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a b s t r a c t 

Freshwater cyanobacterial blooms have drawn public attention because they threaten the 

safety of water resources and human health worldwide. Heavy cyanobacterial blooms out- 

break in Lake Taihu in summer annually and vanish in other months. To find out the factors 

impacting the cyanobacterial blooms, the present study measured the physicochemical pa- 

rameters of water and investigated the composition of microbial community using the 16S 

rRNA gene and internal transcribed spacer amplicon sequencing in the months with or 

without bloom. The most interesting finding is that two major cyanobacteria, Planktothrix 

and Microcystis , dramatically alternated during a cyanobacterial bloom in 2016, which is less 

mentioned in previous studies. When the temperature of the water began increasing in 

July, Planktothrix appeared first and showed as a superior competitor for M. aeruginosa in 

NO 3 
−-rich conditions. Microcystis became the dominant genus when the water temperature 

increased further in August. Laboratory experiments confirmed the influence of temper- 

ature and the total dissolved nitrogen (TDN) form on the growth of Planktothrix and Mi- 

crocystis in a co-culture system. Besides, species interactions between cyanobacteria and 

non-cyanobacterial microorganisms, especially the prokaryotes, also played a key role in 

the alteration of Planktothrix and Microcystis . The present study exhibited the alteration of 

two dominant cyanobacteria in the different bloom periods caused by the temperature, TDN 

forms as well as the species interactions. These results helped the better understanding of 

cyanobacterial blooms and the factors which contribute to them. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

There is growing awareness that cyanobacterial blooms seri- 
ously threaten the safety of public water resources. Thus, they 
have become a widespread environmental problem. The de- 
velopment of a cyanobacterial bloom dramatically influences 
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the water quality, notably increases the turbidity of water 
and disrupts the acid-base equilibrium ( Huisman et al., 2018 ; 
Paerl and Huisman, 2008 ). Toxins or other allelochemicals pro- 
duced by nuisance cyanobacteria strains also pose a potential 
threat to aquatic microbes ( Qian et al., 2018 ; Rouhiainen et al., 
2000 ; Song et al., 2017 ; Sukenik et al., 2002 ), impacting the 
microbial community during blooms. Most importantly, cyan- 
otoxins produced by several cyanobacterial species can harm 

human health ( Elder et al., 1993 ). 
Anthropogenic-induced eutrophication and the rising tem- 

perature can be the main factors influence the cyanobacte- 
rial blooms in freshwaters worldwide ( Huisman et al., 2018 ; 
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Monchamp et al., 2018 ; Rigosi et al., 2014 ), although there are 
also many other factors like the influx of pollutants including 
fungicide ( Lu et al., 2019 ) and nanoparticles ( Lu et al., 2020a ). 
Early reports tended to identify phosphorus (P) as the primary 
cause of freshwater cyanobacteria blooms ( Schindler et al., 
2008 ), while more recent studies have focused on the function 

of nitrogen (N) and demonstrated that N played an equal role 
as P in limiting the growth of nuisance algae ( Elser et al., 2007 ; 
Lewis and Wurtsbaugh, 2008 ; Lewis et al., 2011 ). Furthermore, 
Davis et al. (2015) found that bloom growth responded more 
frequently to the addition of N than P, and the enrichment of 
both N and P caused the highest microcystin concentrations 
in Lake Erie. 

Considering the long-term trend of global warming 
( Sevellec and Drijfhout, 2018 ) and the governmental control of 
nutrient inputs to freshwater ( Conley et al., 2009 ), temperature 
will be the major factor in enhancing cyanobacterial blooms. 
Elevated temperatures have exacerbated massive cyanobac- 
terial blooms in many aquatic ecosystems, favoring the pro- 
liferation and dominance of cyanobacteria, as cyanobacteria 
grow better than diatoms or green algae at high tempera- 
tures ( Jöhnk et al., 2008 ; Paerl and Huisman, 2008 ; Paerl and 

Huisman, 2009 ). For example, Microcystis , which are the most 
frequent bloom-forming cyanobacteria, grows slowly below 

20 °C but reaches a maximum growth rate at approximately 
30 °C ( Jöhnk et al., 2008 ; Paerl and Paul, 2012 ). In addition, 
high temperatures can strengthen the vertical stratification 

of freshwater. Under these conditions, several cyanobacteria 
species can float upward to the water surface due to the buoy- 
ancy of intracellular gas vesicles ( Huisman et al., 2018 ) and ab- 
sorb most of the solar radiation ( Ibelings et al., 2003 ), resulting 
in enhanced dominance. Furthermore, some studies indicated 

that rising temperatures could induce the increased produc- 
tion of toxins ( Berry et al., 2017 ; Kleinteich et al., 2012 ), which 

make cyanobacteria more aggressive in freshwater microbial 
communities. Just a few studies reported microcystin concen- 
tration increases at lower temperatures ( Peng et al., 2018 ). 

Some researchers unveiled that cyanobacterial commu- 
nities are spatially and temporally heterogeneous during 
blooms, whereas the composition and diversity of a micro- 
bial community also vary ( Berry et al., 2017 ; Qian et al., 2017 ; 
Tromas et al., 2017 ). Microcystis can inhibit the growth of 
other microbes by secreting specific metabolites ( Song et al., 
2017 ) or via other unknown ways ( Bittencourt-Oliveira et al., 
2014 ; Ma et al., 2015 ). The appearance of distinct microor- 
ganisms that are associated with Microcystis and Anabaena 
blooms ( Louati et al., 2015 ) imply beneficial interactions be- 
tween cyanobacteria and the associated bacteria. Additionally, 
heterotrophic bacteria have shown both positive ( Grant et al., 
2014 ) and negative ( Demuez et al., 2015 ) effects on cyanobac- 
terial growth and may be an important biotic factor for the 
formation and alteration of cyanobacteria blooms by species 
interaction. 

Lake Taihu is a shallow lake with a mean depth of 1.9 m lo- 
cated in the Yangtze Delta (30 °55 ′ 40 ′′ –31 °32 ′ 58 ′′ N; 119 °52 ′ 32 ′′ –
120 °36 ′ 10 ′′ E). The rapid development of industry and agricul- 
ture near the Lake Taihu watershed has led to eutrophication, 
with frequent formation of cyanobacterial blooms in recent 
decades ( Song et al., 2017 ). To find out the factors which con- 
tribute to the formation and temporal alterations of cyanobac- 
terial blooms, we monitored Lake Taihu in both bloom (July, 
August, and September in 2016) and non-bloom (March and 

May in 2017) months. In the field work, we measured the 
physicochemical parameters of water, and determined the 
composition of prokaryotic and fungi communities in each 

month using 16S rRNA gene and internal transcribed spacer 
(ITS) amplicon sequencing, respectively. In the meantime, we 
carried out several laboratory experiments to confirm the re- 
sults of the field work. From these studies, we considered both 

biotic and abiotic factors and we aimed at explaining (i) the 

temporal changes of cyanobacterial community composition 

in different bloom periods in Lake Taihu; (ii) the key environ- 
mental factors that influenced the cyanobacterial community; 
(iii) the species interactions between cyanobacteria and other 
microorganisms (non-cyanobacterial prokaryotes and fungi). 
Taken together, the results of this study are intended to pro- 
vide a better understanding of the interactions between envi- 
ronmental factors, cyanobacteria blooms and the composition 

of the non-cyanobacterial microbial community. 

1. Methods and materials 

1.1. Sample collection and field data 

Water samples were collected for 5 months (July, August, and 

September in 2016 and March and May in 2017) at 3 stations 
(Sites A, B and C) in Meiliang Bay (Appendix A Fig. S1 ). Meil- 
iang Bay is the main location of cyanobacterial blooms and 

is located in the northern Lake Taihu ( Shen et al., 2003 ). We 
defined July, August and September as “bloom months” due to 
the higher contents of chlorophyll a and microcystins in these 
months as measured by Feng et al. (2016) and Shen et al. (2003) , 
respectively. Thereupon we collected water samples in March 

and May as “non-bloom months” to compare with the “bloom 

months”. Twelve liters of surface water were collected at every 
site from a depth of 0.5 m, and the temperature was measured 

directly. The samples were then transported to the labora- 
tory, and the pH was measured with a pH meter (FE20, Mettler 
Toledo, Switzerland). The water samples were filtered through 

0.22 μm polycarbonate filters to collect all aquatic microorgan- 
isms ( Lu et al., 2020b ), which were frozen at -80 °C for further 
experiments. The filtered water was collected for measure- 
ment of total dissolved nitrogen (TDN), total dissolved phos- 
phorus (TDP), nitrate (NO 3 

−) and ammonium (NH 4 
+ ). Alkaline 

persulfate was added to filtered water, and then autoclaved at 
121 °C to digest the samples. After that, 10% HCl was added 

to each sample and the absorbance was measured at 220 nm 

and 275 nm in a 1-cm cuvette to obtain the TDN content 
( D’Elia et al., 1977 ). Filtered water was digested with potas- 
sium persulfate at 121 °C firstly to convert all forms of P to 
orthophosphate. Then ammonium molybdate and tin (II) chlo- 
ride were added to the digested samples, and the absorbance 
of molybdenum blue was measured at 700 nm in a 1-cm cu- 
vette measured to calculate the TDP content ( Goulden and 

Brooksbank, 1975 ). Commercial kits (Suzhou Comin Biotech- 
nology, China) were used for the measurements of NO 3 

− and 

NH 4 
+ contents in the water samples in accordance with the 

manufacturer’s specifications. The NO 3 
− present in filtered 

water reacted with salicylic acid under the strong acid condi- 
tions present and produced nitrosalicylic acid, which is yellow 

at alkaline conditions. The content of NO 3 
− was calculated ac- 

cording to the absorbance of yellow products at 410 nm as the 
specifications described. The NH 4 

+ present in filtered water 
reacted with pypocholoride and phenol under the strong al- 
kaline conditions. The content of NH 4 

+ was calculated by the 
absorbance of the indophenol blue at 625 nm according to the 
specifications of the commercial kit. 

1.2. DNA extraction and sequencing 

Total DNA was extracted from the frozen samples using a 
Power Soil DNA Isolation Kit (Biomiga, USA) for analysis of 
aquatic microorganism abundance and diversity. The DNA 

concentration and purity were monitored on 1% agarose gels. 
Dependent on the concentration measured, the DNA was di- 
luted to 1 ng/ μL using sterile water. The V3-V4 region of 
the 16S rRNA gene was amplified using primers 341F (CC- 
TAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) 
with the barcode. And the ITS gene was amplified using 
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the primers ITS5-1737F (GGAAGTAAAAGTCGTAACAAGG) and 

ITS2-2043R (GCTGCGTTCTTCATCGATGC) with the barcode. All 
PCRs were performed with the Phusion® High-Fidelity PCR 

Master Mix (New England Biolabs, UK). After quantification 

and qualification, the PCR products were purified with Qia- 
gen Gel Extraction Kit (Qiagen, Germany). The purified am- 
plicons were then sequenced on the Illumina HiSeq2500 plat- 
form (Illumina, USA). The raw sequencing data have been sub- 
mitted to the NCBI Sequence Read Archive (SRA) database 
with accession numbers SRR8398881 to SRR8398925 (16S) and 

SRR8491695 to SRR8491739 (ITS). 

1.3. Sequence analysis 

The raw tag filtration was performed according to the QIIME 
(V1.9.1, http://qiime.org/index.html ) quality-controlled pro- 
cess to obtain high-quality tags. Uparse software (Uparse 
V8.1.1861, http://drive5.com/uparse/ ) was used for sequence 
analysis. Sequences with ≥ 97% similarity were assigned to 
the same operational taxonomic unit (OTU) as our previ- 
ous study described ( Zhang et al., 2019 ). Taxonomic anno- 
tation was performed using the GreenGene Database ( http: 
//greengenes.lbl.gov/cgi-bin/nphindex.cgi ) based on the RDP- 
classifier (Version 11.4, https://github.com/rdpstaff/RDPTools ) 
algorithm. Alpha diversity was calculated with QIIME (Version 

1.9.1). Analysis of the correlation between environmental pa- 
rameters and cyanobacteria as well as the species interac- 
tions between cyanobacteria and non-cyanobacterial micro- 
bial communities (including prokaryotic and fungi commu- 
nity) was performed using the free online platform of Majorbio 
I-Sanger Cloud Platform ( www.i-sanger.com ) and based on the 
Spearman’s rank correlation coefficients. Co-occurrence net- 
works in the present study were all performed by Gephi (0.9.2). 

1.4. Laboratory experiments 

1.4.1. Analysis of the abundance of two main cyanobacteria 
species by special gene analysis 
To confirm the results of 16S rRNA gene sequencing, we ana- 
lyzed the abundance of Planktothrix and Microcystis in samples 
from Lake Taihu by using real-time PCR with special primers 
according to the methods described by Rudi et al. (1997) . The 
primer pairs ( CH-CI ) were specific to Microcystis , and the primer 
pairs ( CN-CO ) were specific to Planktothrix . Real-time PCR was 
performed with the protocol in Eppendorf Master Cycler® ep 

RealPlex4 (Wesseling Berzdorf, Germany) as in our previous re- 
port ( Ke et al., 2020 ). All primer pair sequences are provided in 

Appendix A Table S1 . 

1.4.2. Co-culture experiment for Planktothrix agardhii and 
Microcystis aeruginosa 

The unialgal P. agardhii and M. aeruginosa , common species of 
Planktothrix and Microcystis , respectively, were purchased from 

the Institute of Hydrobiology, Chinese Academy of Sciences 
(Wuhan, China). To confirm whether there were some alle- 
lochemicals exchanged between Microcystis and Planktothrix 
that resulted in the replacement of Planktothrix by Microcys- 
tis in August, an indirect co-culture experiment was carried 

out. For this experiment, P. agardhii and M. aeruginosa were 
cultured in sterilized BG-11 liquid medium (without soil ex- 
tract) at 25 °C under 300 μmol m 

−2 sec −1 light intensity us- 
ing a 12 hr /12 hr light-dark cycle. The initial optical density 
at 680 nm (OD 680 ) of P. agardhii and M. aeruginosa were 0.02. 
A permeable dialysis cellulose membrane (pore size 12 kDa; 
Sigma-Aldrich, USA) was present between the two cyanobac- 
teria to ensure that allelochemicals (if present) could be trans- 
ported, as we intended to verify the interactions between M. 
aeruginosa and Chlorella vulgaris ( Song et al., 2017 ). We mea- 
sured the contents of chlorophyll a at 2, 4, 6, 8, 12 day according 

to Zhang et al. (2018) to determine the impact of M. aeruginosa 
on P. agardhii . 

A direct co-culture was performed to determine the effects 
of temperature and TDN form on the alterations of Microcys- 
tis and Planktothrix . For this, P. agardhii and M. aeruginosa were 
mixed for co-culturing at 25 °C and 30 °C, with the same ini- 
tial OD 680 of 0.01, which was close to the value for Lake Taihu 

water. A modified BG-11 liquid medium with 10 mg/L N con- 
tent and 1 mg/L P (we chose a concentration that was 10-fold 

higher than that in Lake Taihu due to the low growth rate 
of the two cyanobacteria species at the nutrient concentra- 
tions in the natural aquatic system) was used for co-culture. 
In this medium, two forms of TDN, NO 3 

− and NH 4 
+ , were se- 

lected to verify the contribution of TDN form to the alteration 

of Planktothrix and Microcystis . The ratio of P. agardhii and M. 
aeruginosa in co-culture medium was determined by the abun- 
dance of their specific genes, CN-CO and CH-CI , respectively, 
using real-time PCR according to the methods described by 
Rudi et al. (1997) . 

1.5. Statistical analyses 

The statistical significance of the data in this study was ana- 
lyzed by analysis of variance (ANOVA, Two-factor with replica- 
tion) using the Analysis Tools of Excel (Microsoft Corporation, 
Redmond, WA, USA). All analyses were performed in triplicate 
except for the determination of the water temperature at each 

station, afterwards the standard deviation (SD) was calculated. 

2. Results and discussion 

2.1. Fluctuations in cyanobacteria community 
composition within one year 

The results of 16S rRNA gene sequencing showed that 
the cyanobacterial community composition in the freshwa- 
ter exhibited temporally dynamic changes. The dominant 
cyanobacteria in July and August 2016 were Planktothrix and 

Microcystis , respectively ( Fig. 1 A ), and no other cyanobacte- 
ria ranked in the top ten. Planktothrix dominant 7.5% (site A) 
to 35.7% (site C) of the total OTUs in July 2016, while this 
value drastically decreased to 0.1–0.3% in August 2016. Micro- 
cystis represented less than 0.1% of the prokaryotic commu- 
nity in July 2016 but increased to 4.4%-18.0% at sites A, B and 

C ( Fig. 1 A ) in August 2016. Both of these cyanobacteria disap- 
peared in between September 2016 and March 2017 (less than 

0.5%). Interestingly, when the bloom faded out in September 
2016, two other cyanobacteria, Synechococcus and Limnothrix , 
drastically increased from less than 0.5% in July and August 
to 4.6%-7.4% and 1.1%-1.3%, respectively. In March 2017, no 
cyanobacteria were observed, while Microcystis at Site B re- 
curred in the aquatic microbial community as a predominant 
microbe representing 20% of the community in May ( Fig. 1 A ). 
At sites A and C in May 2017, the relative abundance of Lim- 
nothrix was approximately 2.1%. However, the abundance of 
Anabaena (now called Dolichospermum ) was low in all sampling 
month ( Fig. 1 A ), while it was reported as the second most 
dominant cyanobacterial bloom genus in Taihu ( Chen et al., 
2003 ). 

What caught our attention in the results of the 16S rRNA 

gene sequencing was that the dominant genus of cyanobacte- 
ria dramatically altered from July ( Planktothrix ) to August ( Mi- 
crocystis ), which was less mentioned in the previous studies. 
To confirm this finding, the abundances of the specific genes 
of Microcystis ( CH-CI ) and Planktothrix ( CN-CO ) were determined 

by qPCR ( Fig. 1 B ). The abundance of CN-CO increased in July 
2016 and 2017 (site A) but remained relatively low in the other 
samples ( Fig. 1 B ). A high abundance was detected for CH-CI in 

August 2016, and in May 2017 (site B). All these results were 

http://qiime.org/index.html
http://drive5.com/uparse/
http://greengenes.lbl.gov/cgi-bin/nphindex.cgi
https://github.com/rdpstaff/RDPTools
http://www.i-sanger.com
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Fig. 1 – Alteration of dominant cyanobacteria in the different bloom periods. (A) The temporally dynamic changes of 
cyanobacteria. Only the cyanobacteria with relative abundance more than 0.001 at least in one month, are shown; (B) 
Abundance of Planktothrix ( CN-CO ) and Microcystis ( CH-CI ) specific gene during the different sampling months; (C) The 
content of chlorophyll a of P. agardhii cultured with (treat) or without (control) M. aeruginosa in laboratory experiment. 

in accordance with the results of the 16S rRNA gene sequenc- 
ing. As previous studies have shown, one microbe can inhibit 
or induce others via the release of specific chemicals, which 

are called “allelochemicals” ( Aharonovich and Sher, 2016 ; 
Song et al., 2017 ). According to this phenomenon, we postu- 
late first that there may be some allelochemicals exchanged 

between Microcystis and Planktothrix , and then cause the re- 
sult that Microcystis replaced Planktothrix in August. Therefore, 
we carried out a laboratory experiment in which we cultured 

P. agardhii with (treatment) or without (control) M. aeruginosa . 
However, we did not observe a significant interaction between 

M. aeruginosa and P. agardhii . The content of chlorophyll a was 
not influenced by M. aeruginosa treatment, compared to the 
control ( Fig. 1 C ). Thus, the disappearance of Planktothrix and 

dominance of Microcystis in August 2016 may be mainly at- 
tributed to other factors, which include temperature, nutrition 

condition and the species interaction. 

2.2. Physicochemical parameters of water quality 

The physicochemical water parameters were measured dur- 
ing all sampling months, and included temperature, pH, and 

the contents of TDN, TDP, NO 3 
− and NH 4 

+ . The environ- 
mental parameters at the three sampling sites were found 

to change significantly between sampling months. A maxi- 
mum water temperature of 28 °C occurred in August (bloom 

month), and the minimum temperature was 15 °C in March 

(non-bloom month, Table 1 ) during the sampling period. This 
result was agreed with the previous studies, which showed 

that the higher temperature can induce the formation of 
cyanobacterial bloom ( Paerl and Huisman, 2008 ). The pH var- 
ied between 7.6 and 8.9 during the sampling months, but it 
was higher in bloom months than in non-bloom months, es- 

Table 1 – Physicochemical parameters of Lake Taihu water 
across spatial and temporal scales. 

Temperature 
( °C) pH 

TDN 

(mg/L) 
TDP 
(mg/L) 

NO 3 
−

(mg/L) 
NH 4 

+ 

(mg/L) 

2016 Jul_A 25.0 7.8 0.31 0.09 0.21 0.03 
2016 Jul_B 25.0 8.2 0.26 0.13 0.11 ∗

2016 Jul_C 25.0 8.4 0.64 0.11 0.11 0.20 
2016 Aug_A 28.0 8.3 0.47 0.17 0.07 0.09 
2016 Aug_B 28.0 8.5 1.04 0.16 0.09 0.11 
2016 Aug_C 28.0 8.9 1.95 0.18 0.09 0.44 
2016 Sep_A 22.0 7.8 0.63 0.13 0.26 0.32 
2016 Sep_B 22.0 7.8 0.62 0.11 0.26 0.18 
2016 Sep_C 22.0 7.9 0.86 0.12 0.24 0.24 
2017 Mar_A 15.0 7.7 1.21 0.13 0.20 0.19 
2017 Mar_B 15.0 7.7 1.58 0.11 0.14 0.15 
2017 Mar_C 15.0 7.8 1.25 0.12 0.12 0.13 
2017 May_A 22.0 7.9 1.22 0.11 0.14 0.09 
2017 May_B 22.0 8.0 1.43 0.13 0.09 0.17 
2017 May_C 22.0 8.1 1.37 0.12 0.13 0.19 

∗: missing data; TDN: total dissolved nitrogen; TDP: total dissolved 
phosphorus. 

pecially in August (8.30–8.86, Table 1 ). The elevation of pH 

could be attributed to the carbon concentrating mechanisms 
by which CO 2 is assimilated in the water by cyanobacteria 
( Sandrini et al., 2016 ). TDN was lowest in July (0.26–0.64 mg/L) 
and highest in August (1.949 mg/L at site C, Table 1 ). But in 

general, the TDN content was much higher in the non-bloom 

months than in the bloom months. The decreased contents 
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Fig. 2 – Environmental factors related to cyanobacterial 
community composition. ( A) The correlation between 

environmental parameters and cyanobacterial community 

composition during the different sampling months. ∗

represent significant correlation ( p < 0.05); (B) Total number 
of hours of sunshine and average temperature in the 
sampling months. The data have been provided by the 
weather bureau of Wuxi, Jiangsu. The black solid line with 

circles represents the total number of hours of sunshine; 
the red solid line with squares represents the average 
temperature; (C) The impacts of temperature and TDN form 

on the ratio of P. agardhii ( CN-CO ) and M. aeruginosa ( CH-CI ) 
specific gene abundance in laboratory experiment. (For 
interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

of TDN in months of bloom was attributed to N-assimilation 

by cyanobacteria, which is the main uptake mechanism of 
TDN in the aquatic environment ( Salk et al., 2018 ). The TDN 

contents increased in non-bloom months due to regeneration 

( Hampel et al., 2019 ). Compared to the months with no bloom, 
the TDP content in the bloom months, except August, did not 
show any significant differences ( Table 1 ). Xie et al. (2003) indi- 
cated that Microcystis blooms in August enhanced the release 
of TDP from sediment to lake water, and this process is medi- 
ated by high pH. Both TDP and pH reached a peak in August in 

the present study and this was consistent with the findings of 
Xie et al. (2003) . When focusing on the two TDN forms in July 
and August, the contents of NO 3 

− were decreased from July to 
August, while NH 4 

+ showed the opposite trend. This finding 
was similar with the alteration of Microcystis and Planktothrix , 
which implied that different cyanobacteria may benefit from 

different TDN forms. 

2.3. Environmental factors related to cyanobacterial 
community composition 

To determine the correlation between different environmen- 
tal factors and the cyanobacterial community, we calculated 

the Spearman’s rank correlation coefficient based on the 
abundances of different genera of cyanobacteria and envi- 
ronmental parameters ( Fig. 2 A ). We observed that Microcys- 
tis abundance exhibited a strong positive correlation with pH 

( Fig. 2 A ). This confirms that an increase in cyanobacteria, es- 
pecially Microcystis , caused an elevation of the pH of the wa- 
ter due to cyanobacterial carbon concentrating mechanisms 
( Paerl and Huisman, 2009 ). Our results also revealed that tem- 
perature plays a critical role in the cyanobacterial community, 

as most listed cyanobacteria were positively correlated with 

temperature, such as Microcystis and Planktothrix ( Fig. 2 A ). Due 
to continuous global warming, increasing temperatures dra- 
matically induce the growth of most of cyanobacteria ( Yvon- 
Durocher et al., 2015 ). The optimum growth temperature for 
most of the cyanobacteria is above 25 °C ( Jöhnk et al., 2008 ) 
and is different between cyanobacteria species ( Robarts and 

Zohary, 1987 ). Besides, in the present study, different tem- 
perature also played a key role in the alteration of dominant 
cyanobacteria in different bloom periods. When the temper- 
ature of the water increased to 25 °C in July, Planktothrix ap- 
peared firstly ( Fig. 1 A ). Then, Microcystis became the dominant 
species when the water temperature increased further in Au- 
gust 2016 (28 °C, Fig. 1 A ). A warming event in May 2017 also 
induced the proliferation of Microcystis ( Fig. 1 A ). It is however 
unexpected that only site B suffered a Microcystis bloom in May 
2017, as the temperature is the same as at sites A and C (22 °C). 
Thus, there must be other factors that influenced the for- 
mation of cyanobacteria. Most genera of cyanobacteria have 
a negative correlation with ambient TDN content, for exam- 
ple, Planktothrix. Microcystis , another common bloom-forming 
cyanobacterium which was dominated in August, were on the 
other hand found to be positively correlated with ambient 
TDN concentration ( Fig. 2 A ). In addition, we found that differ- 
ent forms of TDN influenced the presence of Microcystis and 

Planktothrix differently: Microcystis were positively correlated 

with NH 4 
+ , while NO 3 

− was beneficial to the growth of Plank- 
tothrix ( Fig. 2 A ). Besides, the TDN content and ratio of NH 4 

+ / 
NO 3 

− was higher in site B than at the other two sites in May 
2017. This could partly explain why only site B suffered a Mi- 
crocystis bloom in May 2017 at the same temperature. P has 
been recognized as the primary limiting nutrient of eutrophi- 
cation ( Carpenter, 2008 ; Schindler et al., 2008 ), and it positively 
impacted Microcystis while showing a weakly negative correla- 
tion with Planktothrix ( Fig. 2 A ). Apart from the physicochemi- 
cal water parameters we measured, light is another important 
factor that can influence cyanobacterial growth. We obtained 

the data on sunshine time for each sampling month from the 
weather bureau of Wuxi, Jiangsu ( http://js.cma.gov.cn/dsjwz/ 
wxs/ ). These data showed that the total number of hours of 
sunshine in July 2016 was less than in August 2016 ( Fig. 2 B ). 
This caused Planktothrix to grow better than Microcystis in July 
2016, as this species has a high ability to adapt to reduced diel 
irradiance ( Monchamp et al., 2018 ). 

2.4. Temperature and TDN form influence the growth of 
M. aeruginosa and P. agardhii in the laboratory 

As shown by the Spearman’s rank correlation coefficients, 
the rising temperature and two forms of TDN might con- 
tribute to the alteration of Planktothrix and Microcystis from 

July to August. To confirm this, we cultured M. aeruginosa and 

P. agardhii together under different conditions (two temper- 
atures and two forms of TDN). The ratio between P. agardhii 
and M. aeruginosa specific gene abundance was much higher 
in the medium containing NO 3 

− than in the medium contain- 
ing NH 4 

+ ( Fig. 2 C ). This result indicated that P. agardhii was a 
superior competitor for M. aeruginosa in NO 3 

−-rich conditions, 
a TDN form that is less bioavailable to cyanobacteria than 

NH 4 
+ ( McCarthy et al., 2009 ). It could explain why Planktothrix 

was dominated in the July (a month with higher NO 3 
−/NH 4 

+ 
than August). On the other hand, higher temperatures ac- 
celerated the proliferation of M. aeruginosa ( Fig. 2 C ) also ex- 
plained the replacement of Planktothrix with Microcystis in Au- 
gust (a month with higher temperature). These effects of the 
two forms of TDN and temperature on the growth of the two 
cyanobacteria species in the laboratory experiment were con- 
sistent with the results of the Spearman’s rank correlation co- 
efficients ( Fig. 2 A ). This result indicated that the rising temper- 
ature and nutrient condition not only caused the formation 

of a cyanobacterial bloom as some previous studies showed 

http://js.cma.gov.cn/dsjwz/wxs/
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Table 2 – Alpha diversity indices (Shannon, Simpson and Observed species) of prokaryotic and eukaryotic community in 

samples from different sites and months. The data are presented as mean ± SD. n = 3. Years of each sampling months 
were the same of Table 1 . 

Shannon Simpson 
Observed 
species Shannon Simpson 

Observed 
species 

16S ITS 
Jul_A 5.13 ± 0.62 0.87 ± 0.051 933 ± 235 5.86 ± 0.56 0.92 ± 0.04 989 ± 61 
Jul_B 4.91 ± 0.92 0.87 ± 0.046 974 ± 321 5.54 ± 0.48 0.90 ± 0.04 945 ± 74 
Jul_C 4.14 ± 0.18 0.83 ± 0.037 630 ± 111 5.45 ± 0.61 0.91 ± 0.02 786 ± 262 
Aug_A 7.65 ± 0.10 0.98 ± 0.001 1481 ± 54 4.68 ± 0.33 0.88 ± 0.03 758 ± 34 
Aug_B 7.48 ± 0.15 0.98 ± 0.002 1396 ± 104 4.80 ± 0.29 0.88 ± 0.01 737 ± 160 
Aug_C 6.27 ± 0.28 0.95 ± 0.013 1074 ± 133 5.22 ± 0.29 0.92 ± 0.01 761 ± 109 
Sep_A 6.98 ± 0.35 0.96 ± 0.004 1592 ± 299 5.00 ± 0.55 0.90 ± 0.02 773 ± 176 
Sep_B 7.72 ± 0.19 0.98 ± 0.002 1966 ± 101 4.96 ± 0.48 0.89 ± 0.03 846 ± 160 
Sep_C 6.93 ± 0.26 0.96 ± 0.004 1637 ± 149 4.46 ± 0.56 0.87 ± 0.04 665 ± 216 
Mar_A 5.22 ± 0.10 0.92 ± 0.007 655 ± 56 5.21 ± 1.44 0.89 ± 0.13 504 ± 93 
Mar_B 4.37 ± 0.19 0.77 ± 0.023 686 ± 42 5.07 ± 0.32 0.91 ± 0.01 433 ± 26 
Mar_C 5.06 ± 0.30 0.89 ± 0.047 637 ± 71 5.12 ± 1.13 0.93 ± 0.05 435 ± 122 
May_A 4.79 ± 0.13 0.86 ± 0.002 733 ± 31 3.30 ± 0.48 0.74 ± 0.07 320 ± 52 
May_B 5.12 ± 0.19 0.89 ± 0.019 784 ± 45 3.02 ± 1.49 0.67 ± 0.32 291 ± 69 
May_C 6.71 ± 0.24 0.97 ± 0.006 1028 ± 89 4.87 ± 0.11 0.90 ± 0.01 500 ± 54 

( Lewis et al., 2011 ; Paerl and Huisman, 2008 ), but also played 

a critical role in the alternation of dominant cyanobacteria in 

different bloom periods. The results of ANOVA also showed 

temperature effected more significantly on the growth of the 
two cyanobacteria species than TDN form (Appendix A Ta- 
ble S2 ). However, the laboratory experiments didn’t show the 
combined effect of temperature and N form on the growth of 
the two cyanobacteria species. This was different with the re- 
sults of Wang et al. (2016) , which found that nutrient levels ef- 
fected the sensitivities of biodiversity to temperature change. 
This is because we focused on only two of the main cyanobac- 
teria species rather than on the whole ecosystem, the results 
of ecosystem would be more complex because of the species 
interactions. 

2.5. The interaction of the non-cyanobacterial prokaryotic 
community with cyanobacteria 

The prokaryotic community in months of cyanobacterial 
bloom (July, August and September) had a higher diversity 
(Shannon and Simpson index) and richness (observed species) 
than in non-bloom months (March and May) ( Table 2 ). This 
result was consistent with the report of Song et al. (2016) , 
which showed that both diversity indices and the richness of 
the microorganism community increased simultaneously af- 
ter cyanobacterial blooms occurred in summer and autumn 

in the West Lake. Besides, during the bloom months, the di- 
versity and richness of the prokaryotic community were rel- 
atively low in the early stage of a bloom (July, dominated 

by Planktothrix ) but increased during the development (Au- 
gust, dominated by Microcystis ) and decay (September) stages 
( Table 2 ). This result showed that the alteration of the dom- 
inant genus could also affect the diversity and richness of 
prokaryotic community in the different cyanobacterial bloom 

periods. 
In detail, the prokaryotic community composition in fresh- 

water exhibited different temporal dynamics ( Fig. 3 A ). The 
change in abundance of some non-cyanobacterial prokaryotes 
evoked our interest, as these species showed both positive and 

negative interactions with the occurrence of a cyanobacterial 
bloom (Appendix A Fig. S2 ). Co-occurrence analysis clearly 
showed that different cyanobacteria were related to differ- 
ent non-cyanobacterial prokaryotic communities. This re- 
sult implied that the interactions between non-cyanobacterial 

prokaryote and cyanobacteria could influence the alteration 

of the dominant genus in different cyanobacterial bloom pe- 
riods (Appendix A Fig. S2 ). To clarify this in detail, the top 

20 genera of prokaryotic community were chosen for further 
analysis ( Fig. 3 B ). Roseomonas was positively correlated with 

Microcystis ( Fig. 3 B ) and co-occurred in August 2016 and May 
2017 ( Fig. 3 A ). Relative abundances of Roseomonas in August 
2016 increased from site A (1.44%, respectively) to C (2.82%, re- 
spectively), which corresponded to the changes in Microcystis . 
Two genera of bacteria affiliated with Pseudomonadales ( Pseu- 
domonas and Acinetobacter ) and one genus of Aeromonadales 
( Aeromonas ) reached relatively high abundances in July 2016 
when Planktothrix bloomed and vanished in other sampling 
months, clearly showing the positive correlation with Plank- 
tothrix ( Fig. 3 ). Two genera of bacteria affiliated with Actinobac- 
teria, hgcI_clade and the L500-29_marine_group , were abundant 
and constituted approximately 0.40–18.37% and 0.70–7.53% of 
all species throughout the year, respectively ( Fig. 3 A ). Though 

these two Actinobacteria did not show either a positive or a neg- 
ative correlation with Microcystis or Planktothrix in the entire 
year, their correlations showed more complex. During the Mi- 
crocystis outbreak in August 2016, the hgcI_clade and the L500- 
29_marine_group proliferated to high abundances (6.19% and 

3.75%, respectively). However, once these two genera of Acti- 
nobacteria became the dominant species, the abundance of Mi- 
crocystis decreased until May 2017 ( Fig. 1 ). 

Similar to the feedback interactions between plant and rhi- 
zosphere microorganisms ( Lu et al., 2018 ; Qu et al., 2020 ), there 
are complex interactions between phycosphere microorgan- 
isms and algae ( Amin et al., 2015 ). The most popular con- 
nection between bacteria and algae is the exchange of sub- 
stances. In some conditions, heterotrophic bacteria can ben- 
efit from algae (such as provision of carbon sources) and 

provide the substances needed by algae in return (such as 
VB 12 ), which is a positive interaction ( Grant et al., 2014 ; 
Kazamia et al., 2012 ). The simultaneous variation between 

Microcystis and non-cyanobacteria like Roseomonas ( Fig. 3 B ) 
might imply the presence of potential interactions between 

them, from which both species can benefit. There are also 
some negative interactions, as bacteria can disrupt the cell 
envelope and lyse algae rapidly by releasing algicidal agents 
( Demuez et al., 2015 ). The three genera ( Pseudomonas, Acine- 
tobacter and Aeromonas ) which showed positive correlation 

with Planktothrix are widespread in freshwater ( Cai et al., 2014 ; 
Scherer et al., 2017 ), and some of them exhibit species-specific 
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Fig. 3 – Composition of the prokaryotic microbial community during the different sampling months and the correlation 

between cyanobacteria and non-cyanobacterial prokaryotes. (A) The top 10 genera in the prokaryotic microbial community 

composition in each sampling months. Considering the top 10 genera changed in different months significantly, 34 genera 
were sorted as “top 10 genera” of specific months and drawn together; (B) Co-occurrence analysis of the top 20 genera in the 
prokaryotic microbial community. Size and color of the nodes represent the relative abundance and phylum of the genera, 
respectively. Lines in red and green denote positive and negative correlations, respectively. The width reflects the strength of 
the correlation. Only showed strong (Spearman’s r > 0.8 or r < −0.8) and significant ( p < 0.05) correlation. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 

algicidal activity and can lysis cyanobacteria in particular 
( Scherer et al., 2017 ). For example, Aeromonas can lyse Micro- 
cystis ( Yang et al., 2013 ), which may partly explain why the 
abundance of Microcystis was low in July. Thus, we postulate 
that Planktothrix could obtain a dominant status in cyanobac- 
teria by inducing some algicidal bacteria to inhibit Microcys- 
tis in July. However, in some cases, the interactions between 

bacteria and algae are more complex. For example, bacteria 
and algae mutually benefited from each other firstly. How- 
ever, when bacteria became dominant, they secreted excess 
substances that are beneficial to algae at low concentrations 
but toxic at high concentrations ( Segev et al., 2016 ). For ex- 
ample, Actinobacteria was one of the most common taxa in 

freshwater and showed a different correlation to cyanobacte- 
rial blooms at the subclade level ( Berry et al., 2017 ). The rela- 
tionships of the hgcI_clade and the L500-29_marine_group with 

Microcystis were similar to those reported by Segev et al. (2016) , 
implying that they benefited from Microcystis in the prelimi- 
nary growth stage but returned toxicants, which in turn in- 
hibited the proliferation of Microcystis . Above all, considering 
the various and complex interactions between bacteria and al- 
gae, bacteria in the freshwater environment in this study may 
have had a biotic effect on cyanobacterial proliferation and al- 
teration in similar ways. 

2.6. The interaction of the fungi community with 

cyanobacteria 

The ITS sequence was analyzed to clarify the fungi commu- 
nity composition ( Fig. 4 ) and diversity ( Table 2 ). Similar to 

the prokaryotic microbial community, the fungi community 
showed higher diversity and richness in bloom months than 

in non-bloom months ( Table 2 ). However, the three alpha di- 
versity indices did not change significantly. In the fungi com- 
munity, Bullera was observed in all of the sampling months 
and sites, and this species dominated in nearly all months 
with proportions greater than 50% except in March 2017, 
which was a cold month (3.4% to 11.9% at the three sampling 
sites, Fig. 4 A ). As Bullera occupied most taxa and other gen- 
era of fungi were always relatively rare, cyanobacteria did not 
show a significant correlation with the fungi community (Ap- 
pendix A Fig. S3 ). There were 397 genera with abundances 
less than 1% in all samples, and less than 0.01% in several 
samples. These genera were defined as rare genera according 
to Xue et al. (2018) . The rare fungi community composition 

exhibited different temporal and spatial dynamics ( Fig. 4 B ). 
This result indicated that the rare fungi community was more 
sensitive to cyanobacterial blooms than the abundant com- 
munity. Xue et al. (2018) also showed that a cyanobacterial 
bloom in a reservoir impacted rare eukaryotic plankton com- 
munities more dramatically than abundant microbial com- 
munities. Although the abundance of the rare fungi commu- 
nity was low, it was the keystone of the aquatic environment 
( Jousset et al., 2017 ). Many species with rare abundance play an 

important role in regulating the functions of the environment, 
and they may regulate nutrient cycling and indirectly inter- 
act with the abundant microbial community ( Jousset et al., 
2017 ). Above all, cyanobacteria did not significantly alter 
the fungi community diversity but changed the compo- 
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Fig. 4 – Changes in the fungi community composition in sampling months. (A) The top 10 genera in the fungi community 

composition in each sampling month. Considering the top 10 genera changed in different months, 32 genera were sorted as 
“top 10 genera” of specific months and drawn together; (B) The top 20 genera (sorted as the total relative abundance in all 
samples) in rare fungi community composition during the different sampling months. 

sition of the rare fungi community dramatically. Besides, 
compared to the non-cyanobacterial prokaryotic community, 
the fungi community showed weaker interactions to the 
cyanobacteria. 

3. Conclusions 

Our results revealed that the microbial community compo- 
sition in Lake Taihu exhibited temporally dynamic changes, 
along with the change of environmental factors. More inter- 
estingly, the presence of the dominant cyanobacteria altered 

in different bloom months, as Planktothrix and Microcystis dom- 
inated in July and August, respectively. It was confirmed that 
there is no allelochemical exchanged between M. aeruginosa 
and P. agardhii growth, which are common species of Plank- 
tothrix and Microcystis , respectively. The combined results of 
field work and laboratory experiments showed that the tem- 
perature and the TDN form were the main abiotic factors 
which contributed to the alternation of Planktothrix and Mi- 
crocystis from July to August. Planktothrix showed as a supe- 
rior competitor for Microcystis in NO 3 

−-rich conditions and be- 
came dominant in July, while Microcystis was dominant in Au- 
gust along with the rising temperature. Additionally, different 
dominant cyanobacteria showed different patterns of micro- 
bial community. As a result of species interactions, the mi- 
crobial community in the phycosphere, especially the non- 
cyanobacterial prokaryotic community, also contributed to the 
alternation of cyanobacteria. In conclusion, the present study 
exhibited that two dominant cyanobacteria dramatically al- 
tered in different bloom periods in Lake Taihu due to the con- 
tribution of temperature, nutrient conditions and species in- 
teractions. As most of the previous studies only focused on the 
formation of cyanobacterial blooms and its reason, these re- 

sults provide a new understanding of cyanobacterial blooms. 
However, there are still some interesting studies which need 

to be performed in the future. It is worth mentioning that the 
causal relationship between cyanobacteria alternation and 

microbial community assemblage needs to be confirmed in 

further studies under ingenious design. 
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