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ABSTRACT
The toxic cyanobacterium Microcystis causes worldwide health concerns, being
frequently found in freshwater and estuarine ecosystems. Under natural conditions,
Microcystis spp. show a colonial lifestyle involving a phycosphere populated by a
highly diverse associated microbiome. In a previous study, we have proposed that
colony formation and growth may be achieved through mechanisms of multispecies
bacterial biofilm formation. Starting with single-cells, specific bacteria would be
recruited from the environment to attach and create a buoyant biofilm or colony.
This progression from a few single cells to large colonies would encompass the
growth of the Microcystis community and bloom formation. In order to test this, we
applied 16S rDNA metabarcoding to evaluate the changes in bacterial community
structure (gDNA) and its active portion (cDNA) between different sample sizes
obtained from a Microcystis bloom. Bloom sample was sieved by size, from one or a
few cells (U fraction) to large colonies (maximum linear dimension ≥ 150 µm; L
fraction), including small (20–60 µm, S fraction) and medium size (60–150 µm, M
fraction) colonies. We found that gDNA- and cDNA-based bacterial assemblages
significantly differed mostly due to the presence of different taxa that became active
among the different sizes. The compositional variations in the communities between
the assessed sample sizes were mainly attributed to turnover. From U to M fractions
the turnover was a result of selection processes, while between M and L fractions
stochastic processes were likely responsible for the changes. The results suggest that
colony formation and growth are a consequence of mechanisms accounting for
recruitment and selection of specific bacterial groups, which activate or stop growing
through the different phases of the biofilm formation. When the final phase (L
fraction colonies) is reached the colonies start to disaggregate (bloom decay), few
cells or single cells are released and they can start new biofilms when conditions are
suitable (bloom development).
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INTRODUCTION
Among bloom-forming cyanobacteria, Microcystis species are the most frequent
worldwide (De Leon & Yunes, 2001; Zurawell et al., 2005; Huisman & Hulot, 2005;
González-Piana et al., 2011; O’Neil et al., 2012; Paerl & Otten, 2013; Srivastava et al., 2013;
Harke et al., 2016). Microcystis blooms are of special concern because they are mainly
composed by populations able to produce secondary metabolites called microcystins,
which are toxic to animals and humans (Vezie et al., 1998). These blooms can be very
dense in eutrophic ecosystems (Kruk et al., 2023; Bonilla et al., 2023), where high nutrient
concentration promotesMicrocystis growth. During a bloom,Microcystis can be found in a
wide range of organism’s sizes, from single cells (4 µm) to large colonies visible to the
naked eye (Kruk et al., 2017; Reynolds et al., 1981). The size variability of Microcystis spp.
has been related to physiological and ontogenetic stages driven by the environmental
conditions (Reynolds et al., 1981; Deus et al., 2020). For example, the size distribution of
Microcystis spp. biovolume appears as a good predictor of active toxin production, being
the colonies in the 60–150 µm size fraction good indicators of higher toxicity (Deus et al.,
2020; Wang et al., 2013). Moreover, Gan et al. (2012) showed that the addition of
microcystin to Microcystis cultures provoked a significant increase in colony size.

The colonial lifestyle provides Microcystis with multiple benefits, including protection
from grazing (Becker, 2010; Stahl, 2017; Xiao et al., 2017), adaptation to light variation
(Stahl, 2017; Xiao et al., 2017), protection from chemical stressors (Xiao et al., 2017),
increased water column transparency (Harel et al., 2012; Stahl, 2017), and a milieu where
nutrients are efficiently recycled (Stahl, 2017; Ma et al., 2014). Yet, from an evolutionary
point of view, Microcystis belongs to a clade of unicellular cyanobacteria (Schirrmeister
et al., 2013), and it is well known that when isolated under laboratory conditions the
colonies give usually place to unicellular cultures (Xiao et al., 2017; Xiao, Li & Reynolds,
2018). Dilution of samples to obtain an isolate will also likely dilute the Microcystis-
associated and the free-living bacteria, thus preventing the conditions that favor
aggregation of Microcystis cells and colony formation.

Microcystis colonies are embedded in a layer of mucilage (Kehr & Dittmann, 2015; Liu,
Huang & Qin, 2018) populated by a high number of heterotrophic and autotrophic
bacteria growing at expense of the extracellular polysaccharides (EPS) availability (Fig. 1).
This EPS-rich space inhabited by a high diversity of microorganisms (the phycosphere)
can have ecosystem-level effects on several processes, e.g., nutrient cycling and toxin
biosynthesis (Bell & Mitchell, 1972; Seymour et al., 2017). In the Microcystis phycosphere,
the heterotrophic bacteria were found to stimulate the cyanobacterial growth, to induce the
production of EPS (Wang et al., 2015), and to allow the cyanobacteria accessing specific
compounds, e.g., vitamins and outer membrane lipopolysaccharide, while providing
bacteria with highly bioavailable carbon (Xie et al., 2016).

Recently, Pérez-Carrascal et al. (2021) have reported that Microcystis associated
microbiome is genotype-specific and that closely related genotypes have similar
microbiomes. Besides, co-cultivation of axenic, single-celled cultures of Microcystis with a
natural Microcystis-associated heterotrophic bacteria isolated from Microcystis colonies
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stimulated the production of EPS, allowing to reconstitute a colonial phase (Shen et al.,
2011). On the other hand, removing the EPS has shown to have a detrimental effect on the
auto-aggregation abilities of heterotrophic bacteria isolated from Microcystis colonies,
suggesting a relevant role of EPS in the recruitment of bacteria by promoting their
attachment (Zhang et al., 2018).

Taken together, current evidence points to the existence of a metabolic interdependence
between Microcystis and its associated microbiome (Jackrel et al., 2019; Cook et al., 2020).
Moreover, it has been suggested that in natural conditions the ability of Microcystis to
compete with other phytoplankton groups could not be determined by the toxin
production but by the interaction with its associated microbiome (Schmidt et al., 2020). In
addition, the presence of quorum sensing (QS) mechanisms has been reported for
Microcystis, which stimulate colonial growth via acylated homoserine lactones (AHL)
generated either by Microcystis or by other bacterial sources (Herrera & Echeverri, 2021).
Through this multispecies QS these organisms are able to form a three-dimensional
biofilm structure (Shi et al., 2022) that functions as a complex holobiont (Piccini et al.,
2024). This symbiotic relationship would have been established early in the evolution of
this unicellular cyanobacterium and could be the key to the success of Microcystis in
changing environments. Thus, understanding the mechanisms underlying colony
formation inMicrocystis would help to unveil the role of the associated microbiome in the
evolution and environmental performance of this holobiont.

For stream biofilms, it has been described that assembly processes would be mainly
deterministic (Besemer et al., 2012; Veach et al., 2016). As biofilms become thicker,

Figure 1 Microcystis phycosphere. DAPI-stained Microcystis colony showing the bacteria attached to
the mucilage. Full-size DOI: 10.7717/peerj.19149/fig-1
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nutrient gradients increase, generating different microenvironments that can support a
greater diversity of metabolic lifestyles, giving rise to additional selective pressures on the
organisms (Fowler et al., 2023). Despite different studies examined community assembly
processes in different kind of aquatic biofilms, the conclusions are often contrasting and
the factors driving these different observations are not yet well understood or addressed
(Vignola et al., 2018; Matar et al., 2021).

Considering the aforementioned background on the role of heterotrophic bacteria and
microcystin in colony formation, we hypothesize that the development and growth of
Microcystis colonies is driven by multispecies bacterial biofilm formation mechanisms. The
formation and growth of these biofilms, or colonies, reflect the onset and development of
the bloom. In this context, the increase in colony size is related to microbiome dynamics
(growth and decay of different populations driven by different community assembly
mechanisms) and microcystin production. Thus, our aim was to assess the changes in the
bacterial community during the development and growth of Microcystis colonies and the
underlying assembly mechanisms. To this end, we analyzed the microbiome associated to
size-fractionatedMicrocystis colonies obtained from a bloom by 16S rRNA metabarcoding
using genomic DNA (gDNA, considered as the whole bacterial community) and RNA
(cDNA, representing the metabolically active fraction) (Blazewicz et al., 2013). Beta
diversity among the bacterial communities associated with each sample size was also
assessed to establish the community assembly mechanisms. To determine the potential
link between toxin production and sample size, microcystin concentration was also
assessed.

MATERIALS AND METHODS
Samples processing
A water sample was taken in January 2017 at Salto Grande reservoir (31�12′59.3″S 57�56′
00.1″W) during a Microcystis spp. bloom. Salto Grande is a eutrophic-hypereutrophic
reservoir that suffers recurrent cyanobacterial blooms of Microcystis spp. (Bordet,
Fontanarrosa & O’Farrell, 2017; Chalar, 2006; Kruk et al., 2017; Lepillanca et al., 2018;
Martínez de la Escalera et al., 2017, 2023; O’Farrell, Bordet & Chaparro, 2012).
Size-fractionated water samples were used to analyze the structure, composition and
activity of the bacterial community associated with Microcystis colonies (for details see
Deus et al., 2020). Briefly, 5 L surface water samples were taken using a sterile plastic bottle
and then fractionated through nylon nets in sequential mesh sizes of 150, 60 and 20 mm.
From each size-fractionated sample, a 15 mL aliquot was filtered through a 0.2 mm GTTP
filter (Millipore). 250–300 ml of the water passing through all these sizes was finally filtered
through a 0.2 mmGTTP filter (Millipore) and accounted for the unicellular fraction. All the
filters were preserved in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) until
nucleic acid extraction. This resulted in concentratedMicrocystis size fractions, which were
classified according to their maximum linear dimension (MLD) in large (L; >150 mm),
medium (M; 150–60 mm), small (S; 60–20 mm) and unicellular (U; <20 mm) that includes
single cells and colonies of a few cells (for details see Deus et al., 2020).
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Environmental variables were measured in situ (pH, water temperature, turbidity) using
a multiparameter probe (Horiba). Chlorophyll a concentration was determined by
High-Performance Liquid Chromatography (HPLC) following the Standard Methods
10200 H (22nd edition).

Size fraction estimation
In order to confirm the size classes, a 10 mL subsample from each size fraction was used to
measure Microcystis individual dimensions using 1 mL Sedgwick-Rafter chambers under
an inverted Olympus IX81 microscope at �100 magnification. The maximum linear
dimension (MLD, mm) of single unattached cells and colonies was determined. Width and
depth of organisms were measured using the Cell F software (Olympus Cell Series).
Individual cell and colony volume (mm3) was calculated by approximating a prolate
spheroid (Alcántara et al., 2018). Based on the obtained volume, the equivalent spherical
diameter (ESD, mm3) was calculated.

DNA and RNA extraction
The gDNA extraction was performed according to the protocol described in Deus et al.
(2020). Briefly, the filter pieces and lysis extraction buffer were put in a 2 ml tube
containing ceramic beads (2 mm diameter), homogenization during 40 s at 6 m/s in a
FastPrep (MP Biomedicals), separation of nucleic acid with chloroform:isoamyl (24:1),
nucleic acid precipitation with isopropanol and incubation for 1 h at room temperature
(20 �C), and a washing with cold 70% (v/v) ethanol.

For the RNA extraction, the PureLinkTM RNA MiniKit kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used. Retrotranscription reactions were performed to obtain the
cDNA using the High Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer instructions.

Toxic cell abundance and microcystin concentration
The abundance of microcystin-producing cells for each sample size was assessed through
quantification of the mcyE gene by quantitative real-time PCR (qPCR) (Deus et al., 2020).
Briefly, two microliters of DNA extracts from each fraction (ca. 50 ng DNA) were applied
to the Power SYBR Green PCR (Invitrogen, Carlsbad, CA, USA) in a final reaction volume
of 20 µL using mcyE primers (Sipari et al., 2010). Cycling conditions were 2 min at 50 �C,
15 min at 95 �C and 40 cycles of 15 s at 94 �C, 30 s at 60 �C and 30 s at 72 �C, including a
last melting step from 65 to 95 �C at 1 �C steps each 4s. A 96 FLX Touch TM thermal cycler
(Bio-Rad, Hercules, CA, USA) was used. Quantification curves were achieved using serial
dilutions, from 1/10 to 1/100,000 of a vector containing the mcyE cloned gene and applied
to qPCR in the same PCR plate, where the samples were assayed by triplicate (Martínez de
la Escalera et al., 2017). Negative controls without DNA were included at each run.

To determine microcystin concentration present in each size fraction an indirect
competitive Enzyme-Linked ImmunoSorbent Assay (ELISA) using rabbit polyclonal
antibodies was performed according to Pírez et al. (2013). Microcystin concentration was
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normalized by the mcyE copy number per mL (qPCR data from Deus et al., 2020) and the
result was interpreted as microcystin produced per cell.

16S rRNA sequencing
The V4 region of the 16S small subunit ribosomal RNA (SSU rRNA) gene was amplified
from gDNA and cDNA using the universal par of primers 515f and 806r (Parada,
Needham & Fuhrman, 2016) and amplicons were sequenced at the University of
Minnesota on an Illumina MiSeq platform (2 × 300 bp).

Sequence analysis
All the bioinformatic analysis were performed with the free software R, version 4.2.1 (R
Core Team, 2022) and DADA2 version 1.16.0 (Callahan et al., 2016a, 2016b). The raw
sequences were provided already demultiplexed, which were processed to eliminate those
showing poor quality according to the following criteria: sequence quality, sequence with
ambiguous bases (N), chimeras and amplicon length. The resulting sequences were
clustered into ASVs (Amplicon Sequence Variant, 100% sequence similarity), which were
then assigned to their taxonomy by comparing with the SILVA SSU database version 138.1
(Quast et al., 2013; Yilmaz et al., 2014). After the generation of a phyloseq object
(McMurdie & Holmes, 2013), ASVs were filtered removing those coming from
chloroplasts, mitochondria and Eukarya, and then according to the prevalence and
abundance of the ASVs. The 16S rRNA obtained sequences can be found at GenBank
(PRJNA1169899).

Data analysis
Rarefaction curves were generated with the vegan package (Oksanen et al., 2022) to verify
that the sequencing depth was optimum and that all samples have had the same sampling
effort. We normalized the data using proportions (McKnight et al., 2019). To explore
differences among size fractions, a-diversity (excluding Microcystis ASVs) indexes were
estimated: Richness, Shannon, Simpsons, and Equitability. Differences between the
bacterial communities from different sample sizes (β-diversity) for gDNA- and
cDNA-based samples were addressed using Bray-Curtis dissimilarity (also excluding
Microcystis ASVs). To determine if differences in community composition between
samples were statistically significant, we performed a PERMANOVA using the function
adonis2 in the vegan package with 999 random permutations (Oksanen et al., 2022).
Spearman correlation analyses between different sample sizes were performed using the
ASVs abundance and composition obtained from each sample.

The ASV abundance table (abundance of each ASV per sample) was used to calculate
the percentage corresponding to each phylum. For those phyla showing a relative
abundance higher than 5% at least in one fraction, we calculated the percentage
corresponding to each order, family or genus (depending on the depth at which they were
classified) belonging to that phylum. Once the percentages were calculated, we looked for
those reaching more than 5% in any fraction and calculated its shift in abundance from one
fraction size to the next, both for gDNA and cDNA and between them.When the taxa were
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analyzed at the genus level, those whose relative abundance was below 5% and those that
were not assigned were excluded from the analysis.

To quantify the contribution of different ecological processes to the compositional
variations of microbial communities (stochastically or deterministically assembled), a
pairwise modified Raup-Crick β-diversity dissimilarity index (RC(BC)) was calculated using
Bray-Curtis (Raup & Crick, 1979) for the gDNA-based communities (Chase et al., 2011;
Stegen et al., 2013). Modified RC(BC) were calculated using RC.pc from {iCAMP} in R
(Ning et al., 2020). The modified Raup-Crick(BC) values were interpreted as follows: RC(BC)

> 0.95 suggest that the compositional variations are favored by deterministic factors,
RC(BC) < −0.95 were interpreted as significantly more similar as expected by chance
(deterministic factors favoring similar microbes as the dominant process); while RC(BC) ≤

0.95 suggest that the observed and null communities are comparable and compositional
variations resulted from stochastic processes (Ma & Tu, 2022).

In order to determine if the changes in community structure were due to species
replacement (turnover) or loss (nestedness) we used the Sorensen index to calculate the
overall beta diversity, the Simpson index for the turnover component and the nestedness
component was the resultant fraction of Sorensen dissimilarity (ßSorensen = ßSimpson +
ßNestedness) ({betapart} package (Baselga & Orme, 2012)). Finally, to visualize the
differential taxa between different sample sizes, we analyzed the relative abundances of
each taxon (at the maximum level that could be identified, be it phylum, class, order, family
or genus) found for each sample size.

RESULTS
Environmental conditions, Microcystis colony fractions and toxicity
Water temperature during sampling was 29.4 �C, pH 9.7, turbidity 62.8 NTU and
chlorophyll-a concentration of 215.5 µg L−1, reflecting the bloom conditions.

The size of the fractions obtained by sequential filtration using different mesh sizes was
confirmed by microscopy (Table S1). The abundance of toxicMicrocystis cells in each size
fraction, assessed as mcyE copies mL−1, was 1.5 for the U fraction, and 2.9 × 103, 6.2 × 103

and 6.4 × 103 for the S, M and L fractions, respectively. The highest microcystin
concentration per toxin-producing cell was found in the M fraction (p-value = 0.09; Fig. 2).

Bacterial diversity (gDNA) in the colony fractions
A total of 959,576 reads were obtained, after processing and quality filtering reduced to
652,748, which resulted in 1,732 ASVs. All samples reached the plateau in the rarefaction
curve (Fig. S1). The highest ASV richness was found in the smallest fractions (U and S). A
pattern showing decreased diversity towards the higher fractions was found (Fig. 3). No
differences were found using Simpson and Equitability indexes (Table S2).

Bray-Curtis dissimilarity based PCoA showed differences between the communities
obtained from gDNA and cDNA (PERMANOVA, p-value = 0.03). The first two axes
explained 56.56% of total variance. The first axis separated the gDNA from cDNA samples
(37.53%), while the second split the U fractions from the other size fractions (19.03%)
(Fig. S2). Accordingly, the bacterial community composition obtained from gDNA and
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cDNA for each size fraction showed low correlation values, as evidenced by the r2 values
obtained (0.39, 0.17, 0.21 and 0.23 for U, S, M and L fractions, respectively) (Fig. 4A).
Positive, significant correlations were found between the bacterial community composition
of M and L fractions for both gDNA and cDNA-based communities (r2 0.55 and 0.31,
respectively) (Fig. 4A). A negative correlation value was only found between the

Figure 2 Toxin concentration among size class in Microcystis cyanobacteria. Microcystin con-
centration (µg per cell) measured for each sample size class: U (Unicelular, <20 mm), S (Small, 20–60 mm),
M (Medium, 60–150 mm) and L (Large, >150 mm) fractions. Taken from Deus et al. (2020).

Full-size DOI: 10.7717/peerj.19149/fig-2

Figure 3 Microbiome diversity. Bacterial community richness (A) and Shannon diversity (B) obtained
from the gDNA of the different sample size classes: U (Unicelular, <20 mm), S (Small, 20–60 mm),
M (Medium, 60–150 mm) and L (Large, >150 mm) fractions.

Full-size DOI: 10.7717/peerj.19149/fig-3
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community composition (gDNA) of U and S fractions, while the active community
(cDNA) from these two fractions were weakly but positively correlated (r2 = 0.19),
indicating significant shifts in active taxa taking place when progressing from the
unicellular stage to the next size (U to S). Overall, Bray-Curtis dissimilarity index between
the bacterial communities from the smaller fractions (U and S) for both gDNA and
cDNA-based samples was 78% and 72%, respectively (Fig. 4B). This index showed lower
differences between M and L fractions for both gDNA and cDNA samples, with values of
40% and 38% respectively (Fig. 4B).

Pairwise comparisons across sample sizes for the gDNA-based samples showed mean
positive RC(BC) values > 0.95, except between M and L fractions (RC(BC) = 0.204),
indicating that changes in community composition from U to M sizes are primarily due to
selection and from M to L mostly to drift.

Size-specific bacterial community composition
Microcystis was the most abundant cyanobacterial genus detected through the whole
dataset, with relative abundances ranging from 5% to 13% (Fig. S3). ExcludingMicrocystis,
the most abundant phyla were Proteobacteria and Bacteroidetes, followed by
Cyanobacteria, Planctomycetes and Actinobacteria (Fig. 5A, left panel). As the community
progressed to larger colony sizes, the relative abundance of Proteobacteria increased (27%
to 62%), while Bacteroidetes (23% to 10%), Cyanobacteria (12% to 4%), Planctomycetes
(10% to 4%) and Actinobacteria (12% to 7%) decreased (Fig. 5A, left panel).

Figure 4 Relationships between microbiomes of colonies of different sizes. (A) Correlation matrix
based on the ASVs abundances from each size fraction in DNA and cDNA-based samples. The Spearman
r2 values are shown. Non-significant correlations are crossed (p-value > 0.05). (B) Bray-Curtis dissim-
ilarity matrices between gDNA and cDNA samples. U (Unicelular, <20 mm), S (Small, 20–60 mm), M
(Medium, 60–150 mm) and L (Large, >150 mm) fractions. Full-size DOI: 10.7717/peerj.19149/fig-4
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U fraction
Due to the filtration method used to obtain the unicellular fraction, it can also include the
free-living bacterial community. This fraction showed the lower representation of
Alphaproteobacteria (14%) and Gammaproteobacteria (13%), with only the
Burkholderiales order presenting an abundance greater than 5% (10%). In this fraction, a
greater variety of Bacteroidetes orders were present (Chitinophagales, Flavobacteriales,
Kapabacteriales and Sphingobacteriales), but with only Chitinophagales and
Sphingobacteriales having values equal to or greater than 5% (9 and 6% respectively). In
the case of Cyanobacteria, only Cyanobium and Pseudanabaena genera were present,

Figure 5 Bacterial community composition (gDNA) and the active bacterial fraction (cDNA) at the
phylum (A) and genus level (B) of the different sample size classes. U (Unicelular, <20 mm), S (Small,
20–60 mm), M (Medium, 60–150 mm) and L (Large, >150 mm).

Full-size DOI: 10.7717/peerj.19149/fig-5
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showing its highest abundance in this fraction (6 and 5%) (Fig. 5B, left panel). Finally,
some phyla were present in high abundance only in this fraction, such as Planctomycetes
(Phycisphaeraceae and Pirellulaceae families) (10%) and Actinobacteria (CL500-29 marine
group and hgcI clade) (12%) (Fig. 5A, left panel).

S fraction
In the case of small colonies, the proportion of Alphaproteobacteria observed was similar
to that found in the unicellular fraction (16%), their abundance was mostly explained by
the Acetobacterales order (Roseomonas genus, 8%, Fig. 5B, left panel). On the other hand,
the proportion of Gammaproteobacteria increased, with Burkholderiales order showing its
highest abundance (26%) mainly due to the Comamonadaceae family (Rhodoferax genus,
9%), but also others families (Fig. 5B, left panel). The predominant order from
Bacterioidetes was Cytophagales. Planctomycetes and Actinobacteria were less abundant
in the S colonies than in the U fraction (7% and 6%, respectively) and Acidobacteria
showed a relative abundance ≥ 5% only in this fraction (Fig. 5A, left panel).

M fraction

The orders from Alphaproteobacteria showing higher abundance were Acetobacterales
(especially accounted for by Roseomonas genus) and Caulobacterales (9% and 8%,
respectively). In this size fraction Gammaproteobacteria showed a remarkable change in
composition. Xanthomonadales order was detected represented by Silanimonas genus
(5%) (Fig. 5B, left panel). Also, the composition of Burkholderiales in this fraction (20%)
changed, showing a shift to Nitrosomonadaceae (6%) and Sutterellaceae (8%) families. The
dominant Bacteroidetes order was Cytophagales. As observed in S, Planctomycetes
(Phycisphaeraceae and Pirellulaceae families) and Actinobacteria (CL500-29 marine group
and hgcI clade) were less abundant than in U (7% each) (Fig. 5A, left panel).

L fraction
The large colonies were those showing the highest proportion of Alphaproteobacteria class
(33%), while abundance of Gammaproteobacteria remained constant through S to L
fraction (26–29%). The dominant members of Alphaproteobacteria were similar to those
observed for the M fraction (Roseomonas and Caulobacterales, 8% each), with the addition
of Rhizobiales order (8%). In L fraction, the Xanthomonadales order increased due to
Silanimonas (12%, Fig. 5B, left panel), whereas the Burkholderiales order decreased its
abundance (15%). As for the M fraction, the Cytophagales were the most abundant
Bacteroidetes. Actinobacteria accounted for 7% (due to CL500-29 marine group and hgcI
clade).

Size-specific active bacteria and shifts between sample sizes: from
presence to activity
In order to determine which bacterial taxa from the whole community were active in each
sample size, the cDNA-based communities were analyzed (Blazewicz et al., 2013). The
most active bacterial group in the whole dataset was Cyanobacteria (47–88%), being
Microcystis the genus accounting for 35% to 86% of the reads obtained from the cDNA.
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ActiveMicrocystis increased along with sample size, reaching its maximum in M, and then
showing a slight decrease towards L (Fig. S3). Since we wanted to analyze changes in the
associated microbiome community, the Microcystis reads were excluded from further
analysis. Proteobacteria were the highest active bacteria (28% to 52%), also showing its
maximum in M (Fig. 5A). Although at the phylum level there was an agreement between
the phyla having higher abundances and activity such as Proteobacteria (28% to 52%),
Bacteroidetes (20% to 9%) and Planctomycetes (14% to 5%), the active taxa belonging to
each phylum were different among sample sizes.

In the case of Proteobacteria, Alphaproteobacteria class showed a great differential
activity among its different members, with some exceptions. The highest relative
abundance of Rhizobiales was observed in U (8%), while in S the Roseomonas genus
(Acetobacterales) was the most active one (7%) (Fig. 5B, right panel).
Gammaproteobacteria also showed its highest activity in the M fraction, where
Xanthomonadales (genus Silanimonas, 4%) and Pseudomonadales (genus Pseudomonas,
2%) appeared (Fig. 5B, right panel). In the case of Burkholderiales order, an increase of
activity was observed in S (27%) compared to the U fraction (8%), mainly attributed to
Sutterellaceae family (18%), whereas the activity in M (24%) and L (19%) were due to
Nitrosomonadaceae (genus DSSD61), Comamonadaceae (genus Curvibacter) and
Sutterellaceae families. In the case of Bacteroidetes, most of the orders were more abundant
in U (Fig. 5A, right panel). This was mostly attributed to Chitinophagales, and

Figure 6 Differential bacterial taxa observed between the bacterial community composition (gDNA) and the active bacterial fraction (cDNA)
for each colony size. U (Unicelular, <20 mm), S (Small, 20–60 mm), M (Medium, 60–150 mm) and L (Large, >150 mm). Only genera having >5%
relative abundance are shown. Full-size DOI: 10.7717/peerj.19149/fig-6
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Sphingobacteriales (5% and 8% each). In the other fractions, the most active order was
Cytophagales (13% to 5%).

Regarding Cyanobacteria other than Microcystis, Pseudanabaena increased its activity
towards the L fraction (from 10% in U, S and M to 30% in L fraction). Also, in the U and S
fractions the genera Cyanobium and Dolichospermum became active, respectively (Fig. 5B,
right panel; Fig. 6). Other phyla like Actinobacteria (due to CL500-29 marine group) (5%)
and Verrucomicrobiota (5%) were only abundant in the U fraction, while
Gemmatimonadota in M and L fractions (8% and 6%, respectively).

Most of the active taxa were not the most abundant when community composition
based on gDNA was assessed. Examples of taxa showing a high abundance according to
gDNA but low activity are the genera Silanimonas and Roseomonas, the first one reaching
12% in L but with no activity, and the second one was present with 8% in M and L but then
decreasing its activity to 1 and 4%, respectively (Fig. 6). On the contrary, some genera
showed the opposite pattern such as Pseudanabaena, which percentages were ≤ 5% in
gDNA-based community but in the active community of L reached 30%, or Curvibacter
and DSSD61, having ≤ 2% in the community but reaching an active abundance of 6% and
9% in M and L, respectively (Fig. 6).

When the mechanisms behind these shifts in community composition and in the active
taxa were addressed, the dominant process was species turnover, having a higher impact
on the active fraction. The Fig. 7 shows a conceptual model for colony growth and

Figure 7 Conceptual summary showing the shifts of active bacterial taxa during size transition in
Microcystis colony development and growth. P (Phylum), O (Order), F (Family) or G (Genus). The
proportion of Turnover or Loss of species between sizes is also shown. In red, taxa showing an increase in
activity between fractions; in blue, taxa showing a decrease in activity between fractions. U (Unicellular,
<20 mm), S (Small, 20–60 mm), M (Medium, 60–150 mm) and L (Large, >150 mm) fractions. The x
followed by a number indicates the number of times a taxon increases or decreases between fractions.
Only taxa having a relative abundance ≥ 5% at the highest taxonomic rank achieved are shown.

Full-size DOI: 10.7717/peerj.19149/fig-7
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development of Microcystis, based on toxin production, mcyE gene expression, number of
cells per colony and taxa whose activity showed a remarkable increase or decrease between
sample sizes.

DISCUSSION
The role of the associated microbiome in the development of Microcystis blooms has
recently started to be unveil. The progression from unicellular or small colonies to large,
visible colonies has been systematically observed, yet little is known about the factors
involved in the dynamics of colony growth. Recently, Shi et al. (2022) has reported that
Microcystis and certain bacterial groups (e.g., Bacteroidetes and Proteobacteria) from its
associated microbiome exhibited coordinated transcriptional patterns, pointing to the
existence of labor division in the colonies.

It has been shown thatM. aeruginosa is able to produce AHLs (Zhai et al., 2012), and its
cells not only produce transcripts involved in biofilm formation pathways, but also are able
to respond to several AHLs from Gram negative bacteria by inducing colony formation,
cell proliferation (or inhibition) or inducing microcystin synthesis (Herrera & Echeverri,
2021; Shi et al., 2022). This evidence suggest that colony formation may be regulated by a
coordinated multicellular behavior as described for biofilms, where cyanobacteria and
their associated microbiome interact to generate a complex environment that is different
from the aquatic realm (Piccini et al., 2024). In this work, we assessed the bacterial
community and its active fraction associated with different sample sizes of Microcystis sp.
obtained from a natural bloom, which we propose that account for different phases of the
biofilm (or colony) formation. The approach was based on 16S rRNA amplicon
sequencing from community DNA and ribosomal RNA transcripts (cDNA) from natural
bloom samples. This allowed us to obtain the bacterial community structure of the whole
and active fractions associated to each sample size (Blazewicz et al., 2013).

Microcystis associated microbiome composition and activity changed
through sample sizes
The differences in the composition of the bacterial community found between different
sample sizes were also observed for the active fraction, suggesting a differential activation
of certain bacterial groups at each stage of colony growth. In addition, some taxa which
relative abundance was high at a given sample size showed very low abundance in the
active fraction, meaning that their activation would have occurred at a smaller sample size
and then their growth arrested. This finding has relevance when analyzing the microbiome
through metagenomic studies, as it indicates that the information provided by the
community DNA does not necessarily reflect which taxa and functions are actually active.

The phylum having a higher activity was Cyanobacteria, with a main contribution of the
Microcystis genus, which increased its activity as the sample size increased. This increase in
activity that accompanied the increase in the number of cells in a colony would indicate
that, at the time the bloom was sampled, they were actively growing. This makes sense
since the water temperature and pH at the sampling time were in the range described as
optimum for Microcystis growth, 27.5 �C and 9.0, respectively (Yang et al., 2020; Kruk
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et al., 2017; Reynolds et al., 1981; Wei et al., 2022). Also, colonies in the M fraction
exhibited the highest microcystin/cell concentration (Fig. 2), indicating that Microcystis
colony growth was accompanied by toxin production. This is in agreement with findings of
Black, Yilmaz & Phlips (2011) who showed a strong increase in microcystin concentration
during growth. Also, Orr & Jones (1998) found that cell division rates equaled microcystin
production regardless of the nutrient condition. In addition, Long, Jones & Orr (2001)
found that under nitrogen-limited conditions, cell-specific growth rate of Microcystis
matched microcystin production rates. These current discrepancies about which
environmental cues determine the rate of microcystin production might be elucidated if
biotic variables, such as the microbiome, were considered. Although a growing body of
information about Microcystis associated microbiome exists, little is known about its
relationship with microcystin production, whether the presence of microcystin is
stimulated by certain members of the microbiome, or if the microcystin is a key
communication molecule (Braun & Bachofen, 2004; Wang et al., 2021). As the role of the
Microcystis associated microbiome is starting to be unveiled, further research is needed to
shed light on the role of specific heterotrophic organisms in colony formation and in the
persistence of Microcystis.

An interesting finding of the current study was that as colonies became bigger the
proliferation of certain organisms occurs through selection mechanisms, as suggested by
RC(BC). According to this, the bacterial assemblage when colonies progress from U to M
sizes are mainly structured by selection probably involving biotic and/or abiotic factors
present in the phycosphere, while the transition to largest sizes having the lowest bacterial
richness and diversity together with low microcystin/cell concentration were more likely
due to chance. Similarly, Jankowiak & Gobler (2020) found an inverse relationship between
microbiome diversity and Microcystis abundance and suggested an increased selection
pressure on microbial communities as blooms intensified. This agrees with our findings
that suggest that during bloom onset and development, when the colonies are increasing in
size, selection mechanisms probably involving signals from the cyanobacterial cells to the
environment take place. On the other hand, when the bloom starts to decay the changes
observed in the microbiome community are due to drift.

Although we cannot yet attribute the observed changes in microbiome composition and
active taxa across the different fractions to a specific factor, we suggest that these changes
could be related to variations in mucilage thickness and EPS composition. As the EPS
production increases, the mucilage becomes thicker and creates a favorable environment
for heterotrophic bacteria to establish (Wang et al., 2015; Xie et al., 2016). This, combined
with the finding that colonies in the M fraction harbor more microcystins (Wang et al.,
2013; Deus et al., 2020), could be relevant selection mechanisms to explore. In this context,
the starting point of biofilm formation would begin with the attachment of selected
bacterial taxa to single cyanobacterial cells (U fraction) to start the biofilm growth
(analogous to S colonies) and maturation (M colonies). This process of biofilm growth and
consolidation probably takes place thanks to crosstalk between certain bacterial
populations from the microbiome and Microcystis cells. Once the biofilm reaches a larger
size and architecture (L) cell disaggregation starts again (Sauer et al., 2022).
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Analyzing samples of Microcystis blooms, Yang et al. (2017) found differences between
particle-associated and free-living bacterial communities, being the particle-associated
community structure conserved despite environmental changes in the surrounding water.
They suggest that only those ecosystem bacteria that can adapt to the microenvironment of
the colonies will live and persist in the Microcystis phycosphere. This would agree with
Louati et al. (2015), who proposed that the genus of cyanobacteria and their metabolic
capabilities apparently select the bacteria that will be part of their phycosphere. If this is the
case, the recruitment of bacteria from the aquatic environment to induce colony formation
should depend on the functional composition of the native bacterioplankton community,
the previous presence of blooms at the site, etc. This can be the reason why the attempts to
determine the core microbiome inMicrocystis based on taxonomic composition has failed
so far (Smith et al., 2021; Pérez-Carrascal et al., 2021).

Activation of different bacterial groups between different sample sizes
The transition from one discrete size to the next was signed by shifts in some bacterial
groups. In the case of Alphaproteobacteria, the Roseomonas genus was associated with S,
M and L fractions but showed low activity. These organisms could enrich the metabolic
repertoire of Microcystis by encoding for complementary carotenoids pigments that are
not present in the Microcystis genome, therefore providing an additional photoprotection
and/or broaden the spectrum of light absorption (Pérez-Carrascal et al., 2021). They are
also capable of degrading AHL (Chen et al., 2012), allowing to modulate the
communication between Microcystis and other bacteria (Chun et al., 2019). Among
Gammaproteobacteria there are different possibilities. Interestingly, while the
Comamonadacea family was present and active along all fractions, Nitrosomonadaceae
and Sutterellaceae were not detectable in the U fraction, being present and active in S, M
and L, indicating their growth once they became part of the phycosphere. Members of the
Nitrosomonadaceae family are ammonia oxidizers and it has been described that light can
affect the activity of the ammonia monooxygenase enzyme. Thus, these bacteria may
compete withMicrocystis for this nitrogen source (Podlesnaya et al., 2020) while benefiting
from the light protection provided by the mucilage. Also, some Curvibacter species
(Comamonadacea family) are capable of providing Microcystis with vitamins such as B12,
therefore promoting Microcystis growth (Van Le et al., 2023). Recently, Mankiewicz-
Boczek & Font-Nájera (2022) proposed that bacteria from Sutterellaceae family can feed on
Microcystis exudates or on decaying bloommaterial (Chun et al., 2017), probably related to
the recently described ability of Silanimonas to degrade microcystin via the mlr gene
cluster (Yancey et al., 2023). Here, we found active Silanimonas only in M fraction, which
could be linked to the higher microcystin/cell content present in medium sized colonies.

Bacteroidetes showed a similar pattern to that found by Jankowiak & Gobler (2020),
being Sphingobacteriales and Chitinophagales the dominant orders in the free-living
fraction (equivalent to U in the present study), while in the attached fraction (equivalent to
S, M and L in the present study) mainly consisted of Cytophagales. The Cytophagales
order is known to degrade complex macromolecules and carotenoid production
(Nakagawa, 2015; Cai et al., 2014; Lezcano et al., 2017) and many of them have already
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been identified as part ofMicrocystismicrobiome, even as potential microcystin degraders
(Scherer et al., 2017; Lezcano et al., 2017) or able to lyse Microcystis cells (Jankowiak &
Gobler, 2020). Planctomycetes were present and active in all fractions but showed a
decrease towards L. While the Phycisphaeraceae family was found to be a constant active
member of the microbiome through all sizes, the Pirellulaceae family was only active in U.
Similar findings were reported by Kallscheuer et al. (2021) who found that although the
attached bacterial fraction in a bloom was dominated by members of the family
Pirellulaceae, they were mostly inactive, while Phycisphaerae was the most active class
within the phylum (Kallscheuer et al., 2021). These authors proposed that owing to their
large genome size the Pirellulaceae might contain a number of catabolic enzymes required
for the breakdown of the phycosphere´s polysaccharides. This would suggest that such
bacteria should become active at a late bloom stage when the cyanobacterial biomass starts
to decay and would explain their activity in the unicellular fraction. Organisms from
Gemmatimonadota were detected in both gDNA- and cDNA- based communities but
showed higher relative abundance in the latter. This phylum has members capable of
accumulating intracellular phosphate and therefore may transfer phosphorus to
Microcystis under low phosphorus conditions (Jankowiak & Gobler, 2020). Here, their
relative abundance in the active fraction was highest at M and L, suggesting that they might
play a role in providing nutrients when theMicrocystis biomass is highest and the dissolved
available nutrients start to be scarce (Cai et al., 2024). Actinobacteria were found across all
sample sizes but were only active in the U fraction. Bacteria from this group are usually
regarded as free-living (Yang et al., 2017; Cai et al., 2014) and it has been proposed that
they cannot cope with the high amount of dissolved organic matter in a bloom (Yannarell
& Kent, 2009; Bashenkhaeva et al., 2020). Also, some members of this phylum can utilize
sunlight through actinorhodopsin, making them independent from the phytoplankton
exudates (Liu et al., 2015; Jankowiak & Gobler, 2020).

We found that the Pseudanabaena genus was very active in the L fraction. These
cyanobacteria have been described as closely associated withMicrocystis colonies (Sedmak
& Kosi, 1997; Vasconcelos, Morais & Vale, 2011; Yarmoshenko, Kureyshevich & Yakushin,
2013) (Fig. 1). Due to its diazotrophic behavior, it can provide Microcystis with fixed
nitrogen (Agha et al., 2016; Jankowiak & Gobler, 2020). However, on occasions a negative
effect on specific strains of Microcystis has been identified, causing cell lysis or buoyancy
loss (Agha et al., 2016). Thus, Pseudanabaena can play a dual role, as a nitrogen provider
during the last phase of colony growth and contributing to the disaggregation of large
colonies and the release of single cells. In the case of Dolichospermum, it was only detected
among the active bacteria, enriched in the U and S fractions. These diazotrophic
cyanobacteria have been observed to get curled up to Microcystis colonies (Jankowiak &
Gobler, 2020), where they may contribute to colony buoyancy and at the same time provide
an additional nitrogen source.

CONCLUSIONS
Previous studies about colony formation in Microcystis agree on the role of the associated
microbiome. However, as far as we know, the studies regarding Microcystis-associated
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microbiomes analyzed the colonies as a single entity without considering their differences
in size, cell density, etc., that may reflect the stages of a biofilm particle development. Here,
we analyzed discrete size fractions from a Microcystis bloom as indicators of different
stages of biofilm growth. We found differences in the microbiome community
composition between fractions, which involved the activation of certain bacterial groups
from one size to the next guided by turnover selection mechanisms until attain a mature
biofilm (60–150 µm colony size). At this stage, microcystin concentration per cell was the
highest and the enrichment of active bacterial taxa able to degrade microcystin was
detected. The growth of the biofilm eventually stops when reaching colony sizes larger than
150 µm of MLD, when single cells are released to start over the cycle. This transition that
we analyzed as discrete steps would occur as a continuum, where the growth of the biofilm
would direct the bloom development.

The mechanisms underlying the observed transitions in bacterial community
composition and the active fraction between one size and the next remain to be elucidated,
but probably involve a cross-interaction between cyanobacteria and their microbiome.

ACKNOWLEDGEMENTS
We thank Beatriz Brena and Natalia Badagian (Instituto de Higiene, Montevideo) for the
ELISA analysis. This study was carried out in partial fulfillment of C. Croci requirements
for the doctoral degree from Universidad de la República, Uruguay.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The work was supported by the Agencia Nacional de Investigación e Innovación of
Uruguay (ANII), grant FCE_1_2019_1_156308_20_6, and PEDECIBA-Biología. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Agencia Nacional de Investigación e Innovación of Uruguay (ANII):
FCE_1_2019_1_156308_20_6.
PEDECIBA-Biología.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
. Carolina Croci performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

. Gabriela Martínez de la Escalera performed the experiments, analyzed the data, authored
or reviewed drafts of the article, and approved the final draft.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 18/26

http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


. Carla Kruk conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

. Angel Segura analyzed the data, authored or reviewed drafts of the article, and approved
the final draft.

. Susana Deus Alvarez performed the experiments, prepared figures and/or tables, and
approved the final draft.

. Claudia Piccini conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

The sequences analyzed in this work are available at GenBank: PRJNA1169899.

Data Availability
The following information was supplied regarding data availability:

The code used for sequencing analysis, statistics and plots are available at:
- dada 2 package: https://benjjneb.github.io/dada2/index.html.
- phyloseq package: https://joey711.github.io/phyloseq/index.html.
- vegan package: https://github.com/vegandevs/vegan.
- betapart package: https://cran.r-project.org/web/packages/betapart/index.html.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.19149#supplemental-information.

REFERENCES
Agha R, del Mar Labrador M, de los Ríos A, Quesada A. 2016. Selectivity and detrimental effects

of epiphytic Pseudanabaena on Microcystis colonies. Hydrobiologia 777(1):139–148
DOI 10.1007/s10750-016-2773-z.

Alcántara I, Piccini C, Segura AM, Deus S, González C, Martínez de la Escalera G, Kruk C.
2018. Improved biovolume estimation ofMicrocystis aeruginosa colonies: a statistical approach.
Journal of Microbiological Methods 151:20–27 DOI 10.1016/j.mimet.2018.05.021.

Baselga A, Orme CDL. 2012. betapart: an R package for the study of beta diversity. Methods in
Ecology and Evolution 3(5):808–812 DOI 10.1111/j.2041-210x.2012.00224.x.

Bashenkhaeva MV, Galachyants YP, Khanaev IV, Sakirko MV, Petrova DP, Likhoshway YV,
Zakharova YR. 2020. Comparative analysis of free-living and particle-associated bacterial
communities of Lake Baikal during the ice-covered period. Journal of Great Lakes Research
46(3):508–518 DOI 10.1016/j.jglr.2020.03.015.

Becker S. 2010. Biotic factors in induced defence revisited: cell aggregate formation in the toxic
cyanobacterium Microcystis aeruginosa PCC, 7806 is triggered by spent Daphnia medium and
disrupted cells. Hydrobiologia 644(1):159–168 DOI 10.1007/s10750-010-0109-y.

Bell W, Mitchell R. 1972. Chemotactic and growth responses of marine bacteria to algal
extracellular products. The Biological Bulletin 143(2):265–277 DOI 10.2307/1540052.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 19/26

http://www.ncbi.nlm.nih.gov/bioproject/1169899
https://benjjneb.github.io/dada2/index.html
https://joey711.github.io/phyloseq/index.html
https://github.com/vegandevs/vegan
https://cran.r-project.org/web/packages/betapart/index.html
http://dx.doi.org/10.7717/peerj.19149#supplemental-information
http://dx.doi.org/10.7717/peerj.19149#supplemental-information
http://dx.doi.org/10.1007/s10750-016-2773-z
http://dx.doi.org/10.1016/j.mimet.2018.05.021
http://dx.doi.org/10.1111/j.2041-210x.2012.00224.x
http://dx.doi.org/10.1016/j.jglr.2020.03.015
http://dx.doi.org/10.1007/s10750-010-0109-y
http://dx.doi.org/10.2307/1540052
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


Besemer K, Peter H, Logue JB, Langenheder S, Lindström ES, Tranvik LJ, Battin TJ. 2012.
Unraveling assembly of stream biofilm communities. The ISME Journal 6(8):1459–1468
DOI 10.1038/ismej.2011.205.

Black K, Yilmaz M, Phlips EJ. 2011. Growth and toxin production byMicrocystis aeruginosa PCC,
7806 (Kutzing) Lemmerman at elevated salt concentrations. Journal of Environmental Protection
2(6):669–674 DOI 10.4236/jep.2011.26077.

Blazewicz SJ, Barnard RL, Daly RA, Firestone MK. 2013. Evaluating rRNA as an indicator of
microbial activity in environmental communities: limitations and uses. The ISME Journal
7(11):2061–2068 DOI 10.1038/ismej.2013.102.

Bonilla S, Aguilera A, Aubriot L, Huszar V, Almanza V, Haakonsson S, Izaguirre I, O’Farrell I,
Salazar A, Becker V, Cremella B, Ferragut C, Hernandez E, Palacio H, Rodrigues LC,
Sampaio da Silva LH, Santana LM, Santos J, Somma A, Ortega L, Antoniades D. 2023.
Nutrients and not temperature are the key drivers for cyanobacterial biomass in the Americas.
Harmful Algae 121:102367 DOI 10.1016/j.hal.2022.102367.

Bordet F, Fontanarrosa MS, O’Farrell I. 2017. Influence of light and mixing regime on
bloom-forming phytoplankton in a subtropical reservoir. River Research and Applications
33(8):1315–1326 DOI 10.1002/rra.3189.

Braun E, Bachofen R. 2004. Homoserine-lactones and microcystin in cyanobacterial assemblages
in Swiss lakes. Hydrobiologia 522(1):271–280 DOI 10.1023/B:HYDR.0000029968.70297.c3.

Cai H, Jiang H, Krumholz LR, Yang Z. 2014. Bacterial community composition of size-fractioned
aggregates within the Phycosphere of Cyanobacterial blooms in a Eutrophic Freshwater Lake.
PLOS ONE 9(8):e102879 DOI 10.1371/journal.pone.0102879.

Cai H, McLimans CJ, Jiang H, Chen F, Krumholz LR, Hambright KD. 2024. Aerobic anoxygenic
phototrophs play important roles in nutrient cycling within cyanobacterial Microcystis bloom
microbiomes. Microbiome 12(1):88 DOI 10.1186/s40168-024-01801-4.

Callahan BJ, Sankaran K, Fukuyama JA, McMurdie PJ, Holmes SP. 2016a. Bioconductor
workflow for microbiome data analysis: from raw reads to community analyses. F1000Research
5:1492 DOI 10.12688/f1000research.8986.2.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ A, Holmes SP. 2016b. DADA2:
high-resolution sample inference from Illumina amplicon data. Nature Methods 13(7):581–583
DOI 10.1038/nmeth.3869.

Chalar G. 2006. Eutrophication dynamics on different temporal scales: salto grande reservoir
(Argentina-Uruguay). In: Tundisi JG, Matsumura-Tundisi T, Sidagis T, eds. Eutrophication in
South America: Causes, Consequences and Technologies for Management and Control. São
Carlos: International Institute of Ecology Inc., 87–101.

Chase JM, Kraft NJ, Smith KG, Vellend M, Inouye BD. 2011. Using null models to disentangle
variation in community dissimilarity from variation in a-diversity. Ecosphere 2(2):1–11
DOI 10.1890/ES10-00117.1.

Chen J-W, Gan HM, Yin W-F, Chan K-G. 2012. Genome sequence of Roseomonas sp. strain B5, a
quorum-quenching N-acyl homoserine lactone degrading bacterium isolated from Malaysian
tropical soil. Journal of Bacteriology 194(23):6681–6682 DOI 10.1128/JB.01866-12.

Chun SJ, Cui Y, Ko SR, Lee HG, Oh HM, Ahn CY. 2017. Silanimonas algicola sp. nov., isolated
from laboratory culture of a bloom-forming cyanobacterium, Microcystis. International Journal
of Systematic and Evolutionary Microbiology 67(9):3274–3278 DOI 10.1099/ijsem.0.002102.

Chun S-J, Cui Y, Lee CS, Cho AR, Baek K, Choi A, Ko S-R, Lee H-G, Hwang S, Oh H-M,
Ahn C-Y. 2019. Characterization of distinct CyanoHABs-related modules in microbial

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 20/26

http://dx.doi.org/10.1038/ismej.2011.205
http://dx.doi.org/10.4236/jep.2011.26077
http://dx.doi.org/10.1038/ismej.2013.102
http://dx.doi.org/10.1016/j.hal.2022.102367
http://dx.doi.org/10.1002/rra.3189
http://dx.doi.org/10.1023/B:HYDR.0000029968.70297.c3
http://dx.doi.org/10.1371/journal.pone.0102879
http://dx.doi.org/10.1186/s40168-024-01801-4
http://dx.doi.org/10.12688/f1000research.8986.2
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1890/ES10-00117.1
http://dx.doi.org/10.1128/JB.01866-12
http://dx.doi.org/10.1099/ijsem.0.002102
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


recurrent association network. Frontiers in Microbiology 10:1637
DOI 10.3389/fmicb.2019.01637.

Cook KV, Li C, Cai H, Krumholz LR, Hambright KD, Paerl HW, Steffen M, Wilson AE,
Burford MA, Grossart HP, Hamilton DP, Jiang H, Sukenik A, Latour D, Meyer EI, Padisák J,
Qin B, Zamor RM, Zhu G. 2020. The global Microcystis interactome. Limnology and
Oceanography 65:S194–S207 DOI 10.1002/lno.11361.

De Leon L, Yunes JS. 2001. First report of a microcystin-containing bloom of the cyanobacterium
Microcystis aeruginosa in the La Plata River, South America. Environmental Toxicology: An
International Journal 16(1):110–112
DOI 10.1002/1522-7278(2001)16:1<110::AID-TOX1012>3.0.CO;2-Z.

Deus SA, Kruk C, de la Escalera GM, Montes MA, Segura AM, Piccini C. 2020. Morphology
captures toxicity in Microcystis aeruginosa complex: evidence from a wide environmental
gradient✰. Harmful Algae 97(2):101854 DOI 10.1016/j.hal.2020.101854.

Fowler SJ, Torresi E, Dechesne A, Smets BF. 2023. Biofilm thickness controls the relative
importance of stochastic and deterministic processes in microbial community assembly in
moving bed biofilm reactors. Interface Focus 13(2):20220069 DOI 10.1098/rsfs.2022.0069.

Gan N, Xiao Y, Zhu L, Wu Z, Liu J, Hu C, Song L. 2012. The role of microcystins in maintaining
colonies of bloom-forming Microcystis spp. Environmental Microbiology 14(3):730–742
DOI 10.1111/j.1462-2920.2011.02624.x.

González-Piana M, Fabian D, Delbene L, Chalar G. 2011. Toxics blooms of Microcystis
aeruginosa in three Rio Negro reservoirs. Uruguay Harmful Algae News 43:16–17.

Harel M, Weiss G, Daniel E, Wilenz A, Hadas O, Sukenik A, Sedmak B, Dittmann E, Braun S,
Kaplan A. 2012. Casting a net: fibres produced by Microcystis sp. in field and laboratory
populations. Environmental Microbiology Reports 4(3):342–349
DOI 10.1111/j.1758-2229.2012.00339.x.

Harke MJ, Steffen MM, Gobler CJ, Otten TG, Wilhelm SW, Wood SA, Paerl HW. 2016. A
review of the global ecology, genomics, and biogeography of the toxic cyanobacterium,
Microcystis spp. Harmful algae 54:4–20 DOI 10.1016/j.hal.2015.12.007.

Herrera N, Echeverri F. 2021. Evidence of quorum sensing in cyanobacteria by homoserine
lactones: the origin of blooms. Water 13(13):1831 DOI 10.3390/w13131831.

Huisman J, Hulot FD. 2005. Population dynamics of harmful cyanobacteria. In: Harmful
cyanobacteria. Berlin, Heidelberg: Springer, 143–176.

Jackrel SL, White JD, Evans JT, Buffin K, Hayden K, Sarnelle O, Denef VJ. 2019. Genome
evolution and host microbiome shifts correspond with intraspecific niche divergence within
harmful algal bloom-forming Microcystis aeruginosa. Molecular Ecology 28(17):3994–4011
DOI 10.1111/mec.15198.

Jankowiak JG, Gobler CJ. 2020. The composition and function of microbiomes withinMicrocystis
colonies are significantly different than native bacterial assemblages in Two North American
Lakes. Frontiers in Microbiology 11:1016 DOI 10.3389/fmicb.2020.01016.

Kallscheuer N, Rast P, Jogler M, Wiegand S, Kohn T, Boedeker C, Jeske O, Heuer A, Quast C,
Glöckner FO, Rohde M, Jogler C. 2021. Analysis of bacterial communities in a municipal duck
pond during a phytoplankton bloom and isolation of Anatilimnocola aggregata gen. nov., sp.
nov., Lacipirellula limnantheis sp. nov. and Urbifossiella limnaea gen. nov., sp. nov. belonging to
the phylum Planctomycetes. Environmental Microbiology 23:1379–1396
DOI 10.1111/1462-2920.15341.

Kehr J-C, Dittmann E. 2015. Biosynthesis and function of extracellular glycans in cyanobacteria.
Life 5(1):164–180 DOI 10.3390/life5010164.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 21/26

http://dx.doi.org/10.3389/fmicb.2019.01637
http://dx.doi.org/10.1002/lno.11361
http://dx.doi.org/10.1002/1522-7278(2001)16:1%3C110::AID-TOX1012%3E3.0.CO;2-Z
http://dx.doi.org/10.1016/j.hal.2020.101854
http://dx.doi.org/10.1098/rsfs.2022.0069
http://dx.doi.org/10.1111/j.1462-2920.2011.02624.x
http://dx.doi.org/10.1111/j.1758-2229.2012.00339.x
http://dx.doi.org/10.1016/j.hal.2015.12.007
http://dx.doi.org/10.3390/w13131831
http://dx.doi.org/10.1111/mec.15198
http://dx.doi.org/10.3389/fmicb.2020.01016
http://dx.doi.org/10.1111/1462-2920.15341
http://dx.doi.org/10.3390/life5010164
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


Kruk C, Segura AM, Nogueira L, Alcántara I, Calliari D, Martínez de la Escalera G, Carballo C,
Cabrera C, Sarthou F, Scavone P, Piccini C. 2017. A multilevel trait-based approach to the
ecological performance of Microcystis aeruginosa complex from headwaters to the ocean.
Harmful Algae 70(8):23–36 DOI 10.1016/j.hal.2017.10.004.

Kruk C, Segura A, Piñeiro G, Baldassini P, Pérez-Becoña L, García-Rodríguez F, Perera G,
Piccini C. 2023. Rise of toxic cyanobacterial blooms is promoted by agricultural intensification
in the basin of a large subtropical river of South America. Global Change Biology
29(7):1774–1790 DOI 10.1111/gcb.16587.

Lepillanca F, Martínez de la Escalera G, Bordet F, O’Farrell I, Piccini C. 2018. Detección de
poblaciones tóxicas de Microcystis spp. con distintas preferencias ambientales. Estudio de caso:
embalse de Salto Grande. INNOTEC 16:8–16 DOI 10.26461/16.06.

Lezcano MÁ, Velázquez D, Quesada A, El-Shehawy R. 2017. Diversity and temporal shifts of the
bacterial community associated with a toxic cyanobacterial bloom: an interplay between
microcystin producers and degraders. Water Research 125(318):52–61
DOI 10.1016/j.watres.2017.08.025.

Liu J, Fu B, Yang H, Zhao M, He B, Zhang XH. 2015. Phylogenetic shifts of bacterioplankton
community composition along the Pearl Estuary: the potential impact of hypoxia and nutrients.
Frontiers in Microbiology 6:64 DOI 10.3389/fmicb.2015.00064.

Liu L, Huang Q, Qin B. 2018. Characteristics and roles of Microcystis extracellular polymeric
substances (EPS) in cyanobacterial blooms: a short review. Journal of Freshwater Ecology
33(1):183–193 DOI 10.1080/02705060.2017.1391722.

Long BM, Jones GJ, Orr PT. 2001. Cellular microcystin content in N-limited Microcystis
aeruginosa can be predicted from growth rate. Applied and Environmental Microbiology
67(1):278–283 DOI 10.1128/AEM.67.1.278-283.2001.

Louati I, Pascault N, Debroas D, Bernard C, Humbert JF, Leloup J. 2015. Structural diversity of
bacterial communities associated with bloom-forming freshwater cyanobacteria differs
according to the cyanobacterial genus. PLOS ONE 10(11):e0140614
DOI 10.1371/journal.pone.0140614.

Ma J, Brookes JD, Qin B, Paerl HW, Gao G, Wu P, Zhang W, Deng J, Zhu G, Zhang Y, Xu H,
Niu H. 2014. Environmental factors controlling colony formation in blooms of the
cyanobacteria Microcystis spp. in Lake Taihu, China. Harmful algae 31(4):136–142
DOI 10.1016/j.hal.2013.10.016.

Ma K, Tu Q. 2022. Random sampling associated with microbial profiling leads to overestimated
stochasticity inference in community assembly. Frontiers in Microbiology 13:1011269
DOI 10.3389/fmicb.2022.1011269.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PLOS ONE 8(4):e61217 DOI 10.1371/journal.pone.0061217.

Mankiewicz-Boczek J, Font-Nájera A. 2022. Temporal and functional interrelationships between
bacterioplankton communities and the development of a toxigenic Microcystis bloom in a
lowland European reservoir. Scientific Reports 12:19332 DOI 10.1038/s41598-022-23671-2.

Martínez de la Escalera G, Kruk C, Segura AM, Nogueira L, Alcántara I, Piccini C. 2017.
Dynamics of toxic genotypes of Microcystis aeruginosa complex (MAC) through a wide
freshwater to marine environmental gradient. Harmful Algae 62:73–83
DOI 10.1016/j.hal.2016.11.012.

Martínez de la Escalera G, Kruk C, Segura AM, Piccini C. 2023. Effect of hydrological
modification on the potential toxicity of Microcystis aeruginosa complex in Salto Grande
reservoir. Uruguay Harmful Algae 123:102403 DOI 10.1016/j.hal.2023.102403.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 22/26

http://dx.doi.org/10.1016/j.hal.2017.10.004
http://dx.doi.org/10.1111/gcb.16587
http://dx.doi.org/10.26461/16.06
http://dx.doi.org/10.1016/j.watres.2017.08.025
http://dx.doi.org/10.3389/fmicb.2015.00064
http://dx.doi.org/10.1080/02705060.2017.1391722
http://dx.doi.org/10.1128/AEM.67.1.278-283.2001
http://dx.doi.org/10.1371/journal.pone.0140614
http://dx.doi.org/10.1016/j.hal.2013.10.016
http://dx.doi.org/10.3389/fmicb.2022.1011269
http://dx.doi.org/10.1371/journal.pone.0061217
http://dx.doi.org/10.1038/s41598-022-23671-2
http://dx.doi.org/10.1016/j.hal.2016.11.012
http://dx.doi.org/10.1016/j.hal.2023.102403
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


Matar GK, Ali M, Bagchi S, Nunes S, Liu WT, Saikaly PE. 2021. Relative importance of stochastic
assembly process of membrane biofilm increased as biofilm aged. Frontiers in Microbiology
12:2493 DOI 10.3389/fmicb.2021.708531.

McKnight DT, Huerlimann R, Bower DS, Schwarzkopf L, Alford RA, Zenger KR. 2019.
Methods for normalizing microbiome data: an ecological perspective. Methods in Ecology and
Evolution 10(3):389–400 DOI 10.1111/2041-210x.13115.

Nakagawa Y. 2015. Cytophagales. In: Bergey’s Manual of Systematics of Archaea and Bacteria.
Hoboken, NJ: John Wiley & Sons, 1–2.

Ning D, Yuan M, Wu L, Zhang Y, Guo X, Zhou X, Yang Y, Arkin A, Firestone M, Zhou J. 2020.
A quantitative framework reveals ecological drivers of grassland microbial community assembly
in response to warming. Nature Communications 11(1):e02288
DOI 10.1038/s41467-020-18560-z.

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, O’Hara R, Solymos P,
Stevens M, Szoecs E, Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho G,
Chirico M, De Caceres M, Durand S, Evangelista H, FitzJohn R, Friendly M, Furneaux B,
Hannigan G, Hill M, Lahti L, McGlinn D, Ouellette M, Ribeiro Cunha E, Smith T, Stier A,
Ter Braak C, Weedon J. 2022. vegan: community ecology package. R package version 2.6-2.
Available at https://github.com/vegandevs/vegan.

O’Farrell I, Bordet F, Chaparro G. 2012. Bloom forming cyanobacterial complexes co-occurring
in a subtropical large reservoir: validation of dominant eco-strategies. In: Salmaso N, Naselli-
Flores L, Cerasino L, Flaim G, Tolotti M, Padisák J, eds. Phytoplankton responses to human
impacts at different scales. Developments in Hydrobiology. Vol. 221. Dordrecht: Springer
DOI 10.1007/978-94-007-5790-5_14.

O’Neil JM, Davis TW, Burford MA, Gobler CJ. 2012. The rise of harmful cyanobacteria blooms:
the potential roles of eutrophication and climate change. Harmful Algae 14:313–334
DOI 10.1016/j.hal.2011.10.027.

Orr PT, Jones GJ. 1998. Relationship between microcystin production and cell division rates in
nitrogen-limited Microcystis aeruginosa cultures. Limnology and Oceanography
43(7):1604–1614 DOI 10.4319/lo.1998.43.7.1604.

Parada AE, Needham DM, Fuhrman JA. 2016. Every base matter: assessing small subunit rRNA
primers for marine microbiomes with mock communities, time series and global field samples.
Environmental Microbiology 18(5):1403–1414 DOI 10.1111/1462-2920.13023.

Paerl HW, Otten TG. 2013. Harmful cyanobacterial blooms: causes consequences, and controls.
Microbial Ecology 65:995–1010 DOI 10.1007/s00248-012-0159-y.

Pérez-Carrascal OM, Tromas N, Terrat Y, Moreno E, Giani A, Marques LCB, Fortin N,
Shapiro BJ. 2021. Single-colony sequencing reveals microbe-by-microbiome phylosymbiosis
between the cyanobacterium Microcystis and its associated bacteria. Microbiome 9(1):194
DOI 10.1186/s40168-021-01140-8.

Piccini C, Devercelli M, Yema L, Segura A, Bastidas Navarro M, Sathicq MB, Martínez de la
Escalera G, Martínez Goicoechea A, Rodrigues Amaral Da Costa M, O’Farrell I, Lara E,
Kruk C. 2024. From competition to cooperation: paradigm shifts in trait-based ecology change
our understanding of the processes that structure microbial communities. Ecología Austral
33(3):887–893 DOI 10.25260/EA.23.33.3.0.2093.

Pírez M, Gonzalez-Sapienza G, Sienra D, Ferrari G, Last M, Last JA, Brena BM. 2013. Limited
analytical capacity for cyanotoxins in developing countries may hide serious environmental
health problems: simple and affordable methods may be the answer. Journal of Environmental
Management 114:63–71 DOI 10.1016/j.jenvman.2012.10.052.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 23/26

http://dx.doi.org/10.3389/fmicb.2021.708531
http://dx.doi.org/10.1111/2041-210x.13115
http://dx.doi.org/10.1038/s41467-020-18560-z
https://github.com/vegandevs/vegan
http://dx.doi.org/10.1007/978-94-007-5790-5_14
http://dx.doi.org/10.1016/j.hal.2011.10.027
http://dx.doi.org/10.4319/lo.1998.43.7.1604
http://dx.doi.org/10.1111/1462-2920.13023
http://dx.doi.org/10.1007/s00248-012-0159-y
http://dx.doi.org/10.1186/s40168-021-01140-8
http://dx.doi.org/10.25260/EA.23.33.3.0.2093
http://dx.doi.org/10.1016/j.jenvman.2012.10.052
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


Podlesnaya GV, Krasnopeev AY, Potapov SA, Tikhonova IV, Shtykova YR, Suslova MY,
Timoshkin OA, Belykh OI. 2020. Diversity of nitrifying bacteria in microbial communities
from water and epilithic biofilms of the Lake Baikal littoral zone. Limnology and Freshwater
Biology 4:1008–1010 DOI 10.31951/2658-3518-2020-A-4-1008.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöckner FO. 2013. The
SILVA ribosomal RNA gene database project: improved data processing and web-based tools.
Nucleic Acids Research 41(D1):D590–D596 DOI 10.1093/nar/gks1219.

R Core Team. 2022. R: a language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. Available at https://www.R-project.org/.

Raup DM, Crick RE. 1979. Measurement of faunal similarity in paleontology. Journal of
Paleontology 53:1213–1227.

Reynolds CS, Jaworski GHM, Cmiech HA, Leedale GF. 1981. On the annual cycle of the
blue-green alga Microcystis aeruginosa Kütz. Emend. Elenkin. Philosophical Transactions of the
Royal Society B: Biological Sciences 293(1068):419–477 DOI 10.1098/rstb.1981.0081.

Sauer K, Stoodley P, Goeres DM, Hall-Stoodley L, Burmølle M, Stewart PS, Bjarnsholt T. 2022.
The biofilm life cycle: expanding the conceptual model of biofilm formation. Nature Reviews
Microbiology 20(10):608–620 DOI 10.1038/s41579-022-00767-0.

Scherer PI, Millard AD, Miller A, Schoen R, Raeder U, Geist J, Zwirglmaier K. 2017. Temporal
dynamics of the microbial community composition with a focus on toxic cyanobacteria and
toxin presence during harmful algal blooms in two South German lakes. Frontiers in
Microbiology 8:2387 DOI 10.3389/fmicb.2017.02387.

Schirrmeister BE, de Vos JM, Antonelli A, Bagheri HC. 2013. Evolution of multicellularity
coincided with increased diversification of cyanobacteria and the Great Oxidation Event.
Proceedings of the National Academy of Sciences of the United States of America
110(5):1791–1796 DOI 10.1073/pnas.1209927110.

Schmidt KC, Jackrel SL, Smith DJ, Dick GJ, Denef VJ. 2020.Genotype and host microbiome alter
competitive interactions between Microcystis aeruginosa and Chlorella sorokiniana. Harmful
Algae 99(3):101939 DOI 10.1016/j.hal.2020.101939.

Sedmak B, Kosi G. 1997. Microcystins in Slovene freshwaters (Central Europe)-first report.
Natural Toxins 5:64–73 DOI 10.1002/(SICI)(1997)5:2<64::AID-NT3>3.0.CO;2-O.

Seymour JR, Amin SA, Raina JB, Stocker R. 2017. Zooming in on the phycosphere: the ecological
interface for phytoplankton-bacteria relationships. Nature Microbiology 2(7):17065
DOI 10.1038/nmicrobiol.2017.65.

Shen H, Niu Y, Xie P, Tao M, Yang X. 2011. Morphological and physiological changes in
Microcystis aeruginosa as a result of interactions with heterotrophic bacteria. Freshwater Biology
56(6):1065–1080 DOI 10.1111/j.1365-2427.2010.02551.x.

Shi L, Cai Y, Gao S, Fang D, Lu Y, Li P, Wu QL. 2022. Gene expression in the microbial consortia
of colonial Microcystis aeruginosa-a potential buoyant particulate biofilm. Environmental
Microbiology 24(10):4931–4945 DOI 10.1111/1462-2920.16133.

Sipari H, Rantala-Ylinen A, Jokela J, Oksanen I, Sivonen K. 2010. Development of a chip assay
and quantitative PCR for detecting microcystin synthetase e gene expressions. Applied and
Environmental Microbiology 76(12):3797–3805 DOI 10.1128/AEM.00452-10.

Smith DJ, Tan JY, Powers MA, Lin XN, Davis TW, Dick GJ. 2021. Individual Microcystis
colonies harbour distinct bacterial communities that differ by Microcystis oligotype and with
time. Environmental Microbiology 23(6):3020–3036 DOI 10.1111/1462-2920.15514.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 24/26

http://dx.doi.org/10.31951/2658-3518-2020-A-4-1008
http://dx.doi.org/10.1093/nar/gks1219
https://www.R-project.org/
http://dx.doi.org/10.1098/rstb.1981.0081
http://dx.doi.org/10.1038/s41579-022-00767-0
http://dx.doi.org/10.3389/fmicb.2017.02387
http://dx.doi.org/10.1073/pnas.1209927110
http://dx.doi.org/10.1016/j.hal.2020.101939
http://dx.doi.org/10.1002/(SICI)(1997)5:2%3C64::AID-NT3%3E3.0.CO;2-O
http://dx.doi.org/10.1038/nmicrobiol.2017.65
http://dx.doi.org/10.1111/j.1365-2427.2010.02551.x
http://dx.doi.org/10.1111/1462-2920.16133
http://dx.doi.org/10.1128/AEM.00452-10
http://dx.doi.org/10.1111/1462-2920.15514
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


Srivastava A, Singh S, Ahn C-Y, Oh H-M, Asthana RK. 2013.Monitoring approaches for a toxic
cyanobacterial bloom. Environmental Science & Technology 47(16):8999–9013
DOI 10.1021/es401245k.

Stahl LJ. 2017. Gregarious cyanobacteria. Environmental Microbiology 19(6):2105–2109
DOI 10.1111/1462-2920.13739.

Stegen JC, Lin X, Fredrickson JK, Chen X, Kennedy DW, Murray CJ, Rockhold ML,
Konopka A. 2013. Quantifying community assembly processes and identifying features that
impose them. The ISME Journal 7(11):2069–2079 DOI 10.1038/ismej.2013.93.

Van Le V, Ko SR, Kang M, Jeong S, Oh HM, Ahn CY. 2023. Comparative genome analysis of the
genus Curvibacter and the description of Curvibacter microcysteis sp. nov. and Curvibacter
cyanobacteriorum sp. nov., Isolated from fresh water during the cyanobacterial bloom period.
Journal of Microbiology and Biotechnology 33(11):1428–1436 DOI 10.4014/jmb.2306.06017.

Vasconcelos V, Morais J, Vale M. 2011. Microcystins and cyanobacteria trends in a 14 year
monitoring of a temperate eutrophic reservoir (Aguieira, Portugal). Journal of Environmental
Monitoring 13:668–672 DOI 10.1039/C0EM00671H.

Veach AM, Stegen JC, Brown SP, Dodds WK, Jumpponen A. 2016. Spatial and successional
dynamics of microbial biofilm communities in a grassland stream ecosystem.Molecular Ecology
25(18):4674–4688 DOI 10.1111/MEC.13784.

Vezie C, Brient L, Sivonen K, Bertru G, Lefeuvre J-C, Salkinoja-Salonen M. 1998. Variation of
microcystin content of cyanobacterial blooms and isolated strains in Lake Grand-Lieu (France).
Microbial Ecology 35(2):126–135 DOI 10.1007/s002489900067.

Vignola M, Werner D, Wade MJ, Meynet P, Davenport RJ. 2018. Medium shapes the microbial
community of water filters with implications for effluent quality. Water Research 129:499–508
DOI 10.1016/j.watres.2017.09.042.

Wang X, Sun M, Xie M, Liu M, Luo L, Li P, Kong F. 2013. Differences in microcystin production
and genotype composition among Microcystis colonies of different sizes in Lake Taihu. Water
Research 47(15):5659–5669 DOI 10.1016/j.watres.2013.06.040.

Wang W, Shen H, Shi P, Chen J, Ni L, Xie P. 2015. Experimental evidence for the role of
heterotrophic bacteria in the formation of Microcystis colonies. Journal of Applied Phycology
28(2):1111–1123 DOI 10.1007/s10811-015-0659-5.

Wang K, Mou X, Cao H, Struewing I, Allen J, Lu J. 2021. Co-occurring microorganisms regulate
the succession of cyanobacterial harmful algal blooms. Environmental Pollution 288:117682
DOI 10.1016/j.envpol.2021.117682.

Wei S, Zhuang G, Cheng L, Wang S. 2022. The proliferation rule of Microcystis aeruginosa under
different initial pH conditions and its influence on the pH value of the environment.
Environmental Science and Pollution Research 29(10):1–10 DOI 10.1007/s11356-021-16719-9.

Xiao M, Willis A, Burford MA, Li M. 2017. Review: a meta-analysis comparing cell- division and
cell-adhesion in Microcystis colony formation. Harmful Algae 67(3):85–91
DOI 10.1016/j.hal.2017.06.007.

Xiao M, Li M, Reynolds CS. 2018. Colony formation in the cyanobacteriumMicrocystis. Biological
Reviews 93(3):1399–1420 DOI 10.1111/brv.12401.

Xie M, Ren M, Yang C, Yi H, Li Z, Li T, Zhao J. 2016. Metagenomic analysis reveals symbiotic
relationship among bacteria in Microcystis-dominated community. Frontiers in Microbiology
7(410):56 DOI 10.3389/fmicb.2016.00056.

Yancey CE, Kiledal EA, Chaganti SR, Denef VJ, Errera RM, Evans JT, Hart LN, Isailovic D,
James WS, Kharbush JJ, Kimbrel JA, Li W, Mayali X, Nitschky H, Polik CA, Powers MA,
Premathilaka SH, Rappuhn NA, Reitz LA, Rivera SR, Zwiers CC, Dick GJ. 2023. The

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 25/26

http://dx.doi.org/10.1021/es401245k
http://dx.doi.org/10.1111/1462-2920.13739
http://dx.doi.org/10.1038/ismej.2013.93
http://dx.doi.org/10.4014/jmb.2306.06017
http://dx.doi.org/10.1039/C0EM00671H
http://dx.doi.org/10.1111/MEC.13784
http://dx.doi.org/10.1007/s002489900067
http://dx.doi.org/10.1016/j.watres.2017.09.042
http://dx.doi.org/10.1016/j.watres.2013.06.040
http://dx.doi.org/10.1007/s10811-015-0659-5
http://dx.doi.org/10.1016/j.envpol.2021.117682
http://dx.doi.org/10.1007/s11356-021-16719-9
http://dx.doi.org/10.1016/j.hal.2017.06.007
http://dx.doi.org/10.1111/brv.12401
http://dx.doi.org/10.3389/fmicb.2016.00056
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/


Western Lake Erie Culture Collection: a promising resource for evaluating the physiological and
genetic diversity of Microcystis and its associated microbiome. Harmful Algae 126:102440
DOI 10.1101/2022.10.21.513177.

Yang C, Wang Q, Simon PN, Liu J, Liu L, Dai X, Zhang X, Kuang J, Igarashi Y, Pan X, Luo F.
2017. Distinct network interactions in particle-associated and free-living bacterial communities
during a Microcystis aeruginosa bloom in a plateau lake. Frontiers in Microbiology 8:1202
DOI 10.3389/fmicb.2017.01202.

Yang Z, Zhang M, Yu Y, Shi X. 2020. Temperature triggers the annual cycle of Microcystis,
comparable results from the laboratory and a large shallow lake. Chemosphere 260:127543
DOI 10.1016/j.chemosphere.2020.127543.

Yannarell AC, Kent AD. 2009. Bacteria, distribution and community structure. In: Encyclopedia of
inland waters. Amsterdam: Elsevier Inc., 201–210.

Yarmoshenko L, Kureyshevich A, Yakushin V. 2013. Microcystis botrys and Lemmermanniella
flexa–new species of Cyanoprokaryota for the flora of Ukraine in phytoplankton of the Kanev
reservoir. Hydrobiological Journal 49:115–121 DOI 10.1615/HydrobJ.v49.i2.40.

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, Schweer T, Peplies J, Ludwig W,
Glöckner FO. 2014. The SILVA and “All-species Living Tree Project (LTP)” taxonomic
frameworks. Nucleic Acids Research 42(D1):D643–D648 DOI 10.1093/nar/gkt1209.

Zhai C, Zhang P, Shen F, Zhou C, Liu C. 2012.DoesMicrocystis aeruginosa have quorum sensing?
FEMS Microbiology Letters 336(1):38–44 DOI 10.1111/j.1574-6968.2012.02650.x.

Zhang P, Chen M, Zhang Y, Li Y, Lu S, Li P. 2018. Autoaggregation and adhesion abilities in
bacteria associated with colonies of Microcystis. Hydrobiologia 823(1):205–216
DOI 10.1007/s10750-018-3706-9.

Zurawell RW, Chen HR, Burke JM, Prepas EE. 2005. Hepatotoxic cyanobacteria: a review of the
biological importance of microcystins in freshwater environments. Journal of Toxicology and
Environmental Health, Part B 8(1):1–37 DOI 10.1080/10937400590889412.

Croci et al. (2025), PeerJ, DOI 10.7717/peerj.19149 26/26

http://dx.doi.org/10.1101/2022.10.21.513177
http://dx.doi.org/10.3389/fmicb.2017.01202
http://dx.doi.org/10.1016/j.chemosphere.2020.127543
http://dx.doi.org/10.1615/HydrobJ.v49.i2.40
http://dx.doi.org/10.1093/nar/gkt1209
http://dx.doi.org/10.1111/j.1574-6968.2012.02650.x
http://dx.doi.org/10.1007/s10750-018-3706-9
http://dx.doi.org/10.1080/10937400590889412
http://dx.doi.org/10.7717/peerj.19149
https://peerj.com/

	Selective enrichment of active bacterial taxa in the Microcystis associated microbiome during colony growth
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


