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Picoeukaryotes play an important role in the biogenic element cycle and energy
flow in oligotrophic ecosystems. However, their biodiversity and activity are poorly
studied in open ocean systems, such as the northwestern Pacific Ocean, which is
characterized by a complex hydrological setting. Here, we investigated the diversity
and activity of picoeukaryotes in the northwestern Pacific Ocean using high-throughput
sequencing targeting the V9 region of 18S rDNA and rRNA. Our results showed that
the DNA picoeukaryotic communities were mainly represented by Mamiellophyceae,
MAST, MALV-II, Spirotrichea, Prymnesiophyceae, and MALV-1 (69.33% of the total DNA
reads), and the RNA communities were dominated by Spirotrichea, Mamiellophyceae,
MAST, Pelagophyceae, and MALV-Il (67.46% of the total RNA reads). The number
of operational taxonomic units (OTUs) was significantly affected by temperature and
salinity, and was decreased with the increasing nutrient concentration both in the DNA
and RNA surveys. Significant differences were observed in the community composition
between DNA-based and RNA-based molecular approaches, and these differences
were mainly attributed to Mamiellophyceae, Spirotrichea, and Pelagophyceae. The RNA:
DNA ratio was used as a proxy for relative metabolic activity of the individual OTUs.
We found that the relative metabolic activities of Mamiellophyceae, Spirotrichea, and
Pelagophyceae species in the northwestern Pacific Ocean were highly affected by the
nutrient concentration, i.e., the NOz + NO» and SiO3z concentration. Overall, our study
shed light on picoeukaryotic diversity and distribution in the northwestern Pacific Ocean
and revealed the correlation between the diversity, relative metabolic activities of marine
picoeukaryotes, and the environmental factors.

Keywords: picoeukaryotic diversity, lllumina sequencing, 18S rRNA gene and cDNA sequencing, RNA/DNA
comparison, metabolic activity, northwestern Pacific Ocean

INTRODUCTION

Picoeukaryotes (cell sizes at 0.2-3 pum) are key components of marine ecosystems and microbial
food webs (Pomeroy et al, 2007; Vaulot et al., 2008; Caron et al., 2012). Picoeukaryotes are
widely distributed and consist of multiple metabolic types, including phototrophs, heterotrophs,
and mixotrophs (Zubkov and Tarran, 2008; de Vargas et al., 2015). Photosynthetic picoeukaryotes
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(PPEs) are vital contributors of marine plankton biomass
and primary production in coastal and oceanic environments
(Worden et al., 2004; Grob et al, 2007; Jardillier et al.,
2010). Heterotrophic picoeukaryotes within Stramenopiles and
Alveolates can feed on bacteria and therefore play an important
role in nutrient recycling (from prokaryotic fractions to higher
trophic levels, Sherr and Sherr, 1994; Massana et al., 2009), as well
as bacterial community composition and abundance (Jardillier
et al., 2005). Recent studies have expanded our knowledge of the
ecological roles of mixotrophic picoeukaryotes, showing that they
are important consumers of prokaryotes and have the potential
to dominate the primary production and bacterivory in marine
ecosystems (Hartmann et al., 2012; Sanders and Gast, 2012;
Unrein et al., 2014).

Using the sequencing of environmental DNA (eDNA) based
on the 18S rRNA gene, previous studies reveled an astonishing
picoeukaryotic diversity in aquatic environments (Diez et al,
2001; Moon-van der Staay et al., 2001; Berney et al., 2004;
Massana et al., 2004; Richards et al., 2005; Not et al., 2007). With
the development of sequencing technologies, high throughput
sequencing (HTS) highlights the phylogenetic diversity of protist
communities with high-resolution exploration (Zinger et al,
2011; Massana et al., 2015; Hu et al., 2016; Xu et al., 2017; Bellaaj
Zouari et al., 2018). rRNA gene sequencing (hereafter, referred
to as DNA) has been commonly used for the investigation of
microbial diversity in environmental samples (Moon-van der
Staay et al., 2001; Shi et al., 2009). However, microbial community
structures inferred from DNA sequencing can be distorted by
extracellular free DNA (Karl and Bailiff, 1989; Massana et al.,
2015), dormant cells or fragments of dead materials (Stoeck et al.,
2007; Not et al., 2009). In contrast, rRNA (hereafter, referred to
as RNA) is much more unstable in extracellular conditions, and
sequence information derived from RNA can imply ribosomal
activity and the potential of protein synthesis (Not et al., 2009;
Blazewicz et al., 2013; Egge et al., 2015). RNA molecular approach
is nowadays generally accepted to identify the active protist
community (Massana et al, 2015), although several critical
limitations should be carefully considered (Blazewicz et al,
2013). Thus, RNA sequencing can act as a supplement to DNA
sequencing to achieve a better understanding of picoeukaryotic
communities in the natural environment (Not et al., 2009;
Terrado et al.,, 2011). The RNA: DNA ratio (based on relative
abundances) have been used as a proxy for the relative metabolic
activity in protist (Massana et al., 2015; Hu et al., 2016; Xu et al,,
2017), while this strategy needed to be applied with caution
(Blazewicz et al., 2013; Hu et al.,, 2016). Significant changes of
the RNA: DNA ratio may indicate ecological season events. A
recent study have found that the changes of RNA: DNA ratio of
Phaeocystis globose, collected at a coastal station of the eastern
English Channel, unveiled well to the Phaeocystis bloom dynamic
(Rachik et al., 2018).

The northwestern Pacific Ocean is a complex system of
multiple ocean currents, including the Kuroshio Current (KC),
Kuroshio Extension Current (KEC), and Oyashio Current (OC).
The KC and its extension (KEC) are characterized by warm
and saline waters (salinity above 34.2) from the southern
subtropical area, and they flow in a northeastern direction. The

OC transports cold waters of lower salinities (below 33.5; Qiu,
2001) from the north subarctic area and flows to the southwest.
The Kuroshio-Oyashio mixing region is the location where
the warm subtropical KEC waters encounter the cold subarctic
OC waters, roughly ranging from 36 to 44°N (Chen, 2008).
Hydrographical characteristics in this area exhibit complicated
frontal structures, tongues, and eddies (Yasuda, 2003). Several
previous studies have revealed the response of picoplankton
diversity to changing environmental factors, e.g., temperature,
nutrient content, and oxygen concentration (Doney et al., 2012;
Grossmann et al., 2016). However, only a few studies have focused
on picoeukaryotic community structures in the northwestern
Pacific Ocean, and the correlation between varied environmental
factors and picoeukaryotic diversity in this area has rarely been
examined (Liu et al., 2002; Choi et al., 2016). Nishibe et al. (2015,
2017) revealed that phytoplankton communities across the KEC
during spring mainly comprised chlorophytes, cryptophytes,
and prasinophytes (based on pigment analysis). The small
phytoplankton groups (<10 pm) were the main contributors for
the phytoplankton biomass and primary production (Nishibe
etal., 2015). To the best of our knowledge, this was the first study
of the investigation of picoeukaryotic diversity and activity in the
northwestern Pacific Ocean based on HTS (DNA and RNA). The
aim of this study was to: (1) reveal picoeukaryotic assemblages
in the northwestern Pacific Ocean based on rDNA and rRNA
sequencing, and (2) examine the extent to which environmental
factors influenced picoeukaryotic diversity and relative metabolic
activity.

MATERIALS AND METHODS

Cruise, Sampling, and Measurement of

Environmental Parameters

HTS samples were taken from 8 stations in the northwestern
Pacific Ocean, from 134 to 152°E and 25 to 38°N from
March 29th to May 4th, 2015 (Figure1). For each station,
20-30L seawater was collected from both the surface (Sur,
5m) and deep chlorophyll maximum (DCM) layers using
Niskin bottles mounted on a CTD (conductivity, temperature,
and depth) rosette (Sea-Bird Electronics, USA). The seawater
was sequentially filtered using a peristaltic pump through
3 and 0.2pum pore size polycarbonate membranes (142 mm
diameter, Millipore, USA) at a rate of 0.5-1 L/min. The filters
(samples collected between 0.2 and 3 pum) were transferred
into a 5mL cryo tube containing 4.6 mL of RNAlater (Thermo
Fisher, Lithuania). The tubes were immediately frozen in
liquid nitrogen on board. In this study, HTS samples were
named by the combination of sampling station and depth, e.g.,
K2Sur indicates that the sample was collected at the surface
layer of Stn. K2. Environmental parameters (i.e., temperature,
salinity, and depth) were recorded with SBE-911 CTD (Sea-
Bird Electronics, USA) in each sampling site including the B
transect (Figure 1). The samples for pigment analyses were
also collected in the Sur and DCM layers of the 8 HTS
stations. For the pigment measurements, 4-6L of seawater
without pre-filtration were directly filtered onto 25 mm GF/F
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FIGURE 1 | Sampling sites in the northwestern Pacific Ocean during the spring cruise conducted in 2015. Flow paths of Kuroshio and its Extension Current and the
Oyashio Current were modified according to the study of Qiu (2001). The red dots on the map indicate the high-throughput sequencing stations. The yellow dots on
the map indicate stations within the B transect for which only physical and chemical parameters were recorded by CTD. The map was produced using the Ocean

150°€ " 160°E

glass microfiber filters (Whatman, USA) under 200mm Hg
pressure. These filters were then protected from the light
and immediately stored in liquid nitrogen on board, kept at
—80°C in the laboratory until analysis. Photosynthetic pigment
concentrations were measured by high-performance liquid
chromatography (HPLC) (Zapata et al., 2000). The chlorophyll a
(Chl a) concentrations were derived from the pigment analysis.
The CHEMical TAXonomy (CHEMTAX, Mackey et al., 1996)
was applied to acquire the relative contributions of different
phytoplankton groups to the total Chl a. Samples for flow
cytometry analysis were also collected in the HTS sampling
sites. 1.8 ml seawater was transferred into a 2ml cryo tube,
and then fixed with paraformaldehyde (1% final concentrations).
The tubes were incubated at room temperature for 15min and
then frozen in liquid nitrogen on board. Estimation of the
cell abundance of picoeukaryotes was performed by a Becton
Dickinson FACSCalibur flow cytometer.

DNA and RNA Co-extraction, PCR

Ampilification, and Sequencing
The total DNA and RNA were extracted simultaneously from
each sample using the AllPrep DNA/RNA Mini Kit (Qiagen,

#80204, Germany). For the RNA extraction, gDNA wipeout
buffer (Qiagen, #205311, Germany) was used to remove the
genomic DNA. The purified RNA was reverse transcribed into
cDNA using the QuantiTect Reverse Transcription Kit (Qiagen,
#205311, Germany). The resulting DNA and c¢DNA were
amplified using the eukaryotic-specific V9 forward primer 1380F
5'-CCCTGCCHTTTGTACACAC-3 and reverse primer 1510R
5-CCTTCYGCAGGTTCACCTAC-3' (Amaral-Zettler et al.,
2009). The polymerase chain reaction (PCR) mixtures contained
12.5 uL 2 x Taq PCR mix (Takara, China), <1 pg templates,
1 puL forward primer (10 uM), and 1 pL reverse primer (10
uM). RNase-free water was added to a final volume of 25 uL.
The PCR thermal cycle was performed under the following
conditions: a denaturation step at 95°C for 5min, 34 cycles
of 94°C for 1min, 57°C for 45s, 72°C for 1min, and a final
extension at 72°C for 10 min. The duplicate PCR products were
pooled and purified using a 2% agarose gel using QIAquick
Gel Extraction Kit (Qiagen, #28704, Germany). All purified
hypervariable V9 region amplicons were paired-end sequenced
(2 x 250 bp) on the Ilumina HiSeq 2500 platform at Novogene
sequencing company (Beijing, China). Sequence data have been
deposited in the NCBI SRA database under accession number
SRP 151579.
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Sequence Processing and Statistical

Analysis

Barcodes and primers were trimmed from paired-end sequences
and then merged using FLASH (v. 1.2.7, http://ccb.jhu.edu/
software/FLASH/; Mago¢ and Salzberg, 2011). A sequence quality
check was performed using the Quantitative Insights Into
Microbial Ecology (QIIME v. 1.7.0) pipeline (Caporaso et al.,
2010). Chimeras were identified and removed with the chimera
search module (USEARCH, version 4.2; Edgar et al., 2011) using
the Silva 123 release (Quast et al., 2013) as a reference. The
remaining high quality sequences were clustered into operational
taxonomic units (OTUs) using a 95% similarity threshold
with UPARSE (v. 7.0.100; Edgar, 2013). The representative
sequence of each OTU (most abundant) was assigned using
BLAST (Altschul et al., 1990) against the V9_PR2 database (de
Vargas et al., 2015). For further analysis, OTUs with only one
read (singleton) as well as OTUs only represented in a single
sample were discarded. operational taxonomic units (OTUs) only
represented in DNA or RNA surveys were also removed from the
downstream analyses, as biases in the rDNA copy number and
chimeras resulted from the cDNA synthesis (Egge et al., 2013).
operational taxonomic units (OTUs) assigned to Metazoan,
Archaea, Bacteria, Organelle, and those that were unclassified
were also excluded. To reduce the biases of sequencing coverage,
the sequencing depth of the DNA and RNA results was
separately rarefied to an equal sequence number based on their
minimums.

Alpha diversity estimations (Shannon and Chaol) were
calculated using QIIME. For the beta diversity, Bray-Curtis
dissimilarity matrices were constructed based on the log-
transformed relative abundance of each OTU using the “hclust”
function in R (R Core Team., 2014). PERMANOVA was applied
to establish the significant differences between dendrogram
nodes resulting from the cluster analysis. Principal component
analysis (PCA) was conducted to assess the difference in
assemblage of picoeukaryotic communities among samples
using the Vegan package in R (Oksanen et al, 2015). The
RNA: DNA ratio of individual OTUs was calculated based on
its proportions in the RNA and DNA results. Redundancy
analysis (RDA) was performed using the Vegan package
in R to identify the relationship between environmental
parameters and the relative metabolic activities of invidious
OTUs.

RESULTS

Environmental Conditions of Sampling

Stations

Stn. K2 and K3, located in the KC east area, were characterized
by higher temperature and salinity (Table S1). The temperature
ranged from 23.13 to 24.70°C and 19.78 to 20.24°C at the
surface and DCM, respectively, while salinity ranged from
34.98 to 35.03 and 34.86 to 34.98 at the surface and DCM,
respectively (Table S1). Stn. B1 and B2, located at the mixed
area between KEC and OC (Figure 1), were characterized by
lower temperature and salinity levels, with uniform distributions

due to the vertical mixing of the water column (Table S1). The
temperature ranged from 13.8 to 14.7°C and 13.74 to 14.33°C
at the surface and DCM, respectively, while salinity ranged
from 34.44 to 34.48 and 34.44 to 34.46 at the surface and
DCM, respectively (Table S1). The Kuroshio front is defined by
15°C isotherms at a depth of 100 m (Kawamura et al., 1986).
The vertical profile of the temperature and salinity across the
B transect revealed that the KEC water and OC water were
encountered near Stn. B3 (Figure S1). Maximum values of
nutrient and Chl a concentrations were observed at the KEC and
OC mixed water (Stn. B1 and B2, Table S1). At the DCM layer
of Stn. B2, lower values of Chl a concentration were detected.
Stn. Ala, A5, A8, and B9 were located around the KEC area
and the nutrient concentrations at Stn. Ala (both at surface and
DCM layers) and Stn. A5 (both at surface and DCM layers) as
well as at the surface layer of Stn. A8 were all below detection
(Table S1).

Alpha Diversity of Picoeukaryotes

A total of 661,340 DNA and 752,333 RNA sequences with an
average length of 134 bp were generated and were clustered
into 2,779 phylogenetically different OTUs both in the DNA
and RNA datasets (95% similarity). The OTUs identified
were affiliated to ten super-groups, including Archaeplastida,
Alveolata, Stramenopiles, Hacrobia, Rhizaria, Opisthokonta,
Picozoa, Amoebozoa, Excavata, and Apusozoa (Figure 2).
Alveolata was the most diverse group, encompassing 1,486
OTUs. Most of them were affiliated to Dinophyta (1,117 OTUs)
and Ciliophora (336 OTUs) (Figure2). Within Dinophyta,
marine alveolates (MALV)- II had the highest numbers of
OTUs (734 OTUs), followed by Dinophyceae (187 OTUs) and
MALV- I (147 OTUs). Within Ciliophora, Spirotrichea (172
OTUs), and Oligohymenophorea (64 OTUs) contributed largely
followed by Litostomatea (34 OTUs) and Phyllopharyngea (15
OTUs). Stramenopiles was the second most diverse super-group,
encompassing 505 OTUs, including members of the marine
stramenopiles (MAST, 183 OTUs), Bacillariophyta (97 OTUs),
Labyrinthulea (65 OTUs), Chrysophyceae-Synurophyceae (28
OTUs), Dictyochophyceae (25 OTUs), MOCH (18 OTUs),
Bicoecea (12 OTUs), and Pelagophyceae (10 OTUs) (Figure 2).
OTUs in Rhizaria (301 OTUs) were mainly affiliated to Radiolaria
(201 OTUs) and Cercozoa (99 OTUs). The super-group Hacrobia
(182 OTUs) was mainly composed of Prymnesiophyceae (112
OTUs), Cryptophyceae (31 OTUs) and Telonemia (25 OTUs)
(Figure 2). One hundred and thirty two OTUs were affiliated
to Archaeplastida, including members of Mamiellophyceae (32
OTUs), Trebouxiophyceae (18 OTUs), Prasino-Clade-5, —7,
—9 (22 OTUs), and Chlorophyceae (13 OTUs). Members in
Opisthokonta (87 OTUs), Picozoa (9 OTUs), Amoebozoa (26
OTUs), Excavata (38 OTUs), and Apusozoa (12 OTUs) made
only minor contribution of the diversity of picoeukaryotes
(Figure 2).

Correlations Between Alpha Diversity and

Environmental Factors
The number of OTUs was varied substantially among samples
(Figures 3A,B and Table S2). Higher number of OTUs was found
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Other Hacrobia 14 =4
Telonemia 25
Cryptophyceae 31

Prymnesiophyceae 112

Other Stramenopiles 67
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Chrysophyceae
erurgp yceae 28
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Other Alveglota 95/
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FIGURE 2 | Number of OTUs unveiled by DNA and RNA surveys. The pie chart indicated the OTU numbers mainly at class level; the inner ring represented these
classes belong to the phylum; the outer ring indicated the number of OTUs at super-group level.

Phyllopharyngea 15

MALV-I 147

in Stn. K2, K3, and B9 both in the DNA and RNA surveys
(DNA: from 1,387 OTUs in B9Sur to 1,657 OTUs in K3DCM;
RNA: from 1,342 in K3Sur to 1,571 in B9Sur), while lower
values was found in the KEC and OC mixed water (Stn. Bl
and B2) both in the DNA and RNA surveys (DNA: from 722
OTUs in the B2Sur to 1,028 OTUs in the BIDCM; RNA: from
692 OTUs in B2Sur to 1,044 OTUs in BIDCM), except for
at the DCM layer of Stn. B2 (DNA: 1,270 OTUs; RNA: 1,260
OTUs) (Figures 3A,B and Table S2). The diversity indices, i.e.,
the Shannon and Chao 1 indices also showed the same trend in
the DNA and RNA surveys (Table $2). MALV- II was always the
most diverse group, varied from 18 to 31.22% in the individual
DNA samples and from 15.95 to 25.25% in the individual RNA
samples, respectively (Figures 3A,B). Statistical analysis revealed
the number of OTUs in each sample inferred from the DNA
and RNA approaches exhibited similar trends against the selected
environmental factors (Figure 3C). The number of OTUs had a
significantly negative relationship with latitude (DNA, P < 0.001,

r = —0.742; RNA, P = 0.008, r = —0.635) and a significantly
positive relationship with temperature (DNA, P = 0.019, r =
0.579; RNA, P = 0.012, r = 0.611) and salinity (DNA, P = 0.018,
r = 0.584; RNA, P = 0.004, r = 0.674). The number of OTUs
had no significant correlation with the nutrient concentrations,
although the RNA-based OTU numbers in each sample was
negatively correlated with SiO3 (Figure 3C),

Community Composition of

Picoeukaryotes

The number of the DNA and RNA reads ranged from 28,169
to 57,097 and from 36,483 to 57,507 per sample, respectively.
To minimize the bias of the sequencing depth and allow
for the comparison of sequencing results among samples,
the DNA/RNA sequences were normalized to 28,169 (DNA)
and 36,483 (RNA) in each sample, respectively (Table S2).
The community captured by our DNA/RNA approaches were
dominated by three super-groups, the Archaeplastida (33.54% of
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FIGURE 3 | Number of OTUs of higher taxonomic groups (sequences proportion over 1% of the total DNA or RNA abundance) based on the DNA-derived (A) and
RNA-derived (B) approaches for each sample. Others refer to groups with relatively lower abundance (sequences proportion <1% of the total DNA and RNA
abundance). (C) Pearson correlations between the number of OTUs and the latitude, temperature, salinity, nitrate + nitrite, phosphate, and silicate based on the DNA
and RNA datasets at each sampling site.

the total DNA reads; 20.05% of the total RNA reads), Alveolata
(28.98% of the total DNA reads; 32.65% of the total RNA
reads) and Stramenopiles (21.21% of the total DNA reads;
33.82% of the total RNA reads) (Figures S2A,B). Figures 4A,B
showed the relative abundance of 18 dominant higher taxonomic
groups (sequences proportion over 1% of the total DNA or
RNA abundance) at each sample. Statistical analyses showed
that the community composition inferred from the DNA and
RNA approaches was significantly different from that of samples
K2Sur, K3Sur, K3DCM, B9DCM, Bl1Sur, BIDCM, B2Sur, and
B2DCM, with P < 0.05 (Figures 4A,B).

In the DNA survey, Mamiellophyceae, although little diverse
(32 OTUs), was the most abundant group, representing 31.5%
reads per sample on average (ranged from 8.46% reads in
K3DCM to 68.63% reads in B2Sur) (Figures 2, 4A and Table 1).
The most abundant OTU (24.22% of the total DNA reads)
during our DNA survey was affiliated to Ostreococcus lucimarinus

(OTU1, Table S4), which was observed with a peak of relative
abundance in B2Sur (53.91%). MAST, mainly represented by
MAST-4 (3.84%, on average) and MAST-3 (3.23%, on average),
was the second abundant group, representing 11.13% reads per
sample on average (Table 1). This group was less represented in
the KEC and OC mixed water (Stn. B1 and B2, from 6.33% reads
in B2Sur to 10.61% reads in BIDCM) and with higher relative
abundance in A8DCM (16.89%) (Figure 4A). MALV-II was the
most diverse group, representing 9.59% reads per sample on
average (Figure 2 and Table 1). However, the relative abundance
of its OTUs was detected always in low proportion. The most
abundant OTU within MALV-II was affiliated to MALV-II-
Clade-8_X sp. (OTU71, Table S4), which was only represented
0.35% reads per sample on average. Spirotrichea, the most
diverse and abundant group in Ciliophora, was less represented
in Stn. K2 and K3 (from 2.38% reads in K3Sur to 4.83%
reads in K2Sur), and higher relative abundance was detected
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FIGURE 4 | Relative abundance of higher taxonomic groups (sequences proportion over 1% of the total DNA or RNA abundance) based on the DNA-derived (A) and
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abundance). Asterisks indicate that the community composition was significantly different (Chi-square test, P < 0.05) between the DNA and RNA approaches for the
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in Stn. A8 (13.34% reads in A8Sur and 13.73% in ASDCM)
(Figures 2, 4A). Prymnesiophyceae, MALV-I and Radiolaria
were detected in low proportion (<6% reads per sample on
average, Table 1), but occasionally reached higher proportions,
for example, Prymnesiophyceae (11.81% reads in K3Sur), MALV-
I (11.21% reads in B2DCM), and Radiolaria (22.92% reads in
A5Sur) (Figure 4A). Only 10 OT'Us in our survey was affiliated to
Pelagophyceae, representing 3.94% reads per sample on average
(Table 1). The most abundant OTU within this group was
affiliated to Pelagomonas calceolate (OTU2, Table $4), which was
detected with highest relative abundance in K2DCM (9.37%)
(Figure 4A).

In the RNA survey, Spirotrichea was the most abundant
group, representing 18.75% reads per sample on average
(Figure 4B and Table 1). This group was highly abundant in
the KEC and OC mixed water (Stn. B1 and B2), reaching up to
51.64% of the reads in B1Sur (Figure 4B). Within Spirotrichea,
the most abundant OTU was affiliated to strobilidiidae_X
sp. (OTU3, Table S4), was also highly represented in B1Sur
(31.14%). In general, the relative abundance of Mamiellophyceae
in the RNA samples (18.15%, on average) was lower than
in the DNA samples (Figures 4A,B and Table 1). OTU1 (O.
lucimarinus) was also the most abundant OTU during the RNA
survey (Table S4), with the highest relative abundance reaching
up to 41.37% of the reads in AlaSur. MAST represented 16.91%
of the reads per sample on average (Table 1), and was mainly
dominated by MAST-4 (10.18%, on average). High contributions
of MAST-4 reads were detected in the KEC and OC mixed
water (Stn. Bl and B2), ranging from 6.75% reads in B1Sur
to 10.23% reads to B2DCM. MAST-3 represented 5.66% reads
per sample on average, and was occasionally highly abundant,

reaching 21.43% of the reads in ASDCM. Pelagophyceae (8.53%,
on average, Table 1) was dominant by P. calceolate (OTU2,
Table S4), which was highly abundant at the DCM layers of
Stn. K2, K3, and B9 (Figure 4B). MALV-II represented 5.12%
reads per sample on average (Table1). The most abundant
OTU (MALV-II_XX sp., OTU58, Table S4) within this group
was detected in rather low proportion (0.18%, on average).
Bacillariophyta (2.95%, on average) and Radiolaria (2.9%, on
average) were less abundant, but occasionally detected with
higher proportions, for example, Bacillariophyta (29.92% reads
in K3Sur), Radiolaria (14.73% reads in A5Sur) (Figure 4B and
Table 1).

Based on the HPLC method, phytoplankton communities
were characterized by a relatively high dominance of
Prasinophytes and Haptophytes 8 (Figure S3A). The
contribution of Prochlorococcus and Synechococcus was decreased
with the increasing latitude, and the contribution of diatoms
was highest in samples collected at Stn. A5 (Figure S3A). Cell
abundance of Picoeukaryotes estimated by flow cytometry was
generally increased with the increasing latitude, while low values
were detected in samples ASDCM, A5Sur, ASDCM, and B2DCM
(Figure S3B).

Beta Diversity of Picoeukaryotic
Assemblages in the Northwestern Pacific
Ocean

The Bray-Curtis dissimilarity results from the DNA and RNA
sequences were both clustered the samples into two groups
(Figures 5A,B). In the DNA survey, the community composition
of Stn. Ala, A8, B1, and B2, where Mamiellophyceae was the
dominant group, was significantly different from Stn. K2, K3,
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TABLE 1 | The number of DNA and RNA sequences, and percentage of the total
number of sequences by higher taxonomic groups (sequences proportion over
1% of the total DNA or RNA abundance).

Higher taxonomic groups DNA RNA
Sequences Percent Sequences Percent

Mamiellophyceae 141,960 31.50 105,950 18.15
Prasino-Clade-5 5,937 1.32 5,497 0.94
Spirotrichea 36,862 8.18 109,432 18.75
Oligohymenophorea 2,678 0.59 7,385 1.27
MALV-I 22,679 5.03 16,588 2.84
MALV-II 43,244 9.59 29,892 5.12
Dinophyceae 12,099 2.68 12,648 217
Pelagophyceae 19,258 4.27 49,807 8.53
MAST 50,177 11.13 98,701 16.91
Bacillariophyta 4,555 1.01 17,243 2.95
Dictyochophyceae 4,649 1.03 5,042 0.86
Labyrinthulea 4,077 0.90 6,790 1.16
Chrysophyceae- 4,245 0.94 6,726 1.15
Synurophyceae

MOCH 3,541 0.79 6,041 1.03
Prymnesiophyceae 26,623 5.91 23,326 4.00
Cryptophyceae 4,780 1.06 8,114 1.39
Radiolaria 21,433 4.76 16,903 2.90
Picomonadidae 5,615 1.25 8,590 1.47
Others 36,292 8.05 49,053 8.40

The other category refers to groups with relatively lower abundance (sequences
proportion <1% of the total DNA and RNA abundance).

and B9 according to the statistical analyses (PERMANOVA, r?
= 0.31718, P = 0.001) (Figure 5A). The samples collected in
the KEC and OC mixed water (Stn. B1 and B2) were grouped
together, except for the sample B2DCM, which was grouped as a
sister cluster with ASDCM (Figure 5A). In Stn. Ala and A5, the
samples collected at the surface and DCM layers were grouped
as sister clusters (Figure 5A), indicating the minor composition
difference in the two depths at these two stations. In the RNA
survey, the samples were clustered with a similar pattern as the
results of the DNA analysis, and the community composition of
the two clusters was also significantly different (PERMANOVA,
2 =0.27023, P = 0.001) (Figure 5B). The sample collected at the
DCM layer of Stn. B2 was grouped separately as a single cluster
(Figure 5B). Minor differences in the community composition at
the surface and DCM layers were observed in Stn. Bl and Ala
(Figure 5B).

Comparison Between DNA- and

RNA-Based Picoeukaryotic Communities

PCA was conducted on the variabilities of the higher taxonomic
groups among samples (Figure 6A). The top variables
contributed to the total variabilities were Mamiellophyceae
DNA and RNA sequences, Spirotrichea RNA sequences, and
Pelagophyceae RNA sequences (Figure 6A). According to the
scatter plot of first two axes, these four variables illustrated
several sampling stations and depths with distinct picoeukaryotic
composition: B1Sur, B2Sur, and BIDCM were associated with
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FIGURE 7 | Plot of the RDA integrating environmental factors and the relative

metabolic activities of Mamiellophyceae, Pelagophyceae, and Spirotrichea
species. N, nitrate + nitrite, Si, silicate.

relative high abundance of Spirotrichea RNA sequences and
Mamiellophyceae DNA sequences, but lesser Mamiellophyceae
RNA sequences; by contrast, A8Sur, AlaSur, and AlaDCM
were related with relative high abundance of both DNA and
RNA sequences of Mamiellophyceae, but lesser Spirotrichea
RNA sequences; meanwhile, K3DCM and B9DCM showed
relative high Pelagophyceae RNA sequences (Figure 6A). The
Figures 4A,B displayed these features as well. Taking all samples
together, the RNA: DNA ratio (as a proxy of cell relative
metabolic activity) for Mamiellophyceae (average RNA: DNA
ratio = 1.38) was slightly above 1. Varied ratios was observed in
individual samples, with higher values was found in the samples
A8Sur, AlaSur, and A1laDCM and lower values was found in
samples B1Sur, BIDCM, and B2Sur (Figure 6B). High relative
metabolic activity of Pelagophyceae (average RNA: DNA ratio
= 1.64) was recorded in the sample BOCM (Figure 6C). High
relative metabolic activity of Spirotrichea (average RNA: DNA
ratio = 2.79) was recorded in the samples B1Sur, BIDCM, B2Sur,
and A8Sur (Figure 6D). At the OTU level, the species within
these three groups presented varied DNA: RNA ratio across
samples (Figure S4 and Table S3), indicating their changing
relative cell activity in different environmental conditions in
the northwestern Pacific Ocean. Redundancy analysis (RDA)
showed this varied cell activities was significantly affected by the
NO3 + NO; and SiO3 concentration (Figure 7).

DISCUSSION

Previously, most studies of picoeukaryotic diversity were mainly
based on the rDNA analysis (Vaulot et al., 2008; Lepere
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et al, 2009; Shi et al, 2009; Wu et al, 2014). Though,
DNA-based survey allows for the investigation of all present
picoeukaryotic species, this method could lead several biases
by including DNA from the dissolved extracellular pools or
dormant/dead cells (Karl and Bailiff, 1989). The RNA-based
molecular survey better depict picoeukaryotic diversity and
indicate the active fractions in natural sample, although this
approach faced a numbers of limitations (Blazewicz et al,
2013). Overall, combined the DNA with RNA molecular surveys
provide complementary information for picoeukaryotic diversity
in a natural environment. First, picoeukaryotic diversity was
less studied in the northwestern Pacific Ocean. The current
study used HTS based on the DNA and RNA sequences to
access the picoeukaryotic diversity and assemblages. Second, the
northwestern Pacific Ocean is characterized by intricate oceanic
currents and complex oceanographic conditions. Information
on how picoeukaryotic diversity and relative metabolic activities
impacted by environmental factors in this area is rare. In the
present study, the correlation between picoeukaryotic diversity,
relative metabolic activities and environmental factors were
conducted.

Correlations Between Picoeukaryotic
Diversity and Environmental Factors in the

Northwestern Pacific Ocean

Previous studies that investigated the relationships between
picoeukaryotic assemblages and environmental factors have
shown that these micro-organisms respond to many factors
(Not et al., 2005; Hamilton et al., 2008; Kirkham et al., 2013;
Bellaaj Zouari et al., 2018). In the Gulf of Gabes, picoeukaryotic
diversity was known to be affected by both physical and chemical
factors (Bellaaj Zouari et al., 2018). In the Atlantic-Arctic
confluence region, picoeukaryotic assemblages was affected by
geographic proximity, abiotic, and biotic factors and water
mass origin (Hamilton et al, 2008). Nutrient concentration
was also an important environmental factor affecting the
picoeukaryotic assemblages, e.g., the distribution pattern of
Prymnesiophyceae and Chrysophyceae was possibly associated
with the nitrogen: phosphorus (N: P) ratio (Kirkham et al,
2013) and micromonas pusilla was more likely abundant in
nutrient rich environments (Not et al., 2005). In the present
study, picoeukaryotic diversity was positively correlated with
temperature and salinity (Figure 3C), indicating that the two
environmental factors played an important role in affecting the
diversity of picoeukaryotes in the northwestern Pacific Ocean.
Picoeukaryotic diversity appears not to be correlated with the
nutrient concentrations; however, the number of OTUs was
decreased with the increasing nutrient concentrations. High
values of the numbers of OTUs were occurred at the stations with
low nutrient concentrations, while lower values were detected in
the converse environmental conditions (Figure 3C).

Picoeukaryotic Assemblages in the

Northwestern Pacific Ocean
Picoeukaryotes in the northwestern Pacific Ocean were mainly
represented by Mamiellophyceae, MAST, MALV-II, Spirotrichea,

Prymnesiophyceae, and MALV-I (69.33% of the total DNA reads)
in the DNA survey, and by Spirotrichea, Mamiellophyceae,
MAST, Pelagophyceae, and MALV-II (67.46% of the total RNA
reads) in the RNA survey (Table1 and Figures4A,B). The
large proportion of Mamiellophyceae was contributed by O.
lucimarinus (OTU1, Table S4) both in the DNA and RNA
surveys. This species is surface and high-light-adapted ecotype,
and have been found in coastal and marine environments
(Palenik et al., 2007; Demir-Hilton et al., 2011). The decreased
proportion of Mamiellophyceae in the RNA survey compared
to its DNA counterpart, particularly in the KEC and OC mixed
water samples (Stn. Bl and B2) (Figures 4A,B), suggested that
part of Mamiellophyceae DNA molecular during our survey
may obtained from dormant or dead cells. The contribution of
prasinophytes based on our HPLC method showed comparable
pattern of Mamiellophyceae assemblages based on the DNA
survey across samples (Figure S3A and Figure4A). The
calculation of pigment-based composition was largely influenced
by the increasing accessory pigment to chl a ratios from lower
latitude to higher latitude by photo-acclimation. The CHEMTAX
calculation might overestimate the percentage of Prasinophytes
at Stn. Bl and B2, however the mechanism was different from
that of more relative abundance of DNA than RNA. The high
proportion of prasinophytes in the KE and adjacent regions
was consistent with a recent study reporting prasinophytes
became a major group of phytoplankton during the spring bloom
(Nishibe et al., 2017). MALV-I and MALV-II, most of which
were characterized as parasites on a range of hosts (Skovgaard
et al., 2005; Bachvaroff et al., 2012), have been shown to be
abundant groups of picoeukaryotes based on the DNA survey
in different marine ecosystems (Guillou et al., 2008; Massana,
2011), while were less represented in the RNA survey (Massana
et al., 2015). The higher genomic rDNA copy numbers than
other picoeukaryotes is the most reasonable explanation for
this discrepancy (Massana et al., 2015). During our survey, the
overrepresented of the DNA sequences of MALV-], -II than their
RNA counterparts was also observed (Figures 4A,B and Table 1).
P. calceolate, the dominant OTU in Pelagophyceae (Table S4),
is a low-light-adapted species with the ability to adapt well
to environmental conditions in the DCM layer (Timmermans
et al., 2005; Shi et al., 2009). In our survey, higher proportion
of P. calceolate sequences in the DCM layer than the surface
layer was also observed both in the DNA and RNA datasets
(Table S4).

In the Bray-Curtis dissimilarity analysis, samples were
clustered into two groups both in the DNA and RNA surveys
(Figures 5A,B). Samples collected at Stn. B1, B2, Ala, A8 were
grouped separate from samples collected at Stn. B9, A5, K3, K2,
suggesting the presence of a significant compositional differences
in these two clusters. Notably, the samples (DNA/RNA) collected
at the DCM layer of Stn. B2 were always clustered separately
from the other samples collected in the Stn. Bl and B2
(Figures 5A,B), and the number of OTUs, Chl a concentration
and FCM data were also very different from the other samples
in Stn. B1 and B2 (Figures 3A,B, Table S1, and Figure S3B).
These differences appear to cause by the complex horizontal
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and vertical motion of seawater in the KEC and OC mixed
water.

Relative Metabolic Activities of
Picoeukaryotes in the Northwestern

Pacific Ocean

Nowadays, it is generally accepted that protist assemblages
inferred from DNA survey represented the whole species,
whereas its RNA counterparts specifically represented the
active fraction (Massana et al., 2015), in spite of several
limitations should be carefully considered in this approach,
e.g., the dormant or dead cells (Stoeck et al., 2007; Not
et al, 2009), the varied gene copy numbers (Godhe et al,
2008; Gong et al, 2013) and cell size (Zhu et al, 2005).
In the present study, picoeukaryotic community composition
inferred from DNA and RNA approaches was significantly
different (Figures 4A,B), and the top variables contributed
to the total variabilities were the sequences (DNA or RNA)
affiliated to Mamiellophyceae, Pelagophyceae, and Spirotrichea
(Figure 6A). Previous studies have used the RNA: DNA ratio
as a proxy for the relative metabolic activity of taxonomic
groups of protist (Hu et al., 2016; Xu et al., 2017). However, the
varied RNA: DNA ratios of taxonomic groups among samples
should be interpreted cautiously, because the presence of rRNA
indicates the possible ribosomal activity and the potential of
protein synthesis, instead of providing an indicator of cell
activity (Blazewicz et al., 2013). Confined to a specific group,
Wu and Liu (2018) found the relative metabolic activities
of Bacillariophyceae species in Pearl River-South China Sea
Continuum were significantly affected by the PO4 concentration
and salinity. In order to obtain continuous relationship of
the relative metabolic activities of individual OTUs in our
samples, we selected OTUs only occurred in both DNA and
RNA surveys (Hu et al., 2016) and appeared in all samples
within Mamiellophyceae, Pelagophyceae, and Spirotrichea for
the further metabolic activities analyses. The varied RNA: DNA
ratios of individual OTUs across samples suggested the changing
metabolic activities of these species in varied environmental
conditions (Figure S4 and Table S3), and the relative metabolic
activities of these species was mainly affected by the nutrient
concentration, i.e., the NO3; + NO, and SiO3; concentration
(Figure 7).

In the KEC and OC mixed water samples (Stn. Bl and
B2), the relative activities of Mamiellophyceae species were
stayed at a low level, while the Spirotrichea species were highly
active (Figure S4 and Table S3). Spirotrichea was found to
be an active predator of picoeukaryotes and bacteria in the
euphotic zone (Calbet and Landry, 2004; McKie-Krisberg
and Sanders, 2014). Moreover, MAST-4, which was potential
predator of picoeukaryotes (Lin et al., 2012), was also found
very active in the KEC and OC mixed water (Stn. Bl and
B2) in our RNA survey (Figure4B). Dilution experiments
in the same cruise revealed that there was no significant

difference in the food selection for microzooplankton

in the KEC and OC mixed water. Thus, the abundant
picoplankton were more likely to be grazed (unpublished
data). So, we suggested that Mamiellophyceae species probably
be grazed during our survey, and the overrepresented
DNA sequences in the KEC and OC mixed water samples
(Stn. Bl and B2) may partially contributed by the dead
materials.

CONCLUDING REMARKS

This study represents the first contribution regarding the
diversity and activity of picoeukaryotes in the northwestern
Pacific Ocean based on the HTS (DNA/RNA). Our finding
showed that picoeukaryotes exists high and variable diversity
in the study area with different hydrologic conditions.
Temperature and salinity were the two important environmental
factors affecting the picoeukaryotic diversity. The relative
metabolic  activities of Mamiellophyceae, Spirotrichea,
and Pelagophyceae species were highly affected by the
nutrient concentration, i.e., the NOs; + NO, and SiOj3
concentration. Due to the lack of sufficient samples in our
survey and the complex oceanographic conditions in the
northwestern Pacific Ocean, further investigations are needed
to accumulate sufficient data during seasons and years.
Overall, these findings contributed to the understanding of
picoeukaryotic assemblages and activity in the open ocean
system.

AUTHOR CONTRIBUTIONS

FW, BH, and LW designed the experiments and onboarded the
processing. FW carried out the experiment and wrote the paper.
FW, YX, WW, and PS analyzed the data and improved the
manuscript.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (NSFC, No.
U1606404), the National Key R&D Program of China (No.
2016YFA0601201), and another NSFC project (No. 417
76146).

ACKNOWLEDGMENTS

We thank Profs. Huiwang Gao for sampling support and Shuh-
Ji Kao for nutrient data. We also thank captains and crew
of R/V Dongfanghong II for their cooperation during the
cruises.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.03259/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

11

January 2019 | Volume 9 | Article 3259


https://www.frontiersin.org/articles/10.3389/fmicb.2018.03259/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Picoeukaryotic Diveristy and Activity in the NWP

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.
doi: 10.1016/50022-2836(05)80360-2

Amaral-Zettler, L. A., Mccliment, E. A., Ducklow, H. W., and Huse, S. M. (2009).
A method for studying protistan diversity using massively parallel sequencing
of v9 hypervariable regions of small-subunit ribosomal rna genes. PLoS ONE
4:¢6372. doi: 10.1371/journal.pone.0006372

Bachvaroff, T. R.,, Kim, S., Guillou, L., Delwiche, C. F., and Coats, D.
W. (2012). Molecular diversity of the syndinean genus Euduboscquella
based on single-cell PCR analysis. Appl. Environ. Microbiol. 78, 334-345.
doi: 10.1128/AEM.06678-11

Bellaaj Zouari, A., Bel Hassen, M., Balagué, V., Sahli, E., Ben Kacem, M., Akrout, F.,
et al. (2018). Picoeukaryotic diversity in the Gulf of Gabés: variability patterns
and relationships to nutrients and water masses. Aquat. Microb. Ecol. 81, 37-53.
doi: 10.3354/ame01857

Berney, C., Fahrni, J., and Pawlowski, J. (2004). How many novel eukaryotic
’kingdoms’? Pitfalls and limitations of environmental dna surveys. BMC Biol.
2:13. doi: 10.1186/1741-7007-2-13

Blazewicz, S. J., Barnard, R. L., Daly, R. A., and Firestone, M. K. (2013). Evaluating
rRNA as an indicator of microbial activity in environmental communities:
limitations and uses. ISME J. 7, 2061-2068. doi: 10.1038/isme;j.2013.102

Calbet, A., and Landry, M. R. (2004). Phytoplankton growth, microzooplankton
grazing, and carbon cycling in marine systems. Limnol. Oceanogr. 49, 51-57.
doi: 10.4319/10.2004.49.1.0051

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman,
F. D, Costello, E. K., et al. (2010). QIIME allows analysis of
highthroughput community sequencing data. Nat. Methods 7, 335-336.
doi: 10.1038/nmeth.f.303

Caron, D. A., Countway, P. D, Jones, A. C, Kim, D. Y., and Schnetzer,
A. (2012). Marine protistan diversity. Annu. Rev. Mar. Sci. 4, 467-493.
doi: 10.1146/annurev-marine-120709-142802

Chen, S. (2008). The Extension Front
surface  temperature measurements. J.  Oceanogr.
doi: 10.1007/510872-008-0073-6

Choi, D. H.,, An, S. M., Chun, S, Yang, E. C, Selph, K. E.,, Lee, C. M,,
et al. (2016). Dynamic changes in the composition of photosynthetic
picoeukaryotes in the northwestern Pacific Ocean revealed by high-throughput
tag sequencing of plastid 16S rRNA genes. FEMS. Microbiol. Ecol. 92:fiv170.
doi: 10.1093/femsec/fiv170

de Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F., Logares, R., et al.
(2015). Eukaryotic plankton diversity in the sunlit ocean. Science 348:1261605.
doi: 10.1126/science.1261605

Demir-Hilton, E., Sudek, S., Cuvelier, M. L., Gentemann, C. L., Zehr, J. P.,
and Worden, A. Z. (2011). Global distribution patterns of distinct clades
of the photosynthetic picoeukaryote Ostreococcus. ISME J. 5, 1095-1107.
doi: 10.1038/isme;j.2010.209

Diez, B., Pedrés-Alio, C., and Massana, R. (2001). Study of genetic diversity
of eukaryotic picoplankton in different oceanic regions by small-subunit
rRNA gene cloning and sequencing. Appl. Environ. Microbiol. 67, 2932-2941.
doi: 10.1128/AEM.67.7.2932-2941.2001

Doney, S. C., Ruckelshaus, M., Duffy, J. E., Barry, J. P, Chan, F., and English, C.
A, etal. (2012). Climate change impacts on marine ecosystems. Ann. Rev. Mar.
Sci. 4, 11-37. doi: 10.1146/annurev-marine-041911-111611

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194-2200. doi: 10.1093/bioinformatics/btr381

Egge, E. S., Bittner, L., Andersen, T., Audic, S., de Vargas, C., and Edvardsen,
B. (2013). 454 Pyrosequencing to describe microbial eukaryotic community
composition, diversity and relative abundance: a test for marine Haptophytes.
PLoS ONE 8:€74371. doi: 10.1371/journal.pone.0074371

Egge, E. S., Johannessen, T. V., Andersen, T., Eikrem, W., Bittner, L., Larsen, A.,
et al. (2015). Seasonal diversity and dynamics of haptophytes in the Skagerrak,
Norway, explored by high-throughput sequencing. Mol. Ecol. 24, 3026-3042.
doi: 10.1111/mec.13160

satellite sea
64, 891-897.

Kuroshio from

Godhe, A., Asplund, M. E., Harnstrom, K., Saravanan, V., Tyagi, A., and
Karunasagar, I. (2008). Quantification of Diatom and Dinoflagellate biomasses
in coastal marine seawater samples by real-time PCR. Appl. Environ. Microbiol.
74, 7174-7182. doi: 10.1128/ AEM.01298-08

Gong, J., Dong, J., Liu, X., and Massana, R. (2013). Extremely high copy
numbers and polymorphisms of the rDNA operon estimated from single
cell analysis of oligotrich and peritrich Ciliates. Protist 164, 369-379.
doi: 10.1016/j.protis.2012.11.006

Grob, C., Ulloa, O., Li, W., Alarcén, G., Fukasawa, M., and Watanabe, S. (2007).
Picoplankton abundance and biomass across the eastern South Pacific Ocean
along latitude 32.5°S. Mar. Ecol. Prog. Ser. 332, 53-62. doi: 10.3354/meps332053

Grossmann, L., Jensen, M., Pandey, R., Jost, S., Bass, D., Psenner, R., et al. (2016).
Molecular investigation of protistan diversity along an elevation transect of
alpine lakes. Aquat. Microb. Ecol. 78, 25-37. doi: 10.3354/ame01798

Guillou, L., Viprey, M., Chambouvet, A., Welsh, R. M., Kirkham, A. R,
Massana, R., et al. (2008). Widespread occurrence and genetic diversity of
marine parasitoids belonging toSyndiniales (Alveolata). Environ. Microbiol. 10,
3349-3365. doi: 10.1111/j.1462-2920.2008.01731.x

Hamilton, A. K., Lovejoy, C., Galand, P. E., and Ingram, R. G. (2008). Water masses
and biogeography of picoeukaryote assemblages in a cold hydrographically
complex system. Limnol. Oceanogr. 53, 922-935. doi: 10.4319/10.2008.53.3.
0922

Hartmann, M., Grob, C., Tarran, G. A., Martin, A. P., Burkill, P. H., Scanlan, D. J.,
et al. (2012). Mixotrophic basis of Atlantic oligotrophic ecosystems. Proc. Natl.
Acad. Sci. U. S. A. 109, 5756-5760. doi: 10.1073/pnas.1118179109

Hu, S. K., Campbell, V., Connell, P., Gellene, A. G., Liu, Z., Terrado, R., et al.
(2016). Protistan diversity and activity inferred from RNA and DNA at a
coastal site in the eastern North Pacific. FEMS Microbiol. Ecol. 92:fiw050.
doi: 10.1093/femsec/fiw050

Jardillier, L., Bettarel, Y., Richardot, M., Bardot, C., Amblard, C., Sime-Ngando,
T., et al. (2005). Effects of viruses and predators on prokaryotic community
composition. Microb. Ecol. 50, 557-569. doi: 10.1007/s00248-005-5030-y

Jardillier, L., Zubkov, M. V., Pearman, J., and Scanlan, D. J. (2010). Significant CO2
fixation by small prymnesiophytes in the subtropical and tropical northeast
Atlantic Ocean. ISME J. 4, 1180-1192. doi: 10.1038/isme;j.2010.36

Karl, D. M., and Bailiff;, M. D. (1989). The measurement and distribution
of dissolved nucleic acids in aquatic environments. Limnol. Oceanogr. 34,
543-558. doi: 10.4319/10.1989.34.3.0543

Kawamura, H., Mizuno, K., and Toba, Y. (1986). Formation process of a warm-
core ring in the Kuroshio-Oyashio frontal zone—December 1981-October
1982. Deep Sea Res. 33, 1617-1640. doi: 10.1016/0198-0149(86)90070-1

Kirkham, A. R. Lepére, C., Jardillier, L. E., Not, F., Bouman, H.,
Mead, A., and Scanlan, D. J. (2013). A global perspective on marine
photosynthetic picoeukaryote community structure. ISME J. 7, 922-936.
doi: 10.1038/ismej.2012.166

Lepeére, C., Vaulot, D., and Scanlan, D. J. (2009). Photosynthetic picoeukaryote
community structure in the South East Pacific Ocean encompassing the
most oligotrophic waters on Earth. Environ. Microbiol. 11, 3105-3117.
doi: 10.1111/j.1462-2920.2009.02015.x

Lin, Y. C, Campbell, T., Chung, C. C, Gong, G. C, Chiang, K. P., and
Worden, A. Z. (2012). Distribution patterns and phylogeny of marine
Stramenopiles in the North Pacific Ocean. Appl. Environ. Microbiol. 78,
3387-3399. doi: 10.1128/AEM.06952-11

Liu, H., Imai, K., Suzuki, K., Nojiri, Y., Tsurushima, N., and Saino, T. (2002).
Seasonal variability of picophytoplankton and bacteria in the western subarctic
Pacific Ocean at station KNOT. Deep Sea Res. II Top. Stud. Oceanogr. 49,
5409-5420. doi: 10.1016/S0967-0645(02)00199-6

Mackey, M., Mackey, D., Higgins, H., and Wright, S. (1996). CHEMTAX - a
program for estimating class abundances from chemical markers:application
to HPLC measurements of phytoplankton. Mar. Ecol. Prog. Ser. 144, 265-283.
doi: 10.3354/meps144265

Mago¢, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of
short reads to improve genome assemblies. Bioinformatics 27, 2957-2963.
doi: 10.1093/bioinformatics/btr507

Massana, R. (2011). Eukaryotic picoplankton in surface oceans. Annu. Rev.
Microbiol. 65, 91-110. doi: 10.1146/annurev-micro-090110-102903

Massana, R., Castresana, J., Balague, V., Guillou, L., Romari, K,
Groisillier, A., et al. (2004). Phylogenetic and ecological analysis of

Frontiers in Microbiology | www.frontiersin.org

12

January 2019 | Volume 9 | Article 3259


https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1371/journal.pone.0006372
https://doi.org/10.1128/AEM.06678-11
https://doi.org/10.3354/ame01857
https://doi.org/10.1186/1741-7007-2-13
https://doi.org/10.1038/ismej.2013.102
https://doi.org/10.4319/lo.2004.49.1.0051
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1146/annurev-marine-120709-142802
https://doi.org/10.1007/s10872-008-0073-6
https://doi.org/10.1093/femsec/fiv170
https://doi.org/10.1126/science.1261605
https://doi.org/10.1038/ismej.2010.209
https://doi.org/10.1128/AEM.67.7.2932-2941.2001
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1371/journal.pone.0074371
https://doi.org/10.1111/mec.13160
https://doi.org/10.1128/AEM.01298-08
https://doi.org/10.1016/j.protis.2012.11.006
https://doi.org/10.3354/meps332053
https://doi.org/10.3354/ame01798
https://doi.org/10.1111/j.1462-2920.2008.01731.x
https://doi.org/10.4319/lo.2008.53.3.0922
https://doi.org/10.1073/pnas.1118179109
https://doi.org/10.1093/femsec/fiw050
https://doi.org/10.1007/s00248-005-5030-y
https://doi.org/10.1038/ismej.2010.36
https://doi.org/10.4319/lo.1989.34.3.0543
https://doi.org/10.1016/0198-0149(86)90070-1
https://doi.org/10.1038/ismej.2012.166
https://doi.org/10.1111/j.1462-2920.2009.02015.x
https://doi.org/10.1128/AEM.06952-11
https://doi.org/10.1016/S0967-0645(02)00199-6
https://doi.org/10.3354/meps144265
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1146/annurev-micro-090110-102903
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Picoeukaryotic Diveristy and Activity in the NWP

novel marine Stramenopiles. Appl. Environ. Microbiol. 70, 3528-3534.
doi: 10.1128/AEM.70.6.3528-3534.2004

Massana, R., Gobet, A., Audic, S., Bass, D., Bittner, L., Boutte, C., et al.
(2015). Marine protist diversity in European coastal waters and sediments as
revealed by high-throughput sequencing. Environ. Microbiol. 17, 4035-4049.
doi: 10.1111/1462-2920.12955

Massana, R., Unrein, F., Rodriguez-Martinez, R., Forn, I., Lefort, T., Pinhassi, J.,
etal. (2009). Grazing rates and functional diversity of uncultured heterotrophic
flagellates. ISME J. 3,588-596. doi: 10.1038/isme;j.2008.130

McKie-Krisberg, Z. M., and Sanders, R. W. (2014). Phagotrophy by the
picoeukaryotic green alga Micromonas: implications for Arctic Oceans. ISME
J. 8,1953-1961. doi: 10.1038/isme;j.2014.16

Moon-van der Staay, S. Y., De Wachter, R., and Vaulot, D. (2001). Oceanic 18S
rDNA sequences from picoplankton reveal unsuspected eukaryotic diversity.
Nature 409, 607-610. doi: 10.1038/35054541

Nishibe, Y., Takahashi, K., Sato, M., Kodama, T., Kakehi, S., Saito, H., et al. (2017).
Phytoplankton community structure, as derived from pigment signatures, in
the Kuroshio extension and adjacent regions in winter and spring. J. Oceanogr.
73, 463-478. doi: 10.1007/s10872-017-0415-3

Nishibe, Y., Takahashi, K., Shiozaki, T., Kakehi, S., Saito, H., and Furuya, K. (2015).
Size-fractionated primary production in the Kuroshio Extension and adjacent
regions in spring. J. Oceanogr. 71, 27-40. doi: 10.1007/s10872-014-0258-0

Not, F., del Campo, J., Balagué, V., de Vargas, C., and Massana, R. (2009).
New insights into the diversity of marine picoeukaryotes. PLoS ONE 4:e7143.
doi: 10.1371/journal.pone.0007143

Not, F., Massana, R., Latasa, M., Marie, D., Colson, C., Eikrem, W., et al. (2005).
Late summer community composition and abundance of photosynthetic
picoeukaryotes in Norwegian and Barents Seas. Limnol. Oceanogr. 50,
1677-1686. doi: 10.4319/10.2005.50.5.1677

Not, F., Valentin, K., Romari, K., Lovejoy, C., Massana, R., Tobe, K., et al. (2007).
Picobiliphytes: a marine picoplanktonic algal group with unknown affinities to
other eukaryotes. Science 315, 253-255. doi: 10.1126/science.1136264

Oksanen,. J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R.
B., et al. (2015) Vegan: Community Ecology Package. R Package Version 2.2-0.
Available online at: http://CRAN.R-project.org/package5vegan/

Palenik, B., Grimwood, J., Aerts, A., Rouze, P., Salamov, A., Putnam, N., et al.
(2007). The tiny eukaryote Ostreococcus provides genomic insights into the
paradox of plankton speciation. Proc. Natl. Acad. Sci. U. S. A. 104, 7705-7710.
doi: 10.1073/pnas.0611046104

Pomeroy, L. R.,, leB Williams, P. J., Azam, F., and Hobbie, J. (2007). The microbial
loop. Oceanography 20, 28-33. doi: 10.5670/0oceanog.2007.45

Qiu, B. (2001). “Kuroshio and Oyashio currents,” in Encyclopedia of Ocean Sciences,
eds J. Steele, S. Thorpe, and K. Turekian (New York, NY: Academic Press),
1413-1425.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks,1219

R Core Team. (2014). R: A Language and Environment for Statistical Computing.
Vienna: R. Foundation for Statistical Computing.

Rachik, S., Christaki, U., Li, L. L., Genitsaris, S., Breton, E., and Monchy, S. (2018).
Diversity and potential activity patterns of planktonic eukaryotic microbes in a
mesoeutrophic coastal area (eastern English Channel). PLoS ONE 13:e0196987.
doi: 10.1371/journal.pone.0196987

Richards, T. A., Vepritskiy, A. A., Gouliamova, D. E., and Nierzwicki-Bauer,
S. A. (2005). The molecular diversity of freshwater picoeukaryotes from an
oligotrophic lake reveals diverse, distinctive and globally dispersed lineages.
Environ. Microbiol. 7, 1413-1425. doi: 10.1111/j.1462-2920.2005.00828.x

Sanders, R. W., and Gast, R. J. (2012). Bacterivory by phototrophic picoplankton
and nanoplankton in Arctic waters. FEMS Microbiol. Ecol. 82, 242-253.
doi: 10.1111/j.1574-6941.2011.01253.x

Sherr, E. B., and Sherr, B. F. (1994). Bacterivory and herbivory: key roles
of phagotrophic protists in pelagic food webs. Microb. Ecol. 28, 223-235.
doi: 10.1007/BF00166812

Shi, X. L., Marie, D., Jardillier, L., Scanlan, D. J., and Vaulot, D. (2009). Groups
without cultured representatives dominate eukaryotic picophytoplankton
in the oligotrophic south east Pacific Ocean. PLoS ONE 4:e7657.
doi: 10.1371/journal.pone.0007657

Skovgaard, A., Massana, R., Balagué, V., and Saiz, E. (2005). Phylogenetic position
of the copepod-infesting parasite syndinium turbo (Dinoflagellata, Syndinea).
Protist 156, 413-423. doi: 10.1016/j.protis.2005.08.002

Stoeck, T., Zuendorf, A., Breiner, H.-W., and Behnke, A. (2007). A Molecular
approach to identify active microbes in environmental eukaryote clone
libraries. Microb. Ecol. 53, 328-339. doi: 10.1007/500248-006-9166-1

Terrado, R., Medrinal, E., Dasilva, C., Thaler, M., Vincent, W. F., and Lovejoy, C.
(2011). Protist community composition during spring in an Arctic flaw lead
polynya. Polar. Biol. 34, 1901-1914. doi: 10.1007/s00300-011-1039-5

Timmermans, K. R., van der Wagt, B., Veldhuis, M. J. W., Maatman, A., and de
Baar, H. J. W. (2005). Physiological responses of three species of marine pico-
phytoplankton to ammonium, phosphate, iron and light limitation. J. Sea. Res.
53, 109-120. doi: 10.1016/j.seares.2004.05.003

Unrein, F., Gasol, J. M., Not, F., Forn, I., and Massana, R. (2014). Mixotrophic
haptophytes are key bacterial grazers in oligotrophic coastal waters. ISME J. 8,
164-176. doi: 10.1038/isme;j.2013.132

Vaulot, D., Eikrem, W., Viprey, M., and Moreau, H. (2008). The diversity of small
eukaryotic phytoplankton (<3 pum) in marine ecosystems. FEMS Microbiol.
Rev. 32, 795-820. doi: 10.1111/.1574-6976.2008.00121.x

Worden, A. Z., Nolan, J. K., and Palenik, B. (2004). Assessing the dynamics
and ecology of marine picophytoplankton: the importance of the eukaryotic
component. Limnol. Oceanogr. 49, 168-179. doi: 10.4319/10.2004.49.1.0168

Wu, W., Huang, B., Liao, Y., and Sun, P. (2014). Picoeukaryotic diversity and
distribution in the subtropical-tropical South China Sea. FEMS Microbiol. Ecol.
89, 563-579. doi: 10.1111/1574-6941.12357

Wu, W, and Liu, H. (2018). Disentangling protist communities identified from
DNA and RNA surveys in the Pearl River-South China Sea Continuum during
the wet and dry seasons. Mol. Ecol. 27, 4627-4640. doi: 10.1111/mec.14867

Xu, D., Li, R, Hu, C., Sun, P., Jiao, N., and Warren, A. (2017). Microbial
eukaryote diversity and activity in the water column of the south china sea
based on DNA and RNA high throughput sequencing. Front. Microbiol. 8:1121.
doi: 10.3389/fmicb.2017.01121

Yasuda, I. (2003). Hydrographic structure and variability in the kuroshio-oyashio
transition area. J. Oceanogr. 59, 389-402. doi: 10.1023/A:1025580313836

Zapata, M., Rodriguez, F., and Garrido, J. (2000). Separation of chlorophylls and
carotenoids from marine phytoplankton:a new HPLC method using a reversed
phase C8 column and pyridine-containing mobile phases. Mar. Ecol. Prog. Ser.
195, 29-45. doi: 10.3354/meps195029

Zhu, F., Massana, R., Not, F., Marie, D., and Vaulot, D. (2005). Mapping of
picoeucaryotes in marine ecosystems with quantitative PCR of the 185 rRNA
gene. FEMS Microbiol. Ecol. 52, 79-92. doi: 10.1016/j.femsec.2004.10.006

Zinger, L., Gobet, A., and Pommier, T. (2011). Two decades of describing the
unseen majority of aquatic microbial diversity. Mol. Ecol. 21, 1878-1896.
doi:10.1111/j.1365-294x.2011.05362.x

Zubkov, M. V., and Tarran, G. A. (2008). High bacterivory by the smallest
phytoplankton in the North Atlantic Ocean. Nature 455, 224-226.
doi: 10.1038/nature07236

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Wang, Xie, Wu, Sun, Wang and Huang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3259


https://doi.org/10.1128/AEM.70.6.3528-3534.2004
https://doi.org/10.1111/1462-2920.12955
https://doi.org/10.1038/ismej.2008.130
https://doi.org/10.1038/ismej.2014.16
https://doi.org/10.1038/35054541
https://doi.org/10.1007/s10872-017-0415-3
https://doi.org/10.1007/s10872-014-0258-0
https://doi.org/10.1371/journal.pone.0007143
https://doi.org/10.4319/lo.2005.50.5.1677
https://doi.org/10.1126/science.1136264
http://CRAN.R-project.org/package5vegan/
https://doi.org/10.1073/pnas.0611046104
https://doi.org/10.5670/oceanog.2007.45
https://doi.org/10.1093/nar/gks
https://doi.org/10.1371/journal.pone.0196987
https://doi.org/10.1111/j.1462-2920.2005.00828.x
https://doi.org/10.1111/j.1574-6941.2011.01253.x
https://doi.org/10.1007/BF00166812
https://doi.org/10.1371/journal.pone.0007657
https://doi.org/10.1016/j.protis.2005.08.002
https://doi.org/10.1007/s00248-006-9166-1
https://doi.org/10.1007/s00300-011-1039-5
https://doi.org/10.1016/j.seares.2004.05.003
https://doi.org/10.1038/ismej.2013.132
https://doi.org/10.1111/j.1574-6976.2008.00121.x
https://doi.org/10.4319/lo.2004.49.1.0168
https://doi.org/10.1111/1574-6941.12357
https://doi.org/10.1111/mec.14867
https://doi.org/10.3389/fmicb.2017.01121
https://doi.org/10.1023/A:1025580313836
https://doi.org/10.3354/meps195029
https://doi.org/10.1016/j.femsec.2004.10.006
https://doi.org/10.1038/nature07236
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Picoeukaryotic Diversity And Activity in the Northwestern Pacific Ocean Based on rDNA and rRNA High-Throughput Sequencing
	Introduction
	Materials and Methods
	Cruise, Sampling, and Measurement of Environmental Parameters
	DNA and RNA Co-extraction, PCR Amplification, and Sequencing
	Sequence Processing and Statistical Analysis

	Results
	Environmental Conditions of Sampling Stations
	Alpha Diversity of Picoeukaryotes
	Correlations Between Alpha Diversity and Environmental Factors
	Community Composition of Picoeukaryotes
	Beta Diversity of Picoeukaryotic Assemblages in the Northwestern Pacific Ocean
	Comparison Between DNA- and RNA-Based Picoeukaryotic Communities

	Discussion
	Correlations Between Picoeukaryotic Diversity and Environmental Factors in the Northwestern Pacific Ocean
	Picoeukaryotic Assemblages in the Northwestern Pacific Ocean
	Relative Metabolic Activities of Picoeukaryotes in the Northwestern Pacific Ocean

	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


