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Abstract

Benthic cyanobacterial proliferations are an emerging concern globally due to their potential

for toxin production and subsequent negative environmental and health impacts. Microcoleus

is a common mat-forming genus reported to produce potent neurotoxin, anatoxin-a, ingestion

of which has been associated with animal mortalities. Six different unialgal monoclonal strains

of Microcoleuswere isolated from streams in California and grown in batch culture for 49

days. The four toxic strains were identified using a polyphasic approach as belonging to the
species Microcoleus anatoxicus, which expands its known distribution throughout the Klamath
River and Rock Creek watersheds in northern California. The non-toxic strains from the Eel
River belonged to Microcoleus sp. 1. Maximum toxin production occurred during the exponential
growth phase, and peaked 6-13 days later in more toxic strains, with a persistently higher fraction
of extracellular toxins compared to less toxic strains, which had maximum toxin concentrations
at day 13. The proposed mechanism of toxin release into culture medium was through damage

to the cell walls of unhealthy filaments. Peak toxin production was energetically expensive for

all M. anatoxicus strains, evidenced by reduced specific growth rates at the time of peak toxin
production, followed by quick recovery of cell division. Despite this, more toxic strains achieved
faster maximum growth rates than the less toxic and non-toxic strains under luxurious nutrient
culture conditions. Differential toxin and growth rate responses of M. anatoxicus strains from wide
geographical ranges under the same laboratory-controlled conditions suggest high intraspecific
variation, which may represent challenges for harmful algal blooms mitigation. More toxic
strains have the potential to proliferate and consistently release extracellular anatoxins into the
environment. This study provides a baseline to understanding the growth and toxin kinetics of two
commonly occurring Microcoleus species in northern California which may help benthic harmful
cyanobacteria management.
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Introduction

Cyanobacterial blooms are increasing globally with detrimental effect on aquatic ecosystems
and water quality through production of cyanotoxins and nuisance biomass (Pearl et al.,
2001; Huisman et al., 2018; Amorim et al., 2021). However, most of our understanding of
harmful blooms is focused on planktonic cyanobacteria while benthic taxa have remained
relatively understudied (Quiblier et al., 2013; Wood et al., 2020). Representatives of
Microcoleus Desmazieres ex Gomont, a sheathed filamentous cyanobacteria, commonly
form benthic mats in streams, rivers and lake beds (Komarek and Anagnostidis, 2005;
Strunecky et al., 2013; Wood et al., 2012, 2020; McAllister et al., 2016). Recently,
widespread proliferations of Microcoleus are environmental concern because of their
potential to produce cyanotoxins (Wood et al., 2012, 2020). Some Microcoleus species

can produce potent neurotoxins, collectively known as anatoxins (Heath et al., 2010; Wood
et al., 2018; Bouma-Gregson et al., 2019), encoded by the Ana gene cluster (Méjean et

al., 2009, 2010, 2014; 2016; Conklin et al., 2020; Kust et al., 2020). Anatoxins are non-
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ribosomally synthesized alkaloids which bind the acetylcholine receptor. When ingested,
this can result in death via respiratory paralysis (van Appeldorn et al., 2007; Méjean et

al., 2009). There are multiple common congeners of anatoxin-a with varying toxicities,
including anatoxin-a (ATX), a and p-dihydroanatoxin-a (dhATX), homoanatoxin-a (HTX),
and a and B-dihydrohomoanatoxin-a (dhHTX).

Anatoxins are of an environmental concern for their toxicity on aquatic organisms and
domestic animals that incidentally ingest mats. Anatoxins have been identified as the

cause of dog deaths globally (Hamill, 2001; Gugger et al., 2005; Wood et al., 2007;
Puschner et al., 2008; Bouma-Gregson et al., 2018; Valadez-Cano et al., 2023; Johnston

et al., 2024; Junier et al., 2024). Crude extracts containing anatoxins from Microcoleus
cultures were toxic to three macroinvertebrates (Ceriodaphnia dubia, Hyalella azteca, and
Chironomus dilutus) at naturally occurring environmental concentrations (Anderson et al.,
2018). However, a subsequent study has found that purified anatoxins did not cause lethal
effect on larvae of the aquatic mayfly, Deleatidium spp. (Kelly et al., 2020) indicating
possible presence of unidentified toxins in the mats. In laboratory studies conducted on
mice, dhATX was reported to be more potent than ATX by the oral route (Puddick et

al., 2021), however, research is still lacking on HTX and dhHTX toxicity in relation to
other anatoxin congeners. In the environment, toxigenic Microcoleus species can vary in
relative abundances which ultimately affects mat toxin concentrations (Heath et al., 2010;
Wood and Puddick, 2017; Kelly et al., 2019). However, little is known about which drivers
promote the proliferation of toxigenic genotypes. Additionally, the biological function of
anatoxins remains to be established (Holland and Kinnear, 2013), with no understanding of
the physiological or ecological advantages to the energetically expensive production of this
molecule.

In northern California, in the summertime, Microcoleus dominates benthic mats in the
South Fork of the Eel River (Bouma-Gregson et al., 2019; 2021), the Russian River

and its tributaries (Conklin et al., 2020; Bouma-Gregson et al., 2021) and the streams
within the Klamath River watershed (Genzoli et al., 2024). In the Eel River, Bouma-
Gregson et al. (2019) detected four different and novel Microcoleus genotypes, three of
which were non-toxic, but only one species was wide-spread throughout the watershed
tolerating variable nitrogen conditions and light levels (Bouma-Gregson et al., 2019).

The toxic Microcoleus genotype detected in the Eel River (e.g., Microcoleus sp. 2;

strains PH2015_14S Oscillatoriales 45 132) was rare, occurred in locations where total
dissolved nitrogen exceeded 70 ug/L, and was associated with a different non-cyanobacterial
microbial community than its non-toxic counterparts (Bouma-Gregson et al., 2019). The
toxic Microcoleus genotype was later detected in the Russian River (Bouma-Gregson et
al., 2021) sharing a 99.9 % 16S rRNA sequence similarity to M. anatoxicus Stancheva &
Conklin, which was isolated in 2015 and formally described from the same river following
dog fatality (Conklin et al., 2020).

In the field, nutrient availability may influence Microcoleus growth and toxin production.
Our non-toxic strains were isolated from the South Fork Eel River, where a historical
presence of N,-fixing algae has been recorded (Finlay et el., 2011; Weigel et al., 2020),
highlighting low nitrogen concentrations in this river. Microcoleus anatoxicus persists in
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nitrogen depleted culturing medium for long periods of time (Stancheva et al., 2024)
confirming the wide nitrogen tolerance of this cyanobacterium. Furthermore, toxic strains
have a higher predicted nitrogen need, potentially due to the nitrogen requirements to
synthesize anatoxin-a (Tee et al., 2021). Field studies elucidated that low phosphorus
concentrations coincide with Microcoleus blooms (McAllister et al., 2016) providing further
evidence for the wide nutrient tolerances of this cyanobacterium. Researching strain-specific
responses at a local scale is important to understand why different Microcoleus species
dominate communities in different regions and if there are locally adapted environmental
responses of Microcoleus taxa. For example, McAllister et al. (2018) in a field study of
several streams in New Zealand determined that Microcoleus cover and toxin concentrations
were highly variable both spatially and temporally. The specific site was a strong
explanatory variable, indicating that different strains may influence the toxin content of

a mats and their growth (McAllister et al., 2018).

The genus Microcoleus represents a continuum consisting of a minimum of 12 distinct
species with varying levels of gene flow and divergence (Skoupy et al., 2024). Microcoleus
species from California could differ genetically and eco-physiologically from their New
Zealand’s counterparts being adapted to different climatic and environmental conditions.
Better understanding of species diversity, biomass accrual and timing of the toxin production
at local scale allows development of regional management programs because robust
prediction tools of Microcoleus growth are difficult to construct (McAllister et al., 2018).

Here, we studied under laboratory conditions four toxic and two non-toxic Microcoleus
strains isolated from four stream watersheds in northern California. The toxic Microcoleus
strains in this study produced different congeners and concentrations of anatoxins. We
tested whether the production of different anatoxin congeners and/or concentrations of
toxins produced affect Microcoleus growth rates. We also determined if Microcoleus species
from California exhibit similar responses as the strains isolated from New Zealand. We

are interested in the growth rates of the toxic and non-toxic Microcoleus species to

build a framework to better understand how toxin production and mat development varies
in laboratory conditions and its ecological relevance to northern California watersheds.
Previously, Heath et al. (2016) reported the growth rates for Microcoleus strains isolated
from New Zealand streams was higher for the non-toxic strain compared to the toxic strain
across varying nutrient treatments at environmentally relevant conditions, but we do not
know if this is universally true and applicable to Microcoleus species growing in California
under different climate conditions.

The goals of this research were to 1) analyze the phylogenetic relationship of Microcoleus
species isolated from streams in northern California to other strains around the globe;

2) assess and compare growth rates of toxigenic Microcoleus strains producing different
anatoxin congeners and concentrations with non-toxigenic Microcoleus strains, and 3)
identify periods of peak toxin production during growth trajectories and how that relates

to time-specific growth rate and cellular responses. We expected that the toxic and non-toxic
strains used for the experiments would be phylogenetically distant and would group into
two separate phylogenetic clades, as previously demonstrated by genomic analysis of 42
Microcoleus strains, including M. anatoxicus (Tee et al., 2021). As toxins are energetically
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expensive to produce and are involved in nutrient metabolic processes (Tee et al., 2021),
we hypothesized that toxigenic M. anatoxicus strains would have slower maximum growth
rates than their non-toxic counterparts as previously reported for Phormidium (presumably
Microcoleus) strains (Heath et al., 2014; 2016), as well as slower growth rates for strains
producing two anatoxin congeners (ATX and dhATX) versus one (dhATX). We also
hypothesized that toxin production would have a negative effect on cell growth during
periods of peak toxin production, evidenced through specific growth rates between each
harvest.

2. Materials and methods

2.1. Cyanobacteria strain isolation and culturing

In this study, we used six different Microcoleus strains with varying toxin-producing
capabilities which were isolated from four stream watersheds in northern California between
2015 and 2022 (Fig. 1, Table 1). We isolated additional monoclonal Microcoleus strains
from each field sample as described in Conklin et al. (2020). Briefly, strain isolation and
culturing were performed on solid and liquid BG11 medium (Sigma-Aldrich, St. Louis,
MO). Filaments were transferred to a new solid medium multiple times over the course of
several months until monoclonal culture was obtained by isolating the tip of single trichome
grown on solid BG11, which took several months. All strains used in this study were
unialgal, monoclonal, and non-axenic, which was confirmed by sequencing the metagenome
of each culture (see Section 2.3 below). Strains were maintained long-term in liquid BG11
medium with a pH of 7.2 under 21 °C with an irradiance of 100 umoles/m?/s and a 12:12

hr light:dark cycle and transferred into fresh media every 45-60 days until the start of the
experiment.

Microcoleus anatoxicus strain PTRS1 was previously isolated from the coastal Russian
River, state site Camp Rose #114RR3119 on October 1, 2015 as described in Conklin et

al. (2020). Initially, this strain produced both detectable ATX and dhATXs, but over time it
no longer produced detectable ATX in laboratory conditions. Microcoleus anatoxicus strain
RC9 was isolated on October 7, 2020 from Rock Creek, which is a hot spot for novel diatom
diversity (Abarka et al., 2023; Stancheva, 2019; Mora et al., 2024) and located within the
Southern Cascade Mountain Range. This strain only produced detectable dhATXs of the six
monitored anatoxin-a congeners (see Section 2.7). Microcoleus anatoxicus strains SR16 and
SR17 were isolated from the Scott River in the Klamath River Watershed, which is the most
northern watershed in California, a historically eutrophic system (USGS, 2016). Both strains
produce detectable ATX and dhATXs. Microcoleus sp. 1, represented by non-toxic strains
ER6 and ER12, were isolated from the coastal South Fork Eel River draining the California
Coast Range Mountains.

2.2. Experimental design

In this study, we used four anatoxin-a producing Microcoleus strains (e.g., M. anatoxicus
strains PTRS1, RC9, SR16, SR17) and two non-toxic strains (e.g., Microcoleus sp. 1 strains
ER6, ER12). We followed a method developed by Harland et al. (2013) to investigate
changes in anatoxin quota in liquid cultures of benthic mat-forming cyanobacteria
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(Phormidium autumnale strain CYN52). This method uses one set of triplicate samples

to calculate the number of cells in the original 30 mL culture, and the biomass from a second
triplicate sample set for anatoxin-a analysis. Then the anatoxin quota is calculated from
these six individual technical replicates as fg/cell (Harland et al., 2013). The toxin quota is
defined after Horst et al. (2014) as the amount of toxin per cell or per unit biomass. Toxin
quota is a variable trait and can be a function of growth rate, culturing, and environmental
conditions (Horst et al., 2014).

Prior to the experiment, all six Microcoleus strains were grown for 45 days in 125 mL
Pyrex® glass Erlenmeyer flasks with 75 mL of liquid BG11 until reaching stationary phase
and forming mats. Microcoleus filaments were gently removed with sterile microbiological
loop from the sides of the flasks, and we split the initial inoculum into equal small clumps
(approximately 4 mg) using visual estimation under sterile conditions.

A single clump was incubated in 30 mL Fisherbrand reusable borosilicate glass tubes
(Thermo Fisher Scientific, Inc.) with 20 mL of BG11 medium, and grown for 49 days at 21
°C, under a light irradiance of 100 pmoles/m?2/s on a 12:12 light: dark cycle. We randomized
and changed culture tube positions within the incubator at each harvest. Empty positions
within the culture rack were filled with the same culture tubes filled with 20 mL of distilled
water.

For each analysis described below replicates were grown in separate glass tubes. To analyze
cell density, biovolumes, and physiological condition of filaments, triplicate cultures were
grown and harvested at days 5, 8, 13, 15, 19, 26, 29, 33, 40, and 46, resulting in 165
individual cultures. At the day of the extraction, we preserved Microcoleus filaments by
adding five to six drops of Lugol’s iodine solution (Carolina Biological Science, Burlington,
NC), and stored samples in the refrigerator at 4 °C.

To measure chlorophyll-a concentration, we harvested duplicate cultures at days 13, 19,

26, 33, 40, and 46, resulting in 72 individual cultures. To measure dry weight and toxin
concentrations, we harvested duplicates of toxin-producing cultures (M. anatoxicus strains
PTRS1, RC9, SR16, and SR17) at days 5, 13, 19, 26, 33, 40, and 46, resulting in 56
individual cultures. For molecular analysis, we grew each Microcoleus strain for twenty
days as described above in 125 mL Pyrex® glass Erlenmeyer flasks with 75 mL of liquid
BG11 to obtain enough biomass for DNA extraction. For morphological analysis of the
filaments, we grew each Microcoleus strain for forty days as described above in 30 mL glass
tubes.

2.3. Phylogenetic analyses

Microbial DNA was extracted from all samples using the Qaigen All Prep DNA/RNA
kit (Cat. No. / ID: 80,284) following the manufacturer’s kit instructions and measured
its concentration with a Qubit Fluorometer at the University of Utah. Sequencing was
done at the Huntsman Cancer Institute, University of Utah, using the lllumina NovaSeq
X sequencer, producing 150 M base pair reads per sample. The quality of the reads

was assessed using FastQC v0.11.8 (Andrews, 2010). The data were trimmed using
Trimmomatic v0.38 (Bolger et al., 2014) applying a Phred quality score threshold of 24.
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More than 90 % of the reads were retained after quality control. The high-quality, trimmed
reads were assembled into contigs using CLC Genomic Workbench 23 developed by
Qiagen. These contigs were used for binning with MetaBAT?2 (Kang et al., 2019), grouping
sequences likely from the same genome. The quality of the Metagenome-Assembled
Genomes (MAGSs) was evaluated using CheckM v1.0.7 (Parks et al., 2015), to assess
contamination and completeness. Taxonomic classification was done using the Genome
Taxonomy Database Toolkit (GTDB-Tk) (Chaumei, 2020). Maximum-likelihood trees were
constructed with branch supports based on concatenated alignments of 120 single-copy core
marker genes obtained from GTDB-Tk v0.2.1. For comparison, other reference genomes
from diverse locations were also included in the phylogeny. These include reference
Microcoleus genomes sourced from the Eel River watershed (Bouma-Gregson et al., 2019),
Russian River (Conklin et al., 2020), Canada (Valadez-Cano et al., 2023), and New Zealand
along with others documented in studies such as that by Tee et al. (2021) (See Supplement
Table 1). The tree was rooted at midpoint with bootstrapping values greater than 50 %
shown, indicating robustness. The tree was built using the ultrafast bootstrap approximation
in IQ-TREE v1.6.9. (Nguyen et al., 2015) and visualized using FigTree Version - v1.4.4. For
genome comparison, average nucleotide identity (ANI) was predicted using FastANI (Jain et
al., 2018).

2.4. Microscopic observations of Microcoleus filaments

The morphology of Microcoleus filaments was documented from fresh material in stationary
growth phase at day 40 of the experiment using an Olympus microscope BX41 and

imaged with the attached Olympus SC30 digital camera (Olympus Imaging America).
Morphological features including color, cell width, length, granulation, keritomization, level
of constriction at cross-walls, attenuation of filaments, morphology of apical cells, and
sheath characteristics were recorded.

2.5. Cell density and cell biovolume

Cell density and biovolumes were estimated from Lugol’s preserved samples in triplicates,
with the exception of a few strains/harvests grown in duplicates due to limited incubator
space or incidental broken vials: Microcoleus sp. 1 ER6 (days 8 and 40) and ER12 (days

8, 13, 40, and 46), M. anatoxicus strains SR16, SR17, RC9, PTRS1 (days 40 and 46).
Microcoleus sp. 1 ER6 was harvested on day 46 being grown as a singlet. Filaments were
gently removed from the walls of the culture tubes using sterile disposable loops. Following
modified methods from Harland et al. (2013) and Heath et al. (2014; 2016), the cultures
were homogenized with the Ultra-Turrax probe (IKA Laboreknik, Germany), for at least 90
s or until mats were broken up into mostly solitary filaments and clumps less than 1 mm3
as measured under the dissecting scope to ensure countable samples and random dispersal of
the filaments. Between each sample, the probe was rinsed twice with Milli-Q water.

After homogenization, cultures were shaken to yield representative samples and 0.1 mL
subsample was placed into a Palmer-Maloney counting chamber. The total length of all
filaments observed in 30 random field of views was measured under 400x magnification for
all replicates. Cell lengths and widths were measured for at least 30 cells and averaged for
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each strain at each harvest date. To calculate the total cell biovolume for each sample, a
series of equations were used as described below.

The average cell width (i.e., diameter) was used to estimate the total cell biovolume
observed per sample using the equation for cylinder volume following the cell shape
approximations by Hillebrand et al. (1999):

Biouolume:% * d2 * h

@

where d = average cell diameter (um) and h = total measured trichome length (um). This
calculated cell biovolume in um3 was used as value C in Eq. (2).

To calculate the total cell density and total cell biovolume for each sample, the following
equation (Eq. (2)) from APHA (1992) was used:

C * 1000 mm3

Cell number or cell biovolume per mL = “AFDEFF

@

where C = total number of cells or biovolume of cells (um3) in analyzed area (30 fields of
view); A = area of field of view calculated using the area of a circle, where the diameter of
the field of view of the microscope used was 0.52 mm (total area equaling 0.21 mm2), D =
depth of field of view (0.40 mm), and F = number of fields of view analyzed (30).

2.6. Chlorophyll a analysis

Chlorophyll a (chl @) was measured fluorometrically using a Turner Designs Trilogy
benchtop fluorometer with 7200-040 filter module (Turner Designs, San Jose, California)
at George Mason University. The contents of each culture tube were filtered through a 0.45
pum membrane filter (Gelman GN-6) at a vacuum of 10 Ibs/in for chl 2 and phaeopigment
determination. During the final phases of filtration two drops of a 10 % MgCO3 suspension
were added to the filter to avoid premature acidification. The filters were placed in 20 mL
plastic centrifuge vials and stored at —20 °C. Within 6 weeks of filtration, frozen filters
were removed from the plastic vials and placed in a 15 mL ground glass homogenizer

and 4 mL of dimethyl sulfoxide (DMSQ) were added. The filter dissolved in the DMSO
and the filter contents were ground for a minimum of 1 min moving the pestle up and
down for full maceration. The contents of the homogenizer were rinsed with 90 % acetone
into the 20 mL centrifuge tube and held at 4 °C overnight to complete the extraction. The
following day the extracts were centrifuged for 10 min and the supernatant was transferred
to a graduated cylinder and brought to a known volume. An aliquot of this extract was
then placed in the fluorometer and chl a concentration was determined. Two drops of 6

M HCI were added to convert all chlorophyll to phaeopigment, and the fluorescence was
again measured. The calibrated fluorometer was set to allow direct reading of chl aand
phaeopigment concentrations in pg/L and these were proportioned back to pg/culture vial.
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2.7. Toxin analysis

The glass tubes with 20 mL Microcoleus cultures were removed from the culture conditions
and sent overnight on ice for toxin analysis to the State University of New York (SUNY-
ESF) in Syracuse. Upon receipt at SUNY-ESF, Microcoleus filaments were gently scaped
off the walls of the tubes with sterile disposable microbiological loops. The entire content
of the tubes was filtered onto tared Whatman 934 AH glass fiber filters (nominal pore size
1.5 um), dried by lyophilization, and reweighed. The filtrate was collected and analyzed for
extracellular toxin content as described below. The dry weight mass retained by the filters
was recorded and used as a measure of cell biomass.

The biomass retained on the filters was analyzed for particulate or intracellular toxins. The
filters were extracted in 5 mL of 50 % acidified methanol containing 1 % acetic acid using a
Branson 450 W probe sonicator equipped with a microtip for 1 min (three 20 second pulses)
on ice. After sonication, the extract was clarified by centrifugation at 14,000 xg, and the
filtrate passed through a 0.2 um pore nylon filter prior to LC-MS/MS analysis. Prior studies
using cyanobacterial cultures have shown that this protocol released greater than 90 % of
microcystins, anatoxins, and PSP toxins from the cyanobacteria cells (Boyer, 2007). The
filtrate was analyzed directly without further processing other than passage through a 0.2
um nylon filter. All samples were analyzed for six anatoxins, anatoxin-a, homoanatoxin-a,
and their respective a and B-dihydro epimers using EPA method 545 modified to include
the additional congeners and two confirmation ions (Smith et al., 2020). Dihydroanatoxin-a
was quantified against a secondary anatoxin-a standard, which in turn was quantified against
an anatoxin-a certified reference standard obtained from NRC Canada. Given that a and
B-dihydro epimers potentially interconvert (Méjean et al., 2016), the concentrations of the a
and B-epimers were combined to give a single value. Due to the lack of certified reference
standards, HTX and its respective dhHTX were quantified using the anatoxin-a standards.
Chemical synthesis of dihydroanatoxin-a confirmed that the response factor for this toxin
was similar to anatoxin-a and not a significant source of error. Spike experiments confirmed
that ion suppression in these samples was <10 % and the thus final concentrations were

not corrected for matrix effects. Method detection limits were calculated individually for

all samples using the instrument detection limits at the time the same was run, the extract
volume and the weight or volume of the sample extracted. Method detection limits for
anatoxins (including the dihydro derivatives) were several orders of magnitude less than the
measured concentrations and were generally less than 0.2 pg/g or 0.1 pg/L.

Once toxin concentrations (ug/g or ug/L) were gathered, we standardized the average total
toxin concentration from each harvest to the respective average cell count data to be able
to estimate intracellular and extracellular toxin quotas, as femtograms of toxin per cell

(see Harland et al., 2013). Since toxin extraction results in the destruction of filaments, we
assumed that the averaged values of each harvest would serve as a representative to the true
values as within-strain starting inoculums do not have high variation (Brown, unpublished
data).
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2.8. Toxin degradation measurement

Microcoleus anatoxicus strains PTRS1 and SR16 grown for 49 days in duplicates were used
to test the persistence of ATX and dhATX in our culture conditions, considering the fact
that the monoclonal cyanobacterial cultures contain heterotrophic bacterial contaminants.
After completing the toxin measurements as described above, the culture filtrate was filtered
a second time through a Whatman 934 AH glass fiber filter, transferred to a new clean

glass tube and placed near a west-facing window at lab room temperature. The toxin
concentrations were measured every day to determine the toxin degradation rate. The aim of
this experiment was to determine how long the cyanotoxins persisted in culture media in the
presence of heterotrophic bacteria.

2.9. Statistical and graphical analyses

2.9.1. Variation of cell morphology across harvests—When estimating cell
density and biomass, the average total cell length and widths specific for each harvest
were applied as explained in Section 2.5. To determine whether to use harvest-specific

cell size data in the data analyses or cell sizes averaged across the entire experiment

for each strain, cell morphometries (lengths and widths) were analyzed to test whether
they varied throughout the experiment for each strain. To analyze these differences in
morphological characteristics through time, first the data were checked to determine if it
met the assumptions of normality using a Shapiro-Wilk test. The data failed the normality
test, therefore, we employed the Kruskal-Wallis test, a non-parametric test which compares
differences in the median between three or more independent groups. A Dunnett’s test
with a Holm adjustment was used to detect post-hoc differences. These outcomes informed
our decision to use harvest and strain-specific mean morphometric data in our biomass
calculations (see Section 3.3 for more details).

2.9.2. Correlation between different cell density and cell biomass measures
—To determine which measure, cell density or biovolume, was the most robust
representative for growth rate analysis, they were quantified against chl a data. Chlorophyll
a was used as it is the most representative of vital cells as it is a necessary molecule for
living algal cells, although this measure also has hurdles (Schagerl et al., 2022). However,
the data for cell biomass (cell density and biovolume) was taken at finer scale time intervals
with more replicates, which would be more informative in analyzing the population growth
models. Pearson’s correlations were run between cell density and chl a concentration, and
between cell biovolume and chl a concentration. The parameter with the highest correlation
coefficient and significance with chl a (biovolume-Supplemental Fig. 3) were used.

2.9.3. Growth analyses—Based on measured cell growth in batch cultures, we
estimated maximum growth rates defined as the rate the population increases in the absence
of suppressing effects of density dependence on population growth (Perni et al., 2005) and
time-specific growth rates within strains (Li et al., 2024). In this study, Microcoleus strains
were grown in batch culture with initially non-limiting luxurious nutrient conditions in a
controlled, laboratory setting. In batch culture, nutrient availability is highest during early
stages of cell division and then decreases as the population grows and mats are formed
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immobilizing the nutrients in the culture, which could influence the rate of strain growth
rates throughout time. Comparing the maximum growth rates helps to remove the variability
of nutrient-consumption and density-dependence through time.

2.9.3.1. Gompertz model.: To characterize the maximum growth rates of each strain, the
biovolume data was fitted to a Gompertz model, a density-dependent population model
(Blaszczak et al., 2023). The Gompertz model is a robust method for modeling microbial
population growth and fits the data to a sigmoidal growth curve (Wang and Guo, 2024). The
Gompertz model is log-linear model (Ives et al., 2003) and the overall growth curve of each
strain can be described as

Yii=a+b * Yit-1
4)

where y,, is the natural log of the total biovolume (um3/mL) of strain(s) i on day 7. q, is the
maximum growth rate, or the predicted growth rate when the density of the population is
low, of strain i, and &, is a parameter that describes the strength of density dependence.

Parameters in the Gompertz model were inferred in a Bayesian hierarchical framework. The
underlying process model was

Yii ~ Normal(a;+b; * y,,-1.0,)

®)

where y,, is a latent-state representing the true natural log of the total biovolume density
(um3/mL) of strain i on day 1, and &7 is process error, or the variance of the data. The

data were sampled using a Gaussian (normal) distribution. To account for observation error
created by using multiple experimental replicates we used an observation model

Y, i~ Normal(y,_,, 0',3)

(6)

where v, ,, is the observed natural log of the total biovolume density (um3/mL) for replicate
r of strain i on day ¢. This approach accounts for sample variability that is expected to
occur among replicates because we did not subsample the same replicate each time, thus
allowing us to separately estimate the underlying biological parameters of interest from
sample variability.

The model was fit using the probabilistic programming language Stan (Carpenter et al.,
2017), which generates a posterior probability distribution using Hamiltonian Monte Carlo
(HMC), in the rstan package (Guo et al., 2016; Stan Development Team, 2024) in R (R Core
Team, 2024). We ran 3 chains with 10,000 iterations for each chain.

2.9.3.2. Hypothesis testing and model comparison.: Five different models were
produced using the methods described above (Section 2.9.3.1), where different combinations
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of strains, based on different desired characteristics (i.e., anatoxin congeners, toxin
concentrations produced, etc.) were grouped and data were fit to the Gompertz model (Table
2). Model 1 combined the biovolume data from all six strains (/= 1) and applied it to the
model to produce one growth curve, generating one predicted maximum growth rate. Model
2 fit the biovolume data from each strain separately (/=1 to 6) to the model, generating six
different maximum growth rates. Model 3 grouped the data from non-toxic strains together
(Microcoleus sp. strains ER6 & ER12) and all toxic strains together (M. anatoxicus strains
SR16, SR17, RC9, and RR20), generating a predicted maximum growth rate for non-toxic
strains and toxic strains (/=1 to 2). Model 4 combined strains by their ability to produce
different anatoxin congeners (e.g., non-toxic versus dhATX only versus ATX and dhATX
producing strains), producing three predicted maximum growth rates (/=1 to 3). Finally,
model 5 analyzed strains clustered by the concentration of toxins during peak anatoxin
production (non-toxic versus less toxic (<100 fg/cell) versus more toxic strains (>100 fg/
cell) (see Fig. 4 for toxin concentrations). The best fit model was tested using the Watanabe-
Akaike information criterion (WAIC). The model which produces the lowest WAIC values
is considered the best fitting model and was used for analyzing how toxin-production can
potentially affect Microcoleus growth. The posterior probability distribution of maximum
growth rate was visualized using density plots in ‘ggplot2” (Wickham, 2016).

2.9.3.3. Specific growth rate analysis.: To analyze specific growth rates for each harvest
date, the following equation was employed:

_In(X,) - In(X,_))
n= Tn - Tn—l

where In is the function for taking the natural logarithm of a value, X,= average biovolume
(um3 mL™1) at time n (7,) and X, _,= average biovolume (um3 mL™1) attimen—1 (T,_)).
Specific growth rates represent the change in the cell biovolume for a specific harvest,
comparing cell biovolume of two consequent harvests. This measure is biologically
indicative of step-wise growth in the population. Comparing peaks of toxin production

to time-specific rates of growth can help promote further understanding of the energetic
expenses of toxin production.

3. Results

3.1

Phylogenetic placement of Microcoleus strains

Single cyanobacterial MAGs with completeness > 95 % and contamination < 5 % were
successfully retrieved from each Microcoleus strain. This phylogenetic tree illustrated
the evolutionary relationships among the six Microcoleus strains under study (Fig. 2).
Microcoleus taxa formed two clades — clade 1 which contained the anatoxin-producing
species, and clade 2 was composed of non-toxic species (Fig. 2). Both non-toxic strains
from the South Fork Eel River Microcoleus sp. 1 ER6 and ER12 belong to the same
species as other non-toxic strains previously sequenced from Eel River (Microcoleus sp.
strain PH2017 22 RUC O B) with shared average nucleotide (ANI) values of 99.37 %
and 99.35 %, respectively (Supplemental Fig. 1). Toxic strains used in this study - SR16,
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SR17, RC9 and PTRS1 (= M. anatoxicus type strain PTRS1) formed a cluster with another
toxic Microcoleus strain (Microcoleus sp. strain 2_PH2015 08D _45_74) from the Eel River.
All four strains studied here (e.g., SR16, SR17, RC9 and PTRS1 (= M. anatoxicus type
strain PTRS1) shared over 99 % ANI and were assigned to M. anatoxicus. Microcoleus

2 _PH2015 08D_45 74 from Eel River shared over 99 % ANI with M. anatoxicus. The M.
anatoxicus cluster was sister to Microcoleus sp. CAWBG506 from New Zealand, sharing
94.38 % ANI to M. anatoxicus type strain PTRSL, but genetically distant from other toxic
strains from New Zealand and Canada.

3.2. Variation of cell morphology across harvests and correlation between different
biomass measures

In culture conditions, filament morphology greatly varied within each unialgal monoculture
(see for details Supplemental Text 1). The filaments of Microcoleus sp. 1 were olive-green
to light brownish with capitate apical cells with rounded or truncated calyptras (Fig. 3A-C).
Cells were 5-9 pm wide and 0.63-7.5 um long, slightly constricted at the cross walls.
Microcoleus anatoxicus had olive-green to dark brown filaments, with some strains having

a slight purple or orange hue (Fig. 3D—H). Cells were 5-9.3 pm wide and 2.5-6.7 pm long,
typically not constricted, apical cell with wide rounded calyptras. Cell morphometrics varied
through culture age, with shorter cells corresponding to the exponential phase.

The cell width of all strains varied (H = 72.58-159.77, df = 9 and p < 0.05 for all;
Supplemental Table 2). The cell length of all strains varied significantly across each harvest
(H=18.94-118.78, df = 9 and p < 0.05 for all; Supplemental Table 3). Therefore, we

used harvest-specific morphometric data in cell density and biovolume calculations rather
than pooled-data. Shorter cell lengths corresponded with the exponential growth phase (days
0-29), which could be indicative of more rapid replication. Cell biovolume and chl a had

a stronger correlation (r = 0.55, p = 0.0006) than did cell density with chl a (r = 0.44,

p = 0.0066) leading to biovolume being used as a measure of biomass over cell density
(Supplemental Fig. 3).

3.3. Toxin production

All Microcoleus anatoxicus strains continuously produced detectable dhATXs and two
strains (SR16 and SR17) also produced detectable ATX during the entire experiment (Fig.
4). The timing of peak toxin production varied for each strain but occurred during the
exponential growth phase. For strains SR16 and SR17, peak ATX concentrations occurred at
days 19 and 13 and peak dhATXs concentrations occurred at days 26 and 13, respectively
(Fig. 4A, B). Both strains produced higher total concentrations of ATX than of dhATXs.
Strain SR16 produced maximum 314 fg/cell total ATX and 186 fg/cell total dhATXs, which
is a much higher concentration of toxins than strain SR17 (maximum 60 fg/cell total ATX
and 5 fg/cell total dhATXs). The maximum total dhATXs concentrations for strain RC9
occurred at day 13 (Fig. 4C) and for strain PTRS1 at day 26 (Fig. 4D). Strain PTRS1
produced more total dhATXs than RC9, with maximum concentrations being 195 fg/cell
while the maximum concentration of M. anatoxicus strain RC9 was 25 fg/cell. Strains SR16
and PTRS1 will be hereafter referred to as more toxic strains (producing >100 fg/cell of total
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toxins during peak concentrations), while strains SR17 and RC9 (producing <100 fg/cell of
total toxins during peak concentrations) will be referred to as the less toxic strains.

For strain SR16, the majority of the ATX quota was extracellular (37-73 %) as well as for
dhATXs (98-100%) (Fig. 5A). In contrast, in strain SR17 most toxins were intracellular
(e.g., intracellular ATX ranging from 88.95 to 100 % and dhATXs 91-100 %, Fig. 5B).
Similarly, the dhATXs produced by strain RC9 was predominantly intracellular (47-100 %,
Fig. 5C), while the dhATXs from PTRS1 was mostly extracellular (64-92 %, Fig. 5D).

There was less variation in intracellular toxin concentrations among strains compared

to total toxin concentrations (Fig. 5). Strain SR16 had a maximum intracellular ATX
concentration of 1.50 fg/cell which is only about two times higher than SR17 (0.74 fg/cell)
and a maximum intracellular dhATXs concentration of 0.07 fg/cell which is only about 2.5
times higher than SR17 (0.03 fg/cell). Strain PTRS1 peaked at 1.02 fg/cell which is actually
slightly lower than strain RC9 (1.12 fg/cell).

In summary, M. anatoxicus strains SR16 and PTRS1 produced at least five-fold higher

total maximum toxin concentrations compared to their less toxic counterparts. The toxins

in strains SR16 and PTRS1 were predominantly extracellular with maximum concentrations
recorded 6 to 13 days after the peak toxin production in the other two less toxic strains.

3.4. Toxin degradation

Microcoleus-free culture liquid containing anatoxins stored in an air-conditioned laboratory
under ambient light showed degradation of both ATX and dhATXs in six days (Fig. 6).

The extracellular dhATXs concentrations of M. anatoxicus strain PTRS1 dropped its average
toxin concentration from 166 pg/L to nearly 0 after six days (Fig. 6b). This strain did not
produce detectable ATX. Microcoleus anatoxicus strain SR16 from the Scott River which
produced both toxins showed the same rate of toxin degradation over six days for ATX
concentrations of 37 pg/L and dhATXs of 78 ug/L (Fig. 6a).

3.5. Microcoleus growth curves and Gompertz model

All six Microcoleus strains grew well in BG11 and formed visible mats on the water surface
or dense filament agglomerates after 30 days in culture, which indicated the end of the
exponential phase and a stagnation of biomass accrual (Figs. 7 and 8). The Gompertz model
fit the biovolume data well for all models run (all R values <1.05, Supplemental Table

5). Out of all growth models run, model 5 returned the lowest WAIC value followed by
models 1, 3, 4, and 2 (Table 3). The models return different predicted maximum growth
rates (Supplemental Table 5) for each grouping of strains (Supplemental Table 4). When
running model 2, all strains were independently fit to the data. The output of model 2 show
that M. anatoxicus strains SR16 and PTRS1 have the highest predicted maximum growth
rates, whereas for all non-toxic and less toxic strains, the values are similar. The output of
model 5 further supports this finding, with the more toxic strains having the fastest predicted
maximum growth rates (Table 4). Despite model 2 not returning the best fit, we used it here
to illustrate the individual variation in predicted maximum growth rates (Fig. 9A), whereas
model 5 was used to provide statistical evidence that the more toxic strains achieve higher
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maximum growth rates than did non-toxic and less toxic Microcoleus strains in this study
(Fig. 9B).

3.6. Specific growth rates

Patterns of specific growth rates were compared to the timeline of toxin production

to elucidate energetic responses with toxin production (Fig. 10). For non-toxic strains
(Microcoleus sp.1 ER6 and ER12), specific growth rates ranged from —0.02 to 0.26, with
the lowest rate with negative growth at day 40 (during the stationary phase) and the highest
growth occurring at day 8 (Fig. 10A). For less toxic strains (M. anatoxicus strain SR17

and RC9), specific growth rates ranged from —0.02 to 0.28, with the lowest growth rate
occurring during the stationary phase (days 40 and 46) and the highest growth rate occurring
on day 15. However, the lowest specific growth rates occurring during the exponential
phase occurred on days 13 (0.13) and 26 (0.11), with day 13 coinciding with anatoxin
production (Fig. 10B). Specific growth rates were all much lower for the stationary phase.
For more toxic strains (M. anatoxicus strains SR16 and PTRS1), specific growth rates
ranged from —0.02 to 0.32, with the fastest specific growth rate occurring on day 15. Days
19 and 26 were when strains experienced maximum anatoxin concentrations, which is also
corresponded with depressions of growth rates (0.14 and 0.11, respectively) (Fig. 10C).

4. Discussion

Toxic and non-toxic strains or genotypes of Microcoleus are commonly reported in stream
watersheds globally (Wood et al., 2018; Bouma-Gregson et al., 2019; Valadez-Cano et

al., 2023), but their species identity remains poorly known. Cyanobacterial and algal
species belonging to the same genus are adapted to different environmental conditions
which require species-level identification to obtain the most precise information about their
responses to environmental stressors (Stevenson and Bahls, 1999). This study extended the
known range of a potent anatoxin-producing species, i.e., Microcoleus anatoxicus, from
major coastal stream watersheds in northern California — Russian, Eel and Klamath Rivers
to the inland Rock Creek in the Southern Cascade Mountain Range. Outside of North
America, M. anatoxicus has been genetically confirmed to proliferate in the river Areuse
in Switzerland (Junier et al., 2024). This species is genetically distant from other ATX
producing Microcoleus species from flowing waters in Canada and New Zealand (Wood et
al., 2018; Valadez-Cano et al., 2023).

In field and laboratory studies, Microcoleus has shown to have wide nitrogen tolerances,
preferring slightly elevated but still low levels of nitrogen (Wood et al., 2017), with
much of the research being done on M. autumnalis and other strains (Heath et al., 2014;
2016). Currently, little information has been gathered on the species-specific responses
of M. anatoxicus. Stancheva et al. (2024) elucidated that growth of M. anatoxicus might
be slightly stimulated by increased salinity with no effects on toxin production, and can
persist long-term with no external sources of nitrogen. Additionally, in the South Fork
Eel River (Finlay et al., 2011; Weigel et al., 2020) and Russian River, strains co-existed
with N,-fixing algae while in the Scott River and Rock Creek, no No-fixing algae were
noted (Stancheva, personal observations). Whether or not nitrogen fixation by N,-fixing
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cyanobacteria can serve as a potential nitrogen source to Microcoleus remains unknown.
Our results highlighted that the more toxic M. anatoxicus strains can achieve faster growth
rates under high nutrient laboratory conditions, which may explain why toxic strains tend to
be reported in California watersheds with more elevated dissolved inorganic nitrogen than
sites where non-toxic strains were identified (Bouma-Gregson et al., 2019). This study aims
to explore the ecophysiological and toxin responses from M. anatoxicus with no nutrient
limitations.

Microcoleus strain identity

Microcoleus strain morphology and molecular profiles were investigated here and compared
to others to understand the global distribution of different Microcoleus species. The non-
toxic Microcoleus strains ER6 and ER12 belonged to the same species as the other non-toxic
Microcoleus genotypes previously detected in the Eel and Russian Rivers (Bouma-Gregson
et al., 2019), indicating their potentially widespread distribution in northern California. The
species identity of this strain needs further taxonomic investigations and formal description
if novel to science. All toxic strains in this study were phylogenetically identified to

belong to Microcoleus anatoxicus, which expands its known area of distribution to several
watersheds in northern California, including Eel River where it was previously recorded

as Microcoleus2_PH2015 08D _45 74 by Bouma-Gregson et al. (2019; 2021). Our more
detailed MAG comparison rooted on 120 core genes, compared to 29 core genes used

by Valadez-Cano et al. (2023) confirmed their results that the toxic Microcoleus strains
from Canada are more closely related to strains from New Zealand than to Californian
strains, despite the closer geographical distance of California and Canada. Junier et al.
(2024) reported toxic Microcoleus strain NeuA isolated from Switzerland sharing 96.04%
Average Nucleotide Identity (ANI) with M. anatoxicus type strain PTRS2, highlighting their
close relationship. The second-most closely related toxigenic strain from New Zealand,
Microcoleus strain CAWBG506 (Tee et al., 2021) still represents a different species with
94% shared ANI to M. anatoxicus type strain PTRS1. Whether M. anatoxicus is an

endemic or cosmopolitan species is a topic which is currently growing and warrants further
investigations. Indeed, Californian algal flora is characterized by a high endemism and some
diversity hot-spots (Bahls, 2024; Mora et al., 2024).

In terms of mat and filament morphology in culture conditions, we observed great variation
in the four toxic strains. Cell length, width, granulation, pseudovacuolation, apical cell
shape and mat characteristics vary with age and withing different areas of the mats. The
strains also vary in color hue to a certain degree based on the age of cultures, likely

due to factors such as chromatic adaptation and the ability of cyanobacteria to alter their
phycobiliproteins based on environmental factors (Kehoe, 2010). However, the brownish
toxic and olive-greenish non-toxic strains studied here generally kept their characteristic
color in culture conditions, probably due to species-specific combination of phycoerythrin
and phycocyanin (Koméarek and Anagnostidis, 2005). Additionally, the strains studied here
exhibited variations in mat gross morphology and growth rates, with some strains exhibiting
tychoplanktonic growth forms. These atypical and differential growth forms may complicate
mitigations efforts. This research further supports that Microcoleus species differentiation
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requires a polyphasic approach, linking together molecular, morphological, and ecological
data (HaSler et al., 2012).

4.2. Toxin production and its implications

Microcoleus anatoxicus exhibited strain-dependent variation in ATX congeners and
concentrations produced, similarly to other Microcoleus species such as M. autumnalis
(Heath et al., 2010). Within this study, the timing of toxin-production varied between strains
as well. Previous research suggested that mat toxin concentrations can be predicted from the
relative abundance of toxigenic genotypes (Heath et al., 2010; Kelly et al., 2018, 2019). Our
experimental results provide further supporting evidence that different strains of the same
toxigenic species can peak anatoxin concentrations at different times in their life history (see
Harland et al., 2013; Heath et al., 2014; 2016; Wood et al., 2017). Microcoleus filaments
may colonize and form mats in different stream reaches at differing times, further promoting
high variability of concentrations or the persistence of anatoxins in the field.

In strains producing ATX and dhATXs from Klamath River watershed (i.e., M. anatoxicus
strains SR16 and SR17), higher concentrations of ATX were recorded than dhATXs, which
is mirrored in field studies from Eel and Russian Rivers (Kelly et al., 2019). In contrast,

the three strains of M. anatoxicus isolated from Russian River in 2015, produced 300 times
more dhATX than ATX during the first three years in culture conditions (Conklin et al.,
2020; Stancheva et al., 2024). Recent experiments with M. anatoxicus strain PTRS1 has
not detected ATX (Stancheva et al., 2024, this study), but only dhATXs, which leaves

the question if it completely lost the ability to produce ATX through a modification of

the ATX pathway (Méjean et al., 2016) or cellular conditions promoted expression of the
anakK gene, encoding the putative F420 dependent oxidoreductase which converts ATX to
dhATX (Kust et al., 2020). This is a relatively underexplored area and warrants further
transcriptomic investigations. There are numerous reports of cyanobacteria losing the ability
to produce all toxins when stored long-term in culture (Park et al., 1993; Gallon et al.,
1994; Rantala-Ylinen et al., 2011). This is generally thought to be due to the loss of the
biosynthetic operon under the luxurious growth conditions used for culturing. For example,
Jiang et al. (2015) reported that loss of the ability to produce anatoxins may be caused by a
deletion of genes within the anatoxin gene cluster. However, there are few reports of loss of
a specific congener while retaining the parent biosynthetic pathway. Whether or not there is
a physiological advantage to producing one or multiple anatoxins depends on the currently
unknown function and benefit of these toxins in the host organism. Molecular analyses in
progress will bring more information on this shift from producing two detectable anatoxin
congeners to only one.

More toxic M. anatoxicus strains SR16 and PTRS1 had higher percentage of extracellular
toxin concentrations, indicative of passive or active transportation of toxins across cell
membranes. It is known that shipping or other mechanical stress can cause cells to lyse

and release toxins. Despite strains being shipped for toxin analysis together during the same
time and by the same method for each harvest, a vastly different ratio of extracellular to
intracellular toxins emerged. Like the cyanobacterial toxin microcystin, where a putative
transporter has been identified as part of the mcy operon (mcyH, Christiansen et al., 2003),
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the anal gene has been identified as a putative transporter in Oscillatoria PCC 6506 and
Cylindrospermum stagnale PCC 7417 (Mejean, 2016). Kust et al. (2020) suggests that
anatoxins are transported through cell membranes, which our findings support. Conklin et al.
(2020) reports the anal gene present in Microcoleus anatoxicus strain PTRS3, which could
serve as evidence of our more toxic strains transporting anatoxins extracellularly. However,
to answer this question, targeted studies need to be designed and conducted.

Strains which had higher levels of extracellular anatoxins showed morphology indicative

of unhealthy filaments, such as reddish rather than brown-olive green color and cells with
ruptured walls (Fig. 3D, F), possibly related to leaking of toxins. Sinha et al. (2014)

reported that the production of cylindrospermopsin in Cylindrospermopsis raciborskii (now
Raphidiopsis racoborskii (Wotoszyniska) Aguilera et al. is likely related to stress and
adaptation responses. It is unclear whether anatoxin production is also related to stress
responses but the physiological health of the more toxic M. anatoxicus strains could

provide evidence of stressed cells. Stancheva et al. (2024) used one of the strains with

high production of toxins (i.e., strain PTRSL) in previous experiments and recorded similar
cell wall damage (Stancheva et al., 2024) which indicates that this feature may be strain
specific. The mechanisms contributing to poor filament health in some strains could be of
ecological importance, as high levels of extracellular anatoxin concentrations in the field
could be contributed from unhealthy cells with lysed or broken cell walls. Anatoxin-a

could also be produced as a defense mechanism when Microcoleus cells are early in mat
development, especially for unhealthy filaments. Extracts from M. anatoxicus containing
anatoxins have been shown to be lethal to macroinvertebrates (Anderson et al., 2018),
although the toxicity could be magnified by other unknown compounds as suggested by
Kelly et al. (2020). Similarly, Toporowska et al. (2014) reported that the crude extract from
ATX-producing Dolichospermum species was more toxic to benthic Chironomus larvae than
the pure anatoxins, highlighting the potential other metabolites could contribute to poisoning
of benthic organisms. Quiblier et al. (2013) also discusses that more terrestrial organisms
have been implicated by cyanotoxin poisonings than aquatic species. Anatoxins have been
proven to be lethal to many vertebrates such as the rainbow trout (Oncorhynchus mykiss),
mallard duck (Ana platyrhyncos) and ring-neck pheasant (Phasianus colchicus), and many
mammals (Plata-Calzado et al., 2022 and references therein). Whether toxicity to higher
level organisms evolved spuriously or is the main biological function of anatoxins is still
under debate (Holland and Kinnear, 2013; Plata-Calzado et al., 2022 and references therein).
However, the public safety (USEPA, 2015; WHO, 2020) and ecological issues surrounding
the presence of anatoxins in aquatic systems is evident.

4.3. Toxin degradation

Our lab experiments showed that the extracellular toxin concentrations were much higher
than the intracellular toxin concentrations in the two more toxic M. anatoxicus strains. It was
unknown prior to running the toxin degradation experiment, whether the toxins persisted
long-term in culture media or consistently leaked from the cells. We hypothesized that the
high extracellular fraction of anatoxin congeners was due to cell lysis (Testai, 2021) and that
the toxins were consistently being released from stressed filaments. Culturing conditions and
the total biomass of mats within the cultures could have influenced the release of anatoxins
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to the extracellular fraction as well. The development of additional mucilaginous layers
around the Microcoleus trichomes could stabilize the cells and increase the retention of
anatoxin in the intracellular fraction (Stancheva et al., 2024).

The complete degradation of the extracellular ATX and dhATX remaining in Microcoleus-
free culture media required approximately six days in ambient day-light lab conditions with
constant temperature around 20 °C. This provided evidence for the consistent leaking of
toxins as harvests occurred within 2—7 days to each other, whereas there was a consistent
report of extracellular toxins throughout the experiment. The degradation of anatoxins in
the media could have been due to biological or chemical processes. Yang (2007) reported a
first-order half-life for anatoxin-a of 4-10 h in natural light under elevated pH conditions.
Degradation of anatoxin-a is dependent on the light intensity and pH, with higher pH
favoring degradation reactions (Stevens and Krieger, 1991; Yang, 2007). These laboratory
experiments may or may not reflect what happens under natural conditions. Smith and
Sutton (1993) in laboratory experiments with a sediment microbial community from a
reservoir reported a five-day half-life for anatoxin-a, with toxins persisting for at least 21
days at pH 4, and maintaining detectable levels after 14 days at pH 8 and 10. As the
chemical degradation of anatoxin-a is a photochemical reaction, sediment resuspension in
these experiments may have shaded the toxins for photolysis. However, biodegradation

of anatoxins is also mediated by heterotrophic microorganisms, such as the aerobic rod
bacterium Pseudomonas (Kormas et al., 2013). The Microcoleus culture liquid tested for
ATX degradation was deliberately not axenic and contained rod-shaped bacteria. The role
these bacteria might play in anatoxin biodegradation is unknown.

4.4. Microcoleus Growth

All six Microcoleus strains showed similar growth with mat formation around day 30 after
inoculation with growth being slowed by density-dependence. The formation of the mats
differed morphologically across strains, both in the filament color hue and the propensity to
attach to the culture walls (Supplemental Fig. 2). These features cannot be quantified but
may be important in providing diverse strategies for occupying different substrate types in
the environment with favorable microhabitat conditions.

We detected differences in the specific growth rates, which declined more or less steadily
along the lifecycle of non-toxic strains. In toxigenic strains, the rate of growth is more
variable with strong declines coinciding with the day of maximum toxin production,
indicative for the high energetic cost of this process. Furthermore, the pulse of high toxin
concentrations may trigger a synergetic response by the culture microbiome, which may
also affect Microcoleus growth. Two or three days later the filament growth rate rebounded
strongly (Fig. 10). Despite this, the maximum growth rate model (Model 5) which best

fit the data showed that more toxic strains (M. anatoxicus strains SR16 and PTRS1) have
overall higher maximum growth rates than less toxic (M. anatoxicus strains SR17 and RC9),
and non-toxic strains (Microcoleus sp. 1 strains ER6 and ER12) when grown in the same
laboratory-controlled conditions.

Our results contrast with Heath et al. (2016), where non-toxic Phormidium (presumably
Microcoleus) strains had faster maximum growth rates than toxic strains across different
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nitrogen and phosphorus concentrations, with their results highlighting the effect of nutrient
concentrations on growth and toxin production. Differences between our study design and
Heath et al. (2016) could contribute to this differential result. Concentrations of nitrate and
phosphate used by Heath et al. (2016) ranged from 0.3 to 1.5 mM and 0.0008-0.1 mM,
respectively, and were much lower than the concentrations used in our study (e.g., BG11
medium with 17.6 mM of nitrates and 0.22 mM of phosphates (UTEX Culture Collection
of Algae, Austin, TX, USA). In our study, strains were grown with no limiting nutrients so
that the effects of toxin production could be analyzed without the potential confounds of
nitrogen and phosphorus metabolism mitigating growth and toxin production. Additionally,
New Zealand strains were grown under lower light irradiance of 36 pmoles/m?/s (Heath et
al., 2016), compared to our experiment using irradiance of 100 pmoles/m?/s. Furthermore,
Valadez et al. (2023) and our phylogenetic results support that the strains from New Zealand
likely belong to a different species than Microcoleus anatoxicus. Our data should not be
generalized across all toxic and non-toxic Microcoleus species as different cyanobacterial
species have species-specific physiology, growth optima and environmental tolerances. We
suggest that taking a species-level approach when working with Microcoleus is important
as it may be a major differentiating factor between our results and those from Heath et

al. (2016) and could provide valuable information for understanding factors contributing to
Microcoleus blooms in different regions globally.

When translating laboratory outcomes to environmental applications, we should consider
that experimental batch culture conditions differ from the environment by lower light,
decreasing nutrient availability over time and lack of water velocity leading to accumulation
of toxic compounds around the mats during the stationary growth phase. However, the

main environmentally applicable conclusion from laboratory experiments with different
Microcoleus strains (Heath et al., 2014; 2016, this study) is that the cells produce much
more toxins during the exponential growth phase and early stages of mat formation, which
could be related to defense mechanisms or quorum sensing of population density (Miller
and Bassler, 2001). Once the mats are established and grow in thickness, their toxin

quota decrease, but other harmful compounds may be excreted (Andersen et al., 2018),
suggesting that Microcoleus mats could be harmful even when anatoxin concentrations

are low. The total toxin concentrations produced by Microcoleus mats in the environment
depend on the cell density and toxin quota. Large cyanobacterial field biomass with low
toxin quota, may pose a lower public-health concern (nuisance vs. harmful bloom) compared
to smaller mats under stressful conditions which increase the toxin quota (Horst et al., 2014;
Stancheva et al., 2024). Therefore, understanding factors that contribute to variation in toxin
quota is important to recognize the impacts of cyanobacterial HABs, and lab manipulative
experiments are helpful research tool despite some shortcomings.

5. Conclusion

The growth and toxin production of two different Microcoleus species from northern
California were assessed, represented by six different strains. Both species are widespread
throughout northern California watersheds, highlighting the importance to understand their
growth rate responses and potential toxin-production. Toxin production was thought to be
an energetically expensive process, as evidenced by slowed specific growth rates during
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the time of maximum toxin production. Despite this, the more toxic M. anatoxicus strains
were able to achieve faster predicted maximum growth rates and produced higher fractions
of extracellular anatoxins. In the absence of nutrient limitations, the energetic expense of
toxin production did not yield slower maximum growth rates in more toxic M. anatoxicus,
which could highlight the importance of nutrients in modulating its production. Additionally,
high concentration of extracellular anatoxins is of ecological concern and identifying factors
contributing to this transport of toxins is important. Lower physiological health of more
toxic strains of M. anatoxicus could represent a trade-off between high toxin production,
rapid growth, and physiological integrity. The mechanism for toxin transport outside of

cells is still unknown but a plausible explanation in this study is the leaking or transport

of toxins through damaged cell walls. The intraspecific variation in growth and toxin
production in M. anatoxicus strains highlights the need for transcriptomic studies to identify
differential genetic responses. Additionally, more laboratory-based studies are needed to
identify environmental variables at ecologically relevant conditions contributing to variations
in cellular growth and physiological responses. Furthermore, the patterns expected based

on the laboratory and transcriptomic evidence need to be linked back to field studies for
confirmation. The rates of growth and the concentrations of toxins produced by Microcoleus
have important implications for public safety, risk assessment, and ecological health.
Toxigenic strains which achieve rapid growth and high levels of toxin production may

elicit more animal poisoning events. This study provides ecophysiological information on
the growth and toxin-production variation among strains of M. anatoxicus which may be
beneficial for the management and mitigation of benthic harmful cyanobacterial blooms in
running waters.
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Fig. 1.
Streams in California where each Microcoleus strain was isolated from.
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Fig. 2.

Phgylogenetic tree of cyanobacterial MAGs including studied Microcoleus strains from
northern California (color coded-toxic strains in red, non-toxic strains in green) using 120
core genes. Strain name is listed with collection locality (See Supplemental Table 1 for
more information). The pair of plus and minus signs after the strain name indicates the test
results for presence of ATX gene cassette (first symbol) and anatoxin production measured
by LC-MS/MS (second symbol). (+ +) denotes presence of both ATX gene cassette and
ATX toxin(s); (+ —) denotes presence of ATX gene cassette and lack of ATX toxin(s); (- +)
denotes absence of ATX gene cassette but detection of ATX toxins(s), (— —) denotes absence
of ATX gene cassette and lack of ATX toxin(s), (?) indicates that data was unavailable in the
literature, e. g., strains were not tested.
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Light microscopy images of Microcoleus filaments from field mats (A and H) and after 40
days growth in batch cultures with BG11 (B-G). A, B. Microcoleus sp. 1 strain ER6 from
Eel River, C. Microcoleus sp. 1 strain ER12, D. M. anatoxicus strain SR16, E. M. anatoxicus
strain SR17, F. M. anatoxicus strain PTRS1, G, H. M. anatoxicus strain RC9 from Rock
Creek. Black arrows indicate ruptures in the cells walls and leaking of pigments; white
arrows indicate keritomized cells. Images B - C were obtained at 1000x using differential
interference contrast (DIC) microscopy, while images A and H were obtained at 400x
without DIC. Sale bar = 10 um for B - G; 20 pm for A and H. Note: Strains SR16 and
PTRS1 are more toxic while strains SR17 and RC9 are less toxic.
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Curves generated for Microcoleus toxin quotas (intracellular + extracellular anatoxins)
across time. Solid lines signify ATX and dashed lines signify dhATX. Points represent
the average toxin concentration per cell. A. Microcoleus anatoxicus strain SR16, B. M.
anatoxicus strain SR17, C. M. anatoxicus strain RC9, and D. M. anatoxicus strain PTRS1.
Note: Strains SR16 and PTRS1 are more toxic while strains SR17 and RC9 are less toxic.
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Fig. 5.

Proportion of intracellular and extracellular ATX and dhATX fractions for each Microcoleus
strain for each harvest period, bars represent average duplicate values for each toxin fraction
measured through time. A. Microcoleus anatoxicus strain SR16, B. M. anatoxicus strain

SR17, C. M. anatoxicus strain RC9, and D. M. anatoxicus strain PTRS1. Note: Strains SR16
and PTRS1 are more toxic while strains SR17 and RC9 are less toxic.
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Fig. 6.
Dggradation of ATX and dhATX under standard laboratory conditions and natural room
light in the filtered liquid from Microcoleus anatoxicus strains SR16 (A) and Microcoleus
anatoxicus PTRS1 (B). Solid line represents ATX concentration and dashed line represents
dhATX concentrations through time. Points signify the mean values with error bars denoting
the maximum and minimum recorded anatoxin concentrations from the duplicates. Note:
Strains SR16 and PTRS1 are more toxic.
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Fig. 7.
Curves of all Microcoleus strains based on data collected for biovolume density, grouped by

number of anatoxin-a variants produced. Points signify mean of biovolume density values
+ standard deviation. Biovolume calculations were estimated based off of Hillebrand et

al. (1999, see Section 2.5). Averages calculated from triplicate biovolume values and their
respective standard deviations. Note: Strains SR16 and PTRS1 are more toxic while strains
SR17 and RC9 are less toxic.
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Fig. 8.

CSrves of all Microcoleus strains based on data collected for chlorophyll &, grouped by
number of anatoxin-a variants produced. Points signify mean of chlorophyll a values

+ standard deviation. Averages calculated from duplicate chlorophyll a values and their
respective standard deviations. Note: Strains SR16 and PTRS1 are more toxic while strains
SR17 and RC9 are less toxic.
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Posterior probability distributions of the maximum growth rates of strains based on model

2 (A) where all strains were split and model 5 (B) where strains were pooled by the
concentration of toxins produced during peak toxin production (non-toxic versus high

concentrations versus low concentrations). Note: Strains SR16 and PTRS1 are more toxic,
as indicated by *, while strains SR17 and RC9 are less toxic.
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Fig. 10.
Specific growth rate of Microcoleus strains between each harvest period (x-axis). Bars

represent the average values between the two strains and the error bars represent the standard
deviation. A. Non-toxic Microcoleus strains ER6 and ER12; B. Toxic Microcoleus strains
producing dhATX and ATX, SR16 and SR17; C. Toxic Microcoleus strains producing
dhATX only, RC9 and PTRS1. (*) denotes peak ATX production, (**) denotes peak dhATX
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production. Note: Strains SR16 and PTRS1 are more toxic while strains SR17 and RC9 are
less toxic.
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Table 2

Different Gompertz Model assignments of matching growth rates to respective strains. The different models
were employed to test the hypothesis of which strains achieved the fastest maximum growth rates.

Model Strains Growth Rate Groups

1 (ER6 + ER12 + SR16 *+ SR17"+ RC9* + PTRS1%)

2 (ERB) # (ER12) # (SR16 ™) # (SR17) # (RC9™) # (PTRSLY
3 (ER6 + ER12) # (SR16 *+ SR17"+ RC9* + PTRS1%)

4 (ER6 + ER12) # (SR16 ™+ SR17") # (RC9* + PTRS1%

5 (ER6 + ER12) # (SR16 + PTRS1%) # (SR17" + RC9*

ERG6 = Microcoleus sp. 1 strain ER6, ER12 = Microcoleus sp. 1 strain ER12, SR16 = M. anatoxicus strain SR16, SR17 = M. anatoxicus strain
SR17, RC9 = M. anatoxicus strain RC9, PTRS1 = M. anatoxicus strain PTRSL. + indicates that strains were assigned the same growth rates. #
indicates that strains were assigned different growth rates. Italicized strains are less toxic, bolded strains are more toxic. (*) denotes that the strain

produces both ATX and dhATX, () denotes that the strains produce dhATX only.
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WAIC values for each model run listed from best fitting model to the worst. ELPDwac is the expected log
pointwise predictive density using the widely available information criterion. pwa,c is effective number of

parameters, SE is standard error of each measurement.

Model WAIC SE  ELPDwac SE  Pwaic SE
5 222.1 249 -1111 124 285 4.0
1 225.2 243 -1126 121 30.2 4.0
3 228.8 241 -1144 120 322 12.0
4 231.7 241 -1159 121 338 4.3
2 236.1 257 -1181 128 36.3 5.0
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Predicted mean and standard error (SE) of maximum growth rate outputs from Gompertz models 2 and 5.

Predicted Maximum Growth Rates

Model 2

Strain Mean of In(biovolume)/day SE
ER6 1.25 0.01
ER12 117 0.01
SR16% 241 0.01
sp17* 119 0.01
RCI* 1.08 0.01
PTRS1 * 2.60 0.01
Model 5

ER6 + ER12 1.09 0.01
SRI17*+ RCY* 1.02 0.01
SR16*+PTRS1* 221 0.01

ERG6 = Microcoleus sp. 1 strain ER6, ER12 = Microcoleus sp. 1 strain ER12, SR16 = M. anatoxicus strain SR16, SR17 = M. anatoxicus strain
SR17, RC9 = M. anatoxicus strain RC9, PTRS1 = M. anatoxicus strain PTRS1. Italicized strains are less toxic, bolded strains are more toxic. (*)

denotes that the strain produces both ATX and dhATX, (*) denotes that the strains produce dhATX only.
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