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ABSTRACT

Some mat-forming cyanobacteria produce harmful cyanotoxins, yet benthic species remain understudied compared to plank-
tonic counterparts. This study assesses the diversity, distribution and toxin production of mat-forming cyanobacteria across lentic
and lotic systems in Nova Scotia, Canada. We documented greater cyanobacterial species richness in lentic environments, with
six dominant species distributed into two major Microcoleus clades, five of which represent putative novel taxa. Two Microcoleus
species with the genetic repertoire to produce anatoxins were prevalent. One has been previously reported in Canada, while the
second represents a novel species found exclusively in an environment impacted by discharge from a water treatment plant. We
observed variability in the gene clusters responsible for the biosynthesis of anatoxin-a and associated analogues (ATXs), includ-
ing the discovery of a novel anaG variant with a~1.7kb insertion in a Microcoleus strain dominating homoanatoxin-producing
mats. This extended anaG, encoding a polyketide synthase with an additional methyltransferase domain, coexists with shorter
variants, leading to the production of a mixture of ATXs. These findings highlight the genetic diversity of benthic cyanobacteria
in freshwater environments, with Microcoleus as the primary contributor to the production of ATXs in both lentic and lotic sys-
tems, underscoring their potential to produce harmful toxins.

1 | Introduction inhabiting both lentic and lotic systems (Faassen et al. 2012;

Wood et al. 2012; Quiblier et al. 2013). Ingestion of mats dom-

The proliferation of benthic mats producing cyanotoxins, which
are associated with animal poisonings in freshwater aquatic sys-
tems, has been documented for more than 30years (Edwards
et al. 1992; Gunn et al. 1992). Among the cyanotoxins produced
by benthic cyanobacteria, anatoxin-a (ATX) and its analogues
(hereafter collectively referred to as ATXs) are potent neurotoxins
that act as agonists of the nicotinic acetylcholine receptor, caus-
ing rapid death when ingested, even in low doses (World Health
Organization 2020). Production of ATXs has been reported
in various cyanobacterial taxa, including Microcoleus species,

inated by toxigenic Microcoleus has been implicated in an in-
creasing number of domestic animal and wildlife deaths (Gugger
et al. 2005; Faassen et al. 2012; Wood et al. 2017; Bouma-Gregson
et al. 2019; McCarron et al. 2023; Johnston et al. 2024). These in-
cidents associated with Microcoleus have prompted growing in-
terest in exploring the genetic diversity, geographic distribution,
ecological roles, and toxin-producing potential of this genus.

In Canada, the first reports of canine poisonings associated
with ATXs produced by benthic Microcoleus came from the
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Wolastoq shores in the Fredericton area, New Brunswick
(McCarron et al. 2023). Subsequent analyses revealed that
toxigenic Microcoleus species were prevalent at various sites
along the Wolastoq benthos (Beach et al. 2022), with their
proliferation showing a clear temporal dynamic influenced by
biotic factors, such as phage infection (Valadez-Cano, Reyes-
Prieto, and Lawrence 2023). Similarly, in the neighbouring
province of Nova Scotia, dog deaths attributed to ATXs were
reported in 2021 and 2023 along the shores of Shubenacadie-
Grand Lake and Long Lake, respectively (Crosby 2023;
Johnston et al. 2024).

Recent studies have shown that Microcoleus-dominated mats
and derived isolates can produce various ATXs. For example,
Microcoleus anatoxicus from diverse geographic regions has
been found to predominantly synthesise dihydroanatoxin-a
(H,ATX) (Conklin et al. 2020; Junier et al. 2024; Stancheva
et al. 2024). In Nova Scotia, benthic mats dominated by
Microcoleus along a stream-lake continuum in Shubenacadie-
Grand Lake and Long Lake revealed substantial produc-
tion of homoanatoxin-a (hATX), alongside other analogues
(Johnston et al. 2024). Microcoleus-dominated mats from
the Wolastoq were found to produce ATX and H,ATX, with
ATX primarily detected in isolates derived from these mats
(Valadez-Cano, Reyes-Prieto, Beach et al. 2023). Additionally,
significant production of different ATXs, including hATX and
dihydrohomoanatoxin-a (H,hATX), has been observed in
mats and isolates from New Zealand (Heath et al. 2011; Wood
et al. 2012; Kelly et al. 2018).

The production of ATXs by Microcoleus has been linked to the
presence of a cluster of genes, the ana cluster, identified in
other cyanobacteria (Méjean et al. 2014). This includes three
multidomain polyketide synthases (PKSs; anaE, anaF and
anaG) involved in the catalysis of ATXs from proline (Méjean
et al. 2014). Despite the variability in ATXs observed, the ana
clusters reported in Microcoleus to date are highly conserved
in both protein-coding content and arrangement (Bouma-
Gregson et al. 2019; Conklin et al. 2020; Tee et al. 2021;
Valadez-Cano, Reyes-Prieto, Beach et al. 2023; Junier
et al. 2024). These highly similar ana clusters do not fully
explain the observed differences in the production of ATXs,
which have been associated with specific variations in the
ana clusters of other cyanobacteria (Méjean et al. 2014). For
instance, in Kamptonema sp. PCC 6506 (formerly Oscillatoria
sp. PCC 6506), hATX is derived from a precursor that is meth-
ylated by the PKS anaG (Méjean et al. 2009). Despite recur-
rent reports of hATX in Microcoleus-dominated mats and
isolates, the anaG gene described in Microcoleus is shorter
than its homologue in Kamptonema sp. PCC 6506 and does
not encode the methyltransferase domain (Bouma-Gregson
et al. 2019; Conklin et al. 2020; Tee et al. 2021; Valadez-Cano,
Reyes-Prieto, Beach et al. 2023; Junier et al. 2024). Similarly,
biosynthesis of H,ATX in Cylindrospermum stagnale PCC
7417 is proposed to involve the reduction of either ATX or its
precursor through an F,, -dependent oxidoreductase domain
encoded by the anaK gene (Méjean et al. 2016). With the ex-
ception of some M. anatoxicus strains reported in California,
all Microcoleus ana clusters reported so far contain at least one
copy of the anakK gene, though some strains produce low con-
centrations of H,ATX (Bouma-Gregson et al. 2019; Conklin

et al. 2020; Tee et al. 2021; Valadez-Cano, Reyes-Prieto, Beach
et al. 2023; Junier et al. 2024).

In this study, we investigated benthic mats from freshwater en-
vironments across various ecoregions of Nova Scotia to identify
ATXs and their producers. Samples were collected from lentic
and lotic systems with differing trophic states, and from vari-
ous substrates during 2022 and 2023. We quantified the ATXs
and genetically characterised the cyanobacteria associated with
these mats. Additionally, we examined the variation in the com-
position and synteny of the ana clusters to explore differences
potentially associated with the production of anatoxin-a and its
analogues.

2 | Methods
2.1 | Sample Collection and DNA Extraction

Although Nova Scotia is one of the smallest provinces in
Canada (~55,000km?), its varied physiographic and climatic
characteristics result in a diversity of freshwater environ-
ments (Johnston et al. 2022). During the summer seasons of
2022 and 2023, 20 periphyton samples suspected to be dom-
inated by cyanobacteria were collected from nine freshwater
systems across the province. These systems encompassed
both lentic environments (Fish Lake, Grand Lake and Oathill
Lake) and lotic environments (Byers Brook, French River,
Great Village River, Indian Brook, Little Sackville River and
North River) (Figure S1). Sampling was conducted across
three distinct ecoregions (Nova Scotia Uplands, Eastern and
Cape Breton Highlands) (Neily et al. 2017), spanning a gradi-
ent of trophic states (Table S1). Benthic cyanobacterial mats
were visually identified in the field, and multiple subsamples
were collected using a gloved hand and composited together
into a clean, sterile plastic jar. The type of substrate on which
the mats were growing was noted during sample collection
(Table S1). Samples were transported to the laboratory in a
chilled cooler. In the laboratory, mat samples were microscop-
ically examined (400X magnification with a Nikon Eclipse
80i microscope equipped with a Nikon DS-Fil camera) to in-
vestigate the presence and abundance of cyanobacteria, and
if the detected specimens morphologically resembled mem-
bers of the genera Oscillatoria, Phormidium, or Microcoleus
(Figure S2). If the target taxa appeared dominant, mat sam-
ples were homogenised using 15mL sterile tissue grinders
(VWR, Mississauga, Ontario, Canada). Then, subsamples of
0.25g of each homogenate were subjected to DNA extraction
using the protocol of the Qiagen DNeasy PowerSoil Pro kits
(Qiagen Inc., Toronto, Ontario, Canada).

2.2 | Quantification of Anatoxin-a and Analogues

To assay total intracellular ATXs, subsamples of homo-
genised mat (1g) were frozen and thawed prior to toxin
extraction to lyse cyanobacterial cells. Then toxins were ex-
tracted with 1:1gmL~! methanol containing 0.1% formic
acid, vortex mixed for 1 min, centrifuged for 10 min at 21000g
and filtered to 0.45um using 5mL PVDF centrifugal filters
(Millipore, Bedford, MA, USA). ATXs were measured by
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liquid chromatography-high resolution tandem mass spec-
trometry (LC-HRMS/MS) using a method reported recently
(Beach et al. 2023). Briefly, aliquots of sample extract (90 uL)
were spiked with 10uL of 600ngmL~" *C,-ATX standard
(Eurofins Abraxis, Warminster, PA, USA). An Agilent 1290
Infinity II liquid chromatography system (Agilent, Santa
Clara, CA, USA) was coupled to a Q Exactive HF mass spec-
trometer with a HESI-II electrospray source (ThermoFisher
Scientific, Waltham, MA, USA). The LC separation used an
Acquity 1.8um HSS T3 C18 column (150X 2.1 mm; Waters,
Milford, MA, USA) and a linear gradient from 2% to 11% ace-
tonitrile (B) in water (A), both containing 0.1% formic acid,
over 25min, at a flow rate of 600 uL min~1. This was followed
by a 10-min column flush with 95% B at 600 uL min~! and a 10-
min re-equilibration at initial gradient conditions. An injec-
tion volume of 1 uL was used for all samples. Acquisition was
performed in data-dependent mode, capturing full scans over
an m/z range of 140-500 at a resolution of 60,000. Up to five
product ion spectra were generated per cycle at a resolution
of 15,000, with a collision energy of 20 eV. Certified reference
material calibration solutions for ATX (CRM-ATX) and hATX
(CRM-hATX) were obtained from the National Research
Council of Canada (Halifax, NS). A standard for H,ATX was
obtained from Gold Standard Diagnostics (Warminster, PA).
Quantitation of ATX was carried out as described previously
by isotope dilution for ATX and external calibration for hATX
and H,ATX (Beach et al. 2022), with the addition of H,hATX
semi-quantitated using the hATX standard. Total ATXs were
measured as the sum of ATX, H,ATX, hATX and H,hATX.
ATXs were measured in units of mg kg~ wet weight of drained
mat material, as reported previously (Beach et al. 2022, 2023),
which was considered appropriate due to the very high biolog-
ical variability in the concentration of ATXs within the mats
(Beach et al. 2022, 2023).

2.3 | Shotgun Metagenomic Sequencing

Total DNA purified from each benthic mat sample was shotgun
sequenced using an Illumina NextSeq 550 platform, generating
150bp paired-end reads. The library preparation and DNA se-
quencing procedures were carried out at Dalhousie University's
Integrated Microbiology Resource in Halifax, NS, following
standard protocols (Comeau and Filloramo 2023).

2.4 | Read Processing, Assembly and Recovery
of Metagenome-Assembled Genomes

Illumina adapters and low-quality reads were removed with fastp
v0.20.1 (Chen et al. 2018) using default settings. Cleaned reads
were assembled into contigs and scaffolds using metaSPAdes
(SPAdes v3.12.0) (Bankevich et al. 2012), using k-mer options
-k21,33,55,77. Metagenome-assembled genomes (MAGSs) were
recovered from each assembly using the variational autoen-
coders for metagenomic binning pipeline (VAMB v3.0.2) (Nissen
et al. 2021), MetaBAT2 v2.15-6 (Kang et al. 2015) and MaxBin
v2.2.7 (Wu et al. 2016). Then, DasTool v1.1.4 (Sieber et al. 2018)
was used to recover the highest-quality non-redundant MAGs
from each assembly. MAG quality was estimated with CheckM
v1.1.3 (Parks et al. 2015).

2.5 | Phylogenomic Analysis and Cyanobacterial
Species Cluster Definition

Taxonomic classification of MAGs was performed with
GTDB-Tk v2.4.0 (Chaumeil et al. 2022) based on the Genome
Database Taxonomy (GTDB) r220 (Parks et al. 2022). We used
Prodigal v2.6.3 (Hyatt et al. 2010) to predict Open Reading
Frames (ORFs) from cyanobacterial MAGs (cMAGSs) with an
estimated completeness >70% and contamination < 5% recov-
ered from Nova Scotia (Table S2), as well as from previously
documented cyanobacterial genomes. To elucidate the phy-
logenetic relationships of the recovered cMAGs from Nova
Scotia, a comprehensive analysis was conducted considering
reported genomes of Microcoleus species and other cyano-
bacteria with or without the ana cluster (Table S3, DataSet1).
Orthofinder v2.5.5 (Emms and Kelly 2015, 2019) was used
to construct a protein multiple sequence alignment (MSA).
Then, a maximum-likelihood (ML) tree was inferred from
the previously generated MSA with IQ-TREE v2.3.2 (Nguyen
et al. 2015) considering the Q.plant + F + I+ R6 model, which
was identified as the fittest amino acid substitution model by
ModelFinder (Kalyaanamoorthy et al. 2017). Node support
was evaluated with 2000 ultrafast bootstrap replicates.

A genome-sequence-based species delimitation analysis was
performed on cMAGs recovered from Nova Scotia mat sam-
ples, and other Microcoleus and cyanobacteria reported from
the USA, New Zealand, and Canada (Table S3, DataSet2)
(Bouma-Gregson et al. 2019; Tee et al. 2021; Valadez-Cano,
Reyes-Prieto, Beach et al. 2023; Junier et al. 2024). The aver-
age nucleotide identity (ANI) between genomes was estimated
with FastANI v1.33 (Jain et al. 2018). The digital DNA-DNA
hybridisation (dDDH) index between pairs of genomes was
estimated with the Genome-to-Genome Distance Calculator
web-based DSMZ service (https://ggdc.dsmz.de/) (Meier-
Kolthoff et al. 2013). Cut-offs of 95% ANI and 70% for dDDH
were used to delineate bacterial species, following previously
suggested criteria (Richter and Rossello-Méra 2009; Meier-
Kolthoff et al. 2013).

2.6 | Prediction of the ana Cluster in
Cyanobacterial Genomes

The online bacterial version of antiSMASH (Blin et al. 2021)
was used to predict the presence of the ana cluster in the re-
covered cMAGs. Multiple alignments and visualisations of the
different ana clusters were generated with DiGAlign (Nishimura
et al. 2024).

Sequencing coverage (i.e., read mapping) of the ana cluster from
each mat sample was assessed with Bowtie2v2.3.5.1 (Langmead
and Salzberg 2012). Read mapping visualisation of samples of
interest was performed with the anvi'o v8 tool (Eren et al. 2021).

2.7 | Relative Abundance and Diversity
of Cyanobacterial Species Clusters

The MIDAS pipeline (Nayfach et al. 2016) was used to esti-
mate the relative abundance of cyanobacterial species clusters
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identified in our genome-based species delimitation analysis.
First, a custom MIDAS database was built for each predefined cy-
anobacterial species cluster. Specifically, for each species cluster,
a non-redundant pangenome was created by clustering genes at
99% sequence identity and identifying a centroid gene sequence
from each cluster using VSEARCH (Rognes et al. 2016). Then,
a database for marker genes was built based on 15 single-copy
gene families. Finally, with MIDAS, we mapped the cleaned
reads from each sequenced mat sample to the custom database
to estimate the relative abundance of each cyanobacterial spe-
cies cluster in all the mat samples.

The Shannon diversity index was calculated with the esti-
mate_richness function of the phyloseq R package vi.44.0
(McMurdie and Holmes 2013) to compare the cyanobacterial
diversity across environmental variables (Table S1). We then
used the square root of Jensen-Shannon divergence (JSD) with
the distance function from the phyloseq vegan R package v2.6.4
(Oksanen et al. 2022) to investigate the spatiotemporal varia-
tionsin the cyanobacterial community composition. Differences
in these variables between groups were also tested using per-
mutational multivariate analysis of variance (PERMANOVA)
(Anderson 2001) with the adonis2 function. We also tested for
dispersion in the data by performing an analysis of multivariate
homogeneity (PERMDISP) (Anderson 2006) with the permuted
betadisper function. PERMANOVA and PERMDISP were
performed in R. The non-parametric Analysis of Similarity
(ANOSIM) (Clarke 1993) with the anosim function was imple-
mented to validate the observed groups. To identify cyanobac-
terial taxa specific to lentic or lotic systems, the cyanobacterial
abundance table was initially transformed using the Hellinger
transformation (Rao 1995) via the transform function from the
microbiome R package; then, an indicator species analysis with
the multipatt function from the indicspecies v1.7.14 R package
(Céceres and Legendre 2009) was used. Finally, a redundancy
analysis was performed to identify cyanobacterial taxa associ-
ated with the specific environmental variables and concentra-
tions of ATXs (Rao 1964).

3 | Results

3.1 | Anatoxin-a and Analogue Quantification in
Mat Samples From Nova Scotia

With exception of mat NSLS-A, ATXs were detected in the re-
maining 19 mat samples (Table S4), with total concentrations
varying both between and within different aquatic systems.
Concentrations exceeded 1mgkg™' in 55% of the samples, with
these high toxin samples having been collected from Oathill and
Grand lakes, as well as from Indian Brook, Great Village and
French rivers (Figure 1A).

ATXs were detected in varying proportions across samples, with
some aquatic systems producing specific analogues (Figure 1B).
For instance, only ATX was detected in mat samples from Byers
Brook, whereas Grand Lake mats primarily contained H,ATX
(Figure 1B). Although ATX and H,ATX were the predominant
analogues in most samples, hATX and H,hATX constituted
over 98% of the total ATXs in samples NSOL-A and NSOL-B

collected from Oathill Lake (Figure 1B). Three out of five mats
collected from French River contained ATX and H,ATX, while
mat NSFL-A from Fish Lake predominantly contained hATX,
with H,ATX comprising 17% of the total ATXs. Sample NSIB-A
from Indian Brook contained a total of 4.4 mgkg=" of ATXs, with
hATX and H,hATX accounting for 16% of the total ATXs, al-
though ATX and H,ATX were the primary analogues detected
(Figure 1B).

3.2 | Diversity of Mat-Forming Cyanobacteria

A total of 25 cMAGs with completeness exceeding 75% and
contamination below 5% were recovered (Table S2). Between 1
and 3 cMAGs were obtained from each mat, except for NSGL-C
(Grand Lake), where no cyanobacterial genomes were assem-
bled (Table S2). Sixteen cMAGs were classified within the
Microcoleus genus (Microcoleaceae family), while eight cMAGs
were assigned to the Coleofasciculaceae family, with one of these
further classified as belonging to the Limnofasciculus genus
(Table S2). Additionally, a single cMAG was identified as belong-
ing to the Pseudanabaena genus (Pseudanabaenaceae family)
(Table S2). In agreement with the taxonomic classification of the
cMAG, our maximum-likelihood (ML) tree resolved 16 cMAGs
from Nova Scotia into two major clades within the Microcoleus
genus (100% bootstrap; BS) (Figure 2). The remaining nine
cMAGs retrieved from Nova Scotia were affiliated with other cy-
anobacterial groups and were all non-toxigenic (Figure 2).

The first major Microcoleus clade (MC1; 100% BS) unites 7 non-
toxigenic cMAGs from five distinct aquatic systems in Nova
Scotia with non-toxigenic Microcoleus genomes reported from
the United States and New Zealand (Bouma-Gregson et al. 2019;
Tee et al. 2021) (Figure 2). Additionally, this clade includes ge-
nomes from recently described Microcoleus clades (M1-M12)
recovered from diverse soil, moss, marine, and puddle habitats
(Stanojkovi¢ et al. 2024). The second major Microcoleus clade
(MC2; 100% BS) comprises Microcoleus genomes recovered only
from rivers or lakes (Figure 2). Within this clade, nine cMAGs
from Nova Scotia branch with toxigenic and non-toxigenic
Microcoleus genomes retrieved from New Brunswick (Canada),
New Zealand and the USA (Bouma-Gregson et al. 2019;
Conklin et al. 2020; Tee et al. 2021; Valadez-Cano, Reyes-Prieto,
Beach et al. 2023), along with the recently reported toxigenic
Tychonema bourrellyi B0820 (Salmaso et al. 2023) (Figure 2).
With the exception of Microcoleus sp. NSFL-A1, which was re-
covered from a small stream connecting Fish Lake to Grand
Lake, the remaining eight of these Microcoleus cMAGs from
Nova Scotia harbour genes responsible for the production of
ATXs (Figure 2). The ML phylogenetic analysis recovered the
two Microcoleus clades as part of a larger monophyletic group
(100% BS) branching with full node support as siblings of the
toxigenic Kamptonema spp., which are also members of the
Microcoleaceae family (Figure 2).

The ANT and dDDH results (Tables S5 and S6, respectively) sug-
gest that the cMAGs recovered from Nova Scotia belong to 14
putative cyanobacterial species clusters when applying standard
species delimitation cutoffs (SCs) (Table S7). Among these, the
16 Microcoleus cMAGs were grouped into six distinct SCs. The
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FIGURE1 | Total concentration and relative abundance of ATXs in benthic mats collected from Nova Scotia. (A) Log, of total concentrations
(mgkg™) of ATXs in mat samples from Nova Scotia. (B) Relative abundance of anatoxin-a and its analogues in the different mat samples. Sample
names from Nova Scotia (NS) include site codes indicating sampling locations: Byers Brook (BB), Fish Lake (FL), French River (FR), Grand Lake
(GL), Great Village River (GR), Indian Brook (IB), North River (NO) and Oathill Lake (OL). Mat sample NSLS-A, with no ATXs detected, has been
omitted. Samples collected in 2022 are indicated in bold. Mats with total concentration of ATXs>1mgkg™ are indicated with “*’.

cMAGs containing the ana cluster in SC8 exhibited ANT values
above 95% and dDDH values exceeding 70% with both toxigenic
and non-toxigenic Microcoleus from the Wolastoq (Valadez-
Cano, Reyes-Prieto, Beach et al. 2023) and New Zealand (Tee
et al. 2021) (Table S7). The remaining Microcoleus cMAGs re-
covered from Nova Scotia were assigned to five distinct SCs,
with ANT and dDDH values below the thresholds for species
delimitation when compared to previously reported Microcoleus
genomes (Table S7). Microcoleus SC9 includes two cMAGsS re-
covered from the French River during both sampling years
containing the ana cluster (Table S7). Finally, the eight cMAGs
classified in the Coleofasciculaceae family were assigned to
seven putative novel cyanobacterial species (Table S7).

3.3 | Species Diversity and Distribution in Aquatic
Systems of Nova Scotia

We employed a sequencing coverage (i.e., read mapping) approach
to account for the presence of Microcoleus species and other cya-
nobacterial SCs that may exist at low abundances, and thus the

assembly of their genomes would be hindered. Our analysis re-
vealed that Microcoleus dominated most of the sampled mats,
accounting for over 45% of the relative abundance of the cyano-
bacterial community (Figure 3A). Only four samples were dom-
inated by other cyanobacterial species with relative abundances
higher than 95% of the cyanobacterial community (Figure 3A).

Consistent with our earlier observations, the Microcoleus
community is dominated by species of either MC1 or MC2
(Figure 3B). As expected, the dominant Microcoleus SCs are
primarily composed of cMAGs from local aquatic systems
in Nova Scotia (SC1, SC3, SC6, SC8, SC9, SC13). However,
Microcoleus species members of MC2 and recovered from geo-
graphically distant aquatic systems comprised between 1% and
5% of the total Microcoleus community (Figure 3B). For exam-
ple, we detected SC11 and SC12, which include M. anatoxicus
from California and the non-toxigenic Microcoleus EPA2 recov-
ered from Ohio, USA (Figure 3B). We also identified the pres-
ence of SC15, which includes both toxigenic and non-toxigenic
Tychonema bourrelyi strains from Italy, although in very low
abundance (Figure 3B).
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FIGURE 2 | Maximum likelihood phylogeny estimated using the Q.plant+F+1I4R6 substitution model based on a concatenated alignment
(data set available upon request) of 1025 orthogroups comprising 286,340 amino acid sites from Microcoleus and other cyanobacterial genomes.
Cyanobacterial genomes recovered from Nova Scotia are indicated with bold. Clades in red and yellow indicate the two major Microcoleus clades

1 and 2, respectively. Inner and outer rings indicate presence of the ana cluster and the respective habitat from which each genome was obtained,

respectively. Black circles at the nodes indicate bootstrap support values of 100%. The scale bar represents amino acid substitutions per site. The tree

was rooted arbitrarily using Gloeobacter kilaueensis JS1 as outgroup.

In mats dominated by Microcoleus from MC1, we observed three
different SCs, with SC1 being dominant (Figure 3B). In mats
dominated by MC2, we identified eight SCs, with SC8 being
the most prevalent and comprised of cMAGs with or without
the ana cluster (Figure 3B). The relative abundance of SC8 ex-
ceeded 50% of the Microcoleus community in nine mat samples
collected from lentic or lotic systems, with total intracellular
ATXs>1mgkg™" in benthic mats (Figure 3B). SC9, which con-
tains the novel toxigenic Microcoleus species, dominated (rel-
ative abundances>95%) two samples from French River. The
non-Microcoleus cyanobacterial community was predominantly

composed of a single species in most samples, with no clear
dominance observed (Figure 3C).

The estimated Shannon index revealed a higher cyanobacterial
diversity in samples collected from lentic systems compared
to those from lotic systems (Wilcoxon test, p<0.05, W=71)
(Figure S3). On the other hand, no significant differences were ob-
served in samples collected from different ecoregions, substrates
and trophic states. The Jensen-Shannon divergence analysis sug-
gested that substrate (R?=33%, p=0.01) and ecoregion (R>=22%,
p=0.006) were the most influential variables explaining the
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FIGURE 3 | Estimated relative abundance of Microcoleus and other cyanobacteria in freshwater benthic mats from Nova Scotia. (A) Relative
abundance of Microcoleus clades 1 and 2 and other cyanobacteria. (B) Relative abundance of the different species clusters (SC) assigned to Microcoleus
clade 1 (MC1) and Microcoleus clade 2 (MC2). (C) Relative abundance of non-Microcoleus cyanobacterial species (SC). Clades and species clusters
containing Microcoleus cMAGs with the ana cluster are marked with ‘4’ in panels (A, B), respectively. Mat samples collected in 2022 are indicated in
bold, and samples with total concentrations of ATXs>1mgkg™! are denoted with an asterisk (“**).

cyanobacterial composition in the mats. This result was con-
firmed by the non-parametric ANOSIM test (Table 1).

Our redundancy analysis did not reveal any obvious association
between the concentration of ATXs and the abundance of par-
ticular toxigenic Microcoleus species, likely due to the similar
toxin profiles of the dominant toxigenic species (SC8 and SC9).
Interestingly, hATX in the mats was primarily associated with
Limnofasciculus sp. NSOL-A1 (SC17) (Figure S4). The adjusted

R? value was 0.678, with the first axis explaining 72.6% of the
variation in cyanotoxins (ANOVA, p <0.05).

3.4 | Variability of the ana Cluster Among
Microcoleus Species

The synteny of the ana cluster (i.e., anaBCDEFG) is highly
conserved in the different Microcoleus SCs, and the nucleotide
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TABLE1 | Environmental variables explaining cyanobacterial community variation.

Variable R? (%) P Dispersion p ANOSIM R ANOSIM p
Ecoregion 22 0.006 p>0.05 0.27 0.01
River or lake 14 0.009 p>0.05 —-0.013 0.48
Substrate 33 0.01 p>0.05 0.20 0.06
Trophic state 15 0.09 p>0.05 0.065 0.23
Years 9.3 0.08 p>0.05 0.10 0.20
BLASTn %-identity
80 82 84 B8 8 90 92 94 96 98 i0Q
Kamptonema formosum

PCC 6407

Microcoleus sp. NSOL-A2 (SC8)

Microcoleus sp. CAWBG506 (SC10)

Microcoleus anatoxicus PTRS3 (SC11)

Microcoleus sp. 08D_45 (SC11)

Microcoleus sp. CAWBG639 (SC8)

Microcoleus sp. NSFR-A2 (SC9)

Microcoleus sp. NSGL-A1 (SC8)

Tychonema bourrellyi B0O820 (SC15)

Microcoleus sp. W3-C-99-WqlI (SC8)

Microcoleus sp. W3-J-97-WqlI (SC8) B

Anrn) E—— —
| - et s b A L

| — —————

)
N

0 3.5
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FIGURE4 | Alignment of ana clusters recovered from different Microcoleus species clusters (SCs) and Kamptonema formosum PCC 6407. Black

arrows indicate previously characterised genes responsible for the production of ATXs while grey arrows indicate uncharacterized ORFs. White

ovals within the ana EFG genes from the K. formosum PCC 6407 ana cluster indicate important catalytic domains of the encoded polyketide synthas-
es: KS: ketosynthase; AT: acyltransferase; KR: ketoreductase; DH: dehydratase; ER: enoylreductase; CP: carrier protein; cMT: methyltransferase.
Diagonal lines between ana clusters represent the ORF nucleotide sequence identity (BLASTn percent) indicated by the scale bar. The white oval

in the anaG gene of Microcoleus sp. NSOL-A2 indicates the unique insertion encoding the cMT domain, which is absent in the ana cluster of other

members of MC2. Identical ana clusters were omitted.

sequenceidentity at the orthologous gene level is > 97% (Figure 4).
Despite the high conservation of synteny between Kamptonema
and Microcoleus, their orthologous nucleotide sequence identity
is less than 91% (Figure 4). While there was conservation of the
anaBCDEFG gene order, we found variability in the gene con-
tent and arrangement of the anaAlJ section of the ana cluster
between different Microcoleus species (Figure 4).

In ana clusters recovered from Microcoleus SC8, we observed
variation in the number of anaK copies (Figure 4). Notably,

Microcoleus sp. NSGL-A1 contains two copies of anaK, which
is similar to Microcoleus sp. CAWBG639 from New Zealand
but different from other ana clusters in SC8 from Nova Scotia
and New Brunswick, which contain a single copy (Figure 4).
Additionally, the ana clusters in Microcoleus sp. NSOL-A2 and
Microcoleus sp. NSOL-B1 from Oathill Lake differ significantly
from other Microcoleus SC8 cMAGs, with anaJAI genes exhib-
iting less than 91% sequence identity to homologues in other
SC8 ana clusters and anal translocated relative to its position
in these clusters (Figure 4). The ana cluster of Microcoleus sp.
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NSOL-A2 and Microcoleus sp. NSOL-B1 contains a predicted
anaG gene (4902bp) that is longer than the orthologous se-
quences found in any other ana cluster within MC2, which
typically are around 3222bp long (Figure 4). Unlike previously
reported anaG genes in Microcoleus, which encode ketoreduc-
tase (KR)-acyltransferase (AT)-carrier protein (CP) domains,
the additional ~1.7kb insertion in Microcoleus sp. NSOL-A2 and
Microcoleus sp. NSOL-B1 encodes an additional methyltransfer-
ase (cMT) domain (Figure 4).

3.5 | Coexistence of Microcoleus Strains With Long
and Short anaG

To explore the relative abundance of anaG genotypes within
samples and their potential contribution to the production
of ATX and hATX, we mapped high-quality reads from all
mat samples to the anaBCDEFG genes from Microcoleus sp.
NSOL-A2, which contains the long anaG. The sequence cover-
age data revealed that, besides the mats from Oathill Lake, sam-
ple NSIB-A (Indian Brook) also contained the methyltransferase
domain in the anaG ORF with a nucleotide sequence identity
>98% and mean coverage of 49 reads/nucleotide (Figure 5A).
Microcoleus sp. NSIB-A1 recovered from this mat with high rel-
ative abundance (mean coverage >700 reads/nucleotide), har-
bours the short anaG version.

The single nucleotide variants (SNVs) identified in sample
NSIB-A by read mapping to the ana cluster confirm the strain
heterogeneity of toxigenic Microcoleus in this Indian Brook mat
sample (Figure 5A). Furthermore, the NSIB-A sample contained
a mixture of ATXs, with hATX accounting for 16% of the total
analogues (Figure 1). In contrast, this heterogeneity was not ob-
served in sample NSOL-A, where only the strain with the long
anaG version was recovered, and the toxin profile was domi-
nated by hATX and H,hATX (Figure 5B).

4 | Discussion

4.1 | Geographic Prevalence of ATXs in Aquatic
Systems in Nova Scotia

Following earlier reports of dog deaths linked to ATXs in Nova
Scotia's aquatic systems (Crosby 2023; Johnston et al. 2024), the
presence of these neurotoxins in 19 of 20 benthic mat samples
over two consecutive years strongly supports the widespread
environmental distribution of toxigenic microorganisms across
the province. The geographical prevalence of cyanobacteria
that produce ATXs has also been documented in water bodies
in New Brunswick (Beach et al. 2023; McCarron et al. 2023;
Valadez-Cano, Reyes-Prieto, Beach et al. 2023), suggesting that
this risk likely extends to water bodies across Atlantic Canada.
While several stakeholder groups have directed efforts towards
monitoring cyanotoxins in planktonic environments (e.g., mi-
crocystins), our results highlight the significance of ATXs in
benthic environments and the importance of monitoring the
presence of these potent cyanotoxins and the cyanobacteria that
produce them.

4.2 | Diversity of Mat-Forming Cyanobacteria in
Nova Scotia

Our analysis revealed the presence of multiple cyanobacterial
species dominating benthic mats in both lotic and lentic fresh-
water systems in Nova Scotia. The results showed a higher
diversity of cyanobacteria in benthic mats from lentic envi-
ronments compared to those from lotic environments, but this
apparent difference in species richness between flowing and
standing water systems must be evaluated with a larger sam-
ple size. Furthermore, our findings suggest that benthic cy-
anobacterial community composition is primarily influenced
by geographic proximity and substrate type, highlighting

Coverage
(Reads/nucleotide)

Coverage
(Reads/nucleotide)

0

D
Microcoles . gyl ol e ——— (NN
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FIGURE 5 | Coexistence of toxigenic Microcoleus with short and long anaG genotypes in mat samples from Nova Scotia. Sequence coverage es-
timated via mapping of cleaned reads obtained from (A) Indian Brook (NSIB_A) and (B) Oathill Lake (NSOL_A) to the anaBCDEFG genes from
Microcoleus sp. NSOL-A2. White ovals in the anaG gene from the NSOL-A2 ana cluster indicate the PKS catalytic modular domains important for
the production of ATXs: KS: ketosynthase; AT: acyltransferase; cMT: methyltransferase; CP: Carrier protein. Dinucleotides at the top of each plot

represent single nucleotide variants (SN'Vs).
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the importance of both local (substrate characteristics) and
regional (ecoregional context) factors. Substrate type likely
impacts nutrient availability and colonisation surfaces, while
ecoregion reflects broader climatic and biogeographical influ-
ences. These results emphasise the need to consider both spa-
tial scales to better understand cyanobacterial diversity and
toxin production in mat-forming ecosystems. With the current
limited sample size, we did not detect significant differences
in the cyanobacterial community composition based on the
trophic states of the aquatic systems. Previous research has
shown that the abundance of benthic cyanobacterial genera is
influenced by a distinct set of environmental conditions, with
nutrients and temperature being the less influential (Schulte
et al. 2022).

The mats sampled from Nova Scotia were primarily dom-
inated by Microcoleus; however, we also found other cyano-
bacteria, mainly from the Coleofasciculaceae family that were
dominant taxa within the mats or coexisted with Microcoleus.
Most of these Coleofasciculaceae cyanobacterial genomes
from Nova Scotia clustered with genomes from isolates re-
covered previously from benthic mats of the Wolastoq, New
Brunswick (Valadez-Cano, Reyes-Prieto, Beach et al. 2023).
These results indicate that species of the Coleofasciculaceae
family are a common component of mat-forming communities
across these two contiguous Canadian provinces. The associ-
ation of Limnofasciculus sp. NSOL-A1 with hATX-producing
mats suggests potential ecological interactions between
Microcoleus and other cyanobacteria within the mats. Such
interactions may create favourable conditions for the synthe-
sis of ATXs, potentially favouring strains that produce specific
variants like hATX. Comparative genomic analyses have pre-
viously revealed substantial genome streamlining in toxigenic
Microcoleus species, along with a potential reliance on exter-
nal sources for nutrients, which could promote cooperative
interactions between toxigenic and non-toxigenic Microcoleus
species (Tee et al. 2021). Similarly, interactions with these co-
occurring species might play an essential role in sustaining
and shaping the toxigenic community within these mats.

We described the presence of at least six putative Microcoleus
species in mats from Nova Scotia, including five novel species.
This exploratory analysis suggests that Microcoleus SC8 is the
most common species in Nova Scotia systems, as has also been
described in the Wolastoq, NB (Canada) and New Zealand (Tee
et al. 2021; Valadez-Cano, Reyes-Prieto, Beach et al. 2023). The
dominance of SC8 in the Microcoleus community correlates
with high concentrations of ATXs in the sampled mats, sug-
gesting that the relative abundance of this species could serve
as an indicator of mat toxicity. Additionally, we report the novel
Microcoleus SC9, which has the genetic potential to produce
ATXs. Unlike SC8, Microcoleus SC9 was identified in French
River exclusively and during both sampling years. This sampling
site lies within a river section that receives backwash discharge
from a drinking water treatment plant using ultrafiltration and
nanofiltration. The backwash, generated during filter clean-
ing, concentrates natural river constituents such as nutrients
and major/minor elements, creates a unique geochemical en-
vironment. The distinctive geochemistry of this site, combined
with the potential prevalence of Microcoleus sp. SC9, warrants

further investigation to better understand their ecological roles
and potential implications.

Although some mats are completely dominated by non-toxigenic
cyanobacteria, we detected ATXs in most of them even when no
toxin-producing species were detected. This suggests that toxi-
genic species can persist in the environment at very low abun-
dances while actively producing ATXs. Alternatively, while the
methods used in this work targeted intracellular toxins, low lev-
els of ATXs may have been due to high concentrations of the
toxin in the surrounding water.

4.3 | Microcoleus Diversity and ana Cluster
Evolution

The phylogenomic analysis resolved Microcoleus species into
two distinct clades, each associated with different environmen-
tal niches (Figure 2). MC1 includes species recovered from di-
verse habitats including soil, moss, puddles, rivers and lakes.
The most prominent representative of MC1 is Microcoleus vagi-
natus, a cosmopolitan and abundant terrestrial cyanobacterium
commonly found in soil crusts of arid and semiarid ecosystems
(Belnap 2013; Stanojkovic et al. 2024). MC2 includes Microcoleus
species predominantly recovered from lentic and lotic systems
across diverse geographic regions (Bouma-Gregson et al. 2019;
Tee et al. 2021; Valadez-Cano, Reyes-Prieto, Beach et al. 2023;
Junier et al. 2024), suggesting that MC2 species are potentially
restricted to aquatic environments.

Another notable difference between the two Microcoleus
clades is their distinct ability to produce ATXs. Most species
within Microcoleus clade 2, including those recovered from
Nova Scotia, harbour the ana gene cluster. The high similar-
ity among the anaBCDEFG genes within this cluster supports
the hypothesis of a single acquisition event in this clade (Junier
et al. 2024). Although this single acquisition event is proposed
to have occurred after the divergence of Microcoleus from
Tychonema (Junier et al. 2024), the ana cluster in Tychonema
bourrellyi strain B0820 is nearly identical to that observed in
Microcoleus sp. Wq-1I from the Wolastoq. This contrasts with
the placement of these taxa in our whole-genome phylogenetic
analysis and the 87% ANI between their genomes. These find-
ings suggest the possibility of an independent horizontal gene
transfer event leading to the acquisition of the ana gene cluster
in Tychonema.

The absence of the ana cluster in Microcoleus SC13 from Nova
Scotia, which belongs to the MC2 clade, is consistent with previ-
ous reports of non-toxigenic species within this group. Analysis
of the flanking regions of the ana cluster and its homologues
in non-toxigenic Microcoleus suggests that the loss of neuro-
toxin production in MC2 is the result of multiple independent
losses of the gene cluster, rather than repeated acquisitions (Tee
et al. 2021; Junier et al. 2024). Environmental conditions may
favour the loss of ana clusters, as secondary metabolites can im-
pose energetic costs (Yan et al. 2018). Non-toxigenic Microcoleus
have been found to reach higher growth rates, suggesting a
trade-off between the production of ATXs and metabolic effi-
ciency (Heath et al. 2016).
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4.4 | First Description of an anaG Coding a
Methyltransferase in Microcoleus

We report the first identification of an ana cluster in Microcoleus
that includes a longer variant of the anaG gene encoding a meth-
yltransferase domain. This extended anaG in Microcoleus is
approximately 4900bp in length and shares 88.5% pairwise nu-
cleotide identity with the anaG reported in the hATX-producing
Kamptonema sp. PCC 6506 (Méjean et al. 2009). Although it has
been proposed that additional factors may regulate the activity of
the anaG methylation domain during ATX or hATX biosynthe-
sis in Kamptonema (Ardoz et al. 2005; Mann et al. 2012; Méjean
et al. 2014), our results indicate that the predominant produc-
tion of hATX, with minimal ATX detected in mats NSOL-A and
NSOL-B, correlates with the presence of the methyltransferase
domain in the extended anaG in Microcoleus. However, the reg-
ulatory mechanisms underlying the preferential production of
ATX or hATX in Microcoleus require further investigation.

Similar to the length variation of anaG observed in Microcoleus,
a comparable length variation is noted in Cuspidothrix issatsch-
enkoi, where strain CHABD3 has lost the gene fragment en-
coding the methyltransferase domain (Jiang et al. 2015). The
high nucleotide identity shared between the anaEF genes and
the KR-AT-CP domains encoded by anaG across Microcoleus
ana clusters suggests that their common ancestor likely pos-
sessed the longer anaG variant. This implies that the loss of
the methyltransferase-encoding fragment may have occurred
in most reported toxigenic Microcoleus genomes. Alternatively,
the fragment encoding the methyltransferase could have been
acquired independently in this specific Microcoleus strain. In
either case, the evolutionary mechanisms driving the gain, loss,
or retention of the methyltransferase domain in anaG, and thus
influencing the differential production of methylated analogues,
require further study.

4.5 | Anatoxin-a and Analogue Profiles From
Aquatic Systems From Nova Scotia

Toxin analysis revealed a heterogeneous profile of ATXs across
Microcoleus-dominated mats from Nova Scotia. Environmental
factors such as salinity stress and variations in nitrogen and
phosphorus concentrations can influence the differential
production of these analogues (Heath et al. 2014; Stancheva
et al. 2024). However, the variability we detected within the ana
clusters in Nova Scotia samples suggests that spatial distribution
and potential coexistence of Microcoleus strains in aquatic sys-
tems may also contribute to differences in ATXs ratios. While
culture-based approaches are essential to confirm the produc-
tion of specific ATXs by strains with distinct ana clusters, the
comparison of gene clusters identified in environmental sam-
ples—where diverse mixtures of strains are present—with
measured toxin concentrations offers valuable insights into the
ecological and genetic factors influencing toxin production.

In Oathill Lake mats, which predominantly contained hATX,
we identified a Microcoleus strain containing the long anaG
gene version encoding the methyltransferase domain, possibly
responsible for hATX production (Méjean et al. 2009). In con-
trast, the Microcoleus MAG recovered from the NSIB-A mat

contained a truncated anaG gene lacking the methyltransfer-
ase domain, which does not account for the 16% contribution of
hATX and H,hATX to the total ATXs (>4mgkg™) observed in
this sample. Our sequence coverage analysis revealed the pres-
ence of a strain with the long anaG gene at lower abundance,
potentially explaining the observed ATXs mixture, although the
mechanisms underlying the preferential production of H,hATX
over hATX remain unclear. In mat samples NSFL-A and
NSFR-D, hATX and H,hATX were also detected, but the strain
with the long anaG variant was not detected. Notably, these
mats contained significantly lower concentration of ATXs (0.06
and 0.78 mgkg!, respectively), suggesting that the strain with
the long anaG variant may be present at low abundance, elud-
ing detection by our sequencing methods. The consistent pro-
duction of hATX in diverse Microcoleus-dominated mats from
New Zealand has been documented (Heath et al. 2011; Wood
et al. 2012; Kelly et al. 2018); however, genetic evidence of the
ana cluster in these dominating Microcoleus remains lacking,
preventing verification of the presence or absence of strains with
the methyltransferase-encoding anaG.

Our analysis also revealed the presence of mats in Nova Scotia
that predominantly produce either ATX or H,ATX (Figure 1).
Unlike Microcoleus anatoxicus, which has been found to pre-
dominantly produce H,ATX in both mats and isolates (Conklin
et al. 2020; Junier et al. 2024; Stancheva et al. 2024), Microcoleus
sp. Wg-11, isolated from the Wolastoq, primarily produced ATX
(Valadez-Cano, Reyes-Prieto, Beach et al. 2023). H,ATX pro-
duction has been linked to the anaK gene (Méjean et al. 2009,
2014, 2016), which has been identified in all known Microcoleus
ana clusters, except a strain of M. anatoxicus recovered from the
Eel River (Bouma-Gregson et al. 2019; Conklin et al. 2020; Tee
et al. 2021; Valadez-Cano, Reyes-Prieto, Beach et al. 2023; Junier
et al. 2024). This suggests that, beyond the presence or absence
of anaKk, other factors may influence the production ratio of ATX
and H,ATX. Environmental conditions likely influence ATX
and H,ATX production, as observed under nitrogen-depleted
conditions in M. anatoxicus (Stancheva et al. 2024). However,
our analysis also revealed strains in Nova Scotia containing ei-
ther one or two copies of the anaK gene (Figure 4). The impact
of possessing a single or double copy of the anaK gene on the
differential production of ATX and H,ATX should be considered
in future studies.

Variations in the concentrations of various ATXs may arise
from differential gene regulation in response to environmen-
tal conditions, but genetic heterogeneity within Microcoleus
could also be a key factor. This includes strains differing in the
presence or absence of the methyltransferase domain in anaG,
possessing single or double copies of anaKk, or entirely lacking
anak, potentially coexisting within the same mats. As shown
in previous studies where variability in the concentration of
ATXs between mats was largely attributed to the relative abun-
dance of toxigenic and non-toxigenic genotypes (Wood and
Puddick 2017), it is plausible that the ratios of anatoxin-a and
its analogues are influenced by the differential proliferation of
strains with distinct ana clusters. Given the phylogenetic prox-
imity of toxigenic Microcoleus, which are morphologically in-
distinguishable and share high 16S rRNA sequence similarity,
accounting for these cluster variations will be critical for future
research.
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5 | Conclusions

In this study, we describe the diversity and distribution of mat-
forming cyanobacteria in different freshwater systems of Nova
Scotia and find ATXs prevalent in most sampled lentic and lotic
environments. The widespread occurrence of these cyanotoxins
underscores the potential risks to both wildlife and human health
in the rivers and lakes of the province. We uncovered a rich spe-
cies diversity of benthic cyanobacteria in Nova Scotia freshwater
mats, with members of the genus Microcoleus as the dominant
taxa, including species with the potential to produce ATXs. This
highlights both the extensive intraspecific diversity and the sig-
nificant potential for the production of ATXs within this genus.
Our analysis also revealed that a Microcoleus species present in
Nova Scotia contributes substantially to the overall production of
ATXs. We observed variability of the ana cluster, including the
first report of the long anaG encoding a methyltransferase do-
main potentially responsible for hATX production in Microcoleus.
These findings emphasise the need for continued monitoring and
a deeper understanding of the ecological drivers underlying cya-
notoxin production in benthic environments, which are critical
for mitigating the risks associated with these harmful toxins.
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