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Phaeocystis globosa blooms are recognized as playing an essential role in shaping
the structure of the marine community and its functions in marine ecosystems. In
this study, we observed variation in the alpha diversity and composition of marine
free-living bacteria during P. globosa blooms and identified key microbial community
assembly patterns during the blooms. The results showed that the Shannon index
was higher before the blooming of P. globosa in the subtropical bay. Marinobacterium
(γ-proteobacteria), Erythrobacter (α-proteobacteria), and Persicobacter (Cytophagales)
were defined as the most important genera, and they were more correlated with
environmental factors at the terminal stage of P. globosa blooms. Furthermore, different
community assembly processes were observed. Both the mean nearest relatedness
index (NRI) and nearest taxon index (NTI) revealed the dominance of deterministic
factors in the non-blooming and blooming periods of P. globosa, while the bacterial
communities in marine waters after the blooms tended to be controlled by stochastic
factors. Our findings revealed that the assembly of the bacterial community in marine
P. globosa blooms is a complex process with mixture effects of marine microbiomes
and environmental parameters.

Keywords: Phaeocystis globosa, phylogenetic relatedness, 16S rRNA, harmful algal blooms, Beibu Gulf, South
China Sea

INTRODUCTION

The marine phytoplankton community is a main contributor to primary production and plays
important roles in regulating energy export, carrying out more than half of the photosynthetic
carbon fixation in euphotic zones (Keller and Riebesell, 1989; Hopcroft and Roff, 2003; Reusch
and Boyd, 2013; Bernd et al., 2015; Tamm et al., 2018), and contributing substantially to global
climate regulation (Keller and Riebesell, 1989; Reusch and Boyd, 2013). The assembly of certain
phytoplankton communities appears to be activated or accelerated by physical, chemical, and
biological factors in marine ecosystems (Rilov and Treves, 2010; Reusch and Boyd, 2013; Sunagawa
et al., 2015). The phytoplankton genus Phaeocystis (Prymnesiophyceae), which contains at least six
species, is globally distributed and often dominates the phytoplankton communities in temperate
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and polar oceans (Elzenga et al., 2000; Brussaard et al., 2004;
Schoemann et al., 2005; Delmont et al., 2014; Lars et al.,
2017). In marine ecosystems, the blooms of P. globosa colonies
are recognized as harmful algal blooms (HABs) (Schoemann
et al., 2005; Wang et al., 2010; Zhang et al., 2017). The
life-cycle transformation caused by abiotic or biotic stress on
P. globosa changes local ecosystem functions ranging from
nutrient utilization and trophic energy transfer to the export of
allelochemical compounds and production of dimethyl sulfide
(DMS, an important climate-cooling aerosol) to restructure
microbial food webs (Dutz and Koski, 2006; Reigstad and
Wassmann, 2007). Evidence supports that during blooms,
P. globosa utilizes the colony skin as defenses against predation
and attack from other organisms, especially parasitic microbes
(Hamm et al., 1999; Dutz and Koski, 2006; Verity et al., 2007).
However, there is little information regarding the changes in free-
living bacterial composition and bioindicators during natural
P. globosa blooms.

From the viewpoint of ecological processes, microbial
communities are driven by a combination of stochastic and
deterministic processes (Stegen et al., 2012; Wang et al.,
2013; Espinosaasuar et al., 2015). Deterministic forces include
biotic interactions, environmental conditions, and species
sorting, while stochastic processes include random birth–death
cases and ecological drift (Chase and Myers, 2011; Stegen
et al., 2012). A combination of both sets of processes might
cause phylogenetic clustering or overdispersion of community
composition (Horner-Devine and Bohannan, 2006; Wang et al.,
2013; Singer et al., 2018). Previous studies suggested that marine
the microbial community structure differs substantially among
P. globosa blooms, with changes in nutrient concentrations
and other environmental factors (Wang et al., 2010; Bernd
et al., 2015). These patterns suggest a dominant role of
P. globosa blooms in microbial community assembly. However,
the phylogenetic responses and ecological processes driving
marine microbial community assembly among P. globosa blooms
are still poorly understood.

For decades, blooms of P. globosa have occurred frequently
in coastal regions of southern China during both winter
and summer, greatly impacting local fishing, farming, and
environmental health (Wang et al., 2006, 2010). Recently,
P. globosa blooms have occurred frequently along the Beibu
Gulf coast (Liu et al., 2015; Qin et al., 2016; Xu et al., 2017),
a historically important region for the economies of China
and Vietnam because of the abundant and diverse marine
resources (Zheng et al., 2012). As such, there is a need to
understand the impact of algal blooms and the mechanisms of
their impact on ecosystem health. In this study, we investigated
the phylogenetic response of the marine free-living bacterial
community to a harmful P. globosa bloom. We aimed to answer
the following questions: (i) How do environmental factors
influence prokaryotic community structure and diversity during
P. globosa blooms? (ii) How does P. globosa affect ecological
processes (deterministic or stochastic) driving the response of the
marine bacterial community to P. globosa blooms? (iii) Which are
the key prokaryotic species associated with P. globosa blooms in
the local ecosystem?

MATERIALS AND METHODS

Study Sites and Sampling Protocols
The surface seawater samples used in this study were collected
from a water depth of 0.5 m using a rosette of Niskin bottles
attached to a CTD probe frame during the Open Cruises of
Qinzhou Bay (Supplementary Figure S1) on November 11th
(2017, before P. globosa blooms, BB group), December 10th
(2017, during P. globosa blooms, DB group), and February
6th (2018, after P. globosa bloom, AB group). In each stage,
triplicate water samples were collected from eight stations. A total
of 24 surface water samples were analyzed in this work. The
water temperature, pH, salinity, and dissolved oxygen (DO)
concentration of each subsample were measured using a portable
meter (556 MPS; YSI, United States). Following collection,
samples were stored on ice for transport to the laboratory.
For DNA extraction, five liters of surface seawater was filtered
sequentially through 0.8 and 0.45-µm filters (Nalgene, Rochester,
NY, United States) to remove debris and larger organisms, then
filtered through a 0.22-µm Millipore filter to target only the free-
leaving bacterial community, and the 0.22-µm filters were stored
at -20◦C for subsequent DNA analysis. The specific sampling sites
and nutrients are listed in Supplementary Table S1.

Nutrient Analysis
One-liter seawater samples were collected in parallel, filtered
through filters (47 mm, Whatman GF/F nominal pore size,
Maidstone, United Kingdom), and frozen at −20◦C until
analysis. The concentrations of total dissolved nitrogen (TDN),
NO3

−, and NH4
+ were determined using the Cu–Cd column

reduction and indophenol blue color formation methods,
respectively (Science et al., 1999). The analysis of NO2

− was
based on the reaction of an aromatic amine with NO2

−;
the reaction product was quantified using spectrophotometric
methods (Science et al., 1999). PO4

3− was measured by a
modified single-solution method (Murphy and Riley, 2014).
The amount of total organic carbon (TOC) was measured
using the standard methods (Clescerl, 1998). Chl a on the
filter (47 mm, GF/F membranes, Whatman) from 500 ml of
seawater was extracted using 10 ml of 90% (v/v) acetone at
4◦C in the dark for 24 h, and the extractions were analyzed
using a fluorescence spectrophotometer (F-4500, Hitachi Co.,
Tokyo, Japan) after centrifugation, according to the procedure
of a previous study (Parsons et al., 1984). After the frozen
samples were thawed, SiO3

2− concentrations were determined
by a nutrient analyzer (Lachat Quickchem 8500, United States)
according to the standard manual (Zhou et al., 2015).

Number and Size of P. globosa
To study P. globosa colonies before disintegration by fixation and
sonification, 10-ml aliquots were screened for colony appearance
on an inverted microscope. The number of colonies was counted
immediately when samples arrived at the laboratory. P. globosa
colony size measurements were made with a Zeiss and an
Olympus Vanox microscope with a 40× objective lens (eyepiece
graticule units: 2.5 µm). The number of free-living P. globosa
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cells was estimated based on the regression relationship between
colony diameter and cell number per colony (LogY = 1.349 logX
- 0.44, where Y is the cell number in the colony and X is the
diameter of the colony, Huang et al., 2012).

DNA Extraction, PCR, and
Pyrosequencing
Total DNA of the 24 samples was extracted (Mo-Bio PowerWater
DNA Isolation Kit, Carlsbad, CA, United States) from the
0.22-µm filters. DNA yield and purity were measured by a
NanoDrop spectrophotometer (Delaware, United States). For
sequencing, the V3 and V4 regions of the 16S ribosomal RNA
gene from the seawater were amplified with the bacterial
primers 341F (CCTACGGGNGGCWGCAG) and 805R
(GACTACHVGGGTATCTAATCC) with sample-specific
barcodes (Klindworth et al., 2013). Two microliters of template
DNA was aliquoted into illustraTM PuReTaq Ready-To-GoTM

PCR Beads (GE Healthcare, Waukesha, WI, United States) with
20 µL of PCR-grade molecular water and 1.5 µL of each primer
for a total reaction mixture of 25 µL. PCR was conducted on a
Bio-Rad thermocycler (Hercules, CA, United States), and the
conditions were as follows: 1 min of initial denaturation at 95◦C,
35 cycles of 30 s of denaturation at 95◦C, 30 s of annealing at
52◦C, 1 min of elongation at 72◦C, and a final extension for
10 min at 72◦C. The PCR products were confirmed with 2%
agarose gel electrophoresis. Throughout the DNA extraction
process, ultrapure water, instead of a sample solution, was used to
exclude the possibility of false-positive PCR results as a negative
control. Three technical replicates of the PCR were conducted
for each sample and prepared for MiSeq sequencing. Finally, 72
PCR products were purified by AMPure XT Beads (Beckman
Coulter Genomics, Danvers, MA, United States). The size and
quantity of the amplicon library were assessed on an Agilent
2100 Bioanalyzer (Agilent, United States) and with the Library
Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA,
United States). The purified library was diluted, denatured, and
rediluted; mixed with the PhiX (expected at 30%) control library
(v3); constructed using a Nextera XT sample preparation kit
(Illumina) according the manufacturer’s instructions; and then
submitted to a 250PE MiSeq system for sequencing with the
standard Illumina sequencing primers with a 12-mer barcode
sequence for 600 cycles. Raw data files in FASTQ format were
deposited in the NCBI Sequence Read Archive (SRA) under
BioProject number PRJNA565408.

Taxonomic Analysis
Sequencing data were analyzed using the single software platform
MOTHUR v.1.35.1 (Schloss et al., 2009). Denoising included the
removal of sequences with primer mismatches or a length >275
bp and screening for sequences with quality scores <30
(with the MOTHUR commands qwindowaverage = 30 and
qwindowsize = 100; screen.seqs maxambig = 0, maxlength = 275).
According to the Schloss SOP pipeline1, sequences were trimmed
to a length of 250 bp, screened for chimeras (chiumera.vsearch
dereplicate = t), and grouped into OTUs (dist.seqs, cutoff = 0.03)

1https://mothur.org/wiki/miseq_sop/

(Edgar et al., 2011; Schloss and Westcott, 2011). After the removal
of barcodes and primers, the remaining sequences were trimmed
so that all sequences that started and ended at similar positions
in their alignment to the SILVA database (Edgar et al., 2011)
were removed. After the removal of any plastid and non-16S
rRNA bacterial or archaeal reads, sequences were classified using
the Ribosomal Database Project (RDP) Naïve Bayesian Classifier
(minimum confidence of 50%) (Wang et al., 2007).

Phylogenetic Structure Analysis
Phylogenetic maximum likelihood-approximation trees were
constructed in FastTree software (Price et al., 2010). Rare OTUs
with fewer than five reads per sample were excluded to reduce
sequencing bias. To quantify the phylogenetic structure metric
within each sample, we calculated the nearest relatedness index
(NRI) and the nearest taxon index (NTI) across all samples
using mntd, ses.mntd, and condistnt in the package picante of
R (Kembel et al., 2010; Stegen et al., 2012).

For a single community, an NRI and NTI greater than +2
indicate that coexisting taxa are more closely related than
expected by chance (phylogenetic clustering), indicating a
dominant role of deterministic environmental filtering (Horner-
Devine and Bohannan, 2006; Stegen et al., 2012; Zhou and
Ning, 2017). An NRI and NTI less than -2 indicate that
coexisting taxa are more distantly related than expected by
chance (phylogenetic overdispersion), indicating a dominant role
of negative interactions (e.g., competition) (Horner-Devine and
Bohannan, 2006; Stegen et al., 2012; Zhou and Ning, 2017).
Meanwhile, -2 < mean NTI or mean NRI < +2 means that
stochastic or ecologically neutral factors play an important role
in community assembly (Zhou and Ning, 2017).

Statistical Analysis
Data normality was tested using the Shapiro–Wilk test. After
filtering of the raw OTU table, the diversity within each
bacterial community (α-diversity) was assessed by diversity
indices, including the Shannon index, the Chao index (SChao),
the Simpson index (1/D), and Good’s coverage. Additionally,
ANOVA, PERMANOVA, and Spearman’s correlation were
performed using the RAM and vegan packages in the R language.
Random forest analysis was applied to obtain the important
indicator taxa using the random forest package with 1000 trees
and default settings (Au, 2017). A linear regression of the ln-
transformed data of the Bray–Curtis distances plotted against the
ln-transformed environmental distances was used to estimate the
relationship between environmental heterogeneity and bacterial
community (Wang et al., 2017). Redundancy analysis (RDA)
of the Hellinger-transformed data was also run in R, followed
by ANOVA with 999 permutations. Variation partitioning
analysis (VPA) was conducted to examine the contribution of
environmental factors to the microbial communities according
to the RDA. Partial least-squares path modeling (PLS-PM) was
selected to analyze the effects of various environmental factors
on microbial activities. PLS-PM was conducted using the plspm
package (Kembel et al., 2010). The NTI was used to characterize
the phylogenetic relatedness within each community, and the
Shannon index was selected to indicate microbial diversity within
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each sample. All significant differences were defined at p < 0.05
or p < 0.01.

RESULTS

Variation in the Alpha Diversity and
Community Composition of Marine
Bacteria During P. globosa Blooms
After removing chimeras, a total of 135,841 OTUs were obtained
from 72 samples, with 586–3796 (mean: 1887 ± 649) OTUs in
each sample (Supplementary Table S2). In all samples (Figure 1),
the bacterial profiles were dominated by Proteobacteria (68.2%),
Bacteroidetes (15.5%), and Actinobacteria (12.1%). Good’s
coverage for the samples, which provides an estimate of
sampling completeness using a probability calculation with
randomly selected sequences, was 89.91% (±8.7) on average
when calculated with 97% similarity. This suggested that the
majority of the bacterial phylotypes present in the samples were
revealed. The Shannon index of BB was higher than those of
AB and DB (Figure 2). The β-diversity of the surface bacterial
community differed across the P. globosa blooms. The NMDS
diagram showed divergence in β-diversity among the AB, DB, and
BB groups (Supplementary Figure S2).

Effects of P. globosa Density on the
Phylogenetic Structure of the Water
Surface Bacterial Community
The collected P. globosa colony diameter was 4 ± 1 mm.
Various P. globosa densities were also observed at different
bloom stages. In the DB groups, the estimated free-living cell
density ranged from 1.26 × 103 to 2.28 × 104 cells/L, with a

mean of 1.24 × 104 cells/L. However, after P. globosa blooms,
the density decreased to 7.91 ± 4.31 × 102 cells/L throughout
the bay (Supplementary Table S3). The two statistical metrics
(mean NRI and mean NTI) were used to investigate the
phylogenetic relatedness, which revealed whether deterministic
or stochastic factors shape the species assemblages in marine
surface water under various P. globosa levels (Table 1). The
results presented similar patterns in terms of both the mean NRI
and mean NTI. The mean NRI and mean NTI indicated low
phylogenetic relatedness in AB, which suggested the dominance
of stochastic factors in marine bacterial community assembly
at the end of P. globosa blooms. Marine prokaryotes during
P. globosa blooms showed higher phylogenetic relatedness
(NRI > +2, p < 0.05; NTI > +2, p < 0.05) and thus
the dominance of deterministic processes. The results also
indicated that marine bacterial assembly was controlled by
deterministic factors before P. globosa blooms in the study area
(Table 1). However, the overall effect of P. globosa number
did not show any significant correlations with the ecological
processes (stochastic or deterministic) of the marine bacterial
community (Table 1).

Response Patterns of Marine Bacteria at
the Genus Level to Environmental
Variables in Different P. globosa
Blooming Stages
During sample collection, temperature, salinity, pH, and
dissolved oxygen (DO) were also measured. The temperature
range was 12.38–16.98◦C. The salinity range was 22.71–
29.36 ppt (Supplementary Table S1). PERMANOVA
revealed that environmental conditions significantly changed
when P. globosa blooms occurred (r2 = 0.464, p < 0.001,

FIGURE 1 | The relative abundances of bacterial communities at the phylum level during the P. globosa blooms. BB, before P. globosa blooms; DB, during
P. globosa blooms; AB, after P. globosa blooms.
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FIGURE 2 | The α-diversity indices in different groups. The differences between pairs of two groups were tested by the Wilcoxon test. ns, not significant. ∗p < 0.05,
∗∗∗p < 0.001. BB, before P. globosa blooms; DB, during P. globosa blooms; AB, after P. globosa blooms.

TABLE 1 | Phylogenetic relatedness based on NRI and NTI of marine water samples.

Blooms period Mean NRI ± SD Null model percentile Mean NTI ± SD Null model percentile

BB 2.02 ± 1.16b 0.145 2.64 ± 0.58c 0.006

DB 2.33 ± 0.38a 0.016 2.53 ± 0.58c 0.002

AB 1.45 ± 0.37b 0.927 0.43 ± 0.28d 0.459

Spearman‘s
correlation

Coefficient Value P-value Coefficient Value P-value

Cell number of P.
globasa

−0.22 0.24 0.18 0.46

Values within a column followed by the same letter are not significantly different at P < 0.05.

Supplementary Table S1). However, environmental factors,
such as pH, salinity, NO2

−, and Chl a, were not significantly
different among the different P. globosa bloom stages (ANOVA
test, p > 0.05, Supplementary Table S1). For the total samples,
regression analysis showed that community dissimilarity
significantly increased with the degree of environmental
variation (Figure 3). The relationships of the measured
environmental parameters, including environmental factors
(temperature, pH, salinity, DO, and Chl a), nutrients
(PO4

3−, NO2
−, NO3

−, NH4
+, TN, SiO3

2−, and TOC),
and P. globosa density, with the bacterial communities analyzed
(Figure 4). The results showed that the density of P. globosa was
significantly connected with the variation in bacterial community
structure (r2 = 0.3955, p < 0.001). Temperature (r2 = 0.8362,
p < 0.001), PO4

3− (r2 = 0.6810, p < 0.001), and TOC (0.6535,

p < 0.001) were the most influential factors affecting bacterial
community structure.

We also investigated the most important genera in
different groups using the random forest method. The
results showed that Marinobacterium (γ-proteobacteria),
Erythrobacter (α-proteobacteria), Persicobacter (Cytophagales),
Pseudoalteromonas (γ-proteobacteria), Bacteriovorax
(γ-proteobacteria), and Robiginitalea (Flavobacteria) were
the most important genera, with high Gini values (Figure 5),
and the abundances of these genera were different among the
AB, BB, and DB groups. Spearman’s correlation analysis showed
that these genera had distinct relationships with P. globosa
density in different P. globosa bloom stages (Figure 5). For
example, Marinobacterium first presented a negative relationship
with P. globosa density but then became positively correlated
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FIGURE 3 | Regressions between environmental changes and microbial community similarity. The X-axis indicates the ln-transformed environmental distance
(Euclidean), and the Y-axis indicates the ln-transformed Bray–Curtis distance. The solid blue line indicates the linear spline fit. The gray shadow represents the 95%
confidence interval.

with it after the bloom. However, only seven species exhibited
a significant positive or negative relationship with P. globosa
density after the bloom (Figure 5). Moreover, the correlations
between environmental parameters and the top 40 most
abundant genera were also analyzed. The results showed that
the surface free-living bacterial communities in the AB group
were more correlated with environmental factors than were
those in the BB and DB groups and played various roles in the
abundances of these genera (Figure 5). For example, TN had
significant relationships with 10 genera in the AB group but only
two genera in the DB group.

Factors Controlling Bacterial Community
Composition During P. globosa Blooms
VPA was performed to quantify the relative contributions
of different environmental parameters to changes in bacterial
community structure. P. globosa density, environmental factors,
and nutrients explained 6, 25, and 27% of the observed variation,
respectively, leaving 58% of the variation unexplained (one-way
ANOVA, p < 0.01, Figure 6). To further reveal the possible
pathways influencing free-living bacterial composition during
P. globosa blooms, partial least squares (PLS) path modeling and

multiple regression on distance matrices (MRM) analysis were
implemented to identify the potential key drivers controlling
bacterial structure. The modeling analysis provided the best fit
to our data according to the respective indices of model fit
(GOF = 0.73). The PLS analysis revealed that TN, NH4

+, and
NO2

− had a direct influence on P. globosa density, and P. globosa
density influenced free-living bacterial phylogenetic relatedness
both directly and indirectly through its effects on microbial
diversity via nutrients and environmental factors. However,
among these factors, only environmental variables (pH, Chl a,
and salinity) explained significant fractions of the variance in
bacterial assembly in the studied area (Figure 7).

DISCUSSION

P. globosa Density Effects on Marine
Bacterial Diversity and the Relative
Abundances of Specific Taxa
Marine surface microbes are directly linked to ecosystem
processes such as decomposition and biogeochemical cycles.
The consequences of altered nutrient concentrations or altered
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FIGURE 4 | Distance-based redundancy analysis (db RDA) ordination plots of the bacterial community–environment relationships. BB, before P. globosa blooms;
DB, during P. globosa blooms; AB, after P. globosa blooms.

phytoplankton communities may be reflected in changes in the
ability to decompose or in the rate of degradation of organic
materials. Therefore, it is important to explore the ecological
processes of natural free-living microbial communities during
environmental phytoplankton blooms. The prymnesiophyte
P. globosa is one of the most globally distributed marine
haptophytes, with the ability to generate high-biomass blooms
(Riegman and Boekel, 1996; Schoemann et al., 2005; Zhang
et al., 2015). As previous studies have shown, marine bacterial
communities during P. globosa blooms in coastal waters are
mainly dominated by Proteobacteria and Bacteroidetes, and
bacterial structure can vary significantly during the bloom phase
(Brussaard et al., 2005; Alison et al., 2014; Delmont et al.,
2014; Wemheuer et al., 2015; Lars et al., 2017). Our data
also revealed that the free-living bacterial communities during
P. globosa blooms in the subtropical bay of the Beibu Gulf are
mainly dominated by Proteobacteria and Bacteroidetes, and their
compositions differ among groups. This finding suggests that
P. globosa blooms may have similar impacts on the composition
and diversity of marine bacteria. The bacterial community may
also take advantage of the changing conditions during the
P. globosa bloom.

Recent phylogenetic analyses of the marine microbiome
have been carried out on both experimental and natural
phytoplankton blooms, and the bacterial lineages of the most
abundant bloom-associated microbes are now well-demonstrated

(Brussaard et al., 2004, 2005; Alison et al., 2014; Bernd et al.,
2015). For example, Roseobacter, flavobacteria, and members of
α-Proteobacteria and γ-Proteobacteria are typically correlated
with the successional patterns of the P. globosa population (Sheik
et al., 2013b; Bernd et al., 2015). This evidence suggests that
the application of bacterial bioindicators could systematically
reflect and be used to record phytoplankton blooms. Random
forest analysis is a good approach to investigate a highly relevant
set of microbial biomarkers and for classification purposes
(Dimucci et al., 2018). Our results indicated that Bacteriovorax,
Marinobacter, Glaciecola, Sulfitobacter, Lokanella, Aquiluna, and
Roseivirga were potential bacterial bioindicators for forecasting
P. globosa blooms, with higher Gini values and significant
correlations with P. globosa density after blooms (Figure 5).
This result suggested that these genera have unique lineages
associated with subtropical P. globosa blooms. For example,
detection of a lower level of Bacteriovorax and/or other potential
bacterial bioindicators may strongly indicate the end of a bloom.
Further Spearman’s correlation analysis showed that the top
40 most abundant taxa were less influenced by P. globosa
density. Phytoplankton blooms have a severe impact on bacterial
communities, as they change nutrient availabilities and other
environmental factors (Peperzak and Gabler-Schwarz, 2012).
Thus, the results indicate that functional microbial diversity was
altered not only by the P. globosa population but also by other
sources of environmental variation.
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FIGURE 5 | Top 40 most important genera for random forest classification. Left, the top 40 taxa were assessed by the Gini index, which indicated the importance of
each genus in distinguishing various groups; middle, read abundances of the top 40 genera; right, the Spearman’s correlations between the relative abundances of
the top 40 genera and the environmental parameters. PG density, P. globosa density; Temp, temperature; DO, dissolved oxygen; TN, total nitrogen; TOC, total
organic carbon; BB, before P. globosa blooms; DB, during P. globosa blooms; AB, after P. globosa blooms. *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 6 | Variation partitioning analysis of P. globosa density, environmental factors, and nutrients against bacterial community structure.

NMDS analysis indicated that the β-diversity based on
Bray–Curtis dissimilarity of free-living bacterial communities in
marine waters in the AB group was distinct from that in the
BB and DB groups (Supplementary Figure S2). Furthermore,
the RDA revealed that PO4

3− was positively correlated with
the BB group and negatively correlated with the AB and
DB groups, while SiO3

2− had only a positive connection

with the AB group (Figure 4). This suggests that P. globosa
blooms can affect the bacterial community by environmental
filtering of the various taxa in the blooms. Earlier studies
suggested that peak abundances of phytoplankton coincided with
low concentrations of DIN and DSi, while high abundances
of dinoflagellates coincided with low values of DIP (Wang
et al., 2006). In laboratory studies, it has been suggested
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FIGURE 7 | Path model based on the effects of environmental variables and relative abundance, diversity, and phylogenetic relatedness of the microbial community
in marine waters with various P. globosa density levels. Solid and dotted lines indicate positive and negative effects, respectively. Asterisks indicate statistical
significance (**p < 0.01).

that the decay of P. globosa blooms results in phosphate
limitation and N-deficient conditions (Brussaard et al., 2005;
Bo et al., 2015). Therefore, this result supports the view that
environmental conditions determine which species are present
during P. globosa blooms. Interestingly, in this study, we
did not detect the expected shifts in the Chl a and nitrate
profiles following changes in P. globosa abundance across
the different sampling situations. This is mostly true during
P. globosa blooms, which impact the food web structures in
the environment, particularly through a negative impact on
co-occurring phytoplankton through allelochemical and toxic
effects (Veldhuis and Wassmann, 2005). This may not cause
a significantly different concentration of Chl a. Because NO3

−

is related to specific protein synthesis for P. globosa colonies
(Xiaodong et al., 2011). NO3

− is expected to be consumed during
the bloom. However, the values were higher during the bloom
than before the bloom. This suggests that P. globosa is not the
main contributor to nitrate unitization in the local ecosystem.
Therefore, it is important to carry out nutrient uptake kinetics
experiments to evaluate the specific roles of P. globosa in marine
elemental cycles.

Moreover, PLS path modeling and multiple regression
of P. globosa density, nutrients, and environmental factors
were implemented to further reveal the possible causal
pathways influencing marine free-living microbial diversity
and phylogenetic relatedness during P. globosa blooms.
Nutrients, such as TOC (path coefficient = 0.999), TN (path
coefficient = 0.741), NO2

− (path coefficient = 0.684), and
PO4

3− (path coefficient = 0.616), and temperature (path
coefficient = 0.986) influenced P. globosa density directly

or indirectly. These findings are consistent with current
knowledge of the physiology of P. globosa; for example, as a
temperature-dependent marine phytoplankton (Schoemann
et al., 2005; Bernd et al., 2015), this species has the ability
to utilize both organic phosphorus/phosphate and organic
carbon and is competitive at high nitrate levels (Stefels, 2000;
Tungaraza et al., 2003; Blauw et al., 2010; Sheik et al., 2013b).
Nitrogen and TOC are generally agreed to be key factors
affecting variation in microbial diversity and phylogenetic
relatedness because they have been extensively reported as
major determinants of microbial communities in global marine
ecosystems. Based on PLS-LM analysis, in this study, we also
found that environmental factors (path coefficient = 0.590,
p < 0.05) had greater direct effects on phylogenetic community
composition than P. globosa (path coefficient = 0.590) and
microbial diversity (path coefficient = 0.234), while nutrients
(path coefficient = -0.071) had a weak direct influence. These
results emphasize the significant role of PO4

3−, TN, and TOC
concentrations and temperature variation in determining the
abundance of and variation in the bacterial community, and
P. globosa density may not be a key driver of marine free-living
bacterial assembly.

P. globosa Density Effects on Species
Assembly of the Microbial Community
Although there is an extensive literature examining microbial
community composition and gene expression patterns
during phytoplankton blooms in marine environments
(Zubkov et al., 2001; Lamy et al., 2009; Loureiro et al.,
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2011; Sheik et al., 2013b), few studies have examined how
the relative influences of stochastic and deterministic processes
change with environmental conditions. We speculated that
deterministic processes shape bacterial community structure
through environmental filtering effects at every stage of
P. globosa blooms. The results for the mean NRI and NTI showed
a greater effect of deterministic factors on the community
assembly of marine microbiomes in the non-bloom and
blooming stages. However, our results also indicated that there
is greater importance of stochastic factors in marine waters at
the end stage of P. globosa blooms. The relative importance
of stochastic factors possibly depends on unpredictable
short-term pulse disturbance. Recent studies confirmed
that during the terminal stage of the bloom, P. globosa can
produce extremely large amounts of anti-metabolites and
dissolved organic carbon to disrupt intimate relationships of
bacterial lineages with the P. globosa population (Peperzak
and Gabler-Schwarz, 2012; Alison et al., 2014). Meanwhile,
some bacteria, such as flavobacteria and other γ-proteobacteria,
produce algicidal compounds that shift the interaction from
mutualistic to pathogenic. Previous studies (Zhou et al.,
2014; Ren et al., 2017) also indicated that an increase in
nutrients in water may disrupt the metabolic kinetics and
growth rate of the bacterial community, leading to random
colonization or extinction, unpredictable perturbations, and
amplification of the initial differences in bacterial composition.
Therefore, the influence of stochastic processes increased
with these uncertain factors, disrupting the metabolic kinetics
and growth rates of abundant and rare species at the end
stage of the blooms.

Our results confirmed the simultaneous effects of stochastic
and deterministic drivers on bacterial community assembly
during P. globosa blooms. However, significant correlations
were not observed between the mean NRI/NTI and P. globosa
density. Although most measured environmental variations
showed no significant correlation with NTI, temperature, salinity,
NO2

−, or SiO3
2−, the mean NRI values were found to

be more sensitive to environmental variation. These results
indicated that deterministic selection may be caused by
specific undetected environmental factors. Our results based on
path modeling revealed that increases in P. globosa density,
environmental factors (pH, salinity, and temperature), and
microbial diversity will positively affect phylogenetic relatedness,
thus explaining the dominance of deterministic processes. Early
studies demonstrated that P. globosa plays a key role as an
intermediary in the transfer of elements in marine ecosystems,
such as the release of organic material upon P. globosa lysis,
which plays a key role in structuring bacterial communities
and affecting the cycling of biolimiting elements (Peperzak and
Gabler-Schwarz, 2012; Sheik et al., 2013a; Speeckaert et al.,
2018). Therefore, our results suggested that the assembly of
the marine free-living bacterial community during P. globosa
blooms is a complex process with mixed effects exerted by the
P. globosa population, marine microbiomes, and environmental
parameters. P. globosa may involve microbial community
assembly processes as a key regulator by stimulating functional
genera to drive marine bacterial community turnover.

The most striking feature of P. globosa is that it can form
gel-like colonies ranging from several millimeters to centimeters
in diameter (Verity and Medlin, 2003), which can produce
viscous, slimy, and springy brown jelly layers, thus modifying
the rheological properties of seawater. Past studies have shown
that a majority of aquatic bacteria pass through 0.45 µm filters
(Hahn, 2004; Whipple et al., 2005; Ghuneim et al., 2018).
Therefore, we used 0.8 and 0.45 µm prefilters to eliminate the
majority of debris and particles and removed the remaining
humic and other non-organic materials, which led to the loss
of information about the microbial communities attached to
larger organisms and to P. globosa colonies. However, certain
larger bacteria were also abundant in the samples, such as
Nocardioides marinus, which is approximately 1.0–1.8 µm long
and 0.4–0.6 µm wide (Choi et al., 2007). This may be due to
the finding of larger bacteria in their starvation forms, which
allowed them to pass through the filters (Ghuneim et al., 2018).
Nevertheless, future research on related topics should consider
non-free-living bacterial communities by detecting every size
fraction of DNA and may emphasize the interactive effects
of various environmental changes on microbial community
assembly under P. globosa blooms in laboratory experiments and
environmental tests.

CONCLUSION

This study revealed the interactive effects of both P. globosa
density and environmental parameters on the marine free-
living bacterial community. Both P. globosa density and
environmental variations affected α-diversity and significantly
change species turnover. The bacterial community in marine
water at the non-blooming and blooming stages tended to
be controlled by deterministic factors, while the bacteria
in marine waters at the terminal stage of the blooming
were controlled by stochastic factors. In addition, several
key taxa strongly associated with the P. globosa population.
Overall, our results suggested that various communities
may show similar functional responses driven more by the
P. globosa population and environmental parameters than by
community structure.

DATA AVAILABILITY STATEMENT

The datasets generated for this study were deposited in
NCBI Sequence Read Archive (SRA) under BioProject number
PRJNA565408.

AUTHOR CONTRIBUTIONS

NL and ZK prepared the manuscript. HZ, GJ, and QX analyzed
the data. JT, XL, JW, HL, and CT prepared the sampling and
treating the samples. All authors contributed to the article and
approved the submitted version.

Frontiers in Microbiology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1624

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01624 July 14, 2020 Time: 17:42 # 11

Li et al. Responses to Phaeocystis globosa Bloom

FUNDING

This research was financially supported by the Guangxi
Natural Science Foundation Nos. 2017GXNSFAA198081,
2018JJD130026, GXNSFBA380108, and 2016GXNSFBA380188;
the National Natural Science Foundation of China (Grant
No. 41966005); the “One Hundred Talents” Project of
Guangxi (Grant No. 6020303891251); the Key Research and
Development Program of Guangxi (No. AB16380247); the
Opening Foundation of Key Laboratory of Environment Change
and Resources Use in Beibu Gulf Ministry of Education (Nanning
Normal University) and the Guangxi Key Laboratory of Earth
Surface Processes and Intelligent Simulation (Nanning Normal
University) (Nos. GTEU-KLOPX1701, GTEU-KLOP-X1806, and
GTEU-KLXTJJ-201717); and the Guangxi “Marine Ecological

Environment” academician workstation capacity construction
(Gui Science AD17129046).

ACKNOWLEDGMENTS

We appreciated Prof. Jonathan M. Adams at the Nanjing
University for editing the language.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.01624/full#supplementary-material

REFERENCES
Alison, B., Lecleir, G. R., Gulvik, C. A., and González, J. M. (2014). Master recyclers:

features and functions of bacteria associated with phytoplankton blooms. Nat.
Rev. Microbiol. 12, 686–698. doi: 10.1038/nrmicro3326

Au, T. C. (2017). Random forests, decision trees, and categorical predictors: the
“absent levels” problem. Timothy C. Au 19, 1–30.

Bernd, W., Franziska, W., Jacqueline, H., Frauke-Dorothee, M., Sonja, V.,
and Rolf, D. (2015). The green impact: bacterioplankton response toward a
phytoplankton spring bloom in the southern North Sea assessed by comparative
metagenomic and metatranscriptomic approaches. Front. Microbiol.
6:805.

Blauw, A. N., Los, F. J., Huisman, J., and Peperzak, L. (2010). Nuisance foam events
and Phaeocystis globosa blooms in Dutch coastal waters analyzed with fuzzy
logic. J. Mar. Syst. 83, 115–126. doi: 10.1016/j.jmarsys.2010.05.003

Bo, L. I., Lan, W. L., Tian-Shen, L. I., and Ming-Min, L. I. (2015). Variation of
environmental factors during Phaeocystis globosa blooms and its implications
for the bloom decay. Chinese J. Ecol. 34, 1351–1358.

Brussaard, C. P. D., Mari, X., Bleijswijk, J. D. L. V., and Veldhuis, M. J. W. (2005).
A mesocosm study of Phaeocystis globosa (Prymnesiophyceae) population
dynamics: II. Significance for the microbial community. Harmful Algae 4,
875–893. doi: 10.1016/j.hal.2004.12.012

Brussaard, C. P. D., Short, S. M., Frederickson, C. M., and Suttle, C. A. (2004).
Isolation and phylogenetic analysis of novel viruses infecting the phytoplankton
Phaeocystis globosa (Prymnesiophyceae). Appl. Environ. Microbiol. 70, 3700–
3705. doi: 10.1128/aem.70.6.3700-3705.2004

Chase, J. M., and Myers, J. A. (2011). Disentangling the importance of ecological
niches from stochastic processes across scales. Philos. Transact. R. Soc. Lond.
366, 2351–2363. doi: 10.1098/rstb.2011.0063

Choi, D. H., Kim, H. M., Noh, J. H., and Cho, B. C. (2007). Nocardioides marinus
sp. nov. Int. J. Syst. Evol. Microbiol. 57(Pt 4), 775–779. doi: 10.1099/ijs.0.
64649-0

Clescerl, L. S. (1998). Standard Methods for the Examination of Water and
Wastewater, 20 Edn. Washington, D.C: APHA.

Delmont, T. O., Hammar, K. M., Ducklow, H. W., Yager, P. L., and Post, A. F.
(2014). Phaeocystis antarctica blooms strongly influence bacterial community
structures in the Amundsen Sea polynya. Front. Microbiol. 5:646.

Dimucci, D., Kon, M., and Segre, D. (2018). Machine learning reveals missing
edges and putative interaction mechanisms in microbial ecosystem networks.
mSystems 3:e00181-18.

Dutz, J., and Koski, M. (2006). Trophic significance of solitary cells of the
prymnesiophyte Phaeocystis globosa depends on cell type. Limnol. Oceanogr. 51,
1230–1238. doi: 10.4319/lo.2006.51.3.1230

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. doi: 10.1093/bioinformatics/btr381

Elzenga, J., Prins, H., and Stefels, J. (2000). The role of extracellular carbonic
anhydrase activity in inorganic carbon utilization of Phaeocystis globosa

(Prymnesiophyceae): a comparison with other marine algae using the isotopic
disequilibrium technique. Limnol. Oceanogr. 45, 372–380. doi: 10.4319/lo.2000.
45.2.0372

Espinosaasuar, L., Escalante, A. E., Gascapineda, J., Blaz, J., Peña, L., Eguiarte,
L. E., et al. (2015). Aquatic bacterial assemblage structure in pozas azules, cuatro
cienegas basin, mexico: deterministic vs. stochastic processes. Int. Microbiol. 18,
105–115.

Ghuneim, L. A. J., Jones, D. L., Golyshin, P. N., and Golyshina, O. V. (2018).
Nano-sized and filterable bacteria and archaea: biodiversity and function. Front.
Microbiol. 9:1971.

Hahn, M. W. (2004). Broad diversity of viable bacteria in ‘sterile’ (0.2 µm) filtered
water. Res. Microbiol. 155, 688–691. doi: 10.1016/j.resmic.2004.05.003

Hamm, C., Simson, D. A., Merkel, R., and Smetacek, V. (1999). Colonies of
Phaeocystis globosa are protected by a thin but tough skin. Mar. Ecol. Prog. 187,
101–111. doi: 10.3354/meps187101

Hopcroft, R. R., and Roff, J. C. (2003). Response of tropical marine phytoplankton
communities to manipulations of nutrient concentration and metazoan grazing
pressure. Bull. Mar. Sci. Miami 73, 397–420.

Horner-Devine, M. C., and Bohannan, B. J. M. (2006). Phylogenetic clustering and
overdispersion in bacterial communities. Ecology 87, 100–108.

Huang, T. W., Wang, X. D., and Wang, Y. (2012). Growth, architecture and cell
distribution in Phaeocystis globosa colonies. Chin. Bull. Bot. 47, 508–514.

Keller, A. A., and Riebesell, U. (1989). Phytoplankton carbon dynamics during
a winter-spring diatom bloom in an enclosed marine ecosystem: primary
production, biomass and loss rates. Mar. Biol. 103, 131–142. doi: 10.1007/
bf00391071

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H., Ackerly,
D. D., et al. (2010). Picante: R tools for integrating phylogenies and ecology.
Bioinformatics 26, 1463–1464. doi: 10.1093/bioinformatics/btq166

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next-generation sequencing-based diversity studies. Nucleic Acids Res.
41:e1. doi: 10.1093/nar/gks808

Lamy, D., Obernosterer, I., Laghdass, M., Artigas, L. F., Breton, E., Grattepanche,
J. D., et al. (2009). Temporal changes of major bacterial groups and bacterial
heterotrophic activity during a Phaeocystis globosa bloom in the eastern
English Channel. Aquatic Microbial Ecol. 58, 95–107. doi: 10.3354/ame0
1359

Lars, W. H., Bernd, W., Christoph, F. S. R. H., Christina, H., Bernd, B.,
Rolf, D., et al. (2017). Complementary metaproteomic approaches to assess
the bacterioplankton response toward a phytoplankton spring bloom in the
southern north sea. Front. Microbiol. 8:442.

Liu, H. X., Huang, H. H., Xu, S. N., Dai, M., and Shen, P. P. (2015). Planktonic
community structure during a harmful bloom of Phaeocystis globosa in a
subtropical bay, with special reference to the ciliate assemblages. Ecotoxicology
24, 1419–1429. doi: 10.1007/s10646-015-1464-2

Loureiro, S., Reñé, A., Garcés, E., Camp, J., and Vaqué, D. (2011). Harmful algal
blooms (HABs), dissolved organic matter (DOM), and planktonic microbial

Frontiers in Microbiology | www.frontiersin.org 11 July 2020 | Volume 11 | Article 1624

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01624/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01624/full#supplementary-material
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1016/j.jmarsys.2010.05.003
https://doi.org/10.1016/j.hal.2004.12.012
https://doi.org/10.1128/aem.70.6.3700-3705.2004
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1099/ijs.0.64649-0
https://doi.org/10.1099/ijs.0.64649-0
https://doi.org/10.4319/lo.2006.51.3.1230
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.4319/lo.2000.45.2.0372
https://doi.org/10.4319/lo.2000.45.2.0372
https://doi.org/10.1016/j.resmic.2004.05.003
https://doi.org/10.3354/meps187101
https://doi.org/10.1007/bf00391071
https://doi.org/10.1007/bf00391071
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/nar/gks808
https://doi.org/10.3354/ame01359
https://doi.org/10.3354/ame01359
https://doi.org/10.1007/s10646-015-1464-2
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01624 July 14, 2020 Time: 17:42 # 12

Li et al. Responses to Phaeocystis globosa Bloom

community dynamics at a near-shore and a harbour station influenced by
upwelling (SW Iberian Peninsula). J. Sea Res. 65, 401–413. doi: 10.1016/j.seares.
2011.03.004

Murphy, J., and Riley, J. P. (2014). A modified single solution method for the
determination of phosphate in natural waters. Anal. Chim. Acta 425, 91–95.

Parsons, T. R., Maita, Y., and Lalli, C. M. (1984). Determination of ammonia
(alternative method)–a manual of chemical & biological methods for seawater
analysis–1.4. A Man. Chem. Biol. Methods Seaw. Anal. 11, 14–17. doi: 10.1016/
b978-0-08-030287-4.50013-x

Peperzak, L., and Gabler-Schwarz, S. (2012). Current knowledge of
the life cycles of Phaeocystis globosa and Phaeocystis antarctica
(Prymnesiophyceae)(1). J. Phycol. 48, 514–517. doi: 10.1111/j.1529-8817.2012.
01136.x

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2–approximately
maximum-likelihood trees for large alignments. PLoS One 5:e9490. doi: 10.
1371/journal.pone.0009490

Qin, X. L., Lai, J. X., Chen, B., Jiang, F. J., and Ming-Ben, X. U. (2016). Molecular
identification of Phaeocystis from beibu gulf based on 18S rDNA sequences.
J. Trop. Subtr. Bot. 2, 12–18.

Reigstad, M., and Wassmann, P. (2007). Does Phaeocystis spp. contribute
significantly to vertical export of organic carbon? Biogeochemistry 83, 217–234.
doi: 10.1007/s10533-007-9093-3

Ren, L., He, D., Chen, Z., Jeppesen, E., Lauridsen, T. L., Søndergaard, M.,
et al. (2017). Warming and nutrient enrichment in combination increase
stochasticity and beta diversity of bacterioplankton assemblages across
freshwater mesocosms. ISME J. 11, 613–625. doi: 10.1038/ismej.2016.159

Reusch, T. B. H., and Boyd, P. W. (2013). Experimental evolution meets marine
phytoplankton. Evolution 67, 1849–1859. doi: 10.1111/evo.12035

Riegman, R., and Boekel, W. V. (1996). The ecophysiology of Phaeocystis globosa:
a review. Netherlands J. Sea Res. 35, 235–242. doi: 10.1016/s0077-7579(96)90
079-4

Rilov, G., and Treves, H. (2010). Climate Change Effects on Marine Ecological
Communities. Berlin: Springer.

Schloss, P. D., and Westcott, S. L. (2011). Assessing and improving methods used
in operational taxonomic unit-based approaches for 16S rRNA gene sequence
analysis. Appl. Environ. Microbiol. 77, 3219–3226. doi: 10.1128/aem.028
10-10

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,
E. B., et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75:7537. doi: 10.1128/aem.01541-09

Schoemann, V., Becquevort, S., Stefels, J., Rousseau, V., and Lancelot, C. (2005).
Phaeocystis blooms in the global ocean and their controlling mechanisms: a
review. J. Sea Res. 53, 43–66. doi: 10.1016/j.seares.2004.01.008

Science, A. I. O. M., Kremling, G., and Ehrhardt, M. (1999). Methods of Seawater
Analysis, 3rd Edn. Weinheim: Wiley-VCH.

Sheik, A. R., Brussaard, C. P., Lavik, G., Foster, R. A., Musat, N., Adam, B., et al.
(2013a). Viral infection of Phaeocystis globosa impedes release of chitinous star-
like structures: quantification using single cell approaches. Environ. Microbiol.
15, 1441–1451. doi: 10.1111/j.1462-2920.2012.02838.x

Sheik, A. R., Brussaard, C. P., Lavik, G., Lam, P., Musat, N., Krupke, A., et al.
(2013b). Responses of the coastal bacterial community to viral infection of the
algae Phaeocystis globosa. Isme J. 8, 212–225. doi: 10.1038/ismej.2013.135

Singer, D., Kosakyan, A., Seppey, C. V. W., Pillonel, A., Fernández, L. D.,
Fontaneto, D., et al. (2018). Environmental filtering and phylogenetic clustering
correlate with the distribution patterns of cryptic protist species. Ecology 99,
904–914. doi: 10.1002/ecy.2161

Speeckaert, G., Borges, A. V., Champenois, W., Royer, C., and Gypens, N. (2018).
Annual cycle of dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide
(DMSO) related to phytoplankton succession in the Southern North Sea. Sci.
Total Environ. 622–623, 362–372. doi: 10.1016/j.scitotenv.2017.11.359

Stefels, J. (2000). The role of extracellular carbonic anhydrase activity in inorganic
carbon utilization of Phaeocystis globosa (prymnesiophyceae): a comparison
with other marine algae using the isotopic disequilibrium technique. Limnol.
Oceanogr. 45, 372–380. doi: 10.4319/lo.2000.45.2.0372

Stegen, J. C., Lin, X., Konopka, A. E., and Fredrickson, J. K. (2012). Stochastic and
deterministic assembly processes in subsurface microbial communities. Isme J.
6, 1653–1664. doi: 10.1038/ismej.2012.22

Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., Salazar,
G., et al. (2015). Ocean plankton. Structure and function of the global ocean
microbiome. Science 348, 1261359.

Tamm, M., Laas, P., Freiberg, R., Ges, N., and Ges, N. T. (2018). Parallel
assessment of marine autotrophic picoplankton using flow cytometry and
chemotaxonomy. Sci. Total Environ. 625, 185–193. doi: 10.1016/j.scitotenv.
2017.12.234

Tungaraza, C., Rousseau, V., Brion, N., Lancelot, C., Gichuki, J., Baeyens, W., et al.
(2003). Contrasting nitrogen uptake by diatom and Phaeocystis -dominated
phytoplankton assemblages in the North Sea. J. Exp. Mar. Biol. Ecol. 292, 19–41.
doi: 10.1016/s0022-0981(03)00145-x

Veldhuis, M. J. W., and Wassmann, P. (2005). Bloom dynamics and biological
control of a high biomass HAB species in European coastal waters: a
Phaeocystis case study. Harmful Algae 4, 805–809. doi: 10.1016/j.hal.2004.
12.004

Verity, P. G., Brussaard, C. P., Nejstgaard, J. C., Leeuwe, M. A. V., Lancelot,
C., and Medlin, L. K. (2007). Current understanding of Phaeocystis ecology
and biogeochemistry, and perspectives for future research. Biogeochemistry 83,
311–330. doi: 10.1007/s10533-007-9090-6

Verity, P. G., and Medlin, L. K. (2003). Observations on colony formation by
the cosmopolitan phytoplankton genus Phaeocystis. J. Mar. Syst. 43, 153–164.
doi: 10.1016/j.jmarsys.2003.09.001

Wang, J., Shen, J., Wu, Y., Tu, C., Soininen, J., Stegen, J. C., et al. (2013).
Phylogenetic beta diversity in bacterial assemblages across ecosystems:
deterministic versus stochastic processes. Isme J. 7, 1310–1321. doi: 10.1038/
ismej.2013.30

Wang, J., Zhang, T., Li, L., Li, J., Feng, Y., and Lu, Q. (2017). The patterns and
drivers of bacterial and fungal β-diversity in a typical dryland ecosystem of
northwest china. Front. Microbiol. 8:2126.

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naïve bayesian
classifier for rapid assignment of RRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73:5261. doi: 10.1128/aem.00062-07

Wang, S. F., Tang, D. L., He, F. L., Fukuyo, Y., and Azanza, R. V.
(2010). Occurrences of harmful algal blooms (HABs) associated with ocean
environments in the South China Sea. Mar. Sci. Bull. 596, 79–93. doi: 10.1007/
s10750-007-9059-4

Wang, Z., Qi, Y., Chen, J., Xu, N., and Yang, Y. (2006). Phytoplankton abundance,
community structure and nutrients in cultural areas of Daya Bay, South China
Sea. J. Mar. Syst. 62, 85–94. doi: 10.1016/j.jmarsys.2006.04.008

Wemheuer, B., Wemheuer, F., Hollensteiner, J., Meyer, F. D., Voget, S., and
Daniel, R. (2015). The green impact: bacterioplankton response toward a
phytoplankton spring bloom in the southern North Sea assessed by comparative
metagenomic and metatranscriptomic approaches. Front. Microbiol.
6:805.

Whipple, S. J., Patten, B. C., and Verity, P. G. (2005). Colony growth and evidence
for colony multiplication in Phaeocystis pouchetii (Prymnesiophyceae) isolated
from mesocosm blooms. J. Plank. Res. 27, 495–501. doi: 10.1093/plankt/fbi026

Xiaodong, W., Wang, Y., and Smith, W. O. Jr. (2011). The role of nitrogen on the
growth and colony development of Phaeocystis globosa (prymnesiophyceae).
Eur. J. Phycol. 46, 305–314. doi: 10.1080/09670262.2011.602430

Xu, N., Huang, B., Hu, Z., Tang, Y., Duan, S., and Zhang, C. (2017). Effects of
temperature, salinity, and irradiance on the growth of harmful algal bloom
species Phaeocystis globosa Scherffel (Prymnesiophyceae) isolated from the
South China Sea. Chinese J. Oceanol. Limnol. 35, 557–565. doi: 10.1007/s00343-
017-5352-x

Zhang, H., Su, Z., Yun, P., Yi, L., Chen, Z., Hong, X., et al. (2015). Effects of
marine actinomycete on the removal of a toxicity alga Phaeocystis globosein
eutrophication waters. Front. Microbiol. 6:474.

Zhang, H., Wang, H., Zheng, W., Yao, Z., Peng, Y., Zhang, S., et al. (2017). Toxic
effects of prodigiosin secreted by hahella sp. KA22 on harmful alga Phaeocystis
globosa. Front Microbiol 8:999.

Zheng, Q., Zhang, R., Wang, Y., Pan, X., Tang, J., and Zhang, G. (2012). Occurrence
and distribution of antibiotics in the Beibu Gulf, China: impacts of river
discharge and aquaculture activities. Mar. Environ. Res. 78, 26–33. doi: 10.1016/
j.marenvres.2012.03.007

Zhou, J., Deng, Y., Zhang, P., Xue, K., Liang, Y., Van Nostrand, J. D., et al.
(2014). Stochasticity, succession, and environmental perturbations in a fluidic
ecosystem. Proc. Natl. Acad. Sci. U.S.A. 111, E836–E845.

Frontiers in Microbiology | www.frontiersin.org 12 July 2020 | Volume 11 | Article 1624

https://doi.org/10.1016/j.seares.2011.03.004
https://doi.org/10.1016/j.seares.2011.03.004
https://doi.org/10.1016/b978-0-08-030287-4.50013-x
https://doi.org/10.1016/b978-0-08-030287-4.50013-x
https://doi.org/10.1111/j.1529-8817.2012.01136.x
https://doi.org/10.1111/j.1529-8817.2012.01136.x
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1007/s10533-007-9093-3
https://doi.org/10.1038/ismej.2016.159
https://doi.org/10.1111/evo.12035
https://doi.org/10.1016/s0077-7579(96)90079-4
https://doi.org/10.1016/s0077-7579(96)90079-4
https://doi.org/10.1128/aem.02810-10
https://doi.org/10.1128/aem.02810-10
https://doi.org/10.1128/aem.01541-09
https://doi.org/10.1016/j.seares.2004.01.008
https://doi.org/10.1111/j.1462-2920.2012.02838.x
https://doi.org/10.1038/ismej.2013.135
https://doi.org/10.1002/ecy.2161
https://doi.org/10.1016/j.scitotenv.2017.11.359
https://doi.org/10.4319/lo.2000.45.2.0372
https://doi.org/10.1038/ismej.2012.22
https://doi.org/10.1016/j.scitotenv.2017.12.234
https://doi.org/10.1016/j.scitotenv.2017.12.234
https://doi.org/10.1016/s0022-0981(03)00145-x
https://doi.org/10.1016/j.hal.2004.12.004
https://doi.org/10.1016/j.hal.2004.12.004
https://doi.org/10.1007/s10533-007-9090-6
https://doi.org/10.1016/j.jmarsys.2003.09.001
https://doi.org/10.1038/ismej.2013.30
https://doi.org/10.1038/ismej.2013.30
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1007/s10750-007-9059-4
https://doi.org/10.1007/s10750-007-9059-4
https://doi.org/10.1016/j.jmarsys.2006.04.008
https://doi.org/10.1093/plankt/fbi026
https://doi.org/10.1080/09670262.2011.602430
https://doi.org/10.1007/s00343-017-5352-x
https://doi.org/10.1007/s00343-017-5352-x
https://doi.org/10.1016/j.marenvres.2012.03.007
https://doi.org/10.1016/j.marenvres.2012.03.007
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01624 July 14, 2020 Time: 17:42 # 13

Li et al. Responses to Phaeocystis globosa Bloom

Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in
microbial ecology? Microbiol. Mol. Biol. Rev. 81, 1–32.

Zhou, L., Tan, Y., Huang, L., and Li, G. (2015). Does microzooplankton grazing
contribute to the pico-phytoplankton dominance in subtropical and tropical
oligotrophic waters? Acta Ecol. Sin. 35, 29–38. doi: 10.1016/j.chnaes.2014.
12.007

Zubkov, M. V., Fuchs, B. M., Archer, S. D., Kiene, R. P., Amann, R., and
Burkill, P. H. (2001). Linking the composition of bacterioplankton to rapid
turnover of dissolved dimethylsulphoniopropionate in an algal bloom in the
North Sea. Environ. Microbiol. 3, 304–311. doi: 10.1046/j.1462-2920.2001.00
196.x

Conflict of Interest: 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 © 2020 Li, Zhao, Jiang, Xu, Tang, Li, Wen, Liu, Tang, Dong and Kang.
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 13 July 2020 | Volume 11 | Article 1624

https://doi.org/10.1016/j.chnaes.2014.12.007
https://doi.org/10.1016/j.chnaes.2014.12.007
https://doi.org/10.1046/j.1462-2920.2001.00196.x
https://doi.org/10.1046/j.1462-2920.2001.00196.x
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

	Phylogenetic Responses of Marine Free-Living Bacterial Community to Phaeocystis globosa Bloom in Beibu Gulf, China
	Introduction
	Materials and Methods
	Study Sites and Sampling Protocols
	Nutrient Analysis
	Number and Size of P. globosa
	DNA Extraction, PCR, and Pyrosequencing
	Taxonomic Analysis
	Phylogenetic Structure Analysis
	Statistical Analysis

	Results
	Variation in the Alpha Diversity and Community Composition of Marine Bacteria During P. globosa Blooms
	Effects of P. globosa Density on the Phylogenetic Structure of the Water Surface Bacterial Community
	Response Patterns of Marine Bacteria at the Genus Level to Environmental Variables in Different P. globosa Blooming Stages
	Factors Controlling Bacterial Community Composition During P. globosa Blooms

	Discussion
	P. globosa Density Effects on Marine Bacterial Diversity and the Relative Abundances of Specific Taxa
	P. globosa Density Effects on Species Assembly of the Microbial Community

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


