Company (Beijing, China).

2.4. Bioinformatics and Statistical Analysis

Sequence analysis was performed with QIIME 2 [49]. Raw sequences were trimmed to
remove primer and adapters’ sequences were trimmed with CUTADAPT [50]. The plugin
DADAZ2 was used for further quality trimming, denoising, paired-end read merging, and
removing chimeras [51]. Taxonomy of the resulting amplicon sequence variants (ASVs)
was assigned using SILVA SSU rRNA database (version 138). Singleton ASVs were then
excluded from the feature table. The alpha-diversity indices (observed ASVs numbers,
Shannon index calculated based on natural logarithm) were calculated using the diversity
plugin of QIIME 2, with an even subsampling depth of 9690.

Multiple dimensional scaling (MDS) analysis of different samples was performed with
the vegan package in R 3.4.2 (R Core Team, 2017). Pairwise.wilcox test after the Kruskal-
Wallis test was used to evaluate the significant levels of the abundance and diversity
differences of LP and bacterioplankton among different habitats.

3. Results
3.1. Environmental Characterization of the Study Area

In both of the 2016 and 2018 cruises, a clear salinity gradient was evident from the Pearl
River plume (in the range of 31.72-32.50%. and 31.79-32.20%., respectively) to the open
ocean of the South China Sea (in ranges of 34.11-34.58%. and 33.71-33.78 %o, respectively)
(Figure 1, Table S1). The Pairwise.wilcox test further indicated that the salinity of plume
habitat was significantly lower (p < 0.01) than that of the offshore and pelagic habitats, while
no significant difference (p > 0.05) at their salinity level was observed between the offshore
and pelagic habitats. Compared with the salinity gradient, the gradient of temperature
from plume to the open ocean was not obvious (Table S1). Indeed, the temperatures of
all samples were mostly ranged from 28 to 29 °C. No significant temperature difference
(p > 0.05, Pairwise.wilcox test) was found among the plume, offshore, and pelagic habitats.

3.2. LP Abundance Dynamics along the Salinity Gradient

No significant difference (p > 0.05, Pairwise.wilcox test) was detected in the LP abun-
dance of the same habitat (plume, offshore or pelagic) between the two cruises (Figure 2a).
However, LP abundance was found to display significant differences (p < 0.05, Pair-
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wise.wilcox test) among three different habitats. The highest (5.59 x 10° copies LY
and lowest (5.28 x 10* copies L™!) average LP abundance was detected in the waters of
plume and pelagic, respectively, with the middle LP abundance (7.14 x 10* copies L™1)
detected in the offshore waters (Figure 2a). The bacterioplankton abundance along the
plume to the pelagic gradient displayed a similar pattern as that of the LP (Figure 2b).
The highest (1.54 x 107 cells L~!) and the lowest (5.51 x 10° cells L~!) bacterioplankton
abundance occurred in the surface waters of the plume and the pelagic waters, respectively.
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Figure 2. Abundances of LP (a) and bacterioplankton (b) along a plume to pelagic gradient in the
South China Sea in 2016 and 2018. Statistical analysis was done by Pairwise.wilcox test after the
Kruskal-Wallis test. The multiplication sign inside each box represents the median. The significant
differences of different habitats were indicated with different letters.

3.3. Impact of the Salinity Gradient on the Diversity of LP

To understand the impact of the salinity gradient on the diversity of the LP communi-
ties, LP-specific (Laby-A and Laby-Y) and bacterial universal (338F and 806R) primers were
used for high-throughput sequencing analysis for a total of 30 samples. A total of 652,463
and 399,426 sequences were obtained for LP and bacterioplankton, respectively. These
sequences were clustered into 806 LP ASVs and 1,230 bacterioplankton ASVs, respectively.

Alpha-diversity analyses did not detect significant differences in the species richness
and Shannon index of bacterioplankton among three habitats (Figure 3b,d). However, LP
richness and Shannon diversity varied significantly (p < 0.05, Pairwise.wilcox test) among
three different habitats (Figure 3a,c). Notably, although the plume region was found with
the highest LP abundance, the species richness and Shannon diversity (in average, 48 ASVs
and 2.26, respectively) of the region were much lower than those of the offshore (in average
117 ASVs and 4.76, respectively) and pelagic (in average, 74 ASVs and 4.64, respectively)
(Figure 3a,c).

Metric Multidimensional Scaling (MDS) analysis revealed significant differences (per-
mutation MANOVA, p < 0.05) in both bacterioplankton and LP communities among
different habitats (Figure 4). High correlations between Dimension 1 and salinity were
also uncovered in both LP (absolute Spearman’s rho = 0.67, p < 0.05) and bacterioplankton
(absolute Spearman’s rho = 0.76, p < 0.05) MDS analysis, suggesting their community vari-
ations have a strong relationship with the salinity change. Comparatively, no significant
correlations were detected between Dimension 1 and temperature in both LP (absolute
Spearman’s p = 0.6871 > 0.05) and bacterioplankton (absolute Spearman’s p = 0.0974 > 0.05)
MDS analyses, suggesting the water temperature did not affect the microplankton com-
munities” variations in this study. Further permutation MANOVA analysis showed the
bacterioplankton community structure in the plume, offshore, and pelagic was significantly
different from each other (p < 0.05, permutation MANOVA) (Table S3). Thus, bacterioplank-
ton communities can be separated into three different groups (plume, offshore, and pelagic)
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along the Pearl River salinity gradient, which was consistent with the results of several
previous studies carried out in the habitats with obvious salinity gradients, including the
Delaware Bay, Oregon, and Changjiang coast [8,11,52]. Although LP communities in the
plume were still significantly different from those in the offshore and pelagic (p < 0.05,
permutation MANOVA), their communities in offshore and pelagic unexpectedly displayed
no significant difference (p > 0.05, permutation MANOVA) (Table S4). Thus, LP was likely
to be separated into two groups along the salinity gradient: plume and oceanic (including
offshore and pelagic).
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Figure 3. Alpha diversity index of LP and bacterioplankton across the salinity gradient: (a) LP Shan-
non index; (b) Bacterioplankton Shannon index; (c) LP Observed ASVs numbers; (d) Bacterioplankton
Observed ASVs numbers. The multiplication sign inside each box represents the median value and
the circles represent the outliers. Statistical significance was analyzed by Pairwise.wilcox test after
the Kruskal-Wallis test. The significant differences are indicated by different letters.
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Figure 4. LP community variations across salinity gradient: (a) MDS analysis of LP communities;
(b) MDS analysis of bacterioplankton. Different colors were used to distinguish the sampling habitats.
Plume, Offshore and Pelagic were marked in green, red and blue, respectively.

To better understand the response of LP communities to the salinity change, we classi-
fied individuals of the ASVs based on the location where they exhibited their maximum
average relative abundance of sequences. The results indicated only 3% and 5% plume
sequences were identical to those ASVs derived from samples from offshore and pelagic
regions, respectively (Figure 5). Thus, the plume region harbored different LP populations
from those of oceanic (offshore and pelagic) regions. On the other hand, plume ASVs
accounted for 23% and 13% of the sequences of the offshore and pelagic communities,
respectively (Figure 5). Therefore, more plume ASVs were found in oceanic environments
in comparison to the plume regions.
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Figure 5. Percentage of sequences in LP ASVs classified by location. The rare category represents
sequences belonging to ASV that make up to less than 0.1% of the total number of sequences from
each corresponding location.

3.4. Composition of Dominant LP ASVs in Different Habitats

To understand the ecological function change within the LP communities along the
salinity gradient, dominant ASVs of each habitat (Top 50 ASVs) were examined and anno-
tated on the genera level. In the present study, the genus composition of LP changed along
the salinity gradient. Aplanochytrium, Ulkenia, and Aurantiochytrium were the dominant
genera (relative abundance more than 10% of the total sequences) of the plume (Figure 6a),
which accounted for 27.6%, 17.9%, and 11.0% of the total plume sequences, respectively.
While in the offshore and pelagic, only Aplanochytrium was the dominant genus (Figure 6a).
In fact, Aplanochytrium accounted for 21.8% and 32.9% of the total sequences in offshore and
pelagic waters, respectively, which exceeded the sum of all other annotated genera in the
offshore and pelagic habitats. Based on the further Venn analysis, most of offshore-specific
and pelagic-specific dominant ASVs were also annotated as Aplanochytrium. Comparatively,
plume specialists were mostly annotated as Ulkenia and Aurantiochytrium. Overall, these
results suggested that LP composition varied along the salinity gradient.
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Figure 6. Cont.
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Figure 6. Genus composition of the dominant (Top 50 abundant) LP ASVs along the salinity gradient:
(a) Average relative abundance of LP genera across different habitats; (b) Venn analysis of the
dominant ASVs of different habitats. The percentage of the pie chart means the genera composition
of the specific dominant ASVs in different habitats.

4. Discussion

The abundance of LP and bacterioplankton have been reported to be higher in the
coastal environments than the oceanic waters [15,25,27,45,53-55]. Thus, it was no surprise
that LP/bacterioplankton abundance in the offshore zone were all nearly 1.4-fold higher
than that of those from pelagic waters (Figure 2a). However, compared to the 2-fold
increase of bacterioplankton average abundance from offshore waters to plume waters,
the average abundance of LP increased more than 7-fold along the same environmental
gradient (Figure 2), suggesting the special significance of plume to LP abundance. Inter-
estingly, in the summer of 2015, one study revealed the average LP molecular abundance
(3.45 x 10° copies L™!) in the Pearl River estuary adjacent to the plume habitat of this study,
was nearly 6-fold higher than that of plume [45]. Water salinity in the Pearl River estuary
ranged from 13%. to 20%., which was also significantly lower than the salinity level of
plume (~31%o). Results of the culturable strains indicated that the salinity levels for the
optimum growth of most culturable LP strains ranged from 15%o. to 30%. [34,35,56], which
was much closer to the salinity level of the estuary and plume. Thus, the lowered salinity in
the estuary and plume may enhance the growth speed of the majority of LP communities
and finally increase their abundance. In addition, LP tended to release zoospores after phys-
ical changes in their environment (such as inoculation into fresh liquid medium) [32,57].
Thus, the physical changes caused by riverine inputs may act as a stimulus of LP to release
zoospores and finally, form the spikes of LP in plume/estuary. Furthermore, LP abundance
generally displayed significant positive correlations with NO3;~ or Chl-a in coastal ar-
eas [25,27,45,58]. Previous studies have revealed the concentrations of both NO3; and Chl-a
were negatively correlated with the salinity level near the Pearl River estuary [9,42,59].
Therefore, the low salinity level is generally associated with the high levels of NO3;~ and
Chl-a, which usually supported the high abundance of the LP communities. In other
words, the variation of LP abundance, which resulted from the salinity gradient, likely was
ascribed to the indirect impacts of other environmental factors.

The lower alpha-diversity was detected in the plume than that of the offshore and
pelagic, however, was not consistent with general fungi/protists” diversity patterns along
the salinity gradient [20-23], suggesting most of LP were adaptable to the high-salinity
environment while sensitive to the low-salinity environment. Moreover, although a lot of
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studies have reported a decrease in an LP growth rate with a decrease in NaCl concentration
in media, most of the culturable strains could still accumulate more than 50% of their
highest culturable biomass in low-salt media (as low as 0 NaCl) [35,60]. However, our
results suggested that only few LP can adapt to the low-salinity environment, which
conflicted with the previous culturable results. The limitation of separation habitats of
these culturable strains may be one reason for this phenomenon. In fact, most of the
culturable LP strains were isolated from estuary or mangrove areas [61]. As they are living
in a low-salinity environment, these culturable strains were likely to adapt to low-salinity
environments. In addition, although some studies tried to isolate LP from offshore (such
as offshore areas of Japan and Norway) [62-64] and saline (such as saline environments
of the Argentinean continental shelf) seawaters [65], the salinity equivalent used in their
culture progress was usually only 50%—70% of the seawater (salinity 15 %o0—21%o) [62—65].
Considering the sensitivity of oceanic LP to the low-salinity environment (Figure 3), it was
possible that only low-salinity adaptive LP may be isolated by these studies.

At the genus level, plume LP communities were characterized by their high relative
abundance of Aurantiochytrium and Ulkenia. Some previous studies have isolated a lot of
Aurantiochytrium strains from mangrove and coastal habitats [66-68]. In the Pearl River
estuary, one previous study also revealed more than 50% of the LP isolated were annotated as
Aurantiochytrium [67]. Thus, it was no surprise to find a high abundance of Aurantiochytrium
in the plume (Figure 6). Comparatively, Ulkenia was first found with surprisingly tremen-
dous relative abundance in the plume (Figure 6). One previous study has revealed that
Ulkenia zoospores were associated with the bottom of naturally turbid estuaries and may
swim away from high light intensities [69]. Although light intensity was not measured in
our study, due to the input of the river, the plume region was obviously more turbid than
the oceanic environment to attract Ulkenia zoospores. Consistent with the well-documented
osmotrophic modes of Aurantiochytrium and Ulkenia [54], these protists could play an im-
portant role as decomposers of riverine detritus. Comparatively, Aplanochytrium was found
more important in the LP communities of the offshore and pelagic ocean. Aplanochytrium
was characterized by the ability to prey on living diatoms through the specialized ecto-
plasmic nets [70]. This suggested that these protists may play different ecological roles in
different habitats.

5. Conclusions

This study provided a comprehensive description of the abundance, diversity, and
community structure of an important unicellular heterotrophic eukaryotes group,
Labyrinthulomycete protists (LP), along a plume to pelagic gradient of the South China
Sea. The salinity gradient was found not only to have affected the LP diversity level, but
also controlled their community structure. While contrary to expectations, LP diversity in
the plume was significantly lower (p < 0.05) than that of offshore and pelagic habitat. With
the analysis of dominant ASVs’ composition in each habitat, our study further revealed
differential dominant LP genera composition among plume and oceanic, and provided new
perspectives on their potential change of ecological functions along the salinity gradient.
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