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Mesoscale eddies play an important role in ocean energy and material transport.
However, the effect of eddies on bacterial and eukaryotic community and their ecological
effects remains unclear, regarding anticyclonic eddies (ACE). In this study, bacterial
and eukaryotic community composition was examined across an ACE in the South
China Sea, using high-throughput sequencing of the 16S rRNA and 18S rRNA gene.
Environmental variables reflected the hydrographic characteristics of the ACE, which
enhanced bacterial diversity and eukaryotic diversity in most water layers, relative
to adjacent regions. Principal component analysis (PCoA) showed that bacterial and
eukaryotic communities had certain different compositions between inside and outside
the eddy above 75 m water. An obvious effect of the ACE was the increase in
abundance and depth distribution of small photosynthetic and heterotrophic bacteria,
such as SAR11, Prochlorococcus, Rhodospirillales and Oceanospirillales. While ACE
decreased the relative abundance of nutrient-rich phytoplankton (Bacillariophyta and
Mamiellophyceae), resulted in more growth space for other eukaryotes that prefer
oligotrophic environment (especially Fungi, Dictyochophyceae, and Synurophyceae).
Canonical correlation analysis (CCA) showed temperature, salinity, nitrate, phosphate
and nitrite had significantly affected on microbial community. The special environment of
ACE (especially temperature) shaped the composition of its specific microbe. This study
shed important light on the effect of ACEs on environmental conditions to impact marine
ecosystem structure.

Keywords: anticyclonic eddy, bacterial community, eukaryotic community, South China Sea, high throughput
sequencing
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INTRODUCTION

Mesoscale eddies are a ubiquitous phenomenon in the ocean.
They range from tens to hundreds of kilometers in spatial scale,
and have a temporal range of days to months (Chelton et al.,
2011). Many studies have shown that mesoscale eddies play an
important role in biogeochemical cycles, which they influence
nutrient dynamics in the euphotic zone (Martin and Pondaven,
2003; Klein and Lapeyre, 2009). Some eddies are characterized by
significant particulate carbon, particulate nitrogen and biogenic
silica export, others show only enhanced biogenic Si export, or
little to no enhancement of elemental particle fluxes (Bidigare
et al., 2003; Benitez-Nelson et al., 2007; Zhou et al., 2020).
Currently, there exists a relatively clear understanding of the
effects of cyclonic eddy (CE) on ecosystems, with CE potentially
increasing nutrient concentration, chlorophyll concentration,
photosynthetic efficiency and productivity (Sweeney et al., 2003;
Chen et al., 2007; Zhang et al., 2009, 2011). However, the effect of
anticyclonic eddy on marine ecosystem is not well understood.

The opposite physical processes of anticyclonic eddy (ACE)
could result in different environmental changes and nutrient
responses (McGillicuddy et al., 1998; Oschlies and Garçon,
1998). Environment changes could lead to changes in the
microbial community with different nutrient requirements, and
the composition of primary producers in water bodies. The
taxonomic diversity of the microeukaryotes significantly differed
by eddy polarity (cyclonic versus anticyclonic) and between
sampling seasons in the North Pacific Subtropical Gyre (Harke
et al., 2021). Low heterotrophic biomass in the microbial food
web exists in the center of ACE; in contrast, increases in microbial
biomass and high chlorophyll a concentrations are observed at
the ACE edge (Mizobata et al., 2002; Christaki et al., 2011; Xiu
and Chai, 2011; Wang et al., 2018). Some previous studies have
reported that ACE could cause changes in the abundance of
some dominant microbial taxa, such as Prochlorococcus, diatoms
and dinoflagellates (Zhou et al., 2013; Nishino et al., 2018;
Mohan and Biju, 2020). Environmental conditions (especially
nutrient availability) in the ACE waters have been prejudicial
to phytoplankton, mainly triggered by downwelling, resulted
in high cell mortality, which forced photosynthesized carbon
to fuel the dissolved pool (Lasternas et al., 2013). Despite the
observed differences in microbial distributions in the ACE,
as only a few algae taxa were studied, the biological features
appeared insufficient to independently characterize ACE and
provide information on their microbial community dynamics.

Over the past decade, high-throughput sequencing (HTS) has
highlighted the phylogenetic diversity of microbial communities
through high-resolution. HTS techniques have been applied
to understand the diversity of bacterial communities in
the marine environment (Ladau et al., 2013; Sun et al.,
2020b; Lu et al., 2021), and provided detailed studies of
bacterial community composition and dynamics, which helps
to determine relationships and potential interactions between
microbial community and environment (Fuhrman et al.,
2015). HTS methods can provide detailed information on the
composition of phytoplankton communities, revealing the vast
unknown diversity of eukaryotes, and have been successfully used

in phytoplankton and harmful algal blooms studies (Dasilva et al.,
2013; Sunagawa et al., 2015; Stefanidou et al., 2018; Sun et al.,
2020a). In general, HTS methods could have the ability to assess
microbial diversity and determine its ecological significance in
the ocean ecosystem.

Mesoscale eddies are found throughout the SCS, especially
the anticyclonic eddies shed from the Kuroshio can occur all
year round (Wang et al., 2015). Previous studies have found
that the complex topography and the kuroshio eddy shedding
process are the two main reasons of eddy in the northern SCS,
which are shed from Kuroshio intrusions into the SCS and
formed anticyclonic loop (Li et al., 1998; Sangra et al., 2005). The
Kuroshio carries quantity of heat and salt from low latitude to
midlatitude into the northern SCS, affecting their physical and
biogeochemical properties (Yang et al., 2019). Figure 1 showed
the effect of Kuroshio on mesoscale eddies in the SCS during our
investigation. However, the potential ecological effects of these
eddies are not well understood. Further study of this scientific
issue is helpful to understand the impact of ACE on the global
marine biogeochemical cycle. In this study, we hypothesized
that ACE not only affect specific microbial taxa, but also cause
changes in the entire microbial community, as well as potential
ecological functions. To meet this purpose, an anticyclone eddy
was investigated to explore its characteristics of physicochemical
properties and microbial community in the South China Sea.
Through intensive sampling and high throughput sequencing
of the 16S rRNA and 18 rRNA gene, the composition of the
bacterial and eukaryotic community was identified, as well as the
potential ecosystem effects, further elucidated the role of ACEs in
the tropical oceans.

MATERIALS AND METHODS

Study Area and Sample Collection
A survey cruise was undertaken in the South China Sea on
the Shiyan 1 in 10–13 August, 2017 (Figure 1). Samples were
collected along the ACE transect from 112 to 114 oE and 18
oN based on sea level anomalies. A conductivity-temperature-
depth (CTD) system (SeaBird SBE-911 Plus, United States) was
deployed to acquire hydrographic parameters. Seawater samples
(12 stations) were collected at eight water depths (5, 25, 50,
75, 100, 150, 200, and 300 m) with CTD 12-L Niskin bottles
(General Oceanics, Inc., Miami, FL, United States). After each
sample was collected, 2,000 mL of water was filtered for bacterial
community analysis and eukaryotic community analysis using
polycarbonate membranes (EMD Millipore, United States) with
a pore size of 0.22 µm. DNA from filtered membranes were
extracted using the PowerWater DNA Isolation Kit (MoBio,
United States) according to the DNA extraction protocol
under sterile conditions to avoid contamination. Seawater for
nutrient analysis (500 mL) was filtered through polycarbonate
filters with a pore size of 0.45 µm, and immediately frozen
(−20◦C) until analysis. Nitrate (NO3), nitrite (NO2), ammonium
(NH4), phosphate (PO4) and silicate (SiO4) concentrations were
measured on a QuAAtro39 Auto-Analyzer (SEAL Analytical Ltd.,
United Kingdom). The analytical detection limited was 0.03, 0.05,
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FIGURE 1 | Evolution of the ACE detected by satellite sea surface height and geostrophic current for (A) 11 June, (B) 19 June, (C) 27 June, (D) 8 July, (E) 16 July,
(F) 25 July, (G) 2 August, (H) 12 August, and (I) 20 August. (J) Sampling station of the ACE in 10–13 August, 2017; N6-N16 are located in ACE. N9, N10, N11, and
N12 are located in the physical center of the eddy. N18 and N19 are located outside the eddy.

0.02, 0.02, and 0.45 µmol L−1 for NH4, NO3, NO2, PO4, and
SiO4, respectively.

Satellite Data
Sea-surface height anomalies (SSHA) were used to describe and
quantify the position and characteristics of mesoscale features.
SSHA fields consist of delayed-time reference series that are
available online from AVISO1. These have been mapped to
global Mercator grids with (1/4) × (1/4)◦ spatial resolution.
The corresponding map for sampling was analyzed using Matlab
R2015a (The MathWorks Inc., MA, United States) to create the
SSHA map. Stations N6-N16 are located inside the ACE, and N9,
N10, N11, and N12 are located in the physical center of the eddy.
N18 and N19 are located outside the eddy.

Illumina MiSeq Sequencing of Bacterial
Community and Eukaryotic Community
The v3 and v4 regions of 16S rRNA were amplified by
polymerase chain reaction (PCR) using the following primers:
5′- CCTACGGRRBGCASCAGKVRVGAAT -3′ (forward) and
5′- GGACTACNVGGGTWTCTAATCC -3′) (reverse) (Li et al.,
2019). The PCR comprised a 20 µL reaction volume containing
10 ng of DNA template, 4 µL of 5 × FastPfu buffer, 2 µL
of 2.5 mmol/L dNTPs, 0.5 µL of 5 U/µL FastPfu polymerase,
0.5 µL of primer (5.0 µmol/L). The remaining volume was
made up with DNA-free water. The PCR reaction conditions
were as follows: 95◦C for 3 min, 30 cycles at 95◦C for
30 s, 55◦C for 30 s, 72◦C for 45 s, and 72◦C for 10 min.
18S rRNA were amplified using the eukaryotic-specific V9
primers 1380F (5′-CCCTGCCHTTTGTACACAC-3′) and 1510R
(5′-CCTTCYGCAGGTTCACCTAC-3′) (Amaral-Zettler et al.,
2009). The PCR comprised a 20 µL reaction volume containing
4 µL of 5× FastPfu buffer, 2 µL of 2.5 mmol/L dNTPs, 0.5 µL of

1http://www.aviso.altimetry.fr/

5 U/µL FastPfu polymerase, 0.5 µL of primer (5.0 µmol/L), and
10 ng DNA templates. PCR reaction conditions were as follows:
95◦C for 3 min, 30 cycles at 95◦C for 30 s, 57◦C for 30 s, 72◦C for
45 s, and 72◦C for 10 min. A positive control and non-template
control samples were run to validate PCR. Amplified PCR
products were purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, United States). A total of 124 DNA
libraries were validated using Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, United States), and quantified using
a Qubit 2.0 Fluorometer. DNA libraries were multiplexed with
equimolar amounts and loaded on an Illumina MiSeq instrument
following the manufacturer’s instructions (Illumina, San Diego,
CA, United States). Sequencing was performed using a 2 × 300
paired-end configuration, and image analysis and base calling
were conducted using the MiSeq Control Software embedded in
the MiSeq instrument.

For pair-ended reads obtained by Illumina MiSeq sequencing,
barcodes and primers were trimmed from paired-end sequences
and then assembled using FLASH (Magoč and Salzberg,
2011). Low-quality reads (qaverage < 20, maxambig > 0 and
length < 200 bp) were removed, and Chimera Check was used
to remove chimeric sequences. High quality sequences were
grouped into operational taxonomic units (OTUs) using the
clustering program VSEARCH (version 1.9.6) at a 97% sequence
identity. The Ribosomal Database Program (RDP) classifier was
used to assign a taxonomic category to all OTUs at a confidence
threshold of 0.8.

The representative sequence of each OTU (most abundant)
was assigned using BLAST against Silva_123 16S rRNA database2

and the V9_PR2 18S rRNA database (Guillou et al., 2012). 16S
rRNA OTUs identified as belonging to either chloroplasts or
mitochondria, or which were unknown, were removed. A 18S
rRNA OTUs assigned to Metazoan, Archaea and Bacteria were
removed from the dataset.

2http://www.arb-silva.de/
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Data Analysis
Sequence was first rarefied, then calculated the alpha and beta
diversity statistics with QIIME (version 1.9.1) after normalization
of the lowest number of sequences. ANOSIM analysis were
used to assess for significant differences (p < 0.05) in bacterial
and eukaryotic OTUs between samples. Environmental, bacterial
and eukaryotic community data representation was performed
with ocean data view version 4.7.2 using the DIVA gridding
function (Ocean Data View, 20153) to display the location of
ACEs. Beta diversity was calculated using weighted UniFrac,
principal coordinate analysis (PCoA) was performed with R
software (version 3.3.1). Canonical correlation analysis (CCA)
was generated using the R software (version 3.3.1) vegan package,
and statistical significances of CCA were judged by performing
PERMUTEST analysis of variance.

RESULTS

Hydrochemical Structure of Anticyclonic
Eddy in South China Sea
Satellite altimetry can be used to identify the location of ACEs
in the study area. The SSHAs of ACEs are positive, whereas
those of CEs are negative. Sea level anomalies showed the
location of the ACE during this investigation (Figure 1). The
vertical distribution of temperature, salinity, NO3, NO2, NH4,
PO4, and SiO4 concentrations along the transect were shown
in Figure 2. There was a trend of increased temperature,
NH4 and SiO4 concentration inside the eddy, while PO4, NO3
and NO2 decreased in comparison to outside the eddy. The
salinity in the center of eddy was 0.1 higher than that of the
surrounding seawater.

Effects of Anticyclonic Eddy on the
Diversity of Bacterial and Eukaryotic
Communities
The diversity of the bacterial and eukaryotic communities was
evaluated using Chao and Shannon index (Figure 3). At 5, 25,
and 50 m water layers, the diversity of bacterial community was
significantly higher in the eddy than outside eddy. Whereas, in
other water layers, the bacterial community diversity in the eddy
was lower than that outside the eddy. Similar to the bacterial
community, the diversity of eukaryotic communities was also
significantly higher in the eddy than outside eddy at 5, 25, and
50 m water layers. Except these, the Chao index of eukaryotic
communities was higher in the eddy than outside eddy at 100,
150, and 200 m depth. Overall, ACE increased the diversity of
bacterial and eukaryotic communities in shallow water of ACE.

Principal component analysis (PCoA) analysis based on OTUs
showed that microbial community of ACE was certain different
from that of outside eddy (Figure 4). ANOSIM significance
analysis showed that there were significant differences in bacterial
communities (R = 0.834, p = 0.001) and eukaryotic communities
(R = 0.565, p = 0.001) between the eddy and outside eddy

3http://odv.awi.de

in different water layers. As for bacteria, there were obvious
differences of community among different water layers. There
are obvious distances between the same water layers inside and
outside eddy, especially 25, 50, 75, and 100 m. Compared with
bacterial community, eukaryotic community is relatively far apart
from each other in the same water layer. The differences of
eukaryotic communities between eddy and outside eddy were not
obvious as the bacteria, but obvious at 25, 50, and 75 m between
the eddy and outside eddy.

Taxonomy of Bacterial Community in the
Anticyclonic Eddy
Figure 4 showed the variation of bacterial communities inside
and outside the eddy. Abundances of Alphaproteobacteria and
Cyanobacteria were higher inside the ACE than outside the
eddy and mainly occurred in waters above 150 m (Figure 5
and Supplementary Material 1). The relative abundance of
Gammaproteobacteria and Chloroflexi were also higher inside
the ACE than outside the eddy at depths greater than 100 m.
However, relative abundance of Bacteroidetes and Actinobacteria
had a decreasing trend inside, as opposed to outside the ACE.
At the order level (Figure 5 and Supplementary Material 2),
the most obvious change produced by the ACE was the increase
in the relative abundance and vertical distribution of the SAR11
clade, Prochlorococcus, Oceanospirillales, Rhodospirillales, and
Rhodobacterales. These bacteria were mainly recorded above
100 m. Vibrionales and Alteromonadales were also abundant at
depths of 100–300 m of the ACE, but exhibited extremely low
relative abundances outside the eddy. In contrast, Synechococcus
and Flavobacteriales had a lower relative abundance inside the
ACE compared with waters outside the eddy.

Taxonomy of Eukaryotic Community in
the Anticyclonic Eddy
The dominant taxa Chlorophyta, Ochrophyta, and Haptophyta
were more abundant inside than outside the ACE (Figure 6
and Supplementary Material 3). The highest values for
dinoflagellates were found at 25 m depth of outside eddy station.
Cryptophyta and Fungi were only detected in the center of
the eddy, where they were present at high relative abundances.
Stramenopiles_x was present at significantly lower relative
abundances inside the ACE than in waters outside the eddy.

At the order level, the most obvious characteristic was the high
relative abundance of eukaryotic taxa in the center of the eddy,
including Chloropicophyceae, Ascomycota, Basidiomycota,
Dictyochophyceae, and Synurophyceae, which were rarely
detected in other areas (Figure 6 and Supplementary Material
4). Dinophyceae, MAST, and Prymnesiophyceae had a higher
relative abundance outside the ACE than inside the eddy at 5 m
depth. However, these taxa increased in relative abundance from
25 to150 m inside the eddy, in comparison to waters outside the
eddy. Pelagophyceae had a higher abundance from 50 to150 m
inside the eddy, compared with outside the eddy. The dominant
taxa, Bacillariophyta and Mamiellophyceae exhibited a gradual
decrease in relative abundance (5 – 300 m) from the outside of
the eddy to the center of the eddy.
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FIGURE 2 | Temperature, salinity and inorganic nutrients (phosphate, nitrate, nitrite, silicate) assessed in a transect over the ACE. Black dots represent samples
collected from different sites and depths. The sequence of station positions from right to left in each figure is as follows: N6, N7, N8, N9, N10, N11, N12, N13, N14,
N16, N18, and N19.

Canonical Correlation Analysis and
Correlation Analysis of Environmental
Factors and Community
Canonical Correlation Analysis analysis was conducted to
explore the relationship between environmental factors and
microbial community (Figure 7). For bacteria (Figure 7A),
temperature was significantly positively correlated (R2 = 0.76,
p = 0.001) with the community in the ACE shallow layer (5, 25,
and 50 m). The bacterial community was positively correlated
with salinity, nitrate and phosphate (R2 = 0.38∼0.56, p = 0.001)
below 100 m water. There was a significantly positive correlation
between nitrite and bacterial community at 75 m water (R2 = 0.31,
p = 0.004). Similar to bacteria community, temperature also
exhibited positive correlation (r2 = 0.67, p = 0.001) with
eukaryotic community (Figure 7B) in the ACE shallow layer (5,
25, and 50 m). Eukaryotic communities were positively correlated
with salinity, nitrate and phosphate (p = 0.001) below 75 m water.

Spearman correlation analysis reflects the ecological niche
of dominant taxa and their correlation with environmental
parameters. Bacterial taxa can be divided into two clusters
(Figure 7C). Bacteria in the first cluster was enriched in the
shallow layer of mesoscale eddy, such as Flavobacteriales,
Rhodobacterales, SAR11 Clade, Prochlorococcus, Cellvibrionales
and Rhodospirillales, which were mainly positively correlated
with temperature. The second cluster of dominant taxa,
which were distributed in relatively deep water, such
as Alteromonadales, Nitrospinales, Salinisphaerales,
Thermoplasmatales, SAR406 clade, SAR202 clade and
Vibrionales, were negatively correlated with temperature,
but positively correlated with salinity, phosphate and nitrate
(p < 0.01).

For eukaryote, the effect of temperature on dominant
taxa was more obvious (Figure 7D). Dominant eukaryotic
taxa, such as MAST, Prymnesiophyceae, Dinophyceae,

Prymnesiophyceae, Dictyochophyceae, and Ascomycota,
which had significantly positive correlation with temperature
(p < 0.01 or p < 0.05). Phosphate, nitrate and salinity (especially
phosphate) were significantly correlated with eukaryotic taxa
(p < 0.01 or p < 0.05). Phosphate was positively correlated
with RAD-B, Polycystinea, Acantharea, Radiolaria_X, etc.
Salinity was significantly positively correlated with RAD-B
and Pelagophyceae. Interestingly, some dominant taxa, such
as Basidiomycota, Cryptophyceae, Chloropicophyceae, and
Synurophyceae were mainly found in the ACE center, had a low
positive correlation with temperature. There is no significant
correlation between these taxa and nutrient concentration
(p > 0.05).

DISCUSSION

This study suggested a closely link between the ACE and the
response of environmental parameters, bacterial and eukaryotic
communities in the South China Sea. ACE has a great influence
on the water environment, which leads to the changes of
the microbial community composition. Temperature, salinity,
nitrate, and phosphate were the main factors on microbial
community in ACE. Environmental changes that drive by ACE
increased the diversity of microbial community, induced the
microbial community to differentiate, finally produce large
impacts on ocean ecosystems and biogeochemical cycling.

ACE Environment Resulting in Changes
of the Bacterial and Eukaryotic
Communities
Anticyclonic eddies has a great influence on marine
environmental parameters, such as temperature, salinity
and nutrients, which can be used as indicators of the existence
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FIGURE 3 | Shannon and Chao index of bacterial and eukaryotic OTUs inside and outside eddies. (A) Shannon index of bacterial OTUs; (B) Chao index of bacterial
OTUs; (C) Shannon index of eukaryotic OTUs; (D) Chao index of eukaryotic OTUs; E5-E200 represents the water layer from 5 to 200 m within the eddy; N5-N200
represents the water layer from 5 to 200 m outside the eddy.

of an anticyclonic eddy (Figure 2). Unlike CE, ACE can
transport seawater from the surface to the deep ocean, increasing
the temperature, and lowering the salinity and nutrient
concentration (phosphate, nitrate, and nitrite) of deeper waters,
as reported by previous studies (McGillicuddy et al., 1998;
Woodward and Rees, 2001; Fong et al., 2008; Shin et al., 2011).
The nitrite + nitrate is more than 1 µmol L−1 in surface
layer in the South China Sea (Chow et al., 2021). Nitrate was
about 5 µmol L−1 in surface layer in the South China Sea (Lu
et al., 2021). Nitrate was 16 mmol m−3 in the near-surface
values with the lowest values evident in Southern Ocean
(Korb and Whitehouse, 2004).

Principal component analysis based on OTUs showed
significant differences in bacterial and eukaryotic communities
between eddy and outside eddy, indicating the important role
of ACE in the change of microbial community. In terms of the

variability in bacterial and eukaryotic community, temperature
exhibited the most variation among environmental factors. CCA
analysis indicated that the high temperature and oligotrophic
environment in ACE were responsible for this difference
(Figure 7). Temperature was characterized as a strong factor to
drive bacterial community structure over time (El-Swais et al.,
2015), eukaryotic community structure (Dasilva et al., 2013),
as well as a global scale (Ladau et al., 2013; Sunagawa et al.,
2015). Salinity could also act as a barrier to separate bacterial
community, and has a significant impact on bacterial community
structure (Pommier et al., 2007). Previous studies have shown
that phosphorus availability plays an important role in the growth
and activity of plankton, as required by heterotrophic bacteria
in nutrient-poor marine environments (Fuller et al., 2005; Van
Mooy et al., 2006). The current study indicated that ACEs change
environmental parameters by downwelling, which reduces the
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FIGURE 4 | PCoA analysis of bacterial (A) and eukaryotic (B) community structure; E5-E200 represents the water layer from 5 to 200 m within the eddy; N5-N200
represents the water layer from 5 to 200 m outside the eddy.

FIGURE 5 | The distribution of the bacterial community at the phylum and order level (blue dotted boxes represent phylum classification). The values in the color bar
represent the relative abundance of bacterial taxa and black dots represent samples collected from different stations and depths. The sequence of station positions
from right to left in each figure is as follows: N6, N7, N9, N10, N13, N14, N18, and N19.

differences in environmental parameters between water layers,
thus increasing the similarity of biological community structure.

Another significant effect of ACE was increased the diversity
of bacterial and eukaryotic communities above 50 m water
layers (Figure 5). Due to the lack of relevant studies, we
could speculate that the special environment, such as high
temperature and low nutrient in ACE, might result in high
diversity of microbial community. There are two possible reasons
for this phenomenon. One of the mechanisms was that microbial
communities were more active and diverse at higher temperature,
which favoring different phylogenetic types when subjected to
temperature. On the other hand, the ACE could inhibit the
growth of relatively nutrient-rich phytoplankton, and resulted

in more growth space for other algae and bacteria that prefer
oligotrophic environment.

Response of Dominant Bacterial and
Eukaryotic Taxa to Anticyclonic Eddy
Environment
According to the results of microbial taxonomy, bacterial
and eukaryotic cells tended to be miniaturized under the
influence of ACE. Environment factors in ACE, especially
temperature in this study, was identified as the most important
driver on controlling the composition of the bacterial and
eukaryotic community (Figure 7). In this study, the most
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FIGURE 6 | Distribution of the eukaryotic community at the phylum and order level (blue dotted boxes represent phylum classification). The values in the color bar
represent the relative abundance of eukaryotic taxa and black dots represents samples collected from different stations and depths. The sequence of station
positions from right to left in each figure is as follows: N6, N7, N9, N10, N13, N14, N18, and N19.

significant changes in microbial communities occurred in
shallow water above 100 m with temperatures above 22.5◦C.
The result of CCA indicate temperature is an important
loading of variables. Temperature was reported as a key
variable of taxonomic in the Red Sea (Thompson et al.,
2017), and explained the most variability among significant
environmental factors in the South China Sea (Zhang
et al., 2018). Regardless of differences in inorganic nutrient
loading, temperature was reported as the main impacting
factor, enhancing graze on larger phytoplankton species
and changing the outcome of coexistence and competition
between different phytoplankton species, which induce a
shift toward smaller cell sizes (Lewandowska and Sommer,
2010; Morán et al., 2010), and increase picoplanktonic
Chlorophyceae and nanoplanktonic Haptophyceae, while
decreasing large diatoms and dinoflagellates (Stefanidou et al.,
2018). In this study, the high abundant eukaryotic taxa in
the ACE, such as MAST, Prymnesiophyceae, Dinophyceae,
Dictyochophyceae, Ascomycota are potential beneficiaries of the
ACE physical-chemical changes.

For bacteria, it is obvious phenomena that the increase in
the relative abundance and the depth distribution of small
photosynthetic bacteria and heterotrophic bacteria above the
100 m water layer (Figure 5). These changes in bacterial
communities will inevitably produce significant ecological effects.
It has been reported that ACEs can reduce primary production
by suppressing nutrient lines, thus, facilitating the development

of an ecosystem with low biomass and small cells (Landry et al.,
1998; Fernández et al., 2008). Some studies have reported a
positive response of Prochlorococcus to the ACEs (Fernández
et al., 2008; Baltar et al., 2010; Lasternas et al., 2013; Wang
et al., 2018; Sun et al., 2021), indicating that Prochlorococcus
may benefit from warmer and nutrient poor waters in the ACE.
The minute size of Prochlorococcus and SAR11 allows them to
maximize their uptake per unit biomass and to extract nutrients
at the minuscule bulk concentrations characteristic of the ocean
(Lauro et al., 2009). Given the high abundances and contributions
of Prochlorococcus to primary production, these changes may
have large impacts on ocean ecosystems and biogeochemical
cycling (Flombaum et al., 2013).

Anticyclonic eddies increase the relative abundance of
bacteria performing marine sulfur metabolism. SAR11 clade
and Rhodobacterales, two groups associated with carbon and
sulfur biogeochemical cycling (Malmstrom et al., 2004; Brinkhoff
et al., 2008; Billerbeck et al., 2016), showed high abundance in
ACE, suggesting that they were superior to other groups under
warming conditions. In addition, SAR11 and Rhodobacterales
are the main participants in the uptake and metabolism of carbon
and sulfur compounds in algae, which are significantly correlated
with many algae. The increase in the abundance of these algae
may stimulate the growth of SAR11 and Rhodobacterales through
produced dimethylsulfoniopropionate (DMSP), an important
sulfur compound, which will inevitably lead to the enhancement
of marine sulfur metabolism.
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FIGURE 7 | Canonical correlation analysis of environmental factors and bacterial (A) and eukaryotic (B) community; Correlation analysis of environmental factors and
bacterial (C) and eukaryotic (D) community; E5-E200 represents the water layer from 5 to 200 m within the eddy; N5-N200 represents the water layer from 5 to
200 m outside the eddy.

Phosphate could be the main limiting nutrient to microbial
community in the ACE water. Compared with other nutrients,
phosphates have a more significant deficiency in the eddy. ACE
lead to phosphorus depletion, further resulting in phytoplankton
species succession from diatoms to dinoflagellates and
cyanobacteria (Ning et al., 2004). ACE enable microorganisms
to differentiate according to their nutrient level requirements.
Indeed, nutrients concentration in the deeper layer decreased,
which resulted in more growth space for algae and bacteria
that prefer oligotrophic environment. Nutrient levels have been
shown to explain variability of microbial communities in the
ACE waters (Figure 7), and the relationship between the upper
eddy microbe, and deep-water microbe.

Physical process of downwelling in ACE could also play
an important role in the evolution of microbial community.
Other studies also reported that downwelling processes in ACE
have been significantly prejudicial to phytoplankton, as indicated

by high phytoplankton cell mortality of diatoms, and strongly
induced a large POC or DOC release in the middle of ACE
(Lasternas et al., 2013), which may be the reason for the
increase in abundance of heterotrophs (bacteria and fungi) in
the center of ACE. It has been reported previously that diatoms
were transported laterally suffered from diminishing nutrient
availability from the edge to the center of the eddy (Ning et al.,
2004). Conversely, pico-phytoplankton can take advantage of
its low nutritional needs and low mortality rate for sustainable
growth (Baltar et al., 2010; Lasternas et al., 2013).

CONCLUSION

This study deepened the understanding of the effects of ACE on
bacterial and eukaryotic community. As a common phenomenon
in the global ocean, ACE provides evidence of the bacterial and
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eukaryotic communities in the center-outside and upper-deep
layers of the eddy. This study provided insights into the internal
mechanism of the changes of microbial community structure
induced by ACE, which further promoted the understanding of
the ecological effect of ACE. However, the changes of microbial
functions need further study to better understand the impact of
anticyclonic eddy on global marine ecosystem.
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