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Temporal and functional 
interrelationships 
between bacterioplankton 
communities and the development 
of a toxigenic Microcystis bloom 
in a lowland European reservoir
Joanna Mankiewicz‑Boczek* & Arnoldo Font‑Nájera*

The cyanobacteria-associated microbiome is constantly reshaped by bloom development. However, 
the synergistic-antagonistic nature of the relationships between Microcystis and its microbiome still 
remains unclear. Therefore, temporal changes of bacterioplankton communities and their functional 
potential through different developing stages of a Microcystis toxigenic bloom were investigated, 
considering bacterioplankton assemblages as particle-attached (PAB) and free-living (FLB) bacteria. 
16S rRNA sequencing revealed that PAB were represented by Proteobacteria and Cyanobacteria, while 
FLB by Proteobacteria and Actinobacteria. Network and ordination analyses indicated that PAB inter-
relationships were more complex—numerous connections between taxa with stronger correlations, 
than FLB—rather influenced by physico-chemical parameters. PAB in pre-summer was diverse with 
Proteobacteria containing potential taxa involved in nitrogen-transforming processes. In mid-
summer, PAB presented a mix-bloom dominated by Snowella, Aphanizomenon, and Microcystis, which 
were succeeded by toxigenic Microcystis in post-summer. Both periods were associated to potential 
taxa with parasitic/predatory lifestyles against cyanobacteria. In post-summer, Sutterellaceae were 
recognized as poor water quality indicators, and their strong association with Microcystis could have 
represented an increased threat for that period. Microcystis was a major factor significantly reducing 
PAB diversity and evenness, suggesting that it negatively influenced bacterioplankton assemblages, 
probably also altering the overall community functional potential.

Cyanobacterial harmful algal blooms (CyanoHABs) are nowadays more frequently observed, with longer and 
more intense events being reported worldwide1,2. Anthropogenic sources, such as agriculture, urban, and indus-
trial activities, are the most important pressures that add a significant load of nitrogen (N) and phosphorus (P) 
to the freshwater ecosystems and thus facilitating the appearance of CyanoHABs. Furthermore, global climate 
change is significantly accelerating the process of anthropogenic eutrophication due to the periodical increase 
of temperature registered every year3–5. In bloom-infested waters, light penetration is often reduced and oxygen 
is depleted towards the benthos (hypoxia), causing significant damage to biodiversity6,7. Many cyanobacterial 
strains also produce toxins that can severely deteriorate ecosystems and human health8,9. Microcystin is prob-
ably the most important described freshwater hepatotoxin in the literature (63% of global records), followed by 
cylindrospermopsin (10%), and the neurotoxins anatoxin (9%) and saxitoxin (8%), among others10. Microcystis 
spp. are one of the most common cyanobacteria dominating blooms worldwide. They have been reported in 
at least 108 countries, from which at least 79 were associated to the production of microcystins, a dangerous 
hepatotoxin that targets liver cells2. Microcystins are bioaccumulated by organisms, and therefore, they can harm 
biodiversity, negatively affect fisheries, and reduce the use of water for drinking purposes and irrigation in the 
agricultural sector11. Additionally, intensive blooms with noxious odours could drastically diminish the scenic 
beauty of freshwater ecosystems affecting navigation, recreation, tourism, and other economic activities5,12. 
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Therefore, the demonstrated activity of CyanoHABs makes it necessary to increase our knowledge on the envi-
ronmental impact in which the blooms occur, in order to better understand their potential threat, and search 
for possibilities to mitigate their development.

An important element directly or indirectly affecting cyanobacteria are their interactions with other plank-
tonic microorganisms, including bacteria associated with them (particle-attached bacteria—PAB) and others that 
coexist at the same time as free-living bacteria (FLB). Attached consortia of microorganisms to the mucilaginous 
cyanobacterial sheath, referred as the phycosphere, play an important role in the development of CyanoHABs, 
since the cyanobacterial mucilage provides the optimum environment where different ecological inter-relation-
ships occur13,14. It has been hypothesized that the exchange of essential compounds, such as vitamins, CO2, N, P, 
and trace elements by bacteria and extracellular polysaccharides released by photosynthetic cyanobacteria, occurs 
in the form of symbiotic relationships that promote synergia between both communities15,16. Other opportunistic 
bacteria attach to the mucilage to shelter from pelagic grazers or to feed on cyanobacterial exudates without any 
apparent benefit for cyanobacteria17. Associated bacteria have also been identified to utilize microcystin and its 
congeners as carbon sources, referred to as the microcystin-degrading bacteria, especially when cyanotoxins are 
released to the water during bloom decay in late summer18,19. Predatory bacteria can also affect bloom develop-
ment with direct cell contact promoting different endo- and epibiotic lysing mechanisms20. Furthermore, certain 
attached bacteria can also produce exudates that have algicidal properties resulting in cyanobacterial cell lysis21. 
Thus, research focused in the description of PAB communities with comparison to FLB may help to elucidate 
why cyanobacteria are often dominating phytoplankton in freshwater ecosystems exposed to accelerated anthro-
pogenic eutrophication and, by extension, which PAB can support this effect.

Recent studies have included analyses that allow a closer examination of bacterioplankton community assem-
blages using high-throughput new generation sequencing technologies (NGS). However, most of the research has 
not significantly differentiated between PAB and FLB, which is a key aspect that has been useful to identify taxa 
that are directly linked to bloom occurrence dynamics. In the last decade, studies including discrimination of PAB 
and FLB, during the development of blooms dominated by Microcystis spp., were reported in few publications 
analysing lakes and reservoirs located in China (Asia)14,22–24, with fewer studies from other countries, including 
France (Europe)25,26, and USA (America)19. In the specific case of Central Europe, PAB and FLB were not differ-
entiated, and Microcystis was not reported as the most dominant cyanobacteria in monitored water bodies27–30. 
In general, the overall research suggests that functional richness and diversity of PAB and FLB communities has 
been recognized, however their ecological interactions, niche occupancy, and co-occurrence patterns during 
different stage bloom formation events (temporal patterns) are still poorly unknown22,23.

Therefore, to address the above mentioned gap, the present study aimed to describe bacterioplankton com-
munity dynamics and their functional potential with the use of 16S rRNA high-throughput sequencing, including 
the influence of selected water parameters, in the Sulejów Reservoir, located in Poland (Central Europe). The 
reservoir is also known to regularly experience toxigenic blooms of Microcystis in summer season. Particular 
interest was placed on bacterial taxa that could promote the growth of cyanobacteria, but also taxa that could help 
mitigate their negative effects, such as parasitic, predatory, cyanotoxin degrading, and algicidal bacteria. Bacterial 
communities were distinguished from PAB and FLB assemblages using a filtering separation technique, with 
the objective to: (1) describe changes in composition and diversity between the fractions representing different 
bacterial communities, including cyanobacteria and microcystins toxicity, during three consecutive times in the 
summer season; (2) investigate spatial and temporal variations between the co-occurrence of these communities 
and the local environmental factors (oxygen concentration, pH, nutrient availability, among others); (3) and to 
identify bacterial taxa that have potential functional importance for CyanoHABs.

Results
Surface water environmental characterization.  Physico-chemical parameters and nutrient concen-
trations are described in Table 1. Considering the pre-summer period (PRE) as the base line, the highest tem-
perature was observed in mid-summer (MID, 23.4 °C) and the lowest in post-summer period (POST, 16.6 °C). 
A similar trend was observed for the pH with the highest alkaline value for MID (9.3) and the lowest for POST 
(7.2). In contrast, conductivity and oxygen concentration were the highest in PRE (305 µS cm−1 and 12.3 mg L−1, 
respectively) and the lowest for the POST (273 µS cm−1 and 5.6 mg L−1, respectively). Furthermore, the concen-
tration of nitrogen ions as NH4

+ and NO3
− were the lowest in PRE (2.2 and 598 µg L−1, respectively), and highest 

Table 1.   Environmental parameters of surface water. PRE pre-summer period, MID mid-summer period, 
POST post-summer period.

Parameter PRE MID POST

Temperature (°C) 16.8 23.4 16.6

pH 8.1 9.3 7.2

Conductivity (µS cm−1) 305 291 273

Oxygen (mg L−1) 12.3 11.5 5.6

NH4 (µg L−1) 2.2 1.0 14.9

NO3 (µg L−1) 598 599 683

PO4 (µg L−1) 75.1 23.6 29.3
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in the POST (14.9 and 683 µg L−1, respectively). For the case of PO4
3-, the concentration was the highest in PRE 

(75 µg L−1) when compared to the subsequent MID and POST (23 and 29 µg L−1, respectively).

Bacterioplankton community composition.  A total of 2,835,952 good-quality reads (83.0%) were 
obtained from an original database containing 3,415,730 raw reads after 16S rRNA sequencing. Furthermore, 
2,315,086 reads (67.8%) were classified with 99% similarity to bacteria (Supplementary material Table S1). A 
total of 2976 OTUs (PAB: 1485 and FLB: 1491) were assigned to 36 phyla, 84 classes, 211 orders, 351 families, 
and 698 genera. In general, the predominant phyla in PAB were represented by Proteobacteria (41.5%), Cyano-
bacteria (32.6%), and Bacteroidota (11.0%), and in FLB by Proteobacteria (37.8%) and Actinobacteria (36.6%) 
(Supplementary material Table S2).

Classified reads are visualized as the total relative abundance of the gene 16S rRNA representing different 
bacterioplankton communities for the summer season in Fig. 1 and Table S3. For PAB community, Proteo-
bacteria was the most abundant phylum in PRE (62.5%), while Cyanobacteria increased considerably in the 
subsequent MID (51.4%) and POST (47.9%). Other phyla included Bacteroidota and Planctomycetota with 
their highest increase in MID (17.1% and 3.5%, respectively) (Fig. 1a). In the case of genus, cyanobacteria were 
removed from the PAB consortia and analysed separately, in order to investigate the relative weight importance 
(%) of attached-bacteria without cyanobacteria. The results indicated that cyanobacteria were the most abun-
dant in MID with three genera belonging to Snowella_OTU37S04 (17.5%), Microcystis_PCC7914 (14.5%), and 

Figure 1.   Relative abundance (%) of PAB and FLB communities using 16S rRNA sequencing during the 
development of a Microcystis toxigenic bloom in summer. Overall relative abundances for each taxa are 
average estimates of relative abundances obtained across samples per period of collection (5–7 replicates, 
see Supplementary Table S1). Abundances were described to the level of Phylum (a), and in the case of 
genera, cyanobacteria were retrieved from PAB communities and analysed separately (b and c, respectively). 
Unclassified sequences and other taxa with lower relative abundance (< 3%) were excluded in (c). PAB particle-
attached bacteria, FLB free-living bacteria, PRE pre-summer period, MID mid-summer period, POST post-
summer period.
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Aphanizomenon_MDT14a (11.1%), followed by highest increases of Microcystis_PCC7914 and an uncultured 
strain of Vampirovibrionales during the POST (33.8% and 8.1%, respectively) (Fig. 1b). The separate analysis of 
attached-bacteria showed that the highest abundances in PRE were represented by Proteobacteria belonging to 
Roseomonas (7.1%), Tabrizicola (3.7%), and uncultured strains of Nitrosomonadaceae_Ellin6067 (6.2%), Rhizo-
biales_Incertae_Sedis (4.6%), and Acetobacteraceae (4.8%). Most abundant genera in MID were represented 
by Chthoniobacter (8.2%) and an uncultured strain of Microscillaceae (31.0%), while the POST was represented 
by the highest abundances of γ-Proteobacteria belonging Anhiella (11.2%) and an uncultured strain of Sutterel-
laceae (21.1%) (Fig. 1c).

For the FLB community, the phylum Actinobacteriota presented the highest abundance in PRE (56.5%) 
with a considerably decrease towards the POST (19.9%). In contrast, the Proteobacteria presented the lowest 
abundance in PRE (29.0%) with a considerable increase towards the POST (55.0%) (Fig. 1a). In the case of 
genus, the highest abundances of Actinobacteria in PRE were represented by Candidatus_Limnoluna (24.8%) 
and Ilumatobacteraceae_CL500-29 (7.6%), however, the Sporichthyaceae_hgcl was more abundant towards 
MID (34.0%). The Proteobacteria were more abundant in the POST with OTUs belonging to SAR11_CladeIII 
(20.6%), Sphingomonas (7.5%), and Methylobacterium-Methylorubrum (5.5%) (Fig. 1c).

Diversity of bacterioplankton communities.  Diversity indices were summarized in Fig. 2. Rarefaction 
curve analysis showed that all sample replicates reached a plateau, indicating that the sequencing depth was 
adequate to capture the overall bacterial diversity (Fig. S1). The PAB showed the lowest value of Simpson’s domi-
nance (D) for PRE (0.027 ± 0.003) with a considerable increase towards the POST (0.152 ± 0.030) (Fig. 2). The 
opposite was observed for Shannon diversity (H′), with the highest value observed for PRE (4.246 ± 0.071) fol-
lowed by a considerable decrease towards the POST (2.991 ± 0.157) (Fig. 2). The above results indicated that PAB 
community in POST was significantly higher in dominance with respect to PRE (H = 16.48, 2 d.f, p = 0.000264; 
see Fig. 2 and Table S4), and PRE was significantly higher in Shannon diversity when compared to MID and 
POST (H = 13.45, 2 d.f, p = 0.00220; see Fig. 2 and Table S4). The Pielou’s index (J) reflected similar results with 
Shannon diversity, and the abundance-based coverage (ACE) indicated that there was a similar richness between 
the PRE and POST (Fig. 2 and Table S4). In the case of FLB community, no significant differences in diversity 
indices were registered for most sampling periods (p > 0.01, see Fig. 2 and Table S4), with the exception of ACE 
where a significant increase in richness was observed towards the POST when compared to the PRE (H = 11.48, 
2 d.f, p = 0.000216; see Fig. 2 and Table S4).

Dynamics of toxigenic Microcystis bloom formation and microcystins toxicity.  The gene copy 
numbers for PAB assemblages are visualized in Fig. 3 and described in supplementary Table S5. The gene 16S 
rRNA representing total bacteria showed the lowest copy numbers in PRE (7.60 × 103 ± 385.0 copies mL−1) with 
increasing abundance towards the POST (1.34 × 106 ± 4.42 × 104 copies mL−1) (Fig. 3 and Table S5). Similarly, the 
dynamics of gene copy numbers for the 16S rRNA representing total Microcystis spp., and the mcyA represent-
ing toxigenic Microcystis spp., showed their lowest abundances in PRE (95.1 ± 4.5 and 14.3 ± 1.4 copies mL−1, 

Figure 2.   Box-plots representing  α-diversity indices for the different bacterioplankton community 
assemblages. PAB particle-attached bacteria, FLB free-living bacteria, PRE pre-summer period, MID mid-
summer period, POST post-summer period. Significant differences (p < 0.01) according to Kruskal Wallis and 
Dunn’s post-hoc analysis tests were annotated with lower case letters after Bonferroni correction (a, b).
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respectively) with a considerable increase towards the POST (1.42 × 105 ± 1.09 × 104 and 1.27 × 104 ± 2.76 × 103 
copies mL−1, respectively) (Fig. 3 and Table S5). The abundance of total bacteria was 80 times higher than that 
of the total Microcystis spp. during PRE, which was considerably reduced to only 9 times difference in the POST 
(Table S5). Similarly, the abundance of total Microcystis spp. was almost 7 times higher than that of the amount 
of toxigenic strains of Microcystis spp. during PRE, which was reduced approximately to a 1:1 ratio for the POST 
(Table S5). Furthermore, MCs toxicity expressed as microcystins content in the cells was also included in Fig. 3. 
MCs were detected in MID (3.21 µg L−1) and in POST (3.87 µg L−1). The microcystins concentration (toxicity) 
correlated to the mcyA gene copy numbers (r2 = 0.98), corroborating that the POST bloom was dominated by 
toxigenic Microcystis populations (Fig. 3).

Relationships between bacterial communities and environmental parameters.  The spatiotem-
poral variability of bacterioplankton assemblages (PAB vs FLB) and the influence of environmental parameters 
were analysed separately with canonical correspondence analysis (CCA) in Fig. 4. The CCA loadings were pre-
sented in supplementary Table S6. In the case of PAB, the CCA1 and CCA2 represented up to 97.5% of the 
total variance of the observations (55.8% and 41.7%, respectively; Fig.  4a). The samples were clustered into 
groups and significantly segregated according to the period of collection, which was supported by pairwise 
PERMANOVA (F = 243 and p = 0.003, see supplementary Table S7). The segregation of PRE sampling period 
was explained by the highest concentration of PO4

3− and abundance of OTUs belonging to Roseomonas, Nitroso-
monadaceae_Ellin6067, Rhizobiales_Incertae_Sedis, and several other closely associated genera (see numbers 
1 to 12 in Fig. 4a). The MID was explained by the highest increase in temperature, and abundances of cyano-
bacteria belonging to Snowella_OTU37S04 and Aphanizomenon_MDT14a, which were closely associated to 
the attached bacteria belonging to Microscillaceae, Chthoniobacter, and Planctomycetota_vadinHA49, among 
others (Fig. 4a). The POST was explained by the highest concentrations of NH4

+ and NO3
−, and abundance of 

Microcystis_PCC7914 with the associated bacteria belonging to Sphingobacteriales_env.OPS17, Sutterellaceae, 
Ahniella, Gemmatimonadaceae, and Vampirovibrionales, among others (Fig. 4a).

In the case of FLB, the CCA showed that the samples and OTUs were more dispersed when compared to 
PAB. The POST sampling period was characterized with the longest significant distance in comparison to PRE 
and MID, which was supported by pairwise PERMANOVA (F = 13.15 and p < 0.03, see supplementary Table S7). 
Despite the above, the PRE was again explained by the highest concentration of PO4

3−, and the abundances of 
FLB belonging to Candidatus_Limnoluna and Ilumatobacteraceae_CL500-29, among others (Fig. 4b). The MID 
was explained by the highest temperature and abundances of Sporichthyaceae_hgcI and Limnohabitans, among 
others (Fig. 4b). Furthermore, the POST was explained by the highest concentrations of NH4

+ and NO3
-, and 

the abundance of SAR11_CladeIII, among others (Fig. 4b).

Network interactions within bacterioplankton assemblages.  The co-occurrence network analysis 
was used to explore significant correlations among bloom-causing cyanobacteria and bacterioplankton assem-
blages. Therefore, two independent networks were constructed for PAB and FLB fractions respectively in Fig. 5, 
and the significant Spearman’s correlations between bacterial taxa (nodes and targets) were described in sup-
plementary Tables S8 and S9. In the case of PAB network, a total of 158 significant correlations between bacte-
rial OTUs were observed, from which positive relationships were more abundant than negative (108 over 54, 
respectively; Fig. 5a and Tables S8, S9). Furthermore, the network was also characterized with three modules 
representing the different sampling periods. The module 1 presented high abundant OTUs that were observed 
during PRE, with Rhizobiales_Incertae_Sedis, Roseomonas, and Nitrosomonadaceae_Ellin6067 as the most 
important nodes containing the highest number of positive relationships with other bacterial targets (23, 22, and 

Figure 3.   Dynamics of gene abundance and microcytins toxicity (µg L−1) in particle-attached bacteria sample 
fractions (PAB). PRE pre-summer period, MID mid-summer period, POST post-summer period.
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20, respectively; Fig. 5a and Tables S8, S9). The module 2 was represented by abundant OTUs during the MID, 
where the Bacteroidota belonging to Microscillaceae, and the cyanobacteria belonging to Snowella_OTU37S04 
and Aphanizomenon_MDT14a, were the most abundant nodes containing higher numbers of positive relation-
ships (5, 4, and 3, respectively; Fig. 5a and Tables S8, S9). Moreover, it is important to mention that these three 
OTUs were also observed to have a high number of negative relationships with other targets that were more 
abundant during PRE (7, 7, and 5, respectively; Fig. 5a and Tables S8, S9). The module 3 contained abundant taxa 
during POST, where Microcystis_PCC7914 was the most abundant node presenting the highest number of nega-
tive relationships (18) with targets that were more abundant during PRE (Fig. 5a and Tables S8, S9). Strong posi-
tive relationships between Microcystis_PCC7914 and other bacterial targets (8) were only observed in MID for 
Pseudanabaena_PCC7429 (rs = 0.88, p = 2.03 × 10–7), and in POST for Gemmatimonas (rs = 0.63, p = 2.43 × 10–3), 
Vampirovibrionales (rs = 0.84, p = 2.33 × 10–6), Sphingobacteriales_env.OPS17 (rs = 0.88, p = 1.05 × 10–7), Paludib-
aculum (rs = 0.85, p = 1.10 × 10–6), Ahniella (rs = 0.92, p = 2.08 × 10–9), Sutterellaceae (rs = 0.91, p = 6.96 × 10–9), and 
Hyphomonadaceae_UKL13-1 (rs = 0.62, p = 2.52 × 10–3) (Fig. 5a and Table S9).

In the case of FLB, a total of 54 significant correlations were observed, where 43 were positive relationships 
and 11 were negative (Fig. 5b and Table S8). Modules were not easily distinguishable, and therefore, more difficult 
to discuss in terms of differences according to the sampling period. Despite the above, the Actinobacteriota was 

Figure 4.   Canonical correspondence analysis (CCA) showing the relationships between bacterial community 
(OTUs) patterns and in situ environmental parameters in summer season. (a) particle-attached bacterial 
fraction (PAB), and (b) free-living bacterial fraction (FLB). Significant differences (p < 0.05) between sampling 
periods were tested with PERMANOVA.
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Figure 5.   Network interactions between bacteria (OTUs) in PAB (a) and FLB (b). Only interactions with 
significant Spearman’s correlations where considered for the analysis (p < 0.05 and rs > 0.6). Node size is 
proportional to the OTU average relative abundance, and the colours represent the phylum to which each 
OTU was assigned. Edge colours represent negative (red) and positive (blue) correlations, and the edge width 
represents the strength of the correlation. The network included OTUs that contributed with at least 1% of the 
average total abundance.
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the most abundant phylum in FLB, with the highest number of significant correlations. The number of positive 
relationships were higher for Ilumatobacteraceae_CL500-29 and Candidatus_Limnoluna (10 and 9, respectively), 
while negative were higher for Ilumatobacteraceae_CL500-29 and Sporychthiaceae_hgcI (6 and 5, respectively) 
(Fig. 5b and Tables S8, S9).

Discussion
Temporal dynamics of cyanobacterial community.  The present study illustrated the complex dynamic 
formation of bacterial communities in a reservoir periodically colonised by a toxigenic Microcystis bloom in the 
summer period, where the temperature and the concentration of nutrients were regarded as important physico-
chemical factors contributing to such changes. The low temperature was probably an important factor inhibit-
ing cyanobacterial development during PRE (16.8 °C; Fig. 1 and Table 1). Thereafter, the higher temperature 
in MID could have promoted their development (23.4 °C; Table 2 and Fig. 4a) with shared dominance among 
Snowella, Microcystis, and Aphanizomenon spp. (Fig. 1b). The lowest PO4

3- concentration could be the result of 
cyanobacterial uptake in the MID (23.6 µg L−1, Table 1), especially since blooms were observed abundant dur-
ing that period. In previous studies, the bloom dynamic between Aphanizomenon flos-aquae and Microcystis 
aeruginosa was already described to occur at the Sulejów Reservoir31,32. Interestingly, Snowella 0TU37S04—
closely associated to S. litoralis—was not known to occur in the Sulejów Reservoir. Despite the above, it is a 
common cyanobacterium found in central European lakes33,34, and it was also recently reported with parallel 
high abundance to Microcystis (27% and 62%, respectively) in mid-summer (August) at a reservoir in northern 
Germany35. Unfortunately, potential inter-relationships between both cyanobacterial communities were difficult 
to discuss due to the limited information on eco-physiological functions of S. litoralis. Further development of 
cyanobacterial bloom led to a significant dominance of Microcystis during the POST, with toxigenic genotypes 
(microcystin-producing gene mcyA) and microcystins production (3.87 µg L−1) (Fig. 2). Moreover, the lowest 
value in pH (7.2) and oxygen concentration (5.6 mg L−1) suggested that intensive microbial decomposition had 
started (Table 1), probably indicating that the POST bloom was already decaying (see “Post-summer period 
(POST)”). The highest concentrations of NH4

+ and NO3
− (14.9 µg L−1 and 683 µg L−1, respectively) were regarded 

as important factors influencing towards Microcystis domination in POST (Fig. 4a), since they are known to 
be non-diazotrophic cyanobacteria that rely on external sources of N-compounds36,37. Previously, Mankiewicz 
et al.38 described Microcystis dynamics in the summer of five consecutive years at the Sulejów Reservoir, and 
concluded that high water retention, temperature, and optimum nutrient concentrations were key factors for the 
dominance of toxigenic microcystin-producing cyanobacteria. The highest concentration of dissolved inorganic 
nitrogen correlated with the highest abundances of toxigenic Microcystis at the summer of 2010, similarly as 
it was observed for the present study. In other studies, also nitrogen availability, rather than phosphorus, was 
regarded as one of the most important factors affecting the dominance of toxigenic over non-toxic populations 
of Microcystis, which in most cases is due to progressive anthropogenic eutrophication39,40.

Temporal dynamics and potential eco‑physiological function of particle‑attached bacte‑
ria.  Pre‑summer period (PRE).  The lowest abundance of cyanobacteria was noticed at the beginning of 
summer (Fig.  1), which probably contributed to the highest diversity of associated bacterioplankton assem-
blages (apart from temperature and nutrient availability) (Table 1). These results suggested a higher number of 
habitats with many bacteria performing highly differentiated eco-physiological functions. The highest diversity 
and abundance of Proteobacteria corroborated the above observation, since they are known to occupy a broad 
variety of metabolic strategies that include the cycling of nutrients41. In the case of Roseomonas, many strains are 
known to contain the nifH gene involved in the process of nitrogen fixation42. In contrast, the Nitrosomonadace-
ae are well known to play an important role in the process of nitrification in freshwater ecosystems43, since they 
carry the genes involved in the process of ammonium oxidation to hydroxylamine (amoA) and subsequently to 
nitrite (hao)44. Furthermore, the Rhizobiales Incertae Sedis are uncultured bacteria only known from metagen-
omic analysis, however, they have been considered as important denitrifying communities since they were ob-
served to quickly increase in abundance while removing high quantities of nitrate in waste water facilities45. The 
above observations suggested that they performed a key role in the recycling of nitrogen, and furthermore, they 
possibly were key elements acting synergistically with several other bacterioplankton during PRE (see Fig. 4a).

Mid‑summer period (MID).  A significant decrease in the bacterioplankton diversity, evenness and richness 
were observed (Fig. 2), due to a strong dominance of cyanobacterial communities in the middle of summer 
(Fig.  1). The decrease in the number of significant relationships between bacterioplankton nodes for MID, 
when compared to the PRE, suggested that higher abundance of cyanobacteria had a negative impact on PAB. 
Although the MID cyanobacterial bloom was still not entirely dominated by toxic genotypes of Microcystis 
(Fig. 3), the high abundances of Snowella and Aphanizomenon spp. allowed the enrichment of bacterioplankton 
communities that were not found during other temporal sampling periods (Fig. 1c). The Microscillaceae has 
been linked as an obligate parasite of freshwater cyanobacteria46, and therefore, significant positive correlations 
observed between Microscillaceae and the cyanobacteria representing Snowella (rs = 0.92, p = 2.03 × 10–9) and 
Aphanizomenon (rs = 0.96, p = 1.11 × 10–11) in the present study suggested that they preyed upon these cyanobac-
terial communities (Fig. 5a). In a recent study, Chun et al.47 also distinguished Microscillaceae as a predatory 
agent of freshwater cyanobacteria, however, Microcystis was signalled as the main prey when both were in high 
concentrations during a bloom in Daechung Reservoir, Korea. Similarly, Chthoniobacter have been described 
to parasite freshwater filamentous cyanobacteria belonging to Anabaena and Dolichospermum during mixed 
blooms dominated by Microcystis26,47. In the present study, the abundance of Microscillaceae and Chthoniobacter 
were not correlated to Microcystis, probably indicating that there was a preference for the other two dominant 
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cyanobacterial taxa (rs = 0.95, p = 5.72 × 10–11 for Snowella, and rs = 0.87, p = 3.73 × 10–7 for Aphanizomenon, see 
Fig. 5a). Finally, the significant increase of Planctomycetota (vadinHA49) also suggested its preference to Snow-
ella (rs = 0.91, p = 1.70 × 10–8) and Aphanizomenon (rs = 0.95, p = 1.13 × 10–10) (Fig.  5a). They have been found 
previously abundant during intensive blooms48,49, with a preference to remain attached than free-living50. Fur-
thermore, they are known to degrade complex polysaccharides, and therefore, it has been proposed that they 
feed on cyanobacterial exudates and decaying material35,51.

Post‑summer period (POST).  A strong bloom dominated by Microcystis was probably an important factor 
reducing the PAB diversity and evenness in the POST (Fig. 2). The high abundance of negative strong correla-
tions between Microcystis and several attached bacteria that were abundant during PRE, suggested that it was the 
cyanobacterium with the strongest negative impact to PAB communities in the summer of 2020 (Fig. 5a). The 
negative effect of Microcystis on attached bacterioplankton diversity has already been demonstrated in several 
previous studies19,22,49,51, and although its potential toxicity has been suggested to be an influential factor, it has 
not been extensively investigated. In the present study, the POST was significantly dominated by microcystin-
producing genotypes (Fig. 3), indicating that this cyanotoxin could be an influential factor negatively affecting 
on PAB diversity. Microcystin has been described as an allelopathic compound inhibiting growth and photo-
synthesis in several phytoplankton species, including other cyanobacteria52, therefore implying that it may play 
a significant role in the dynamics of bacterioplankton communities. There are not many studies describing the 
potential role of toxic microcystin-producing genotypes on attached microorganisms. Scherer et al.28 investi-
gated the temporal abundance of mcyB gene in two south German lakes, however bloom toxicity was not found 
to alter significantly the PAB. In contrast, Song et al.53 described an increase in PAB diversity parallel to high 
concentration of mcyADH gene copy numbers and abundance of Microcystis during a summer bloom in Lake 
West, China. In both studies, toxic genotypes of Microcystis were present but not dominating the blooms, rather 
by a mixture of three or more cyanobacterial taxa, which could also explain the lack of negative effect on PAB as 
observed in the present study.

Potential eco-physiological functions of enriched PAB suggested that the POST bloom could have started the 
process of decaying. In the present study, the higher abundance of Sphingobacteriales (env.OPS 17) could be an 
indicator corroborating the above mentioned process (Fig. 1c), since the Sphingobacteriales order has already 
been described as a bloom specialist favouring the uptake of cyanobacterial exudates and decaying material48,54. 
Furthermore, this order has been proposed to contain microcystin-degrading bacteria due to its natural asso-
ciation with microcystin-producing cyanobacterial blooms55. In the case of the family env.OPS17, only two 
strains have been isolated from groundwater and are known to grow better on media containing bacterial cell 
lysate over simple carbon sources56. Such observation corroborates their preference on more complex carbon 
substrates, similarly as they could have encountered in a decaying environment dominated by Microcystis in the 
present study (Fig. 5a).

In the case of Sutterellaceae, it is known to naturally occur as gut microbiota, with representative strains 
isolated from animal and human faeces57. Its main origin could come from a variety of point and diffuse sources 
of pollution found above the Pilica River catchment and the Sulejów Reservoir, e.g.: domestic sewage and farm-
ing activities, respectively58, that could also explain its high abundance during POST (Fig. 1c). The above result 
portrayed Sutterellaceae as an important bioindicator of poor water quality during intensive blooms dominated 
by Microcystis in the present study. In the case of Anhiella, only one strain has been isolated from sandy soil 
near a stream in Sinan-gun, Korea59. Although its potential functional role is not known when associated to 
cyanobacterial blooms, the strain was able to utilize cellulose as a source of carbon, indicating that it also can use 
complex carbon substrates for growth. The above observations suggested that both, Sutterellaceae and Anhiella, 
could be opportunistic bacteria feeding on Microcystis exudates and decaying material. To our knowledge, the 
present study may represent the first report were both bacterial taxa were associated to blooms dominated by 
Microcystis (Fig. 5a).

High abundance of an uncultured strain of Vampirovibrionales was also associated to a parasitic lifestyle that 
could induce Microcystis cell lysis (Fig. 5a). However, parasitic lifestyle of this order was only demonstrated from 
the effects caused by one isolated strain—Vampirovibrio chlorellavorus—that is known to predate on the green 
algae Chlorella spp. Despite the above, Chun et al.47 described a positive correlation between Vampirovibrionales 
and Microcystis during a summer bloom in Daechung reservoir, Korea, suggesting that they could also predate 
on Microcystis cells. There are no other studies describing the above mentioned dynamics, and therefore, the 
results obtained in the present study could help to support the previous observation.

Potential nitrogen transforming bacteria belonging to Roseomonas and Nitrosomonadaceae (Ellin6067) were 
significantly depleted in the POST bloom (Fig. 1c). In contrast, these two bacterial taxa were described to be 
abundant during blooms dominated by Microcystis48,51. Furthermore, Qian et al.60 observed that abundances of 
nitrogen fixation (nifH) and denitrifying bacterial genes (nirSK, and nosZ) correlated to that of the microcystin-
producing genes (mcyADH) in Lake Tahoe, China, indicating that nitrogen transforming bacteria increased 
with concern to the appearance of toxic genotypes of Microcystis during a bloom in early August. Their results 
suggested that nitrogen transforming bacterial communities act synergistically with non-diazotrophic blooms, 
probably involved in the exchange of nitrogen compounds within the phycosphere of Microcystis cells. There-
fore, a possible explanation on the antagonistic dynamics observed in the present study could be related on the 
decaying stage of Microcystis bloom during the POST (Fig. 5a). In another study, Chung et al.47 also observed 
that the abundance of Roseomonas significantly decreased in a post autumn bloom dominated by decaying 
Microcystis. Therefore, we speculated that microcystin could be a potential molecule affecting the development 
of these nitrogen transforming bacterial communities. In the case of polyphosphate accumulating bacteria, the 
Gemmatimonas has been proposed to facilitate the transfer of phosphorus to Microcystis cells in environments 
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where the nutrient is depleted or in low concentrations19,22. In the present study, a strong correlation between 
both taxa suggested that Gemmatimonas provided an additional source of phosphorus for Microcystis in an 
environment limited with PO4

3− concentrations during the POST, therefore, playing a significant role to sustain 
Microcystis toxigenic blooms for longer periods of time.

Temporal dynamics and potential eco‑physiological function of free‑living bacteria.  FLB 
assemblages presented significant less connectivity between taxa (Fig. 5b), similarly as observed by Yang et al.22. 
This suggested that FLB ecological inter-relationships were not as complex as demonstrated for PAB assem-
blages (Fig. 5a). FLB were initially dominated by Actinobacteria (Fig. 1a), a phylum generally abundant in fresh-
water ecosystems26,61, however, independent from algal-derived compounds due to its ability to obtain sup-
plementary light-derived energy from rhodopsins19,62. Its progressive decrease towards the POST indicated an 
antagonistic behaviour with the appearance of Microcystis dominated bloom (Fig. 1b), similarly as described 
in previous studies26,63. This behaviour was attributed to the increase in nutrient concentrations, that is usually 
followed by the appearance of blooms, considering that Actinobacteria prefer more oligotrophic conditions28,62. 
In the present study, we also observed that the concentration of NO3

- and NH4
+ was the highest for the POST 

(Table 2 and Fig. 4b), which possibly contributed to a higher trophic condition resulting in a negative influence 
on Actinobacterial abundance. Interestingly, the significant Actinobacterial decrease allowed the enrichment 
of Proteobacteria at the POST (Fig. 1a), with SAR11_CladeIII as the most abundant genus during the strong 
bloom dominated by Microcystis (Fig. 1c). The SAR11_CladeIII was recently recognized as LD12 clade of the 
freshwater Pelagibacter to distinguish it from its close relatives in marine environments. Little is known about 
its eco-physiological function in the environment, however, genomic analysis suggested that it is composed of 
chemoorganotrophic bacteria feeding on simple organic compounds, and depending on sulphur, ammonia and 
other nitrogen sources64. Therefore, as it was mentioned before, the high concentration of nitrogen sources in the 
POST could have been an important factor influencing on its enrichment (Fig. 4b).

Potential algicidal bacteria in attached consortia.  Interestingly, several bacteria, e.g.: Bacillus, Strep-
tomyces, Pseudomonas, Aeromonas, Pseudoalteromonas, Alcaligenes, Lysinibacillus, among others65, have been 
isolated with the ability to lyse Microcystis aeruginosa cells and other cyanobacterial species. However, none of 
them were observed in high abundance during the POST bloom dominated by Microcystis in the present study 
(Fig. 1c). One exception could be represented by the order Sphingobacteriales, that has been closely linked to 
algicidal activity28, and whose abundance in PAB during the POST bloom was high (Fig. 1c). In contrast, other 
studies have described the enrichment of the above mentioned algicidal bacteria during intense blooms22,25,28,51, 
although it is important to mention that the majority of known strains described in the literature are those 
culturable bacteria isolated by conventional methods; e.g. growing on nutrient-rich agar media65. Artificially 
culturable bacteria may represent less than 1% of the total diversity of bacteria, and therefore, we speculated that 
potential algicidal bacteria in the present study may be represented by species that are difficult to isolate and 
culture in laboratory conditions.

Conclusions
Bacterioplankton communities were significantly different regarding to their structure, diversity, and inter-species 
relationships during the development of a toxigenic Microcystis bloom. The PAB, or phycosphere, showed more 
complex inter-relationships between cyanobacteria and other taxa, suggesting higher metabolic dependencies. 
Network analysis inferred that PRE was characterized with Proteobacterial potential taxa involved in nitrogen 
transformation processes, e.g.: nitrogen fixation, nitrification, and denitrification (Roseomonas, Nitrosomonas_
Ellin6067 and Rhizobiales_incertae_sedis). PAB diversity decreased in MID and POST, proposing that cyano-
bacteria had a strong impact over bacterioplankton communities. Network analysis revealed that both periods 
were positively correlated to potential taxa known to have parasitic/predatory lifestyles (Microscillaceae and 
Chthoniobacter, and Vampirovibrionales) or were opportunistic towards the growth of cyanobacteria (Planc-
tomycetota_vadinHA49, Sphingobacterales_env.OPS17, Sutterellaceae and Anhiella). The MID was composed 
with a mixed-bloom of Snowella, Aphanizomenon, and Microcystis that probably developed by the high registered 
temperature. The POST was significantly dominated by toxigenic Microcystis with production of MCs and the 
highest concentrations of NH4

+ and NO3
− were regarded as important factors contributing to their domination. 

Toxigenic Microcystis was regarded as the taxon with the strongest negative impact on PAB due to numerous 
negative correlations (co-occurrences) registered with other bacterioplankton. In contrast, FLB presented less 
connectivity, suggesting no strong dependencies between taxa. They were mainly represented by Actinobacteria 
and Proteobacteria, and the highest concentration of nitrogen sources in the POST was regarded as an important 
factor influencing on Proteobacterial dominance. Such gathered knowledge may contribute to a better under-
standing in the deterioration of the ecological status of waters during blooms dominated by toxigenic Microcystis. 
This is essential to improve mitigation and contingency plans over development of CyanoHABs, for freshwater 
bodies that undergo increasing anthropogenic pressure.

Methods
Study site and collection of samples.  The present study was performed in the Sulejów Reservoir, a 
freshwater lowland dammed reservoir located within the course of the Pilica River in Central Poland. Built with 
the purpose to provide flood control, recreation, power generation, and as an alternative source of water supply 
for the city of Lodz. The reservoir is under progressive anthropogenic eutrophication, with common appearance 
of toxigenic blooms dominated by Microcystis aeruginosa during the summer season31,32,66–68. Total cellular and 
free microcystin concentrations have reached up to 30 µg L−1 during intensive blooms67.
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Sampling was performed in three consecutive periods during a bloom development in 2020: (i) the 04th of 
June representing the pre-summer period (PRE), (ii) the 13th of August as mid-summer (MID), and (iii) the 
01st of October as post-summer (POST). For each sampling period, 5 L of surface water were collected and con-
centrated to 50 mL using a 20 µm phytoplankton net. Seven replicates were prepared for each sampling period. 
Particle-attached and free-living bacteria (PAB and FLB, respectively) were segregated according the specifica-
tions in Louati et al.26. Concentrated surface water samples were first filtered through 1.2 µm nitrocellulose 
filters (Millipore, USA) to collect the fraction containing PAB. Filtered water was then passed through 0.2 µm 
filters to collect the remaining FLB. Filters were stored at − 20 °C until further DNA extraction. Simultaneously, 
on the three above-mentioned days, samples were also taken for chemical and microcystins toxicity analyses.

Physico‑chemical parameters and chemical analysis of nutrients.  Physico-chemical parameteres 
for surface water, temperature (T°), pH, oxygen concentration (mg L−1), and conductivity (µS cm−1), were meas-
ured in situ using a YSI multimetric probe. Filtrated water was used to estimate the concentration (mg L−1) of 
dissolved forms of P and N (PO4

3−, NH4
+, and NO3

−) using Dionex ® ion chromatograph as specified by Gągała 
et al.69.

Nucleic acid extraction, preparation of 16S rRNA libraries, and high‑throughput sequenc‑
ing.  Filters containing PAB and FLB aggregates were placed into separate bead tubes and DNA was extracted 
according to the specifications in Dneasy ® PowerWater® Kit (Qiagen). Genomic DNA was measured with Pico-
Green reagent (Life Technologies) using fluorimetry (Tecan’s Infinite). DNA libraries were prepared with the 
primers 341F and 785R targeting the region V3-V4 of the 16S rRNA gene70, with overhanging nucleotide adap-
tors recommended for Illumina technology71. The PCR reaction was performed using a Q5 Hot Start High-
Fidelity 2 × Master Mix (New England Biolabs), with 3′ → 5′ exonuclease activity (~ 280-fold lower than that 
of Taq DNA polymerase), and the reaction conditions were followed as specified by the manufacturer. Sterile 
water was used as a negative control during PCR, and the DNA concentration was observed below threshold 
limit during the fluorometric measurement. The 16S rRNA V3-V4 amplicons were purified before attaching dual 
indices and Illumina sequencing adaptors according the specifications of Nextera XT Index kit71. Sequencing 
was performed in a MiSeq Illumina sequencer, using paired-end (PE) technology, 2 × 300 nt, with the MiSeq 
reagen kit v3 (600-cycle) according to the manufacturer specifications. DNA quantity, the preparation of 16S 
rRNA libraries, and sequencing were performed at the Genomed S.A. laboratories (http://​www.​genom​ed.​pl/).

Bioinformatic analysis.  Reads were analysed with the QIIME2 version 2021.4 software package (https://​
qiime2.​org/). The CUTEADAPT extension software was used to trim sequence adaptors and analyse the quality 
of the reading. Poor quality readings were removed (quality < 20, minimal length 30). The SEQPREP algorithm 
was applied to pair the sequences, and the USEARCH61 algorithm was used to remove chimeras. Finally, the 
UCLUST algorithm was used to cluster the sequences by similarity (97%) and assign a taxonomical unit (OTUs) 
based on the SILVA 138 classifier (https://​www.​arb-​silva.​de/). Sequences assigned to Chloroplast and Mitochon-
dria were removed from the analysis.

Quantitative analysis (qPCR).  PAB communities were also investigated with the use of real time qPCR. 
Two different markers were used to target the gene 16S rRNA to monitor the overall abundance of total bacteria 
and Microcystis spp. Furthermore, the gene mcyA was used to define the representative portion of the commu-
nity that belonged to toxigenic Microcystis spp. The list of primers is presented in the Table 2. The reactions were 
performed using the Maxima SYBR Green/ROX master mix (Thermo Scientific) and the QuantStudio 3 real-
time PCR system (Applied Biosystems). Each reaction (20 µL) was prepared in triplicate, containing 12.5 µL of 
ready to use master mix, 30 pmol of primers, and approximately 10 ng µL−1 of diluted DNA. The thermal cycling 
program included an initial denaturation at 94 °C for 10 min; 40 cycles of denaturation at 95 °C for 30 s, anneal-
ing for 30 s at different temperatures according to the genetic marker (Table 2), and extension at 72 °C for 30 s. 
A melting curve analysis was performed after qPCR with a reading ramp from 65 to 95 °C every 10 s, and the 
gene copy numbers were read at the phase of extension. A curve with six standards was prepared using genomic 
DNA isolated from a commercial strain of toxigenic Microcystis aeruginosa PCC7806. Calculations were made 

Table 2.   Primers used for qPCR analysis in the present study. a Suzuki et al.74; bNeilan et al.75; cGągała et al.69.

Gene Target Primer Sequence (5′ → 3′) Annealing temp (°C) Size (bp)

16S rRNA

Bacteria
BACT 1369f CGG​TGA​ATA​CGT​TCY​CGG​

50 123a

PROK 1492r GGW​TAC​CTT​GTT​ACG​ACT​T

Microcystis spp.
209F ATG​TGC​CGC​GAG​GTG​AAA​

CCT​AAT​
55 250b

409R TTA​CAA​TCC​AAA​GAC​CTT​
CCT​CCC​

mcyA Microcystis spp. producing 
microcystin

mcyA-f1 AAC​CTA​TCC​CGG​TTG​CTC​
AGATG​

51 395c

mcyA-r1 CAC​ATC​TCC​AAG​GAA​AAT​ACA​
CCC​C

http://www.genomed.pl/
https://qiime2.org/
https://qiime2.org/
https://www.arb-silva.de/
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considering that 5,172,804 bp is the total size of the genome72. For all three qPCR assays, the efficiency of the 
reactions based on the standard curves were above 92%, with a high coefficient of determination (r2 > 0.99). The 
melting curve analysis showed defined sharp peaks for all three genes with no appearance of shoulder peaks 
(Supplementary material Fig. S2).

Protein phosphatase inhibition assay.  The protein phosphatase inhibition assay was performer with a 
MicroCystest screening immuno-bioassay (ZEU-Inmunotec, Zaragoza, Spain) to confirm the biological activ-
ity of microcystins (MCs), understood here as their toxicity. Collected samples containing cyanobacterial cells 
were prepared and analysed according to manufacturer’s instructions. MicroCystest is based on the inhibition 
of PP2A (rabbit skeletal muscle) activity by MCs, the mechanism of action used by these toxins in hepatocytes 
(PP2A is able to hydrolyse a specific substrate that can be detected at 405 nm). The test is able to detect all toxic 
MCs present in a sample. The assay range of the method is between 0.25 and 2.5 μg L–1. The concentration of 
MCs in the sample was expressed in microcystin-LR equivalents.

Analysis of data.  The diversity composition and multivariate ordination analyses were used to investigate 
differences between bacterioplankton assemblages (PAB and FLB) in three periods of collection (PRE, MID, 
and POST). The samples were first rarefied to estimate the sequencing depth, and then the α-diversity was 
described with the Simpson’s dominance (D), Shannon’s diversity (H′), Pielou’s eveness (J) and the Abundance-
based coverage richness (ACE) indices. Differences in α-diversity between sampling periods were analysed with 
Kruskal–Wallis and Dunn’s post-hoc tests (p < 0.01). Furthermore, the canonical correspondence analysis (CCA) 
was used to describe relationships between bacterial OTUs (Genus) and in situ environmental parameters. Sig-
nificant differences between community compositions through the sampling periods were evaluated with per-
mutational multivariate analysis of variance (PERMANOVA, with 999 permutations) based on the Bray–Curtis 
dissimilarity index. Statistical analyses and visualization of CCA were performed with the software PAST 4.0373.

Co-occurrence network analysis was performed to investigate potential interactions between most significant 
OTUs (Genus) in PAB and FLB assemblages. The PAB network was performed with seven replicate samples for 
each period of collection, while the FLB network was performed with seven for PRE, and five for MID and POST 
respectively. Graphical visualization of networks were constructed with the software Cytoscape 3.8.2 (https://​
cytos​cape.​org/), focusing on interactions among different bacterial genera with strong (rs > 6) and significant 
(p < 0.05) Spearman’s correlation. Furthermore, Spearman’s p-values were adjusted for multiple testing with 
Bonferroni correction. Topological properties were used to define networks in which a node represented an 
estimable species marker (OTUs), and the edge the correlation weight between two defined nodes. Furthermore, 
a positive or negative correlation between two nodes were interpreted as synergistic or antagonistic interactions 
respectively51.

Data availability
Original datasets as FASTQ files were uploaded to the NCBI Sequence Read Archive under the project 
PRJNA837559, with seven bio samples for the PREPAB: SAMN28206046–SAMN28206052, and seven for PRE-
FLB: SAMN28206053–SAMN28206059; seven bio samples for the MIDPAB: SAMN28206060–SAMN28206066, 
and five for MIDFLB: SAMN28206067–SAMN28206071; seven bio samples for the POSTPAB: SAMN28206072–
SAMN28206078, and five for POSTFLB: SAMN28206079–SAMN28206083.
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