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Dinoflagellates, including harmful algal bloom species, are known to co-exist with and
rely upon bacteria but how the microbiome changes with the physiologies of the
cognate dinoflagellates is poorly understood. Here, we used 16S rRNA gene meta-
barcoding to characterize the bacterial community in the cultures of Gambierdiscus
balechii, a ciguatoxin-producing benthic dinoflagellate, under different nitrogen (N)-
nutrient conditions and at different ciguatoxin-producing growth. The high-throughput
sequencing of a total of 12 libraries generated 926,438 reads which were classified
into 16 phyla. We observed a shift of the G. balechii-associated microbiome from
N-replete to low-N conditions and from the early (low toxin) to the late exponential
(high toxin) growth stage. Common across these conditions were species from
families Rhodobacteraceae and Flavobacteriaceae. Species abundant in the low-N
condition mainly included Planctomyces, Ekhidna, and Lactobacillus. Dominant or highly
abundant microbial taxa in the high toxin-producing stage (N-replete, late exponential
stage) were Oceanococcus and Marinoscillum. Under this condition, one Rhizobiales
bacterium, Oricola, also increased in relative abundance. Our study documents the
high diversity and dynamics of the G. balechii-associated microbiome, and identifies
condition-specific sub-communities: the core (constitutive) microbiome that stably co-
exists with G. balechii, the bacterial lineages that are responsive to N-nutrient variations,
and species whose abundances are correlated with toxin content of the dinoflagellate.
These findings demonstrate that particular bacterial groups are responsive to N-nutrient
or toxicity changes of G. balechii and thus will be useful for further investigations on the
associated microbiome’s interactions with benthic dinoflagellates and functions in the
course of benthic harmful algae blooms.
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INTRODUCTION

Harmful algal blooms caused by dinoflagellates and many
lineages of algae, toxic or non-toxic, create negative impacts
to the coastal economy, marine ecosystems and public health
(Watson et al., 2015), and have increased in frequency and
severity due to global climate and environmental changes
(Vidyarathna and Granéli, 2013). Benthic dinoflagellates in the
genus Gambierdiscus are able to produce ciguatoxins (CTXs)
and hence responsible for ciguatera fish poisoning (CFP) in
humans who consume CTX-contaminated fishes (Ansdell, 2014).
CFP is one of the most severe tropical diseases worldwide,
causing a series of syndromes in humans including short-term
gastrointestinal disorders, cardiovascular disorders, long-lasting
neurological disorders (Authority, 2010), and even paralysis,
coma and death (Friedman et al., 2017). As many as 50,000
people worldwide are adversely affected by CFP each year
(Ansdell, 2014).

Dinoflagellates usually co-exist and functionally interact with
many microorganisms, and they together produce a dynamic
microbial ecosystem (Patin et al., 2020). In the association,
dinoflagellates provide the microbiome with organic carbon
matter, while the associated bacteria metabolize the organic
matter and recycle nutrients for the host dinoflagellates
(Landa et al., 2017). In some cases, dinoflagellates can obtain
vitamins from the associated bacteria (Tang et al., 2010).
In other cases, bacteria are food sources for dinoflagellates
capable of phagotrophy (Li et al., 2014). In addition, secretion
of signaling molecules from bacteria can control cellular
or communication processes in phytoplankton (Delucca and
McCracken, 1977; Nakanishi et al., 1996; Amin et al., 2015).
The presence of microbes in a dinoflagellate culture can
even modulate the gene expression profile of dinoflagellates
(Moustafa et al., 2010). Such interactions can regulate the
growth of dinoflagellates and that of the associated microbiome
(Tarazona-Janampa et al., 2020). The tight association between
dinoflagellates and bacteria could explain why dinoflagellate
cultures usually grow better in xenic than in axenic conditions.
The associated microbiome has been suspected of either
producing or modifying some dinoflagellate-derived toxins
(Tosteson et al., 1989; Gallacher and Smith, 1999; Kodama et al.,
2006; Tarazona-Janampa et al., 2020).

Some bacteria were observed to promote growth or toxicity
of Gambierdiscus spp., with examples of Alteromonas sp.
(Sakami et al., 1999), Marinobacter hydrocarbonoclasticus (Wang
et al., 2018), and Bacillus anthracis (Wang et al., 2018).
However, the general microbiome assembly and dominant
lineages responding to varying Gambierdiscus physiologies (e.g.,
nutrient stress, growth stage, toxicity level) are less understood.
In the present study, we conducted experiments with different
N-nutrient conditions on xenic cultures of a toxic G. balechii
strain and high-throughput sequencing of 16S rRNA gene
(16S rDNA) for samples in two different growth stages.
The primary goals were to identify the core (constitutive)
G. balechii-associated microbiome, the N-nutrient responsive
microbiome, and G. balechii growth stage (and toxin level)-
specific microbiome.

MATERIALS AND METHODS

Algal Culture and N-Nutrient Treatment
Gambierdiscus balechii was isolated from Marakei Island,
Republic of Kiribati and cultured in State Key Laboratory of
Marine Pollution, City University of Hong Kong (Dai et al.,
2017). Specifically, seaweed samples were collected in Marakei
Island, the Republic of Kiribati in November 2012 and then
were shaken vigorously for about 1 min to detach the epiphytic
cells. Samples containing detritus were sieved through 120-µm
filters and then through 20-µm filters. The residue on 20-µm
filters was rinsed with filtered seawater and transferred into a T25
cell culture flask (Thermo Fisher Scientific) containing filtered
seawater. Single-cell isolation was then carried out using the
micropipetting technique. Isolated cells were dispensed into wells
of microwell plates (Thermo Fisher Scientific, IN, United States)
filled with the L1 medium (30 psu; without NaSiO3; Guillard
and Hargraves, 1993); prepared with filtered (0.22 µm; Millipore
Corp.) seawater from the sampling site. After 30 days of
incubation at a temperature of 25 ± 1◦C under a 14: 10 h light:
dark cycle with a photon flux of 100 µm photons m−2 s−1,
surviving clones were transferred to the freshly prepared L1
medium in a T25 cell culture flask (Thermo Fisher Scientific,
IN, United States) and cultured with a salinity of 30 ± 1 h
under the same temperature and illumination conditions as the
initial incubation.

Prior to the commencement of the experiment, G. balechii
was cultured for 50 days to consume as much N as possible.
To investigate potential changes of the associated microbiome,
the N-nutrient condition of G. balechii was varied. As described
above, the N nutrient-replete (N-replete) group was grown in the
L1 medium (with 882 µM NaNO3, without NaSiO3 addition).
For the cultures of low-N content, the L1 medium was modified
by reducing nitrate concentration to 1/200 that in L1 (4.41 µM).
Both the N-replete and the low-N treatments were performed in
triplicate, each at the volume of 800 mL in 1,000-mL flasks.

Measurements of Growth Rate and
Chlorophyll (Chl) a Content
From day 1, a 1-mL sample was collected every two days from
each of the cultures, fixed in Lugol’s solution, and examined
microscopically with a Sedgewick-R after counting chamber for
cell counts (Lin et al., 2012). The average daily population
growth rate (µ) was calculated as µ = ln (N2/N1)/(t2−t1),
where N2 and N1 are cell concentrations on day t2 and day
t1, respectively. In addition, a 5 to 10 mL sample was filtered
onto a Whatman GF/F membrane (25 mm diameter; Merck
KGaA, Darmstadt, Germany). Chl a was extracted from the cell-
containing membrane in 90% acetone for 24 h in the dark at 4◦C,
and determined through a microplate reader (BMG Polarstar
Optima) (Ritchie, 2006).

Determination of P-CTX-1 Equivalents
Using Mouse Neuroblastoma Assay
Cells were harvested on day 43 and day 61, when cultures were
in the early and late exponential stages, respectively. A 200-mL
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sample was taken from each culture and centrifuged at 3,901× g
for 5 min. Toxins were extracted from the harvested G. balechii
cells according to procedures described by Dai et al. (2017).
Toxin content was determined using mouse neuroblastoma
assay with Neuro-2a cells (ATCC R© CCL-131TM), as previously
reported (Chan et al., 2011; Xu et al., 2014). Purified P-CTX-
1 was used as a standard for calibration with concentrations
ranging from 0.00975 to 0.31200 ppb. The detection limit in
this assay was 1.37 × 10−2 fg P-CTX-1 eq cell−1. The assay
was conducted twice for each sample, and toxin contents from
triplicates of Gambierdiscus cultures were averaged and presented
as P-CTX-1 eq cell−1.

High-Throughput Sequencing of
Microbiome 16S rDNA Sequencing
Ten-mL samples were collected from the triplicate G. balechii
cultures from groups N-replete and low-N in the early (µ = 0.13
and 0.04 d−1, respectively) and late exponential stages (µ = 0.04
and 0.01 d−1, respectively), and were filtered onto 0.22-
µm nitrocellulose membranes (Merck Millipore, Darmstadt,
Germany). The membranes were then transferred into a 2-mL
micro-centrifuge tube and immersed in 1 ml of DNA lysis
buffer (containing 0.1 M EDTA, 1% sodium dodecyl sulfate,
8 µg of lysozyme). Samples incubation (at 55◦C) and DNA
extraction followed a CTAB protocol combined with the Zymo
DNA Clean & Concentrator kit (Zymo Research Corp., Orange
CA, United States) as described previously (Zhang et al., 2005).

From each DNA extract, 16S rDNA in the V4-V5 region
was amplified from each culture using primers of 515F (forward
primer, 5′-GTGCCAGCMGCCGCGG-3′) and 907R (reverse
primer 5′-CCGTCAATTCMTTTRAGTTT-3′). PCR was carried
out as the following: 95◦C for 2 min, followed by 30 cycles
of incubation at 95◦C (30 s), 55◦C (30 s), and 72◦C (30 s),
with a final extension cycle of 5 min at 72◦C. All PCR
reactions used Phusion R© High Fidelity PCR Master Mix (New
England Biolabs). The amplicons were checked on an agarose
gel, where the major band positioned between 300-400 bp was
recovered. The retrieved DNA was purified, uniquely barcoded
for each sample, and pooled for sequencing on the IonS5TMXL
sequencing platform (Novogene Bioinformatics Technology Co.,
Ltd., Hong Kong).

Data Analysis
The high-throughput sequencing reads were sorted into samples
based on their unique barcodes, and were trimmed of barcodes,
and primer sequences. Sequences of all 12 samples are available
in the Sequence Read Archive (SRA), National Center for
Biotechnology Information (NCBI1 under the accession number
PRJNA578018. Quality filtering on the trimmed reads was
performed following the Cutadapt quality control process
(Martin, 2011). Chimera sequences were detected using the
UCHIME algorithm (Edgar et al., 2011) by comparing reads
with the Gold database (Version microbiomeutil-r201105192)
and then was removed. The resulting high quality sequences

1https://www.ncbi.nlm.nih.gov/
2http://drive5.com/uchime/uchime_download.html

were grouped into Operational Taxonomic Units (OTUs) at
97% sequence similarity via the UPARSE software (Version
7.0.1001; Edgar, 2013). Silva Database (Version 132; Quast et al.,
2012) was used for taxonomic annotation based on the Mothur
software (Schloss et al., 2009), and OTUs were denominated
at the domain, phylum, class, order, family, and genus levels.
Their relative abundances were estimated based on their read
counts normalized to the total number of good quality reads.
In order to study the phylogenetic relationship of different
OTUs and the difference of the dominant species in different
sample groups, multiple sequence alignment was carried out via
the MUSCLE software (Version 3.8.31; Edgar, 2004). Shannon,
Simpson Chao 1, ACE, and Good’s coverage diversity indices
were calculated using QIIME (Version 1.7.0; Caporaso et al.,
2010) and displayed with the R software (Version 2.15.3; R
Core Team, 2013). To evaluate inter-sample differences in
species complexity, beta diversity based on weighted UniFrac
was calculated with the QIIME software (Version1.7.0; Caporaso
et al., 2010). An unweighted pair-group method with arithmetic
(UPGMA) tree was constructed using the weighted UniFrac
distance matrix which was also conducted with QIIME (Version
1.7.0). A distance matrix of weighted UniFrac among samples
obtained was then transformed to a new set of orthogonal axes,
by which the maximum variation factor is demonstrated by
the first principal coordinate and the second maximum one by
the second principal coordinate. Weighted UniFrac principal
coordinate analysis (PCoA) was displayed with the weighted
correlation network analysis (WGCNA) package, stats packages,
and ggplot2 package in the R software (Version 2.15.3; R Core
Team, 2013). Venn diagram was displayed using R (Version
2.15.3; R Core Team, 2013) and hierarchical clustering was
displayed by QIIME (Version 1.7.0; Caporaso et al., 2010). The
abundance distribution heatmaps of the 35 most dominant orders
or genera that have the most sequences were generated by R
(Version 2.15.3; R Core Team, 2013). The relative abundance
of species is indicated by a Z value in each row of the
heatmap after standardization. No further data filtration was
conducted in the current study so singletons and low-abundance
samples might remain.

Correlation tests using bivariate non-parametric Spearman
rank’s correlation coefficient and Mann-Whitney U test were
conducted with the SPSS Statistics 17.0 software package.
A correlation between two items was considered statistically
robust if the Spearman correlation coefficient (|r|) was ≥ 0.5 and
p < 0.05 (Niven and Deutsch, 2012). All data were presented
as means with standard deviation calculated from the triplicate
cultures under each of the N conditions and growth stages.

RESULTS

Culture Growth, Chl a, and Toxin Content
Gambierdiscus balechii cell concentrations were the same initially
in both the N-replete and N-groups but became higher in the
N-replete than the low-N group after 34 days. The N-replete
group displayed a maximum cell concentration of 3,015 cells
mL−1 (n = 3) (Table 1). In contrast, the maximum cell
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TABLE 1 | Physiological parameters of G. balechii under N-replete and low-N conditions.

Maximum cell number (cells mL−1) Specific growth rate (d−1) Chl a content (ng cell −1) Toxin content (fg cell−1)

N-replete 3015 ± 78 0.13 (Day 43)
0.04 (Day 61)

0.10 ± 0.04 (Day 43)
0.20 ± 0.03 (Day 61)

0.11 ± 0.04 (Day 43)
11.90 ± 2.53 (Day 61)

low-N 557 ± 45 0.04 (Day 43)
0.01 (Day 61)

0.03 ± 0.01 (Day 43)
0.14 ± 0.01 (Day 61)

ND (Day 43)
4.18 ± 1.06 (Day 61)

Both the N-replete and the low-N treatments were performed in triplicate.

concentration for the low-N culture was significantly lower (557
cells mL−1; n = 3; Mann-Whitney U test, p < 0.05) (Table 1).

Toxin and Chl a contents of G. balechii cells were higher in the
late exponential growth stage (day 61) than the early exponential
stage (day 43) in both N conditions and higher in the N-replete
than in the low-N groups (Table 1). In the late exponential stage
of G. balechii, toxin content in N-replete group was 11.90 fg
P-CTX-1 eqcell−1 (n = 3) and Chl a content was 0.14 ng cell −1

(µ = 0.04 d−1; n = 3) while 4.18 fg P-CTX-1 eq cell−1 (n = 3;
Mann-Whitney U test, p < 0.05) of toxin content and 0.03 ng
cell −1 (n = 3; Mann-Whitney U test, p < 0.05) of Chl a content
was detected on day 43 when µ was 0.01 d−1 (n = 3) under the
low-N condition. In the early exponential growth stage, toxin
content was not detectable in the low-N cultures (µ = 0.04 d−1

;

n = 3) and 0.11 fg P-CTX-1 eq cell−1 (n = 3) in the N-replete
cultures (µ = 0.13 d−1; n = 3) (Table 1). For the Chl a contents,
0.20 ng cell −1 (n = 3) was detected in the N-replete cultures while
0.10 ng cell −1 (n = 3) was detected in the low-N cultures.

Microbiome Profiles
Sequencing of the total of 12 libraries generated 926,438 reads
which were classified into 16 phyla. Good’s coverage values,
the sample completeness indicator (Chao and Jost, 2012), were
approximately 1 in all treatment groups, indicating that the
sequencing depth was sufficient to capture most of the taxa in
the bacterial communities (Table 2). A total of 926,438 clean
reads were obtained from the 12 samples collected from the
early and late exponential growth stages (EE, LE) in the two
N treatment groups, with sequences per sample ranging from
55,761 to 90,251 (Table 2). The taxonomy annotation analysis
resulted in a total of 54 species from 16 phyla of bacteria. These
sequences were clustered into 3,879 OTUs based on 97% identity
criterion, with an average of 323 OTUs per sample (Table 2).
No significant difference (Mann-Whitney U test, P > 0.05) of
bacterial diversity represented by OTU numbers, Shannon index,
Simpson index, Chao1 index, or ACE index was detected between
different N treatment groups or growth stages, suggesting that
the bacterial diversity was not affected by N nutrient limitation
or growth stages.

PCoA analysis (Figure 1) showed that the —low-N-LE
samples clustered together and were separated from other
samples, indicating that the overall bacterial community varied
with N treatments and growth stages. However, in the early
exponential stage, the N-replete microbiome was close to the low-
N microbiome, consistent with the corresponding similarity of
G. balechii cell concentrations, indicating that the physiological
status of the alga did not yet diverge much in the early exponential

phase between the two N-nutrient treatments. In addition, one of
the triplicates for the N-replete-LE group was markedly deviant
from the other two replicates, for unknown reasons (Figure 1).

The relative abundance of Proteobacteria, Bacteroidetes,
and Planctomycetes were the three most dominant phyla,
representing around 90% in each of the N treatment groups
(Figure 2). The most abundant phylum, Proteobacteria,
contributed more than 70% in each N treatment of G. balechii.
The contribution of Bacteroidetes increased markedly, from an
average percentage of 4.31 to 9.39%, in the N-replete treatment
from the early to the late exponential stage, but stayed relatively
stable in the low-N treatments with an average percentage of 6.76
and 6.70% in the two growth stages, respectively (Figure 2). The
abundance of Planctomycetes increased from 5.64 to 18.32% on
average in the low-N groups from the early to the late exponential
stage but ranged from 8.05 to 9.40% in the time course in the
N-replete groups (Figure 2).

Common and Condition-Responsive
Components of the Microbiome
The bacterial compositions were highly similar in general across
all four conditions, sharing 285 OTUs (Figure 3). At the
same time, 47, 28, 36, and 49 OTUs (totally 160 OTUs) were
unique to groups N-replete-EE, N-replete-LE, low-N-EE, and
low-N-LE, respectively (Figure 3). From these 285 common
OTUs, 140 genera were identified, including 35 abundant
genera, of which 11 were similar in abundance across all four
conditions (Mann-Whitney U test, no significant difference,
P > 0.05; Supplementary Table 1). These included Labrenzia
and Muricauda, among the top 10 most abundant genera
(Supplementary Table 1). These 11 genera potentially are the
core constituents of the G. balechii-associated microbiome.

In addition to the 28-49 OTUs being exclusive to one of the
four treatment groups (Figure 3), some of the common taxa
changed in abundance with varying conditions. The abundance
distribution of the dominant 35 orders with more sequences
among all samples was displayed in the species abundance
heatmap (Figure 4A). These taxa were grouped into three
major clusters (A–C) across the four treatment groups (n = 3)
(Figure 4A). These bacterial orders showed specific abundance
characteristics in different N treatments. Specifically, three orders
in Cluster A were dominant in group low-N-LE while the
other six, such as Alteromonadales, were dominant in group
N-replete-EE (n = 3; Figure 4A). Ten orders were most abundant
in group N-replete-LE (n = 3), which fell into Cluster B
(Figure 4A). For instance, the abundance of Rhizobiales was the
highest in group N-replete-LE, but it was only 10% in groups
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TABLE 2 | OTU numbers and alpha diversity indices of the bacterial communities from G. balechii cultures under N-replete and low-N conditions during the early and
late exponential growth stages.

Sample Sequences OTU Shannon index Simpson index Chao1 index ACE index Good’s coverage

N-replete-EE1 90,022 351 5.32 0.953 379.234 396.189 0.998

N-replete-EE2 70,085 322 5.317 0.948 350.528 347.371 0.998

N-replete-EE3 55,761 275 5.07 0.933 348.966 333.531 0.998

low-N-EE1 83,990 344 5.365 0.946 375.091 377.071 0.998

low-N-EE2 58,773 308 5.441 0.956 318.568 319.888 0.999

low-N-EE3 63,202 319 5.232 0.948 311.5 319.24 0.999

N-replete-LE1 85,403 322 4.325 0.861 352.029 343.766 0.998

N-replete-LE2 90,251 314 5.262 0.954 322.429 319.214 0.999

N-replete-LE3 88,501 329 5.469 0.961 325.5 333.183 0.999

low-N-LE1 84,898 330 5.455 0.959 323.672 342.189 0.999

low-N-LE2 76,994 324 5.467 0.958 326.5 345.532 0.999

low-N-LE3 78,558 341 5.33 0.945 321.667 339.604 0.999

Both the N-replete and the low-N treatments were performed in triplicate.

FIGURE 1 | Weighted UniFrac PCoA plot of the bacterial community from G. balechii cultures under N-replete and low-N conditions during the early and late
exponential growth stages. Both the N-replete and the low-N treatments were performed in triplicate. NREE: N-replete samples in the early exponential growth
stage; LNEE: low-N samples in the early exponential growth stage; NRLE: N-replete samples in the late exponential growth stage; LNLE: low-N samples in the late
exponential growth stage.

N-replete-EE, low-N-EE, and low-N-LE (n = 3; Figure 4A).
Cluster C included 16 orders whose abundances were relatively
low in groups N-replete-EE and N-replete-LE, but were higher
under N deficiency (n = 3; Figure 4A). Flavobacteriales and
Planctomycetales, in particular, were less abundant in groups
N-replete-EE and N-replete-LE but were dominant in group
low-N, especially in low-N-LE (n = 3; Figure 4A).

At the genus level, the high-abundant genera in the
N-replete culture groups included Achromobacter and Shinella
(Figure 4B), and that in the low-N groups were mainly
Planctomyces, Ekhidna, and Lactobacillus (Figure 4B). These,
along with the condition-exclusive taxa, are potentially N
nutrient-responsive components of the G. balechii-associated
microbiome.
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FIGURE 2 | Relative abundance of different bacterial phyla in the G. balechii cultures under N-replete and low-N conditions during the early and late exponential
stages. Both the N-replete and the low-N treatments were performed in triplicate. NREE, N-replete samples in the early exponential growth stage; LNEE, low-N
samples in the early exponential growth stage; NRLE, N-replete samples in the late exponential growth stage; LNLE, low-N samples in the late exponential growth
stage.

Dominant Bacterial Groups Correlated
With Toxin Content in Gambierdiscus
balechii
Taxonomic analysis showed a shift of bacterial community at the
genus level from the early exponential stage (low toxin content)
to the late exponential stage (high toxin content) (Figure 4B).

FIGURE 3 | Venn diagrams showing the shared and specific OTUs in groups
N-replete-EE, N-replete-LE, low-N-EE, and low-N-LE. Both the N-replete and
the low-N treatments were performed in triplicate. NREE, N-replete samples in
the early exponential growth stage; LNEE, low-N samples in the early
exponential growth stage; NRLE, N-replete samples in the late exponential
growth stage; LNLE, low-N samples in the late exponential growth stage.

The Spearman correlation analysis between the abundance of the
35 dominant genera and the toxin content indicated that both
positive and negative correlations were found (Table 3). Of these,
Oceanococcus (r = 0.606, p < 0.05; Table 3) and Marinoscillum
(r = 0.761, p < 0.05; Table 3) showed positive correlations
with toxin content of G. balechii (Table 3). These genera were
dominant in group N-replete-LE (Figure 4B), the condition
under which toxin content was the highest of all the treatments
(11.90 fg P-CTX-1 eq cell−1, Table 1). One Rhizobiales genus,
Oricola, also showed a significant positive correlation with the
toxin content of G. balechii (r = 0.634, p < 0.05; Table 3).
On the contrary, negative correlations were seen between some
bacterial genera and the toxin content of G. balechii. For
instance, Spongiibacter, Candidatus Tenderia, Pseudohongiella,
and Thalassobaculum responded negatively to the toxin content
as they showed negative correlations (−0.9 < rs <−0.5, p < 0.05;
Table 3).

DISCUSSION

This study profiled the G. balechii-associated microbiome
compositions under N-replete and low-N conditions and their
succession from the early to the late exponential growth stages.
With the data, the relationship between the microbiome structure
and G. balechii physiological condition as well as toxin content
was explored. It is important to note that before the experiments
in this study, G. balechii was cultured for 50 days to consume
as much N as possible; therefore, prior selection bias on the
microbiome might have occured.

Another caveat of this study is that N contents G. balechii
cells and the medium were not measured. However, cultures
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FIGURE 4 | The distribution heatmap of bacterial abundance clusturing in the N-replete and low-N conditions during the early and late exponential stages. Thirty-five
orders (A) and genera (B) were classified as differentially abundant and grouped by similarity of patterns. Red color indicates increased abundance while blue
indicates reduced abundance. Letters (A-C) indicate clusters of similar patterns. Both the N-replete and the low-N treatments were performed in triplicate. NREE,
N-replete samples in the early exponential growth stage; LNEE, low-N samples in the early exponential growth stage; NRLE, N-replete samples in the late
exponential growth stage; LNLE, low-N samples in the late exponential growth stage.

under N-replete and low-N conditions exhibited significantly
different levels of measured physiological parameters, including
cell growth rate, Chl a content, and toxin content, indicating that
the N nutrition contrasted sharply between the two treatments.
Of these measured parameters, Chl a is an N-rich compound
and its content is tightly coupled with N concentration in
algae (Li et al., 2008). Under such an experimental setting, for
the microbiome, our study showed that some members were
shaped by the growth phases of G. balechii while some others
appeared to be responsive to N condition or in correlation
with toxin content.

Identification of Core (Constitutive)
Component of Gambierdiscus
balechii-Associated Microbiome
Arguably, bacterial taxa that are common and consistently
abundant across different culturing and physiological conditions
of G. balechii can be regarded as the core or stable constituents
of the associated microbiome of the dinoflagellate. This notion
is similar to previous work on Prorocentrum (Wang et al.,
2017; Kim et al., 2021), Alexandrium spp. (Sörenson et al.,
2019), and Symbiodiniacean species (Lawson et al., 2018;
Nitschke et al., 2020). In the present study, we found that
Labrenzia and Muricauda were the most abundant and common

bacteria shared across all cultures. Labrenzia was frequently
reported to be present with microalgae and corals and has also
been identified as the core component of the Symbiodiniaceae
species (Lawson et al., 2018). This genus is notable for the
production of dimethylsulfoniopropionate (Curson et al., 2017),
the high concentration of which likely plays a role in stress
tolerance of microalgae (Deschaseaux et al., 2014). Muricauda
and other Flavobacteriaceae are known to associate with
dinoflagellates, and some of them can degrade both high and
low molecular weight compounds exuded from microalgae and
secrete surface proteins that might facilitate their attachment
(Buchan et al., 2014).

The presence of Labrenzia and Muricauda in all treatment
groups from both growth stages in the present study suggests
that they are likely the core microbiome associated with the
G. balechii strain across our experimental conditions. Whether
these bacteria are common in natural assemblages will need
further investigation.

N-Responsive Microbiome in
Gambierdiscus balechii Culture
Our high throughput sequencing results indicate that some
of the G. balechii-associated microbial taxa are potentially
responsive to N nutrient conditions. First, 160 OTUs were
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TABLE 3 | Spearman correlation analysis between toxin content and abundance of the 35 dominant genera.

Genera Spearman
Correlation

P level Taxa detail

Marinobacter −0.535 0.073 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria;o. Alteromonadales; f. Alteromonadaceae

Bacteroides −0.287 0.367 k. Bacteria; p. Bacteroidetes; c. Bacteroidia; o. Bacteroidales; f. Bacteroidaceae

RB41 0.34 0.28 k. Bacteria; p. Acidobacteria; c. Blastocatellia; o. unidentified Blastocatellia; f. Blastocatellaceae (Subgroup 4)

Achromobacter 0.18 0.576 k. Bacteria; p. Proteobacteria; c. Betaproteobacteria; o. Burkholderiales; f. Alcaligenaceae

Maricaulis −0.511 0.09 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Caulobacterales; f. Hyphomonadaceae

Unidentified
Hyphomonadaceae

−0.655 0.021 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Caulobacterales; f. Hyphomonadaceae

Spongiibacter −0.628 0.029 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria; o. Cellvibrionales; f. Spongiibacteraceae

Oceanococcus 0.606 0.037 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria; o. Salinisphaerales; f. Salinisphaeraceae

Candidatus Tenderia −0.613 0.034 k. Bacteria; p. Acidobacteria; c. Solibacteres; o. Solibacterales; f. Solibacteraceae (Subgroup 3)

Marinoscillum 0.761 0.004 k. Bacteria;p. Bacteroidetes; c. Cytophagia; o. Cytophagales; f. Flammeovirgaceae

Muricauda 0.042 0.896 k. Bacteria; p. Bacteroidetes; c. Flavobacteriia;o. Flavobacteriales; f. Flavobacteriaceae

Lactobacillus 0.043 0.894 k. Bacteria; p. Firmicutes; c. Bacilli;o. Lactobacillales; f. Lactobacillaceae

Sandaracinus −0.215 0.502 k. Bacteria; p. Proteobacteria; c. Deltaproteobacteria; o. Myxococcales; f. Sandaracinaceae

Pseudohongiella −0.818 0.001 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria; o. Oceanospirillales; f. Oceanospirillaceae

Planctomyces −0.437 0.156 k. Bacteria; p. Planctomycetes; c. Planctomycetacia; o. Planctomycetales; f. Planctomycetaceae

Parabacteroides −0.206 0.521 k. Bacteria; p. Bacteroidetes;c. Bacteroidia; o. Bacteroidales; f. Porphyromonadaceae

Oricola 0.634 0.027 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhizobiales; f. Phyllobacteriaceae

Aliihoeflea 0.52 0.083 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhizobiales; f. Phyllobacteriaceae

Hyphomicrobium 0.504 0.094 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhizobiales; f. Hyphomicrobiaceae

Shinella 0.463 0.13 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhizobiales; f. Rhizobiaceae

Labrenzia 0.317 0.316 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhodobacterales; f. Rhodobacteraceae

Roseovarius 0.406 0.191 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhodobacterales; f. Rhodobacteraceae

Maritimibacter −0.302 0.34 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhodobacterales; f. Rhodobacteraceae

Thalassobaculum −0.769 0.003 k. Bacteria; p. Proteobacteria;c. Alphaproteobacteria; o. Rhodospirillales; f. Rhodospirillaceae

Unidentified Rhodospirillaceae 0.486 0.109 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Rhodospirillales; f. Rhodospirillaceae

Balneola 0.394 0.205 k. Bacteria; p. Bacteroidetes; c. unidentified Bacteroidetes; o. Order III; f. unidentified Order III

Unidentified NS11-12 marine
group

−0.197 0.539 k. Bacteria; p. Bacteroidetes; c. Sphingobacteriia; o. Sphingobacteriales; f. NS11-12 marine group

Unidentified Saprospiraceae −0.697 0.012 k. Bacteria; p. Bacteroidetes; c. Sphingobacteriia; o. Sphingobacteriales; f. Saprospiraceae

Olivibacter −0.092 0.776 k. Bacteria; p. Bacteroidetes; c. Sphingobacteriia; o. Sphingobacteriales; f. Sphingobacteriaceae

Streptomyces 0.47 0.123 k. Bacteria; p. Actinobacteria; c. unidentified Actinobacteria; o. Streptomycetales; f. Streptomycetaceae

Sphingomonas 0.559 0.059 k. Bacteria; p. Proteobacteria; c. Alphaproteobacteria; o. Sphingomonadales; f. Sphingomonadaceae

Polycyclovorans 0.053 0.87 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria; o. Xanthomonadales; f. Solimonadaceae

Lysobacter −0.444 0.148 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria; o. Xanthomonadales; f. Xanthomonadaceae

Algiphilus 0.092 0.777 k. Bacteria; p. Proteobacteria; c. Gammaproteobacteria; o. Xanthomonadales; f. Algiphilaceae

Boldtype indicates significant correlations.

found exclusively in one of the two N conditions. In
addition, among the taxa in the 35 most abundant and
commonly present orders, three orders in cluster A and
the majority in cluster C were promoted markedly in low-
N treatment relative to the N-replete groups, indicating that
they are better adapted to or more competitive under N
deficiency directly or indirectly through the organic compounds
produced and released by G. balechii. Most of these bacteria
came from Proteobacteria whereas other phylotypes included
Acidobacteria, Firmicutes, Actinobacteria, and Bacteroidetes.
One of the bacterial orders from cluster C, Flavobacteriales,
appears to be able to metabolize organic phosphorus (P) for
phytoplankton and provide phosphate under the low-inorganic
P condition (Wang et al., 2017). Additionally, Maritimibacter
of Rhodobacterales, showing high abundances in low-N groups,

has been reported to be abundant in the Fe-limited culture
of the dinoflagellate Akashiwo sanguinea (Li et al., 2019).
Considering that Flavobacteriales and Rhodobacterales species
are usually abundant in coastal waters and can be thriving in
algal blooms (Buchan et al., 2014), it is possible that these
types of bacteria provide nutrients for microalgae under low-
nutrient environments by quickly recycling ambient organic
nitrogen. Besides, G. balechii may ingest cluster A and cluster C
bacteria to survive N deficiency as its mixotrophic potential exists
(Price et al., 2016).

Nevertheless, the abundance of cluster B bacteria was
notably high in group N-replete-LE while remaining relatively
low under N deficiency. One of the cluster B phylotypes,
Rhizobiales, contains symbiont species of plants and some algae
that are able to fix N2 for their hosts under N limitation
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(Mitsustin and Sil’nikova, 1968; Dittami et al., 2014; Kim et al.,
2014); however, they did not respond to N deficiency in the
present study, suggesting they may not be able to fix N2 for
G. balechii. Albeit less known, Rhizobiales bacteria have been
reported in other dinoflagellates as well, including Symbiodinium
minutum (Shoguchi et al., 2013), Prorocentrum lima (Biebl et al.,
2006), Alexandrium (Biebl et al., 2006; Palacios et al., 2006), and
Akashiwo sanguinea (Chen et al., 2021). Besides, a Rhizobium
species has been isolated from G. balechii cultures, and shown
not to contain the conserved N2-fixing enzyme gene, nif H
(Wu et al., 2021).

Bacteria in Correlation With Toxin
Production of Gambierdiscus balechii
Many dinoflagellate species are able to produce potent
neurotoxins and accumulating evidence has shown that
some bacteria may play a role in this process of dinoflagellates,
such as the okadaic acid -producing Prorocentrum spp. (Perez
et al., 2008), the dinophysistoxin-producing Dinophysis (Perez
et al., 2008), toxin-producing Ostreopsis lenticularis (Tosteson
et al., 1989), and CTX-producing Gambierdiscus spp. (Wang
et al., 2018). In this study, we observed that some bacteria
showed a positive correlation of relative abundance (from
the sequencing results) with toxin content in G. balechii
cultures, including Marinoscillum and Oceanococcus, both
of which are aquatic bacteria that have been identified from
dinoflagellate-associated microbiomes (Lu et al., 2000; Wang
et al., 2017; Guidi et al., 2018; Lawson et al., 2018). Besides,
one Rhizobiales bacterium, Oricola, was also positively
correlated with the toxin contents of G. balechii. Likewise,
a high proportion of Rhizobiales species was detected in the
toxic P. lima cultures, yet the evidence is lacking if it could
promote toxin production in P. lima (Prokic et al., 1998). These
bacteria might be involved in the toxin production directly or
indirectly through metabolizing algal toxins to yield known
congeners or chemically modified derivatives from the same
toxin classes as previously described (Stewart et al., 1998; Hold
et al., 2001; Smith et al., 2001; Kodama et al., 2006). It is also
possible that algal toxins serve as nutrients for these bacteria
(Sison-Mangus et al., 2016).

By contrast, some bacteria were intensely inhibited by
G. balechii toxins. These mainly included Spongiibacter,
Candidatus Tenderia, Pseudohongiella, and Thalassobaculum.
Antagonism may exist between G. balechii and these
bacteria as toxins could act as a selective agent to alter
the associated bacterial community. Additionally, some
bacteria can be antagonistic to algae, and their presence can
provoke an increase in phycotoxin production as a specific
response to the bacteria’s presence (Kaczmarska et al., 2005;
Su et al., 2011).

Among the bacterial genera detected, Marinobacter is a
common dinoflagellate-associated bacterium found in both
cultures and field samples (Seibold et al., 2001; Green et al.,
2006; Bolch et al., 2011; Tarazona-Janampa et al., 2020). Bacterial
species of this genus have been found to alter toxin profiles of
dinoflagellates (Wang et al., 2018) or possess genes related to

paralytic shellfish toxin biosynthesis (Yang et al., 2019). In this
study, no clear relationship was found between the abundance
of this bacterial genus and the toxin content of G. balechii. The
difference between studies might reflect the different roles of
different Marinobacter species associated with different species of
dinoflagellates.

N or other nutrient concentrations can affect metabolisms
of algae and thus influence algal growth and toxin synthesis,
which can ultimately influence the composition and diversity
of the algae-associated bacterial community. Our study shows
that N-nutrient conditions are associated with particular
bacterial groups and related to the toxin synthesis level
in G. balechii. However, the role of N-nutrient status in
influencing toxin synthesis in dinoflagellates remains to be
further elucidated. Nevertheless, it is also possible that the
bacteria correlated with toxin content in G. balechii can influence
toxin synthesis in this dinoflagellate directly or indirectly. These
possibilities remain to be disentangled in future research using
interdisciplinary methods such as the hologenomic approach
to obtain the genomes of both the symbiotic bacteria and
dinoflagellates.
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