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• Analyzed the taxonomic and functional
composition of CAs covering a blooming
cycle

• Observed Microcystis and
Dolichospermum alternately dominating
CAs

• Found the specific bacterial genera at-
tached to different cyanobacterial gen-
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• Detected bacteria in CAs more corre-
lated to cyanobacteria than environ-
ments

• Proved relationship between
cyanobacteria and bacteria at taxo-
nomic and gene level
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Freshwater lakes are threatened by harmful blooms characterized by Cyanobacterial Aggregates (CAs) that are
normally aggregated with extracellular polysaccharides released by cyanobacteria to form a phycosphere. It is
possible that mutualistic relationships exist between bacteria and cyanobacteria in these CAs wherein bacterial
products supplement cyanobacterial growth, and cyanobacterial exudates, in turn, serve as substrates for bacte-
ria, thus augmenting the stability of each constituent. However, little is known about the exact interaction be-
tween cyanobacteria and their attached bacteria in CAs. Therefore, in this study, we collected 26 CA samples
from Lake Taihu, a large freshwater lake in China from March of 2015 to February of 2016. We then sequenced
both the V4 regions of 16S rRNA genes and full metagenomes, resulting in 610 Mb of 16S rRNA gene data and
198.98 Gb of high-quality metagenomic data. We observed that two cyanobacteria genera (Microcystis and
Dolichospermum) alternately dominated CAs along the sampling time and specific bacterial genera attached to
different cyanobacteria genera dominated CAs. More specifically, Dolichospermum dominates CAs when water
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temperature is low and total nitrogen is high, whileMicrocystis dominates CAs when water temperature is high
and total nitrogen is low.Moreover,we found specific bacterial genera attached to different cyanobacteria genera
dominated CAs. The cyanobacteria-bacteria related pairs Dolichospermum-Burkholderia and Microcystis-
Hyphomonas were detected by ecological networks construction. Bacterial communities in CAs were found to
bemore correlatedwith the cyanobacterial community (Mantel's r = 0.76, P=0.001) than with environmental
factors (Mantel's r = 0.27, P = 0.017). A potential codependent nitrogen-cycling pathway between
cyanobacteria and their attached bacteria was constructed, indicating their functional link. Overall, these results
demonstrated that mutualistic relationships do, indeed, exist between cyanobacteria and bacteria in CAs at both
taxonomic and gene levels, providing biological clues potentially leading to the control of blooms by interven-
tional strategies to disrupt bacteria-cyanobacteria relationships and co-pathways.

© 2019 Elsevier B.V. All rights reserved.
Alternate succession
Nitrogen co-pathway
1. Introduction

Eutrophication brings with it significant economic and ecological
consequences for freshwater and marine environments worldwide, in-
cluding Lake Victoria in Africa (Bbosa and Oyoo, 2013), Lake Erie in
North America (Mou et al., 2013), the Baltic Sea in Europe (Andersson
et al., 2010), Lake Dianchi (Wu et al., 2014) and Lake Taihu in China
(Guo, 2007). It has increasingly caused Cyanobacterial Harmful Algal
Blooms (CyanoHABs) in freshwater systems. The frequent and exten-
sive occurrence of large CyanoHABs on the surfaces of freshwater
lakes has greatly increased the operational costs for water treatment
plants and residents' concerns over cyanobacterial toxins in their drink-
ing water supplies (Paerl et al., 2014; Paerl and Huisman, 2008). Mean-
while, owing to population growth, rapid urbanization, increased
farming and climate change, the world is facing a severe shortage of
fresh water, which calls for the urgent development of effective mea-
sures to prevent and treat CyanoHABs. Unfortunately, our limited un-
derstanding of CyanoHABs has impaired the development of an
effective solution to prevent cyanobacterial blooms. Therefore, probing
the cellular and molecular mechanisms underlying CyanoHABs would
mark a critical step towards the development of preventive measures
and solutions.

Most research on CyanoHABs has been focused on community com-
position analyses (Cai et al., 2013b; Kara et al., 2013; Otten and Paerl,
2011), related environmental factors (Beversdorf et al., 2013; Davis
et al., 2009; Zhang et al., 2012) and health effects on human or other an-
imals (Cheung et al., 2013; Fernández et al., 2015b). Cyanobacterial Ag-
gregates (CAs)were reported as themajor formof cyanobacteria during
their blooms (Havens, 2008; Worm and Søndergaard, 1998) and
Microcystis was shown to dominate the CAs in many freshwater lakes
during summer (Wu et al., 2010b). In CAs, microbes were amassed
within extracellular polysaccharides released by cyanobacteria, forming
a phycosphere. It was hypothesized that cyanobacteria provide energy
for their attached microbes via excreted rich extracellular organic mat-
ter, while, in turn, attached bacteria supply nitrogen, phosphorous and
trace elements to cyanobacteria (Grant et al., 2014; Shi et al., 2012b).
This hypothesis remains to be experimentally tested.

Metagenomic analysis has revealed novel microbe-environment in-
teractions in humans (Falony et al., 2016; Zhernakova et al., 2016), soil
(Hultman et al., 2015; Rondon et al., 2000), marine life (Lima-Mendez
et al., 2015; Sunagawa et al., 2015) and many others (Tyson et al.,
2004), thus serving as a powerful and convenient tool. Functional and
taxonomic annotation from molecular approaches of water-borne mi-
crobial communities has enabled important breakthroughs for many
freshwater lakes (Liu et al., 2014; Niu et al., 2011). However, few
metagenomic studies have focused on CAs where cyanobacteria and
bacteria coexist in close contact. Thus, potential metabolic links be-
tween these constituents remain unclear, preventing a mechanistic un-
derstanding of CyanoHABs (Berg et al., 2009; Cai et al., 2014). Although
mutualistic relationships have been hypothesized in previous studies,
little is known at the molecular level to substantiate this. However, di-
rect sequencing of hypervariable regions of 16S rRNA genes is a
convenient approach to profile the phylogenetic composition of a mi-
crobial community, and at the same time, sequence and analyze all ge-
netic materials that can reveal potential functional links among
microbial communities in CAs (Wooley et al., 2010).

Lake Taihu is the third largest freshwater lake in China irrigatingmil-
lions of hectares of grains and supplying drinking water for over 2 mil-
lion citizens (Qin et al., 2007). However, since the beginning of the
twentieth century, CyanoHABs have been a frequent occurrence in
Lake Taihu and accelerated in frequency and intensity during the last
three decades by excessive nutrient loadings (Qin et al., 2007; Wang
and Chen, 2008). Recently, the blooming regions have spread from
bays to the lake's center, and blooming time has also expanded (Chen
et al., 2003a; Hai et al., 2010). The serious consequences of CyanoHAB
in Lake Taihu have resulted in increased demands for more research
to supply effective measures for treatment and prevention.

CAs are the main organization of cyanobacteria during their blooms
and provide a suitable and stable microenvironment wherein diverse
bacteria can thrive (Tang et al., 2009). Therefore,we focused on CA com-
munities and examined aggregates during cyanobacterial blooms to re-
veal the roles of cyanobacteria and their attached bacteria in
CyanoHABs. To accomplish this, we collected 26 CA samples from Lake
Taihu and then sequenced both 16S rRNA genes and full metagenomes
for taxonomic and functional analysis at different cyanobacterial bloom-
ing stages. In this report, we asked if 1) cyanobacteria-bacteria commu-
nities in CAs of Lake Taihu show alternate succession along the time
course of annual blooms, 2) attachedbacteria in CAs aremore correlated
with the cyanobacteria community or environmental factors, and 3) a
functionalmetabolic link exists between cyanobacteria and their closely
attached bacteria. To answer these questions, we combined macro-
observation of in vivo monitoring with microanalysis of 16S rRNA
gene analysis and metagenomics.

2. Material and methods

2.1. Sample collection and site geochemistry

From March 4, 2015 to February 24, 2016, a total of 26 CA samples
covering the yearly cycle of a CyanoHAB were collected from Lake
Taihu. These samples were collected using monthly or weekly time-
series (Table S1). The dominant cyanobacterial genera in Lake Taihu
were reported as Microcystis, Dolichospermum and Synechococcus
(Chen et al., 2003b; Ye et al., 2011). However, only Microcystis and
Dolichospermum formed large-size aggregates and blooms in Lake
Taihu (Shi et al., 2012a; Wang et al., 2013; Ying et al., 2015), while
Synechococcus exists as single cells (Callieri et al., 2011). Previous stud-
ies have shown that aggregates of Microcystis and Dolichospermum in
Lake Taihu were generally larger than 50 μm (Brookes et al., 1999;
Smith and Gilbert, 2010; Zhu et al., 2016). In our study, we validated
that the size of CAs were larger than 50 μm by examining random CAs
using microscope (Fig. S1). In our experiment, we used 40 μm Cell
Strainers (BD Falcon) to collect aggregate-forming CAs. During sam-
pling, water at a depth of 0.5 m was first collected with a 5 L Schindler
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sampler and then filtered through the Cell Strainers. Samples were kept
motionless until most CAs had floated to the surface. Aggregates were
then collected by micropipetting into tubes. To remove free-living bac-
teria, the samples were treated according to a vortex and washing
method, which was proposed to analyze the attached microbial com-
munity on cyanobacterial aggregates (Cai et al., 2013a). We adopted
the vortex and washingmethod with new parameters, which were val-
idated by numerous experiments to remove as much free-living bacte-
ria as possible and maintain cellular contents of cyanobacterial
aggregates. Briefly, the tube added with ddH2O was vortexed for
1 min and then centrifuged at 2500 ×g for 15 min to obtain a thin
layer of the concentrated cyanobacterial aggregates at the top surface.
This layer was carefully transferred to another centrifuge tube. This vor-
tex and washing procedure was repeated 10 times. About 10 mL of wet
CAswere transferred to sterile Eppendorf tubes and stored at−80 °C for
DNA extraction. Additionally, two special sampleswere collected to val-
idate that the vortex and washing procedure was able to effectively re-
move free-living bacteria (Supplementary text). A CA-lake water
mixing sample (160127.Mix) containing both CA and its surrounding
lake water, and a CA sample without vortex and washing (160127.
Esc) were collected and compared with the normal CA sample
(160127). The CA-lake water mixture was collected and then randomly
divided into three equal parts. The first part was CA-lake water mixing
sample (160127.Mix). The second part was filtered through 40 μm
Cell Strainers and resulted as the CA sample escaping washing pre-
process (160127.Esc). The third part was firstly filtered through 40 μm
Cell Strainers and then processed with vortex and washing procedure,
resulted as the normal CA sample (160127).

Fifteen physicochemical factors of related CA samples were mea-
sured and recorded (Table S2). Water temperature (WT), pH, Clarity
(SD), Turbidity (TURB), suspended solids (SS), dissolved oxygen (DO)
and cyanobacterial cell density (ACD) were measured at positions
where samples were collected with a YSI 6600 Multi-Parameter Water
Quality Sonde (Ding and Zhang, 2011). One liter of water was collected
from a depth of 0.5m and used for analyses. Total nitrogen (TN), ammo-
nium (NH4-N), total phosphorus (TP), Permanganate Index (CODMn),
biological oxygen demand (BOD), chemical oxygen demand (COD)
and Chlorophyll a (Chla) were measured according to the standard
methods of water analysis (State Environmental Protection
Administration of China, 2002; Zhang et al., 2017). Water level (WL)
was also recorded. Since these environmental factors are not indepen-
dent from each other, we analyzed the inter-correlations among these
15 environmental factors with Spearman's correlation, resulting in
eight independent factors transformed to z-scores for the correlation
analysis with the composition of CA.

We also used remote sensingmethods to monitor the CyanoHABs in
Lake Taihu to provide real-timemonitoring of the blooming. The remote
sensing image data of Lake Taihuwas collected fromaNASAMODIS sen-
sor, which features the new Earth Observation System (EOS) and has
been widely used in remote sensing data collection (Salomonson
et al., 1989; Shi et al., 2017). The system can receive satellite images
on multiple bands with high time resolution. Collected MODIS data
were analyzed by ENVI (Environment for Visualizing Images, version
4.2), a software program built to extract models of cyanobacterial
bloom based on the ground object spectral theory (Kiage and Walker,
2009). We extracted the image information and calculated the affected
area of cyanobacterial blooming in Lake Taihu. Finally, we summarized
the pattern of cyanobacterial blooms in a year by combining the NDVI
values produced by ENVI software and the visual interpretation results.

2.2. Semi-quantitative in vivo monitoring of CAs

To identify cyanobacteria responsible for the bloom, we identified
the cyanobacterial constituents of CAs under an optical microscope
based on morphology and estimated their relative abundance with a
semi-quantitative in vivo monitoring method (Zhu et al., 2011). First,
the CA sample was shaken into a uniform state, and 0.1 mL of the sam-
ple was transferred to a 0.1 mL counter box. Then, cyanobacteria were
identified with a Nikon E1000 optical microscope at 10 × 10. To this
end, 30 particles were randomly selected for species counting according
to the specific population shapes.

2.3. DNA extraction and high-throughput sequencing

To extract DNA from CAs, 200 mg of CAs were first lysed by guani-
dine thiocyanate and N-lauroyl sarcosine (SIGMA) and then incubated
in 70 °C for 1 h, followed by vortexing with beads and centrifugation.
The supernatant was transferred into a new tube with 500 μl of extrac-
tion buffer (TENP mixture, including ddH2O, Tris-HCl, EDTA, NaC, PVPP
and water), vortexed and centrifuged before 500 μl supernatant were
collected. This step was repeated three times. All supernatants were
then centrifuged at 13,000g for 10 min, and the resulting supernatant
was precipitated with isopropanol overnight at 4 °C. The mixture was
then centrifuged at 13,000g for 15 min, and the supernatant was
discarded. The pellet was chilled on ice for several hours after the addi-
tion of phosphate buffer and potassium acetate. Two volumes of ethyl
alcohol and 0.1 volume of sodium acetate were added to the mixture,
which was then stored at −20 °C for several hours. The mixture was
centrifuged at 14,000g for 20 min, and the DNA deposit was washed
twice with 70% ethanol. DNA was dissolved and preserved in TE buffer
(Thermo Fisher, US).

We amplified the V4 region (250 bp) of the 16S rRNA gene to assess
the taxonomic composition of the CAs. PCR conditions and primer se-
quences were performed as previously described (Yao et al., 2016).
The purified ampliconswere sequenced on an IlluminaMiSeq PE250 se-
quencer at the Beijing Genomics Institute, Shenzhen, China (BGI). The
sequence data have been submitted to the Sequence Read Archive (Ac-
cession number SRP129864).

The metagenome DNA libraries were constructed with 2 μg of DNA
genomes, according to the Illumina TruSeq DNA Sample Prep v2
Guide, with an average of 350 bp insert size. The quality of all libraries
was evaluated using an Agilent bioanalyzer with a DNA LabChip 1000
kit. All qualified libraries were loaded to Illumina HiSeq2500 to be se-
quenced at BGI. The sequenced reads were deposited in the Sequence
Read Archive (Accession number SRP129300).

2.4. 16S rRNA gene sequence data processing

The 16S rRNA genes of 25 CA samples were sequenced, and raw
data generated were analyzed using Quantitative Insights into Mi-
crobial Ecology (QIIME) (Caporaso et al., 2010). In brief, sequences
were demultiplexed based on a unique barcode assigned to each
sample. Sequences with quality scores lower than 20 and length
shorter than 200 were filtered out. Then Operational Taxonomic
Units (OTUs) were identified using an open-reference OTU picking
protocol at a 97% similarity cutoff. We mapped the OTUs to the
Greengenes database (V201305) (Desantis et al., 2006) to identify
their taxonomy, and removed OTUs without alignment results. We
estimated raw abundance of OTUs in each sample by counting the
read numbers and conducted diversity analyses. After obtaining the
OTU tables and phylogenetic trees, we calculated microbial richness
estimators (Observed OTUs, PD whole tree and Chao1), evenness es-
timators (Equitability), and diversity estimators (Simpson Index) by
using the R statistical calculation software package ‘vegan’ (O'Hara
et al., 2011; Simpson et al., 2015). To generate rarefaction curves,
we randomly selected a fixed number of sequences from each
dataset, using the lowest read number in our samples (~25 k se-
quences) to rarify the OTU abundance data. For beta-diversity analy-
sis, we estimated weighted uniFrac distances based on the OTU
tables and the phylogenetic trees.

We calculated uniFrac distances of composition of CAs between
samples, Euclidean distances of environmental factors between
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samples, and Vincenty distances of geography between samples. To
identify environmental drivers independent of geographic distance,
we computed distance-corrected correlations between CA composition
and environmental factors by partial Mantel test using the R package
‘vegan’ with 9999 permutations. In order to determine whether
cyanobacteria of CAs were more correlated with environment or bacte-
ria, we first computed the geographic distance (G) and then the bacte-
rial community (B) corrected partial Mantel correlations (R(C,E|G,B))
between cyanobacterial composition (C) and environmental factors
(E). Next, we computed the geographic distance and environment-
corrected partial Mantel correlations between cyanobacterial composi-
tion and bacterial composition (R(C,B|G,E)). Finally, we compared
Mantel's r and P-value from these two Mantel tests (R(C,E|G,B) and R
(C,B|G,E)). To determine whether the bacteria in CAs were more corre-
lated with the environment or cyanobacteria, we also computed the
geographic distance and cyanobacterial community-corrected partial
Mantel correlations between bacterial composition and the environ-
ment (R(B,E|G,C)). We then compared R(B,E|G,C) with the correlations
between cyanobacterial composition and bacterial composition (R(C,
B|G,E)). Structural equation modeling (SEM) was used to explore how
environmental variables were integrated with and affected by
cyanobacteria and bacteria. We first considered a full model that in-
cluded all possible pathways and then sequentially eliminated non-
significant pathways one-by-one until we generated the final model
where all pathways were significant. We used the χ2 test and the root
mean square error to evaluate how well the model fits. The SEM-
related analysis was performed using the R package ‘lavaan (Rosseel,
2015)’.
Table 1
Grouping CA samples according to semiquantitative in vivo monitoring results.

MCA DCA

Sample ID Microcystis (%) Sample ID Microcystis (%)

150504 69.9 150304.1 21.4
150514.1 97.3 150304.2 50
150514.2 89.7 150306 12.2
150521 96.4 150402 40
150608.1 88.5 150409.1 55.2
150608.2 97.2 150409.2 50.7
150615 98.9 150420 60.6
150701 98.8 150427 52.9
150804 100 160104 10.0
150806 99.2 160119 5.9
150902 99.5 160127 14.7
151028 89.3
151123 100
151211 99.1
151222 77.9
2.5. Metagenomic data processing

Illumina raw reads were filtered with the following constraints:
(1) reads with N2 ambiguous N bases were removed; (2) reads with
b80% of high-quality bases (Phred score ≥20) were removed; (3) 3′-
ends of reads were trimmed to the first high-quality base. Then, filtered
metagenomic reads were assembled by Megahit (version 1.0.5) (Li
et al., 2015) into contigs in a time- and cost-efficient way, using the fol-
lowing parameters: –min-contig-len = 150, –k-min = 27, –k-max =
123, –k-step= 8 and –min-count= 1. All assembled contigs were sub-
mitted toMetaProdigal (version 2.6.3) (Hyatt et al., 2012) for gene call-
ing using the default parameters. We aligned all reads to genes by
Bowtie2 and calculated the gene coverage using bedtools (version
2.26) (Quinlan and Hall, 2010). We mapped the predicted genes to
NCBI bacteria, archaebacterial and virus non-redundant genome data-
bases by Diamond (Buchfink et al., 2015). The alignment result was
then submitted to Megan (version 6) (Huson et al., 2007) to estimate
the taxonomic and functional compositions with weighted LCA algo-
rithm. The taxonomic analysis was performed with NCBI bacterial, ar-
chaeal and viral non-redundant genome databases. The functional
analysis was conducted by mapping genes to Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Kanehisa et al., 2004) and SEED
(Overbeek et al., 2005).

To identify novel genomes from metagenomic sequencing data, we
used CONCOCT (version 0.4.1) (Alneberg et al., 2014) to cluster all
contigs longer than 1 Kb from all samples into draft genomes (called
bins) based on sequence compositions and coverages across multiple
samples with default parameters. We set the maximum cluster number
to 300. Then, we applied CheckM (version 1.0.6) (Parks et al., 2015) to
estimate the completeness and contamination for each bin. Finally, the
bins with high completeness (N70%) and fewer contaminants (b10%)
were retained as draft genomes. The draft genomes were annotated
by mapping to NCBI bacterial, archaeal and viral non-redundant ge-
nome databases using a program called Diamond. Their functional com-
positionswere estimated based onKEGGmapping results usingMEGAN
(MEtaGenome ANalyzer) software.
2.6. Comparative analysis between DCA and MCA

2.6.1. Sample grouping
According to semi-quantitative in vivomonitoring results of CA sam-

ples, two cyanobacterial genera, Dolichospermum andMicrocystis, alter-
nately dominated the CA samples from March of 2015 to January of
2016, with the dominant CAs shifting from Dolichospermum genus to
Microcystis genus in early May and back to Dolichospermum genus
again at the end of December. Therefore, we partitioned the 26 CA sam-
ples into two groups as shown in Table 1, DCA (Dolichospermum-
dominated CAs) and MCA (Microcystis-dominated CAs), using the k-
mean clustering method (Kanungo et al., 2002). We applied the same
clustering method to the environmental factors to validate accuracy of
our sample grouping.
2.6.2. Taxonomic and network comparative analyses
We compared the 16S rRNA gene-based taxonomic abundance of

Dolichospermum and Microcystis in DCA with that in MCA. Differences
in the relative abundance of bacteria in DCA and MCA were analyzed
using Wilcoxon rank-sum test. Difference in alpha diversity (α-diver-
sity) of the two groups was also compared. P-values b 0.05 were used
to indicate statistical significance. We estimated the copy number of
the rRNA operon for each OTU based on its closest relatives with
known rRNA operon copy number (Wu et al., 2017) in the rrnDB data-
base (Stoddard et al., 2015). For an OTUwithout copy number informa-
tion, we assigned it with the operon copy number of its parent taxon.
For OTUs with copy number data, we calculated the mean operon
copy number of its immediate child taxa. The abundance-weighted av-
erage rRNA operon copy number of each sample was then estimated by
taking the product of the estimated operon copy number and the rela-
tive abundance of each OTU and summing this value across all OTUs
in a sample. The abundance-weighted average rRNA operon copy num-
ber for samples between DCA and MCA was compared by Wilcoxon
rank-sum test.

To compare the ecological network between DCA and MCA, we first
constructed networks respectively for DCA and MCA by Molecular Eco-
logical Network Analyses (MENA) (Deng et al., 2012; Zhou et al., 2010;
Zhou et al., 2011), which calculated the Pearson correlation coefficients
(PCC) for each pair of OTUs, and then used the permutation test to com-
pute the statistical significance of the PCC value. Edges were set be-
tween pairs of OTUs for which the PCC was significant (FDR b 0.01).
Then, we calculated and compared the network topology characteristics
of these two networks using the Network Analyzer plugin in Cytoscope
(Assenov et al., 2007).
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2.6.3. Functional comparative analyses
Differentially abundant pathways were detected by performing

KEGG Ontology (KO) enrichment analysis with Gene Set Enrichment
Analysis (GSEA) (V2-3.0_beta_2) (Mootha et al., 2003; Subramanian
et al., 2005). To this end, we treated the gene abundance table anno-
tated with KEGG as input of the GSEA and KEGG pathway file, which
contained pathway names and genes involved in each pathway.We de-
fined the significancewith FDR P-value b 0.05 tofind the pathwayswith
significant abundance in DCA and MCA. Since different pathways may
share same genes, we measured the relationship between those signif-
icant pathways by combining Jaccard distance and number of overlap-
ping genes, each with weight of 0.5. We set the threshold of 0.35 to
obtain a relationship network between those pathways.

2.6.4. Nitrogen metabolism analyses
Wilcoxon rank-sum test was performed to compare the relative

abundance of genes involved in nitrogen metabolism. P-value b 0.05
was used to determine genes with significant abundance in DCA and
MCA. To test whether nitrogen metabolism is a functional link between
cyanobacteria and their attached bacteria, wemapped genes in each CA
sample to KEGG nitrogenmetabolism (map00910) to identify themod-
ules of nitrogen cycle. Then, we downloaded reference genomes of
Microcystis and Dolichospermum from NCBI's Genomes Resource and
mapped them to KEGG nitrogen metabolism to detect the modules of
nitrogen cycle respectively in Microcystis and Dolichospermum. To find
other participants in the nitrogen cycle, we mapped the draft genomes
binned from metagenomic sequencing data to KEGG nitrogen metabo-
lism to check whether these genomes contain genes associated with
the nitrogen cycle.

3. Results

3.1. Data description and metadata analysis

From March 2015 to January 2016, we collected 26 CAs from the
northern bays of Lake Taihu where cyanobacteria carried out a near
full-year bloom cycle (Table S1). Scanning diagram of electron micro-
scope validated the presence of both cyanobacteria and other bacteria
(cocci and rods) within the CA samples (Fig. S1A–B). Scanning micros-
copy of four randomly selected CAs showed the large size of aggregates
N50 μm(Fig. S1C–F). All sampleswere used inmetagenome sequencing,
but only 25 samples were used in 16S rRNA gene amplicon sequencing,
owing to a limited amount of DNA yielded from sample 150,304.2. In
total, 610 Mb of 16S rRNA gene data were generated from Illumina
MiSeq sequencing, and 198.98 Gb of high-quality metagenome data
were generated from Illumina HiSeq sequencing. The amount of data
reached the saturation stage as shown by the rarefaction curves, and
this proves that we have captured most information of the community
of CAs (Fig. S2A).

Using real-time remote sensing image data of Lake Taihu, we calcu-
lated the total aggregation area of the cyanobacteria, as well as maxi-
mum area and frequency of cyanobacterial blooms per month from
2010 to 2015. The results indicated that the frequency of blooms dra-
matically increased over time and that the timespan of the occurrences
expanded fromMay to October and to almost a whole year, except Feb-
ruary (Table S2), which is consistent with previous reports (Chen et al.,
2003a; Hai et al., 2010). Fifteen physicochemical factors weremeasured
to cover the major hydrographic features (WT, pH, SD, TURB, SS and
WL), index of organic pollutants (DO, BOD and COD), index of reducing
matter (TN, NH4-N and TP), permanganate Index (CODMn), and algae
index (BOD and Chla) (Table S3).WT, TN and TP showed significant var-
iation across the sampling time (Fig. S2B).WT increased first, peaked in
August, and then decreased. Conversely, TN decreased first, bottomed
out in November, and then increased. TP remained relatively steady
until increasing in December. Spearman's correlations of these environ-
mental factors indicated modest, or high, inter-correlations between
some factors, including TP and Chla (0.52), TN and TP (0.60), and WT
and TN (−0.69) (Fig. S2C). Then we clustered the samples into two
groups according to these environmental factors (Fig. S3A).

3.2. Alternate succession of dominant cyanobacterial genus

Counting the aggregates of cyanobacterial genera in CA samples by
the semi-quantitative in vivo monitoring method, we identified two
cyanobacterial genera,Dolichospermum (Fig. 1A (a, b, f)) andMicrocystis
(Fig. 1A (c, d, e)), and their constituent species, two and eight respec-
tively, as the dominant cyanobacteria in all CA samples with their total
abundance averaging about 98% of cyanobacteria composition
(Table S4). Dolichospermum and Microcystis alternately dominated the
CA samples from March 2015 to January 2016, with the dominant
cyanobacteria shifting from members of Dolichospermum to members
ofMicrocystis in the early May and back to members of Dolichospermum
again at the end of December (Fig. 1B). Specifically, Dolichospermum
dominated the months of March, April, and January in the second year
with an average relative abundance of 59%, and in other months, its av-
erage abundancewas only 5.8%.Microcystisdominated themonths from
May to December with an average abundance of 93.6%, and in other
months, its average abundance was 38.2%. Additionally, semi-
quantitative in vivo monitoring results of the CA samples recorded
from April 2014 to March 2016 validated alternate succession between
the two dominant cyanobacteria genera that covered the whole yearly
cycle of CyanoHABs (Fig. S3B). Accordingly, these 26 CA samples were
partitioned into two groups: DCA (Dolichospermum-dominated CA)
with 15 samples, and MCA (Microcystis-dominated CA) with 11 sam-
ples. MCA dominated the heavy blooms between May and December,
while DCA dominated light blooms in other months of the year. 16S
rRNA gene sequencing data analysis of cyanobacterial compositions
also showed that Microcystis was the dominant cyanobacteria genus in
87.5% of samples fromMay to December, while Dolichospermum domi-
nated in 90% samples in other months (Fig. S3C). The sample grouping
results of DAC and MCA are about 81% consistent with the sample k-
means clustering results based on environmental factors (Fig. S3A).

3.3. Taxonomic change of attached bacteria along cyanobacterial
succession

16S rRNA gene amplicon sequencing data showed that the three
most abundant microbial phyla in the CAs were Cyanobacteria
(39.3%), Proteobacteria (33.2%) and Bacteroidetes (20.5%) (Fig. 2A).
Similar results were observed in taxonomic classification of the assem-
bled contigs from themetagenome sequencingdatawith correlation co-
efficient r N 0.85 (Fig. 2B–C). First, 4733 OTUswere shared by bothMCA
and DCA, but MCA contained more specific OTUs (5877) than DCA
(2114). As a result, MCA had significantly higher a-diversity values
than DCA, indicating that much more diverse bacterial communities
closely attached toMicrocystis, forming, consequently, a more complex
phycosphere (Fig. 2D).We calculated the abundance-weighted average
rRNA operon copy number of OTUs for each sample (Fig. 2E). Wilcoxon
rank-sum test indicated that DCA showed significantly higher average
rRNA operon copy number thanMCA (P=0.0018). Additionally, signif-
icant correlation was observed between the abundance-weighted aver-
age rRNA operon copy number and both TN (Pearson r = 0.62) and TP
(Pearson r = 0.57).

To detect the specificity of the attached bacteria to different
cyanobacteria genus dominated CAs, we performed Wilcoxon rank-
sum test (FDR q value b 0.05 with 1000 permutations) between MCA
and DCA based on the taxonomic composition of CAs, excluding
Microcystis and Dolichospermum genera, resulting in 31 genera and 27
genera that were significantly enriched in theMCA and DCA groups, re-
spectively (Fig. 1C). Nineteen out of the 31 genera were enriched in
MCA and 17 out of the 27 genera were enriched in DCA belonged to
the phylum Proteobacteria. The Gemmatimonadetes phylum contained
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Fig. 1. Alternate succession of dominant cyanobacteria in CAs and their attached bacterial populations. (A) Different morphological features of MCA and DCA under microscopy. (a, b,
f) Dolichospermum-dominated aggregates appear like a long chain under microscopy. (c–e)Microcystis-dominated aggregates appear like flakes under microscopy. (B) Alternate succes-
sion between Dolichospermum (red) and Microcystis (green), as dominant algae, based on semiquantitative in vivo monitoring results (bar plot) and 16S rRNA sequencing results (line
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5 genera enriched in MCA, and the Bacteroidetes phylum contained 6
genera enriched in DCA.

3.4. Ecological networks of microbial genera along cyanobacterial
succession

We constructed ecological networks for DCA and MCA (Fig. 3A) and
then analyzed their network topology characteristics (Table S5). Strik-
ingly, both Dolichospermum andMicrocystiswere identified as keystone
species (Fig. 3B), suggesting that they play central roles in the commu-
nity. Dolichospermum had 11 neighbors, as detected by correlations, in-
cluding 10 Proteobacteria genera and 1 Chloroflexi genus. All neighbors
were positively correlated to Dolichospermum, except one that could be
annotated as Burkholderia. Microcystis had 12 positively correlated
neighbors and 5 negatively correlated neighbors, and they included 13
Proteobacteria genera, 2 Gemmatimonadetes genera, 1 Chlorobi
genus, and 1 unassigned genus.
A total of 292 edges were detected for 118 genera in the DCA associ-
ation network, and 307 edges for 94 genera in theMCA association net-
work. A lower percentage of negative relationships were found in the
MCA group (19.9%) than the DCA group (28.4%), suggesting that more
microbes coexisted in mutualistic relationships in the MCA group. As
shown in Table S5, the average clustering coefficient of the MCA net-
work was 0.23, much larger than that of a random network of the
same scale (0.056), while the characteristic path length for this network
was 4.2, slightly higher than that of a random network (2.6). Similar re-
sults were obtained in the DCA network, indicating that most microbes
in the networks were closely linked by a high level of dependence.

3.5. Environmental and community drivers of CA composition

To identify environmental drivers of CA composition indepen-
dent of geographical distance, we correlated distance-corrected dis-
similarities of community composition with distance-corrected
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dissimilarities of major environmental factors by partial Mantel test
(Fig. 4A). Overall, TP, TN, WT and DO were correlated with taxo-
nomic compositions of CAs with Mantel's r = 0.54, 0.52, 0.47 and
0.46, respectively, while WL (Water Level), representing sampling
season variation, was also strongly correlated with the functional
composition of CA based on Mantel's r = 0.25. According to the dy-
namics of WT and TN, when WT is low and TN is high,
Dolichospermum dominates the CAs. In contrast, when WT is high
and TN is low, Microcystis dominates the CAs.

Furthermore, we correlated distance-corrected dissimilarities of
cyanobacterial composition with distance-corrected dissimilarities of
environmental factors, and with distance-corrected dissimilarities of
bacterial composition by partial Mantel test. Results show that
cyanobacterial composition was more closely correlated with environ-
mental factors (Mantel's r=0.85, P=0.001) thanwith aggregated bac-
terial composition (Mantel's r = 0.76, P = 0.001). To compare the
influence of environment factors and cyanobacterial composition on
bacterial composition in CAs, we correlated the bacterial composition
with environmental factors. The results show that bacterial composition
wasmore closely correlated with cyanobacteria (Mantel's r = 0.76, P=
0.001) than with environmental factors (Mantel's r = 0.27, P=0.017).

We applied structural equationmodeling (SEM) to analyze potential
mechanisms controlling bacterial a-diversity (Fig. 4B). The
cyanobacterial a-diversity was found to be the most influential variable
directly related to bacterial diversity (standardized path coefficient =
0.40, P b 0.05). The SEM result was consistent with the partial Mantel
test. These results suggest that the cyanobacteria were closely corre-
lated with environmental factors, including TP, TN and WT, and that
the attached bacteria were more affected by the community composi-
tion of cyanobacteria than by environmental factors.
3.6. Pathways of flagellar assembly, cell cycle and biosynthesis of amino
acids enriched in MCA

To examine functional variations among CA communities, we per-
formed pathway enrichment analyses and detected 15 pathways signif-
icantly enriched in the MCA group compared to the DCA group (FDR q
value b 0.05 with 1000 permutations) (Fig. 5 and Table 2). Flagellar as-
sembly pathways related to bacterial movement in viscous environ-
ments were enriched in MCA group. During the cyanobacterial heavy
blooms in summer and autumn, Microcystis spp., as the dominant
algae, usually organized and formed viscous aggregates via secreting ex-
tracellular polysaccharides.

Other synthesis pathways were also significantly enriched in the
MCA group, including those involved in cell cycle, biosynthesis of
amino acids, peptidoglycan biosynthesis and lysine biosynthesis,
which are associated with fast cell growth. Because these pathways
share some genes, the relationship between the pathways was calcu-
lated based on the number of overlapping genes and their Euclideandis-
tance with the threshold of 0.35. Carbon-related pathways and amino
acids-related pathways were closely correlated and enriched in MCA
(Fig. 5). In contrast, no pathway was enriched in DCA compared to
MCA, indicating that the DCA communities were less active compared
to the MCA communities. Additionally, fatty acids were more likely to
be synthesized (95% probability) in the MCA group and degraded by
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the DCA group (60% probability), potentially implying highermetabolic
activity in the MCA group.

3.7. Nitrogen co-pathway between cyanobacteria and their attached
bacteria

Nitrogen was detected as one of the most correlated factors with
CAs, consistent with previous studies (Sommer, 1989; Vézie et al.,
Table 2
Pathways enriched in MCA and DCA after gene set enrichment analysis.

Group Pathway Name

MCA KO02040 Flagellar assembly
KO04112 Cell cycle - Caulobacter
KO01230 Biosynthesis of amino acids
KO00550 Peptidoglycan biosynthesis
KO00240 Pyrimidine metabolism
KO00260 Glycine, serine and threonine metabolism
KO03010 Ribosome
KO03430 Mismatch repair
KO00230 Purine metabolism
KO00195 Photosynthesis
KO00720 Carbon fixation pathways in prokaryotes
KO01200 Carbon metabolism
KO00300 Lysine biosynthesis
KO00190 Oxidative phosphorylation
KO00270 Cysteine and methionine metabolism

DCA KO02010 ABC transporters
KO02060 Phosphotransferase system (PTS)
KO00071 Fatty acid degradation
KO04146 Peroxisome
KO00360 Phenylalanine metabolism
KO04141 Protein processing in endoplasmic reticulum
KO00040 Pentose and glucuronate interconversions
KO00640 Propanoate metabolism
KO00500 Starch and sucrose metabolism
KO00630 Glyoxylate and dicarboxylate metabolism
KO00052 Galactose metabolism
KO00627 Aminobenzoate degradation
KO00280 Valine, leucine and isoleucine degradation
KO00340 Histidine metabolism
KO00350 Tyrosine metabolism
2002). We observed that bacteria in CAs were closely related to
cyanobacterial composition, suggesting that nitrogen cycle is an impor-
tant functional link between cyanobacteria and their attached bacteria.
To test this hypothesis, we first identified the modules of nitrogen
cycle appearing in themicrobial community of all 26 CA samples by an-
notating the predicted gene sets with both SEED and KEGG. The core ni-
trogen cycle involves four reduction pathways (nitrogen fixation,
assimilatory reduction of nitrate to ammonium (ANRA), dissimilatory
#Gene ES NES NOM
p-val

FDR
q-val

35 0.64 2.52 0.0000 0.000
21 0.71 2.37 0.0000 0.0000
144 0.43 2.20 0.0000 0.0017
20 0.62 2.08 0.0000 0.0039
73 0.45 2.05 0.0000 0.0037
47 0.48 2.03 0.0000 0.0039
55 0.47 2.01 0.0000 0.0056
28 0.53 1.93 0.0000 0.0085
95 0.38 1.84 0.0000 0.0149
20 0.55 1.86 0.0020 0.0142
53 0.42 1.79 0.0038 0.0207
143 0.31 1.59 0.0038 0.0610
18 0.54 1.70 0.0060 0.0387
79 0.32 1.49 0.0092 0.0899
40 0.44 1.78 0.0098 0.0209
166 0.29 1.56 0.0000 0.4288
23 0.44 1.51 0.0337 0.3088
23 0.38 1.33 0.1279 0.5970
15 0.41 1.27 0.1946 0.6073
26 0.35 1.24 0.1714 0.5634
15 0.37 1.13 0.3091 0.7860
26 0.31 1.13 0.2860 0.6782
43 0.25 1.03 0.3931 0.8768
51 0.23 0.99 0.4915 0.8976
45 0.24 0.98 0.4830 0.8255
25 0.27 0.96 0.5072 0.7916
17 0.26 0.85 0.6660 0.9891
32 0.22 0.83 0.7309 0.9576
25 0.23 0.83 0.7065 0.9007
21 0.22 0.76 0.8103 0.9471



876 C.-M. Zhu et al. / Science of the Total Environment 688 (2019) 867–879
reduction of nitrate to ammonium (DNRA) and denitrification) and two
oxidation pathways (nitrification and anaerobic ammonium oxidation
(anammox)) (Delwiche, 1970). We found that all four reduction path-
ways of nitrogen cycle existed in CAs (Fig. S4A). Then, we mapped the
available reference genomes of Microcystis and Dolichospermum from
NCBI into the nitrogen metabolism of KEGG. Only one module (ANRA)
of the nitrogen cycle was found in the Microcystis genome and two
(ANRA and nitrogen fixation) in the Dolichospermum genome. More
specifically, DNRA and denitrification occurred only in the bacteria, sug-
gesting that cyanobacteria and their attached bacteria formed nitrogen-
cycling co-pathways.

To identify other candidate bacterial participants in the nitrogen
cycle, we performed binning analysis with CONCOCT and obtained 8
“High quality drafts” (≥90% complete and b5% contamination) and 43
‘Medium-quality drafts’ (≥50% and b10% contamination)(Bowers et al.,
2017). Bymapping these 51 genomes to the nitrogen cycle, we captured
the bacteria that were potential participants in the nitrogen cycle and
constructed a nitrogen co-pathway with candidate participants for dif-
ferent modules (Fig. 6). The results showed that Microcystis acruginosa
and Dolichospermum flos-aquae participated in ANRA, Alistipes
indistinctus participates in DNRA, Proteobacteria bacterium JGI in denitri-
fication, and Dolichospermum flos-aquae in nitrogen fixation.

To characterize the dynamics of nitrogen metabolism in CAs, we
compared nitrogen metabolism-related genes in MCA with that in
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4. Discussion

The Lake Taihu blooms showed seasonal dynamics, as demonstrated
by alternate succession of dominant cyanobacterial genera between
Microcystis and Dolichospermum. In the current study, 40 μm Cell
Strainers was used to collect CAs. Most of the Synechococcus cells
would be filtered out during the sampling. This did not cause any sys-
tematic biases in the study of the relationship between cyanobacterial
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(Fig. 1B) that the CAs was dominated by only Microcystis and
Dolichospermum. Total nitrogen, total phosphorus and water tempera-
ture were three dominant factors influencing the alternate succession.
This corroborates previous findings of successions of dominant
cyanobacteria between different genera or different Microcystis spp.
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recorded in Lake Taihu and other water ecosystems (Fernández et al.,
2015a; Niu et al., 2011; Pechal et al., 2014; Wu et al., 2010a; Zhang
et al., 2014). Previous studies showedMicrocystis aggregates dominated
the period of heavy cyanobacterial blooming in summer and autumn
(Dziallas and Grossart, 2011; Fiore et al., 2013; Liu et al., 2014). In labo-
ratory studies,Microcystis andDolichospermum isolated from Lake Taihu
were shown to have interspecies competition with co-cultivation
(Zhang et al., 2014). Also, studies of Dianchi Lake showed that temper-
ature, total nitrogen and total phosphorus along alternate succession
were most correlated to Aphanizomenon flos-aquae and Microcystis
aeruginosa (Wu et al., 2010a). In a hypereutrophic drinking water sup-
ply reservoir, total phosphorus level and parameters related to season-
ality, i.e., temperature and solar radiation, were found to trigger
cyanobacterial dominance and succession between Microcystis natans
and Anabaena circinalis (Fernández et al., 2015a). Thesefindings suggest
that alternate succession of different cyanobacterial genera or species
may be a prevalent phenomenon during cyanobacterial blooms and
that such successions are driven mainly by environmental factors,
such as water temperature and nutrient concentrations.

Total nitrogen and total phosphorus showed high positive correla-
tion (Fig. S2C). When total nitrogen and total phosphorus were high,
the Dolichospermum dominated the CAs (Fig. S2B). Phosphorus enrich-
ment was suggested to facilitate dinitrogen fixation (Wang et al.,
2018), which may explain the high abundance of Dolichospermum in
CAs. Community composition of Dolichospermum-dominated CAs with
high total nitrogen and total phosphorus showed significantly lower di-
versity than that ofMicrocystis-dominated CAs, which is consistentwith
the resource-ratio theory, “more resource, less diversity” (Tilman,
1982). The resource-ratio theory was tested in a microbial community
in laboratory cultures (Hibbing et al., 2010). The rRNA operon copy
number was demonstrated to be a proxy genomic signature for one of
the various ecological strategies that bacteria exhibit by cultivation
study (Lauro et al., 2009) and community study (Wu et al., 2017). The
average rRNA operon copy number decreased over time in ecological
succession, which was indirectly associated with changes in resource
availability (Nemergut et al., 2016). Here, we showed that the average
rRNA copy number was higher under high total nitrogen levels, and
we discovered a high positive correlation between copy number and
total nitrogen.

Our analyses revealed that the attached bacteria were more corre-
lated with cyanobacteria than with the environment. The relationship
between cyanobacteria and their attached bacteria was previously in-
vestigated by (Komárková et al., 2010; Peng et al., 2007; Wilhelm
et al., 2011), all ofwhom suggested a high degree of correlation between
bacteria and cyanobacteria community compositions. Here, our ecolog-
ical network analyses revealed the small world around Dolichospermum
and Microcystis. This microcosm property, which was suggested to
make the community more robust to perturbations, was reported in
marine microbes (Montoya et al., 2006). However, most bacteria in
the aggregates of Dolichospermum and Microcystis were not found in
existing genome database, revealing our limited knowledge on
cyanobacteria-associated bacteria. One neighbor of Dolichospermum
discovered by ecological network analyses was Burkholderia, which
was reported to coexist with cyanobacteria (Wolinska et al., 2017). Ge-
nome annotation of Burkholderia species showed that many species of
Burkholderia, such as Burkholderia pseudomallei, Burkholderia mallei
and Burkholderia thailandensis, can perform denitrification (Wiersinga
et al., 2006) and thus could be correlated with Dolichospermum through
nitrogen pathways.Dechloromonas, closely associated toMicrocystis, has
a large number of environmental sensors and signaling pathways
(Salinero et al., 2009). Two Dechloromonas strains were also reported
to completely mineralize various mono-aromatic compounds with ni-
trate as the electron acceptor (Coates et al., 2001). These results indicate
the importance of the nitrogen pathway as a functional link bywhich to
form mutualistic relationships between cyanobacteria and their closely
attached bacteria. Nitrogen has also been widely reported as one of the
most important factors affecting CyanoHABs in culture-based experi-
ments (Beversdorf et al., 2013; Chaffin and Bridgeman, 2014; Conley
et al., 2009; Paerl et al., 2014; Yu et al., 2014). However, few studies
have been carried out to determine the co-participators in the nitrogen
cycle within cyanobacteria aggregates. Here, ourmetagenomic analyses
suggest that cyanobacteria and bacteria potentially co-participate in the
nitrogen cycle.

Some well-known relationships, such as suspended solids and tur-
bidity (Spearman' correlation 0.89), or algae cell density and chloro-
phyll a (0.94), were reported. Both partial Mantel tests and SEM
analysis showed that the attached bacterial composition was more cor-
relatedwith the cyanobacterial composition thanwith the environmen-
tal factors. Previous studies also concluded that environment-mediated
alternate succession of cyanobacteria likely shaped the variations of
their attached bacteria (Niu et al., 2011). Nutrient concentrationmay di-
rectly influence the bacteria in CAs by affecting bacterial growth
(Haukka et al., 2006; Pinhassi and Hagström, 2000). However, bacterial
community wasmore related to cyanobacteria than environmental fac-
tors in our study. It is possible that nutrients may have an indirect im-
pact on bacteria through their influence on cyanobacterial populations.

Water pollution, as affected by supplemented nutrients, is a funda-
mental problem that can result in the imbalance of complex freshwater
ecosystems composed of multiple interacting microbial groups. Docu-
mented global increase in the frequency and persistence of blooms of
cyanobacteria continues to alarm researchers and environmental man-
agers. Consistent with previous studies in Lake Taihu and many lakes
worldwide, this study demonstrates that two cyanobacteria genera
(Dolichospermum and Microcystis) could be characterized by alternate
succession of CAs in different seasons in a manner dependent on
changes in temperature and nutrient supply. Mutualistic relationships
were discovered between cyanobacteria and their closely attached bac-
teria, both from ecological network analysis at the taxonomic level and
co-pathway analysis at the gene level.With these results, we discovered
a co-dependency of CA constituents. Further research on codependency
between attached bacteria and cyanobacteria may offer potential tar-
gets for controlling toxic blooms.

5. Conclusions

While the attached bacteria have been reported to be indispensable
for the cyanobacteria to form the organization of aggregates during
CyanoHABs, it is still not clear what the role the cyanobacteria and
their attached bacteria are playing for the microbial ecology of the
CAs. Mutualistic relationships are assumed to exist between bacteria
and cyanobacteria in these CAs. Here, we observed the alternate succes-
sion of two cyanobacteria genera (Microcystis and Dolichospermum) by
the semi-quantitative in vivo monitor and elucidated the significantly
different bacterial community attached to Microcystis and
Dolichospermum by 16S rRNAanalysis. Besides, the bacterial community
was found to be more correlated to the cyanobacterial community than
to the environmental factors. A potential co-dependent nitrogen-
cycling pathway between cyanobacteria and their attached bacteria, a
critical functional link within the community, was constructed. Overall,
these results demonstrated that mutualistic relationships do, indeed,
exist between cyanobacteria and bacteria in CAs at both taxonomic
and gene levels, providing biological clues potentially leading to the
control of blooms by interventional strategies to disrupt bacteria-
cyanobacteria relationships and co-pathways.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.06.150.
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