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Abstract
Background Eutrophication leads to frequent outbreaks of cyanobacterial blooms, especially those of the
genera Dolichospermum and Microcystis. The contribution of bacteria attached to algal cells to
cyanobacterial blooms is still not clear and specific. To gain a deeper understanding of functional genes
and their role in bacteria attached to different bloom-forming cyanobacteria, we carried out microbial
experiments associated with Dolichospermum and Microcystis in four fish ponds. Results The
significantly positive relationships between Dolichospermum density and total nitrogen (TN) and between
Microcystis density and particle nitrogen (PN) indicated the strong nitrogen (N) demand of these two
species. The lack of functional genes mediating the nitrification process in bacteria attached to both
Microcystis and Dolichospermum indicated that these two species preferred ammonium (NH 4 + -N).
Dolichospermum could overcome N limitation through N 2 fixation expressed by high nitrogenase genes
abundance. Compared to bacteria attached to Dolichospermum cells, bacteria attached to Microcystis
cells showed a higher activity of leucine aminopeptidase (LAP) and a significantly higher abundance of
functional genes (such as nrfA , nirB and aminopeptidase genes) mediating the dissimilatory nitrate
reduction to ammonium (DNRA). The significantly higher abundance of functional genes (carbon
degradation) and β-glucosidase (GLU) activity of bacteria attached to Microcystis than those of bacteria
attached to Dolichospermum suggested the abundant organic carbon bound Microcystis cells, which was
prerequisite for DNRA. Also, Microcystis had a great advantage in solving phosphorus (P) stress,
including high levels of organic phosphorus hydrolysis associated with high levels of phosphatase genes
of attached bacteria. The difference of functional community compositions of bacteria attached to
Microcystis and Dolichospermum resulted in the functional differentiation. Conclusions Dolichospermum
and Microcystis growth was susceptible to P and N (especially NH 4 + -N) limitation, respectively, the
latter of which could be effectively solved by attached bacteria through DNRA and ammonification. The P
acquisition disadvantage of Dolichospermum resulted in its frequent replacement by Microcystis ,
especially in conditions of P deficiency. Hence, the evaluation of nutrient limitation (N or P) type of algal
growth should combine the nutrient concentration and ratio as well as the ability to solve nutrient
deficiency.

Background
Eutrophication, one of the most widespread environmental problems in aquatic ecosystems, generally
leads to an increasing contribution of cyanobacteria to the total algal biomass [1–3]. Cyanobacteria
blooms caused by genera such as Microcystis and Dolichospermum have become commonplace in
many freshwater ecosystems [4, 5]. It has been reported that the growth of algae is affected not only by
light and CO2 concentration but also by restriction of some key nutrient elements, such as P and N [6–8].
For example, high N availability may favour non-nitrogen-fixing cyanobacteria, such as Microcystis
aeruginosa [9]. Patterns of nutrient limitation in Lake Taihu are distinctly seasonal, where phytoplankton
growth is generally P limited in winter and spring but N limited in summer and fall [10].
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Many studies have shown that different cyanobacteria species have their own biological mechanisms to
adapt to nutrient deficiency. Microcystis dominates in summer when levels of inorganic P are low and/or
dominates lakes with low inorganic P and high organic P [4]. Additionally, colonial Microcystis strains
have a higher P affinity and oxygen evolution rate than unicellular strains [11]. Moreover, the expression
of genes involved in P acquisition in Microcystis, including two high-affinity P-binding proteins (pstS and
sphX) and a putative alkaline phosphatase (phoX), was strongly up-regulated under low inorganic P
conditions [4]. The capability of Microcystis to form colonial strains, efficiently utilize organic P and
transport inorganic P sources might be some of reasons that members of the genus are dominant
species in hypereutrophic lakes. In contrast to the case for Microcystis, P is an important limiting factor
for Dolichospermum development [12]. As an N-fixing cyanobacteria, Dolichospermum can fix N
biologically and absorb and store P in replete conditions to overcome N and P limitation. For example, in
conditions of P limitation, Dolichospermum has a competitive advantage with a higher maximum growth
rate, a greater affinity for P, a higher yield on P and a higher N2 fixation activity than those of
Aphanizomenon [13, 14]. Additionally, Dolichospermum can increase its N fixation capacity to form
blooms in the Karori Reservoir [15] and excrete alkaline phosphatase when experiencing P deficiency. In
summary, Microcystis and Dolichospermum have their own distinctive strategies to overcome nutrient
limitation, which make them the dominant genera forming cyanobacteria blooms.
Interactions between bacteria and cyanobacteria during bloom events significantly impact their
physiology, alter ambient chemistry, shape ecosystem diversity, and influence cyanobacterial bloom fate
[16]. Functional predictions have shown that cyanobacterial blooms enhance microbial carbohydrate and
energy metabolism and alter the nutrient cycle [16]. Bacteria play important roles in decomposing
unavailable nutrients into available nutrients, suggesting that bacteria contribute to cyanobacterial
blooms [17]. Therefore, mutualism between cyanobacteria and bacteria may be one of the factors
enhancing the competitive advantage of cyanobacteria. However, attached bacteria and free-living
bacteria perform different functions during cyanobacterial blooms. It has been proven that attached
bacterial communities have important topological roles for bloom-causing algae, while free-living
bacteria have a marginal role [18]. However, little is known about the functional bacteria attached to
different bloom-forming cyanobacteria as well as their functional genes and ecological role in nutrient
transformation and regeneration for algal growth during bloom periods.
To gain a deeper understanding of functional genes and their role in bacteria attached to different bloomforming cyanobacteria as well as the different cyanobacterial nutrient limitation mode and nutrient
acquisition pathways during cyanobacterial blooms, we carried out microbial experiments associated
with two kinds of cyanobacteria (Dolichospermum and Microcystis) in four fish ponds, including analysis
of field environmental parameters, different nutrient form concentrations, extracellular enzyme activities
(EEAs), phytoplankton community composition and density, and attached bacterial community
composition and their functional genes mediating the carbon (C), N, P and sulfur (S) cycles. The
objectives of this study were as follows: 1) to characterize the expression of different fractions of EEAs
during the different cyanobacteria blooms; 2) to clarify the roles of attached bacteria in the C, N, P and S
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cycles by metagenome analysis of functional genes and explain their ecological significance in the
formation of cyanobacterial blooms; and 3) to speculate the types of nutrient restriction of different
cyanobacteria and their pathways to overcome the limitation.

Methods

Study sites and sample collection
Water samples were collected in four Guanqiao ponds (Pond A, Pond B, Pond C and Pond D) from late
May 2018 to early August 2018. Guanqiao ponds are located near Lake Donghu in the suburbs of Wuhan
city, Hubei Province, China (Fig. 1). The total area of Pond A, Pond B, Pond C and Pond D is
approximately 100 m2, 100 m2, 100 m2 and 200 m2, respectively, with an average depth of 1.5 m. In
present study, samples were collected once a week from 30 May to 2 August. In Pond A, a Microcystis
bloom was absolutely dominant and experiencing its outbreak, prosperity and decay. In the initial period
of Pond B, Microcystis, Dolichospermum and other green algae coexisted with a high cell density, while
from 7 June Microcystis became dominant, and the total number of cells decreased to a relatively stable
level. In Pond C, Microcystis was always dominant, Dolichospermum appeared momentarily on 7 June
and disappeared rapidly, and other algae were at a lower level. In Pond D, on 30 May, the density of
Microcystis was low, and then Microcystis and Dolichospermum gradually increased until June 14 when
Dolichospermum became dominant and its density reached its peak. Afterwards, the density of
Dolichospermum decreased sharply and then disappeared completely on June 21. Microcystis appeared
and gradually became dominant.
Mixed water (1000 mL) was taken from the upper layer (0–0.5 m) with a Friedinger sampler for nutrient,
EEA, 16S rRNA and metagenome analysis. Phytoplankton samples for qualitative analysis were
concentrated to 30–50 mL and preserved in Lugol’s solution. Limnological parameters including
temperature (T, °C), dissolved oxygen (DO, mg·L− 1), conductivity (EC, -µs·cm− 1), oxidation-reduction
potential (ORP, mV) and pH were measured in situ by a portable water quality analyser (YSI Professional
Plus, USA). These data are shown in additional file 1: Table S1. All samples were stored in a car
refrigerator at approximately 4 °C and transported to the laboratory immediately after collection.

Nutrient analysis
Chlorophyll a (Chl a) was extracted from GF/C filters (Whatman, USA) with 95% ethanol and measured at
wavelengths of 665 and 750 nm [19, 20]. All water samples were filtered through pre-washed 0.45-µm
filters to analyse the nutrient concentration. Soluble reactive phosphorus (SRP) was measured by an
ultraviolet spectrophotometer according to the molybdate blue method [21]. Total phosphorus (TP) and
dissolved total phosphorus (DTP) were determined following digestion according to Beattie et al. [22].
Dissolved organic phosphorus (DOP) was the difference between DTP and SRP, and particle phosphorus
(PP) was the difference between TP and DTP. TN and dissolved total nitrogen (DTN) were determined
following digestion, and nitrate (NO3−-N) was determined according to Greenberd et al. [23]. The
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concentrations of nitrite (NO2−-N) and NH4+-N were determined by the α-naphthylamine and indophenolblue methods, respectively [24, 25]. The dissolved inorganic nitrogen (DIN) was calculated as the sum of
NO3−-N, NO2−-N and NH4+-N, while the dissolved organic nitrogen (DON) was DTN minus DIN and the PN
was TN minus DTN. The dissolved organic carbon (DOC) was determined by a TOC Analyzer (Jena
Analytics Multi N/C® 3100, Germany). All the sample nutrient analyses were performed in three
replicates.

Analysis of EEAs
EEAs, including alkaline phosphatase (AP), LAP and GLU activities, were determined according to Hoppe
[26]. EEAs were determined in an unfiltered sample (EEATotal) and in filtrates through 3.0 ∝m (EEA< 3.0∝m )
and 0.45 ∝m (EEA< 0.45∝m ) membrane filters. The coarser fractions were conventionally defined as the
contribution from the algae and attached bacteria, calculated as EEACoarse =EEATotal -EEA< 3.0∝m . The finer
fractions were defined as the contribution from the free-living bacteria, calculated as EEAFine = EEA< 3.0∝m EEA< 0.45∝m [27]. The dissolved fractions (EEA< 0.45∝m ) were termed free EEA (EEADissolved).
Briefly, triplicates of 2.7 mL of subsamples were mixed with 150 ∝L of Tris-HCl buffer (pH = 8.5, final
concentration 5.2 mmol·L− 1) and incubated with 60 µL of each specific fluorogenic substrate analogue,
4-methylumbelliferyl phosphate (final concentration: 100 nmol·L− 1), 4-methylumbelliferyl β-Dglucopyranoside (final concentration: 100 nmol·L− 1) and L-leucine-4-methylcoumarinylamide
hydrochloride (final concentration: 50 nmol·L− 1) (Sigma, USA), for each enzyme. Then, a Sanco 960
spectrofluorometer was used to measure the fluorescence produced by substrate hydrolysis as the
increase between time 0 (initial time) and after 2–3 hours of incubation at the “in situ” temperature [28].
Calibration curves were produced according to Hoppe et al. [29]. Data are expressed in terms of the
potential hydrolysis rate of the substrates, as ∝gP·L− 1·h− 1, ∝gN·L− 1·h− 1 and ∝gC·L− 1·h− 1 potentially
released, respectively.

Collection and analysis of phytoplankton
For phytoplankton analysis, water samples were counted directly using an Olympus microscope at 400 ×
total magnification after concentration. Both the phytoplankton species and density were analysed
according to the method reported by Hu et al. [30]. Micrograph of Microcystis and Dolichospermumin was
showm in the additional file 2: Fig. S1.

16S rRNA gene and metagenome sequencing
Three parallel water samples for attached bacteria 16S rRNA gene and metagenome analysis were
filtered through an aseptic GF/F (Whatman, USA) membrane [31]. In details, approximately 100 mL water
sample was filtered through pre-sterilized GF/F memorane by a vacuum suction device to obtain a filter
containing algae and atttached bacteria. Then store the filter samples at -80℃ for the next DNA
extraction. DNA was extracted using a PowerWater DNA Isolation kit (MoBio, USA) according to the
manufacturer’s instructions.
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16S rRNA of a distinct region (V4) were amplified using the specific primers 515F (5′GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [32] with a 12 bp barcode.
PCR containing 25 ∝l of 2x Premix Taq (Takara Biotechnology, China), 1 ∝L of each primer (10 mM) and
3 ∝L of DNA (20 ng·∝L− 1) template in a volume of 50 ∝L were amplified by thermocycling: 5 min at 94 °C
for initialization; 30 cycles of 30 s for denaturation at 94 °C, 30 s for annealing at 52 °C, and 30 s for
extension at 72 °C; followed by 10 min for final elongation at 72 °C. Then, mixture PCR products were
purified with an EZNA Gel Extraction Kit (Omega, USA). Sequencing libraries were generated using a
NEBNext® Ultra™ DNA Library Prep Kit for Illumina® (New England Biolabs, USA). The library quality was
assessed on a Qubit@ 2.0 Fluorometer (Thermo, USA), and then the library was sequenced on an Illumina
HiSeq 250 platform (Magigene, China).
For metagenome sequencing, the total amount and purity of DNA samples were checked after extraction.
If the requirements were met, then the follow-up experiment was carried out; otherwise, it was necessary
to re-extract the DNA or purify the existing DNA. Qualified DNA samples were added to a fragmentation
buffer for random interruptions by an ultrasonic crushing apparatus. The short fragments obtained after
interruption were used to construct the DNA library. Then, the library quality was assessed, and each
library was sequenced on an Illumina HiSeq 150 platform. The original image data file obtained by
sequencing was transformed into raw reads by base-calling analysis and stored as FASTQ format.

Statistical analysis
Sequencing analysis was performed by use arch software (version 10.0, USA), which can remove
chimaera sequences and singleton operational taxonomic units (OTUs) at the same time during
clustering. Sequences with ≥ 97% similarity were assigned to the same OTU. The most frequently
occurring sequence was extracted as a representative sequence for each OTU and screened for further
annotation. For each representative sequence, the silva database was used to annotate taxonomic
information (setting the confidence threshold to default to ≥ 0.5). The OTU and its tags were removed,
which are annotated as chloroplasts or mitochondria and cannot be annotated to the kingdom level.
Then, an OTU taxonomy synthesis information table was obtained for the final analysis. The database of
KEGG (Kyoto Encyclopedia of Genes and Genomes, http://kobas.cbi.pku.edu.cn/home.do) was used to
understand the functional genes of attached microorganisms. According to the type of functional genes
the bacterium contains, it is divided into the corresponding cycles.
Pearson's correlations between algal density, nutrient concentration and EEA were calculated by SPSS
statistical software 20.0 (USA). The variety of algal density, Chl a and nutrient concentration was drawn
by Origin 9.0 (USA). Based on the results of gene annotation, the data of algae and attached bacteria
have been separated. Bar plot of functional gene abundance was drawn by Origin 9.0 according to the
selected results of attached bacteria. Besides, a bar plot of phylum-level community was drawn by R
Programming Language (version.3.2.2, New Zealand).

Results
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Microcystis predominated in four studied ponds throughout the whole experiment, except in Pond D in
which Dolichospermum was dominant on 14 June. The algal density variations were consistent with Chl
a in the studied ponds (Fig. 2). SRP exhibited a low level in all studied ponds and dates, except on on 14
and 21 June as well as on 5 July in Pond D, when a Dolichospermum bloom occurred or disappeared.
Compared to SRP, DOP exhibited a lower value in all studied ponds, except on 26 July and 2 August
(Fig. 3). DON showed the highest level on 21 June in Pond D, when a Dolichospermum bloom
disappeared. The main form of inorganic N was NO3−-N in almost all ponds and dates, and NO2−-N and
NH4+-N were relatively deficient in all ponds (Fig. 4). Peaks of PN and DOC corresponded with the
Dolichospermum growth in Pond D on 14 June (Fig. 5). In addition, significantly positive relationships
between total algal density, Dolichospermum density and TN, between Microcystis density and PN, and
between Chl a and NO3−-N, PN, TN were observed (Table 1).
Size fractionation of AP indicated that the coarse or dissolved fraction contributed alternatively or equally
to the total AP and that the fine fraction was negligible. In Pond D on 14 June with a Dolichospermum
bloom, the coarse AP was dominant (Fig. 6). Regarding LAP and GLU, fractions were similar, showing
that the coarse fraction contributed almost all of the total enzymatic activities, which was distinctly
different from AP (Figs. 7 and 8). Relationship analysis showed that the coarse and total fractions AP,
LAP and GLU had a significantly positive relationship with PP, PN, TN and Chl. a. Additionally, coarse and
total AP were significantly positively related with NO3−-N and DIN (Table 1).
The numbers and relative abundances of functional genes mediating C, N, P and S cycling of bacteria
attached to Microcystis cells were significantly higher than those of bacteria attached to
Dolichospermum cells. In detail, the functional genes related to aminopeptidase (such as CARP, map,
pepN, pepP, pepT, etc.) and the DNRA process (such as nrfA and nirB) in bacteria attached to Microcystis
showed significantly higher values than those in bacteria attached to Dolichospermum. Similarly, the
functional genes mediating C degradation (such as AMY, endoglucanase, bglB, bglX, IMA, and malZ), the
nitrate reduction process (such as narG, narH, etc.) and organic P hydrolysis (such as phoA, phoB and
phoD) in bacteria attached to Microcystis showed a significantly higher value than those in bacteria
attached to Dolichospermum. Additionally, no significant difference was observed for the functional
genes mediating the denitrification process in bacteria attached to Microcystis and Dolichospermum.
Notably, the abundance of the dissimilatory sulfate reduction gene (sir) in bacteria attached to
Dolichospermum was significantly higher than that in bacteria attached to Microcystis (Fig. 9).
The dominant functional community compositions of bacteria attached to Microcystis and to
Dolichospermum were quite different. At the genus level, the dominant functional bacteria attached to
Microcystis were Rhodobacter, Anaerolinea, Sediminibacterium, Porphyrobacter and Xanthomoonas (C
cycle), Burkholderia, Flavobacterium, Herbaspirillum, Rhodobacter and Runlla (N cycle), Chloroflexus,
Silanimonas, Fulvivirga, Fibrisoma and Hyphomonas (P cycle), and Rhodobacter, Bacillus and
Pedobacter (S cycle). The dominant functional bacteria attached to Dolichospermum were Geobacter,
Silanimonas, Pedobacter, Sediminibacteriumm and Flavobacterium (C cycle), Belnapia,
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Sediminibacteriumm and Gemmdtimonas (N cycle), Silanimonas, Gemmatimonas and Dokdonia (P
cycle), and Rhodobacter (S cycle) (Fig. 10).

Discussion

For P cycle
Dolichospermum preferred environments with high P concentrations in terms of high SRP concentrations
(Fig. 3) and high coarse AP (Fig. 6) in Pond D on 14 June. Thus, it can be deduced that Dolichospermum
was more susceptible to P limitation than Microcystis. Dolichospermum dominated usually under low N
and high P conditions [33] and, in some cases, was enhanced by high P supply [8]. Dolichospermum
could excrete alkaline phosphatase when experiencing P deficiency [34]. However, Dolichospermum had
no advantage on competing the limited P with Microcystis. During the transition from Dolichospermum to
Microcystis in Lake Taihu and Chaohu, the competitive advantage of Microcystis spp. was displayed at
low P concentrations: where it could rapidly uptake and store inorganic P, which also increased the P
deficiency of the coexisting phytoplankton species [35]. Also, in this study, compared to bacteria attached
Dolichospermum, bacteria attached to Microcystis displayed significantly higher abundances of
functional genes (phosphatase genes) mediating organic P hydrolysis (Fig. 9), suggesting a strong SRP
production ability. The P-solubilizing bacteria (PSB) attached to Microcystis showed lower numbers,
higher P-solubilizing ability and more extensive substrate adaptability than that of attached to
Dolichospermum [36]. Furthermore, it has been proven that Microcystis has no ability to produce
extracellular alkaline phosphatase to hydrolyse organic P [35]. So, the advantage of P acquisition of
Microcystis and organic P hydrolysis by bacteria attached to Microcystis mutually drove Microcystis
growth and succession from Dolichospermum to Microcystis [28, 36].
In addition, strong hydrolysis of organic C and N driven by bacteria attached to Microcystis in terms of
high organic C decomposition and ammonification genes (Fig. 9) may contribute to the hydrolysis ability
of organic P. High levels of large molecular-weight DOC might induce the expression of the increases in
transcript levels of the AP for Microcystis [37]. The regulation of fine AP activity and the DOP degradation
can be significantly influenced by the availability of organic N and C [38]. Also, extracellular enzymes
(such as AP, GLU and LAP) for the attached microbial communities often showed consistent
stoichiometric patterns [39]. Overall, the activities of these three enzymes show a tendency to change
synchronously, which is consistent with our results.

For N and C cycles
In our results, the significantly positive relationships between Dolichospermum density and TN and
between Microcystis density and PN (Table 1) indicated the strong N fixation ability of Dolichospermum
and the N demand of Microcystis, respectively, the latter of which was likely to be limited by N.
Consistently, serious eutrophication in aquatic systems is often manifested as non-N2-fixing
cyanobacteria, such as Microcystis, whose biomass was positively related with N availability [40, 41].
Analysis of ten-year datasets for Lakes Okeechobee showed that cyanobacteria increased with the
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increase of NH4+: NOx [42]. Culture experiment and field investigation further explained the significance of
NH4+-N to the growth of Microcystis [43, 44]. What is more, under high NO3−-N concentrations, Microcystis
aeruginosa growth was inhibited [45]. Taken together, NH4+-N rather than NOx has played an important
role in the growth and prosperity of cyanobacteria algae species especially Microcystis.
Due to the ability to fix N2 from air, Dolichospermum was not susceptible to N limitation [46] as evidenced
by the high PN value (Fig. 5) and N-fixing genes (Additional file 3: Table S2) in the process of
Dolichospermum blooming and a large amount of DON release during Dolichospermum decline (Fig. 4).
Compared to bacteria attached to Dolichospermum cells, bacteria attached to Microcystis cells exhibited
a significantly higher relative abundance of functional genes (such as nrfA, nirB and aminopeptidase
genes) mediating DNRA and the ammonification processes (Fig. 9). It is indicated that Microcystis was
more susceptible to N (NH4+-N) limitation, which stimulated bacteria attached to Microcystis to produce
more NH4+-N to meet the demand for growth.
The high activity of coarse LAP (including bacteria attached to algal cells) in all ponds (Fig. 7) suggested
the strong ability to hydrolyse organic N (protein) and the NH4+-N demand of algae. Consistently in Lake
Erie, a positive correlation was found between urease activity and cyanobacterial dominance, highlighting
the need to consider organic nutrient sources as potentially important drivers of cyanobacterial blooms.
[47]. In brief, the results of the study on the molecular biology and the activity of the extracellular enzyme
demonstrated that the enzymatic hydrolysis of the organic N and polypeptide as well as ammonification
provide an important source of ammonia for the growth of Microcystis.
Additionally, DNRA acts as another important source of NH4+-N. Usually, biologically available N is
removed from ecosystems through the microbial processes of anammox or denitrification, while DNRA
retains it. In Lake Alchichica, the abundance of the nrfA gene for DNRA was positively correlated with
NH4+-N concentration [48]. High organic C supply is a prerequisite for DNRA to be favored over
denitrification [49]. In our results, compared to bacteria attached to Dolichospermum cells, bacteria
attached to Microcystis cells displayed a significantly higher relative abundance of functional genes
(such as genes of glucosidase, amylase, endoglucanase, etc.) mediating the organic C decomposition
process (Fig. 9). Also, the coarse GLU, with a significantly higher percentage and activities in Ponds A and
B where Microcystis was absolutely dominant throughout the experiment than in Ponds C and D (Fig. 8),
should be attributed to bacteria attached to Microcystis, now that Microcystis has no ability to produce
extracellular enzymes [35]. All these results indicated that Microcystis secreted a large amount of
extracellular organic C surrounding the cell surface, which fuelled the DNRA. Overall, the results of the
molecular biology showed the relatively higher gene abundances of polysaccharide hydrolase and DNRA,
coupled with EEAs of the Microcystis-attached bacteria, which revealed the other ammonia-obtaining
route of the Microcystis from the combination of the N cycle and C cycle.
In addition, although a series of functional genes mediating the denitrification process were also found
(Fig. 9), the related N removal function is mainly driven by small molecular and DOC rather than
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particulate organic C [50, 51]. The results of size fractionation and XAD resin fractionation revealed that
the bond extracellular organic matter (BEOM) of Microcystis was distributed in mainly the high molecular
weight and hydrophobic fractions [52], which was not in favour of denitrification. Furthermore, in our
result, functional genes mediating the nitrification process (Fig. 9) were not recorded in bacteria attached
to either Microcystis or Dolichospermum. In other words, these two bloom-forming cyanobacterial species
could not be defeated by foreign nitrifiers, they didn’t create NH4+-N competitors on their own attached
bacteria at all. Thereby, weak nitrification and denitrification could effectively prevent the loss of NH4+-N
obtained through the above two ways for Microcystis.
The quality and quantity of BEOM secreted by Microcystis and Dolichospermum directly resulted in quite
different total and functional (mediating C, N and P cycles) bacterial community compositions in this
study (Fig. 10 and additional file 4: Fig. S2). This fact indicated that the difference in the community
compositions of bacteria attached to Microcystis and to Dolichospermum cells finally had great potential
to cause functional differentiation (range or strength) of attached bacteria. Taken together, proteins as
the primary components of BEOM of Microcystis [52] and nitrate as the primary form of dissolved
inorganic N in this study (Fig. 4) provided important substrates for the ammonification and DNRA
processes, respectively. Therefore, Microcystis was able to overcome N (NH4+-N) limitation and the
bacteria attached to Microcystis provided two important and powerful NH4+-N replenishment pathways
(DNRA and ammonification) for Microcystis.

For S cycle
Compared to bacteria attached to Microcystis, bacteria attached to Dolichospermum exhibited a
significantly higher abundance of the dissimilatory sulfate reduction genes (sat and sir) (Fig. 9), which
can be explained by the different existence forms of sulfate in the extracellular polysaccharides of
Microcystis and Dolichospermum. Relatively weak sulfate reduction function of bacteria attached to
Microcystis indicated that the sulfate perssad may be an important component of extracellular
polysaccharide, the opposite was true for the Dolichospermum. The polysaccharide secreted by different
algal species exhibited different characteristics with sulfate link [53], which determined the
hydrophobicity. The colonial strains of Microcystis were all hydrophobic, while the unicellular strains were
all hydrophilic [54]. The BEOM extracted from Microcystis was mainly hydrophobic fractions [52] Shortly,
the existence of sulfate in the extracellular polysaccharides of Microcystis creates a hydrophobic
condition, which is a key factor to form Microcystis colonies.
In addition, sulfate may inhibit the expression of nitrogenase gens of Dolichospermum. Sulfate is known
to inhibit microbial uptake of molybdate, which is an element essential for the activity of the nifH
nitrogenase [55], expressed specifically in Dolichospermum [56]. Phylogenetic evidence suggests that
sulfur and sulfate reducers are responsible for the N2 fixation in marine sediment [57, 58]. Sulfides
produced in the reduction process will benefit the synthesis of nitrogenase and the optimization of N2fixation function [59]. Therefore, Dolichospermum may catalyze the reduction of sulfate through its
attached bacteria, thus perfecting the function of N2 fixation.
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Conclusions
In this study, N (mainly NH4+-N) replenishment through attached bacteria for Microcystis growth was
addressed. In short, BEOM excreted by Microcystis attracted colonization by various kinds of functional
bacteria, some of which had very key ecological functions involved in the DNRA and ammonification
processes to overcome the NH4+-N deficiency during Microcystis growth. The weak nitrification and
denitrification guaranteed the enough NH4+-N retainment. Meantime, Microcystis has various P utilization
strategies to ensure a sufficient P supply, including the high hydrolysis ability of organic P by bacteria
attached to Microcystis. The low abundance of the dissimilatory sulfate reduction genes of bacteria
attached to Microcystis facilitated the formation of hydrophobic conditions, which contributed to
Microcystis colonies formation. Although Dolichospermum has a strong N fixation ability, P deficiency
was not solved adequately, thus Dolichospermum was always replaced by Microcystis. These results
suggeste that Microcystis and Dolichospermum growth is liable to be limited by N (NH4+-N) and P,
respectively. As such, the evaluation of the type of nutrient limitation (N or P) of algal growth should
combine investigation of the nutrient concentration and ratio and the ability to solve nutrient deficiency.
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Table
Due to technical limitations, Table 1 is only available for download from the Supplementary Files section.

Supplementary Files Legend
Additional file 1: Table S1. Limnological parameters including temperature (T), dissolved oxygen (DO),
conductivity (EC), oxidation-reduction potential (ORP) and pH of all samplings in situ.
Additional file 2: Fig. S1. Micrograph of (A) Microcystis and (B) Dolichospermumin Guanqiao Ponds
(×400).
Additional file 3: Table S2. Relative abundance of nitrogenase genes in the two samples of Pond A
30 May. and Pond D 14 Jul..
Additional file 3: Fig. S2. Heatmap analysis of the average of three replicates of each sample. The color
code indicates the differences in the relative abundance, ranging from red (negative) to the blue
(positive).
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Figure 1
Map of the Lake Donghu highlighting the locations of study.
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Figure 2
Variations of algal density and the Chl a concentration from 30 May to 2 August in the four studied
ponds. The value represented is the average of three biological replicates and errors bars are representing
the standard error.
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Figure 3
Concentration variation of different phosphorus forms including the particle phosphorus (PP), dissolved
organic phosphorus (DOP) and the soluble reactive phosphorus (SRP) from 30 May to 2 August in the
four studied ponds.
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Figure 4
Concentration variation of different nitrogen forms including the dissolved organic nitrogen (DON), nitrate
(NO3--N), nitrite (NO2--N) and ammonium (NH4+-N) from 30 May to 2 August in the four studied ponds.
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Figure 5
Variation of the dissolved organic carbon (DOC) and particle nitrogen (PN) concentration from 30 May to
2 August in the four studied ponds. The value represented is the average of three biological replicates and
errors bars are representing the standard error.
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Figure 6
Variation of different forms of alkaline phosphatase (AP) activity including APCoarse, APFine and
APDissolved from 30 May to 2 August in the four studied ponds.
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Figure 7
Variation of different forms of leucine aminopeptidase (LAP) activity including LAPCoarse, LAPFine and
LAPDissolved from 30 May to 2 August in the four studied ponds.
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Figure 8
Variation of different forms of β-glucosidase (GLU) activity including GLUCoarse, GLfFine and
GLUDissolved from 30 May to 2 August in the four studied ponds.
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Figure 9
Relative abundance of functional genes belonging to different gene families in the samples of Pond A 30May. and Pond D 14-Jul. in the carbon, nitrogen, phosphorus and sulfur cycle.
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Figure 10
Community structures of the advantaged attached microorganisms in the samples of Pond A 30-May.
and Pond D 14-Jul. in the carbon, nitrogen, phosphorus and sulfur cycle.
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