Cyanotoxins in agricultural watersheds and their quantification in the soil-plant system

Yanyan Zhang

Department of Natural Resource Sciences
Faculty of Agricultural and Environmental Sciences

McGill University, Montréal

November 2020

Cyanobacteria
cells

A thesis submitted to McGill University in partial fulfillment of the requirements for the degree

of Doctor of Philosophy

© Yanyan Zhang 2020



U BEKEEETH, HIREZZHX—F7

(After endless mountains and rivers that leave doubt whether there is a path out, suddenly one
encounters the shade of a willow, bright flowers and a lovely village)

— Song Poem in the ancient China
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ABSTRACT

Cyanobacteria and their cyanotoxins are present in many regions and ecosystems worldwide.
Eutrophic freshwater lakes that receive regular inputs of nutrient-rich runoff from agricultural
land are an ideal environment for cyanobacteria blooms, which are associated with cyanotoxin
production, but cyanotoxins could also be present in, or originate from, the soils, groundwater
and the vadose zone of agricultural watersheds. Humans will be exposed to these toxins when
they consume cyanobacteria-contaminated groundwater and crops grown in contaminated soils.
However, we do not understand fully how agricultural nutrient loading may trigger cyanotoxin
production and the occurrence of cyanotoxins in ecosystem compartments besides eutrophic
waterbodies. One of the major challenges is to develop quantitative methods that can detect the
biologically significant cyanotoxins at low concentrations, and another challenge is to sensitize
the agricultural community to the risk of cyanotoxins to agricultural plants, which has
consequences for the health of animals and humans that consume those plants. Therefore, my
thesis aimed to address these knowledge gaps.

First, | completed a critical review, proposing that nutrient loading from agricultural runoff
may trigger beta-N-methylamino-L-alanine production in cyanobacterial blooms, based on
evidence from Lake Winnipeg, Canada. | provide evidence that allochthonous agricultural
nutrients may trigger beta-N-methylamino-L-alanine production by influencing the composition
of potentially toxic cyanobacteria species and the nitrogen availability. Then, | confirmed that
cyanotoxins are present in ecosystem compartments beside eutrophic waterbodies, based on the
detection of microcystins in agricultural soils and subsurface water (drainage water, well water
and municipal drinking water) in agricultural watersheds in Quebec, Canada. However, the semi-

quantitative method in this study was not conclusive and led me to develop a method to extract



and quantify the cyanotoxins in soil. My new method can efficiently detect 15 cyanotoxins in
soils. Finally, I evaluated the phytotoxicity of microcystins in soil on agricultural plants and
determined the human health risk from consuming microcystins-contaminated plants. Based on
my meta-analysis, microcystins are potentially most phytotoxic to potato but leafy vegetables
such as dill, parsley and cabbage could bioconcentrate ~3 times more microcystins than other
agricultural plants. Consuming leafy vegetables containing microcystins could be risky to adults
and children because the estimated daily intake values (> 0.2 pug kgd?) exceed the WHO
guidelines (0.04 pg kg*d?). In conclusion, my research showed that cyanotoxins are detectable
in terrestrial and subterranean environments where they are seldom studied, and reveals a public
health risk associated with microcystins in the edible components of agricultural plants. My
findings support the One Health approach to manage the risk of public exposure to toxic
substances, and indicate that cyanotoxins warrant investigation in a greater number of

environments than are monitored at present.



RESUME

Les cyanobactéries et leurs cyanotoxines sont présentes dans de nombreuses regions et
écosystemes du monde entier. Les lacs d'eau douce eutrophes qui recoivent des apports réguliers
de ruissellement riches en nutriments provenant des terres agricoles sont un environnement ideal
pour les proliférations de cyanobactéries, qui sont associées a la production de cyanotoxines,
mais les cyanotoxines pourraient également étre présentes ou provenir des sols, des eaux
souterraines et de la zone vadose des bassins versants agricoles. Les humains seront exposés a
ces toxines lorsqu'ils consommeront des eaux souterraines contaminées par des cyanobactéries et
des cultures cultivées dans des sols contaminés. Cependant, nous ne comprenons pas pleinement
comment la charge de nutriments agricoles peut déclencher la production de cyanotoxines et la
présence de cyanotoxines dans les compartiments de I'écosystéme en plus des plans d'eau
eutrophiques. L'un des défis majeurs est de développer des méthodes quantitatives capables de
détecter les cyanotoxines biologiquement significatives a de faibles concentrations, et un autre
défi est de sensibiliser la communauté agricole au risque de cyanotoxines pour les plantes
agricoles, ce qui a des conséquences pour la santé des animaux et des humains qui consomment
ces plantes. Par conséquent, ma these visait a combler ces lacunes dans les connaissances.

Tout d'abord, j'ai terminé un examen critique, proposant que la charge en nutriments
provenant du ruissellement agricole puisse déclencher la production de béta-N-méthylamino-L-
alanine dans les efflorescences cyanobactériennes, sur la base de preuves provenant du lac
Winnipeg, Canada. Je démontre que les nutriments agricoles allochtones peuvent déclencher la
production de béta-N-méthylamino-L-alanine en influencant la composition des espéces de
cyanobacteéries potentiellement toxiques et la disponibilité en azote. Ensuite, j'ai confirmé que les

cyanotoxines sont présentes dans les compartiments de I'écosysteme a c6té des plans d'eau



eutrophiques, sur la base de la détection de microcystines dans les sols agricoles et les eaux
souterraines (eaux de drainage, eau de puits et eau potable municipale) dans les bassins versants
agricoles du Québec, Canada. Cependant, la méthode semi-quantitative de cette étude n'a pas été
concluante et m'a conduit a développer une méthode pour extraire et quantifier les cyanotoxines
dans le sol. Ma nouvelle méthode peut détecter efficacement 15 cyanotoxines dans les sols.
Enfin, j'ai évalué la phytotoxicité des microcystines dans le sol des plantes agricoles et déterminé
le risque pour la santé humaine de consommer des plantes contaminées par des microcystines.
Selon ma méta-analyse, les microcystines sont les plus phytotoxiques pour la pomme de terre,
mais les légumes a feuilles tels que I'aneth, le persil et le chou pourraient bioconcentrer ~ 3 fois
plus de microcystines que les autres plantes agricoles. La consommation de légumes a feuilles
contenant des microcystines pouurait donc étre risquée pour les adultes et les enfants, car les
valeurs journaliéres estimées (> 0,2 pg kg™d?) dépassent les recommandations de I'OMS (0,04
ug kgtd?). En conclusion, mes recherches ont montré que les cyanotoxines sont détectables dans
les environnements terrestres et souterrains ou elles sont rarement étudiées, et révélent un risque
pour la santé publique associé aux microcystines dans les composants comestibles des plantes
agricoles. Mes résultats soutiennent I'approche One Health pour geérer le risque d'exposition du
public aux substances toxiques et indiquent que les cyanotoxines méritent d'étre étudiées dans un

plus grand nombre d'environnements que ce qui est actuellement surveillé.
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SPE-UHPLC-MS/MS. My extraction method with methanol + 200 mM ammonium acetate and
rigorous quantification approach provide suitable accuracy and precision, within acceptance

criteria, to quantify 15 distinct cyanotoxins in soil.
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GENERAL INTRODUCTION

Cyanobacteria are ubiquitous in aquatic and terrestrial environments, and the largest
populations are present at the surface where there is ample light to support photosynthesis, the
main source of energy and carbon for these autotrophs. Aquatic cyanobacteria can number as
many as 200 million cells per cm® in the surface water, whereas soil can support 5.2 million to
51 million cyanobacteria cells per cm? in agroecosystems of humid temperate regions (Whitman
et al., 1998). Still, cyanobacteria are known to be bioactive in subsurface soil, aquifers and
groundwater, because they can consume hydrogen gas and produce energy in the dark, a trait
developed by their non-photosynthetic ancestors (Puente-Sanchez et al., 2018).

Since they are the survivors of more than 3.0 billion years of evolution and architects of the
Great Oxygenation Event, cyanobacteria evolved many survival strategies. One of these
strategies is to produce secondary metabolites — cyanotoxins — in response to ecophysiological
cues related to nitrogen and carbon metabolism, photosynthesis regulation, quorum sensing and
competition with other organisms (Zhang and Whalen, 2019). Cyanotoxin production is usually
associated with harmful cyanobacterial blooms in eutrophic surface water. Cyanotoxins can be
lethal, but they also bioaccumulate in the cells of microorganisms, plants and animals, which can
lead to bioconcentration of cyanotoxins in secondary consumers, including humans. The human
health risk from cyanotoxins must not be underestimated because the hepatotoxic peptides of
microcystins and cylindrospermopsins are associated with acute and chronic liver damage, while
the chronic exposure to neurotoxic anatoxin-a, saxitoxins and beta-N-methylamino-L-alanine
increase the risk of human neurodegenerative diseases (Huisman et al., 2018).

Since cyanotoxins biosynthesis is energetically and nutritionally costly for cyanobacteria,

there must be an evolutionary advantage for cyanobacteria to synthesize these compounds.
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Cyanotoxins are stored intracellularly (intracellular cyanotoxin) or released to the surrounding
environment (extracellular cyanotoxins). Except for cylindrospermopsin, which is secreted into
the environment when it is produced, the other cyanotoxins are retained in living cyanobacteria
and only release into the surrounding environment when cyanobacterial cells lyse. These
molecules may ensure the organism’s functional niche (ecological advantage) or improve their
fitness (physiological efficiency).

Cyanotoxins present in the environment are dangerous to human health, and the risk to
public health depends upon the dose and duration of exposure. Humans are most likely to be
exposed to cyanotoxins from harmful cyanobacterial bloom because of the global distribution
and frequent occurrence of these toxic blooms. However, biologically significant amount of
cyanotoxins also exist in soil crusts, in soils irrigated with cyanobacteria-contaminated water,
and in plants that grow in these soil environments. As we move towards a One Health approach
to manage the risk of public exposure to cyanotoxins, we must also include soil as a source of
these emerging biological contaminants. Eco-epidemiological surveys indicate that human health
is at risk from exposure to soil-borne cyanotoxins, since cyanotoxins are inhaled along with dust
(wind-eroded soil particles) and ingested by consuming plants that contain cyanotoxins in their
tissues or by accidental ingestion of contaminated soil and water (Funari and Testai, 2008;
Serrano et al., 2015). Environmental exposure levels must be quantified to understand risks and
improve public health outcomes, consistent with One Health goals (Hilborn and Beasley, 2015).

The overarching goal of my thesis is to explain how agricultural nutrients may trigger
cyanotoxin production, to understand the occurrence of cyanotoxins in agricultural watersheds
and to quantify the human health risks of cyanotoxins in soil-plant system. The specific

objectives were: 1): to explain how nutrient loading from agricultural runoff trigger beta-N-
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methylamino-L-alanine production in cyanobacterial blooms, focusing on the ecophysiological
reasons why nitrogen availability controls beta-N-methylamino-L-alanine production and
supporting this with evidence from in-lake studies. 2): to investigate the occurrence of
cyanotoxins outside of eutrophic waterbodies by detecting cyanotoxins in agricultural soils and
subsurface water (drainage water, well water and municipal drinking water) in agricultural
watersheds in Quebec, Canada. 3): to develop a new method to extract and quantify 17 diverse
cyanotoxins from soil. 4): to evaluate the phytotoxicity of microcystins in soil to agricultural

plants and determine the human health risk from consuming microcystins-contaminated plants.
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CHAPTER 1
Literature review
1.1. The global distribution of cyanobacteria

Cyanobacteria are the oldest phototrophic prokaryotes that appeared on Earth about 3.2 to
3.5 billion years ago (De, 2000). They may be unicellular, colonial, or filamentous, with cell
sizes varying from < 2 um to 40 pum in diameter. Cyanobacteria are classified in three orders:
Chroooccales, which include coccoid unicellular or colony-forming cells, Nostocales are the
filamentous forms that can fix atmospheric nitrogen in their heterocysts, and Oscillatoriales,
which are the filamentous types lacking heterocysts (Komarek et al., 2014). Cyanobacteria have
a cosmopolitan distribution and are common in the benthos and water column of freshwater and
marine environments, in soil biological crusts, and as symbionts with plants and fungi. Large
cyanobacteria populations are present at the surface of aquatic and terrestrial environments
where there is ample light to support photosynthesis, the main source of energy and carbon for
these autotrophs (Bar-On et al., 2018). Surface water can contain as many as 200 million
cyanobacteria cells per cm?®, while soil cyanobacteria populations are estimated to be between 5.2
and 51 million cells per cm? in agroecosystems of humid temperate regions (Whitman et al.,
1998). Cyanobacteria are also detected in subsurface soil, aquifers and groundwater, probably
because they can consume hydrogen gas and produce energy in the dark, a survival strategy that

might trace back to their non-photosynthetic ancestors (Puente-Séanchez et al., 2018).
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1.2. Cyanotoxins, the secondary metabolites of cyanobacteria
1.2.1. History of the emergence of cyanotoxins as pollutants

Cyanobacteria are dangerous to humans, and this was known for thousands of years. One of
the earliest narrative reports of cyanobacteria poisoning occurred during the Han dynasty in China,
about 2,000 years ago. General Zhu Ge-ling, while on a military campaign in southern China,
reported losing troops from poisoning whilst crossing a river. He reported that the river was green
in color and his troops drank from the green water (Bartram and Chorus, 1999). The first detailed
scientific inquiry of the toxic action of a cyanobacterial bloom was published in Nature in 1878
(Francis, 1878). George Francis, a local chemist, was commissioned to investigate the cause of
mass mortalities of farm livestock along the Murray River and the shores of Lake Alexandrina in
South Australia. He observed that a dense bloom of the cyanobacterium Nodularia spumigena
floated to the surface during calm weather, forming a scum at the lee shores of the lake. Livestock
along the shores ingested this scum while drinking from the lake and died a few hours later. Francis
reproduced the characteristic signs and timing of illness, mortalities and gross organ pathology by
dosing healthy sheep with fresh scum material. He correctly inferred that Nodularia spumigena
contained a toxin responsible for the sheep deaths, which is now known as “cyanotoxin”. More
than 40 toxin-producing cyanobacterial genera have since been identified (Sivonen and Jones,
1999; Svircev et al., 2019) and there are an unknown number of “potentially” toxic species. More
than nine different types and hundreds of variants of cyanotoxins have been detected from 60%
CyanoHABs samples all over the world (Hipsher et al., 2020; Organization, 2003; Rastogi et al.,

2014) (Figure 1.1).
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Figure 1.1: The worldwide distribution of commonly studied cyanotoxins (adapted from Svir¢ev et al., 2019).




Cyanotoxins can be classified into three groups based on their chemical composition: (1)
cyclic peptides (microcystins and nodularin), (2) alkaloids (anatoxin-a, anatoxin-a(s), saxitoxins,
cylindrospermopsin, aplysiatoxin, lyngbiatoxin-a) and (3) lipopolysaccharides (Rastogi et al.,
2014). The toxicology, environmental fate, analytical methods and removal technologies for
microcystins have received much more attention than other cyanotoxins, e.g. cylindrospermopin
(~7 times less), beta-N-methylamino-L-alanine (~10 times less), anatoxins (~5 times less) and
saxitoxins (~3 times less) (Figure 1.2). This is probably due to the widespread and frequent
occurrence of microcystins in cyanobacterial blooms, persistence in the environment and well-
developed analytical techniques than the other cyanotoxins, which are more active and less

common in nature with trace amount.

11%

55%

8%
5%

Microcystin Beta-N-mehylamino-L-alanine Cylindrospermopsin Anatoxin = Saxitoxin
Figure 1.2: The number of studies on different cyanotoxins published by 2020 (Web of Science).
The data was obtained by searching keywords (TITLE-ABS-KEY (Cyanobacterial bloom OR
Cyanotoxin)) AND (Microcystin*® Cylindrospermopsin OR Anatoxin®* OR Saxitoxin®* OR PSP OR
BMAA OR heptato*OR peptide toxin* OR neuroto™® OR alkali* OR cyano*) AND (*accumulation®
OR *take OR assimila™* OR expos™*) AND (*toxicity OR inhibit* OR negative*(influen* OR effect

OR impact™* OR grow* OR health®) AND (human OR animal OR plant OR soil OR water).
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1.2.2. General introduction to cyanotoxins

Chemically, microcystins are monocyclic heptapeptides with a molecular weight of 800—
1,100 Da. The general structure of microcystins shown in Figure 1.3 is cyclo-(-D-Ala!-L-X2-
DisoMeAsp>-L-Z*-Adda®-D-isoGlu®-Mdha’), where D-MeAsp® is D-erythro-b-methylaspartic
acid, Mdha’ is N-methyldehydroalanine and Adda’ is 3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4, 6-dienoic acid. X? and Z* are substituted amino acids that vary according to the
biosynthesis process, resulting in more than 240 different variants of microcystins (Bouaicha et
al., 2019; Sivonen and Jones, 1999). Microcystins are potent and specific inhibitors of protein
phosphatasel and 2A, which accounts for their extreme toxicity in plant and animal cells (Corbel

etal., 2014).

MDha’
5

/ D-Ala?
\ s NH

O CH, VCHg

COOH 0

MeAsp®
Figure 1.3: General structure of microcystins.

Cylindrospermopsin is a highly water-soluble polyketide-derived alkaloid with a central
functional guanidino moiety combined with hydroxymethyluracil attached to its tricyclic carbon
skeleton (Figure 1.4; (Ohtani et al., 1992). Natural analogs of 7-deoxy-Cylindrospermopsin,
which lack the hydroxyl group on the tricyclic skeleton, and 7-epi-Cylindrospermopsin that has
an epimer at the hydroxyl bridge (Armah et al., 2013). The uracil moiety and the hydroxyl group

are responsible for cylindrospermopsin toxicity (Banker et al., 2001). Cylindrospermopsin could
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irreversibly inhibit protein synthesis and glutathione synthesis in plant and animal cells (Froscio

et al., 2003; Machado et al., 2017; Runnegar et al., 1994).

Figure 1.4: The molecular structure of cylindrospermopsin (1) and its analogs 7-deoxy-
Cylindrospermopsin (2) and 7-epiCylindrospermopsin (3) (Moreira et al., 2013).

Anatoxin-a is a secondary amine bicyclic alkaloid with a molecular weight of 165. It has a
structural similarity to cocaine, although it does not have the pharmatological function.
Homoanatoxin-a (molecular weight 179) is structurally related to anatoxin-a, but it differs due to
the presence of a propionyl group instead of the acetyl group (Figure 1.5). Anatoxin-a is a potent
pre- and post-synaptic depolarizing agent, which competes efficiently with acetylcholine (being
100 times more selective) for nicotinic receptors in neuromuscular junctions and the central
nervous system (Mahmood and Carmichael, 1986). Homoanatoxin-a has nearly identical

toxicological properties and the same mode of action as anatoxin-a (Lilleheil et al., 1997).

N O N O

CH
N\ 0 N

CH3

Figure 1.5: Chemical structure of anatoxin-a (left) and homoanatoxin-a (right).
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Saxitoxin is the parent molecule in a class of neurotoxic alkaloids. Since its initial discovery,
57 naturally occurring saxitoxin analogs have been identified in several organisms, collectively
referred to as paralytic shellfish toxins (Wiese et al., 2010). The basic structure of saxitoxin is a
trialkyl tetrahydropurine, with positions 2 and 8 of the purine ring containing the NH> groups,
which form the two permanent guanidinium moieties (Figure 1.6; (Cusick and Sayler, 2013).
Saxitoxin is one of the world’s most potent natural toxin; for instances, its LDso (10 pg kg™! bw
after intraperitoneal injection in mice) was more than 5 times higher than microcystin-LR (50 pg
kg! bw). Saxitoxin is a neurotoxin that acts as a selective sodium channel blocker (Thottumkara
et al., 2014). It acts on the voltage-gated sodium channels of neurons, preventing normal cellular

function and leading to paralysis (O’Neill et al., 2016).

Figure 1.6: Basic structure of saxitoxin.

Beta-N-methylamino-L-alanine (BMAA) is a non-lipophilic, hydrophilic, and highly polar
non-protein amino acid (Figure 1.7) that is produced by diverse taxa of cyanobacteria (nearly
95% of cyanobacteria) (Cox et al., 2005b), including dinoflagellates and diatoms. It was first
isolated from the seeds of Cycad micronesia serendipitously, a cycad indigenous to Guam that is
eaten by the native residents (Vega and Bell, 1967). Beta-N-methylamino-L-alanine is a slow-
acting toxin that is linked to the amyotrophic lateral sclerosis/parkinsonism-dementia complex

syndrome of Guam (Borenstein et al. 2007), and is suspected to contribute to chronic
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neurotoxicology in disorders like Alzheimer's disease (Cox et al., 2003a) and amyotrophic lateral

sclerosis (Cox et al. 2009).
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Figure 1.7: General structure and physicochemical properties of beta-N-methylamino-L-alanine.
1.2.3. Environmental occurrence and concentration of cyanotoxins

Cyanotoxins are often produced by CyanoHABs in eutrophic surface water, but this is not
the only environment where cyanotoxins are detected. The cyanobacteria and cyanotoxins in
surface water could be transferred from aquatic systems to subsurface water through hydrologic
processes and to agricultural lands through irrigation. Furthermore, metabolically active
cyanobacteria live in the vadose zone, the aquifer and soil biological crusts. These cyanobacteria
could produce the cyanotoxins found in the subsurface water (groundwater) and soils. Therefore,
we expect to find cyanotoxins in eutrophic surface water where CyanoHABs occur and in
adjacent environments.

The presence and concentration of cyanotoxins, as well as the putative cyanobacteria that

could produce these toxins, varies among environments, as summarized in Table 1.1.
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Microcystins are the most common cyanotoxins in surface water, groundwater, agricultural soils
and biological soil crust. Plants, animals and humans are more likely to be exposed to
microcystins than other cyanotoxins. In animals and human, organic anion transporting
polypeptides in the cell membrane are responsible for transporting microcystins into the cells of
affected organisms (Campos and Vasconcelos, 2010). However, plants do not have a specific
microcystins transporter (Redouane et al., 2019); they might passively adsorb and diffuse
microcystins throughout their organs, or they could take up biotransformed microcystins
conjugates. In plants, less than 10% of microcystin will be conjugated non-enzymatically to
glutathione (Pflugmacher, 2002). The remaining microcystins can bind to protein phosphatases
and other cellular proteins, or they are absorbed by chloroplasts. Microcystins can cause
excessive formation of reactive oxygen species in plant, which places an enormous burden on the
antioxidant system, damaging to DNA, proteins, carbohydrates and lipids cells (Machado et al.,
2017; Pham and Utsumi, 2018). Specifically, microcystins can pose negative effects on
histology, cytology and morphology of plant including (1) tissue development; (2) activation of
enzymes involved in CO; fixation; (3) starch storage; (4) gene expression; (5) regulation of ionic

channels; (6) carbon and nitrogen metabolism; (7) hormone transport and (8) photosynthesis.

35



Table 1.1: Environmental occurrence, range of concentration and health guideline of cyanotoxins and their producers. The data were
obtained from field investigation, while laboratory-controlled experiments are excluded.

Environment

Cyanotoxins Concentration Producers species/strains Guidelines Reference
Surface water Microcystins 0.1-29,000 Anabaena; Geitlerinema; Recreational water: (Billam et al., 2006; Cao et
(ug L™ Leptolyngbya; Pseudanabaena; WHO/Ohio/Illinois/  al., 2018a; Flores et al., 2018;
Synechococcus; Spirulina; Washington: 10 Liu et al., 2011; Merel et al.,
Phormidium; Microcystis sp.; California: 0.8 2013; Nasri et al., 2008;
Microcystis aeruginosa; Microcystis Indiana/Kansas: 4 Spoof et al., 2003)
flos-aquae; Nostoc sp.; Oscillatoria Lowa/Nebraska/Okla
agardhii; Planktothrix agardhii; homa/Texas: 20
Radiocystis fernandoii Massachusetts/Rhode
Island: 14
(Berry and Lind, 2010;
Anabaena bergii; Anabaena Blahova et al., 2008; Blahova
planctonica; Anabaena ovalisporum;  Recreational water: et al., 2009; Hawkins et al.,
0.07-202 Oscillatoria sp.; Cylindrospermopsis ~ Washington: 4.5 1997, Jiang et al., 2014b; Li
Cylindrospermopsin ’ raciborskii; Raphidiopsis curvata; Ohio: 5 et al., 2001; Mankiewicz-
Raphidiopsis mediterranea; Oregon: 6 Boczek et al., 2012; Rzymski
Aphanizomenon ovalisporum; and Poniedzialek, 2014; Shaw
Umezakia natans; Lyngbya wollei et al., 1999; Vasas et al.,
2010)
Arthrospira fusiformis; Anabaena .
. - Recreational water:
spp.; Anabaena lemmermannii; Washineton: 1
Aphazinomenon spp; Aphanizomenon Vermon%' 10‘ (Ballot et al., 2010; Bumke -
Anatoxin-a 0.01-444 issatschenkoi; Aphazinomenon flos- 0 ) '20 Vogt et al., 1999; James et al.,
. . . regon: .
aquae; Cylindrospermum sp.; Ohio: 80 1997; Testai et al., 2016)
. . . . - 10:
Microcystis aeruginosa; Phormidium
autumnale;
Anabaena circinalis; Anabaena Recreational water:
perturbata; Anabaena spiroides; Washineton: 75 ) (Ledreux et al., 2010; Molica
Saxitoxin 3-1,000 Aphanizomenon flos-aquae; gton. et al., 2005; Orr et al., 2004;

Aphanizomenon gracile;
Cylindrospermopsis
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Beta-N-methylamino-

raciborskii;Plankthotrix FP1; Lyngbya

wollei

Microcystis; Prochlorococcus
marinus; Synechocystis;
Chroococcidiopsis indica;
Myxosarcina burmensis; Lyngbya
majuscula; Planktothrix agardhii;

(Al-Sammak et al., 2014;

Loalanine 1-231 Plgctonema; Phormidium; Symploca; N/A Metcalf et al., 2008; Pip et al.,
Trichodesmium; Anabaena; 2016)
Aphanizomenon flos-aquae;
Cylindrospermopsis raciborskii;
Nodularia; Nostoc; Calothrix;
Fischerella; Scytonema
Groundwater Microcystins 0.2-2.5 Oscillatoria limnetica; Chroococcus Drinking water: (Chen et al., 2006b; Eynard et
(ugL™ minor; Gleocapsa sp.; Oscillatoria WHO/Ohio:1 al., 2000; Mohamed and Al
limnetica; Spirulina sp. Health Canada: 1.5 Shehri, 2009; Tian et al.,
Minnesota: 0.04 2013; Yang et al., 2016)
Cylindrospermopsin - — Drinking water: .
New Zealand/Ohio:1
Drinking water:
Anatoxin-a — — New Zealand: 6 —
Ohio: 20
Drinking water:
Saxitoxin — — New Zealand: 3 —
Ohio: 0.2
Beta-N-methylamlno- B B N/A B
L-alanine
Agricultural soil Microcystins 2.1-1,690 413.7 (Chen et al., 2012; Xiang et

(ngkg™
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(Bohunicka et al., 2015;

Cylindrospermopsin Detectable Hormoscilla pringsheimii; N/A Rzymski and Poniedzialek,
2015)
Anatoxin-a — — N/A —
Saxitoxin — — N/A —
if’;f‘g::ethylammo' 758,000 Chlorogloeopsis PCC 6912 N/A (Cox ct al., 2005b)
Soil biological ~ Microcystins 1.5-11,058 Hapalosiphon hibernicus; ©0.001-2.25 (Chen et al., 2006a; Chrapusta
crust Microcoleus; Nostoc sp.; Nostoc et al., 2015; Metcalf et al.,
(ug kg™ paludosum; Nostoc paludosum; 2012; Prinsep et al., 1992)
Chroococcus sp; Oscillatoria sp., and
Phormidium sp.
(Bohunicka et al., 2015;
Cylindrospermopsin ¢ Detectable Hormoscilla pringsheimii; N/A Rzymski and Poniedzialek,
2015)
Anatoxin-a 322-633 OSCIIIa.tO.”a; Phormidium autumnale; N/A (Chrapusta et al., 2015)
Phormidium favosum
Saxitoxin — — N/A —
Beta-N-methylamino- € Detectable N/A (Cox et al., 2005a; Metcalf et

L-alanine

al., 2015a; Richer et al., 2015)

2 Predicted No-effect Concentration (Xiang et al., 2019); ® Tolerate Daily Inhale (ug kg ' day ') (Metcalf et al., 2012); © Specific value

1s not available.
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1.2.4. The hotspots of cyanotoxins production—hot and nutritious bloom

As shown in Table 1.1, the concentration of cyanotoxins in a particular environment can
vary by hundreds to thousands of orders of magnitude. The largest concentrations are recorded
during times of the year when cyanobacteria populations are growing rapidly or reach their peak
growth. Warm temperature, proper sunlight, long water residence time, low disturbance and
abundant nutrients favor the growth of cyanobacteria (Figure 1.8). Cyanobacteria were present at
bloom levels (>20,000 cyanobacterial cells ml™! or 10 pg L™! chlorophyll a) across a wide range
of temperatures (3—27 °C) (Bartram and Chorus, 1999). As a group, cyanobacteria exhibit
optimal growth rates at relatively high temperatures, usually over 25 °C (Paerl and Huisman,
2009). The Intergovernmental Panel on Climate Change predicts increases in the global average
surface temperature of 1.4 to 5.8 °C by the year 2100, which will favor cyanobacterial growth
(i.e., they are better competitors at higher temperatures) and will increase the frequency of
CyanoHABs in the future. (Change, 2007; Mooij et al., 2005).

Light is often considered to be one of the limiting factors of phytoplankton growth because
solar radiation is the energy source of the aquatic ecosystem (Tilzer, 1987). Cyanobacteria
contain chlorophyll a as a major pigment for harvesting light and conducting photosynthesis.
They also contain other pigments such as the phycobiliproteins which include allophycocyanin
(blue), phycocyanin (blue) and sometimes phycoerythrine (red) (Whitton and Potts, 2012). These
pigments harvest light in the green, yellow and orange part of the spectrum (500-650 nm) which
is hardly used by other phytoplankton species. The ability of cyanobacteria to grow at low light
intensity, and to use radiative energy from more wavelengths for photosynthesis, enables them to

grow in the "shadow" of other phytoplankton and eventually out-compete them.
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Nitrogen (N) is an essential macronutrient for cyanobacteria (Flores and Herrero, 1994).
Cyanobacteria prefer assimilable ammonium to nitrate and nitrite for their metabolic
requirements. Some cyanobacteria can also use urea or organic nitrogen such as amino acids as a
source of nitrogen. These nitrogen sources are taken up through permeases and metabolized to
ammonium, which is incorporated into carbon skeletons through the glutamine synthetase-
glutamate synthase pathway. Nitrogen is then biosynthesized from glutamine or glutamate into
other amino acids, proteins and organic nitrogen compounds (Flores and Herrero, 2005).
However, ionic forms of nitrogen and soluble amino acids are often in short supply because most
of nitrogen exists as N2 gas in the Earth’s atmosphere. Consequently, some cyanobacteria possess
heterocysts, specialized cells that convert N2 into soluble ammonia that is transformed by
glutamine synthetase into glutamine. Cyanobacteria are typically distinguished as N-fixing
cyanobacteria and non-N-fixing cyanobacteria.

Cyanobacteria also require appreciable quantities of phosphorus (P) to maintain a
stoichiometric homeostasis in their C:N:P chemistry, and for vital metabolic functions (structural
integrity, energy relations and as an information carrier) (Codd et al., 2005). Cyanobacteria can
absorb orthophosphate (H2PO4", HPO4 >, or PO4>") and some small organic phosphate esters
through specific transporter proteins in their cellular membrane (Raven, 2010). These
compounds are usually present in minute amounts in freshwater environments, since the majority
of the total phosphorus in aquatic systems are dissolved organic phosphates with high molecular
weight or associated with colloidal material (Bentzen et al., 1992). Cyanobacteria can access
some of this organic phosphorus by secreting alkaline phosphatases that hydrolyze esters of

organic phosphorus into bioavailable inorganic phosphorus (Raven, 2010).
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Figure 1.8: Environmental factors controlling cyanobacterial harmful algal bloom (CyanoHABs)
abundance.
1.3. Why do cyanobacteria produce cyanotoxins?

Cyanotoxins are secondary metabolites of cyanobacteria. Since cyanotoxin biosynthesis is
energetically and nutritionally costly for cyanobacteria, there must be an evolutionary advantage
for cyanobacteria that retained the capacity to synthesize these compounds. Cyanotoxins are
stored intracellularly (intracellular cyanotoxin) or released to the surrounding environment
(extracellular cyanotoxins). With the exception of cylindrospermopsin, which is secreted into the
environment when it is produced, the other cyanotoxins are retained in living cyanobacteria and
only release into the surrounding environment when cyanobacterial cells lyse. These molecules
may ensure the organism’s functional niche (ecological advantage) or improve their fitness

(physiological efficiency). Based on the literature, I synthesized and summarized the 6 known
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ecological roles (Figure 1.9) and 5 physiological functions (Figure 1.10) of cyanotoxins for

cyanobacteria.
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Figure 1.9: The reported ecological roles of cyanotoxins in cyanobacteria to date.
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Cylindrospermopsin, Anatoxin-a, Saxitoxin); " Intraspecific Competition (Microcystins,
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Figure 1.10: The reported physiological roles of cyanotoxins in cyanobacteria to date. * Iron
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Structural Supporter (Microcystins); ¢ Photosynthesis Regulation (Microcystins, Beta-N-
methylamino-L-alanine); ¢ Nitrogen Metabolism (Microcystins).

1.3.1. Ecological roles of cyanotoxins

1.3.1.1. Signal Molecule
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Some cyanotoxins, especially microcystins and beta-N-methylamino-L-alanine, are potential
signal molecules. When low concentrations of microcystins are released to the surrounding
environment, they act as info chemicals, leading to phenotypic changes in colony formation from
the lowest proportion of microcystins-producing genotypes (colonies < 50 um) to the highest
proportion of microcystins-producing cells (colonies > 100 um) (Gan et al., 2012; Kurmayer et
al., 2003). Additionally, the remaining cyanobacterial cells can sense the microcystins released
from lysed cyanobacteria and respond by synthesizing more microcystins, thereby enhancing
their fitness in their ecological niche (Schatz et al., 2007). Beta-N-methylamino-L-alanine has
chemical characteristics that are analogous to other signal molecules produced by prokaryotes.
These include: high hydrophibility (LogKow = -4.00), low molecular weight of 118 Da and
rapid diffusion coefficient of 0.78 (Zhang and Whalen, 2019). Most cyanobacteria taxa seem to
produce beta-N-methylamino-L-alanine, and it is postulated to be a signal molecule responsible
for communication among cyanobacteria species (Cox et al., 2005b). Other non-protein amino
acids that are chemically similar to beta-N-methylamino-L-alanine, such as gamma-
Aminobutyric acid, accumulate rapidly in plants under stress and initiate defense pathways
against drought and insect herbivory (Bown and Shelp, 2016). If beta-N-methylamino-L-alanine
is a gamma-Aminobutyric acid analog, it may regulate the cyanobacteria metabolism in response
to stress or be an adaptive response to mitigate stress, but this remains to be determined.
1.3.1.2. Programmed Cell Death Participator

Microcystins and beta-N-methylamino-L-alanine may be involved in initiating programmed
cell death of cyanobacteria when the cyanobacterial bloom reaches the decline and collapse
phases (Hu and Rzymski, 2019; Zhang and Whalen, 2019). Like other prokaryotes,

cyanobacteria initiate programmed cell death under stressful environmental conditions. The
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genetic basis for programmed cell death is the metacaspases, which initiate targeted protein
degradation in the apoptotic programmed cell death pathways with high catalytic efficiencies and
strict substrate specificities (Asplund-Samuelsson et al., 2016). Phylogenetic analysis of
cyanobacteria with 16S RNA analysis revealed metacaspase orthologues, which suggests that
cyanobacteria initiate programmed cell death when they encounter stressful conditions (Bar-Zeev
et al., 2013; Franklin, 2014; He et al., 2016). The increase in exogenous microcystins and beta-
N-methylamino-L-alanine concentration could induce the expression of metacaspase genes and
initiate programmed cell death as a negative feedback to control the size of cyanobacteria
populations (Hu and Rzymski, 2019; Sigee et al., 2007; Zhang and Whalen, 2019).
1.3.1.3. Intraspecific Competition

Cyanotoxins are “weapons” that allow cyanobacteria to compete for limited resources.
Microcystins could act as allelochemicals, which provide a selective and competitive advantage
of microcystin-producing strains to access limited resources (do Carmo Bittencourt-Oliveira et
al., 2015; Kaebernick and Neilan, 2001). For instance, the inhibitory compounds released by
microcystins-producing strains could inhibit non-microcystins-producing organisms, allowing
the microcystins-producting strains to acquire more soluble nutrients or occupy more space
(Briand et al., 2008; Van de Waal et al., 2011). The released microcystins can be taken up and
localized in the thylakoid membranes of non-microcystins-producing strains, where
photosynthesis II activity was inhibited (Phelan and Downing, 2014). The target of
cylindrospermopsin is cyanobacteria species that produce other cyanotoxins.
Cylindrospermopsin can inhibit the production of microcystins-producing cyanobacteria species,
thereby reducing the fitness of the microcystins-producing cyanobacteria population (Rzymski et

al., 2014). Microcystins and anatoxin-a govern the allelopathic interactions between microcystin-
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producing (Microcystis) and anatoxin-producing cyanobacteria strains (Anabaena). This
allelopathic interaction is linked to nutrient availability in the environment. Microcystins and
anatoxin-a production alter the dominant cyanobacteria species under different nutrient
conditions, enhancing the competitive advantage of their producers for nutrient acquisition (Chia
et al., 2018). Nitrogen availability plays a critical role in the production of beta-N-methylamino-
L-alanine by cyanobacteria (Downing et al., 2011; Monteiro et al., 2016; Scott et al., 2014).
Under nitrogen starvation, non-N-fixing cyanobacteria are the dominant beta-N-methylamino-L-
alanine producers. The beta-N-methylamino-L-alanine produced by non-N-fixing cyanobacteria
under nitrogen starvation could be taken up by N2-fixing cyanobacteria and inhibit their
nitrogenase activity, thus altering the competitive interactions among non-N-fixing and N-fixing
cyanobacteria. Beta-N-methylamino-L-alanine production kills some of the N-fixing
cyanobacteria and nutrients released from their lysed cells can be recycled by the non-N-fixing
cyanobacteria population. Besides, beta-N-methylamino-L-alanine blocks nitrogenase activity
and constrains the growth of N-fixing cyanobacteria, thereby reducing their population size and
liberating resources such as space and oxygen needed by the non-N-fixing cyanobacteria
population (Zhang and Whalen, 2019). Saxitoxin is less well studied in this regard, although
saxitoxin can kill the non-saxitoxin producing cyanobacteria (Holland and Kinnear, 2013). There
is a possibility that the saxitoxin-producing cyanobacteria use this toxin to gain a competitive
advantage over non-saxitoxin-producing cyanobacteria in environments with high pH or salt
stress (Holland and Kinnear, 2013).
1.3.1.4. Phosphorus Competition

Cylindrospermopsin is reported to be involved in phosphate biogeochemical cycling, making

cylindrospermopsin-producing cyanobacteria the best competitors for inorganic phosphorus.
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When inorganic phosphorus is limited, cyanobacteria release cylindrospermopsin into the
surrounding environment and induce metabolic changes in phytoplankton. This stimulates
production and secretion of alkaline phosphatase into the extracellular environment. The alkaline
phosphatase transforms organic phosphorus compounds into bioavailable inorganic phosphorus,
which is rapidly uptaken by cylindrospermopsin-producing cyanobacteria.
1.3.1.5. Feed deterrence

Adaptations in morphology and biochemical make-up (toxicity) are two main grazer-
induced defenses in cyanobacteria (Ger et al., 2016b). For instance, microcystins,
cylindrospermopsin anatoxin-a and saxitoxin can reduce zooplankton fitness in laboratory
studies (Chislock et al., 2013; DeMott et al., 1991; Ger et al., 2016b; Sadler and von Elert, 2014).
The role of microcystins as an anti-grazer is better studied than cylindrospermopsin, anatoxin-a
and saxitoxin. Microcystins could assemble cyanobacteria into large colonies that slow or
probihit zooplanton ingestion (Ger et al., 2016a; Yang and Kong, 2012). Another trait, i.e.
toxicity of microcystins may be also involved in grazing deterrents. Microcystins inhibit
eukaryotic phosphatase enzyme activity and drive declines of growth and survival rate of
zooplanktons such as daphnia and copepod (Ger et al., 2016a; Tillmanns et al., 2008; Wilson et
al., 2006).
1.3.1.5. Interspecific Competition

There are concurrent allelopathic interactions between cyanobacteria, phytoplankton and
macrophytes (Mohamed, 2017). Cyanobacteria that release microcystins, cylindrospermopsin
and anatoxin-a into the environment can inhibit the growth of other algal species and
macrophytes, thereby accessing the limited resources (Kearns and Hunter, 2001; Keating, 1978;

Kinnear et al., 2007; Méathé and Vasas, 2013).
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1.3.2. Physiological roles of cyanotoxins
1.3.2.1. Iron Regulation

Microcystins interact with trace metal ions as trace metal-complexing ligands and iron
chelators (siderophores), and by detoxifying metals in cells (Facey et al., 2019). Given the
inconsistent interactions between microcystins and trace metals from one study to another, the
current belief is that microcystins act primarily as transporters, assisting iron transport through
the cell membrane of cyanobacteria (Facey et al., 2019; Saito et al., 2008; Wang et al., 2012).
1.3.2.2. Maintain Sodium Hemostasis.

Saxitoxin acting as a selective sodium channel blocker and is linked to Na™ homeostasis in
cyanobacteria (Holland and Kinnear, 2013; Pomati et al., 2003). Similar to saxitoxin, anatoxin-a
is also able to bind to the nicotinic receptor on sodium channels, which opens the channels and
allows sodium ions to flow in (Bownik, 2010). Several genera of cyanobacteria (4nabaena,
Aphanizomenon, Cylindrospermopsis, Planktothrix) produce both saxitoxin and anatoxin-a
(Cirés and Ballot, 2016; Méjean et al., 2014; Pearson et al., 2010), which could help to maintain
sodium homeostasis at different environmental scales (high Na* (saxitoxin), low Na* (anatoxin-
a)) (Holland and Kinnear, 2013).
1.3.2.3. Thylakoid Structural Supporter

In cyanobacterial cells, two-thirds of microcystins are localised in thylakoid area, which can
alter the thylakoid ultrastructure slightly (Shi et al., 1995; Young et al., 2005).
1.3.2.4. Photosynthesis Regulation

Cyanobacteria must protect their photosynthetic apparatus from damage by photooxidation,
and the protective effect could be enhanced by microcystins and beta-N-methylamino-L-alanine.

Microcystins bioaccumulate preferentially in the thylakoid area, where photosynthetic pigments
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and enzymes are found. Furthermore, there are approximately 20% more photosynthetic
pigments in the cells of microcystins-producing cyanobacteria (Microcystis) than non-
microcystins producing cyanobacteria (Hesse et al., 2001; Young et al., 2005). Light intensity
can induce transcription of microcystins biosynthesis gene (mcyD) in cyanobacteria, which
suggests that microcystins may help to regulate photosynthesis (Deblois and Juneau, 2010;
Sevillaetal., 2012).

Studies with biological soil crust from arid environments also suggest that microcystins and
beta-N-methylamino-L-alanine prevent cyanobacteria damage by high light intensity, but their
contribution depends upon the nitrogen availability to cyanobacteria cells (Downing et al., 2015).
In biological soil crusts with high nitrogen availability, microcystins buffer the oxygen evolution
capacity under high light intensity, thereby preventing excessive oxygen radical formation and
associated light-induced reaction center damage. In nitrogen limited conditions, beta-N-
methylamino-L-alanine appears to regulate oxygenic photosynthesis by blocking light signal
transduction to protect cyanobacteria from oxidative damage under high light intensity (Zhang
and Whalen, 2019). Beta-N-methylamino-L-alanine might also regulate chlorophyll a activity to
avoid its photooxidation. Since beta-N-methylamino-L-alanine is produced under nitrogen
starvation conditions that induce chlorosis and the degradation of photosynthetic pigments, it
would be logical for beta-N-methylamino-L-alanine to protect pigments in the xanthophyll cycle
to dissipate light radiation before it damages the chloroplast, or to inhibit the activity of
chlorophyll a, as proposed by Downing et al. (2012) and Berntzon et al. (2013). Thus,
microcystins offers protection from sudden onset high light stress whereas beta-N-methylamino-
L-alanine helps the cyanobacteria to avoid and repair oxidative damage. Physiologically, this

would prepare the cyanobacteria to rapidly respond to variations in nitrogen availability and high
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light intensity. With the assistance of these two cyanotoxins, the cyanobacteria can
simultaneously maintain the integrity of its photosynthetic apparatus while taking advantage of
available nutrients for cellular metabolism, growth and reproduction (Downing et al., 2015;
Metcalf et al., 2015b; Richer et al., 2015).
1.3.2.3. Nitrogen Metabolism

As described above, beta-N-methylamino-L-alanine biosynthesis is associated with cellular
nitrogen stress (Downing et al., 2011; Holtcamp, 2012; Popova et al., 2018). Cultures grown
under nitrogen starvation conditions (< 10 uM) may produce beta-N-methylamino-L-alanine to
initiate the ionotropic glutamate receptors (iGLURS) and thus activate glutamate receptor cation
(Ca?*) channels, which control Ca?* movement and maintain the integrity of cellular membranes
(Berntzon et al., 2013; Brenner et al., 2003). Another possible role for beta-N-methylamino-L-
alanine is to initiate the incorporation of Ca?* into the carbon skeleton of 2-oxoglutarate after
enzymatic reduction (Weiland et al., 2016). Although it seems counter-intuitive to use limited N
resources to synthesize a non-protein amino acid-like beta-N-methylamino-L-alanine, there is
evidence that the primary amino-N group in beta-N-methylamino-L-alanine can be redistributed
to glutamate and glutamine via transamination of the enzyme glutamine synthetase-glutamine
oxoglutarate aminotransferase (GOGAT) (Downing et al., 2011; Martin-Figueroa et al., 2000).
Therefore, beta-N-methylamino-L-alanine has important physiological functions that maintain
the integrity of cyanobacteria cells under N starvation conditions, and mechanisms to
reassimilate the amino-N portions of the molecule once the protective glutamate pathways are
initiated.

Cyanobacteria are the survivors of more than 3.0 billion years of evolution and architects of

the Great Oxygenation Event, which occurred around 2.3— 2.5 billion years ago. The genes
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encoding for cyanotoxins were selected from billions of possible permutations that arose over
millennia. Although their ecophysiological effects are not completely understood, there is no
doubt that cyanotoxins fulfill multiple functions for cyanobacteria. Most of the current studies on
the ecophysiological roles of cyanotoxins focus on microcystins. Given that cyanobacteria
produce many cyanotoxins besides microcystins, it seems advisable to consider multiple
cyanotoxins, as well as their individual and synergistic effects, to understand the importance of
these bioactive molecules for cyanobacteria (Huisman et al., 2018; Kaplan et al., 2012).
1.4. Detecting cyanotoxins in soil and water samples
1.4.1. Soil samples preparation prior to cyanotoxins analysis

Cyanotoxins are generally associated with harmful algal blooms in aquatic ecosystems, but
also exist in soil crusts and in soils irrigated with cyanobacteria-contaminated water. Biologically
significant amounts of cyanotoxins may be present in the soil, and humans will be exposed to
these toxins when they inhale dust particles or consume cyanobacteria-contaminated
groundwater and crops grown in contaminated areas. For example, two dogs died after
consuming rainwater covering neurotoxin-producing cyanobacterial crust in 2013-2014 in the
Qatar desert (Chatziefthimiou et al., 2014). During an average dust storm, an individual can
breathe 6.6 g of dust and particles of <10 um in size penetrate the lungs, representing a human
exposure pathway for cyanotoxins (Griffin, 2007). Researchers suspect that “Gulf War
Syndrome” is associated with inhaling neurotoxins in airborne dust particles (PM 2.5) when
vehicular disturbance and military activities generated large amounts of dust (Cox et al., 2009;
Metcalf et al., 2015a; Metcalf et al., 2012). However, it remains challenging to assess the safe
exposure limits to cyanotoxins in soil, and the problem mainly stems from inefficient extraction

procedures and insensitive analytical methods. Clay and organic matter in the soil matrix bind
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with cyanotoxins, which prevents their recovery from soil, while molecules with similar structure
or functional groups can react with antibodies and decline the sensitivity and detectability of the
methods used, thus creating challenges to accurately quantify cyanotoxins in soils (Manubolu et
al., 2018; Zhang et al., 2020).

The first step to improve cyanotoxins quantification is to recover them from the soil matrix
and reduce the interference from matrix components. Solid phase extraction (SPE) is a separation
and pre-concentration procedure that isolates cyanotoxins from the complex soil matrix by
sorption onto a solid sorbent, which achieves matrix separation, reduces matrix effects, and
improves the detection limits of analytical techniques (Mashile and Nomngongo, 2017). Solid
phase extraction can be done offline (the sample preparation is done with separate equipment) or
in an online (the sample preparation is coupled to the analytical instrument) mode (Zhang et al.,
2020). Procedures for solid phase extraction for separation and pre-concentration of cyanotoxins
in soil samples are summarized in Table 1.2. Solid phase extraction columns were first developed
to extract microcystins from soil samples, and there are fewer options for other cyanotoxins like
cylindrospermopsin, anatoxin-a, saxitoxin and beta-N-methylamino-l-alanine. Therefore,
quantifying cyanotoxins in soil samples is still challenging. Research is needed to test various
solvents and extraction methods to eliminate the matrix interferences and improve the extraction

efficiency for cylindrospermopsin, anatoxin-a, saxitoxin and beta-N-methylamino-l-alanine.
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Table 1.2: Reported solid phase extraction (SPE) methods of extracting cyanotoxins from soils prior to analysis.

SPE column

Cyanotoxin Solvent Supernatant (Condition) Rinse Elution Concentrated  Reconstitute  Reference
Microcystins 75% Ultrasonication Strata X column 5% 90% Dryness (N2 Deionized Abraxis Inc.
methanol/water  /Centrifugation (Methanol/Water)  Methanol acetonitrile  gas) water
acidified with
0.1 M acetic
acid
NasP20 and 0.1 Ultrasonication C18 cartridge — Methanol Dryness (N2 Aqueous (Corbel et
M /Centrifugation (Methanol/MilliQ acidified gas) 50% al. 2014)
ethylenediamine (Modify pH 3 with water) with 0.1% acetonitrile
tetraacetic acid trifluoroacetic trifluoroacet (V/v)
acid) ic acid
NasP20 and 0.1 Ultrasonication Sep-pak ODS 20% (v/v) 90% Dryness (N> 0.05 M acetic (Chenetal.,
M /Centrifugation cartridge aqueous aqueous gas) acid 2006)
ethylenediamine  (Modify pH 3 with methanol, methanol (Caoetal.,
tetraacetic acid trifluoroacetic 2017)
acid)
NasP20 and 0.1 Ultrasonication Hydrophilic- 20% 80% Dryness (N2 80% (Manubolu
M /Centrifugation Lipophilic methanol methanol gas) Methanol etal., 2018)
thylenediaminet Balance/Sep-pak
etraacetic acid C18
(Methanol
followed by
ultrapure water)
Acetic Acid and Ultrasonication Hydrophilic- 20% 80% Dryness (N2 80% (Manubolu
0.01 M /Centrifugation Lipophilic methanol methanol gas) Methanol etal., 2018)
ethylenediamine Balance/Sep-pak
tetraacetic acid C18
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ultrapure water)

(Methanol
followed by

Methanol with Ultrasonication  — Dryness (N2 High (Zhang et
200 mM /Centrifugation gas) performance al., 2020)
ammonium liquid
acetate chromatograp
hy water
Cylindrospermo  Methanol with Ultrasonication  — Dryness (N2 High (Zhang et
psin 200 mM /Centrifugation gas) performance  al., 2020)
ammonium liquid
acetate chromatograp
hy water
Anatoxin-a Methanol with Ultrasonication  — Dryness (N2 High (Zhang et
200 mM /Centrifugation gas) performance  al., 2020)
ammonium liquid
acetate chromatograp
hy water
Saxitoxin — — — — — —
Free Beta-N- 6M — — — 20 mM (Richer et
methylamino-L-  hydrochloric hydrochloric  al., 2015)
alanine acid acid
0.1M Ultrasonication — — Dryness (N2 20 mM (Lietal.,
trichloroacetic /Centrifugation gas) hydrochloric  2019)
acid acid
Protein-bound 6 M hydrolyzedin6 M — - 20 mM (Richer et
Beta-N- hydrochloric hydrochloric acid hydrochloric  al., 2015)
methylamino-L- acid at 110 °C for 16 h acid
alanine 0.1M Ultrasonication  — Dryness (N2 20 mM (Lietal,
trichloroacetic /Centrifugation gas) hydrochloric  2019)
acid hydrolyzed in 6 M acid

hydrochloric acid
at 110 °C for 24 h
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1.4.1. Analytical methods for analyzing cyanotoxins

Biological and physical-chemical methods were developed to detect cyanotoxins in water,
and they should be appropriate to analyze cyanotoxins in soil extracts. Biological approaches
include mouse bioassays, enzyme-linked immunosorbent assays (ELISA), and phosphatase
inhibition assays (e.g., PP2A). Physicochemical approaches include gas chromatography coupled
with mass spectrometry, high-performance liquid chromatography (HPLC) coupled with
photodiode array detection, and HPLC coupled with mass spectrometry or tandem mass
spectrometry (LC/MS or LC/MS/MS) (Kaushik and Balasubramanian, 2013; Moreira et al.,
2014). The ELISA and LC-MS/MS methods are the most common.

The ELISA test is based on coupling a specific binding antibody or an antigen to a sensitive
assay enzyme. The precision of the assay is enhanced by coating the plate with high-affinity
antibodies. There are several formats used for ELISAs. These fall into either direct, indirect, or
sandwich capture and detection methods. Currently, microcystins are detected with the indirect
competition ELISA kits while direct competition ELISA Kkits are available to determine
cylindropermopsin, anatoxin-a, saxitoxin and beta-N-methylamino-L-alanine. The indirect
competitive ELISA involves two binding processes with a primary antibody and a labeled
secondary antibody (Figure 1.11). Specifically, it is based on the recognition of microcystins and
their congeners by specific biotinylated antibodies. Toxin, when present in a sample, and a
microcystins-protein analogue immobilized on the plate compete for the binding sites of the
biotinylated anti-microcystins antibodies in solution. The plate is then washed and streptavidin-
horseradish peroxidase is added. After a second washing step and the addition of the substrate
solution, the color signal is generated. The direct competition ELISA for cylindropsermopsin,

anatoxin-a, saxitoxin and beta-N-methylamino-L-alanine only involves in one binding process,
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since these cyanotoxins bind to specific antibodies (Figure 1.12). Cyanotoxins, when present in a
sample, and a cyanotoxin-labeled analog compete for binding sites on anti-cyanotoxin antibodies
in solution. The anti-cyanotoxin antibodies are then bound by a second antibody immobilized on
the wells of the microtiter plate. After a washing step and addition of the substrate solution, a
color signal is generated. In all ELISA methods, the intensity of the blue color in each well
(absorbance measured at 450 nm) is inversely proportional to the concentration of cyanotoxins
present in the sample. The cyanotoxins concentrations are determined by interpolation from the

standard curve constructed with each ELISA plate (generally a 96-well microtiter plate).

Microcystin

Anti-Microcystin
antibodies

Microcystin-
protein analogue
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Add second antibody-
horseradish peroxidase
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Figure 1.11: Steps involved in the indirect competition ELISA procedure for determining

microcystins concentration in solution.
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Secondary anti-cyanotoxin
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Figure 1.12: Principles of the direct ELISA method for determining cyanotoxins like
cylindrospermosin in solution.

The ELISA method, which detects multiple cyanotoxins variants, is a good semi-quantitative
screening tool to evaluate the presence of cyanotoxins in environmental samples. The most
common uses of ELISA are for monitoring the toxicity associated with a dynamic cyanobacterial
bloom, tracking relative changes in toxin concentrations, and taking actions to control
cyanobacterial blooms in source waters. However, the method cannot provide a quantitative
assessment of the cyanotoxins in water samples. It has a high limit of detection (0.04—4 pg/L),
and the nonlinear calibration curve means that small differences in measured absorbance can
translate into large concentration differences, thus the ELISA method can overestimate the actual
concentration by two to three times. Furthermore, molecules with similar chemistry and
functionality as cyanotoxins can produced false positives in both direct and indirect competition
ELISA methods. In direct competition ELISA, the error occurs when foreign proteins in the
sample bind to the non-specific fixed antigen. In indirect competition ELISA for microcystins,
the secondary antibody is prone to generate nonspecific signals through cross-reaction with
antigen.

The other common method for cyanotoxins detection is liquid chromatography coupled to
mass spectrometry (LC-MS). The LC-MS is a precise quantitative method for determining
cyanotoxins in water samples without false positives, and its lower limit of detection is around
two orders of magnitude smaller than the ELISA assay (Duy et al., 2019; Munoz et al., 2017,
Roy-Lachapelle et al., 2019). Mass spectrometry is combined with chromatographic separation
to achieve simultaneous separation and identification of cyanotoxins in a mixture, based on the

characteristic ions in their mass spectra. The application of MS/MS detection greatly enhances
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the identification of unknown toxins by the fragmentation pattern (Teta et al., 2015). Fragment
ions generated by collision-induced dissociation provide a sensitive and reliable confirmation of
the identity of microcystin variants in the environmental samples (Roy-Lachapelle et al., 2019;
Yen et al., 2011). The LC-MS system is further enhanced by coupling it with an on-line SPE
system. On-line SPE automates all steps of the sample preparation (conditioning, sample
enrichment, wash and elution), which would be done manually in the traditional off-line method
(Fayad et al., 2015). The off-line SPE technique is the time consuming and laborious (~1
hour/sample), while on-line SPE approach is quicker, allows for smaller sample size, less
handling and preparation, improved reproducibility, higher sample throughput as well as less
waste and solvent consumption. On-line SPE coupled with LC-MS/MS allowed simultaneous
analysis of multiple cyanotoxins in < 8 min per sample from environmental matrices, with low
detection limits (0.005-0.8 pg L, depending on the cyanotoxin; Zhang et al., 2020).
1.5. Risk assessment and public health concerns related to cyanotoxins: case studies
Cyanotoxins present in the environment are dangerous to human health, but the risk to
public health depends upon the dose and duration of exposure. Humans can be exposed to
cyanotoxins through three major pathways: ingesting cyanotoxin-contaminated food and water,
dermal contact and the inhalation of particles (sediment, dust or soil) containing cyanotoxins
(Figure 1.13). Humans are most likely to be exposed to cyanotoxins from CyanoHABS because
of the global distribution and frequent occurrence of these toxic blooms. Another important
exposure pathway is from ingesting agricultural plants that bioaccumulated cyanotoxins because
they were irrigated with cyanobacteria-contaminated water. For this section, we focused on the
risk and public health concerns for beta-N-methylamino-L-alanine associated with CyanoHABS

and microcystins present in agricultural plants as two distinct case studies.
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Figure 1.13: A hypothetical human exposure scenario to cyanotoxins. “Cyanotoxin: only
applicable to beta-N-methylamino-L-alanine.
1.5.1. Beta-N-methylamino-L-alanine and harmful cyanobacterial bloom

The beta-N-methylamino-L-alanine concentrations (~1-231 pg L) in freshwater lakes and
seafood harvested from CyanoHAB-affected aquatic systems represent an important human
exposure pathway (Craighead et al., 2009; Esterhuizen and Downing, 2008). Spatial analysis of
amyotrophic lateral sclerosis cases and lakes with a history of cyanobacterial blooms in New
Hampshire revealed that people living within 1 km of cyanobacteria-contaminated lakes had a
2.3 times greater risk of developing amyotrophic lateral sclerosis, and inhabitants of Lake
Mascoma had up to 25 times greater risk of amyotrophic lateral sclerosis than the general

population (Caller et al., 2009; Zhang and Whalen, 2019). From 1990-2004, beta-N-
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methylamino-L-alanine was found in the untreated/unprocessed water taken from British
waterbodies and used for human drinking water, highlighting the dangers of beta-N-
methylamino-L-alanine to human health (Metcalf et al., 2008). Additionally, high beta-N-
methylamino-L-alanine levels, ranging from 0-7000 g kg, were found in muscle and brain of
bottom-dwelling fishes, shrimp, crab and shark fin, which are consumed by people (Brand et al.,
2010; Jonasson et al., 2010). Through the food web, the concentration of beta-N-methylamino-L-
alanine could be biomagnified ~8 times from phytoplankton to zooplankton (Jiang et al., 2014a;
Mondo et al., 2012).

Relatively low exposure to beta-N-methylamino-L-alanine is damaging, based on in vitro
studies showing that beta-N-methylamino-L-alanine causes selective motor neuron demise at
concentrations as low as 3,540 pg L™ and damages motor neurons at concentrations of 1,180 pg
L (Lobner et al., 2007; Rao et al., 2006). The biomagnification of beta-N-methylamino-L-
alanine and its ability to bind with proteins in the brain mean that people can accumulate this
endogenous neurotoxin throughout their lifespan, and it might slowly release as free beta-N-
methylamino-L-alanine into the brain tissue during aging (Rodgers et al., 2018). Consequently,
long-term exposure to beta-N-methylamino-L-alanine is a huge threat to public health that will
disproportionately affect the health and well-being of senior citizens (Holtcamp, 2012).

1.5.2. Microcystins accumulation by agricultural plants

Microcystins are another group of toxic substance of concern to humans. Its presence in
agricultural fields can be from irrigating with cyanobacteria-contaminated water or applying
cyanobacteria as an organic fertilizer. These cyanobacteria can be harvested from lakes and

applied directly to the field, or after they are treated in activated sludge systems (Figure 1.13)
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(Bouaicha and Corbel, 2016). For instance, irrigated agricultural soils in South China had up to
1,690 pg microcystins kg * soil (Chen et al., 2012; Xiang et al., 2019).

Microcystins are amphiphilic molecules with hydrophobic groups in combination with polar
groups of hydrophilic character (ionizable carboxyl groups and amino group). In neutral soil
environment (pH 6.0~8.5), microcystins are neutral or anionic (microcsytins minus). Natural
formation of micelles and ion-pairs with negatively charged microcsytins means that they do not
absorb strongly to the negatively charged surfaces of soil minerals and organo-minerals, so they
remain in soil solution (McCord et al., 2018; Wu et al., 2011). The half-life of microcystins in
soils is from ~5 days to ~2 months, indicating that the microcystins could be bioavailable to
plants that covers the agricultural fields (Bouaicha and Corbel, 2016). Microcystins can pass
through the root membrane barrier, translocate within plant tissues and accumulate into different
organs, including edible parts, which is a great concern for food safety (Cao et al., 2018a). Due
to the bioaccumulation potential of microcystins in edible plants, two guideline thresholds are
proposed, the tolerable daily intake (TDI, WHO) and chronic reference dose (RfD, United States
Environmental Protection Agency). For microcystin-LR, the TDI should not exceed 0.04 g kg™
d! and RfD should not exceed 0.003 pg kg? d (Edition, 2011; EPA:, 2015).

The human health risk of ingesting microcystins is determined by calculating the estimated
daily intake (EDI) of microcysitn-LR equivalent. The EDI of microcystins via consumption of

the microcystins-polluted agricultural plants is calculated as follows:

Estimated Daily Intake (EDI) = <M¢ X Pintake

bw

where Cyic is an average microcystin-LR equivalent concentrations in agricultural plants (ug g™!

wet weight); Dintake is the daily consumption of the edible part of an agricultural plant (g d!),
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based on standards published by the United States Food and Drug Administration (US FDA
2015) and bw is the average body weight (adult: 60 kg, child: 25 kg).

Recent studies have reported EDI values (0.06-0.2 pg microcystins kg™ d) that exceed the
recommended WHO guideline of 0.04 pg microcystins kg d for edible plants (Cao et al.,
2018b; Lee et al., 2017; Xiang et al., 2019; Zhu et al., 2018). However, the likelihood that
humans will ingest microcystins from agricultural plants has not been thoroughly investigated,
especially under field conditions. Most of previous studies were conducted by greenhouse pot
experiments or hydroponic experiments at non-environmentally relevant concentrations,
marginally representing real bioaccumulation of microcystins in field soils, or exaggerating the
bioavailability and accumulation of microcystins in agricultural crops (Cao et al., 2018a). When
field data are available, they are often obtained without adequate monitoring plans, or refer to
plants that are not commonly eaten by humans, so that they do not represent the actual human
exposure (Funari and Testai, 2008). Therefore, it is urgent to understand the actual
concentrations of microcystins in agricultural fields and to assess the bioaccumulation and
corresponding human health risks of various microcystins variants in actual soil-crop systems in
agricultural fields. Meanwhile, we can make some effort to educate farmers to avoid using
irrigation water that may contain microcystins and increasing the awareness of farmers and the

general public about the health risk of microcystins in agricultural plants.
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FORWARD TO CHAPTER 2

The literature review highlighted the important role of nutrients to stimulate cyanotoxins
production by CyanoHABSs. Agricultural nutrient loadings to freshwater environments may
create a preferential environment for cyanobacteria producing cyanotoxins. In chapter 2, |
present my critical review paper that demonstrates a connection between agricultural nutrient
inputs and cyanotoxins production. | explain how the nitrogen loading from agricultural runoff

may trigger beta-N-methylamino-L-alanine production in CyanoHABS in freshwater
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environments, focusing on the ecophysiological reasons why nitrogen availability controls beta-

N-methylamino-L-alanine production and supporting this with evidence from in-lake studies.

CHAPTER 2

Production of the neurotoxin beta-N-methylamino-L-alanine may be triggered by
agricultural nutrients: An emerging public health issue

Yanyan Zhang?, Joann K. Whalen?

a. McGill University, Department of Natural Resource Sciences, Macdonald Campus, 21,111
Lakeshore Road, Ste-Anne-de Bellevue, Quebec, H9X 3V9, Canada

2.1. Abstract

Diverse taxa of cyanobacteria, dinoflagellates and diatoms produce B-N-methylamino-L-alanine
(BMAA), a non-lipophilic, non-protein amino acid. BMAA is a neurotoxin in mammals. Its

ingestion may be linked to human neurodegenerative diseases, namely the Amyotrophic lateral
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sclerosis/Parkinsonism dementia complex, based on epidemiological evidence from regions
where cyanobacterial harmful algal blooms occur frequently. In controlled environments,
cyanobacteria produce BMAA in response to ecophysiological cues such as nutrient availability,
which may explain the elevated BMAA concentrations in freshwater environments that receive
nutrient-rich agricultural runoff. This critical review paper summarizes what is known about how
BMAA supports ecophysiological functions like nitrogen metabolism, photosyntheis and
provides a competitive advantage to cyanobacteria in controlled and natural environments. We
explain how BMAA production affected competitive interactions among the N»-fixing and non-
N2-fixing populations in a freshwater cyanobacterial bloom that was stimulated by nutrient
loading from the surrounding agricultural landscape. Better control of nutrients in agricultural
fields is an excellent strategy to avoid the negative environmental consequences and public
health concerns related to BMAA production.
Keywords: Neurotoxin; -N-methylamino-L-alanine production; CyanoHABSs; Ecophysiological
role; Agricultural nutrients; Best management practices.
2.2. Introduction

The neurotoxin -N-methylamino-L-alanine (BMAA), a non-protein amino acid that is a
suspected causative agent of human neurodegenerative diseases, is produced by diverse
cyanobacteria, dinoflagellates and diatoms (Cox et al., 2005; Lage et al., 2014; Réveillon et al.,
2014). Evidence of the connection between BMAA and the Amyotrophic lateral
sclerosis/Parkinsonism dementia complex was first documented in Guam, where local residents
who consumed cycad flour and flying foxes containing BMAA had 100 times greater incidence
of these neurological disorders than the global baseline (Cox and Sacks, 2002; Cox et al., 2016).

Humans are exposed to BMAA through ingestion and dermal contact with contaminated water
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and food, or inhalation of dust containing BMAA, but the greatest environmental health risk is
from cyanobacterial harmful algal blooms (CyanoHABS) because of their global occurrence
(Huisman et al., 2018; Merel et al., 2013). This perspective is supported by eco-epidemiological
modelling showing that sporadic Amyotrophic lateral sclerosis is associated with BMAA
produced by CyanoHABs (Snyder et al., 2009; Torbick et al., 2014).

Most cyanobacteria can produce BMAA, whether they are plant symbionts, in mats growing
in ponds and on sediments, or in biological soil crusts and surface soil (0-2 cm) (Cox et al., 2005;
Jungblut et al., 2018; Metcalf et al., 2015; Richer et al, 2015). However, detection of BMAA
production in CyanoHABS is alarming due to the increasing frequency, magnitude and duration
of CyanoHABS in fresh water systems worldwide, especially in watersheds where nutrient
loading occurs due to urban and rural activities (Huisman et al., 2018). In controlled studies,
cyanobacteria produce BMAA in response to ecophysiological cues, including nutrient
availability. We postulate that nutrients in agricultural runoff triggers BMAA production in
CyanoHABS, but this requires nutrient loading to occur in the right proportions, at the right time
and possibly in combination with other factors that induce BMAA production by cyanobacteria.

The objective of this critical review paper is to present evidence of the connection between
nutrient loading from agricultural runoff and BMAA production in CyanoHABS in freshwater
environments. We begin by discussing the metabolic and ecological functions of BMAA for
cyanobacteria populations and the factors that trigger BMAA production. Then, we describe the
known and hypothesized connections between nutrients in agricultural runoff and BMAA
production by freshwater CyanoHABs. Finally, we discuss the opportunities and limitations of
agricultural best management practices to reduce the environmental and public health risks

associated with the cyanotoxin BMAA.
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2.3. BMAA production and its ecophysiological role in cyanobacteria

Understanding BMAA synthesis and functions in cyanobacteria remains challenging, since it
may exist as a free amino acid, be associated with or incorporated into protein, or complexed
with metal ions (Cao et al. 2019). This section summarizes the factors influencing BMAA
production and its ecophysiological role in cyanobacteria.

2.3.1. Factors contributing to BMAA production

Cyanobacteria produce several forms of BMAA through distinct biosynthesis pathways.
Cyanobacteria could biosynthesize the free amino acid form (keto acid p-N-
methylaminopyruvate) directly by methylation of free 2,3-Diaminopropionic acid (DAP) or by
enzymatic hydrolysis of BMAA associated with proteins (Downing et al., 2011; Tripathi and
Gottesman, 2016). Alternatively, the cyanobacteria Synechocystis PCC6803 may biosynthesize
BMAA through hydrolysis of a cyclic urea compound (Downing and Downing, 2016). The
genetic basis for BMAA biosynthesis in the cycad-cyanobacteria symbiosis is associated with
glutamate receptor-like genes (Brenner et al., 2003). Ongoing research into BMAA
stereochemistry and molecular transcriptomics should improve understanding of BMAA
biosynthesis pathways in cyanobacteria (Diaz-Parga et al., 2018; Popova et al., 2018).

Like other cyanotoxins, the free amino acid form of BMAA probably exists in the
nucleoplasmic region, thylakoid area, cell wall and sheath of cyanobacteria cells (Vega and Bell,
1967). It also associates with membrane, bound peptides or proteins in the cytoplasm (Faassen et
al., 2016). After cyanobacteria biosynthesize BMAA, the BMAA molecule remains in the cell
during its lifespan. Dead or damaged cyanobacteria cells lyse and release BMAA into the

environment. Therefore, BMAA appearing in the environment originated from (a) de novo
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BMAA biosynthesis in the cell, and (b) BMAA released into the environment through cellular
lysis (Pernil et al., 2015; Main et al., 2018).

Under nitrogen (N)-deficient conditions, both non-N2-fixing and N2-fixing cyanobacteria
can synthesize BMAA (Monteiro et al., 2017). However, the non-N»-fixing cyanobacteria are
expected to produce more BMAA than N»-fixing cyanobacteria in N-limited environments (Scott
etal., 2014, Downing et al., 2011; Downing et al., 2012; Monteiro et al., 2017; Popova et al.,
2018). N concentrations of 0-40 uM in the form of NH4 and NOg triggers BMAA production in
the non-N2-fixing cyanobacteria when they growing in a bloom and laboratory cultures (Table
2.1). In addition to de novo BMAA biosynthesis, cyanobacteria can absorb exgeneous BMAA
from the environment (Berntzon et al., 2013; Downing et al., 2011). Absorbed BMAA could be
biodegraded within the cell, or it could be re-released into the environment after cell death and
lysis. In laboratory cultures, cyanobacteria populations are viable for about 30 days (Nizan and
Shilo, 1986), but the generation time could be as short as 7 days in CyanoHABs during summer
months (Bidle and Falkowski, 2004) or as long as 90 days in biological soil crusts (Mugnai et al.,
2018). Apoptosis, necrosis and senescence are the main forms of cell death (Bidle and
Falkowski, 2004), followed by lysis of the plasma membrane by viral, enzymatic or osmotic
mechanisms. Abiotic stressors that induce cellular lysis include nutrient stress due to excess /
deficiency of phosphorus or iron (Bidle 2016; Berman et al, 2004; Popova et al., 2018), salt
stress (Ning et al., 2002), high light stress (Berman et al., 2007) and oxidative stress (Ross et al.,
2006). In addition, biotic stress due to viral and bacteriophage infections, as well as predation
from animal-like protists, flagellates and other microbiota, cause cellular lysis (Haraldsson et al.,

2018).
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Table 2.1: Production of B-N-methylamino-L-alanine (BMAA) by non-N2-fixing cyanobacteria
in laboratory cultures as influenced by nitrogen.

Species Nitrogen Nitrogen exposure BMAA concentration Reference
source (uM) (ng/g cells (dry weight))
1.8x10° uM NaNOs ND?
Synechocystis  NaNOs bThe peak area of LC/MS
J34l 0 detection of BMAA is
6
1.5x10 (Scott et al., 2014)
- ®The peak area of LC/MS (Downing et al.,
0 detection of BMAA is 2011)
Microcystis 1.2x10°
PCCT808 NH4CI 1000 uM NH4CI ND?
NaNOs3 1000 uM NaNO3 ND?
1.76x10% uM NaNO3 ND?
Microcystis NaNOs3 3 a
aeruginosa 17.6x10°uM NaNOs ND (Fan et al., 2015)
52.8x10° uM NaNOs ND?
Microcystis - ~0 uM Combined nitrogen 252
aeruginosa
bloom Nitrate 40 uM Combined nitrogen 34 (Scottetal., 2014)
Nitrite :
Ammonia >40 uM Combined ND?
nitrogen

ND? = not detectable; ® Peak area, as BMAA concentration was not quantified by the authors.
2.3.2. Ecophysiological role of BMAA

Since there is an energetic cost to synthesize all cyanotoxins, including BMAA, there must
be an evolutionary advantage for cyanobacteria that retained BMAA biosynthesis capacity. This
molecule may ensure the organism’s functional niche (ecological advantage) or improve its
fitness (physiological efficiency). Based on the literature, we suggest three ecological roles and
two physiological roles of BMAA for cyanobacteria (Figure 2.1). Other ecophysiological

functions of BMAA may be discovered in the future.

70



a -
Interspecific b q; c
Gon vakition Signal Molecule Pam:i(':,gtor
. @
N « N
A *
W %gs ’ g
e P
N
Nitrogen
deficit
o™ . L
(Y)( @
\ ) o 1
Ecology
Physiology d
N Nitrogen Metabolism Photosynthesis Regulation
,‘/ @
N 0 N N
 »
N N O N
@ .Nitrogen N N ©) N
deficit N
ntense
N light Nitrogen
deficit
(0] EE
el
HSc\N/\HJ\OH . — @ » Q)
H N =
NH, .
1 ° v
N N
HBC\”%OH @ i 0
e - B
Nutrients= ATP
beta-methylamino-  potq Nmethylaminopyruvate N Nitrogen & Cyanobacteria @ Non-Nitrogen-Fixing Cyanobacteria

L-alanineo(BMAA) by

o
H.
H;C\u/j‘)‘\w °C\N/\HJ\OH
H
IHy ®

in cyanobacteria.

(0¥ Nitrogen-Fixing Cyanobacteria
J Glutamine Oxoglutarate Aminotransferase (GOGAT)

@ Ammonium nitrogen

Cell Lysis

Figure 2.1: Proposed ecological and physiological roles of b-N-methylamino-L-alanine (BMAA)

Interspecific Competition. N availabilty plays a critical role in the production of BMAA by
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cyanobacteria (Downing et al., 2011; Monteiro et al., 2017). When the available nitrate
concentration falls below 0.3 to 0.4 uM, N2-fixing cyanobacteria initiate the N2 fixing reaction,
which is energetically costly, requiring 18 molecules of ATP and 8 low-potential electrons per
molecule of N fixed (Canfield, Glazer et al. 2010). This metabolic process requires P for energy
and several elements (Fe, Mo, S, O) to build the electron-donating iron-molybdenum cofactor in

nitrogenase, thereby depleting these essential nutrients from the environment.



Under N-deficient conditions, both non-N2-fixing and N2-fixing cyanobacteria can
synthesize BMAA (Cox et al., 2005; Main et al., 2018; Monteiro et al., 2018; Rodgers et al.,
2018; Violi et al., 2019). However, the non-N2-fixing cyanobacteria are expected to produce
more BMAA than N2-fixing cyanobacteria in N-limited environments. This statement is
consistent with the observation that the non-N2-fixing Microcystis aeruginosa had >7 times
higher BMAA concentration in a reservoir with ~1 uM NO3 than when the environment
contained 40 uM NOs (Scott et al., 2014). Furthermore, N deprivation induced higher BMAA
production in Synechocystis and Microcystis (non-N2-fixing cyanobacteria) in laboratory
experiments (Downing et al., 2011, Downing et al., 2012, Popova al., 2018). In contrast, there
was 4-fold less BMAA produced by Nostoc sp. (N2-fixing cyanobacteria) in a N-free cultures
than in N-containing medium (the actual N concentration in the culture media is not reported in
the paper) (Monteiro et al., 2017). Together, these reports suggest that non-N»-fixing
cyanobacteria are the dominant BMAA producers in N-deficient conditions.

The BMAA produced by non-N2-fixing cyanobacteria under N starvation could be uptaken
by N2-fixing cyanobacteria and inhibit their nitrogenase activity, thus altering the competition
interactions among non-N»-fixing and N2-fixing cyanobacteria (Berntzon et al., 2013; Popova et
al., 2018). For example, non-N2-fixing Microcystis outcompeted the N2-fixing Aphanizomenon
when the soluble N concentration was 0.5 to 2 mg N /L in the freshwater Lake Mendota, located
in Wisconsin, USA (Beversdorf et al., 2013). The competitive advantage permitted the non-Na-
fixing Microcystis population to increase from 103 cells /mL to 106 cells /mL, while the
population of N2-fixing Aphanizomenon declined from 108 cells /mL to 10° cells /mL from July
to September (Beversdorf et al., 2013). Although these authors did not evaluate BMAA

production by the Microcystis population, we posit that if the non-N»-fixing cyanobacteria
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produced BMAA, it could have two benefits for their population. First, BMAA production kills
some of the N2-fixing cyanobacteria and nutrients released from their lysed cells can be recycled
by the non-N2-fixing cyanobacteria population. Second, BMAA blocks nitrogenase activity and
constrains the growth of N»-fixing cyanobacteria, thereby reducing their population size and
liberating resources such as space and oxygen needed by the non-N2-fixing cyanobacteria
population.

We also know that N»-fixing cyanobacteria produce BMAA and can have a high BMAA
concentration in laboratory cultures and CyanoHABs (Cox et al., 2005; Main et al., 2018).
However, we do not know whether the high BMAA concentration in N-fixing cyanobacteria is
due to in vivo synthesis of the molecule, or whether the BMAA was originally produced by
another organism and assimilated by the N»-fixing cyanobacteria population. How environmental
conditions, particularly N availability, affect BMAA production by N»-fixing cyanobacteria, still
remains to be understood. We believe that cyanobacteria have physiological adaptations that
allow them to bioaccumulate and sequester BMAA of which concentration is under threshold
level (no documented specific threshold value) in its organelles, to avoid toxic effects. This
possibility offers hope for the development of genetic and biochemical therapies to treat humans
and mammals exposed to BMAA. It could also explain the co-existance of non-N»-fixing and
N»-fixing cyanobacteria in freshwater environments, despite the ability of both groups to produce
lethal BMAA.. Doubtless, each group has adapted to the selective pressure of the BMAA
molecule and developed strategies to maintain their functional niche after millenia of co-
evolution.

Signal Molecule. BMAA has chemical characteristics that are analagous to other signal

molecules produced by prokaryotes such as high hydrophibility (LogKow =-4.00), molecular
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weight of 118 Da and diffusion coefficient of 0.78 (Defra 2008 and Diaz-Parga et al. 2018).
Most cyanobacteria taxa seem to produce BMAA, and it is postulated to be a signal molecule
responsible for communication among cyanobacteria species (Cox et al., 2005). Other non-
protein amino acids that are chemically similar to BMAA, such as y-Aminobutyric acid
(GABA), accumulate rapidly in plants under stress and initiate defense pathways against drought
and insect herbivory (Bown and Shelp, 2016). If BMAA is a GABA analogue, it may regulate
the cyanobacteria metabolism in response to stress or be an adaptive response to mitigate stress,
but this still remains to be determined.

PCD (Programmed Cell Death) Participator. Like other prokaryotes, cyanobacteria
initiate PCD under stressful environmental conditions. The genetic basis for PCD are the
metacaspases, which initiate targeted protein degradation in the apoptotic PCD pathways with
high catalytic efficiencies and strict substrate specificities (Asplund et al., 2016). Phylogenetic
analysis of N2-fixing cyanobacteria with 16S RNA analysis revealed metacaspase orthologues,
which suggests that cyanobacteria initiate PCD when they encounter stressful conditions (Bidle
and Falkowski, 2004; Bar-Zeev et al., 2013; He et al., 2016; Ross et al., 2006). The presence of
exogenous BMAA is an indication that cyanobacteria cells are dying and being lysed by abiotic
and biotic stressors, described in section 2.1 (Bishop et al., 2018; Monteiro et al., 2016). Thus, an
increase in exogenous BMAA concentration could induce the expression of metacaspase genes
and initiate PCD as a negative feedback to control the size of cyanobacteria populations.

Nitrogen Metabolism. As described previously, BMAA biosynthesis is associated with
cellular N stress (Holtcamp 2012; Popova et al., 2018; Downing et al., 2011). Cultures grown
under N starvation conditions (< 10 uM) may produce BMAA to initiate the ionotropic

glutamate receptors (iGLURS) and thus activate glutamate receptor cation (Ca2*) channels, which

74



controls Ca** movement and maintains the integrity of cellular membranes (Berntzon et al.,
2013; Brenner et al., 2000). Another possible role for BMAA is to initiate the incorporation of
Ca?* into the carbon skeleton of 2-oxoglutarate after enzymatic reduction (Chang et al., 2015).
Although it seems counter-intuitive to use limited N resources to synthesize a non-protein amino
acid like BMAA, there is evidence that the primary amino-N group in BMAA can be
redistributed to glumate and glutamine via transamination of the enzyme glutamine synthetase-
glutamine oxoglutarate aminotransferase (GOGAT) (Martin et al., 2000; Downing et al., 2011).
Therefore, BMAA has important physiological functions that maintain the integrity of
cyanobacteria cells under N starvation conditions, and mechanisms to reassimilate the amino-N
portions of the molecule once the protective glutamate pathways are initiated.

Photosynthesis Regulation. Cyanobacteria are photosynthetic organisms that must protect
their photosynthetic apparatus from damage by photooxidation, and this could be assisted by the
BMAA molecule. First, BMAA acts as a glutamate receptor agonist that alters the cell membrane
potential of the model plant Arabidopsis, thus affecting the light signal transduction (Brenner et
al., 2000). The glutamate receptor of Arabidopsis is highly homologous with the same receptor
in the cyanobacteria Synechocystis sp. (Chen et al., 1999). It is thought that BMAA regulates
oxygenic photosynthesis by blocking light signal transduction to protect cyanobacteria from
oxidative damage when photosynthesis occurs under high light intensity and limited N
availability (Downing et al., 2015). Second, BMAA might regulate chlorophyll a activity to
avoid its photooxidation. Since BMAA is produced under N starvation conditions that induce
chlorosis and the degradation of photosynthetic pigments, it would be logical for BMAA to

protect pigments used in the xanthophyll cycle to dissipate light radiation before it damages the
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chloroplast, or to inhibit the activity of chlorophyll a, as proposed by Downing et al. (2012) and
Berntzon et al. (2013).
2.4. Contribution of agricultural nutrients to BMAA production in freshwater
environments

Virtually every CyanoHABS in a freshwater environment is associated with elevated nutrient
concentrations in the waterbody. The exponential growth that is characteristic of an algal bloom
will not occur if the cyanobacteria are lacking in phosphorus (< 0.2 mg total P/L) and N (< 0.8
mg total N/L) (Paerl et al., 2011; Xu, H., et al., 2014; Schindler et al., 2008). Nitrogen may
originate from biogeochemical cycling within the aquatic system, but also enters as runoff from
upstream terrestrial environments, intrusion of N-rich groundwater and via atmospheric
deposition (Gruber and Galloway, 2008; Elser and Bennett, 2011). As an example, we critically
review the specific case of the eleventh-largest freshwater lake (by area) in the world, Lake
Winnipeg in Manitoba, Canada. In Lake Winnipeg, the total N budget is 96, 000 ton/yr, where
29% of N comes from in-lake processes and the remaining 71% is derived from sources outside
the aquatic system (Board, 2006). At least 49% of the exogeneous N is delivered in runoff from
the surrounding agricultural land (Rattan et al., 2017). Agricultural runoff is responsible for N
levels of up to 18.5 mg total N/L and phophorous levels as high as 4 mg total P/L, which
simulate and sustain the high-biomass bloom in excess of 20 pg cells /L in Lake Winnipeg
(Rattan et al., 2017; Paerl et al., 2011; Hamilton et al., 2016; Michalak et al., 2013). Agricultural
activities contribute to nutrient loading because fertilizer, manure and other nutrient-rich
materials applied for crop production release dissolved and particulate-associated nutrients that
are susceptible to transport from farm fields (Li et al., 2018; Castellano et al., 2019; Whalen et

al., 2019). However, the N transfer from agroecosystems to downstream rivers and lakes is
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seasonally variable because it is influenced by climatic conditions, hydrologic processes within
the watershed and agricultural management. Dissolved and particulate nutrients are readily
transported during snowmelt in spring, and after rainfall events in the early growing season that
have enough intensity and/or duration to generate overland flow from fertilized agroecosystems
to waterbodies, and these nutrient sources are associated with the emergence and exponential
growth phases in CyanoHABs (Schneider et al., 2019; Zhang et al., 2012a; Smith et al., 2007).
Nutrient transfers decline during late summer to late fall because of rainfall is more sporatic at
this time of year, so agricultural fields are drier and receiving little or no fertilizer as crops
mature and are harvested. The late summer to late fall period is a time when CyanoHABS go into
decline and collapse (Reichwaldt and Ghadouani, 2012).

The dynamics of CyanoHABs depend on many factors, including N loading from
agroecosystems, but we hypothesize that relationships exist between the CyanoHABs growth
phase, BMAA concentration and N loading in Lake Winnipeg. It is known that BMAA was
produced throughout the CyanoHABs forming season. From emergence to the bloom phase, the
BMAA concentration ranged from undetectable to low, and this increased approximately 20-fold
to as much as 306 ug BMAA/L during the decline and collapse phases, in late fall (Pip et al.,
2016; Bishop et al., 2018; Main et al., 2018; Zguna et al., 2019). We posit that agricultural runoff
triggers BMAA production because it influences the N entering the lake at different phases of
bloom. We can evaluate these relationships in Lake Winnipeg because data exists on the
temporal variation in BMAA production and CyanoHABS, as well as the origin of N loading into
this lake Winnipeg. The next sections discuss the known and hypothesized connections between

the recurrent CyanoHABs in Lake Winnipeg and agricultural activities in its 982,900 km?
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watershed, which includes three US states (North Dakota, South Dakota and Minnesota) and four
Canadian provinces (Alberta, Saskatchewan, Ontario and Manitoba).
2.4.1. Lake Winnipeg, a freshwater lake where BMAA is produced by CyanoHABs

Detection of BMAA production in CyanoHABs was reported in British freshwater lakes and
brackish waterbodies (Metcalf et al., 2008), the Baltic Sea (Jonasson et al., 2010), several
freshwater environments in South Floria (Brand et al., 2010), Lake Taihu, China (Jiao et al.,
2014), Lake Houston, the US (Holtcamp, 2012), Thau lagoon, French Mediterranean Sea
(Reveillon et al., 2015) and Lake Winnipeg, Canada (Bishop et al., 2018; Pip et al., 2016). The
specific example of Lake Winnipeg, Canada is compelling because this freshwater environment
has experienced regular CyanoHABs since the late 1990s due to anthropogenic forces, primarily
agricultural activities.

Lake Winnipeg is located in the cold humid temperate region of Manitoba, Canada and
covers an area of 24,514 km?, with two distinct basins, the South basin and the North basin
(Wassenaar and Rao, 2012; Zhang et al., 2012b). The CyanoHABsS in this lake often cover
thousands of square kilometers (Benoy et al., 2016). From 2002-2011, extensive blooms covered
as much as 93% of the lake surface (Zhang et al., 2012b; Binding, 2018). This represents a 5-fold
increase in nuisance blooms of heterocystous cyanobacteria from the 1990s (Wassenaar and
Rao., 2012).

In 2016, BMAA was present in about 25% of CyanoHABs in Lake Winnipeg (Bishop et al.,
2018; Pip et al., 2016). Temporally, the BMAA production occurrred during the cyanobacterial
bloom forming-season from early summer to late fall. We do not know what cyanobacteria are
responsible for BMAA production in Lake Winnipeg, but BMAA could be associated with the

toxic non-N2-fixing cyanobacteria, such as Planktothrix and Microcystis. In the past decade,
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these genera have emerged as co-dominant populations together with the N2-fixing cyanobacteria
Aphanizomenon and Dolichospermum, which historically dominated the CyanoHABSs. This
widespread community-level change in CyanoHABS is attributed to the elevated N and
phosphorus concentrations in lakes (Kling et al., 2011; McKindles et al., 2019). Furthermore,
phosphorus-rich lakes that receive exogenous N inputs can see a 500% increase in cyanobacteria
production and toxicity (Leavitt et al., 2006; Donald et al., 2011; Vogt et al., 2017). Therefore,
temporal variation in BMAA production may be due to the emergence of toxic non-N»-fixing
cyanobacteria within the CyanoHABs (Pip et al., 2016), but a simpler explanation may be that
BMAA production in this lake is responding to N availability, a major driver of BMAA
production in controlled studies.
2.4.2. Lake Winnipeg, a freshwater lake where BMAA production is associated with
agricultural nutrient loading

Lake Winnipeg’s biggest problem stems from its large watershed, the high drainage to
surface area ratio about 40 and the change in surrounding land use (Board, 2006; Benoy et al.,
2016). Agriculture expansion occurred throughout the 20" century, particularly in the southern
region of the Lake Winnipeg watershed. From 1990 to 2010, there was an intensification of hog
production, more annual crop production and overall increase in livestock density (Bunting et al.,
2011; Liu et al., 2014). At the same time, much of the post-glacial terrain was systematically
drained through the creation of surface ditches and channels to accelerate drainage on
agricultural land in southern Manitoba (Rattan et al., 2017). This also involved filling or draining
wetlands to expand agricultural production (Schindler et al., 2012). The SPAtially Referenced
Regressions on Watershed attributes (SPARROW) model indicates that about 65% of the total

phosphorus load and approximately 75% of the total N load entering Lake Winnipeg originated
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from agricultural sources (Benoy et al., 2016). Approximately 7900 t phosphorus /year and 96
000 t N /year enter the watershed, primarily during snowmelt and spring runoff events
(McCullough et al., 2012; Schindler et al., 2012).

The N concentration in Lake Winnipeg varies seasonally and corresponds to the loading
pattern of agricultural nutrients (Schindler et al., 2012; Bunting et al., 2016). The highest N
concentrations are recorded in late spring and summer months (Mayer and Wassenaar, 2012;
Soto et al., 2019). From late summer to fall, nutrient loading from agricultural land is limited
because fertilizer is not applied at the pre/post-harvest stage and there are few rainfall events that
could induce N loss from the agroecosystem. During development of the cyanobactrial bloom,
the in-lake N concentration declines to <0.1 mg total N /L in late autumn (Mayer and Wassenaar,
2012; Pip et al., 2016). Furthermore, there is spatial variability in the NOs concentrations of Lake
Winnipeg. The South basin receives about 69% more of the N load than the North basin in April
and May, prior to the emergence and bloom phases of CyanoHABSs (Environment and Climate
Change Canada (2016)). By early July, the South basin becomes dominated by several non-N.-
fixing Microcystis and Planktothrix (Kling et al., 2011; McKindles et al., 2019). In an average
flow year, nutrients in South basin reach North basin after two or three months, in time to
support the bloom that peak in summer in both basins (Zhang et al., 2012b; Binding et al., 2016).
Consequently, the non-N2-fixing cyanobacteria begin to experience N starvation during late
summer and autumn in both basins (Bishop et al., 2018; Orihel et al., 2012). In-lake N dynamics
are negatively related to BMAA concentration (Pip et al., 2016; Pick 2016; Vo Duy et al., 2019),
and is expected to be lowest in the early summer (bloom emergence) and increasing from
summer to autumn, with the peak BMAA concentration occurring just before bloom collapse

(Figure 2.2). Overall, the allochthonous agricultural nutrients may trigger BMAA production by
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influencing the composition of potentially toxic cyanobacteria species and nitrogen level in Lake

Winnipeg.
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Figure 2.2: Hypothesized relationship among available nitrogen concentration, cyanobacteria

biomass and b-N-methylamino-L-alanine (BMAA) production (a) and relationship between

BMAA production and development of cyanobacterial harmful algal blooms composed of the

non-N2-fixing cyanobacteria and N2-fixing cyanobacteria in the North basin and South

basin of Lake Winnipeg, Canada (based on CyanoHABs dynamics reported by Manitoba

Sustainable Development and Environment and Climate Change Canada (2012, 2016) (b).

2.5. Controlling nutrients in agricultural fields to reduce human health risks from BMAA

production in CyanoHABSs

Detection of BMAA in freshwater lakes, many of which are drinking water sources, is an

emerging public health issue (Craighead et al., 2009; Esterhuizen and Downing et al., 2008).
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Compared to other environmental sources, the BMAA concentration in freshwater lakes is high
and represents an important exposure pathway (Table 2.2). Spatial analysis of Amyotrophic
lateral sclerosis cases and lakes with a history of cyanobacterial blooms in New Hampshire
revealed that people living within 1 km of cyanobacteria-contaminated lakes had a 2.3 times
greater risk of developing Amyotrophic lateral sclerosis, and inhabitants of Lake Mascoma had
up to 25 times greater risk of Amyotrophic lateral sclerosis than the general population (Caller et
al., 2009). Relatively low exposure to BMAA is damaging, based on in vitro studies showing
that BMAA causes selective motor neuron demise at concentrations as low as 30 uM (Rao et al.,
2006) and damages motor neurons at concentrations of 10 uM (Lobner et al., 2007). Still,
BMAA needs to be understood as a chronic neurotoxin because it binds with proteins and has a
long latency period before the proteins degrade and slowly release free BMAA into human brain
tissues (Holtcamp, 2012). The public health risk from long-term exposure to BMAA in

freshwater environments should not be underestimated.
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Table 2.2: Human exposure pathways to environmental sources of 3-N-methylamino-L-alanine

(BMAA).

Concentration (ug/g

Concentration

Exposure Environmental source Sampling location DW) (ug/ L water) Reference
pathway
Cycad flour Guam, USA 40-169 - (Cheng and Banack, 2009)
Shark fin South Florida 144 -1836 - (Mondo et al., 2012)
S_hark cartilage South Florida 86-265 - (Mondo et al., 2012)
dietary supplements
Fa cai Nostoc soup China aND-0.7 - (Roney et al., 2009)
. . Pacific/Hawaii/
Ingestion Algae dietary supplements Klamath Lake Detectable - (Roy-Lachapelle et al., 2017)
Spirulina natural health products Healthg;)rc]);jdztore n 0.01-0.74 - (Faassen et al., 2009)
Spirulina powder from commercial ) i
raw ingredient producers N/A 0.01-0.07 (Baker et al., 2018)
Aphanizomenon flosaquae dietary Klamath Lake ~0.04 - (Roy-Lachapelle et al., 2017)
supplements
. . . . (Cox et al., 2009; Richer et al., 2015;
Inhalation Biological crust Gulf region/Qatar Detectable Metcalf et al., 2015)
Nebraska lakes - 1.8~245 (Al-Sammak et al., 2014)
Water Lake Winnipeg .
Canada - ~1.0 (Pip et al., 2016)
. Lake Winnipeg _ ) .
Cyanobacteria Canada 41~225 (Bishop et al., 2018)
Baltic Sea 0.001 ~0.015 - (Jonasson et al., 2010)
Freshwater . .
. (Esterhuizen and Downing, 2008)
Oral/dermal impoundments 0~ 2757 - . ;
contact (Southern Africa) (Esterhuizen and Downing, 2008)
Lake Taihu, China 20~71 - (Jiao et al., 2014)
Portuguese estuaries 0.04 ~ 63 - (Cervantes et al., 2012)
Multiple water bodies AN ) (Main et al., 2018)
(Eastern Australia) ND-~ 47.26 (Main et al., 2018)
Urban waters Dutch Maximum 42 - (Faassen et al., 2009)
(cyanobacteria bloom)
Untreated water (Drinking water British waterbodies Maximum 48 Maximum 231 (Metcalf et al., 2008)

reservior)

aND = not detectable; LDso=10 pg /L (fish larvae Danio rerio); 1500~5000 pg /L (brine shrimps Artemia salina); 5000 pg /L
(the ciliate Nassula Sorex); EDso= 1430 to 1604 uM (human neurons).

2.5.1. Managing agricultural nutrients to prevent CyanoHABs and the associated BMAA

production

Since BMAA production occurs during the CyanoHABSs collapse phase, and is fueled by N

availability during the entire bloom, the most efficient way to eliminate BMAA production in

freshwater environments is to prevent CyanoHABSs. This will involve preventative measures
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from multiple anthropogenic actors that contribute to N loading into vulnerable watersheds, due
to the influence of N availability on cyanobacteria species succession and CyanoHABs collapse
(Figure 2.3). Agricultural best management practices that control the diffuse sources of nitrogen
and phosphorus will be critical, and these focus on controlling the transport processes and
sources of excess nutrients. As illustrated in Figure 2.3, interventions that enhance natural
attenuation processes in water and solute transport pathways, as well as those that constrain the
rate and time that N and phosphorus are applied to agricultural fields, are two critical ways to
reduce N loading to freshwater bodies (Hamilton et al., 2016). End-of-field treatments with
buffer strips, bioreactors and wetland restoration should be implemented to slow hydrologic
processes and capture nutrients before they enter the freshwater system. Precision agriculture
approaches that combine remote sensing with judicious fertilizer use should prove effective in
delivering N, phosphorus and other nutrients to agricultural fields in the quantities needed by
crops during the growing season. Fall fertilization should be strongly discouraged since crop
nutrient demand is low in autumn and the residual nutrients are susceptible to loss during winter
and early spring, when most of the agricultural runoff occurs in cold humid temperate regions of
the world. In the short-term, we cautiously suggest that one strategy to reduce BMAA production
could be to avoid N starvation of the non-N2-fixing cyanobacteria. This would be accomplished
by inhibiting the growth and biomass accumulation of cyanobacteria by controlling the P input,
and adding N to prevent the de novo BMAA production by the N limited non-N2-fixing
cyanobacteria (Figure 2.3). This possibility needs to be verified experimentally before attempting
any intervention in freshwater bodies, as it is probably too simplistic to assume that N

concentrations in the lake are the sole trigger of BMAA production in CyanoHABS.
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Figure 2.3: Agricultural best management practices with potential to reduce B-N-methylamino-L-

alanine (BMAA) production by cyanobacterial harmful algal bloom.

2.6. Conclusion

This synthesis suggests reasons why cyanobacteria have evolved BMAA biosynthesis as a

cellular function, and the environmental stimuli that induces BMAA production. For non-Na-

fixing cyanobacteria populations, BMAA production gives them a competitive strategy and

guarantees their co-existence with N2-fixing cyanobacteria. Seasonal nutrient loading from

agricultural lands triggers and increases the production of BMAA by increasing the biomass of

toxic cyanobacteria and altering the N availability in the freshwater environment. However, most

of current understanding about BMAA production in cyanobacteria is still based on controlled

laboratory work. Most field studies did not monitor the relationship between N availability and

BMAA production, which makes it difficult to compare the lab and field work. Long-term

monitoring is needed to confirm the relationship between agricultural nutrients, CyanoHABSs and

BMAA production. For instance, it is of utmost importance to identify the role of N availability
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on BMAA production and release into freshwater environments. Understanding the patterns of N
loading from agricultural land along with the change in BMAA concentration, cyanobacterial
community dynamics and toxicity will eventually lead to more efficient agricultural management
plans for preventing BMAA. Dual control on phosphorus and N inputs from agricultural land, as
well as measures to limit the N recycling in freshwater could be the optimal strategies to inhibit
the growth of toxic cyanobacterial strains and control BMAA production.

BMAA is associated with acute and chronic neurotoxicity in humans leading to disorders in
the Amyotrophic lateral sclerosis/Parkinsonism dementia complex that are costly and
burdensome for individuals, families and the health care profession. Reducing human health risk
from BMAA production in CyanoHABSs will require close collaboration between biochemists,
hydrologists, ecologists, agronomists and policy makers to deal with this global problem. Public
health officials need to be concerned about the fact that BMAA is produced in CyanoHABS,
which are occurring more frequently, with longer duration and larger size, due to global warming
and more anthropogenic nutrient loading in waterways around the world (Merel et al., 2013;
Reichwaldt and Ghadouani, 2012). Part of the solution will be more aggressive strategies to stop
agricultural nutrient loading in lakes. Policies that clearly state the responsibilities of various
stakeholders are needed, as well as financial commitments from governments and citizens to
manage eutrophic watersheds. We need to use our knowledge of cyanobacteria biology to control
their populations and to prevent CyanoHABs that will normally result in BMAA production to

preserve the freshwater environments that are critically connected to our long-term public health.
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FORWARD TO CHAPTER 3

In Chapter 2, | explained that cyanotoxin production in cyanobacterial blooms of
agricultural watersheds responds to nutrient inputs and other environmental factors. However, |
suspected that cyanobacterial blooms are not the only source of cyanotoxins in agricultural
watersheds. Cyanotoxins in surface water could be transferred to groundwater through
hydrologic processes. Furthermore, metabolically active cyanobacteria exist in the vadose zone
and in aquifers, and are another potential source of cyanotoxins in groundwater. Therefore, |
hypothesized that cyanotoxins will be presented in the vadose zone (soil and drainage water
from the soil profile) and in groundwater collected from the aquifer in agricultural watersheds,

which | discuss in Chapter 3.
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CHAPTER 3

Quantitative screening for cyanotoxins in soil and groundwater of agricultural watersheds
in Quebec, Canada
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3.1. Abstract

Cyanotoxins, as secondary metabolites of cyanobacteria, are highly toxic to humans,
animals and plants. The human health risk from cyanotoxins must not be underestimated.
Among the cyanotoxins we investigated are hepatotoxic peptides of microcystins and
cylindrospermopsins are associated with acute and chronic liver damage, while the chronic
exposure to neurotoxic anatoxin-a, saxitoxins and beta-N-methylamino-L-alanine increase the
risk of human neurodegenerative diseases. Cyanobacterial blooms are ‘hot spots’ for cyanotoxin
production, but we hypothesize that cyanotoxins will be presented in multiple ecological
compartments of agricultural watersheds. To test this hypothesis, we detect cyanotoxins in the
vadose zone (soil and drainage water from the soil profile) and in groundwater used as drinking
water of agriculutral watersheds. Cyanotoxins detection was confirmed with enzyme-linked
immunosorbent assay kits and ultra-high liquid chromatography with tandem mass
spectrometry. This work confirms that freshwater lakes are one of many ‘hot spots’ for

cyanotoxin production. It is an alarmto find microcystins in the vadose zone and in drinking
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water sourced from groundwater in agricultural watersheds. This suggests that cyanotoxins may
be transferred from cyanobacterial blooms in lakes to groundwater through normal hydrologic
processes. Public health authorities need to be alert to cyanotoxins in drinking water supplies, to
implement proper monitoring and treatment protocols that protect citizens from this potential

health hazard.

Keywords: Cyanotoxins; Microcystin; Anatoxin-a; Groundwater; ELISA and LC-MS/MS;

Agricultural watersheds

3.2. Introducution

Cyanobacteria are ubiquitous in aquatic and terrestrial environments, and the largest
populations are present at the surface where there is ample light to support photosynthesis, the
main source of energy and carbon for these autotrophs. Aquatic cyanobacteria can number as
many as 200 million cells per cm® in the surface water, whereas soil can support 5.2 million to
51 million cyanobacteria cells per cm? in agroecosystems of humid temperate regions (Whitman
et al., 1998). Still, cyanobacteria are known to be bioactive in subsurface soil, aquifers and
groundwater, because they can consume hydrogen gas and produce energy in the dark, a trait
developed by their non-photosynthetic ancestors (Puente-Sanchez et al., 2018). Since their
appearance on Earth about 3.2 to 3.5 billion years ago, cyanobacteria evolved many survival
strategies. One of these strategies is to produce secondary metabolites — cyanotoxins — in
response to ecophysiological cues related to nitrogen and carbon metabolism, photosynthesis
regulation, quorum sensing and competition with other organisms (Zhang and Whalen 2020).
Cyanotoxin production is usually associated with harmful cyanobacterial blooms in eutrophic
surface water, and these compounds are toxic to plants, animals and humans. The human health

risk from cyanotoxins must not be underestimated. These compounds include hepatotoxic
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peptides of microcystins and cylindrospermopsins that are associated with acute and chronic
liver damage, the neurotoxic anatoxin-a and saxitoxins, as well as beta-N-methylamino-L-
alanine, to which chronic exposure can increase the risk of human neurodegenerative diseases

(Huisman et al., 2018).

There is growing evidence that cyanotoxins are present in many environments, besides
eutrophic waterbodies (Corbel et al., 2014). Cyanotoxins in surface water could be transferred
from surface water to groundwater through hydrologic processes, resulting in well water
contamination (Mohamed and Al Shehri 2009; Yang et al., 2016). Metabolically active
cyanobacteria exist in the vadose zone and in aquifers (Puente-Sanchez et al., 2018), another
potential source of cyanotoxins in groundwater. Therefore, we hypothesize that cyanotoxins will
be presented in the vadose zone (soil and drainage water from the soil profile) and in
groundwater collected from the aquifer of agricultural watersheds. To test this hypothesis, we
evaluated the presence of cyanotoxins in agricultural watersheds. The following cyanotoxins
were selected for evaluation: microcystins, cylindrospermopsin, anatoxin-a, saxitoxins and beta-
N-methylamino-L-alanine. The sampling program included three ecosystem components: 1)
agricultural soils, 2) subsurface drainage water from agricultural fields, and 3) drinking water

sourced from groundwater wells in an agricultural watershed in south-central Quebec, Canada
(Fig.1).

3.3. Materials and methods

3.3.1. Watershed characteristics for agricultural soil and drainage water samples
Petit-lac-St-Francois, located in St-Frangois-Xavier-de-Brompton, Quebec, Canada (45.5°N,

-72.1°W), is a hyper-eutrophic lake with total phosphorus concentration exceeding 0.3 mg L™

(Pick 2016). This lake and its watershed are located in a cold humid temperate region where the
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mean annual temperature is 5.6 °C and annual precipitation is 1147 mm (Canada 2014). Land
use in the watershed is predominately agricultural, and about 20% of the land is occupied by a
mixed temperate deciduous-coniferous forest. Soils from the studied agricultural fields are of the
Brompton stony loam series, a glacial till classified as a poorly drained Podzol soil. Soil,
subsurface drainage water and well water collected for this study came from a commercial dairy
farm that uses manure (dairy slurry) and supplemental inorganic fertilizers for crop nutrition, as
well as conventional tillage and agrochemicals (primarily herbicides) for pest control (Husk et
al. 2017). Due to the abundant precipitation in this region (>1000 mm per year), agricultural

fields are not irrigated with groundwater or surface water.

3.3.2. Sampling methods

3.3.2.1. Soil samples

Soil samples (Soils M1-M3) for cyanobacteria metagenomic analysis were collected on 11
October 2016. The composite soil samples (5 cores from 3 randomly-selected locations) were
taken at the 0—2 cm depth and at the 30 cm depth of the soil profile. We sampled three locations
on the farm: Sm1 was an agricultural field under corn (Zea mays L.), Sm2 was an agricultural field
under a mixed forage hay crop blend of 42% bromegrass (Bromus sp.), 37% alfalfa (Medicago
sativa), 13% timothy-grass (Phelum pratense) and 8% fescue (Festuca sp.), and Smzwas a
mixed temperate deciduous-coniferous forest adjacent to the agricultural fields. The DNA of
fresh soil samples was extracted upon arrival at the lab and the DNA extract was then stored at -

80 C prior to metagenomic analysis.

Soil samples (Soils A-E) for cyanotoxins determination were collected on 13 May 2018 and
13 October 2018. Four soil samples (Sa - Sp) were taken from the 0—15 cm (mineral soil) layer

of agricultural fields. Sa was from a soya (Glycine max L.) )wheat (Triticum spp.) rotation, Sg
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was a grass-based hayfield (dominated by Phleum pratense L.), Sc was a wheat (Triticum spp.)
field and Sp was from a corn (Zea mays L.)-wheat (Triticum spp.) rotation. The fifth soil sample
(Se) was collected from the organic soil horizon (“O” layer, 0~15 cm deep) of a mixed temperate
deciduous-coniferous forest adjacent to the agricultural fields. Soil samples were composites of
5 cores (~500 g soil) collected with a shovel, mixed homogenously and placed in a glass bottle
wrapped with aluminum foil. Each composite soil represented one of three random locations

(~1m?) within each field, for a total of 15 soil samples on each sampling date.
3.3.2.2. Subsurface drainage and well water samples

Drainage water (Water A-D) and well water samples were collected on the same dates: 13
May 2018, 13 October 2018, and on 22 May 2019. Drainage water was collected from each of
the agricultural fields by sequential sampling (3 times) of water flowing from the outlet of the
subsurface tile drainage line in each field described above. Each replicate drainage water sample
was placed in a glass container wrapped with aluminum foil. Well water (Wg) was collected
from the drinking water source for this farm, a residential artesian well. Samples were
transported in a cooler with ice. Within 2 h of collection, the samples were placed in a freezer at
-20C in the dark to prevent cyanotoxin degradation. To prevent the breakage of glass bottles,
we stored ~100 mL of water sample in a 250 mL bottle without tightening the cap and laid the

sample on its side in the freezer.
3.3.2.3. Municipal drinking water sourced from groundwater

Groundwater-sourced municipal drinking water in 16 municipalities was sampled six times
during a three-year period, during the late-autumn or early-winter months. The sampling dates

were 22 October 2014, 7 November 2014, 22 November 2014, 28 October 2015, 5 November
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2015 and 28 October 2016. All municipal drinking water samples were collected within a 6 h
period on each sampling date. We returned to the same sampling site, a point of consumption
within the drinking water distribution network, in each municipality on every sampling date.
Similar sampling, transport and storage methods were used as described for drainage water
samples in section 1.1. In the case of municipalities using chlorine treatment, 100 mg sodium

thiosulfate /L was added to quench the chlorine.

3.3.3. DNA extraction and metagenomic analysis of soils

Prokaryotic DNA was extracted from Smi—Swms using the DNeasy PowerMax soil kit
(QIAGEN Inc., Toronto, ON, Canada) according to manufacturer’s instructions. DNA extracts
were sequenced and prokaryotes were classified to the taxonomic order level by metagenomic
analysis at the National Research Council Canada, Energy, Mining and Environment laboratory
(Montreal, QC, Canada). Results were expressed by taxon and as the relative abundance of the
total prokaryotic and cyanobacterial populations (Figure 3.1).
3.3.4. Extraction of cyanotoxins from soil

Cyanotoxins were extracted from fresh soil samples (Sa—Sk), in triplicate. We set up two
groups, i.e., 1) field soil and 2) field soil spiked with cyanotoxins to test the recovery of
cyanotoxins. The solid phase extraction (SPE) process is expected to purify the target compound
from complex soil matrices, but the efficiency of SPE purification could vary with cyanotoxin
and soil types. Therefore, two soils were chosen for comparison testing of SPE efficiency: an
organic-poor soil (S1) and an organic-rich soil (S2).

In SPE efficiency test, microcystins were extracted using 75/25% methanol/water (v/v)
acidified with 0.1 M acetic acid and then purified by SPE using a hydrophilic-lipophilic balance

cartridge (6 mL, 200 mg, Phenomenex Inc., USA).The recovery of microcystins increased 27%
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with SPE purification versus non-SPE purification (details of the recovery test are presented in
section 5). Free Beta-N-methylamino-L-alanine was extracted by 0.1 M trichloroacetic acid
(Oasis mixed reversed phase-cation exchange cartridge, 3 mL, 60 mg, Waters Corporation,
USA). We did not detect beta-N-methylamino-L-alanine in S1 and S2 extracts without SPE
purification and obtained less than 10 % of recovery with SPE purification. Cylindrospermopsin
was extracted with 100% water without SPE purification and recoveries of 87% and 89% were
achieved. Acetonitrile-water-formic acid in a ratio of 80:19.9:0.1 was used to extract anatoxin-a.
Recovery of anatoxin-a decreased 12% with SPE purification (Strata™-X-strong cation
exchange cartridge, 6 mL, 200mg, Phenomenex Inc., USA) versus non-SPE purification. For
saxitoxin, 0.1M hydrochloric acid was the extractant. This toxin was not detected with SPE
purification (Strata™-X-strong cation exchange cartridge, 6 mL, 200mg, Phenomenex Inc.,
USA). As a result of the SPE efficiency test, we decided to use SPE purification for soil extracts
containing microcystins and beta-N-methylamino-L-alanine only.

For obtaining soil extracts, each solvent was tested on triplicate aliquots of S1 and S2, and
the proportions were 5 mL: 1 g of solvent:soil, extracted twice, for a total volume of 10 mL of
solvent. After blending the solvent:soil mixture for 0.5 min with a high-speed benchtop vortex
mixer (0—1000 g), the extraction was done for 20 min under ultrasonication in an ultrasonic bath.
After each extraction cycle, the mixture was centrifuged at 3000 g for 10 min, the supernatant
was removed and the soil was resuspended in solvent for the next extraction cycle.

3.3.5. Analytical methods to determine cyanotoxins concentration in soil and water samples

Soil extracts and water samples were filtered < 0.2 pm prior to enzyme-linked
immunosorbent assay (ELISA) analysis (Eurofins Abraxis LLC, Warminster, PA, USA) and

absorbance was measured at 450 nm with a microplate reader (Molecular Devices LLC, San
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Jose, CA, USA). Standard curves for microcystins and beta-N-methylamino-L-alanine were
prepared using the manufacturer’s evaluation program by plotting the %B/By (i.e., mean
absorbance for each standard, divided by the zero standard mean absorbance, reported as
percentage) on the linear y-axis against the microcystins and beta-N-methylamino-L-alanine
concentration on a logarithmic x-axis. Anatoxin-a, saxitoxin and cylindrospermopsin
concentrations were determined by a 4-parameter regression analysis.

We also evaluated the cyanotoxins concentration in water samples by ultraperformance
liquid chromatography-tandem mass spectrometry or high-resolution mass spectrometry, as
described by Duy et al. (Munoz et al., 2017; Duy et al., 2019; Roy-Lachapelle et al., 2019).
Water was filtered with Acrodisc® syringe filters GHP membrane (<0.2pum, Waters), and
matrix-matched calibration curves were used for quantification. For total microsystins analysis,
samples were submitted to Lemieux oxidation using potassium permanganate and sodium
metaperiodate, quenched with sodium bisulfite, filtered, and analyzed by on-line solid-phase
extraction (on-line SPE) coupled to LC-MS/MS (Thermo TSQ Quantiva). Quantification was
achieved using MMPB-d3 for internal standardization. For Anatoxin-a, cylindrospermopsin and
saxitoxins analysis, the method was adapted from Roy-Lachapelle et al. (Roy-Lachapelle et al.,
2019). Aliquots were spiked with CYN-!3Ns internal standard, and analyzed by on-line SPE
coupled to high-resolution mass spectrometry (Thermo Q-Exactive Orbitrap). For beta-N-
methylamino-L-alanine (BMAA) analysis, samples were derivatized with 9-fluorenylmethyl
chloroformate (FMOC chloride), analyzed by on-line SPE coupled to high-resolution mass
spectrometry (Thermo Q-Exactive Orbitrap) and quantified in relation to the BMAA-d3 internal

standard.
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Soil cyanotoxins were expressed on a ng/g soil (dry weight) basis and water-borne
cyanotoxins are presented in ng/ml. Concentrations of cyanotoxins that were below the lower
limit of the standard curve were considered below the limit of detection (< LOD). For evaluation
of precision and recovery, six water samples were divided into twelve aliquots, half of which
were used as blank samples and the other half were spiked with cyanotoxins. Furthermore, all
soil extracts (n=15) were divided into two aliquots, one being the blank and the other that was
spiked with cyanotoxins. The spiking solution contained 1 pg microcystins /L, 1 pg
cylindrospermopsin /L, 1 pg anatoxin-a /L, 0.02 pg saxitoxins /L and 100 pg beta-N-
methylamino-L-alanine /L. The concentration of cyanotoxins in blank samples and spiked

samples was determined and the recovery was calculated as follows:

Recovery (%) = 100 X SCS‘BNS Eq. (1)

where SC is the measured concentration of cyanotoxin, SB is the cyanotoxin concentration in
the spiked aliquot, and NS is the cyanotoxin concentration in the non-spiked aliquot (Zhang et

al., 2020). Recoveries of the studied cyanotoxins are presented in Figure S3.1.

3.4. Result and Discussions

Cyanobacteria live in agricultural soils from the study area, including genera in the orders
Chroococcales, Oscillatoriales and Nostocales that can produce microcystins,
cylindrospermopsin, anatoxin-a, saxitoxins and beta-N-methylamino-L-alanine (Figure 3.1 and
Table S3.1). Semi-quantitative ELISA detected microcystins and anatoxin-a in agricultural soils,
but not cylindrospermopsin, saxitoxin and beta-N-methylamino-L-alanine (Table 3.1, samples
Sa to Sp). The quantitative UPLC-MS/MS method did not detect any cyanotoxins in agricultural
soils. Microcystins were present in drainage water from agricultural fields, according to ELISA
and UPLC-MS/MS analyses (Table 3.1, samples Wa to Wp).
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Figure 3.1: The relative abundance (%) of cyanobacteria in SM1-SM3 samples (a) and the

proportions (%) of different orders of cyanobacteria (b).

Results for microcystins provide strong evidence of their presence in agricultural soil and
water samples, for three reasons: 1) both analytical methods detected microcystins; 2)
microcystins were present in soil and water samples from the same agroecosystems, and 3) we
used a reliable method to extract and quantify microcystins from soil samples (69%—116%
recovery). It is worth noting that the UPLC-MS/MS has a limit of detection ~10 times lower
than that reported for ELISA, that MS is much less prone to false positive and we therefore

assume LC-MS/MS to be more reliable. The ELISA method for microcystins is based on an
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indirect competitive approach, which involves a two-step binding to a primary antibody,
followed by binding with a labeled secondary antibody. This procedure is biased to give more
false positives due to non-specific cross-reaction with the secondary antibody. The UPLC-
MS/MS is more likely to be accurate because it combines the physical separation capabilities of
liquid chromatography with the mass analysis capabilities of mass spectrometry, which
distinguishes and identifies multiple components with high molecular specificity and detection

sensitivity (Duy et al., 2019).

Cylindrospermopsin, saxitoxins and beta-N-methylamino-L-alanine were detected on one
sampling date, and anatoxin-a was detected on three sampling dates by ELISA, but not by
UPLC-MS/MS on any sampling date (Table 3.1). Specifically, cylindrospermopsin and
saxitoxins were detected on a few occasions in drainage water samples, but mostly at limit of
detection levels by the ELISA method. Anatoxin-a was detected in both agricultural soil and
drainage water, in spring and fall samples by the ELISA method, of which concentrations were

greater in fall than spring (p = 0.05, Table 3.1).

Table 3.1: Cyanotoxins in water (agricultural drainage water, WA to WD; residential well water,
WE, ng/L) and soil (agricultural fields, Sa to Sp; forest, S, ng/kg), as determined by enzyme-
linked immunosorbent assays (ELISA) and ultraperformance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS). Values are the mean concentration for n=3 field-collected
samples. LOD = limit of detection.

2018/5/13-Spring ~ 2018/10/13-Fall  2019/5/22-Spring 2018/5/13-  2018/10/13

Cyanotoxin Water Soil Spring -Fall
ELISA LC-MS ELISA LC-MS ELISA LC-MS ELISA
Wa <LOD 0.06 <LOD - <LOD <LOD Sa 04 04
We <LOD <LOD <LOD - <LOD <LOD S 0.5 04
Wc <LOD <LOD 0.2 0.08 <LOD <LOD Sc 0.4 0.3
Microcystins
Wp <LOD 0.06 <LOD - <LOD <LOD Sp 0.3 0.5
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We <LOD 006 <LOD - <LOD <LOD St 0.6 0.5
Maximum value <LOD  0.06 0.2 008 <LOD <LOD - 0.6 05
LOD 005 0005 005 0005 005 0005 - 0.05 0.05
Wa <LOD <LOD <LOD <LOD 004 <LOD  Sa <LOD <LOD
Ws <LOD <LOD <LOD <LOD <LOD <LOD  Sg <LOD <LOD
We <LOD <LOD <LOD <LOD <LOD <LOD  Sc <LOD <LOD
%g;?:msr’erm Wo <LOD <LOD <LOD <LOD 004 <LOD  Sp <LOD <LOD
WEe <LOD <LOD <LOD <LOD <LOD <LOD Se <LOD <LOD
Maximum value <LOD <LOD <LOD <LOD 004  <LOD - <LOD <LOD
LOD 004 002 004 002 004 002 - 0.04 0.04
W.  <LOD <LOD 01 <LOD <LOD <LOD  Sa <LOD 35
Ws <LOD <LOD <LOD <LOD 01 <LOD  Se <LOD 3.1
We <LOD <LOD 02  <LOD <LOD <LOD  Sc <LOD 47
_ Wo 01 <LOD 02 <LOD 01 <LOD  Sp 2.7 5.7
Anatoxin-a”
W: <LOD <LOD 03 <LOD 01 <LOD St 33 5.8
Maximum value 0.1 <LOD 0.3 <LOD 0.1 <LOD - 3.3 5.8
LOD 0.1 0.02 0.1 0.02 0.1 0.02 - 0.1 0.1
Wa 002 <LOD <LOD <LOD <LOD - Sa <LOD <LOD
Ws 002 <LOD <LOD <LOD <LOD - Ss <LOD <LOD
We <LOD <LOD <LOD <LOD <LOD - Sc <LOD <LOD
Saxitoxins Wo 003 <LOD <LOD <LOD <LOD - So <LOD <LOD
We 002 <LOD <LOD <LOD <LOD - Se <LOD <LOD
Maximum value 0.03 <LOD <LOD <LOD <LOD - - <LOD <LOD
LOD 0.02 0.8 0.02 0.8 0.02 - - 0.02 0.02
Wa <LOD <LOD <LOD <LOD 8 <LOD  Sa <LOD <LOD
Ws <LOD <LOD <LOD <LOD 8 <LOD  Ss <LOD <LOD
?ne;;;u;mmo_ We <LOD <LOD <LOD <LOD <LOD <LOD  Sc <LOD <LOD
'(-g’;‘\;a:iA”)e Wp <LOD <LOD <LOD <LOD 12  <LOD  Sp <LOD <LOD
We <LOD <LOD <LOD <LOD 9 <LOD  Se <LOD <LOD
Maximum value <LOD <LOD <LOD <LOD 12  <LOD - <LOD <LOD
LOD 4 0.03 4 0.03 4 0.03 - 4 4
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*One-way analysis of variance and a non-parametric test (Kruskal-Wallis H-test and Mann-Whitney U-test) using
IBM SPSS 23.0.

Water from the artesian well at the St-Frangois-Xavier-de-Brompton farm (Table 3.1,
sample WEg) had microcystins detected on one occasion by UPLC-MS/MS, while anatoxin-a,
saxitoxins and beta-N-methylamino-L-alanine were detected on other sampling dates by ELISA.
Cylindrospermopsin was not detected in well water (Table 3.1). Microcystins were detected by
the ELISA method between 2 and 4 times out of 6 sampling campaigns in sixteen municipalities
located in south-central Quebec (Figure 3.2). In three municipalities, the maximum microcystin

concentration exceeded the US-EPA Health Advisory threshold of 0.3 ng/ml (EPA 2015) on at

least one occasion (Figure 3.2).
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Figure 3.2: Microcystins detection and maximum concentrations (p1g/L) in municipal drinking
water from south-central Quebec, Canada. Municipalities with an asterisk (*) have no municipal
treatment system, but the rest treat drinking water with chlorine alone or chlorine together with

other treatments.

Still, this research was limited by the availability of rapid, cost-effective analytical methods

to detect and quantify cyanotoxins in all ecosystem components. This issue should be resolved
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by methodological advances in quantifying soil cyanotoxins (see the recently optimized method
by Zhang et al.) (Zhang et al., 2020), but the disparity between ELISA and LC-MS methods in
quantifying cyanotoxins in water samples remains problematic. The ELISA method, which
detects multiple cyanotoxins variants, is a good semi-quantitative screening tool that is
particularly useful for indicating the presence of cyanotoxins, monitoring the toxicity dynamics
of bloom, tracking relative changes in toxin concentrations, and taking actions to control blooms
in source waters. However, the method is not suited to quantitatively determine cyanotoxins
present at low levels in water samples. It has a high limit of detection (0.04—4 pg/L), and the
nonlinear and variable calibration curve means that small differences in measured absorbance
can translate into large concentration differences, thus the ELISA method can lead to biased-
high concentrations (up to two to three times higher than values determined by LC-MS/MS). In
contrast to ELISA method, LC-MS/MS is a precise quantitative method for determining
cyanotoxins in water samples with reduced risks of false positives and limits of detection up to
100 times lower (i.e., 100 times more sensitive) than the ELISA method. Tandem mass
spectrometry generates quantification and confirmation MS/MS fragment ions of targeted
cyanotoxins, offering the highest sensitivity and precision for the identification and detection of
cyanotoxins. With appropriate quality control measures, the matrix effects can be properly
compensated through matrix-matched calibration. Therefore, in the short run, ELISA methods
would be useful for monitoring the environmental fate of these toxic compounds. In the long
run, LC-MS/MS shall take priority over ELISA method to support operational decisions about
cyanotoxins in water that may have important public health, public relations, legal, and political

ramifications.
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3.5. Conclusion

We qualitatively confirm the presence of cyanobacteria with potential to produce
cyanotoxins, as well as the cyanotoxins anatoxin-a and microcystins in agricultural soils.
Furthermore, we detected microcystins in drinking water sourced from an artesian well and in
the municipal drinking water supply across south-central Quebec, Canada. The greatest risk,
according to our evaluation, is from microcystins and anatoxin-a. We cannot overlook the
possibility that cyanobacteria produce cyanotoxins in agricultural soils, and these cyanotoxins
are then transferred in the vadose zone to subsurface drainage and groundwater receptors, and
potentially to downstream aquatic ecosystems, but the transport processes and magnitude of the
transfer are unknown at this time. Furthermore, future research in this area needs to focus on
understanding the triggers responsible for cyanotoxin production and their spatio-temporal
variation to better gauge the ecological and public health consequences of these toxic

compounds.
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3.6. Supplementary Information
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Figure S3.1. Box plots showing recoveries of cyanotoxins from soil extracts and water with
enzyme-linked immunosorbent assays (ELISA).
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Figure S3.2: Cyanotoxins in water (agricultural drainage water, WA to WD, collected on 13 May 2018, 13 October 2019 and 22 May
2019) as determined by enzyme-linked immunosorbent assays (ELISA) and ultraperformance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS). Values are the mean concentration for n=3 field-collected samples. LOD = limit of detection.
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Table S3.1: Cyanobacteria with potential to produce cyanotoxins.

Order Genus Cyanotoxin
Anabaena Microcystins
Anabaena Cylindrospermopsin
Anabaena Anatoxin-a
Nostocales Anabaena Beta-N-methylamino-L-alanine
Calothrix Microcystins

Cylindrospermopsis
Cylindrospermopsis

Cylindrospermopsis

Cylindrospermopsin
Saxitoxins

Beta-N-methylamino-L-alanine

Nodularia Beta-N-methylamino-L-alanine
Aphanocapsa Microcystins
Aphanocapsa Anatoxin-a

Chroococcales | gntolynbya Microcystins
Microsystis Microcystins
Microsystis Anatoxin-a
Microsystis Beta-N-methylamino-L-alanine
Geiterinema Saxitoxins
Geiterinema Microcystins
Lyngbya Cylindrospermopsin

: . Lyngbya Saxitoxins

Oscillatoriales yngoy ] )
Lyngbya Beta-N-methylamino-L-alanine
Oscillatoria Microcystins
Oscillatoria Anatoxin-a
Oscillatoria Cylindrospermopsin
Spirulina Microcystins
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Table S3.2: Physico-chemical properties of soil and water samples collected from a commercial

dairy farm in St-Frangois-Xavier-de-Brompton, Quebec, Canada. LOD = limit of detection.

Soil Sa Se Sc Sp Se
Soil Texture Silt loam Silt loam Sandy loam Sandy loam Silt loam
pH 6.4 6.0 6.1 6.6 4.9
Moisture Content (%) 22 36 28 29 81
NOs (mg/kg) 26 20 4 35 4
NH4* (mg/kg) <LOD <LOD <LOD <LOD <LOD
Orthophosphate/(mg/kg) 39 39 59 35 9

Fe (mg/kg) 93 83 128 163 150
K (mg/kg) 664 1161 828 1077 924
Ca (mg/kg) 2416 1749 1545 1205 989
Al (mg/kg) 77 62 54 76 109
Mg (mg/kg) 260 320 330 315 510
Organic Matter (g/kg) 56 30 54 45 146
Organic Carbon (g/kg) 33 18 21 17 85
Clay (g/kg) 210 240 610 500 370
Silt (g/kg) 710 660 360 470 610
Sand (g/kg) 80 100 30 40 30
Water Wa Ws Wc Wp WEe
pH 7.5 7.2 7.2 7.3 7.3
Temperature (°C) 9 7 10 9 10
NOs™ (mg/L) 5 2 4 5 0.08
NH4* (mg/L) <LOD <LOD <LOD <LOD <LOD
Orthophosphate/(mg/L) 0.01 - 0.01 0.02 0.1
Fe/(mg/L) - - 0.03 - -
K/(mg/L) 0.7 0.8 0.7 0.6 0.5
Ca/(mg/L) 69 59 37 50 23
Mg/(mg/L) 18 14 8 26 11
Sp conductivity (uS/cm?) 529 447 319 513 383
Resistivity (MQ cm) 0.003 0.003 0.004 0.003 0.004
Total Dissolved Solids (g/L) 0.3 0.3 0.2 0.3 0.2
Salinity 0.3 0.2 0.2 0.3 0.2
Dissolved oxygen% 113 74 125 112 35
Dissolved Organic Carbon 5 5 7 4 3
(mg/L)

Redox (mV) 7 8 7 7 7
Location N 45° 30" W 72° 01'
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Table S3.3. Cyanotoxins in water (agricultural drainage water, WA to WD; residential well water, WE) and soil (agricultural fields, SA
to SD; forest, SE), as determined by enzyme-linked immunosorbent assays (ELISA). Values are the mean concentration (Con.), standard
deviation (SD) and percentage coefficient of variation (CV%) for n=3 field-collected samples. LOD = limit of detection.

. Water 2019/5/22-Spring 2018/10/13-Fall 2018/5/13-Spring Soil 2018/10/13-Fall 2018/5/13-Spring
Cyanotoxin sample/ug sample/
Lt ELISA SD CV% ELISA SD CV% ELISA SD CV% nugkg® ELISA SD %CV ELISA SD %CV
Wa <LOD - - <LOD - - <LOD - - Sa 0.4 0.02 2.7 0.4 0.05 45
Ws <LOD - - <LOD - - <LOD - - Se 0.4 001 09 0.5 006 57
Microcystins Wc <LOD - - 0.2 002 17 <LOD - - Sc 0.3 0.06 7.1 0.4 0.002 0.2
Wp <LOD - - <LOD - - <LOD - - So 0.5 003 33 0.3 002 15
We <LOD - - <LOD - - <LOD - - Se 0.5 0.1 12 0.6 007 7.64
Wa 004 000 03 <LOD - - <LOD - - Sa <LOD - - <LOD - -
Wg <LOD - - <LOD - - <LOD - - Ss <LOD - - <LOD - -
Cylindrospermopsin W <LOD - - <LOD - - <LOD - - Sc <LOD - - <LOD - -
Wp 004 001 09 <LOD - - <LOD - - So <LOD - - <LOD - -
We <LOD - - <LOD - - <LOD - - Se <LOD - - <LOD - -
Wa <LOD 001 1.0 0.1 00 06 <LOD - - Sa 35 0005 07 <LOD - -
Ws 01 000 01 <LOD - 09 <LOD - - Se 3.1 0.002 03 <LOD - -
Wec <LOD - - 0.2 00 09 <LOD - - Sc 4.7 001 18 <LOD - -
Anatoxin-a Wp 01 003 38 0.2 00 15 01 0009 1.1 So 5.7 0.001 0.1 27 0004 04
We 01 003 37 0.3 0.04 5 <LOD - - Se 5.8 001 14 33 0.00 0.8
Wa <LOD - - <LOD - - 002 000 0.004 Sa <LOD - - <LOD - -
Ws <LOD - - <LOD - - 002 001 0.011 Se <LOD - - <LOD - -
Saxitoxins Wc <LOD - - <LOD - - <LOD - - Sc <LOD - - <LOD - -
Wp <LOD - - <LOD - - 003  0.00 0.002 So <LOD - - <LOD - -
We <LOD - - <LOD - - 0.02  0.004 0.004 Se <LOD - - <LOD - -
Wa 8 002 20 <LOD - - <LOD - - Sa <LOD - - <LOD - -
. Ws 8 008 6.8 <LOD - - <LOD - - Se <LOD - - <LOD - -
gf;ﬁ‘i’r’]\'e'memy'am'”o"" We <oD - - <«oD - . <oD - - Sc <oD - . <oD - -
Wp 12 007 58 <LOD - - <LOD - - So <LOD - - <LOD - -
We 9 004 34 <LOD - - <LOD - - Se <LOD - - <LOD - -
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FORWARD TO CHAPTER 4

In Chapter 3, my extensive field survey confirmed the presence of cyanotoxins in
agricultural soils and in groundwater leaving agricultural fields. I also reported on
microcystins detected in drinking water, which indicates that cyanotoxins are either produced
by cyanobacteria living in aquifers or transported into aquifers through hydrologic process.
However, my research was limited by the availability of rapid, cost-effective analytical
methods to detect and quantify cyanotoxins in these ecosystems. Since the soil environment
is a challenging matrix for cyanotoxins detection, I aimed to find a method to isolate and
quantify soil cyanotoxins. Therefore, Chapter 4 explains how | developed a method that is

the first one capable of extracting and quantifying 17 common cyanotoxins in soil.
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CHAPTER 4
Improved extraction of multiclass cyanotoxins from soil and sensitive quantification
with on-line purification liquid chromatography tandem mass spectrometry

Yanyan Zhang?, Sung Vo Duy®, Gabriel Munoz®, Barry R. Husk®, Joann K. Whalen?,
Sébastien Sauve®

2 McGill University, Department of Natural Resource Science, Macdonald Campus, 21,111 Lakeshore Road, Ste-Anne-de
Bellevue, Quebec, Canada H9X 3V9

b Université de Montréal, Department of Chemistry, C.P. 6128, Succursale Centre-Ville, Montréal, Quebec, Canada H3C
3J7

¢ BlueLeaf Inc., 310 Chapleau Street, Drummondville, Quebec, Canada J2B 5E9

4.1. Abstract

Cyanotoxins are associated with harmful cyanobacterial blooms, but also exist in
biological soil crusts and soils irrigated with cyanobacteria-contaminated water. To achieve
an accurate analysis of cyanotoxins in soil, effective extraction, purification and
determination methods are imperative. The most challenging aspect is extracting cyanotoxins
from soil, due to their tendency to bind strongly to the soil matrix. We used a methanol-
ammonium acetate solution to efficiently extract 17 cyanotoxins (microcystins,
cylindrospermopsin, anatoxins, anabaenopeptins, and cyanopeptolin) from different soils.
The extract was purified by on-line solid-phase extraction coupled with ultra-high-
performance liquid chromatography tandem mass spectrometry. The optimized procedure
involved two ultrasonication cycles of 15 min with 4 mL of methanol + 200 mM ammonium
acetate, which recovered 60% to >90% of the added cyanotoxins from five soils with diverse
organic matter, pH and texture. The method improved extraction by up to 10 times compared
to a methanol/water solution. Linearity, accuracy and precision were validated on matrix-
mixed soil with surrogate microcystin and cylindrospermopsin internal standards. Limits of
detection were 0.001-0.3 ng g%, depending on the cyanotoxin. The method was used to
analyze cyanotoxins in 25 field-collected soils from Quebec, Canada. Out of the 25 soil

samples, 11 soils had at least one cyanotoxin, and up to 8 different cyanotoxins were detected
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in one soil. The sum of all microcystins congeners was from 0.02 to 31 ng microcystins g
soil. We also detected anabaenopeptin, the first study reported occurrence of this cyanotoxin
in soil.

Keywords

Cyanotoxin extraction; Soil; On-line solid-phase extraction; Microcystins; Anatoxins;

Cylindrospermopsin.
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4.2. Introduction

Cyanotoxins are secondary metabolites produced by cyanobacteria living in fresh water,
seawater, sediment, soil and various biological matrices [1]. Some of these bioactive
substances are low-molecular weight peptides (typically < 1000 Da), while others are cyclic
amine alkaloids and non-protein amino acids that inhibit the growth of prokaryotic cells and
hence are produced by cyanobacteria in response to competitive pressure and other stresses
[2, 3]. However, cyanotoxins are toxic to humans and animals. For example, acute and
chronic liver damage is associated with exposure to hepatotoxic peptides of the microcystins,
anabaenopeptin and cyanopeptolins and the alkaloid cylindrospermopsin [4-6]. The
neurotoxic anatoxins (anatoxin-a and homoanatoxin-a) are potent neuromuscular blocking
agents [7]. Eco-epidemiological surveys indicate that human health is at risk from exposure
to these and other cyanotoxins in the environment [8, 9]. Environmental exposure levels must
be quantified to understand risks and improve public health outcomes, consistent with One
Health goals [10].

Cyanotoxins in aguatic ecosystems are detected and quantified rapidly, due to well-
developed analytical methods and the relatively high concentrations of these toxic
compounds in eutrophic waterways with harmful cyanobacterial algal blooms [11]. In
Canada, major bloom-forming and toxin-producing genera included Microcystis,
Dolichospermum (Anabaena), Aphanizomenon, and Cylindrospermopsis [12]. More than 250
freshwater bodies in Quebec province were contaminated by cyanobacterial blooms from
2004 to 2008, with yearly bloom recurrence in 61 % of these water bodies [13]. Microcystins,
cylindrospermopsin, and anatoxins were among the detected cyanotoxins [14]. More than
eight microcystin congeners were detected in Petit Lac St. Francois, a hypereutrophic lake,

which had more than 400 pg total microcystins g™ dry weight in the cyanobacterial bloom
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[15]. Studies conducted elsewhere suggested that cyanotoxins could contaminate soils
surrounding harmful algal bloom-impacted waterbodies and leach into groundwater [16-17].

Consequently, cyanobacterial communities are not limited to nutrient-rich aquatic
ecosystems—they are also detected in terrestrial environments. Soil-associated
cyanobacterium Hormoscilla pringsheimii produced cylindrospermopsin at detectable levels
(limit of detection of 0.5 ug L) in soil extracts [18]. The biological soil crust found on the
soil surface in arid and semi-arid regions contains cyanobacteria. For instance, cyanotoxin-
producing genera Hapalosiphon hibernicus, Microcoleus, H. pringsheimii, Dolichospermum,
Chroococcus and Pleurocapsa produced from 0.1 to 11.1 pg microcystins g dry weight and
0.3 to 0.6 pg anatoxin-a g* dry weight in dry Arctic regions [19]. Anatoxin-a (S) was
detected in biological soil crust from the Qatar desert [20, 21]. Neurotoxin-producing
cyanobacteria (e.g. Dolichospermum) growing in biological soil crust produced six times
more anatoxin-a(S) after a rainstorm in the Qatar desert, and the 3-56 pg microcystins m=2 in
the Qatar desert were considered to be a source for human exposure during dust storms [19,
20, 22]. Agricultural soils that are irrigated deliberately or flooded unintentionally with
cyanobacteria-contaminated water likely contain cyanotoxins, due to the release of these
compounds from lysed cyanobacterial cells. For instance, irrigated agricultural soils in south
China had up to 187 pg microcystins kg™* soil [23]. Farmers irrigate with cyanobacteria-
contaminated water in China, India, New Zealand, Australia, South Africa, France, Greece,
the United States and Canada [24-29]. The exposure risk to farm workers that operate
irrigation equipment and that are in contact with agricultural soils containing cyanotoxins has
never been quantified. This remains a critical knowledge gap in assessing the safe exposure
limits to cyanotoxins in agricultural soils.

We expect to find biologically significant amounts of cyanotoxins in soil, but there is

very little published data on cyanotoxins in the world’s soils due to the difficulty to extract
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and quantify these compounds. The major challenge is to choose an efficient solvent to
extract soil cyanotoxins, which could be dissolved in the soil pore water, bound to clay
minerals and organic matter, or complexed with metal colloids [30, 31]. Clay minerals and
organic matter in soil retain cyanotoxins by physical occlusion and chemical binding on
charged surfaces (adsorption sites). Binding strength is affected by pH, which alters the net
charge of clay and organic matter surfaces, as well as the charge of amino acid and amine
groups in the peptide-based and non-peptide cyanotoxins. A chelating solution made from
ethylene-diamine tetraacetic acid-tetrasodium pyrophosphate recovered from 56%-103% of
the microcystins variants added to soils and sediments. However, the method may not be
amenable to direct analysis by liquid chromatography mass spectrometry due to low salt
volatility and gradual clogging of the transfer tube [32]. Methanol/water (w/v) with pH 2 to 7
is an effective solvent that modifies the charge of microcystins, to desorb them from
adsorption sites on clay and organic matter in soil [33, 34]. However, the variable charge of
cyanotoxins means that the desorption kinetics of this diverse group of compounds are
stochastic rather than deterministic. For example, soil has greater capacity to adsorb anatoxin-
a (Log Kow = 1.1) than microcystins variants (Log Kow, from -1.79 to 0.67) [35-38]. Our
proposed solution is to use methanol with an MS-compatible buffer salt (e.g., ammonium
acetate, CH3COONHa4). The hypothesis was that CH3COONHj4 could desorb cyanotoxins by
competing for adsorption sites and by changing the binding strength (e.g., from electrostatic
interactions, hydrogen-bonding and ionic bonding) between cyanotoxins and adsorptive sites
on organic matter and clay particles.

The objective of this study was to improve the efficiency of extracting diverse
cyanotoxins from soils and their quantification by on-line solid-phase extraction coupled with
ultra-high-performance liquid chromatography tandem mass spectrometry (on-line SPE-

UHPLC-MS/MS).We first evaluated different extraction solutions for their ability to recover
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cyanotoxins from soils. The optimized extraction procedure was followed by a fast and
efficient purification step, involving on-line SPE-UHPLC-MS/MS. We validated the method
by measuring the recovery of 17 cyanotoxins in soils with 5%-25% clay content and 1.4%—
8.9% organic matter content. Key analytical metrics were documented: linearity, limits of
detection (LOD), limits of quantification (LOQ), accuracy, and precision in matrix-matched
soil. Finally, the optimized method was used to quantify cyanotoxins in soils from 25 field
locations in southern Quebec, Canada.
4.3. Materials and methods
4.3.1. Chemicals and standards

The extracting solution contained HPLC-grade methanol (Fisher Scientific, Whitby, ON,
Canada) and ammonium acetate (purity > 98%) acquired from Sigma-Aldrich (St. Louis,
MO, USA.). The LC-MS grade solvents were HPLC-water, methanol, and acetonitrile
obtained from Fisher Scientific. Acrodisc GH Polypro filters (GHP filters, 0.2 um) were
purchased from Waters (Milford, MA, USA). Nitrogen (N2) with 99.998% purity for
evaporation was from MEGS (St-Laurent, QC, Canada).

All standards had chemical purities of 95% or higher. Internal standards were nodularin-
R obtained from Enzo Life Science (Farmingdale, NY, USA), cylindrospermopsin -1°Ns from
Abraxis (Warminster, PA, USA) and microcystin- leucine-arginine -**Nio from Cambridge
Isotopes Laboratories (Tewksbury, MA, USA). Standards for microcystin-arginine-RR, YR,
LA, LY, LW, LF, WR, HtyR, HilR were purchased from Enzo Life Science, while anatoxin-
a, cylindrospermopsin, microcystin-LR, [Asp®]-LR, RR were from the National Research
Council of Canada (Halifax, NS, Canada). Homoanatoxin-a was obtained from Abraxis.
Anabaenopeptin A and B and cyanopeptolin A were purchased from Cyano Biotech GmbH

(Berlin, Germany). Stock standard solutions of cyanotoxins were prepared in methanol and
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stored at -20C for a maximum of 2 months. The 100 ng cyanotoxins mL"* working solution
from stock standard solutions was prepared daily in HPLC-water.
4.3.2. Soils for method development

We collected silt loam soil (3% organic matter content) from an agricultural field in
Saint-Francois-Xavier-de-Brompton (Estrie, Québec, Canada) in May 2019 to develop and
optimize the extraction method (Soil MO for method optimization, described in Table S4.1).
Five soils for method validation (Soils MV1, MV2, MV3, MV4 and MVs, see Table S4.1) had
sandy to loamy textures and contained 1.4%-8.9 % OM content. When collecting Soil MO
and Soils MV1-MVs, we chose at least three random zones (~1 m?) from the field, used a
shovel to remove soil (~500 g from the 0-15 cm depth) in each zone, then mixed the soil and
placed the composite sample into one glass bottle (250 mL) wrapped with aluminum foil at
each sampling site. Bottles were placed in a cooler with ice packs and stored at 4 C until
analysis.
4.3.3. Soils for cyanotoxins quantification

Cyanotoxins were quantified with the optimized extraction method in soil samples
collected between June and August, 2019 from 25 field sites in southern Quebec, Canada
(Detailed in Table S4.3). We chose agricultural soils, orchard soils and surface soils near
waterbodies as diverse field sites. Soil from cultivated agroecosystems and orchards were a
composite sample (0-15 cm depth) from three random zones (~1 m?), mixed thoroughly and
placed in a 250 mL glass bottle wrapped with aluminum foil. Along waterbodies where
cyanotoxins were detected or cyanobacterial blooms were visible to the naked eye, we
collected a composite soil sample (0-15 cm, from 3 locations along the watercourse) and
placed it in a 250 mL glass bottles wrapped with aluminum foil. Glass bottles were
transported in cooler with ice and stored at -20 C in the dark to prevent degradation of

cyanotoxins.
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4.3.4. Optimizing the cyanotoxins extraction method
2.4.1. Soil preparation and spiking with cyanotoxins

Soil MO was air dried for over 48 h then ground using mortar and pestle, sieved < 2 mm
mesh, homogenized and weighed (1 g aliquots) and placed in a 15-mL polypropylene tube.
Each replicate of Soil MO was spiked with the cyanotoxins working solution to achieve a
concentration of 10 ng cyanotoxins g of soil (dry weight basis). After a short contact time
(~15 min), we extracted the soil to recover cyanotoxins.
2.4.2. Extraction solvents

Eight solvents were evaluated for their capacity to extract cyanotoxins from Soil MO:
methanol /HPLC-water: 90/10 (v/v), methanol with 0.2% NH4OH, methanol with 0.2%
formic acid, methanol with 50 mM ammonium acetate, methanol with 100 mM ammonium
acetate, methanol with 200 mM ammonium acetate, methanol with 200 mM ammonium
acetate and methanol with 250 mM ammonium acetate. Each solvent was tested on triplicate
aliquots of Soil MO, and the proportions were 10 mL: 1 g and 5 mL: 1g of solvent: soil,
extracted twice, for a total volume of 15 mL of solvent. After blending the solvent:soil
mixture for 0.5 min with a high-speed benchtop vortex mixer (0-1008 g), the extraction was
done for 15 min under ultrasonication in an ultrasonic bath. After each extraction cycle, the
mixture was centrifuged at 4000 g for 10 min, the supernatant was removed and the soil was
resuspended in solvent for the next extraction cycle.
2.4.3. Volume of extraction solvent

Soil MO was extracted twice with a variable volume of methanol + 200 mM ammonium
acetate solution, namely 6 mL (3 mL + 3 mL), 8 mL (4 mL +4 mL), 10 mL (5 mL + 5 mL)
and 15 mL (7.5 mL + 7.5 mL). After blending the solvent:soil mixture for 0.5 min on a
vortex mixer, each extraction was repeated for 15 min with ultrasonication, followed by

centrifugation and transfer of the supernatant to a 15-mL polypropylene tube.
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2.4.4. Number of extraction cycles

Soil MO was extracted with methanol + 200mM ammonium acetate solution for one, two
and three cycles. We used 4 mL solvent cycle, 0.5 min vortex mixing to combine the
solvent:soil mixture and a 15 min ultrasonication time for each cycle, followed by
centrifugation and transfer of the supernatant to a 15-mL polypropylene tube.
2.4.5. Variable ultrasonication time

Soil samples were extracted twice with 4 mL/cycle of methanol + 200mM ammonium
acetate solution for 5, 10, 15 and 20 min under ultrasonication. The solvent:soil mixture was
homogenized by 0.5 min of mixing with a vortex mixer before the extraction began.

The schematic diagram of the method optimization was shown in the below (Figure 4.1).

| Spiking with mixed standard (19 cyanotoxins) (10 ng/g) |

Extraction

Solvent 2:
75% methanol/water
acidified with 0.1 M acetic acid

Solvent 3:
90% MeOH/Water

Solvent 1:
0.1 M EDTA-0.1 M Na,P,0;

Solvent 4: Solvent 3: Solvent 6:
MeOH +100mM CH3COONH4 MeOH + 0.2% NH40H MeOH + 0.2% Formic Acid

¢ «€— Choose the best solvent

Solvent 2:
MeOH +100mM
CH3COONH4

e A —
50 mM. 100 mM. 200 mM | Concentration of
’ ’ CH3COONH4

€— Choose the best con. of CH3COONH4
S —

Concentration of

5%, 10%, 15% b

«€— Choose the best con. of water
R —
Concentration of

5%, 10%, 15% enrat

€—Choose the best solvent volume

e —
6mL, 8mL, 10mL, 15

Optimal
conditions
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Figure 4.1: Schematic diagram of the extraction method optimization.
4.3.5. Final extraction procedure selected for the analysis of field samples

The optimized sample extraction procedure applied to field samples was as follows. An
aliquot of soil was weighed (1g d.w.) in 15-mL tubes and spiked with the surrogate internal
standards (100 pL of a mix containing 20 ng mL™* of Microcystin-LR-*N1o and 40 ng mL™
of Cylindrospermopsin-1>Ns). Under the optimized conditions, solvent extraction proceeded
as follows. The samples were subjected to 2 extraction cycles, each involving the addition of
4 mL of methanol containing 200 mM of ammonium acetate, high-speed vortexing (0.5 min,
3500 rpm), ultrasonication (15 min), and centrifugation (10 min, 6000 rpm). The combined
supernatants were reduced (<0.2 mL) using a gentle N2 stream with mild heating (40 °C),
amended with 2 mL of HPLC water, vortexed, and passed through GHP filters mounted on
microsyringe filter holders. A 1.5 mL aliquot of the filtrate was introduced in a 2-mL amber
glass LC vial for instrumental analysis.
4.3.6. Cyanotoxins recovery

We used Soil MV1-MVs to evaluate cyanotoxins recovery with the optimized extraction
method. Three types of analytical samples were prepared: non-spiked soil (n = 3), soil spiked
with 10 ng g of cyanotoxins before extraction (n = 3), and soil spiked with 10 ng g™* of
cyanotoxins after extraction, prior LC-MS/MS analysis (n = 3). Internal standards were added
at the end of the preparation procedure, just before analysis by on-line SPE-UHPLC-MS/MS.

The recovery (%) was then calculated according to [39]:

_ SB-NS
Recovery (%) = 100 x SATNS Eq. (1)

where SB is the cyanotoxins to internal standard area ratio in the soil that was spiked before
extraction, SA is the cyanotoxins to internal standard area ratio in soil spiked after extraction,

and NS the cyanotoxins to internal standard area ratio of the non-spiked soil sample.

132



4.3.7. Quality assurance/quality control

Quality control soil (Soil QC) was prepared by mixing and homogenizing equal
quantities of Soil MV2, MV4 and MVs. A series of 4 procedural blanks (spiked with internal
standards but with no soil matrix added) was processed in parallel to the samples through the
entire analytical procedure. Procedural blanks showed no particular contamination. Matrix-
matched calibration curves were prepared with cyanotoxins having concentrations from
0.005-20 ng g* by adding native standards and internal standards (internal standards
microcystins-LR-*N1o and cylindrospermopsin-"Ns set at 2 ng g* and 4 ng g, respectively)
to 1-g aliquots of soil QC just before starting the extraction procedure. The limit of detection
(LOD, ng g*) and limit of quantification (LOQ, ng g) were calculated using signal to noise
ratio of 3 and 10 based on lower-end calibration curve levels in real soil matrix (The detailed
calculation procedure can be found in Figure S4.7). Method accuracy was evaluated at a
spike level of 7.5 ng g (n=3) by spiking cyanotoxins jointly with internal standard to Soil
QC at the beginning of the preparation procedure. Intra-day was assessed likewise and
corresponded to the coefficient of variation (CV%) of three replicates analyzed in the same
work day. The analysis was repeated in two other work days and inter-day precision derived
from the overall CV% (n=9).
4.3.8. Operating conditions of the UHPLC-MS/MS

A 1.5 mL aliquot of the filtered extract was introduced in a 2-mL amber glass liquid
chromatography vial for analysis. Since a large volume (1.45 mL) of water-reconstituted
cyanotoxins extracts was analyzed, we used on-line SPE for pre-concentration and
purification. The method run time was 8 min per sample and followed these steps: 1) Sample
loading step: the extract was introduced into the injection loop and transferred to the on-line
SPE column for analyte preconcentration; 2) Matrix removal step: the on-line aqueous mobile

phase continued to flow for 1 min after sample loading to ensure matrix and salt removal; 3)
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Elution, separation, and detection: using the LC mobile phase, the analyte was eluted by
back-flushing the on-line SPE column and separated by the chromatographic column prior to
MS/MS detection.

On-line SPE was performed using an HTC thermopal autosampler for in-loop sample
injection, a sample delivery system with a dual switching-column array, and an Accela 600
quaternary pump (Thermo Fisher, San Jose, CA, USA). The aqueous soil extract (1 mL
injection volume) was loaded onto a Thermo Hypersil Gold aQ column (C18, 20 mm x 2
mm, 12 um particle size) (SPE column) at a flow rate of 1000 pL min*. After sample
loading, the on-line aqueous mobile phase was left to flow for an additional 1 min for matrix
and salt removal. Analytes were then back-flush eluted to a chromatographic separation
column (Thermo Hypersil Gold C18, 100 mm x 2.1 mm, 1.9 um particle size) thermostated at
55 °C. The analytical mobile phase flowrate was set at 500 uL mint. A complex gradient was
used to ensure resolution of anatoxin-a from its isobaric interference phenylalanine. Details
on mobile phases and chromatographic gradient conditions are provided in the Supporting
Information.

Analyte detection was performed with a TSQ Quantiva triple quadrupole mass
spectrometer from Thermo Scientific (Waltham, MA, USA) operated in selected reaction
monitoring (SRM) mode. The resolution of the first (Q1) and third (Q3) quadrupoles was set
at 0.7 Da FWHM. The collision gas pressure (CID gas) was set at 2 mTorr. The dwell time
was set at 20 ms, yielding typically 12 or more points per chromatographic peak. The
analyzer was coupled to a heated electrospray ionization (heated-ESI) source. Optimized
source parameters were as follows: sheath gas was set at 35 A.U. (arbitrary units), auxiliary
gas at 20 A.U., sweep gas at 0 A.U., spray voltage at +3600 V, ion transfer tube temperature
at 350°C, and vaporizer temperature at 400°C. Compound-dependent mass spectrometry

parameters are provided in the Supporting Information.
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4.4. Results and discussion
4.4.1. Optimizing the extraction method for cyanotoxins from soil

The performance of the seven extraction solvents (Figure 4.2) revealed that only 4 out of
17 targeted cyanotoxins (e.g. Anabaenopeptin-A, Microcystin-HilR, Microcystin-LA and
Microcystin-LY) yielded acceptable performance with the solutions containing methanol
with 10% water, methanol + NH4OH (a weak base) and methanol + HCOOH (a weak acid).
This was not unexpected, since Chen et al. (2006) found that a mixture of 0.1M ethylene-
diamine tetraacetic acid (EDTA) — tetrasodium pyrophosphate (NasP207) improved the
recovery of three microcystins from soil and sediment for HPLC-UV detection [33]. Since
the direct injection of EDTA-containing extracts would interfere with mass spectrometry
detection, we focused on the MS-compatible salt ammonium acetate to achieve the desired
ion-pairing effects to enhance the extraction of cyanotoxins.

Ammonium acetate was tested as an additive in methanol, attempting to enhance the
extraction efficiency for the difficult-to-extract cyanotoxins. Various concentrations (50, 100,
200 and 250 mM) of ammonium acetate in methanol were investigated. In most instances (15
out of 17 cyanotoxins), the relative response of targeted cyanotoxins increased concomitantly
with ammonium acetate concentration. For instance, compared to non-amended solvent, the
recovery of microcystin-RR increased 5-fold with 50 mM ammonium acetate, 8-fold with
100 mM ammonium acetate, and 12-fold with 200 mM ammonium acetate (Figure 4.2). The
response only increased marginally at concentrations > 200 mM or showed decreasing trends.
Of note, methanol without additive performed better for microcystin-LA and LY, but
methanol with ammonium acetate gave an acceptable response. Therefore, methanol with 200
mM ammonium acetate was selected as the best compromise. Subsequently, we also tested
the optimal parameters for extraction volume (Figure S4.4), the number of extraction cycles

(Figure S4.5) and length of sonication (Figure S4.6). A higher solvent to soil ratio and
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repeated extraction cycles can promote analyte extraction, but a compromise must be made to
avoid unnecessary solvent consumption (and extended N2 evaporation time at the following
step). A similar comment applies to ultrasonication time, which must be sufficient to allow
analyte desorption, but not long enough to create degradation artifacts, while maintaining an
expeditious sample preparation process. Considering these factors, an acceptable compromise
was achieved under the following conditions: methanol + 200 mM ammonium acetate as
extraction solvent nature (Figure 4.2), a solvent to soil ratio of 4:1 (mL:g d.w.), two

extraction cycles and 15 min ultrasonication time.
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Figure 4.2: Cyanotoxin concentration in soil, expressed as the normalized response (%), as
influenced by the extraction solvent nature. The test was done with Soil MO, described in
Table S4.1. Error bars indicate standard deviations (n =3).
4.4.2. Recovery of cyanotoxins from soil

Fifteen cyanotoxins were extracted efficiently from spiked soil with recovery rates of
68% to 106% (Figure 4.3) and relative standard deviations of 5.9% on average and 23%
maximum (Table 4.1). The two cyanotoxins with low extraction efficiency were

cylindrospermopsin (recovery rate of 34% to 66%) and microcsytin-RR (recovery rate of
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41% to 56%). Cylindrospermopsin is highly water-soluble and the charged areas within the
molecule create a dipole effect, meaning that it should be extractable in a polar solvent such
as methanol/water [40]. Since methanol is a mildly polar solvent, it is not completely efficient
at desorbing cylindrospermopsin from the soil matrix. The microcystin-RR differs from other
microcystin congeners due to the substitution of at least one guanidinium group in the
arginine molecule. This probably increases the formation of cation bridges with the
protonated arginine molecule, a well-known mechanism for binding proteins to clay and
organic matter surfaces; in addition, the protonated arginine could attach to cation exchange
sites or form additional hydrogen bonds with clay and organic matter components in soil [41-
43]. However, the recovery rate for microcystin-RR with our extraction method is superior to
another published method for cyanotoxins quantification in sediments, which achieved 20—
39% recovery of microcystin-RR [44]. Therefore, we conclude that methanol + 200 mM
ammonium acetate is the best option for multi-class extractant of cyanotoxins, including
those that have strong binding affinity for the soil matrix.

Table 4.1: Coefficient of determination (R?), linear range, limits of detection (LODs), limits
of quantification (LOQs), accuracy (%), and precision (CV, %) for cyanotoxins extracted
from soil with methanol + 200 mM ammonium acetate solution and quantified by on-line
SPE-UHPLC-MS/MS. The identity and full name of each abbreviated cyanotoxin is provided

in Table S4.2 and Figure S4.1. Chromatograms of the targeted cyanotoxins are provided in
Figure S4.2.

Analyte R? Linearrange LOD LOQ Accuracy Intraday Interday
precision  Precision
(ngg™) (ngg")  (ngg? (%) (%) (%)
CYN 0.9947 LOQ-20 0.02 0.07 103.8+4.0 3.9 10.5
ATX 0.9986 LOQ-20 0.01 0.04 918+22 24 14.4
HANA 0.9996 LOQ-20 0.2 0.6 96.8+33 34 10.1
AP-B 0.9992 LOQ-20 0.001 0.003 110.1+4.1 338 6.4
MC-RR 0.9918 LOQ-20 0.3 0.9 1139+43 338 35
AP-A 0.9994 LOQ-20 0.02 0.08 86.5+6.1 6.3 7.4
MC-YR 0.9980 LOQ-20 0.03 0.1 1104 +27 25 4.2
MC-HtyR 0.9997 LOQ-20 0.005 0.02 986+56 5.6 5.0
MC-LR 0.9991 LOQ-20 0.02 0.08 106.8+18 1.7 1.5
dm-MC-LR 0.9993 LOQ-10 0.004 0.01 104.8+4.7 45 3.4
MC-WR 0.9982 LOQ-10 0.09 0.3 1009+49 438 4.5
MC-HiIR 0.9996 LOQ-20 0.02 0.06 107.7+4.7 4.4 6.0
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CP-A 0.9941 LOQ-10 0.1 0.3 109.9+10 0.9 1.9
MC-LA 0.9972  LOQ-10 0.004 0.01 1029+28 2.7 6.3
MC-LY 0.9961 LOQ-10 0.004 0.01 994+33 34 7.4
MC-LW 0.9968 LOQ-10 0.01 0.03 103.9+49 4.7 6.5
MC-LF 0.9951 LOQ-10 0.004 0.01 101.1+3.1 31 12.9

The similar pattern of recoveries among five test soils indicates that methanol + 200 mM
ammonium acetate is a suitable extractant for multiple soil types (Figure 4.3). The recoveries
of microcystin-LR, for instance, were within a relatively narrow range (69%—-80%) across
soils that had from 1.4%-8.9% organic matter content. This implies that a single calibration
curve, derived from a composite soil representing the study area, is suitable to quantify the
concentrations of cyanotoxins in soils with different physicochemical characteristics. This
study is the first to demonstrate that methanol + 200 mM ammonium acetate is a good multi-
class extractant of cyanotoxins from soils, and suitable for purification and quantification by

on-line SPE-UHPLC-MS/MS.
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Figure 4.3: Recovery (%) of selected cyanotoxins extracted from five spiked soils with a
range of texture and organic matter content. Error bars indicate standard deviations (n=3).

Full results for 17 cyanotoxins investigated in this study, along with the identity of each

abbreviated cyanotoxin, are provided in the supplemental Table S4.4.
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4.4.3. Analytical method validation

Five- to nine-point calibration curves were fitted with linear regression with suitable
coefficients of determination (R? range = 0.9918-0.9997) over a linear range that spanned 2—
3 orders of magnitude (Table 4.2). The LODs for the optimized method were from 0.001-0.3
ng cyanotoxins g* soil (d.w.) while LOQs for the optimized method were 0.003-0.6 ng g
(Table 4.1). The accuracy of quality control spike to soil was between 86.5% and 110.4% for
the 17 measured cyanotoxins. This falls within the acceptable range of accuracy based on
U.S. EPA (70-130%) and European Commission (70-120%) requirements for analytical
methods [45, 46]. Intra-day precision was <6.3% and inter-day precision <14.4% for the 17
cyanotoxins tested in this study; these values are within the recommended guideline (relative

standard deviation <20%) for quantitative analysis of cyanotoxins [47].

Table 4.2: Concentrations (ng g-1) of cyanotoxins in soil from field sites in Québec, Canada.
Cyanotoxins that were not detected in any soil (anabaenopeptins-A, cyanopeptolin-A,
cylindrospermopsin and microcystin-RR, YR, WR) are not shown in the table. The
chromatograms of several soil samples with positive detection of cyanotoxins are provided in

Figure S4.3.
Cyanotoxin
Sample ATX-A HANA AP-B MC-HtyR MC-LR dm-MC-LR MC-HilIR MC-LA MC-LY MC-LW MC-LF
Soil#1 ND ND ND ND ND ND ND ND ND ND ND
Soil#2 ND ND ND ND ND ND ND ND ND ND ND
Soil#3 ND ND ND ND ND ND ND ND ND ND ND
Soil#4 ND ND ND ND ND ND ND ND ND ND ND
Soil#5 ND ND ND ND ND ND ND ND ND ND ND
Soil#6 ND ND ND ND ND ND ND ND ND ND ND
Soil#7 ND ND ND ND ND ND ND ND ND ND ND
Soil#8 ND ND ND ND ND ND ND ND ND ND ND
Soil#9 ND ND ND ND ND ND ND ND ND ND ND
Soil#10 ND ND ND ND ND ND ND ND ND ND ND
Soil#11 ND ND ND ND ND ND ND ND ND ND ND
Soil#12 ND ND ND ND ND ND ND ND ND ND ND
Soil#13 ND ND ND 0.032 ND ND ND ND ND ND ND
Soil#14 ND ND ND ND ND ND ND ND ND ND ND
Soil#15 ND ND ND ND ND ND ND ND ND ND ND
Soil#16 ND ND 0.0038 ND 0.81 0.013 ND 0.077 0.55 0.097 0.16
Soil#17 ND ND 0.099 ND 13.3 0.3 0.19 0.13 15.1 0.39 1.32
Soil#18 ND ND 0.021 ND 0.78 0.0078 ND 0.078 1.03 0.1 0.18
Soil#19 ND ND 0.011 ND 0.67 0.0055 ND 0.077 0.62 0.095 0.15
Soil#20 ND ND 0.0058 ND ND ND ND ND ND ND ND
Soil#21 ND ND 0.0089 ND 0.023 ND ND ND ND ND ND
Soil#22 11.8 10 0.12 ND 0.085 0.079 ND 1.28 ND 0.16 0.13
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Soil#23 ND ND 00017 ND ND ND ND ND ND ND ND
Soil#24 ND ND 00038  ND ND ND ND ND ND ND ND
Soil#25 ND ND 00028 ND ND ND ND ND ND ND ND
Maximum 4, g 10 012  0.032 133 03 0.19 1.28 15.1 0.39 132
Value (ng g

LOD (ngg?) 0012 46 _ 0001 _ 00055 _ 0023 __ 0.037 0018 00038 0.0038 00097  0.0038

4.4.4. Application of the optimized method to quantify cyanotoxins in field soils

In contrast to field studies on cyanotoxins in aqueous and biological samples, there is a
paucity of information regarding the presence of cyanotoxins in soils. Chen et al. (2006)
optimized the extraction method of 3 microcystins (RR, LR and [Dha’] LR) from soils and
sediments [33]. In one surface soil collected from Lake Taihu, China, the reported
concentration range was 0.28—1.69 pg microcystins g*. In another study, Manubolu et al.
(2018) optimized the extraction methods for quantification of microcystin-LR and
microcystin-RR in soils but did not find them at detectable levels in field samples [48],
perhaps due to relatively high limits of detection (LODs >20 ng g*) compared to our method
(LOD of 0.004 ng g* in this study).

Out of the 25 field-collected soil samples, 11 had at least one cyanotoxin. Six of these
eleven soils (55%) had more than one cyanotoxin, and up to 8 cyanotoxins were detected in
one soil. Among the 17 cyanotoxins included in this study, the most common in field soil
were anabaenopeptin (10/25), microcystin-LR (6/25 samples), microcystin-LW, -LF, and dm-
microcystin-LR (5/25), and microcystin-LY (4/25) (Table 4.2). Single samples also contained
microcystin-HtyR and microcystin-HilR (Table 4.2). The sum of all microcystins congeners
was in the range of 0.02 to 31 ng microcystins g soil, and the dominant congeners were
microcystin-LR and microcystin-LY (Table 4.2). This is consistent with other studies that
found microcystin-LR commonly in Canadian environments [49-52]. Anatoxin-a, originally
known as Very Fast Death Factor, was detected in one soil at a concentration of 11.8 ng

anatoxin-a g’* soil, and this soil also contained 10 ng homo-anatoxin-a g* soil (Table 4.2).
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The cyanotoxins anabaenopeptins-A, cyanopeptolin-A, cylindrospermopsin and microcystin-
RR, YR, WR were not detected in soil from this survey.

Anabaenopeptin was the most frequently detected cyanotoxin (10 out of 25 samples), but
concentrations were below part-per-billion levels (0.002—0.12 ng anabaenopeptin g soil;
Table 4.2). While anabaenopeptin is detected in pure cultures of Microcystis and Anabaena
flos-aquae and in biomass collected from cyanobacteria blooms and lake waters [53, 54], this
is the first report of its detection in soil, to the best of our knowledge.

4.5. Conclusions

The cyanotoxins extraction method for soil is robust and reliable for 17 cyanotoxins from
multiple classes (anatoxins, cylindrospermopsin, microcystins, anabaenopeptins, and
cyanopeptolin). The key to good recovery of cyanotoxins from soil (recoveries were from
68%-106%) was to add ammonium acetate (200 mM) to methanol, presumably because this
ionic solution promoted desorption of cyanotoxins from clay and organic matter in the soil.
The extraction efficiency of methanol + 200 MM ammonium acetate was up to 90% better
than with a conventional methanol: HPLC-grade water solution. Purification was achieved
quickly by coupling the pre-concentration process for a large volume of analyte to the
analytical system with the on-line SPE-UHPLC-MS/MS. The limits of detection with this
method were improved by several orders of magnitude, compared to earlier work.

Our work on developing a quantification method for cyanotoxins in soil is timely, given
the growing recognition of the human health risks from these substances. The One Health
approach to public health requires quantification of all environmental sources of cyanotoxins,
an emerging contaminant that is hazardous to humans and animals. Our extraction method
with methanol + 200 mM ammonium acetate and rigorous quantification approach provide
suitable accuracy and precision, within acceptance criteria, to meet these requirements for

soil cyanotoxins. While the recovery of Microcystin-RR was reasonable, we should consider
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other extraction strategies that could desorb more of this compound from the soil matrix. No
commercially available soil reference exists for cyanotoxins, so we still need to confirm the
suitability of the method for soil from other regions, possibly through interlaboratory
comparisons of our method and other suitable methods. In conclusion, this work will advance
our knowledge of cyanotoxins in soils and provide public health agencies with vital

information to assess the linkages between human, animal and environmental health.
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4.6. Supplementary Information

Tables

Table S4.1: Physicochemical characteristic of soils used for development and validation of
the cyanotoxin extraction method.

Matrix Sampling site Latitude and  Texture Organic  Clay Sand pH
longitude matter (g (gkg?) (gkg?)
kg™

Soil MO  Saint-Francois-Xavier- ~ 45°30'46"N  silt loam 30 210 80 6.0
de-Brompton, Québec, 72°01'54"W
Canada

Soil MV1  Thunder Bay, Ontario, Confidential  sandy loam 14 100 750 5.6
Canada

Soil MV2  Emile A. Lods 45°25'33"N  loam 30 200 490 55
Agronomy Research 73°55'51"W
Centre, Québec, Canada

Soil MV3  Sainte-Anne-de- 45°24'23"N  loam 59 250 450 7.4
Bellevue, McGill 73°56'15"W
Mcdonald Campus,
Québec, Canada

Soil MV4  Saint-Frangois-Xavier- ~ 45°30'33"N  sandy loam 64 50 680 6.3
de-Brompton, Québec, 72°01'53"W
Canada

Soil MVs  Emile A. Lods 45°24'33"N loam 89 140 460 6.6
Agronomy Research 73°56'09"W

Centre, Québec, Canada
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Table S4.2: Compound dependent MS/MS parameters of the target cyanotoxins and internal standards analyzed by on-line purification liquid
chromatography tandem mass spectrometry. The full name and chemical formula of each compound is presented in Figure S4.1.

Compounds Retention Precursor mass RF lens Quantification Collision Confirmation Collision
time (min) (m/2) V) fragment (m/z) energy (V) fragment (m/z) energy (V)
CYN 2.25 416.1 82 193.9 37 336.1 22
ATX-a 2.26 166.1 42 149.0 14 131.1 17
HANA-a 2.40 180.2 48 163.1 14 145.1 17
AP-B 3.14 837.5 118 201.0 38 637.6 30
MC-RR 3.88 519.9 82 135.0 31 510.0 10
AP-A 3.93 844.5 95 663.3 25 637.4 26
MC-YR 4.06 1045.4 170 135.0 55 1017.3 47
MC-HtyR 4.07 1059.6 163 599.4 46 617.3 47
MC-LR 4.13 995.5 175 135.0 55 553.1 45
dm-MC-LR 4.14 981.5 138 135.0 55 539.2 47
MC-WR 4.19 1068.6 139 626.3 46 1040.6 44
MC-HilR 4.21 1009.7 144 599.5 44 567.4 45
CP-A 4.37 957.5 100 939.6 29 726.5 39
MC-LA 5.26 910.5 95 776.3 18 402.1 24
MC-LY 5.39 1002.5 104 868.3 19 494.2 26
MC-LW 5.94 1025.5 111 517.2 26 891.3 20
MC-LF 6.06 986.5 101 852.3 18 478.2 25
CYN-"*Ns 2.25 421.1 89 197.1 34 - -
NOD 4.03 825.4 121 135.0 54 - -
MC-LR-"N1o 4.13 1005.6 175 561.3 45 - -
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Table S4.3: Sampling locations of field soils collected between June and August, 2019 for the
method application.

No. Soil type Sampling site Latitude & longitude

Soil#1  Agriculture soil  Abitibi-Témiscamingue, 48°20'04"N 78°17'32"W
Québec, Canada

Soil#2 Agriculture soil  Abitibi-Témiscamingue, 48°24'14"N 78°20'57"W
Québec, Canada

Soil#3 Agriculture soil ~ Ste-Anne-de-Bellevue, Québec, Canada 45°24'33"N 73°56'09"W

Soil#4  Agriculture soil ~ Ste-Anne-de-Bellevue, Québec, Canada 45°24'33"N 73°56'09"W

Soil#5 Agriculture soil Ste-Anne-de-Bellevue, Québec, Canada 45°25'33"N 73°55'51"W

Soil#6 Agriculture soil Ste-Anne-de-Bellevue, Québec Canada 45°24'56"N 73°56'40"W

Soil#7 Agriculture soil  Saint-Frangois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#8 Agriculture soil ~ Saint-Frangois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#9 Orchard soil Ulverton, Québec, Canada 45°43'24"N 72°14'17"W

Soil#10  Agriculture soil  Saint-Frangois-Xavier-de-Brompton, 45°31"27"N 71°59'14"W
Québec, Canada

Soil#11l  Agriculture soil  Saint-Frangois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#12  Agriculture soil  Saint-Frangois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#13  Agriculture soil  Saint-Francois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#14  Agriculture soil  Saint-Francois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#15  Agriculture soil  Saint-Francois-Xavier-de-Brompton, 45°30'33"N 72°01'53"W
Québec, Canada

Soil#16  Surface soil Petit Lac St. Frangois, Québec, Canada 45°32'12"N 72°02'41"W

Soil#17  Surface soil Petit Lac St. Frangois, Québec, Canada 45°32'12"N 72°02'37"W

Soil#18  Surface soil Petit Lac St. Frangois, Québec, Canada 45°32'13"N 72°02'35"W

Soil#19  Surface soil Petit Lac St. Francois, Québec, Canada 45°32'14"N 72°02'37"W

Soil#20  Surface soil Petit Lac St. Frangois, Québec, Canada 45°32'10"N 72°02'37"W

Soil#21  Surface soil Notre-Dame-de-ITle-Perrot, Québec, 45°23'38"N 73°53'62"W
Canada

Soil#22  Surface soil Notre-Dame-de-ITle-Perrot, Québec, 45°22'48"N 73°53'45"W
Canada

Soil#23  Surface soil Ste-Anne-de-Bellevue, Québec, Canada 45°24'27"N 73°57'25"W

Soil#24  Surface soil Lac des Deux Montagnes, Québec, Canada  45°24'27"N 73°57'24"W

Soil#25  Surface soil Lac des Deux Montagnes, Québec, Canada  45°24'16"N 73°56'13"W
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Table S4.4: Cyanotoxin extraction recovery (%) in soils extracted with methanol + 200 mM
ammonium acetate solution, detected by on-line purification liquid chromatography tandem

mass spectrometry.

Soil MV1 Soil MV, Soil MVs Soil MV, Soil MVs
Cyanotoxin Recovery (%) + Standard deviation (n=3)
MC-LY 93+13 86 +2 95+7 87+1 86 +2
MC-LA 877 86 +4 96 +10 88+3 93+3
AP-A 92+1 84+3 85+1 82+2 84+4
MC-LF 99+9 82+3 94 +10 81+3 80+3
MC-LW 87+9 86 +2 92+9 84+4 78 +5
AP-B 84+5 82+2 7714 76 £2 71+3
MC-HilR 92 +6 79+0.1 875 82+4 74+3
ATX 78+8 90+9 80+2 106 £ 2 94 +7
MC-LR 806 791 783 7712 69+2
CP-A 86 + 13 77+2 78+7 80+2 73+3
MC-HtyR 844 762 74 £5 721 612
MC-WR 96 +5 74+3 83+4 73+2 63+2
dm-MC-LR 6815 74+2 69+4 74+2 64 +2
MC-YR 752 722 703 69+1 59+1
HANA 53+8 62+2 69+8 74+3 64+1
MC-RR 51+1 56 +2 42 +1 55+2 41+1
CYN 48 +34 48 +3 34+2 66 + 3 34+2
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Figure S4.1: Structure of target cyanotoxins and standards that were detected by on-line
purification liquid chromatography tandem mass spectrometry.
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Figure S4.2: Chromatograms of the targeted cyanotoxins and internal standards obtained by on-line solid-phase extraction coupled with ultra-
high-performance liquid chromatography tandem mass spectrometry. The x-axis shows the retention time (min) and the y-axis is the relative

abundance. Peak intensity, precursor m/z and fragment ion m/z (quantification transition) are listed on the right of each chromatogram.
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Figure S4.3a: lllustration of the chromatograms of cyanotoxins in field soil sample #16, obtained from on-line solid-phase extraction coupled
with ultra-high-performance liquid chromatography tandem mass spectrometry. Both quantification (QT) and confirmation (CT) MS/MS
transitions are shown. The top two panels show the low or non-detected signals in blanks, and the bottom panels show the detected signals in
field soils. The x-axis shows the retention time (min) and the y-axis is the relative abundance. Peak intensity, precursor m/z and fragment ion m/z
are listed on the right of each chromatogram.
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Figure S4.3b: Illustration of the chromatograms of cyanotoxins in field soil sample #17, obtained from on-line solid-phase extraction coupled
with ultra-high-performance liquid chromatography tandem mass spectrometry. Both quantification (QT) and confirmation (CT) MS/MS
transitions are shown. The top two panels show the low or non-detected signals in blanks, and the bottom panels show the detected signals in

field soils. The x-axis shows the retention time (min) and the y-axis is the relative abundance. Peak intensity, precursor m/z and fragment ion m/z

are listed on the right of each chromatogram.
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Figure S4.3c: Illlustration of the chromatograms of cyanotoxins in field soil sample #18, obtained from on-line solid-phase extraction coupled
with ultra-high-performance liquid chromatography tandem mass spectrometry. Both quantification (QT) and confirmation (CT) MS/MS
transitions are shown. The top two panels show the low or non-detected signals in blanks, and the bottom panels show the detected signals in
field soils. The x-axis shows the retention time (min) and the y-axis is the relative abundance. Peak intensity, precursor m/z and fragment ion m/z
are listed on the right of each chromatogram.
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FORWARD TO CHAPTER 5

In the previous chapters, | confirmed that cyanotoxins are present in agricultural soils
and in soils that are adjacent to cyanotoxins-contaminated water. Farmers may add
cyanotoxins to their agricultural fields unintentionally if they irrigate the field with
cyanotoxins-contaminated water. Agricultural plants may bioaccumulate cyanotoxins, and the
cyanotoxins in edible parts of these food crops may pose a risk for human consumers.
Therefore, in Chapter 5, | conducted a formal meta-analysis to understand phytotoxicity and
bioconcentration of microcystins in agricultural plants, and the associated human health risks.

The meta-analysis had the following objectives: 1) to identify which source of microcystins is
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most toxic to plants, 2) to determine which agricultural plants are most sensitive to
microcystins phytotoxicity and are most likely to bioconcentrate microcystins, and 3) to
evaluate the human health risks from ingesting microcystins in the edible parts of plants using

a tolerable daily intake model.

CHAPTER 5
Phytotoxicity and bioconcentration of microcystins in agricultural plants: Meta-analysis

and risk assessment
Yanyan Zhang?, Joann K. Whalen?, Sébastien Sauvé®

2 McGill University, Department of Natural Resource Science, Macdonald Campus, 21,111 Lakeshore Road, Ste-Anne-de
Bellevue, Quebec, Canada, H9X 3V9
b Université de Montréal, Department of Chemistry, C.P. 6128, Succursale Centre-Ville, Montreal, Quebec, Canada H3C 3J7
5.1. Abstract

Microcystins are cyanotoxins produced by many species of cyanobacteria. They are
specific inhibitors of serine/threonine protein phosphatases and are phytotoxic to agricultural
plants. This study used a formal meta-analysis to estimate the phytotoxicity and
bioconcentration rates of agricultural plants exposed to microcystins, and the human health
risk from consuming microcystin-contaminated plants. Among the 29 agricultural plants

investigated, microcystins were most phytotoxic to durum wheat, corn, white mustard and

garden cress. Leafy vegetables such as dill, parsley and cabbage could bioconcentrate ~3
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times more microcystins in their edible parts than other agricultural plants. Although the
human health risk from ingesting microcystins could be greater for leafy vegetables than
other agricultural plants, further work is needed to confirm bioconcentration of microcystins
in realistic water-soil-plant environments. Still, we should avoid growing leafy vegetables,
durum wheat and corn on agricultural land that is irrigated with microcystins-contaminated

water and be attentive to the risk of microcystins contamination in the agricultural food

supply.



Key words: Microcystins phytotoxicity; Agricultural plants; Bioconcentration factor; Risk
assessment; Meta-analysis
5.2. Introduction

Microcystins are cyanotoxins produced by cyanobacteria genera such as Microcystis,
Nostoc, Dolichospermum (formerly Anabaena), Oscillatoria and Planktothrix (Redouane et al.,
2019). Chemically, microcystins are monocyclic heptapeptides with a general structure of cyclo-
(-D-Alal-L-X2-DisoMeAsp’-L-Z*-Adda’>-D-isoGlu®~-Mdha’), where D-MeAsp3 is D-erythro-b-
methylaspartic acid, Mdha’ is N-methyldehydroalanine and Adda® is 3-amino-9-methoxy-2,6,8-
trimethyl-10-phenyldeca-4, 6-dienoic acid. X? and Z* are substituted amino acids that vary
according to the biosynthesis process (Rastogi et al., 2014), which results in at least 279 variants
of microcystins in nature (Bouaicha et al., 2019). Microcystins are a specific inhibitor of
serine/threonine protein phosphatases that promote the growth of tumors and are responsible for
animal poisoning and hepatotoxicity in humans (Carmichael et al., 2001; Pflugmacher et al.,
2019; Xiang et al., 2020). Furthermore, microcystins are toxic to plants due to negative effects on
plant physiological processes including: (1) tissue development; (2) activation of enzymes
involved in COz fixation; (3) starch storage; (4) gene expression; (5) regulation of ionic
channels; (6) carbon and nitrogen metabolism; (7) hormone transport and (8) photosynthesis. In
addition, microcystins can stimulate or inhibit mitosis, depending on the exposure dose
(Machado et al., 2017).

Microcystins, as the most prevalent cyanotoxins, are commonly associated with harmful
algal blooms of cyanobacteria in eutrophic freshwater ecosystems (Rastogi et al., 2014). In
United States and Canada, around 80% of source- and treated-water samples contain

microcystins and the dominant congener is microcystin-LR (Giddings et al., 2012; USEPA,
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2015). Similar surveys from Europe report that microcystins comprise 60% of the detected
cyanotoxins in freshwater (Greer et al., 2016). Microcystins concentrations in surface water are
typically from 1-100 pg/L, although values up to 10,000 pug/L are reported (Corbel et al., 2014b;
Rastogi et al., 2014; Xue et al., 2020). However, microcystins are not limited to eutrophic surface
water—they are also detected in terrestrial environments that were irrigated or flooded with
water containing harmful algal blooms (Liang and Liu, 2020; Petrou et al., 2020). In neutral
environmental waters (pH 6.0~8.5), microcystins have a neutral or anionic charge (microcystins
minus). Since this amphiphilic molecule (800 to 1100 Da) has hydrophobic groups bound to
hydrophilic carboxyl and amine groups, it may form micelles and ion-pairs in solution. These
water-soluble microcystins are bioavailable to plants, which absorb low molecular weight
compounds from the soil pore water into the roots through symplastic and apoplastic pathways.
The persistence of microcystins in solutions and in soils, where it remains as long as 56 d due to
its cyclic structure (Bouaicha and Corbel, 2016; Corbel et al., 2014b), is expected to have
consequences for plants growing in these environments.

Plants exposed to microcystins exhibit phytotoxicity symptoms. These arise from an excess
of reactive oxygen species, and manifest as change in the plant histology, cytology, and
morphology resulting in lower growth and less biomass production (Cao et al., 2019a; Gu and
Liang, 2020). Microcystins accumulation in plants is a time-, plant species- and concentration-
dependent process (Hereman and Bittencourt-Oliveira Mdo, 2012; Jia et al., 2018; Wang et al.,
2011). In general, microcystins are absorbed via the root system, then translocated to the leaves,
shoots, flower, and fruit tissues (Corbel et al., 2015; El Khalloufi et al., 2012; Gutiérrez-Praena et
al., 2014)._Microcystins that bioconcentrate in edible parts of agricultural plants could be

ingested by humans. Currently, more than 90% study associated with the concentration of
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microcystins in edible parts of plants have exceeded the reference dose (0.04 pg/ kg/d) set by
WHO for Microcystin-LR (Cao et al., 2018; Chen et al., 2018; Chia et al., 2019; Wijewickrama
and Manage, 2019; Xiang et al., 2019). Therefore, the bioconcentration of microcystins in edible
plants must be considered when assessing the human health risks from microcystins.

In this paper, we conducted a formal meta-analysis to estimate the effect of various factors
known to influence the phytotoxicity and bioconcentration of microcystins in agricultural plants.
The meta-analysis had the following objectives: 1) to evaluate the phytotoxicity of microcystins
to plants under different growth conditions, 2) to identify which source of microcystins is most
toxic to plants, 3) to determine which agricultural plants are most sensitive to microcystins
phytotoxicity and which of those plants are most likely to bioconcentrate microcystins, and 4) to
evaluate the human health risk from ingesting microcystins in the edible parts of plants using a
tolerable daily intake model.

5.3. Materials and methods
5.3.1. Database

The dataset was compiled from peer-reviewed scientific articles published between 1996 and
2020 using the Scopus (Elsevier), Web of Science (Thomson Reuters) and Google Scholar
(scholar.google.com) databases and keywords (TITLE-ABS-KEY (Microcystins OR
hepatotoxin)) AND (Microcystin* OR heptato*OR peptide toxin* OR cyano™) AND
(*accumulation® OR *take OR assimila* OR expos™*) AND (*toxicity OR inhibit* OR
negative*(influen* OR effect OR impact® OR grow*) OR physiolog*change OR phyto* ) and
(agr* OR crop OR vegetable OR plant). We found 730 articles. We selected eligible articles as
follows: (1) include an experiment that studied the effect of microcystins on agricultural plants;

(1) report at least one response variable for an agricultural plant; and (ii1) provide information
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about the control, replication, statistical analysis and standard error. We excluded articles that
were retrieved more than once and articles that did not meet the criteria, based on the title,
abstract or the content of the full article. This resulted in 62 papers that were eligible for meta-
analysis. Figure data was digitized using data extraction software (GetData Graph Digitizer,
v.2.26.0.20). Relevant data from each study included the sample size, types of agricultural plants,
microcystin concentrations and variants, plant morphological indicators, plant physiological
indicators, plant biochemical indicators, concentration of microcystins in plants, and standard
error. Parameters extracted from eligible articles are summarized in Table 5.1. We converted
standard deviation (SD) to standard error (SE) using SE = SD / n, where n is sample size.

Table 5.1: Agricultural plants, grouped by families, and the phytotoxicity response variables that
were obtained from the 62 scientific papers used in this meta-analysis.
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Family of agricultural plants (common name)

Brassicaceae Leguminosae Poaceae Apiaceae

Arab.rdop S5 Alfalfa Corn Carrot Pepper Cucumber Lettuce  Spinach
thaliana
Durum Common Amaranthus

Arugul Cl Celery Potat

g over wheat e otato sowthistle hybridus
Broccoli Common Rice Coriander Tomato

bean

Chinese Garden Ryegrass Dill Eggplant
cabbage pea
Brassica Lentil Parsley
oleracea
Cabbage Soybeans
Garden Faba
cress bean
White
mustard
Radish
Rape

Phytotoxicity indicators

Morphology

Antioxidant enzyme activity Photosynthetic efficiency

50% inhibition of growth
Diameter of cross section
Dry weight

Biomass

Fresh weight
Germination percentage
Germination rate
Epicotyl length

Nodules number

Grain number

Plant height

Leaf number

Leaf length
Leaf area

Mean fresh weight
Necrosis

Lateral root number
Primary root length

Root elongation

Root length

Seedling length
Setting percentage (%)
Shoot length

Shoot elongation

Alpha tocopherol content Net rate of photosynthesis

Catalase activity Total Chlorophyll content

Dehydroascorbate content Chlorophyll a
Delta tocopherol content Chlorophyll b
Gamma tocopherol content Carotenoids

Glutathione content Leaf tissue transpiration

Glutathione disulphide content Oxygen production

Glutathione peroxidase activity Photosystem II activity

Glutathione reductase activity Light use efficiency
Glutathione Stransferase activity

Lipid peroxidation

Nalondialdehyde levels

Peroxidase assay activity
Phenolic content

Polyphenoloxidase activity
Superoxide dismutase assay activity
Total antioxidative status

Relative malondialdehyde content

O, content

H,0, content

Total fresh weight % of control mean

Relative growth rate
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5.3.2. Data pretreatment

We pre-grouped the data to explain the response of agricultural plants to microcystins and
obtain the maximal in-group homogenization before meta-analysis. Based on our specific
questions, we chose to subgroup the meta-analysis to test the influence of three covariates, i.e.
(1). growth conditions of plant; (2). the source of microcystins; (3). the concentration of
microcystins applied to the soil-plant system; and (4). the plant species and family. The growth
conditions include hydroponics- and soil-plant systems under various growth substrate. The
sources of microcystins were natural algal bloom extract, cultured M. aeruginosa (Microcystis
aeruginosa) extract and commercial cyanotoxin standard. Microcystins concentration applied to
the soil-plant system was grouped into nine categories: “very low” 0 — 1 pg/L, “low” 1 —10 pg/L,
“medium low” 10 — 100 pg/L, “medium” 100 —500 pg/L, “medium high” 500 — 1000, “high”
1000 — 5000 pg/L, “very high” > 5000 pg/L. Agricultural plants were classified by families,
namely the Brassicaceae, Leguminosae, Poaceae, Apiaceae, Solanaceae, Cucurbitaceae,
Asteraceae and Amaranthaceae (Table 5.1). Phytotoxicity indicators were grouped into three
classes, i.e. morphology, photosynthetic efficiency and antioxidant defense systems (Table 5.1).
When the number of studies within each group was n <5, the covariate was not calculated. Since
most plant assays evaluate the response to a mixture of “total microcystins” rather than a specific
congener of microcystins, the phytotoxicity results express the plant response to the “total
microcystins”, which can be one or more congeners of microcystins.
5.3.3. Meta-analysis

We used a meta-analysis software package (OpenMEE and JASP for meta-analysis) to
evaluate the phytotoxicity and bioconcentration rate of microcystins in agricultural plants.

According to Hedges et al. (1998), the response ratio (RR) was the effect size:
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T
InRR = In (;—C) (1)

where X7 and x are the mean values for microcystins-treated and control groups, respectively. A
value of In RR < 0 indicates a negative (toxic) effect of microcystins while In RR>0is a
positive (stimulatory) effect of microcystins on agricultural plants.

We used the bioconcentration factor (BCF) to determine the ratio of the equilibrium
concentration of microcystins in plants (C*) and the microcystin concentration in the external
environment (C%), to indicate the capacity of plants to bioconcentrate microcystins. The
response ratio of the bioconcentration (RRacr) is log-transformed as the effect size:

EP
In RRecr=In (C_W)

The underlying true effect size is supposed to be heterogeneous when a range of study
conditions and environmental factors are included in the meta-analysis, so we chose a random
effects model, estimated with the DerSimonian-Laird estimator (DerSimonian and Laird, 2015)
to calculate the effect size (Hedges and Vevea, 1998). To ensure a consistent metric of the
variance relative to the sample size of each study, the mean effect size was based on data
weighted by the inverse variance. We assessed the heterogeneity of the meta-analysis with the I?
index, a measure of the percentage of total variability among effect sizes that can be explained by
the between-studies heterogeneity. All estimates were reported along with 95% confidence
intervals. Probability of significant differences (p value) between the microcystin treatment and
control group were calculated with the Z statistic. In the graphs and tables, the log-transformed
response ratios (In RR) were back-transformed to the original scale to simplify the interpretation

of summary outcomes. The exponentially-transformed effect size (In RR) and confidence

intervals (CI) were used to calculate the percentage change.
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Percentage change % = [exp (In RR or 95%CI)-1] x100
5.3.4. Risk assessment

We conducted subgroup meta-analysis using data associated with plant parts and plant
species. We used the natural log bioconcentration factor (In RRgcr) to determine the effect size
by referring to the bioconcentration factor proposed by European Union and US Environmental
Protection Agency (Arnot and Gobas, 2006). An In RRpcr between 0-3 indicates that the plant
had “Low” microcystins bioconcentration. We assumed a ‘“Moderate” microcystins
bioconcentration when In RRgcr 1s 3-3.7 and “High” microcystins bioconcentration when In
RRgcr is > 3.7. When In RRgck is less than 0 (referred as “No” microcystins bioconcentration),
the microcystin concentration was probably diluted because biomass gain was greater than
microcystin bioconcentration, although we cannot rule out the possibility that microcystins were
depurated within the plant tissues (Romero-Oliva et al., 2015).

We used the tolerable daily intake risk assessment model of the World Health Organization
to quantitatively assess the risk to adults and children that ingest microcystins present in the
edible part of agricultural plants (Chorus and Bartram, 1999). The estimated daily intake (EDI:
ng/ kg body weight/day) was calculated as follows:

CMC X Dintake
bw

Estimated Daily Intake (EDI) =

where Cwc is an average microcystin-LR equivalent concentrations in agricultural plants (ng/kg
wet weight); Dintake 1S the daily consumption of the edible part of an agricultural plant (g/day),
which is based on standards published by the United States Food and Drug Administration (US
FDA 2015a) and bw is the average body weight (adult: 60 kg, child: 25 kg). Daily intake of the
edible part of the agricultural plants was calculated for 11 plant species (Table S5.1). Dry

vegetable weight was converted to fresh weight with a factor of 1.085 (Agriculture, 2007; Rattan
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et al., 2005), and total microcystins were converted to equivalent concentrations of microcystin-
LR according to the LDso of microcystin congeners (Table S5.3) (Chen et al., 2018; Wolf and
Frank, 2002). The transformation was based on the following equation:

CmC-LR equiv. = Cucs/ (TEFmc-1 + TEFuc2 + ... TEFuc-i)

where Cuc-Lr equiv. 18 total equivalent concentrations of Microcystin-LR; Cucs 1s detected total
microcystins concentration in edible parts of plant, and TEFuc.; is toxicity equivalent factor
(TEF) of individual congener of microcystins that reported in the study. The toxicity equivalent
factor of individual congener can be found in Table S5.3.

Then, we compared EDI values with the Chronic reference Dose value (RfD, 0.003 pg/kg/d)
and the World Health Organization value (WHO, 0.04 ng/kg/d). The following ranking criteria
were set, i.e. low risk (EDI < 0.003), moderate health risk (0.003 < EDI < 0.04) and high health
risk (EDI > 0.04).

5.4. Results
5.4.1. Phytotoxic effects of microcystins in agricultural plants
5.4.1.1. Heterogeneity in the agricultural plant responses to microcystins

Globally, microcystins were phytotoxic to agricultural plants, which decreased the
morphological responses by an average of 57% (P < 0.001), reduced photosynthetic efficiency
by an average of 61% (P < 0.001) and stimulated the mean antioxidant enzyme activity by 90%
(P <0.001) (Fig 5.1.). Results were heterogeneous (I>> 98%; Table S5.2), which reflects the high
variability within each study due to experimental errors, analytical errors and inconsistent

biological responses (intra- and inter-specific variation).
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Figure 5.1: Global effects of microcystins on the morphology, photosynthetic efficiency and
antioxidant enzyme activity of agricultural plants in the meta-analysis (n=62 studies).
Cumulative effect size was weighted by the inverse of the pooled variance. The number of
observations is given in parentheses beside each plant response category (variables considered
within each response category are described in Table 5.1). Error bars are the 95% confidence
intervals.
5.4.1.2. Phytotoxicity effects in hydroponics- and soil-plant systems

Microcystins phytotoxicity depends on the plant growth conditions, with greater
phytotoxicity in the hydroponics-plant system than the soil-plant system (Fig. 5.2).
Morphological parameters were 63% less in the hydroponics-plant system with microcystins, and
the same parameters were 45% lower when plants were exposed to microcystins in the soil-plant
system. Microcystins inhibited photosynthetic efficiency by 57% in the hydroponics-plant

system, but only by 31% in the soil-plant system. Antioxidant enzyme activity was stimulated by
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192% after exposure to microcystins in the hydroponics-plant system, with ~3 times lower
response (73% simulation) when plants were grown in the soil-plant system.
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Figure 5.2: Global effects (In RR and percentage change) of microcystins on the morphology (a),
photosynthetic efficiency (b) and antioxidant enzyme activity (c) when agricultural plants were
grown in hydroponics- and soil-plant systems. Cumulative effect size was weighted by the

inverse of the pooled variance. The number of observations (n) is in bold within parentheses.
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Error bars are the 95% confidence intervals. Percentage change is significantly different from the

skoskosk

control at “p < 0.05, “*p < 0.01, "™ < 0.001.
Growth substrates also affected the phytotoxicity of microcystins (Fig. 5.3). Plants grown in
culture medium had the most phytotoxic response, based on the reduction of morphological
properties (culture medium substrate (76%) > vermiculite substrate (67%) > paper substrate
(65%) > water substrate (57%) > sand substrate (47%) > soil substrate (44%) > soil:perlite 1:1
substrate (23%), and inhibition of photosynthetic efficiency (culture medium substrate (75%) >
paper substrate (61%) > water substrate (38%) > sand substrate (33%) > pinus bark and
vermiculite substrate (29%) > soil substrate (15%) > soil:perlite 1:1 substrate (5%)). Plants
grown in culture medium also responded to microcystins exposure with greater antioxidant

enzyme activity (culture medium substrate (426%) > water substrate (224%) > sand substrate

(120%) > pinus bark and vermiculite substrate (66%)).
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Figure 5.3: Global effects (percentage change) of microcystins on the morphology,
photosynthetic efficiency and antioxidant enzyme activity in the meta-data associated with the
phytotoxicity of microcystins to agricultural plant grown in different substrates in hydroponics-

and soil- plant systems. The square indicates the overall mean percentage change (%) of
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morphology, photosynthetic efficiency and antioxidant enzyme activity. The phytotoxicity of
microcystins on morphology, photosynthetic efficiency and antioxidant enzyme activity is
significant at p < 0.05. Error bars are the 95% confidence intervals. Percentage change is

L]

significantly different from the control at “p < 0.05, “p < 0.01, *p<0.001.
5.4.1.3. Phytotoxicity of microcystins sources

Phytotoxicity depends on the source of microcystins applied in controlled studies.
Agricultural plant morphology was affected more by exposure to microcystins from natural
bloom extract > cultured M. aeruginosa extract > commercial cyanotoxin standard. Natural
bloom extract decreased the morphological parameters by 61%, while the cultured M.
aeruginosa extract reduced these parameters by 54% and the commercial cyanotoxin standard by
26%, on average (Fig. 5.4). Natural bloom extract inhibited photosynthetic efficiency by 75%,
while cultured M. aeruginosa extract inhibited photosynthetic efficiency by 28% (Fig. 5.4).
Antioxidant enzyme activity was stimulated by 115% when exposed to nature bloom extract and

by 95% when agricultural plants were grown in the presence of cultured M. aeruginosa extract

(Fig. 5.4).
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Figure 5.4: Global effects (In RR and percentage change) of microcystins on the morphology (a),
photosynthetic efficiency (b) and antioxidant enzyme activity (c) in the meta-data associated

with the phytotoxicity of microcystins sources to agricultural plants (n=62 studies). Cumulative
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effect size was weighted by the inverse of the pooled variance. The number of included
observations is shown between parentheses in bold; Error bars are the 95% confidence intervals.
Phytotoxicity is affected by the concentration of microcystins applied to the soil-plant
system and tends to follow a dose-response curve. Increasing the microcystins concentration in
the soil-plant system significantly reduced the morphology integrity, diminished the
photosynthetic efficiency and boosted the antioxidant enzyme activity of agricultural plants (Fig.
5.5). Phytotoxic effects of microcystins on morphological indicators decreased from 19 % to
92% when the microcystin concentration increased from <1 to >10,000 ug total microcystins/L,
and the effect was negatively related to a greater concentration of microcystins (R?=0.9).
Photosynthetic efficiency of agricultural plants was moderately affected by microcystin
concentrations of 100 — 500 pg total microcystins/L, but was reduced by 79% when the
microcystins concentration exceeded >10,000 pg total microcystins/L (R?>=0.6). The greatest
stimulation of 349% change in antioxidant enzyme activities occurred when agricultural plants
were exposed to 1,000 — 5,000 pg total microcystins/L (R?=0.7). The results must be interpreted
with caution because ~77% of the plants exposed to microcystins were grown in hydroponic
systems at non-environmental relevant concentration rather than a soil-based environment, which
may exaggerate and skew a bit the realistic toxicity of different concentration of microcystins to

plants.
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Figure 5.5: Global effects (percentage change) of microcystins on the morphology (a),
photosynthetic efficiency (b) and antioxidant enzyme activity (c) in the meta-data associated
with the phytotoxicity of different concentration (g total microcystins /L) of microcystins to

agricultural plants from all collected studies. Cumulative effect size was weighted by the inverse
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of the pooled variance. Applied concentration of microcystins are listed on the left-hand side and
the number of observations for each subgroup and the sample size (bold) are shown on the right
side of the forest plot. Error bars are the 95% confidence intervals. Percentage change is

L]

significantly different from the control at “p < 0.05, “p < 0.01, *p<0.001.
5.4.1.4. Sensitivity of agricultural plants to microcystins

Plant families differed in their sensitivity to microcystins (Fig. 5.6). Plants in the
Brassicaceae family are the most sensitive to microcystins, based on the stimulation of
antioxidant enzyme activity Brassicaceae (147%) > Poaceae (132%) > Leguminosae (129%) >
Amaranthaceae (81%) > Cucurbitaceae (79%) > Asteraceae (71%) > Apiaceae (2%)), while
plants in the Asteraceae and Apiaceae families are the most resistant to microcystins. Their high
resistance to microcystins is also based on the fact that morphological properties were less
affected for Apiaceae (5%) < Asteraceae (18%) < Poaceae (49%) < Brassicaceae (58%) =
Solanaceae (58%) < Leguminosae (62%) < Cucurbitaceae (69%), and there was less inhibition of

photosynthetic efficiency for Apiaceae (2%) < Asteraceae (22%) < Brassicaceae (34%) <
Solanaceae (40%) < Poaceae (44%) < Leguminosae (62%).
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Figure 5.6: Global effects (percentage change) of microcystins on the morphology,
photosynthetic efficiency and antioxidant enzyme activity in the meta-data associated with the
phytotoxicity of agricultural plant families (n=62 studies). The square indicates the overall mean
percentage change (%) of morphology, photosynthetic efficiency and antioxidant enzyme
activity. The phytotoxicity of microcystins on morphology, photosynthetic efficiency and
antioxidant enzyme activity is significant at p < 0.05. Error bars are the 95% confidence
intervals. Percentage change is significantly different from the control at “p < 0.05, **p < 0.01,
“p<0.001.

When individual plant species were considered, durum wheat was the most sensitive to
microcystins, based on the fact that microcystins reduced its morphological properties by 69%,
inhibited its photosynthetic efficiency by 58% and simulated its antioxidant system by 257%
(Fig. 5.7). Corn exhibited similar phytotoxicity as durum wheat, i.e. 65% inhibition of
morphological properties, a 46% reduction in photosynthetic efficiency and antioxidant system
simulated by 255%. Rice, a related plant species (also a member of the Poaceae like durum
wheat and corn) had 108% stimulation of the antioxidant system, which is more than 2 times less
than durum wheat and corn. On the other hand, microcystins did not appear to be phytotoxic to
lettuce (Asteraceae family) based on the 18% reduction in morphology, the 17% inhibition of
photosynthetic efficiency and the 71% stimulation of the antioxidant system (Fig. 5.7).
Furthermore, microcystins had no toxic effects on the Apiaceae family, based on the response of
carrot morphology and photosynthetic efficiency. These findings suggest that lettuce and carrot

are more resistant to microcystins than other plant species.
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Figure 5.7: Response of agricultural plant species to microcystin exposure. Responses were
grouped according to the change in morphology, photosynthetic efficiency and antioxidant
enzyme activity of each agricultural plant. Effect sizes were weighted by the inverse of pooled
variance. Plant species are listed on the left. The number of observations and sample size (bold)
are shown on the right side of the forest plot. Percentage change is significantly different from

kK

the control at “p < 0.05, “p < 0.01, **p<0.001.
5.4.2. Bioconcentration of microcystins in agricultural plants

Agricultural plants differ in their ability to bioconcentrate microcystins. From a human
health perspective, the amount of microcystins that bioconcentrate in the edible part of the plant
is the most critical. Microcystins bioconcentrate preferentially in the whole plant > stem > root =
leaf > grain > seedling. The highest microcystin bioconcentration occurred in rice, dill, arugula,
cabbage, parsley and radish plants (Fig. 5.8). Moderate microcystins bioconcentration was
observed in corn, beans, durum wheat, lettuce and carrot plants. The lowest microcystins

bioconcentration (In RRscr < 0) was in rape, Arabidopsis thaliana and cucumber, suggesting that

these plants may bioconcentrate less microcystins.
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Figure 5.8: The response ratio of the bioconcentration factor (In RRgcr) for microcystins in

different plant parts (b) and in different plant species (c). The number of studies in each group

and the sample size (bold) are shown at the bottom. Error bars are the 95% confidence intervals.

5.4.3. Risk assessment of microcystins in agricultural plants

We calculated the estimated daily intake values (EDI, pg/kg/d) of microcystins for adults

and children based on the microcystin-LR equivalence (Fig. 5.9a and Fig. S5.1a). Mean EDI

values were greater for parsley (0.9) > cabbage (0.6) > dill = arugula (0.5) > lettuce (0.2) > green

bean (0.03) > cucumber (0.02) > rice grain (0.01) > carrot (0.006). Greater intake of microcystins

is predicted when adults and children eat leafy vegetables such as parsley, dill, arugula and
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cabbage, based on EDI values that exceed the WHO guidelines, than when they consume root,
fruit and grain. The EDI values for lettuce, cucumber, green bean, rice grain and carrot were
above the RfD guideline, suggesting that there is a risk of chronic exposure to microcystins when

these agricultural plants are consumed (Fig. 5.9b).
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Figure 5.9: (a) Estimated daily intake (EDI) of microcystin-LR equivalent from the consumption
of the edible part of agricultural plants by adults. (b). The number (shown in percentage (%)) of
EDI values for microcystin-LR equivalent classified as low risk, moderate risk and high risk for
each agricultural plant. EDI values were determined from the microcystins concentration (ug
microcystins /kg plant biomass) in nine agricultural plants treated with 0 — 10 pug microcystins
/L. RD is the chronic reference dose of 0.003 pg microcystins /kg body mass /d established by
United States Environmental Protection Agency and WHO is the World Health Organization safe
limit of 0.04 pg microcystins /kg body mass /d (US EPA, 2015b).
5.5. Discussion
5.5.1. Microcystins toxicity to plants

The hydrophilic carboxyl and amino groups of microcystins are highly soluble in water (1
g/L for microcystin-LR; Bartram and Chorus, 1999; de Maagd et al., 1999), which allows
microcystins to diffuse in water-based solutions and move through soil pore water to the root
surface. Microcystins probably enter plants through pinocytic processes, root adsorption and
diffusion (Machado et al., 2017a; Pham and Utsumi, 2018). Proton-amino acid symporters in
root cells could act as microcystins transporters, while pinocytic processes are expected during
microcystins uptake (Eriksson et al., 1990; Pflugmacher et al., 2019). After microcystins move
through the apoplastic pathway and enter the xylem after overcoming the Casparian strip barrier
(Pflugmacher et al., 2019), most of microcystins dissolved in water are transported passively to
leaves due to the high demand of water for photosynthesis and other metabolic processes.
Limited transport of microcystins occurs through the phloem because this active process
generally requires energy (Mc Farlane and Trapp, 1994; Vesterkvist and Meriluoto, 2003). When

microcystins enter a plant cell, less than 10% of microcystins may be conjugated
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nonenzymatically to glutathione in the plant, and the rest of the microcystins bind to protein
phosphatases through van der Waals forces and ionic binding between positively charged
domains of the protein and the negatively charged microcystins (Jiittner and Liithi, 2008;
Pflugmacher, 2002b). The covalent bond between microcystins and catalytic center of
serine/threonine protein phosphatases can perturb the phosphorylation or dephosphorylation
balance, affecting many cellular functions of the protein phosphatases (Welten et al., 2020). In
addition, the ATP-synthase beta subunit could be another target of microcystins binding in
eukaryotic cells, which explains the apoptosis-inducing potential of microcystins (Mikhailov et
al., 2003; Wei et al., 2016).

Since microcystins transported through xylem will first bioconcentrate in leaves, the early
symptoms of microcystins phytotoxicity are observed in leaf tissues. Microcystins seem to
activate plant defense responses associated with ATP-producing metabolic pathways by reducing
the availability of metabolic intermediates, and thus lower the photosynthesis rate (McElhiney et
al., 2001). When biosynthesis of defense-related compounds is prioritized, photosynthesis is
suppressed to avoid damage to the photosynthetic apparatus (Bolton, 2009). Microcystins also
induce the accumulation of reactive oxygen species in plant cells, which stimulates antioxidant
enzyme activity to protect DNA, proteins, carbohydrates and lipids from oxidative stress (Pham
and Utsumi, 2018). Therefore, plants that bioconcentrate microcystins in their leaves will have
less photosynthetic efficiency and greater antioxidant activity, which slows the growth rate and
causes morphological changes such as less biomass accumulation, fewer leaves and shorter

stems.

187



5.5.1.1. Microcystins toxicity to plants depends on the growing conditions

Microcystins are more phytotoxic to plants growing in hydroponics solution than in soil-
based environments, which we attribute to a higher level of bioavailable microcystins in
hydroponics solution. In hydroponics-plant systems, roots are immersed in solution, meaning
that microcystins remain in water and are readily transported to the root surface by diffusion
processes. Culture solutions with optimized levels of nutrients and electrolytes are more
favorable for root growth and apparently increase the absorptive root surface for microcystins
entry and bioconcentration in plants, based on the greater phytotoxicity observed in culture
solution, compared to water and paper-based hydroponics. On the other hand, soil-plant systems
that have a solid matrix (mainly organic matter and clay minerals) can reduce microcystins
bioavailability to plants because the microcystins adsorb to the soil particles and may be
degraded by soil microorganisms. The surface charges on organic matter and clay minerals are
negative, while microcystins have several charged groups (i.e., -COO™and —-NH>") in natural soil
solution (pH ~6—8) (Thirumavalavan et al., 2012; Ward and Codd, 1999; Wu et al., 2011). The
NH:" group can participate in cation exchange reactions or be ionically bound to negatively
charged interfaces of organic matter and clay, while the carboxylate group (COO") can be
repulsed by negatively charged surfaces or form surface bonds via cation bridging and/or ligand
exchange reactions (Liu et al., 2019a; Pochodylo et al., 2016). The surface-bound organic matter
may also enhance microcystins interaction with the surface through hydrophobic bonding
considering they contain the hydrophobic ADDA group (3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic acid) (Pochodylo et al., 2016). Once the microcystins has complexed or
precipitated with soil inorganic and organic particles, it becomes too large to be passively

absorbed into roots. In addition, faster degradation of microcystins occurs in soil pore water,

188



which contains a diverse, active microbiome that is adapted to fluctuations in soil moisture and
aeration, compared to the soilless solution. Soil-based environments also contain organic matter
that may act as photosensitizer and produce radicals that accelerate the photo-degradation rate of
microcystins (Thirumavalavan et al., 2012). These reasons can explain why microcystins
phytotoxicity is greater in hydroponics-plant systems than in soil-plant systems.

It is also notable that microcystins are less toxic to plants growing in soil substrates than
sand and vermiculite substrates. Sand has practically no cation exchange capacity — it neither
adsorbs nor releases charged molecules, so microcystins are more likely to remain in the soil
pore water that travels to the roots. Vermiculite is expected to absorb more microcystins because
of its higher surface area than kaolinite and illite in organic-matter free environments (Liu et al.,
2019a; Sposito et al., 1999). However, the vermiculite can also release more microcystins into
the soil water because of its high ion exchange capacity and relatively weak bond strength. For
instance, vermiculite attracted microcystins primarily through van der Waals interactions,
electrostatic interactions and hydrogen bonding due to the limited pH-dependence in
microcystins adsorption and small edge area of vermiculite (Liu et al., 2019a; Pochodylo et al.,
2016). In contrast to vermiculite, the clay minerals in soil are predominantly kaolinite and illite
(Ito and Wagai, 2017). The force of microcystins adsorption to kaolinite and illite was stronger
than vermiculite as it involved ionized functional groups via ligand exchange and cation bridging
reactions on a high edge area (Liu et al., 2019a, b; Miller et al., 2005). Furthermore, the organic
matter that coats clay surfaces appears to retain microcystins through water-bridged hydrogen-
bonds and metal complexes (Liu et al., 2019b; Thirumavalavan et al., 2012). This suggests that

more microcystins are strongly bound to particles in the soil-plant system, compared to the
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vermiculite-plant system, therefore we can expect lower phytotoxicity in soil-based substrate
than pure vermiculite, which is consistent with our observations.

5.5.1.2. Greater phytotoxicity of microcystins from natural bloom extract and cultured M.
aeruginosa extract

Natural bloom extract is derived from field-collected cyanobacteria by sonication of the
cyanobacteria cells in water or by extraction with solvent or dilute acid solution (e.g.,
methanol/water (v/v) of 70% — 100% or 5% acetic acid/water (v/v). Natural bloom extract could
contain multiple microcystin congeners, as well as other co-occurring cyanotoxins like anatoxin-
a, saxitoxins, cylindrospermopsin and f-methylamino-l-alanine, and other secondary metabolites
that are produced in cyanobacterial bloom (Freitas et al., 2014; Machado et al., 2017b; Roy-
Lachapelle et al., 2019; Sabart et al., 2015; Testai et al., 2016; Zhang and Whalen, 2020a). This
suite of secondary metabolites may synergistically enhance the toxicity of natural bloom extract,
relative to purified microcystins extract (Sadler and von Elert, 2014). Furthermore, trace metals
like iron and zinc that chelate with microcystins or other cyanotoxins could enhance the toxicity
of natural bloom extract (Cao et al., 2020; Chin-Chan et al., 2015; Facey et al., 2019). Some
organisms, e.g. bacteria, spores and zooplankton, attached on cyanobacteria cell wall could
enhance the toxicity of natural bloom water (Guo et al., 2018; Kim et al., 2020). Therefore, the
natural bloom extract is expected to be more toxic than the other sources of microcystins.

In realistic field conditions, the microcystins concentration in irrigation water ranged from
<1 pg microcystins/L, which promoted plant growth due to hormesis and other stimulatory
effects, to as much as 29,000 pg microcystins/L, which was phytotoxic (Machado et al. 2017).
Higher microcystins concentration is associated with the cyanobacterial bloom, which typically

reaches its peak growth in late summer and fall months, and contains other cyanotoxins and

190



secondary metabolites that could interact synergistically with microcystins to increase their
phytotoxicity. (Al-Sammak et al., 2014; Cerasino and Salmaso, 2020; Christophoridis et al.,
2018; Zhang et al., 2020b). Consequently, farmers and agricultural advisors should be alert to the
fact that irrigation water from a cyanobacteria-affected water supply will be phytotoxic during
the whole bloom season, particularly in the late summer and fall months. It is beyond the scope
of this study to deduce the multiple effects on plants accruing from exposure to a myriad of
cyanotoxins. Therefore, we recommend to monitor the presence and concentration of
cyanotoxins in irrigation water as an effective strategy to mitigate their phytotoxicity and also

protect farmers’ health.

5.5.1.3. Phytotoxicity of microcystins depends on the plant family and plant species

Microcystins elicited more phytotoxic responses in the Brassicaceae, Poaceae and
Leguminosae, which were the top three plant families with the greatest stimulation of their
antioxidant system. These three plant families, plus the Solanaceae, lost a considerable amount
of photosynthetic efficiency after exposure to microcystins. Since photosynthesis is key for the
production of new tissues, it is not surprising that these four plant families, plus the
Curcurbitaceae, had the most change in morphological properties after exposure to microcystins.
At the plant species level, the three most sensitive plants with larger antioxidant simulation were
durum wheat (Poaceae), corn (Poaceae), and garden cress (Brassicaceae), while white mustard
(Brassicaceae) had the most profound morphological reduction, and potato (Solanaceae) lost the
most photosynthetic efficiency. Lettuce (Asteraceae) was more resistant to the phytotoxic effects
of microcystins, compared to other plant species.

Plants exhibit toxicity when their self-detoxification systems cannot depurate microcystins.

Once microcystin enter plant cells (e.g. mesophyll cells), forming glutathione conjugates via the
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Glutathione-S-transferase system or by nonenzymatic processes is the first step for plants to
detoxify microcystins (Jiang et al., 2011). Then, the plant transfers the microcystin-glutathione
conjugates into vacuoles for storage and further processing (Coleman et al., 1997; Pflugmacher,
2002a). However, only ~10% of microcystins form conjugates when they enter plants, meaning
that most microcystins remain potent inducers of plant-specific toxicity (Cao et al., 2019b).
Toxicity of these non-depurated microcystins results from their binding to protein phosphatases
followed by reactive oxygen species production. The plant’s first line of defense is an up-
regulation of the antioxidant system, which relies on antioxidant enzymes or glutathione for
protection from oxidative stress. Therefore, the sensitivity and resistance of plants to
microcystins depends on their ability to reduce oxidative stress (Gu and Liang, 2020; Petrou et
al., 2020; Saqgrane et al., 2009).

Plant defense via their antioxidant system is energy intensive, requires nutrients and relies on
multiple metabolic pathways (Bolton, 2009). Allocating resources toward the defense response
generally occurs at the expense of plant fitness (i.e., lower investment in morphology, inhibition
of photosynthesis; Mittler, 2002). This may explain why the increase in antioxidant systems
reduced morphological outcomes and photosynthesis rates in Brassicaceae, Poaceae and
Leguminosae. The Brassicaceae were less affected than Poaceae and Leguninosae, which may be
attributed to their high sulfur requirement to support sulfur metabolism, including production of
phenolics and glucosinolates (Jahangir et al., 2009; Petrou et al., 2020). Sulfur metabolites like
glutathione are well-known antioxidants that could be involved in microcystins detoxification;
the Brassicaceae with high phenolics and glucosinolates may have inherent protection against
oxidative stress, which lowers the phytotoxic effects of microcystins on species in this plant

family.
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At species level, not all species within a plant family respond in the same way to
microcystins exposure because of the significant variation in specific plant defense responses to
antioxidant stress. Within the Poaceae family, rice was less affected and consequently appears to
be more resistant to microcystins than durum wheat and corn. Rice may have higher and easily
activated superoxide dismutase and catalase enzymes than durum wheat and corn (Gu and Liang,
2020). These two enzymes plus glutathione peroxidase constitute a first robust line antioxidant
defense system for rice (Ighodaro and Akinloye, 2018). More genes regulating catalase enzyme
and higher efficiency of the antioxidant enzyme genes were also reported in rice than other plants
(Sharma et al., 2016). Besides, microcystins could promote the synthesis of some signaling
molecules, i.e. hormones that can initiate defenses in plant roots (Liang and Wang, 2015). This
evidence supports our assertion of a more efficient antioxidant response to microcystins exposure
in rice than durum wheat and corn. Lettuce, which is the most resistant to phytotoxicity from
microcystins, is generally rich in antioxidant compounds that scavenge reactive oxygen species
with glutathione-S-transferase (Bittencourt-Oliveira Mdo et al., 2016). Lettuce can
simultaneously activate several metabolic pathways, which are mainly related to photosynthesis,
response/defense to stress, protein synthesis and transduction machinery, to overcome
microcystins toxicity (Freitas et al., 2015). Besides, lettuce has superior photosynthetic
performance due to the high nitrogen content in its leaf tissue (Evans, 1989). Low microcystins
concentration (< 10 pg/L) is known to enhance the photosynthesis rate in lettuce by increasing
the gas exchange and achieving close to the optimal potential quantum efficiency of Photosystem
I, based on the Fv/Fm value (Bittencourt-Oliveira Mdo et al., 2016; Levizou et al., 2017).
Stimulation of photosynthesis is associated with the energy acquisition needed to produce

antioxidant biomolecules in lettuce (Freitas et al., 2015; Saqrane et al., 2009). Consequently,
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resistance to microcystins 1s expected in plant species with inherently high photosynthesis rates
and capacity to up-regulate their antioxidant production, but this remains to be confirmed under
realistic field conditions. Further work should focus more on the phytotoxicity of microcystins to
these plant species under realistic field conditions. Since several important staple crops (e.g.,
durum wheat and corn) were negatively impacted by microcystins exposure, we should avoid to
plant these crops on agricultural land that is irrigated with water containing microcystins.
Another practical option would be to identify the crop species/varieties that could be suitable for
growing in areas where irrigation water is frequently contaminated with microcystins.

5.5.2. Risk assessment due to bioconcentration of microcystins in agricultural plants

5.5.2.1. Bioconcentration of microcystins in edible parts depends on the plant species
Microcystins in soil have an estimated half-life of 5 to 60 d, depending on its rate of
adsorption to soil surfaces and the rates of biological- and chemically-mediated degradation
processes (Chen et al., 2006; Corbel et al., 2014a). Once absorbed by plants, microcystins can be
conjugated nonenzymatically to glutathione in cells or bioconcentrate in particular plant
components (Pflugmacher et al., 2002; Arnot and Gobas, 2006). Our results indicate that
microcystins tend to accumulate preferentially in the leaves and roots, followed by the stems and
then the grains of plants. Furthermore, leafy plants like radish, cabbage, arugula, parsley, and dill
bioconcentrate more microcystins than root and grain plants. However, bioconcentration of
microcystins does not imply that it is phytotoxic to the plant, based on results from the Apiaceae
family. Even within the same plant family (e.g., Brassicaceae), the bioconcentration factor varies
from species to species, probably due to differences in plant ecophysiological characteristics

such as leaf area, leaf cuticle, metabolic processes, source-sink transfers between root and shoot
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systems (Crush et al., 2008; Romero-Oliva et al., 2014; Saqgrane et al., 2009), as well as the mode
of exposure to microcystins (i.e., foliar vs. soil-borne microcystins).
5.5.2.2. Health risks from consuming edible plant parts containing microcystins

Leafy vegetables tend to bioconcentrate microcystins in edible tissues and people generally
eat the whole leaf, which means that adults and children have a greater health risk from ingesting
leafy vegetables than root vegetables (Fig. 5.9). Eating raw vegetables is a direct exposure
pathway for microcystins, but microcystins remain in food, in their original chemical form, even
if it is boiled, fried, or steamed (Chen et al., 2010). Cooked plants release bound microcystins
and thus increase the amount of ingested microcystins. Therefore, it seems that there is no way to
safely prepare a microcystin-contaminated plant for human consumption. Once ingested,
microcystins can bioaccumulate in human body tissues, causing adverse effects on various
human organs and altering the expression of proto-oncogenes, oncogenes, and cytokines that are
associated with an elevated incidence of liver and colorectal cancer (Buratti et al., 2017). To date,
there is no report of animal or human poisoning linked to the consumption of microcystins-
contaminated vegetables in the world. However, the concentration of microcystins in vegetables
could exceed the daily tolerance intake (World Health Organization, 0.04 pg microcystins/kg
body mass/day) in many parts of the world, such as China, Saudi Arabia and Canada (Mohamed
et al., 2009; Miller and Russel, 2017; Xiang et al., 2019).

This meta-analysis suggests a human health risk from microcystins-contaminated
vegetables, but it needs to be interpreted with caution. To the best of our knowledge, only three
studies reported the bioconcentration of mircrocystins in realistic field conditions; most of the
available data was collected in pot experiments or hydroponic experiments at non-

environmentally relevant concentrations. Although microcystins exposure in soil-plant systems
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should avoid overestimating the microcystins bioconcentration in plants, compared to a
hydroponic exposure study (Machado et al., 2017a), such experiments still cannot replicate the
bioconcentration of microcystins in realistic field conditions. We need a better microcystins
exposure test that can reflect microcystins interactions with other organisms, the natural
adsorption and degradation processes, and how the natural soil solution allows for the
bioconcentration of microcystins in plants (Mohamed and Al Shehri, 2009; Romero-Oliva et al.,
2014; Xiang et al., 2019). Besides, studies with poorly characterized cyanobacterial extracts may
underestimate the risk of microcystins transfer to agricultural plants in field settings, while the
microcystins experiments that relied upon cultured Microcystis aeruginosa or purified standards
might not reflect the real toxicity of natural blooms, thus underestimating the actual human
health risk. We acknowledge that the bioconcentration data can be biased when microcystins are
recovered from plant tissues by a solvent extraction and purification (e.g. with a C18 cartridge)
method that quantifies the free dissolved microcystins but does not measure the bound
microcystins fraction (Jiittner and Liithi, 2008; Neffling et al., 2010). Bound microcystins (e.g.,
deconjugated protein-bound microcystins) undergo a reversible binding process with thiols that
contributes to the overall toxicity of microcystins (Vela et al., 2008; Wei et al., 2016). When
bound microcystins are the major fraction in plant tissues, this would grossly underestimate the
bioconcentration and the eventual risk of microcystins transfer from edible plant tissues to
humans (Corbel et al., 2016; Meissner et al., 2013). We urge researchers to evaluate these
potential bias in the microcystins exposure, bioconcentration and risk assessment procedures, to

improve our understanding of the potential impacts of microcystins on plant and human health.
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5.6. Conclusion

This meta-analysis confirmed the phytotoxicity of microcystins affects the morphology,
photosynthetic efficiency and antioxidant system of agricultural plants. Most plants can tolerate
concentrations <1 pg microcystins/L, but we should avoid growing edible leafy plants, wheat
and corn on agricultural land that is irrigated with microcystins-contaminated water. Irrigation
water is at risk of becoming contaminated with microcystins and other cyanotoxins because these
noxious compounds are produced by cyanobacterial blooms, which are occurring more
frequently due to global warming and ongoing eutrophication of waterbodies. Hence, there is a
growing risk of agricultural plants coming into contact with microcystins-contaminated water,
particularly in developing countries where surface waters are a cheap source of irrigation water.
Field-based experiments on the fate and transfer of microcystins in agricultural fields will
provide us with the requisite information to prevent microcystins from entering the agricultural
food supply. Agricultural advisors will use this information to educate farmers on the hazards
associated with irrigating crops with microcystin-contaminated water. Finally, we need to know
the critical thresholds for microcystins in agriculture plant, so policymakers can develop dietary
guidelines that prevent humans from ingesting agricultural plants that contain more than the safe

RfD of microcystins.
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5.7. Supplementary Information

147 (a)

1.2

0.8

0.6

o Xo o

0.4

Estimated Daily Intake (ug/kg/d)

0.2

%%5_ .......... g_ . E .......

(b)

20%

80% ,

o
Carrot Rice grain

100% 67%

Cucumber

100%

Arugula !

100%

Parsley

" "RfDT{Chronic reférence dose
Carrot Rice Cucumber Greenbean Radish Lettuce Spinach Arugula

WHO guideline (0.04 pg/kg/d)

Dill Cabbage Parsley

Low risk
EDI <RfD

Moderate risk
RfD < EDI < WHO

High risk
EDI > WHO

Fig S5.1: (a) Estimated daily intake (EDI) of microcystin-LR equivalent from the consumption
of the edible part of agricultural plants by children. (b). The number shown in percentage (%) of
EDI values for microcystin-LR equivalent classified as low risk, moderate risk and high risk for
each agricultural plant. EDI values were determined from the microcystins concentration (ug
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microcystins /kg plant biomass) in nine agricultural plants treated with 0 — 10 pug microcystins
/L. RfD is the chronic reference dose of 0.003 pg microcystins /kg body mass /d established by
United States Environmental Protection Agency and WHO is the World Health Organization safe
limit of 0.04 pg microcystins /kg body mass /d (US EPA, 2015b).
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Table S5.1: Daily reference intake of the edible part of agricultural plants (g fresh weight/day)
from the standards of the United States Food and Drug Administration (2015).

Agricultural plant Daily reference intake of edible plant part (g d')
Adults Children

Arugula 80 40
Cabbage 80 40
Carrot 15 7.5
Cucumber 100 50
Dill 100 50
Green bean 120 60
Lettuce 80 40
Parsley 110 50
Radish 15 7.5
Spinach 128 64
Rice 250 130
Tomato 150 75
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Table S5.2: Heterogeneity test for the effect of microcystins on the morphology, photosynthetic
efficiency or antioxidant enzyme activity of agricultural plants. Measurements that represented
these agricultural plant responses are listed in Table 1.

Agricultural Effect size Lower Upper Standard Heterogeneity
plant responses  (In RR) bound bound error (In) p. I*(%) Tau? Q
(In) (In)

Morphology -0.36 -0.39 -0.34 0.01 <0.001 99 0.1 14 x 10
(df=720)

Photosynthetic -0.25 -0.29 -0.21 0.02 <0.001 100 0.05 1.8x10*

efficiency (df=167)

Antioxidant 0.28 0.25 0.31 0.02 <0.001 98 0.13 4.8 x 10*

enzyme activity (df=655)
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Table S5.3: The toxicity and MC-LR equivalency, based on the toxicity equivalent factor, of
primary microcystin congeners. Toxicity was determined from the intraperitoneal median lethal
dose (LDso) value of mice.

Congener Toxicity (ug/kg) Toxicity equivalent factor
Microcystin-AR 250 0.2
Microcystin-FR 250 0.2
Microcystin-HilR 100 0.5
Microcystin-HtyR 80-100 0.5
Microcystin-LA 50 1
Microcystin-LR 50 1
Microcystin-LY 90 0.6
Microcystin-MR 700-800 0.06
Microcystin-RR 500-800 0.06
Microcystin-WR 150-200 0.3
Microcystin-YA 60-70 0.8
Microcystin-YM 56-110 0.9
Microcystin-YR 150-200 0.3
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DISCUSSION AND FUTURE IMPLICATIONS

The overarching goal of this thesis is to explain how agricultural nutrients may trigger
cyanotoxin production, which leads to the widespread occurrence of cyanotoxins in agricultural
watersheds and their biomagnification into the agricultural food supply. Specifically, my thesis
includes the first comprehensive review on the role of agricultural nutrient loadings in triggering
beta-N-methylamino-L-alanine by freshwater cyanobacteria. It also documents the occurrence of
cyanotoxins in soil and subsurface water in agricultural watersheds and presents a new, efficient
method to determine the concentration of cyanotoxins in soils. The relevance of my research to
public health is clear from my work on human health risks from microcystins that bioconcentrate
in agricultural plants.

Research in Chapter 2 demonstrated that seasonal nutrient loading from agricultural land
triggers the production of beta-N-methylamino-L-alanine by increasing the biomass of toxic
cyanobacteria and altering the nitrogen availability in the freshwater environment. However,
most of current understanding about beta-N-methylamino-L-alanine production in cyanobacteria
is based on controlled laboratory work. Most field studies did not monitor the relationship
between nitrogen availability and beta-N-methylamino-L-alanine production, which makes it
difficult to extrapolate findings from the lab to the field level. My recommendation is for a long-
term monitoring programs of nitrogen loading in freshwater systems. This information should
help researchers to understand cyanobacterial blooms from an ecophysiological perspective.
Specifically, we should monitor how seasonal fluxes of agricultural nutrient into lakes and other
fresh waterbodies affects the nitrogen availability to distinct cyanobacteria groups, i.e., nitrogen

fixing and toxigenic, non-nitrogen fixing and toxigenic, and non-toxigenic cyanobacteria.
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Another critical research gap is the influence of nitrogen availability on the succession and
competitive interactions among these groups. The overall recommendation from Chapter 2 is to
promote more efficient nutrient management in agricultural land, which is the major source of
nutrient loading in rivers and lakes. Excess nutrient loading during spring and early summer may
enhance toxic cyanobacteria biomass, while lower nutrient levels during late summer and fall
could create nitrogen-deficiency environments where cyanotoxins biosynthesis can be triggered
in cyanobacteria.

Most research on cyanotoxins focuses on waterbodies, but my Chapter 3 confirms that
freshwater lakes are just one of many ‘hot spots’ of cyanotoxin production in agricultural
watersheds. My findings of cyanotoxins in soils and drinking water are important, because they
confirm that cyanotoxins are produced in many environments or are transferred among
environments (e.g., from the vadose zone to subsurface drainage and groundwater receptors).
Since farmers in southern Quebec do not irrigate their fields with cyanobacteria-contaminated
water. | suspect that soil cyanobacteria could be the source of microcystins found in agricultural
fields. The next logical step in this research is to determine if soil cyanobacteria have the genes
responsible for microcystins biosynthesis by comparing the genome of soil cyanobacteria with
aquatic cyanobacteria. If soil cyanobacteria can produce microcystins, this major discovery
should be followed by studies about the ecophysiological function of soil cyanobacteria, as well
as their potential ecological and health risks in agriculutural soils.

My survey of cyanotoxins in Chapter 3 was limited by the availability of rapid, cost-
effective analytical methods to detect and quantify cyanotoxins in all ecosystem components. |
resolved this issue by tackling one of the most difficult matrix — the soil — and developing a new

extraction method for soil cyanotoxins that is robust and reliable for 15 cyanotoxins with diverse
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chemistry in Chapter 4. Purification was achieved quickly by coupling the pre-concentration
process for a large volume of analyte to the analytical system with the on-line SPE-UHPLC-
MS/MS. My extraction method with methanol + 200 mM ammonium acetate and rigorous
quantification approach provide suitable accuracy and precision, within acceptance criteria, to
meet these requirements for soil cyanotoxins. My work on developing a quantification method
for cyanotoxins in soil is timely, given the growing recognition of the human health risks from
these substances. The method can be fine-tuned to improve the recovery of microcystin-RR and
cylindrospermopsin, which bind strongly to the soil matrix, but overall is qualified as a rapid,
effective and accurate quantification procedure for soil cyanotoxins.

My cyanotoxins quantification procedure is a robust tool for solving the questions about fate
of cyanotoxins in soil environments. For instance, my method makes it possible to study the
cyanotoxin adsorption capacity of soil in dynamic (fixed-bed/column) and static (batch)
experiments. Cyanotoxin sorption kinetics must be understood before we can make predictions
about the possibility that cyanotoxins are leached and transported via other hydrological
pathways from soil to groundwater in agricultural watersheds. With my cyanotoxins
quantification procedure, it will be possible to determine the half-life (degradation rate) of
cyanotoxins in soils.

Cyanotoxins are commonly associated with harmful algal blooms of cyanobacteria in
eutrophic freshwater ecosystems, but I found that microcystins are present in agricultural soils
and in soils that are adjacent to cyanotoxins-contaminated water (Chapter 3&4). This confirms a
general idea that microcystins can be added unintentionally to agricultural fields that are irrigated
or flooded with microcystins-contaminated water. Since microcystins negatively affect the

physiological properties of agricultural plants, the phytotoxicity of microcystins is relatively well
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documented and I was able to analyze data from 29 agricultural plants. Microcystins in the edible
parts of food crops pose a risk for human consumers, and it is likely that agricultural plants
grown in developing countries will come into contact with microcystins-contaminated water (due
to the fact that surface waters are a cheap source of irrigation water), this is a public health
concern. I recommend more field-based experiments on the fate and transfer of microcystins in
agricultural fields to prevent microcystins from entering the agricultural food supply. Moving
forward, more research should be conducted to protect farmer and consumers’ health. At first, we
should confirm if it is safe for farmers to operate the irrigation equipment when the water source
is contaminated with cyanobacteria. | recommend preparing questionnaires to ask farmers about
the frequency that they observe evidence of cyanobacteria in irrigation water sources, and about
their sanitation practices. For instance, we can visit agricultural fields adjacent to bloom water
during pre-bloom and post-bloom periods, asking the farmers if they ever suffed tired, skin
irritation, eye allergy, ect. when irrigating their fields. It is also essential to design a simple test
method for farmers to check the presence of cyanotoxins in an irrigation water source. From
long-run, a systematic measurement and monitor for cyanotoxisn in agricultural food supply will
prevent microcystins from entering food weds and help establish the food safety standards and
guidelines for microcystins.
CONCLUSIONS & SUMMARY

In my thesis, | completed a critical review that explains how nutrient loading from
agricultural runoff may trigger beta-N-methylamino-L-alanine production in cyanobacterial
bloom in freshwater environments focusing a case study, i.e. the production of beta-N-
methylamino-L-alanine in Lake Winnipeg, Canada (Chapter 2). Then, I confirmed that eutrophic

waterbodies are not the only source of cyanotoxins by screening microcysitns,
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cylindrospermopsin, anatoxin-a, saxitoxin and beta-N-methylamino-L-alanine in agricultural
watershed in Quebec, Canada (Chapter 3). | developed a new method to extract and quantify the
cyanotoxins in soil. The newly developed analytical method can detect 15 cyanotoxins in soils,
accurately and efficiently (Chapter 4). Since | found microcystins in agricultural soils, I decided
to evaluate the microcystins phytotoxicity in agricultural plants by meta-analysis and assessed
their risk to humans (Chapter 5).

Overall, this thesis advanced our knowledge of cyanotoxins in agricultural watersheds and
soil-plant systems. It highlights the fact that cyanotoxins occur in many environents — including
soil and subsurface water — in addition to the cyanobacterial blooms of eutrophic waterbodies.
More attention should be pulled on cyanotoxins in subsurface water and soil environments as we
manage the risk of public exposure to cyanotoxins following One Health approach in the future.
Therefore, my findings are of interest to governments and organizations with a mandate to
protect public health from emerging environmental contaminants. My work will also be
important to farmers, because it reveals a possible occupational hazard from cyanotoxin-
contaminated irrigation water that is not known to agricultural extension services and other farm
consultants. Although my research suggests that agricultural workers will be exposed to
cyanotoxins in soil and in crops that bioconcentrate these cyanotoxins, | am encouraged by the
fact that agricultural workers can be part of the solution when they follow nutrient management
guidelines. The connection between nutrient excesses in the environment and cyanobacterial
blooms is well-known, and the emerging evidence for nitrogen as a trigger for cyanotoxin
production is another compelling reason for a more cautious, judicious use of nitrogen fertilizer
in agriculture. Therefore, | end this thesis optimistically with hopes that my work will encourage

better nutrient stewardship for a sustainable future in which cyanobacteria live in harmony with
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other organisms, rather than as a threat to the ecological integrity and human health in
agricultural watersheds.
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