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RESUME

L’occurrence d’importantes proliférations de cyanobactéries est devenue de plus en plus
fréguente dans les sources d’eau potable a travers le monde. Ces proliférations s’accompagnent
de relargage de toxines qui sont nuisibles a la population aquatique et qui peuvent aussi causer un
probleme de santé publique. Dans I’optique de réduire ces effets néfastes, il s’avére nécessaire de
bien comprendre le devenir et les mécanismes d’élimination de ces toxines qui se retrouvent dans
I’eau brute a traiter. La biodégradation et I’adsorption par les sédiments sont deux mécanismes
qui contribuent a I’élimination des métabolites produits par les cyanobactéries. La biodégradation
par les bactéries indigénes est considére comme le mécanisme dominant pour la réduction des
toxines produites lors d’une prolifération de cyanobactéries. Etant considéré comme une
importante source de polluants, les sediments jouent un réle important dans le devenir des
cyanotoxines. Durant un événement de bloom de cyanobactéries, le principal objectif est
I’élimination des toxines qui se retrouvent dans I’eau brute a traiter. En effet, une insuffisance du
traitement ou une défaillance dans la chaine de traitement conduit assez souvent a des
concentrations en toxines supérieures aux concentrations maximales acceptables. La présence de
toxines dans I’eau brute est une préoccupation majeure dans la mesure ou de fortes
concentrations de toxines intracellulaires peuvent étre enregistrées. Ce qui justifie tout I’intérét a
porter sur I’étude des mécanismes de dégradation des toxines produites lors d’un bloom de

cyanobactéries.

Cette thése s’articule autour de trois thémes: (1) Etudierla biodégradation des cyanotoxines dans
la source d’approvisionnement en eau potable et dans I’usine de traitement des eaux, (2) Isoler et
identifier les bactéries indigenes responsables de la biodégradation des cyanotoxines et (3)
Etudier le potentiel d’adsorption des cyanotoxines sur des sédiments en milieu naturel. L’objectif
général de cette these est d’étudier le devenir et la persistance des différentes variantes de
cyanotoxines habituellement retrouvées dans les sources d’approvisionnement en eau potable a la
suite d’un bloom de cyanobactéries. Les objectifs spécifiques sont: (1) d’évaluer la
biodégradation des microcystines (MC) LR, YR, LY, LW, LF et CYN a I’eau brute et au niveau
du clarificateur durant le processus de traitement de I’eau a I’usine et lorsqu’un plan d’eau est
affecté par un bloom de cyanobactéries, (2) de déterminer le r6le des matieres particulaires dans

la biodégradation de différentes variantes de cyanotoxines dans la source d’approvisionnement en
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eau et au niveau du clarificateur durant le traitement de I’eau a I’usine, (3) de déterminer les
effets de la phycocyanine et de la concentration initiale de cyanotoxines sur la biodégradation des
cyanotoxines, (4) de comparer la degradation des toxines MCLR et MCLY prises séparément ou
dans le mélange de ces deux variantes, (5) de faire des recommandations aux gestionnaires et
professionnels du traitement de I’eau pour le suivi et le contr6le des cyanotoxines lors d’un
bloom de cyanobactéries, (6) de déterminer la capacité de dégradation des cyanotoxines par une
nouvelle souche isolée, (7) de déterminer I’effet du pH sur I’activité de dégradation des MCs, (8)
de determiner les genes impliqués dans la dégradation des cyanotoxines grace a I’analyse
métatranscriptomique, (9) de déterminer les coefficients d’adsorption des cyanotoxines MCLR,
RR, YR, LY, LW, LF et cylindrospermopsin (CYN) sur les sédiments selon les modeles
d’isothermes linéaire, de Freundlich et de Langmuir et (10) de déterminer le r6le des particules de

sédiments dans I’adsorption des cyanotoxines selon leur taille.

La premiére partie de ce projet de recherche était d’étudier la biodégradation des microcystines
(MC)-LR, YR, LY, LW, LF et cylindrospermopsin (CYN) dans une source d’approvisionnement
en eau potable recueillie durant un important épisode de bloom de cyanobactéries a la baie
Missisquoi (Québec, Canada) et dans I’eau recueillie dans le clarificateur de boues durant le
processus de traitement a I’usine. Cette étude montre que la biomasse issue de I’eau du lac et des
boues du clarificateur est capable de dégrader tous les MCs présentent a une concentration
initiale de 10 pg L-1 suivant une réaction du premier ordre avec une demi vie de 2,3 a 8,8 jours.
Les taux de biodégradation maximum et minimum ont été observes respectivement pour MCYR
au niveau du clarificateur de boue et pour MCLW dans I’eau du lac. CYN est biodégradée
uniquement au niveau du clarificateur de boues selon un taux de 1.0 x 10-1 d-1 et une demi-vie
de 6 jours. L’enlévement des particules associees aux bacteries (PAB) provenant du lac et des
boues du clarificateur augmente le temps de réponse entrainant un temps de biodégradation plus
long de I’ordre de 24 heures pour MCLY, LW et LF. Il a également été montré que le taux de
biodégradation est indirectement lié la concentration initiale de microcystine. En présence de C-
phycocyanine qui est une source de carbone supplémentaire pour les bactéries indigenes, les taux
de biodégradation augmentent. Comme les toxines, les C-phycocyanines sont aussi produites par
les cyanobactéries. La biomasse associée aux matiéres particulaires est en premier responsable de

la biodégradation des toxines.
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La seconde partie de cette thése visait a isoler et identifier les bactéries capables de dégrader les
différentes variantes de cyanotoxines souvent présentes dans un plan d’eau affecté par une
prolifération de cyanobactéries toxiques. Cette étude a permis d’isoler une nouvelle bactérie de la
baie Missisquoi. Celle-ci est capable de degrader cing variantes de microcystines, a savoir les
microcystines-LR, YR, LY, LW et LF, présentes dans I’eau a une concentration initiale de 50 pug
L-1 dans un délai de moins de 16 heures. Une analyse phylogénétique de la séquence génétique
16S rRNA a permis d’identifier la bactérie comme étant Sphingopyxis sp., désignée comme
Sphingopyxis sp. MB-E. Gréace a I’analyse PCR (Polymerase Chain Reaction), il a été montré
que la souche MB-E contient des génes spécifiques pour la dégradation de microcystine en plus
des génes mirA, mirB, miIrC and mirD. La souche de bactérie identifiée (Sphingopyxis sp. MB-E)
dégrade plus rapidement les variantes MCLR et YR a cause de la présence du lien peptidique
argenine-adda. Cette degradation est plus lente pour les variantes MCLY, LW et LF qui n’ont pas
ce lien dans leur structure chimique. 1l a été montré a travers cette étude que I’activité liée a la
biodégradation, propre a la souche de bactérie isolée, est réduite dans certaines des conditions de
pH acide ou alcalin. En effet, I’activité de biodégradation est inhibée lorsque celle-ci a lieu dans
des conditions de pH 5,05 et 10,23. La souche MB-E est cependant capable de dégrader MCLR et
MCYR dans des conditions de pH 9.12. Toutes les cing autres variantes de MCs sont dégradées
dans des conditions de pH 6,1. Cette partie de cette recherche met en exergue la présence dans
I’eau du lac (baie Missisquoi) de bactéries capables de dégrader un certain nombre de variantes
de cyanotoxines observées dans la baie Missisquoi. Elle permet aussi de constater que cette

activité de biodégradation est inhibée dans des conditions de fortes alcalinités.

La derniére partie de cette these est une investigation de I’adsorption des variantes de
cyanotoxines MCLR, RR, YR, LY, LW, LF and CYN surdes sédiments. L’effet de la taille des
particules de sédiments sur I’adsorption a également éte étudié. L’ adsorption de MCLR, RR, YR
and CYN s’accorde bien avec les modeles d’isotherme de Freundlich et Langmuir. Le coefficient
Kf des isothermes de Freundlich et Langmuir varie respectivement de 0.26 to I/kg & 2.24 I/kg et
0.014 I/kg a 0.053 I/kg. L’adsorption de MCLY est bien décrite par le modéle linéaire et celle de
MCLW par le modele de Langmuir. Aucun des modeles cités n’a pu decrire I’adsorption de
MCLF. La cinétique de sorption montre une adsorption rapide pour I’ensemble des cyanotoxines
mises a I’étude. CYN, MCLW et MCLF sont respectivement adsorbées, avec des taux de 72.6 %,

56.7% et 55.3% dans un délai de 2 heures, démontrant I’importante quantité de cyanotoxines qui



peut étre adsorbée sur les sédiments. Le suivi des tendances d’adsorption donne I’ordre suivant
d’adsorption : CYN > MCLW > MCLF > MCRR > MCLY> MCYR > MCLR. L’étude de
I’adsorption sur des sediments selon la taille des particules s’est faite avec les trois catégories
suivantes de particules : argilo-limoneux (<75 um), sable fin (75-315um) et sable grossier (315-
2000 um). Cette étude a montré que les petites présentent une plus grande capacité d’adsorption
comparé aux particules de grandes tailles. Les résultats de cette étude révelent I’existence d’un
comportement d’adsorption différent selon les variantes de toxines en contact avec les sédiments

et le fort potentiel d’adsorption des cyanotoxines par les petites et fines particules de sediments.

Ce travail de recherche cherche a apporter des éléments de réponse pour les professionnels du
traitement de I’eau, les gestionnaires de plans d’eau, les organismes et départements
gouvernementaux chargés de la gestion des ressources en eau lorsqu’une prolifération de
cyanobactéries est observée dans un plan d’eau. [l montre I’important role joué par les
mécanismes de biodégradation sur I’élimination des toxines durant un épisode de prolifération de
cyanobactéries dans un plan d’eau. Cependant selon le type de toxines, ce processus de
biodégradation necessite un délai approximatif d’une semaine pour s’amorcer. Il a été mise en
évidence dans cette étude, la grande capacité d’adsorption des petites particules (>75 um) de
sédiment et une adsorption par les sédiments entre 18% to 55% selon la variante de microcystine
considérée. Cette étude révele aussi que les cyanotoxines, une fois relarguées dans un plan d’eau,
sont immédiatement adsorbées par les particules de sédiments en suspension dans la colonne
d’eau. Egalement, cette étude démontre que la grande majorité de la biomasse, responsable de la
biodégradation des cyanotoxines, serait liée aux particules ou aux flocs biologiques. Par
conséquent, nous pouvons conclure que les processus de biodégradation par les bactéries
‘indigenes’ ont lieu en grande partie a I’intérieure des matiéres particulaires en suspension. Il a
été aussi montré que les six variantes de cyanotoxines étaient biodégradables durant I’étape post-
floculation des boues. Cependant, il existerait un fort potentiel d’accumulation de cyanotoxines
dans I’usine de traitement durant une période de forte prolifération de cyanobactéries. En isolant
une souche bactérienne impliquée dans la biodégradation des cyanotoxines, nous avons avec
succes conduit une recherche en profondeur en identifiant les genes impliqués dans le processus
de biodégradation de MCs. Nous avons aussi montré que le nombre de génes impliques était relié
a la concentration de MCs. Ces résultats pourraient étre applicables et d’un grand intérét lorsque

des opérations de suivi d’un plan souvent affecté par les cyanobactéries sont envisagées. Suite a



I’identification des génes impliqués dans la dégradation des cyanotoxines et I’application de tests
métagénomiques, il serait possible de vérifier si les genes identifiés sont actifs ou non durant un
bloom de cyanobactéries. Ces résultats pourraient remettre en cause les recommandations emises
lorsqu’un plan d’eau est touché par une importante prolifération de cyanobactéries, mais aussi ils
pourraient encourager le recyclage des boues du clarificateur afin de les utiliser comme média de

réduction des concentrations en cyanotoxines.
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ABSTRACT

The occurrence of toxic cyanobacteria blooms in water bodies has been increasing throughout the
world and is of concern because of the public health risk for drinking water sources and
recreational waters. To reduce the negative consequences of cyanotoxins, mechanisms involved
in their fate and elimination in both drinking water sources and DWTPs need to be investigated
thoroughly. Biodegradation and adsorption onto sediment are two mechanisms which contribute
to the elimination of cyanobacteria metabolites from the aquatic phase. Biodegradation by
indigenous bacteria has been considered as one of the dominant mechanisms that reduce the
concentration of cyanotoxins in drinking water sources experiencing a bloom of cyanobacteria.
Sediments as the important sources of environmental pollutants also play a critical role in fate of
cyanobacteria toxins. During a bloom of cyanobacteria in drinking water sources, the effective
removal of cyanobacterial toxins entering the DWTPs is a primary objective of treatment.
However, it also constitutes a concern because of the potential for accumulation of extreme
concentrations of intracellular toxins. Hence, degradation processes contributing to toxin removal

in drinking water treatment need to received greater attention.

This dissertation contains three main themes: (1) investigating the biodegradation of cyanotoxins
in a drinking water sources and a DWTP, (2) isolating and identifying indigenous bacteria
responsible for biodegradation of cyanotoxins and (3) elucidating the adsorption potential of
natural sediment in adsorption of cyanotoxins variants. The general objective of this project was
to study the fate and persistence of cyanotoxins variant in a drinking water sources and a DWTP.
The specific objectives were to: (1) evaluate the biodegradation of microcystin LR, YR, LY, LW,
LF and CYN in source water and clarifier sludge of a DWTP during a cyanobacterial bloom, (2)
determine the role of particulate matter on the biodegradation of cyanotoxin variants in water and
in clarifier sludge, (3) determine the effect of phycocyanin and initial cyanotoxin concentrations
on the biodegradation of cyanotoxins, (4) to compare the degradation of MCLR and MCLY alone
versus in mixtures, (5) provide recommendations to the drinking water community with regards
to toxin monitoring and handling in clarifier sludge, (6) evaluate the capacity of the novel isolate
to degrade multiple cyanotoxins, (7) determine the effects of pH on MCs degradation activity, (8)
(using metatranscriptomic analysis) determine the genes that are induced during microcystin
degradation, (9) determine the adsorption coefficients of a mixture of MCLR, RR, YR, LY, LW,
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LF and CYN on sediment according to the linear, Freundlich and Langmuir isotherms and (10)

determine the role of sediment particle size fractions in adsorption of cyanotoxin mixture.

The first part of this research project was to study the simultaneous biodegradation of a mixture
of microcystin-LR, YR, LY, LW, LF and cylindrospermopsin (CYN) in water from a drinking
water source affected by extensive cyanobacteria blooms (Missisquoi Bay, Québec, Canada) and
in clarifier sludge of a drinking water treatment plant (DWTP) supplied with the same source
water. It was shown that the biomass from both lake water and clarifier sludge was able to
degrade all MCs at initial concentrations of 10 pg L™ with pseudo-first order reaction half- lives
ranging from 2.3 to 8.8 days. The highest and lowest biodegradation rates were observed for
MCYR in clarifier sludge and MCLW in lake water, respectively. CYN was degraded only in the
sludge with a biodegradation rate of 1.0 x 10-1 d* and a half-life of 6.0 days. The removal of
particulate-associated bacteria (PAB) from the lake water and the sludge prolonged the lag time
substantially, such that no biodegradation of MCLY, LW and LF were observed within 24 days.
Furthermore, initial microcystin concentrations were shown to be indirectly related to the
biodegradation rate. Biodegradation rates were shown to increase in the presence of C-
phycocyanin as a supplementary carbon source for indigenous bacteria, a cyanobacterial product
that accompanies cyanotoxins during cyanobacteria blooms. The biomass associated with
particulate matter was primarily responsible for the biodegradation of toxins.

The second part of this project was to isolate and identify bacteria able to degrade cyanotoxin
variants from a drinking water source that has experienced blooms of toxic cyanobacteria for
many years. A novel bacterium capable of degrading five microcystin variants, microcystin-LR,
YR, LY, LW and LF at an initial concentration of 50 pug/l in less than 16 hours was isolated from
Missisquoi Bay. Phylogenetic analysis of the 16S rRNA gene sequence identified the bacterium
as Sphingopyxis sp., designated Sphingopyxis sp. MB-E. Using the polymerase chain reaction
(PCR), strain MB-E was shown to contain the microcystin degrading gene cluster, including the
mirA, mirB, mlrC and mirD genes. The isolate degraded microcystins containing the argenine-
adda peptide bond in MCLR and YR faster than MCLY, LW and LF which do not have this bond
in their chemical structure. It was shown that biodegradation activity of the bacterium was
reduced at acidic and alkaline pH values. Even though no biodegradation occurred at pH of 5.05
and 10.23, Strain MB-E was able to degrade MCLR and MCYR at pH 9.12 and all the five MCs
variants at pH 6.1. Results of this part of research elucidate that different genera of bacteria
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capable of degrading MC variants are present in the Missisquoi Bay water and biodegradation

may not be able to effectively degrade cyanotoxins at highly alkaline conditions.

The third part of the research was to investigate the adsorption behaviours of a mixture of
cyanotoxin including MCLR, RR, YR, LY, LW, LF and CYN onto sandy sediments. In addition,
the capacity of different size fractions of sediment in adsorption of cyanotoxin variants was
investigated. Freundlich and Langmuir isotherms were fitted for MCLR, RR, YR and CYN. The
corresponding Freundlich and Langmuir isotherm (K) ranged from 0.26 to I/kg to 2.24 I/kg and
0.014 I/kg to 0.053 I/kg respectively. Adsorption data for MCLY was well described by a linear
model and for MCLW, the Langmuir model. None of the adsorption isotherms were able to
adequately describe the adsorption behaviour of MCLF. Sorption kinetic showed immediate rapid
adsorption for all the cyanotoxins. CYN, MCLW and MCLF with 72.6 %, 56.7% and 55.3%
adsorption respectively in only 2 h demonstrated the highest degree of adsorption. The following
trend was obtained for the adsorption of cyanotoxins onto sediment: CYN > MCLW > MCLF >
MCRR > MCLY> MCYR > MCLR. Adsorption of cyanotoxins onto three fractionated
sediments particles, clay-slit (<75 pum), fine sand (75-315um), coarse sand (315-2000 um) were
investigated. Results of sorption indicated that the fine sediment particles had a higher sorption
capacity as compare to larger ones. Results revealed the different adsorption behaviour of
cyanotoxin variants and the high potential of small fine sediment particles to adsorb

cyanobacteria toxins.

This research work was focused to provide technical information useful for the drinking water
community and environmental ministries for the management of blooms of toxic cyanobacteria.
It was shown than biodegradation plays an important role in elimination of cyanotoxins in a
bloom event. However, depending on cyanotoxin types, this process needs an approximate lag
time of one week to be initiated. It was also shown that between 18% to 55% of microcystin
variants adsorbed onto sediments in less than 2 hr with the highest adsorption capacity observed
for tiny particles (>75 um). These results revealed that after release of cyanotoxins into the
aquatic phase they will be adsorbed immediately by suspended sediment particles. Moreover, it
was demonstrated that the majority of the bacterial biomass responsible for the biodegradation of
cyanotoxins is associated with particles or biological flocs. Consequently, it can be concluded
that the process of biodegradation of cyanotoxins by indigenous bacteria mainly occurs within
the suspended particulate matter and natural flocs. It was also shown that all of the 6 studied
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cyanotoxins were biodegraded in post-flocculation sludge; however, the potential remains for
extreme concentrations to accumulate within the DWTP during a transient bloom. By isolation of
a novel MC degrader bacterium, we successfully conducted more detail research on the
biodegradation of MCs and provided useful information regarding the genes which were active in
degradation of MCs. In addition, we revealed that the amount of degrader genes induction was
related to the MCs concentration. These results could be very applicable for monitoring purposes.
By identifying the cyanotoxin degrader genes and applying metagenomic test, it will be possible

to verify whether or not these genes are active during a cyanobacterial bloom.

The results of this study could contribute to amend the drinking water regulations during a bloom
of toxic cyanobacteria and are also relevant for utilities that recycle supernatant from sludge

thickeners or use lagoons for sludge treatment.
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CHAPTER 1 INTRODUCTION

Limited sources of fresh waters around the world are stressed as the result of disruption to
elemental cycles from human activities. Eutrophication of water bodies has been accelerated from
the addition of nutrients to aquatic systems all over the world (Davis and Koop 2006, Galvez and
Levine 2003). Eutrophication causes excessive growth of phytoplankton organisms such as
cyanobacteria and leads to a variety of water quality problems. Decreases in water transparency,
fluctuation of pH and oxygen levels, scum, odour and toxin production are the main
consequences of cyanobacteria blooms in surface waters (Perez and Aga 2005, Vasconcelos
2006).

Cyanobacteria blooms may occur in water bodies under various climate conditions (Perez and
Aga 2005). The factors that trigger abundant growth of these photosynthetic bacteria vary
extensively from one species to another, between and within lakes, during one sampling season
and between years (Jacoby et al. 2000, Sivonen and Jones 1999). Generally, the main
environmental conditions that are associated with their excessive growth are sunlight availability,
high total phosphorus content, low nitrogen to phosphorus (N:P) ratios, high water temperature
(15-30 °C), pH > 6, low CO; concentration, high water column stability and low grazing pressure
by zooplankton (Giani et al. 2005, Jacoby et al. 2000, Pli ski et al. 2007).

Cyanobacteria are able to produce a wide range of toxic secondary metabolites named
cyanotoxins (Singh et al. 2005, Sivonen and Jones 1999). From a toxicological point of view,
cyanobacteria toxins are classified into four main classes include; neurotoxins, hepatotoxins,
cytotoxins, and dermatoxins (irritant toxins). In addition, according to their chemical structure,
cyanotoxins are divided to the following groups: cyclic peptides (i.e. hepatotoxins) alkaloids (i.e.
neurotoxin), lipopolysaccharides and other bioactive compounds (Perez and Aga 2005, Svrcek
and Smith 2004). Microcystis, Anabaena, Anabaenopsis, Planktothrix, Aphanizomenon,
Cylindrospermopsis, Raphidiopsis and Nodularia are among the well-known species of

cyanobacteria with the ability to produce toxic compounds.

Most of the produced cyanotoxins by cyanobacteria remain within the cells during the growth
phase. The release of cyanotoxins and intracellular organic matter to water bodies exposed
mainly happens at the end of blooms with cells lysis (Korak et al. 2015). Following the liberation

of toxins from cells into the aqueous phase, they undergo various chemical transformation



processes and physical transport leading to reduction of their concentration. This natural
attenuation was attributed to various pathways including, (1) dilution by uncontaminated water,
(2) adsorption by sediments and suspended particulate matter (SPM), (3) photodegradation by
sunlight and (4) biodegradation (Gkelis et al. 2006, Harada and Tsuji 1998). Among the
aforementioned mechanisms, biodegradation has been considered as the main removal

mechanism of cyanobacteria toxins (Chen et al. 2008, Ho et al. 2012, Wormer et al. 2008).

Most of the studies related to cyanobacteria toxins have predominantly concentrated on their
isolation and identification, detection methods, toxicological effects and removal technologies
from drinking water supplies (Hedman et al. 2008, Hudon et al. 2014; Panteli¢ et al. 2013,
Quesada et al. 2006, Teixeira and Rosa 2005, Tsuji et al. 2001, Yen et al. 2011, Zamyadi et al.
2012, Wert and Rosario-Ortiz 2013; Wert et al. 2014). There has also been interest with regards
to the physico-chemical processes impacting fate of cyanotoxins in aquatic environments (Burns
et al. 2009, Chen et al. 2008, Corbel et al. 2014; Ho et al. 2012, Klitzke et al. 2010, Klitzke et al.
2011, Lemes et al. 2008, Liu et al. 2008, Romero et al. 2014; Song et al. 2007, Wormer et al.
2010). The fate and persistence of MCs (one of the most commonly detected hepatotoxins in
fresh waters) has been studied more in comparison to other types of toxins such as anatoxins
(ATX), saxitoxins (STX), nodularins and CYN (Grutzmacher et al. 2009, Ho et al. 2007, Klitzke
et al. 2011, Lemes et al. 2008, Tsuji et al. 1994, Welker and Steinberg 2000). ATX and STX,
which are neurotoxic cyanotoxins, have been identified in Europe, North America, and Australia;
however, they are not as frequently observed in ambient waters as cyclic peptide hepatotoxins
such as MCs and nodularins (Donovan et al. 2008, Gugger et al. 2005, Jones and Negri 1997,
Viaggiu et al. 2004).

Cyanobacterial blooms have also been observed in Canada (Mcquaid 2009, Ndong et al. 2014,
Svrcek and Smith 2004, Zurawell et al. 2004). Missisquoi Bay (Fig.1.1) in Lake Champlain is an
example of such a water body in southern Québec that has experienced cyanobacteria blooms for
several years. This shallow bay with an average depth of 2.8 m, has a surface area of 77.5 km?.
Because of low maximum depth of 4 m, mixing and sediment re-suspension by the wind is
common. A mean water residence time of 40 days was reported for this lake; however, the
amount of water exchanged with the main lake is not significant (Galvez and Levine 2003).
General quality and physical characteristics of the Missisquoi Bay are presented in Table 1.1. The
dominant phytoplankton communities in winter are typically diatoms and green algae; however,



bloom forming cyanobacteria species able to produce cyanotoxins are prevalent in the summer
(Galvez and Levine 2003).
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Figure 1-1: Map of the studied sites on Missisquoi Bay (northern part of the Lake Champlain)
near the border of USA (http://moonlightadmin.fatcow.com)

Based on the monitoring data of the Missisquoi Bay that has been collected by Québec’s Ministry
of the Environment (Ministere du Développement Durable, de I’Environnement et des Parcs)
(MDDEP 2008) the following dominant cyanobacteria species were identified in the Bay during
bloom seasons between the years 2000-2008: Anabaena flos-aquae, Aphanizomenon flos-aquae
and Microcystis aeruginosa. Each of these species is potentially able to produce specific types of
cyanotoxins as summarized in Table 1.2 (Bownik 2010, Hedman et al. 2008, Osswald et al. 2007,
Pearson et al. 2010).


http://moonlightadmin.fatcow.com/

Table 1.1: Physical and quality parameters of the Missisquoi Bay (Galvez and Levine 2003).

Physical parameter Value
Average Depth (m) 2,8
Max Depth (m) 4
Surface Area (km?) 77,5
Water Volume (x10°m?) 131,6
Watershed Surf. Area (km?) 1200
Quality parameter Value
TP (ug/h) 43-86
Chla Biomass (ng/l) 7-70
Transparency (m) 0,8-1,0
pH 7,0-9,5
Dissolved Oxygen (%) 85

Table 1.2: Dominant toxin producing species found in The Missisquoi Bay (MDDEP 2008)

Organism Types of toxin potentially
produced
Anabaena sp. Microcystins,  anatoxin-a

and saxitoxins
Aphanizomenon sp. Cylindrospermopsin,

anatoxin-a and saxitoxins

Microcystis sp. Microcystins

Consequently, during a bloom of cyanobacteria in the Missisquoi Bay, MCLR, ATX, CYN and
STX are the cyanotoxins that could potentially be present in the aquatic environment although
only MCLR has generally been measured. Among the cyanobacterial toxins identified to date;
ATX are considered as the most serious threat to the safety of the water supplies, mainly because

of their high toxicities and the lack of effective medical treatments (Chen and Chou 1998,



Osswald et al. 2007). In spite of this, scientific data related to natural degradation and persistence
of ATX in water bodies are limited (Burns et al. 2009, James et al. 1998).

In this research, we addressed two important questions for the management of source waters
affected by cyanobacterial blooms: (1) Which processes are primarily responsible for the natural
removal of cyanotoxins in drinking water sources? and (2) How long will it take to reduce the
concentrations of cyanotoxins to below detection limits through natural processes? The
experiments have been designed in order to respond to these critical questions. We investigated
natural mechanisms that contribute to the fate and elimination of cyanobacteria toxins; MCLR,
RR, YR, LY, LW, LF, CYN and ATX in drinking water sources. Biodegradation by indigenous
bacteria and adsorption onto sediments are the processes that were studied in the proposed
research. Biodegradation Kkinetic studies were conducted and adsorption isotherms for each toxin
were determined. To compare experimental results with field data, sediment and water samples

were collected from The Missisquoi Bay during bloom season in 2011 and 2012 and 2013.



CHAPTER 2 LITERATURE REVIEW

The main objective of the literature review section is to provide a synthesis of current knowledge
with regards to the different types of cyanobacterial metabolites, their methods of detection and

the mechanisms involved in the fate of cyanotoxins in natural waters.

2.1 Cyanobacteria

Cyanobacteria or blue-green algae are a class of eubacteria that is a division of the Kingdom
Monera (Svrcek and Smith 2004). These earliest groups of prokaryotic organisms are found in a
wide range of extreme environmental conditions such as volcanic hot springs and Antarctic
waters where other life forms wouldn’t be able to survive. In addition to their presence in waters
with neutral or slightly alkaline pH, cyanobacteria are also detected in waters with high salinity

and temperature (Takeuchi 2001).

Due to the presence of chlorophyll-a in their cells structures, cyanobacteria are photosynthetic
and produce oxygen similar to photosynthetic eukaryotes (algae) (Svrcek and Smith 2004).
Cyanobacteria cells have intracellular gas vacuoles that help them to vary their own cell density
and regulate their buoyancy within the water column. This specific characteristic allows them to
move up and down in a water column and stay at a favourable level in order to meet their
requirements for photosynthesis and nutrient uptake (Falconer 2005). In surface layers of the
water bodies, limited nutrients such as nitrogen and phosphorus are rarely available and
cyanobacteria prefer to accumulate carbohydrates rather than multiply. Consequently, cells
become denser and descend to the nutrient-enriched lower layers of the water bodies.
Conversely, in limiting light condition at bottom of the lakes, carbohydrate stores of the cells
decrease as the result of growth and causes reduction in the cell’s density enabling them to move
up to the surface layers once again (Sivonen and Jones 1999). Microcystis aeruginosa is one the
cyanobacteria species with high variable buoyancy, and able to produce colonies that can travel
within the water column at rates up to 250 m/day (Hodgson 2002, Oliver 1994). Cyanobacteria
cells are diverse in shape, form and length. Depending on the species, cyanobacteria may occur
as aggregation of colonies or filaments or as individual cells (Carmichael et al. 2001). Shapes of
the unicellular forms of cyanobacteria can be spherical ovoid or cylindrical. Binary fission is the

method of reproduction for cyanobacteria cells with the mean doubling time ranging between 21



h to 14.4 days. During a bloom that typically lasts between 5 to 7 days, the reproduction time is
under 2 days in optimum growth conditions (Carmichael et al. 2001, Svrcek and Smith 2004).

2.1.1 Cyanobacteria bloom

Cyanobacteria are a group of photosynthetic bacteria occuring in freshwater and estuarine
ecosystems, especially those of higher tropic levels, throughout the world (WHO 1998). As the
result of eutrophication during warm-weather conditions, their population grow excessively and
produce a large mass at surface of water bodies that is visible with the naked eye (Antoniou et al.
2005).

The presence of cyanobacterial blooms poses severe water quality problems. Excessive growth of
cyanobacteria depletes the dissolved oxygen content of the water causing the death of living
species (Rae et al. 1999). Cyanobacterial cells have potential to clog filters or accumulated in
clarifiers of DWTPs (Botha-Oberholster 2004; Zamyadi et al. 2012). Certain types of
cyanobacteria such as Microcystis, Anabaena, Anabaenopsis, Planktothrix, Aphanizomenon,
Cylindrospermopsis, Raphidiopsis and Nodularia produce toxins that have caused the death of
livestock, wildlife and pets following the ingestion of the toxin-containing water (Codd et al.
2005, Jacoby et al. 2000, Sivonen and Jones 1999). Major types of cyanobacteria toxins and their
producer cyanobacteria genera are summarized in Table 2.1.

2.1.2 Cyanobacteria metabolites

Cyanobacteria are able to produce diverse numbers of bioactive secondary metabolites that
include toxic compounds (Singh et al. 2005, Sivonen and Jones 1999). So far, it is not
understood why some species of cyanobacteria produce toxic secondary metabolites that are not
necessary for their primary metabolism. The produced cyanotoxins have a potent inhibitory effect
on grazers in aquatic environments; therefore, researchers believed that they may play a

protective role for cyanobacteria (Carmichael 1992, Svrcek and Smith 2004).

Generally, cyanobacteria cells are capable of producing different kinds of toxins during their
growth phase. Some of these toxins are intracellular and are released to the surrounding
environments after cell lysis; however, others can be excreted from cells even during the growth
stage and counted as extracellular toxins (Carmichael 1992, Sivonen and Jones 1999, Svrcek and
Smith 2004).



Table 2.1: Cyanobacterial toxins and their producer cyanobacteria genera (Carmichael et al.
2001, Hitzfeld et al. 2000, Sivonen and Jones 1999, Svrcek and Smith 2004)

Toxin group

Toxic effect

Main target organ in
mammals

Producer
genera

cyanobacteria

Cyclic peptides

Microcystins

Nodularins

Alkaloids

Neurotoxic alkaloids
Anatoxin-a

Anatoxin-a (S)
Saxitoxins
Cytotoxic alkaloids

Cylindrospermopsin

Dermatotoxic alkaloids

Aplysiatoxin
Debromoaplysiatoxin
Lyngbyatoxin-a

Lipopolysaccharides
(LPS)

Hepatotoxic

Hepatotoxic

Neurotoxic

Neurotoxic
Neurotoxic

Cytotoxic,
hepatotoxic,
neurotoxic,
Genotoxic

Dermatotoxic
Dermatotoxic
Dermatotoxic, oral
and  gastrointestinal
Inflammation

Potentially irritates
any exposed tissue

Liver

Liver

Nerve Synapse

Nerve Synapse
Nerve axons

Liver, Kidney,
heart, spleen,
intestine, thymus

Skin

Skin
Skin,gastrointestinal
Tract

Any exposed tissue

Anabaena,Anabaenopsis,
Aphanocapsa,
Hapalosiphon,Microcystis,
Oscillatoria

Nodularia (mainly brackish water)

Anabaena,Aphanizomenon,
Oscillatoria

Anabaena, Oscillatoria
Anabaena, Aphanizomenon,
Cylindrospermopsis, Lyngbya

Anabaena,Aphanizomenon,
Cylindrospermopsis, Umezakia

Marine cyanobacteria
Lyngbya,Schizothrix, Oscillatoria
Lyngbya,Schizothrix,
OscillatoriaLyngbya

All

According to their mechanism of toxicity cyanotoxins are divided to four main groups as
following: neurotoxins, hepatotoxins, cytotoxins, and dermatoxins (irritant toxins) (Sivonen and
Jones 1999, Svrcek and Smith 2004) (see Table 2.1). During a bloom of cyanobacteria,

hepatotoxins, neurotoxins and cyanotoxins are commonly found in freshwater; however, among



them, hepatotoxins and particularly MCs are the most frequently observed cyanobacterial toxins
(Svrcek and Smith 2004).

The most commonly detected hepatotoxins in the northern hemisphere are MCs (Codd et al.
2005, Sivonen and Jones 1999). Some of the MC producer cyanobacteria cells are summarized in
the Table 2.1. All the MCs have a general chemical structure, which is cyclo[-D-Ala-L-X- D-
MeAsp-L-Z-Adda—D-Glu-Mdha-] as demonstrated in Fig. 2.1, where Ala, MeAsp and Glu are
three D-amino acids , Mdha and Adda (3-amino-9-methoxy-2,6,8,-trimethyl-10- phenyldeca-4,6-
dienoic acid) are two unusual amino acids and finally X and Z are two variable L-amino acids
which give different names to the various molecules of MCs. X is usually leucine, arginine or
tyrosine, and Z is, arginine, alanine and methionine (Svrcek and Smith 2004).

More than 80 structurally different MCs have been characterized so far. Among them, MCLR
and MCLW are the most frequently occurring cyanotoxins (Leflaive and Ten-Hage 2007, Svrcek
and Smith 2004, Zurawell et al. 2004). Leucine (L) and arginine (R) are the two variable amino
acids of the MCLR and for the MCLW; these amino acids are leucine and tryptophan,
respectively (Carmichael 1992, 1994). During a toxic bloom of cyanobacteria, between 45.5 and
99.8% of the entire MC concentration consists of these two types of MCs (Craig et al. 1993,
Sivonen and Jones 1999, Vasconcelos et al. 1996). A certain strain of cyanobacterium usually has
the ability to produce more than one microcystin simultaneously with varying toxicities
(Carmichael 1992, Namikoshi et al. 1992).

Currently, the occurrence of MC producing blooms is a great concern worldwide because of
severe health risks associated with them (Liu et al. 2008). The presence of MCs has been shown
to be tumour and cancer promoters for mammalian liver (Fujiki et al. 1993, MacKintosh et al.
1990, Nishiwaki-Matsushima et al. 1992, Yu 1995, Yu et al. 2002). Human illnesses such as
primary liver cancer and even death in the worst case scenario have also been attributed to the

presence of MCs in the drinking water sources (Azevedo et al. 2002).

Nodularin is another type of cyclic pentapeptide which has a very close structure to MCs and
contains similar or even the same amino acids of the MCs. Occurrence of Nodularin was reported
in Australia, New Zealand and Baltic Sea (Sivonen and Jones 1999). The chemical structure of
nodularin is cyclo-(D-MeAspl- L-arginine2-Adda3-D-glutamate4-Mdhb5) Fig. 2.2 where Mdhb
stand for 2-(methylamino)-2- dehydrobutyric acid (Sivonen and Jones 1999). In spite of the
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difference in chemical structures, the toxic effects of nodularins and MCs are similar (Svrcek and
Smith 2004).

(@)

R CH,
CHy 0
H COOH
(b)
/L 7 s
: CH,
N 3
“ B “o N
‘ HX\,:SOCHQ H/ H;C o
S NN .‘/ ‘\\\T/ \l\_v//"
e H CHy T‘/ \{ j /J\ /
Hs
( COOH 0
NH
;‘
C
N
(c)
Q K eo0H TH3
- R S TN \'/\\HI-XN — —CH
‘ X " o] N '
N e

Figure 2-1: Chemical structure of the cyclic peptide hepatotoxins. (a) MCs (general): (b) MCLR,
with the amino acid leucine in the variable X position and arginine in the Z position. (c)
Nodularin. From (Svrcek and Smith 2004)
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Neurotoxic alkaloids, the most quickly acting cyanotoxins, are heterocyclic nitrogenous
compounds containing at least one nitrogen-carbon bond in their molecular structure. These types
of cyanotoxins affect the neuromuscular systems of mammalians leading to respiratory failure or

even death within a few minutes after exposure (Svrcek and Smith 2004).

Blooms of neurotoxic cyanobacteria have been detected in Europe, North and South America,
and Australia; however, they have not been as frequently observed as cyclic peptide hepatotoxins
(Osswald et al. 2007, Svrcek and Smith 2004). The cyanobacteria species that are capable of
producing neurotoxic compounds are listed in Table 2.1. Three families of cyanotoxins in this
class are the ATX-a and homoanatoxin-a, anatoxin-a(S) and saxitoxins which also known as
paralytic shellfish poisons (PSPs) (Fig. 2.2). Even though neurotoxic alkaloids have been
observed less frequently in water bodies, they present high health risk as a result of their very low
lethal doses (Fawell et al. 1993). Saxitoxins are produced by several freshwater species of
cyanobacteria such as Anabaena, Aphanizomenon, Cylindrospermopsis and Lyngbya (Sivonen
and Jones 1999). The appearance of “Red tides”, in coastal regions can also be the result of the
sudden proliferation of dinoflagellates, and have been associated with poisoning incidents of

saxitoxins (Hallegraeff 1993).
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Figure 2-2: Chemical structure of the neurotoxic alkaloids. (a) Anatoxin-a; (b) Homoanatoxin-a;

(c) Anatoxin-a(S); (d) General saxitoxin with various groupings; (e) Saxitoxin; and (f)
Neosaxitoxin. From (Svrcek and Smith 2004)

According to the net charge of saxitoxins, under acidic condition they can be classified into three

groups including: saxitoxins (charge +2), gonyautoxins (charge +1) and C toxins (Charge 0) (Hall

et al. 1990). Analytical methods for measuring the concentration of saxitoxins such as high

performance liquid chromatography (HPLC) are based on these properties (Nicholson and Burch

2001). In addition, these alkaloids can also be classified to three different groups based on their

sulfatation including: saxitoxins (non-sulphated), gonyautoxins (singly sulphated), or C-toxins
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(doubly sulphated) (Sivonen and Jones 1999). The different chemical structures of the saxitoxins
are shown in Fig. 2.2.

One of the most widespread cytotoxic alkaloids with cyclic structure is cylindrospermopsin
(CYN) that was first isolated from Cylindrospermopsis raciborskii in tropical Australian waters
(Hawkins et al. 1985). These cyanotoxins have also been found in New Zealand, Japan and
Hungary and some CYN producing genera have been detected in the USA and other parts of
Europe (Baker and Humpage 1994, Saker et al. 1999, Sivonen and Jones 1999). Large
concentrations of CYN can be found in a freshwater even during a healthy bloom of
cyanobacteria, indicating a high extracellular production (Carmichael et al. 2001). Even though
liver can be affected by CYN exposure, it has been demonstrated that the kidney, thymus, spleen,
intestine, eye and heart can also be damaged (Falconer et al. 1999, Terao et al. 1994). The

molecular structure of CYN is presented in Fig. 2.3.
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Figure 2-3: Chemical structure of cylindrospermopsin. From (Svrcek and Smith 2004)

The reasons for toxin production by some cyanobacteria cells have not been completely
elucidated yet and present a challenge for scientists. In fact, toxins are not only playing a
defensive role; they are also important for growth (Giani et al. 2005). It is not clearly understood
whether or not toxin production is affected by the same environmental factors promoting
cyanobacterial growth (Giani et al. 2005, Jacoby et al. 2000). In a field study conducted by
Jacoby et al. (2000), no relationship was found between Microcystis abundance and MCs
concentration. In contrast, a linear relationship between the MC production rate and the cells
growth rate had been reported elsewhere (Oh et al. 2000). Giani et al. (2005) during their
investigation of 22 lakes in southern Quebec found out that Microcystis and Anabaena were the

only toxigenic genera whose biomass were related to MCs concentration.
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Several field and laboratory studies have been conducted to determine the factors affecting the
production of cyanotoxins (Giani et al. 2005, Glibert et al. 2004, Jacoby et al. 2000, Kotak et al.
2000, Lee et al. 2000, Vaitomaa 2006). Giani et al. (2005) reported MCs cellular content
increased with increasing phosphorus concentration. However, according to their results, toxin-
producing cyanobacteria were present in both phosphorus-poor and phosphorus-rich lakes. In
another study by Lee et al. (2000) MC content of Microsystis aeruginosa was highly correlated
with the nitrogen content of the growth medium. Generally it can be concluded that without a
clear understanding of the roles of cyanotoxins in cyanobacteria growth, interpreting the

controlling environmental factors in cyanobacteria blooms are extremely difficult.

The factors causing blooms of cyanobacteria and their associated toxins could vary widely from
one species of cyanobacteria to another, between and within lakes, during one sampling season
and between years (Glibert et al. 2004, Jacoby et al. 2000). Therefore, exact environmental
conditions causing a toxic bloom formation are still unknown. However, the following factors are
mentioned as primary favourable conditions (a) high total phosphorus content, (b) low nitrogen to
phosphorus (N:P) ratios, (c¢) high surface water temperature, (d) high pH, (e¢) low CO,
concentration, (f) sufficient light availability, (g) high water column stability, (h) low grazing
pressure by zooplankton and (i) presence of Fe ** (Molot et al. 2014, Giani et al. 2005, Jacoby et
al. 2000). Each of these factors alone or together can trigger the occurrence of cyanobacteria

blooms.

During one season and for a specific lake, most of the above-mentioned factors occur
simultaneously. For example, Levine and Schindler (1999) mentioned that cyanobacteria’s
optimum N:P ratio changes with light intensity. Therefore, to more accurately predict a toxic
bloom of cyanobacteria a combination of multiple factors need to be investigated. Cyanobacteria
are responsible for the creation of some of these environmental conditions such as high pH and
low CO,. These are both beneficial for bloom formation and allow cyanobacteria to outcompete
other algal species (Dokulil and Teubner 2000). Even though many studies have tested the most
critical factors related to cyanobacteria bloom formation (Baldia et al. 2007, Glibert et al. 2004,
Graham et al. 2004, Vézie et al. 2002), interactions among these factors have been poorly

investigated.
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2.1.3 Cyanotoxins detection methods

Several authors have extensively reviewed analytical detection methods for cyanobacterial toxins
(Codd 1994, Harada et al. 1996, Hedman et al. 2008, Ledreux et al. 2010, Oehrle et al. 2010,
Osswald et al. 2007, Perez and Aga 2005). The analytical methods for detection of cyanotoxins
are based on two main categories including; biochemical or immunological screening techniques
and quantitative chromatographic techniques. Protein phosphatase inhibition assays and ELISA
(enzyme linked immunosorbent assay) are two examples of first category and high performance
liquid chromatography (HPLC) belongs to the second one (Svrcek and Smith 2004). To
determine more than one toxin simultaneously, complex liquid chromatography-mass

spectrometry (LC-MS) techniques have also been developed (Hedman et al. 2008).

For MCs which are the most common cyanotoxins in fresh water, these analytical methods range
from immunological or biochemical screening techniques to quantitative chromatographic
techniques. More sophisticated and expensive liquid chromatography-mass spectrometry (LC-
MS) and liquid chromatography-tandem mass spectrometry (LC-MS-MS) with high sensitivity
and selectivity were also developed for detection and quantification of microcystin variants
(Meriluoto and Codd 2005). For detection and measurement of other cyanotoxins such as STX,
ATX and CYN, analytical techniques based on HPLC or LC-MS are also applicable (Svrcek and
Smith 2004).

2.1.3.1 Enzyme linked immunosorbent assays (ELISA)

Analytical techniques based on ELISA are highly sensitive, specific and rapid methods in
detection of some cyanotoxins such as MCs, CYN, STX and nodularin depending on the
availability of antibodies for each cyanotoxin (Nicholson and Burch 2001). Commercial Kits for
the assay are vastly available which provide researchers with a convenient, fast technique for
measuring the cyanotoxins concentration in water samples. Since ELISA assays are based on the
reaction of a specific antibody with specific groups of cyanotoxin such as cyanobacterial peptide
hepatotoxins, they are very sensitive and selective. This specification lets the operator to analyse
a water sample for total amount of cyanotoxin without tedious sample preparation steps (Rapala
et al. 2002). However, the main problem with this assay arises from the cross-reactivity of the
antibodies with different cyanotoxins variants that have similarity in their chemical structures.

Consequently, there is potential of poor reaction of antibodies with some cyanotoxins if an
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unknown mixture of cyanotoxins is subjected to this assay. In fact, inconsistent cross-reactivity
of the antibodies with cyanotoxins variants can lead to the overestimation or underestimation of a

specific cyanotoxin in a water sample by ELISA assay (Nicholson and Burch 2001).

In cases where the goal of a monitoring program is measuring the total concentration of MCs and
nodularin or other cyanotoxins for which the kits are available, applying the ELISA is acceptable
(Svrcek and Smith 2004). In addition, when a single variant of cyanotoxin is subjected to toxicity
experiments, ELISA can be used as a method for monitoring the alteration of its concentration. In
summary, ELISA assays are not reliable as quantitative assays; however, they are mostly helpful

for screening programs (Svrcek and Smith 2004).

2.1.3.2 Protein phosphatase inhibition assays

Protein phosphatase inhibition assays (PPIA) was developed based on the ability of MCs and
nodularin to be inhibitors of protein serine/threonine phosphatases PP1 and PP2A enzymes
(Carmichael 1994, Rapala et al. 2002). Since measurement of toxin concentration in this assay
was attributed to the toxic action of MCs and nodularin, the assays is a useful and sensitive
method to measure the total potential toxicity regard MCs class of hepatotoxins in cyanobacteria
(Song et al. 2005). However, there are several disadvantages about application of this method that
needs to be considered. Firstly, all the MCs variants do not react with protein phosphatase
enzymes equally. Secondly, PPIA is not only sensitive to MCs and nodularin but also to other
protein phosphatase inhibitors that may cause an overestimation of toxin concentration. Finally,
the presence of toxins may be masked due to the presence of the phosphatase activity in

cyanobacteria sample itself (Rapala et al. 2002).

Both ELISA and PPIA are low-cost and easy to perform techniques for toxin screening and also
have the advantages of a very low detection limit (0.1ug/l) (Nicholson and Burch 2001).
Consequently, these analytical methods show potential for routine monitoring and screening of
MCs in fresh waters (Nicholson and Burch 2001, Rapala et al. 2002). However for accurate
identification of the cyanotoxin variants more accurate analytical methods such as liquid
chromatography-mass spectrometry (LC-MS) are required.



17

2.1.3.3 High performance liquid chromatography (HPLC)

One of the most common instrumental analytical methods for the identification and quantification
of cyanotoxins in fresh waters is high performance liquid chromatography (HPLC). Cyanotoxin
variants of a typical sample are separated from each other by combination of different
chromatography columns such as reversed phase C18, amide C16 and ion exchange column as
stationary phase and solvent such as methanol and acetonitrile as mobile phase (Nicholson and
Burch 2001, Rapala et al. 2002).

After separation of cyanotoxins the next stage is detection. The most common detection methods
of cyanotoxins are, UV, Photo-diode array (PDA), fluorescence and mass spectrometric detection
(Rapala et al. 2002). Each of them is specifically appropriate for a group of cyanotoxins. As a
case in point, most of the MCs and nodularin have a UV absorption maximum at 238 or 222 nm.
Therefore, by setting the wavelength of the UV detector at these values the amount of the MCs
and nodularin can be measured. However, other probable compounds in the sample may also
have strong absorbance at these wavelengths, which induces error in the results of detecting the
exact amount of cyanotoxins especially at low concentration (Meriluoto and Codd 2005). In
addition, microcystin variants have similar absorption coefficients and therefore, they have the
same sensitivity when analysed by HPLC with detection at 238 nm. Consequently, HPLC-UV
technique can be useful to estimate total concentration of MCs and nodularin rather than
identification of each of them (Meriluoto and Codd 2005).

In comparison to the UV detector that only records the UV response, a photo-diode array (PDA)
detector records both the UV response and the spectrum of an analyte (Nicholson and Burch
2001). Thus, this detection method provides a spectrum of a microcystin with maximum
absorbance at 238 nm, which is a more reliable evidence of its presence in a sample. However,
identification of the MC peak especially in low concentrations is still difficult (Nicholson and
Burch 2001). Phase chromatography with diode array detection (HPLC-PDA) has been the most
extensively used chromatographic technique over the last two decades for analysing MCs since it
enables detection of all of the variants on the basis of their characteristic UV spectra (Lawton and
Edwards 2008). HPLC with fluorescence detection following post column oxidation are

mentioned to be useful for identification and quantification of saxitoxins (Meriluoto and Codd
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2005). Some other techniques, such as capillary electrophoresis (CE) and thin layer
chromatography (TLC) can be applied as separation steps.

Even though identification and quantification of the extracted cyanotoxins have been carried out
using HPLC with different types of detectors, there are some weaknesses and limitations in the
application of this analytical method. For example, retention time cannot be used solely for
unambiguous identification of a cyanotoxin because of the co-elution problem. In fact, some of
the cyanotoxins have similar chemical structures that increase the risk of co-elution. In addition,
co-extracted material also has the possibility to co-elute and reduce the chance of confident
identification (Lawton and Edwards 2008, Nicholson and Burch 2001). Measuring accurate
concentration of cyanotoxins is also essential especially for estimation of their toxicity. Finally,
using the commercial analytical standards is inevitable. However there are a limited number of
certified cyanotoxins standards which presents a limitation for current chromatographic
techniques (Svrcek and Smith 2004).

2.1.3.4 Liquid chromatography-mass spectrometry (LC/MS)

Liquid chromatographic separation followed by mass spectrometry as a detection tool is another
option that was developed for identification and quantification of cyanotoxins in fresh water
(Poon et al. 1993). Mass spectrometry (MS) is an analytical technique that measures the mass-to-
charge ratio of charged particles. In mass spectrometry, a target chemical compound will be
ionized by various methods, such as impacting by an electron beam to generate charged
molecules. Using electromagnetic fields, ions are separated based on their mass-to-charge ratio
(m/z) (Sparkman 2000). Various types of mass analyzers can be used in LC/MS include; Single
Quadrupole, Triple Quadrupole, lon Trap, TOF (time of Flight) and Quadrupole-time of flight
(Q-TOF) (Ardrey 2003).

Since microcystin variants produce characteristic ions in their mass spectra, using mass
spectrometry for their detection solves the problem of unequivocally identifying MCs to some
extent (Nicholson and Burch 2001). However there are a few drawbacks regard analysing MCs
with this method including: 1) because of the unique response of individual microcystin, the
presence of the reference compounds is inevitable for quantification 2) the LC/MS curve of a
microcystin is not linear and is a characteristic of it, 3) the level of sensitivity varies in each run

of analysis, because sensitivity is affected by the matrix and condition of the mass spectrometer
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cone and 4) LC/MS cannot gives accurate information with regards to the toxicity of a
cyanobacterial toxins (Oehrle et al. 2010). Liquid chromatography/mass spectrometry has also
been used for identification and quantification of ATX; however, its accuracy is a matter of
debate. Phenylalanine as an amino acid that is abundant in cyanobacteria has the same molecular
weight and also often the same chromatogram with ATX-a that can cause a misidentification with
ATX-a during LC-MS analyses (Furey et al. 2005, Oehrle et al. 2010).

2.1.3.5 Liquid chromatography tandem mass spectrometry (LC/MS/MS)

Due to the weakness of the liquid chromatography mass spectrometry methods, other analytical
methods such as liquid chromatography coupled with tandem mass spectrometry (LC/MS/MS)
have been developed (Dell'Aversano et al. 2005, Hedman et al. 2008, Oehrle et al. 2010).

Mass spectrometers are frequently following separation devices such as liquid chromatography
(LC) or gas chromatography (GC). The compounds of a mixture are separated by LC or GC and
inter into mass spectrometer one by one. In tandem mass spectrometry (MS/MS), instead of using
LC or GC another mass spectrometer (MS) is applied. The first MS is used to produce
characteristic ion species of a mixture and the second MS is used to identify each of the mixture

components (Ardrey 2003).

Since LC/MS/MS is based on the identification of the produced fragments of each component,
both sensitivity and selectivity of is enhanced. The second and third limitation related to applying
LC-MS for detection of MCs which was mentioned in last section can be solved by the use of
tandem mass spectrometry and ultra-performance liquid chromatography (Lawton and Edwards
2008, Oehrle et al. 2010).

Another advantage of the tandem MS is its ability for multiple cyanotoxins monitoring by direct
aqueous sample injection (no sample cleanup) which leads to the rapid detection of different
cyanobacterial toxins in just a single run of experiment (Bogialli et al. 2006, Lawton and
Edwards 2008). Because of the mass filtering capacity of the triple quadrupole MS/MS analyzer,
typical problems of using single quadrupole or UV detector are eliminated (Hedman et al. 2008,
Lawton and Edwards 2008). To enhance sensitivity, speed and resolution, and for quantification
of all the cyanotoxins of the contaminate candidate list (MCLR, ATX and CYN), applying ultra-
performance liquid chromatography tandem mass spectrometry (UPLC/MS/MS) is recommended

by Oeherl et al. (2010). They also reported that the method can be applied to each of the priority
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toxins in natural water samples at concentrations as low as 0.5 ppb without the need for any

sample clean up and enrichment processes.

Table 2.2: A comparison of common detection methods for cyanotoxins, adopted from (Maizels
and Budde 2004, Nicholson and Burch 2001, Oehrle et al. 2010, Svrcek and Smith 2004)

Methods Analyte Low detection range
Mouse bioassay All toxic substances 1to 200 ug
ELISA Microcystin and nodularin 0.05 ug/L
variants
Single saxitoxins Depends on antibodies used
Protein phosphatise inhibition Microcystins 0.3 ug/L!
assay, colourimetric
HPLC separation - UV Microcystins, nodularin 0.02 ug/L*
detection
HPLC separation — Microcystins, 0.02 ug/L*
PDA detection cylindrospermopsin, nodularin
HPLC separation — Microcystins, anatoxin-a, 0.02 ug/L*
MS detection nodularin
HPLC separation Individual saxitoxins or 34 ug/L
— fluorescence detection specific saxitoxin groups
GC/IMS Anatoxin-a, cylindrospermopsin, 0.01 ug/L
LC/MS/MS microcystins

! Only for microcystins

2.1.4 Fate and persistence of cyanotoxins in water bodies

In general, most of the toxins produced by cyanobacteria remain within the cells during the
growth phase. The release of toxins to the aquatic environment mostly occurs during the death
and lysis of the cyanobacteria cells (Korak et al. 2015, Sivonen and Jones 1999). Laboratory
studies have shown in the logarithmic growth phase of cyanobacteria cells, a small percentage of
the total produced toxins (less than 10-20 percent) are found to be extracellular (Negri et al. 1997,

Rapala et al. 1997). In addition, during the exponential growth phase, a small portion of the cells
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dies and releases a limited amount of intracellular toxins. In the stationary phase following the
logarithmic phase, the rate of the cells’ death and lysis increases considerably leading to an
increase in dissolved toxin concentrations (Sivonen and Jones 1999). Fig. 2.4 shows the general
distribution of total, intracellular and extracellular cyanotoxins during a bloom of cyanobacteria.
The concentration of toxins in water during a bloom is commonly between 0.1 and 10 pg L™
(Rapala et al. 1997, Tsuji et al. 1996, Ueno et al. 1996); however, this value could be as high as
18 000 pg L™ (Kononen et al. 1993) when blooms break down and intracellular toxins are
released into the water. Consequently, the removal of intact cyanobacteria cells from the raw
water supplies significantly reduces the additional need for oxidative or adsorptive agents in
water treatment processes (Sivonen and Jones 1999). Chemical elimination of cyanobacteria cells
by algicides also causes the release of toxins to surrounding waters. A bloom population can lyse
completely in almost three days using copper sulphate. Following the liberation of toxins from
the cells in water bodies, they will rapidly be diluted, particularly if the water body is located in a
windy area (Jones and Orr 1994).

Total toxin concentration

Relative concentration

f Cyanobacterial density and
/ intracellular (particulate) toxin --;'~..
f concentration

£_ Extracellular (dissolved)
toxin concentration

P P Mot to scale
Increasmg time —=

Figure 2-4: Theoretical distribution of total, intracellular and extracellular cyanotoxins during a

bloom of cyanobacteria (Graham et al. 2008)

Most of the research related to cyanobacteria toxins has mainly concentrated on their isolation,
identification, detection methods, toxicological effects and removal technologies from drinking
water supplies (Carmichael 1992, Hedman et al. 2008, Hudon et al. 2014; Quesada et al. 2006,
Teixeira and Rosa 2005, Tsuji et al. 2001; Wert and Rosario-Ortiz 2013, Wert et al. 2014).
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However, there has been an interest in investigating the physico-chemical processes involve in
fate of cyanotoxins in aquatic environments (Burns et al. 2009, Chen et al. 2008, Corbel et al.
2014; Klitzke et al. 2010, Ledreux et al. 2010, Lemes et al. 2008, Liu et al. 2008, Smith et al.
2008, Romero et al. 2014; Song et al. 2007, Wormer et al. 2008, Wormer et al. 2010). Natural
attenuation of cyanotoxins in drinking water sources has been be attributed to various processes,
including: dilution by uncontaminated water, adsorption by sediments and suspended particulate
matters (SPM), photodegradation by sunlight, biodegradation by indigenous bacteria and
bioaccumulation in the aquatic environment (Gkelis et al. 2006, Harada and Tsuji 1998). Among
the various processes, biodegradation has been mentioned as the main removal mechanism of
cyanobacteria toxins from aquatic systems (Chen et al. 2008, Wormer et al. 2010); however, few
studies have also highlighted the importance of adsorption on sediment and suspended particulate
matter (Grutzmacher et al. 2009, Liu et al. 2008).

2.1.4.1 Photodegradation

The persistence of cyanobacterial toxins in aquatic environments depends on their molecular
structure and chemical stabilities. The persistence and stability of MCs with regards to chemical
oxidation or hydrolysis at natural pH are exceptionally high due to their cyclic structure. They
can persist for months or even years in dark natural water (Sivonen and Jones 1999, Svrcek and
Smith 2004, Tsuji et al. 1994). It has been shown that at a temperature of 40 °C and pH of 1,
approximately 90 percent of MCs hydrolyse within 10 weeks and if the pH increases to 9, they
persist for approximately 12 weeks (Harada et al. 1996). MCs are also stable against sunlight
irradiation; however, in the presence of phycocyanin and chlorophyll-a, natural pigments
available in cyanobacteria cells, they undergo phototransformation. In this process, the double
band in Adda moiety of MCs changes and causes a reduction in their toxicity (Antoniou et al.
2008, Tsuji et al. 1994). Degradation of MCLR and MCRR are more rapid when they are
exposed to UV light at wavelengths around 238 to 254 nm (Tsuji et al. 1994).

In full sunlight, more than 90 percent of the MCs degrade photochemically, taking between two
and six weeks depending on the pigments’ concentrations (Sivonen and Jones 1999).
Photodegradation has been shown to be independent of initial MCs concentration in the range of
5-55 mg L™ (Welker and Steinberg 1999). Welker and Steinberg reported that in the presence of
different concentrations of humic substances ranging from 2-16 mg/l and exposure to natural
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sunlight, almost 50 percent of the initial MCs concentration could be degraded within 8 hours
(Welker and Steinberg 1999).

Wormer et al. (2010) showed all the three radiation bands of the solar spectrum, UV-A
(Ultraviolet A, long wave, 320-400 nm), UV-B (Ultraviolet B, medium wave, 280-320 nm) and
PAR (Photosynthetically active radiation, 400-700 nm), contribute to the photodegradation of
MCs and CYN in the water column; however, with different degrees of significance. Authors
observed that MC photodegradation was more affected by UV-A and PAR as a result of the high
natural irradiance of these bands. UV-A was also the main radiation band for natural
photodegradation of CYN (Wormer et al. 2010).

For a more realistic estimation regarding cyanotoxins photodegradation, water layers and the
depth of lakes need to be considered, since solar radiation is extinguished with depth along the
water column (Welker and Steinberg 2000). Both suspended particle matter and dissolved
organic carbon (DOC) contribute to the attenuation of solar radiation; however it is believed that
the effect of DOC has a greater importance (Bukaveckas and Robbins-Forbes 2000, Morris et al.
1995).

Wormer et al. (2010) demonstrated that in samples taken from surface water, after 22 days almost
80 percent of the initial MCs concentration degraded photochemically; however, in samples taken
from the depth of 1 m and 4 m, only 24 and 10 percent of toxins degraded within the same time
period. Researchers believe that in very clean water bodies, only 1% of the UVR penetrates
deeper than one meter; therefore, this band of sunlight radiation could not be responsible for
photodegradation beyond one meter of depth (Bukaveckas and Robbins-Forbes 2000, Wormer et
al. 2010). The only radiation band contributing to the degradation of cyanotoxins in the deep
layers (more than one meter) is PAR. However, even at the surface layers of water this band
degraded only around 30 percent of the MCs after 22 days (Wormer et al. 2010). Consequently, it

can be expected that below the depth of one meter, the rate of MCs photodegradation is very low.

To estimate the rate of photodegradation in whole water bodies, the vertical gradient of
photochemical processes needs to be considered (Welker and Steinberg 2000). Welker et al.
(2000), demonstrated that for a UV radiation of 960 kJ m™, about 28% of MCLR was degraded
in one day in a water layer with a depth of 0.038 m. The degradation rate for a water column of 1

m depth was estimated as 1.1% per day. After considering a correction factor related to the
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enhancement of photodegradation because of lens effects, the MCLR half-life was estimated to
be approximately 90-120 days/m water column for sunlight intensities comparable to mid-
European values. The estimated half-life was longer than the time required for the degradation of
MCs by indigenous bacteria. Thus, for the deeper layers of water bodies receiving very low
amount of sunlight, the photodegradation half-life would be longer than the duration of the
cyanobacterial growing season. Consequently, efficient fate of cyanotoxins through
photodegradation process most likely occurs just after the release of toxins and only in surface
layers. In deeper layers, biodegradation will mainly be responsible for elimination of cyanotoxins
and the rate of biodegradation probably will exceed the rate of photodegradation. It has been
mentioned that MCs degradation through solar irradiation could be significant under particular
conditions such as shallow well mixed water systems and thin mixed layers in deep water bodies
(Welker and Steinberg 1999, Wormer et al. 2010).

2.1.4.2 Biodegradation by indigenous bacteria

Biodegradation has been identified as the main natural removal mechanism of MCs in
comparison to other processes such as photodegradation and adsorption on sediments and
suspended particulate matter (Chen et al. 2008). Cousin et al. (1996) demonstrated that MCLR at
initial concentration of 10 pg L™ was degraded in only 7 days when exposed to non-sterilized
reservoir water; however, with deionised and sterilized water, the toxin was degraded after 27
and 12 days, respectively. The difference in degradation rates was related to the degradation of

toxins by indigenous bacteria present in the reservoir water.

Biological degradation of MCs is as the results of the presence of indigenous bacteria in fresh
waters (Jones and Orr 1994). Depending on environmental factors such as pH and temperature,
and also previous occurrence of the cyanobacterial bloom, biodegradation rates of cyanotoxins
might be different in water bodies. Water sources that have experienced cyanobacterial blooms,
most likely contain bacteria able to degrade a wide range of cyanotoxin variants (Cousins et al.
1996).

Biodegradation of MCs in aquatic environments usually begin with a lag period of time in range
of two days to more than three weeks, depending on the climatic conditions, the initial

concentration of toxins and bloom history (Jones and Orr 1994, Lahti et al. 1997, Rapala et al.
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1994). However, after commencing biodegradation, more than 90 percent of MCs can be
degraded within 2-10 days (Sivonen and Jones 1999).

Bacteria with ability to degrade MCs have been found in lakes and drinking water sources
(Cousins et al. 1996, Harada et al. 2004, Jones and Orr 1994) and also lakes sediments (Chen et
al. 2008, Rapala et al. 1994). The first identified bacterium with ability to use MCLR as its sole
source of carbon and nitrogen was Sphingomonas strain MJ-PV (Jones and Orr 1994). Some of
the cyanotoxin degrader isolates have been summarized in (Table 2.3). Ishii et al. (2004) isolated
Sphingomonas strain 7CY from the Lake Suwa in Japan, which was able to degrade MCLR,
MCRR, MCLW, MCLY and MCLF at initial concentrations of 6 pg L™ after a lag time of only 1
day.

ATX is not stable under natural conditions because of its chemical structure. In the presence of
sunlight and alkaline conditions, ATX readily degrade to non-toxic products such as
epoxyanatoxin-a and dihydroanatoxin-a (James et al. 1998, Stevens and Krieger 1991).
Identification of these non-toxic metabolites from various blooms of cyanobacteria is a result of
ATX instability in aquatic environments (Harada et al. 1993). Stevens and Krieger (1991)
demonstrated that light intensity and pH are the most important factors influencing the
degradation of ATX. Rapala et al. (1994) studied the degradation of ATX by bacteria present in
natural sediments. They showed that the concentration of ATX in vials containing sterilized and
non-sterilized natural sediments were considerably different. The presence of non-sterilized
sediment caused 22% to 48 % elimination of ATX in 22 days; however, in the vials with
sterilized sediment, little change was reported (Rapala et al. 1994). Generally, very few published
studies are available regarding the biodegradation of ATX. Data and reports on the persistence of
ATX in water bodies have shown that these cyanotoxins in natural water bodies are reduced to

50% of their initial concentrations after only several hours to days (Osswald et al. 2007).



Table 2.3: MC-degrading bacteria and corresponded degrading cyanotoxins

Bacterium Source Degraded MC variants Degradation Removal References (s)
time percentage
Sphingomonas Murrumbidgee River, Australia MC-LR and MC- RR 14d 95% Jones et al., (1994)
sp. ACM-3692
Pseudomonas aeruginosa A Japanese reservoir MC-LR 22d 95% Takenaka and Watanabe,
(1997)
Paucibacter toxinivorans Lake Vihnusjarvi, Finland MC-LR a 30d 90% Lahti et al., (1997)
Sphingosinicella microcystinivorans Lake Suwa, Japan MC-LR, MC-RR and MC- YR 4d 100% Park et al., (2001)
Sphingomonas strain 7CY Lake Suwa, Japan MC-LR, MC-RR, MC-LY, MC- 4d. 100% Ishii et al., (2004)
LW, and MC-LF
Sphingomonas sp. Strain B-9 Lake Tsukui, Japan MC-LR 2h 100% Tsuji et al., (2006)
Sphingomonas sp. Strain CBA4 San Roque reservoir, Argentina MC-RR 36 h 100% Valeria et al., (2006)
Sphingopyxis strain LH21 Biological sand filter, Australia MC-LR and MC-LA 5h 100% Ho et al., (2007)
Burkholderia sp. Patos Lagoon, Brazil MC-LR and [D-Leu] MC-LR 45d 90% Lemes et al., (2008)
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Sphingomonas strain CBA4 that was isolated from San Roque reservoir in Argentina was able to
degrade MCRR under aerobic conditions at an initial concentration of 200 pg L™ in one and a
half days (Valeria et al. 2006). Other genera of cyanotoxin degrader bacteria such as,
Pseudomonas, Sphingosinicella, Paucibacter, Sphingopyxis and Burkholderia have also been
isolated (Ho et al. 2007, Lemes et al. 2008, Maruyama et al. 2006, Rapala et al. 2005, Takenaka
and Watanabe 1997).

Chen et al. (2008) investigated the biodegradation of MCs in drinking water sources and
sediments through laboratory and field studies. They reported faster biodegradation of MCs in the
presence of sediment. In addition, the authors reported higher rates of cyanotoxin biodegradation
in water samples taken directly above the sediments than surface water samples. It was attributed
to the fact that sediments are a favourable place for bacterial growth due to the presence of high
amount of organic carbon (Gupta and Gajbhiye 2004). Therefore sediments can act as a source of

cyanotoxin degrading bacteria and enhance the biodegradation of toxins.

2.1.4.3 Adsorption onto sediments

One of main processes contributing to the removal of pollutants from the aqueous phase in water
bodies is adsorption to sediments and suspended particle matter (Liu et al. 2008). Rivasseau et al.
(1998) reported around 10% of MCs at initial concentration of 5 mg L™ adsorbed onto suspended
particle matters and sandy sediments.

MCs have been classified as amphipathic compounds since they contain both polar and non-polar
groups in their molecular structures. As a result of the presence of many polar groups such as
carboxylic acids and amino functions, they are readily soluble in water (higher than 1 g L™)
(Chen et al. 2008, Rivasseau et al. 1998). In contrast, hydrophobic part of MCs termed Adda (3-
amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid) contribute to their interactions
with functional groups of sediments and suspended particulate matter (Harada et al. 1996).
Sediments characteristics such as clay and organic carbon content have direct effect on
adsorption of organic toxins such as cyanotoxins (Klitzke et al. 2010). Miller et al. (2005)
demonstrated a positive relationship between clay content and toxin sorption. In contrast, the
authors believed that sandy sediments have lower adsorption affinities due to the presence of less
active functional groups in their structure (Miller et al. 2005). Consequently, hydrophobic

interactions may play an important role in the adsorption of MCs on sediment particles.
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For organic compounds such as cyanobacterial toxins, hydrophobicity is usually expressed
through its octanol-water partition coefficient (Koy) (Liu et al. 2008). Gert-Jan de Maagd et al.
(1999) demonstrated that the Ky, of MCs depend on the pH of the environment because of the
presence of ionisable carboxyl and amino groups in their chemical structure. Therefore, they used
octanol-water distribution ratio (Dow) rather than K, in their experiments and demonstrated that
increasing the pH from 1 to 10 led to a decrease of log Dow from 2.18 to -1.76, respectively. At
lower pH values, MCs had higher hydrophobicity and consequently had higher adsorption
affinity.

Adsorption of cyanotoxins onto sediment may happen following various mechanisms, including:
adsorption of the dissolved toxins by sediments (Chen et al. 2006, Rapala et al. 1994), lysis of
cyanobacterial cells and their subsequent attachment to the sediment (Chen et al. 2008, Sivonen
and Jones 1999) and predation of the cyanobacterial cells by aquatic animals (Sivonen and Jones
1999).

Accurate prediction of the fate of cyanotoxins in aquatic environments must consider the role of
suspended particulate matter (SPM) that regulates the transport of water pollutants such as
cyanobacteria toxins (Hakanson 2006). However, few studies have investigated the adsorption
behaviours of cyanotoxins on SPM (Liu et al. 2008). Liu et al. (2008) studied the effect of pH on
adsorption of the MCLR and MCLW on SPM. Authors demonstrated that for an acidic solution
(pH=3) more than 95% of MCLR and MCLF adsorbed to SPM, but when the pH is increased to
13, adsorption is reduced to 8-29% and 38-47% for MCLR and MCLW respectively. In contrast,
some researchers have mentioned that less than 20% of the total MCs concentrations are
adsorbed by sediments and suspended particle matter in natural aquatic environments (Rapala et
al. 1994, Rivasseau et al. 1998). Table 2.4 summarized the adsorption coefficients of various

cyanotoxins on sediment with different mineral characteristics.

MCs have been found to adsorb weakly on sediment and suspended particulate matter with the
amount of adsorption usually lower than 20 percent. However, depending on the physico-
chemical characteristics of sediments such as amount of organic carbon content, higher
adsorption values have been observed (Chen et al. 2008, Grutzmacher et al. 2009, Lahti et al.
1997, Rapala et al. 1994). Rivasseau et al. (1998) reported at initial concentration of 5 pg L™,

MCs adsorb on sediments and particles 10% and 7% respectively. In contrast, Chen et al. (2008)
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observed more than 80% adsorption of MCLR and MCLW in presence of 0.25 g L™ suspended

particles obtained from sediment.

Table 2.4: Adsorption coefficients for ATX, CYN, MCLR and nodularin in sediments with

various properties (Klitzke et al. 2010, Miller et al. 2005)

Typg of Sediment properties Freundlich Langmuir
toxin
pH OC (%) | Clay (%) | Silt(%) | sand @) | , <1, N Ke Omax_
(Lkg™) (Lug™) | (Mgkg™)
ATX 24.45 0.93 0.05 561
7.7 1.07 9 17 74
CYN 5.2 0.85 0.022 206.2
ATX 12.28 0.87 0.017 656
6.5 44.5 ND ND ND
CYN 7.5 0.73 0.014 360.5
ATX 6.64 0.85 0.016 346
6.9 1.05 27 46 27
CYN 0.6 0.95 0.005 123.6
MC-LR 3.16 0.83 - -
7.06 11.12 41 31 18
NOD 2.75 0.72 - -
MC-LR 0.31 - - -
9.25 0.02 ND ND 98.45
NOD 0.22 0.76 - -
MC-LR 1.36 - - -
8.68 3.69 13.6 12 66.3
NOD 1.74 0.72 - -

ND= none detected

Klitzke et al. (2011) determined the adsorption coefficients of ATX for 10 sediments samples

with various textures according to Freundlich and Langmuir isotherms. They reported that the

adsorption of ATX to sediment was stronger than CYN and was mainly controlled by the clay

content of sediment rather than its organic carbon content. It is believed that ATX occurring in

fresh water is present as a cation and it can therefore adsorbs more easily to negatively charged

sites of sediments. In contrast, MCs and nodularin both carry negative charges in natural
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conditions and repulsion forces among them and the negatively charged sediment surfaces cause
less adsorption (Klitzke et al. 2011).

Burns and colleagues (Burns et al. 2009) studied the adsorption of STX to clays and sediments in
fresh and saline waters. They reported more than 50% of the STX (at concentration of 5 uM)
adsorbed on clay and sediments after 4 hours. Since STX adsorbs to sediment through cation
exchange processes, the amount of adsorption was significantly suppressed in solutions with high
ionic strengths; however, the pH of the solution changed the adsorption affinity (Burns et al.
2009). Burns and colleagues (2009) also showed that STX partially desorbed from sediments and
clays. Therefore, during and after a STX producing bloom, it can adsorb on sediment particles
quickly and those particles may act as a dynamic source of STX. Consequently, in shallow water
bodies experiencing windy conditions, re-suspension of sediments in the water columns may

cause releases of STX into the aquatic phase.

2.1.4.4 Aerosolization

Another mechanism that may cause the removal of cyanotoxins from aquatic phase is
aerosolization. Dissolved toxins in water bodies such as cyanobacterial toxins can be aerosolized
through bubble-bursting processes and transferred to the air (Cheng et al. 2007). In addition to
other organic material, algae and salts are the compounds that have been shown to undergo the
same processes (Backer et al. 2010, Woolf et al. 1987). Due to the reported respiratory illness by
individuals who participated in recreational activities in freshwater containing cyanobacteria
blooms, researchers showed more interest in evaluating cyanotoxin transfer to the air (Backer et
al. 2010, Cheng et al. 2007). In those studies, mechanisms related to the transfer of
cyanobacterial toxins to the air were identified and the amount of toxins in the air was measured.
In open freshwater environments especially those that are located in windy areas, considerable
amount of cyanobacterial toxins may be transferred to the air. Consequently, this process may
lead to considerable removal of toxins from a water body and presents an important pathway of
exposure for individuals participating in water-related recreational activities or living downwind
from water bodies with reoccurring cyanobacterial blooms. In fact, aerosolization as a potential
removal process for toxins has generally been ignored by researchers who have studied the fate

and transport of cyanotoxins in aquatic environments and needs to receive more attention.
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CHAPTER 3 HYPOTHESES, OBJECTIVES AND RESEARCH
APPROACH

This chapter presents the main and specific objectives of the research project under three themes:
A) Biodegradation of multiple cyanotoxins, B) Isolation of cyanotoxins degrading bacteria and

C) Adsorption of multiple cyanotoxins onto natural sediment.

3.1 Research Objectives

As discussed in previous sections, the occurrence of toxic cyanobacteria blooms in water bodies
has been increasing throughout the world and is of concern because of the public health risk for
drinking water sources. To reduce the negative consequences of cyanotoxins, mechanisms
involve in their fate and elimination in both drinking water sources and drinking water treatment
plants need to be investigated thoroughly. Biodegradation by indigenous bacteria has been
considered as one of the dominant mechanisms that reduces the concentration of cyanotoxins in
the aquatic phase. A considerable portion of the microbial activity in water bodies is related to
microbial communities associated with particles. During a bloom of cyanobacteria, free
individual bacteria colonize and form particle-associated bacterial (PAB) assemblages. The PAB
present in aquatic ecosystems may play an important role in the environmental fate of
cyanotoxins by regulating their transport in the dissolved and particulate phases. Despite its
importance, to the best of author knowledge, there has been no study investigating the role of

PAB in the fate of cyanotoxins.

Phycocyanin is another compound that is always present with cyanotoxins and is (or is
recommended to be) used in real-time monitoring at drinking water treatment plants affected by
cyanobacteria for rapidly adjusting drinking water treatment plant operation. As a supplementary
carbon source, it can alter the ability of bacteria in biodegradation of cyanotoxins. To accurately
predict the rate of cyanotoxin biodegradation in aquatic systems, the role of phycocyanin needs to
be considered. However, there has been no study that measures the biodegradation of cyanotoxin

in natural water in presence of phycocyanin.
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During blooms of cyanobacteria, live cells of cyanobacteria enter drinking water treatment plants
(DWTPs). In coagulation-flocculation processes which are extensively used by DWTPs,
accumulated cyanobacteria cells in sludge may lose their viability and break down. Thus, high
concentrations of cyanotoxins could be released to the following treatment steps. Sludge also
contains a high concentration of particle-associated bacteria. Consequently, it is essential to
predict the probable degradation of cyanotoxins in accumulated sludge to be able to manage the
sludge retention time in clarifier tanks and reduce the risks of toxins release. However there have

been no studies on the fate of multiple cyanotoxins in coagulation-flocculation sludge of DWTPs.

This is the first study to investigate the role of PAB and phycocyanin in the biodegradation of a
mixture of cyanotoxins in a drinking water source and clarifier sludge of a DWTP. The results of
this study could contribute to the amendment of drinking water regulations during blooms of
toxic cyanobacteria and are relevant for utilities that recycle supernatant from sludge thickeners
or use lagoons for sludge treatment. These date also provide a realistic predication for the
potential of biodegradation in removing cyanotoxins from drinking water sources and

accumulated toxins inside DWTPs.

Bacteria with the ability to degrade multiple cyanotoxins have been isolated from a variety of
water sources in different geographical locations. However, the diversity and number of
identified toxin degraders remain low. In spite of the occurrence of cyanobacterial bloom in
Canadian drinking water sources for several years, there have been no studies on isolation and

identification of microorganisms with ability to degrade cyanotoxins.

In addition, recent generation sequencing of methods including meta-transcriptomic and meta-
genomic has made it possible to more easily investigate microbiological systems. By applying
these techniques whole microbial genomes could be sequenced more quickly at a much lower
cost. Moreover, these enable to examine gene expression patterns under different environmental
conditions. These techniques can be used to predict the degradation pathways of cyanotoxins by
indigenous microorganisms. For the first time, genomic and transcriptomic analyses have been

applied to investigate biodegradation abilities of a new cyanotoxin degrader bacterium.

Adsorption onto sediment also contributes to the natural removal of cyanotoxins from the
aqueous phase and may change their persistence and bioavailability. Moreover, sorption potential

can also be related to the accumulation of cyanotoxins, and this is of concern in drinking water
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treatment that has several processes where particulate matter accumulates (e.g. sludge beds and
filters).

Different adsorption mechanisms (hydrophobic interactions, electrostatic interactions, cation
exchange and hydrogen-bonding) may be involved in adsorption of cyanotoxins on sediment.
Each of these mechanisms could be dominant depending on the types of cyanotoxins and
sediment characteristic. Moreover, competition for limited number of available adsorption sites
on sediments among cyanotoxins may alter the adsorption behavior of an individual toxin.
Cyanotoxins desorption data are also vital for DWTPs during occurrence of cyanobacteria
blooms. Remobilizing of toxins as the result of desorption from filters or suspended sediment
particles could pose serious health problems for people who consume the water. In spite of this,
very limited information is available with regards to the adsorption behavior of multiple

cyanotoxins variants on sediments and desorption of cyanotoxins from natural sediment.

Another parameter that has not been interrogated so far is the effects of particle size fractions on
the fate and transport of cyanotoxins in the drinking water sources. Studying the sorption
capacity of different size fraction of sediment, enhance understanding with regards to the
potential transport of sorbed toxins over a large area in aquatic systems and in DWTPs. For
example, fine suspended sediments are more likely to accumulate within drinking water treatment
processes such as filters or within clarifier sludge following coagulation, flocculation and settling
processes. Thus, it is important to understand the sorption of cyanotoxins onto different sediment
size fractions in order to provide comprehensive information on fate of cyanotoxins in drinking

water sources and potentially through treatment processes.

The general objective of this research was to determine the fate of cyanotoxins in drinking water
sources. Based on the following four main hypothesis: 1) PAB and phycocyanin enhance
biodegradation of cyanotoxins in drinking water sources, 2) There is a potential of cyanotoxins
biodegradation in decantation sludge of DWTPs 3) Metatranscriptomic and metagenomic
techniques uncover gene expression patterns of cyanotoxins degrading bacterium in order to
predict biodegradation pathway and 4) Low percentage of cyanotoxins might be adsorbed by

different size fractions of natural sediment three research theme were determined.
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3.1.1 Biodegradation of multiple cyanotoxins (Hypothesis 1 and 2)

The aim of this section was to determine the biodegradation potential of multiple cyanotoxins in
clarifier sludge and source water from a DWTP experiencing an intense bloom in order to
evaluate the risk posed by the release of accumulated cyanobacterial cells and associated

cyanotoxins. The specific objectives were:

a) To evaluate the biodegradation of microcystin LR, YR, LY, LW, LF and CYN in source

water and clarifier sludge of a DWTP during a cyanobacterial bloom

b) To determine the role of particulate matter on the biodegradation of cyanotoxin variants in

water and in clarifier sludge

C) To determine the effect of phycocyanin and initial cyanotoxin concentrations on the

biodegradation of cyanotoxins
d) To compare the degradation of MCLR and MCLY alone versus in mixtures

e) To provide recommendations to the drinking water community with regards to toxin

monitoring and handling in clarifier sludge.

3.1.2 Isolation of cyanotoxins degrading bacteria (Hypothesis 1 and 2)

The aim of this section was to isolate bacteria with the ability to degrade cyanotoxins and to
determine the genes that are responsible for the degradation of toxins. The specific objectives

were:

a) To isolate and identify a bacterium with the ability to degrade multiple cyanotoxins from

a drinking water production site that experiences frequent and severe cyanobacterial blooms
b) To evaluate the capacity of the novel isolate to degrade multiple MCs, ATX and CYN
C) To determine the effects of pH on MC degradation activity

d) To identify the genes involved in the degradation of microcystins using transcriptomic
analysis and determine whether the genes that are induced during the degradation of a single

microcystin or a mixture of different MC variants
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3.1.3 Adsorption of multiple cyanotoxins onto sediments (Hypothesis 4)

The aim of this section was to determine the adsorption behaviours of a mixture of seven
cyanotoxins including: MCLR, MCRR, MCYR, MCLY, MCLW, MCLF and CYN on sediment

of Missisquoi Bay. The specific objectives were:

a) To determine the adsorption coefficients of a mixture of MCLR, RR, YR, LY, LW, LF

and CYN according to the linear, Freundlich and Langmuir isotherms

b) To determine the role of sediment particle size fractions in adsorption of cyanotoxin

mixture

C) To determine the relative importance of sorption as a removal process for the series of

toxins investigated

In the following chapters results of this study will be presented in three sections. Each chapter is
in the form of an article that was either accepted or submitted to the pre-reviewed journals. The
first paper is on the biodegradation of multiple cyanotoxins in Missisquoi Bay water and clarifier
sludge of the DWTP. The second paper is a work on isolation and identification of cyanotoxins
degrader bacterium. In the final paper the adsorption behaviours of multiple cyanotoxins on

natural sediment of Missisqoui Bay is investigated.
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CHAPTER 4 ARTICLE 1: BIODEGRADATION OF MULTIPLE
MICROCYSTINS AND CYLINDROSPERMOPSIN IN CLARIFIER
SLUDGE AND A DRINKING WATER SOURCE: EFFECTS OF
PARTICULATE ATTACHED BACTERIAAND PHYCOCYANIN
This chapter presents the manuscript accepted for publication in the journal of Ecotoxicology and

Environmental Safety with minor revisions. The manuscript contains investigation on

biodegradation of cyanotoxins in Missisquoi Bay and inside the Philipsburg DWTP.
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4.1 Abstract

The effects of particulate attached bacteria (PAB) and phycocyanin on the simultaneous
biodegradation of a mixture of microcystin-LR, YR, LY, LW, LF and cylindrospermopsin (CYN)
were assessed in the clarifier sludge of a drinking water treatment plant (DWTP) and in a
drinking water source. The biomass from lake water and clarifier sludge was able to degrade all
microcystins (MCs) at initial concentrations of 10 pug L-1 with pseudo-first order reaction half-
lives ranging from 2.3 to 8.8 days. CYN was degraded only in the sludge with a biodegradation
rate of 1.0 x 10-1 d-1 and a half-life of 6.0 days. This is the first study reporting multiple MCs
and CYN biodegradation in the coagulation-flocculation sludge of a DWTP. The removal of PAB
from the lake water and the sludge prolonged the lag time substantially, such that no
biodegradation of MCLY, LW and LF were observed within 24 days. Biodegradation rates were
shown to increase in the presence of C-phycocyanin as a supplementary carbon source for
indigenous bacteria, a cyanobacterial product that accompanies cyanotoxins during cyanobacteria
blooms. MCs in mixtures degraded more slowly (or not at all) than if they were analysed
individually, an important consideration as MCs in the environment are often present in mixtures.
The results from this study showed that the majority of the bacterial biomass responsible for the
biodegradation of cyanotoxins is associated with particles or biological flocs and there is a

potential for extreme accumulation of cyanotoxins within the DWTP during a transient bloom.

Keywords: Biodegradation, Microcystin, Cylindrospermopsin, Clarifier sludge, Phycocyanin,

Sludge management

4.2 Introduction

Eutrophication of water bodies and subsequent blooms of harmful algae and cyanobacteria are
increasingly reported all over the world (Hummert et al. 2001, Kokocinski et al. 2009). The
ability of cyanobacteria to produce toxins, which can cause severe impacts on human and animal
health, has raised concerns among researchers and environmental regulators. A bloom of
cyanobacteria is commonly composed of different toxin producing species with the potential to
produce various cyanotoxins simultaneously; therefore, multiple cyanotoxins have been

commonly detected in water bodies during cyanobacterial blooms (Ho et al. 2012c). Although
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toxins commonly occur as mixtures of multiple toxins, until recently, most of the studies on
biodegradation of cyanotoxins have focused on the biodegradation of individual toxins (Ishii et
al. 2004, Park et al. 2001).

The cyanotoxins that are released into the water during bloom senescence and cell lysis may be
biodegraded by bacteria in the water, photo-degraded by sunlight, adsorbed onto suspended
particulate matter, or accumulate in aquatic plants or animals (Harada and Tsuji 1998). Each of
these mechanisms contributes to the removal of cyanotoxins in the aquatic phase; however,
biodegradation has been suggested as the dominant elimination pathway (Chen et al. 2008).
Particulate matter present in aquatic ecosystems plays an important role in the environmental fate
of contaminants by regulating their transport in the dissolved and particulate phases (Hakanson
2006). During phytoplankton blooms, free individual bacteria colonize and form particle-
associated bacterial (PAB) assemblages (Riemann and Winding 2001).The PAB communities or
flocs are composed of inorganic (e.g., clays and silts) and organic (e.g., detritus and cellular
debris) matter (Droppo 2001, Kirchman 1993). A considerable portion of microbial activity in
water bodies is related to microbial communities associated with particles (Revilla et al. 2000).
Substrate availability and grazing pressure for PAB and free living bacteria (FLB) are different
(Ayo et al. 2001, Langenheder and Jurgens 2001); therefore, the structure of microbial
communities may vary accordingly (LaMontagne and Holden 2003). The role of PAB on

cyanotoxin degradation needs to be assessed given the current knowledge gap.

Another compound that always appears with cyanotoxins in water bodies is phycocyanin. After
lysis of cyanobacterial cells, phycocyanin is released into the water along with other
cyanobacterial metabolites, such as cyanotoxins. Consequently, to better predict the
biodegradation kinetics of cyanotoxins, the role of this accompanying compound needs to be
assessed. Furthermore, as phycocyanin is used as an indicator of cyanobacterial biomass
(McQuaid et al. 2011), there is a need to assess its relationship with bacterial degraders to
determine if it is sufficiently conservative for estimating the fate of potential toxin concentrations
in water. Although the effects of algal lysates on the biodegradation of microcystins have been
assessed (Christoffersen et al. 2002), to our knowledge, no study has investigated the effect of

phycocyanin on the biodegradation of cyanobacterial toxins.
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In general, most toxins entering a drinking water treatment plant are intracellular (McQuaid et al.
2011). During a bloom of cyanobacteria in drinking water sources, the effective removal of
cyanobacterial toxins entering the DWTPs is a primary objective of treatment. However, it also
constitutes a concern because of the potential for accumulation of extreme concentrations of
intracellular toxins (Zamyadi et al. 2012). Hence, degradation processes contributing to their
removal in drinking water treatment have received greater attention (Panteli¢ et al. 2013,
Zamyadi et al. 2012). During coagulation and flocculation in a DWTP, accumulated
cyanobacterial cells lose their viability and break down in 1-5 days depending on the type and
dosage of coagulants and species of cyanobacteria (Drikas et al. 2001, Ho et al. 2012a). High
concentrations of accumulated cyanobacterial toxins could be released into the clarifier,
increasing the risk of transfer to subsequent treatment processes (Ho et al. 2012a). To better
predict the potential effects of such a release, it is necessary to study the fate and particularly the
biodegradation of cyanotoxins in accumulated sludge following coagulation-flocculation-
sedimentation. There is no information available on the biodegradation of multiple cyanotoxins

in clarifier sludge.

The aim of this study was to determine the effect of PAB and phycocyanin on biodegradation
potential of multiple cyanotoxins in clarifier sludge and source water from a DWTP experiencing
an intense bloom in order to evaluate the risk posed by the release of accumulated cyanobacterial
cells and associated cyanotoxins. The specific objectives were: a) to evaluate the biodegradation
of microcystin LR, YR, LY, LW, LF and CYN in clarifier sludge of a DWTP and in a source
water during a cyanobacterial bloom, b) to determine the role of PAB and phycocyanin on the
biodegradation of cyanotoxin variants, c) to compare the degradation of MCLR and MCLY alone
versus in mixtures, and d) to provide recommendations to the drinking water community with

regards to toxin monitoring and handling in clarifier sludge.

4.3 Materials and Methods

4.3.1 Collection of water and clarifier sludge samples
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Water samples were collected from the sludge concentrators of dynamic clarifiers inside a DWTP
and its source water in Missisquoi Bay (Québec, Canada). Cyanobacterial blooms have become
common place in Missisquoi Bay and have led to non-consumption advisories at the DWTP
because of cyanobacteria-related drinking water treatment disruption (Zamyadi et al. 2013).
Details regarding the sampling times, locations and procedure are available in and characteristics
of the lake water and clarifier sludge are given in Supplementary Materials (Section S1 and Table
S1).

4.3.2 Cyanobacterial toxins

Microcystin LR, YR, LY, LW, LF and CYN were purchased from a commercial supplier (Enzo
Life Science, USA, Purity > 95%). Individual stock solutions (10 pg L-1) were prepared by
dissolving cyanotoxins in a mixture of methanol and sterilized Milli-Q (Millipore, USA) water

according to the work sheet of the supplier.

4.3.3 Biodegradation of multiple microcystins and CYN inside lake water and

clarifier sludge

Batch experiments were conducted to assess the biodegradation of multiple cyanobacteria toxins
by indigenous bacteria from natural lake water and the clarifier sludge of the DWTP. The
collected water samples were passed through a metal sieve (150 mesh; Endecotts Ltd., London,
UK) to remove large particles, zooplankton and vegetation. Sterilized amber glass bottles (500
ml) were used as biodegradation reactors to prevent potential photodegradation of cyanotoxins
during the experiment. Each bottle contained 200 ml of water samples and a mixture of 6
cyanotoxins, namely MCLR, YR, LY, LW, LF and CYN that were spiked into bottles under
sterile conditions at a concentration of 10 pg L™ each. Control bottles containing sterilized
(autoclaved at 121 °C for 15 min) water samples spiked with the same concentration of
cyanotoxins were prepared to check potential losses of cyanotoxins as a result of abiotic
processes. All the samples were prepared in duplicate, incubated at room temperature (22-23 °C),
which is also the average water temperature of Missisquoi Bay in the summer (Ndong et al.
2014) and shaken at 175 rpm. Aseptic collection of sub-samples of 5 ml were taken daily during
the first 2 weeks and every 2 days until day 24, filtered on 0.22 um nylon filters and frozen
immediately at -20 °C.
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Viable and total bacteria count was estimated during biodegradation experiment according to the
method described in Supplementary Materials (Section S2).

4.3.4 Effect of PAB, phycocyanin and initial cyanotoxin concentration on

biodegradation

To assess the effect of PAB on the biodegradation of cyanotoxins, samples of lake water (100 ml)
and clarifier sludge (50 ml) were filtered under low vacuum pressure through 8.0 pm
polycarbonate filter membranes (47mm-diameter, Millipore) to remove PAB (Li et al. 2011). The

filtered water samples were termed “filtered lake water’ and “filtered sludge’.

C-phycocyanin was purchased from a commercial supplier (Sigma-Aldrich, Canada). Bottles
containing filtered lake water were spiked with phycocyanin at a final concentration of 2 mg L™
to assess its effect on the biodegradation kinetics of microcystin variants.

To monitor the effect of microcystin concentration on the biodegradation rate, MCLR and MCLY
were spiked individually at concentrations of 4 and 40 ug L™ into 4 bottles containing filtered

lake water. Preparation of controls and sampling procedures were as described in section 2.3.

4.3.5 Cyanotoxin Analyses

Residual concentrations of cyanotoxins in the biodegradation experiments were monitored by a
system consisting of an Ultra High Performance Liquid Chromatography (UHPLC-Thermo
Finnigan, San Jose, CA) coupled to a TSQ Quantum Ultra AM Mass Spectrometer (Thermo
Fisher Scientific, Waltham, MA) with a Heated Electrospray (HESI) source. The detection limit
was 10-50 ng L™ (Table A2). The analytical method is described in detail in the supplementary
Materials (Section S3).

4.4 Results and discussion

4.4.1 Biodegradation of microcystins and CYN

4.4.1.1 Biodegradation of mixture of microcystin in lake water and filtered lake water

The mixture of all MCs was degraded in lake water in less than 14 days following a minimum 4

days of lag time depending on the experimental conditions (Fig. 4.1). Microcystins that have an
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Arginine-Adda peptide bond (MCLR and YR) degraded more readily as compared to MCLY,

LW and LF. The same pattern was observed by Edwards and colleagues (2008) where

biodegradation of mixture of MCLR and MCLF were studied in three water bodies with and

without a history of cyanobacterial blooms. Biodegradation of microcystins in 2011 and 2012

water samples from Missisquoi Bay showed a similar pattern to 2013 (Fig. 4.2).
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Figure 4-1: Biodegradation of a mixture of MCLR, MCYR, MCLY, MCLW and MCLF in water
from Missisquoi Bay (A) in August 2013 and the same water after filtration (8 um filter) (B).

Error bars represent the data range from duplicate samples and duplicate analyses.
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Figure 4-2: Biodegradation of MCLR and a mixture of cyanotoxins in water sampled from
Missisquoi Bay in 2011 (A) and 2012 (B). Values represent the average of duplicate samples.

Fig. S1B shows the biodegradation of the same mixture of cyanotoxins added to filtered (8 pm)
lake water. Only MCLR and YR were completely degraded after 22 and 24 days, respectively.
Interestingly, no biodegradation of MCLY, LF and LW occurred during the 24 days of the
experiment. The removal of PAB from lake water by filtration resulted in a lag time of 12 days
and very limited degradation (less than 10 %) of MCLR and MCYR; however, as demonstrated
in Fig. 4.1 these toxins were degraded completely in unfiltered lake water within the same time
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frame. BacLight images (Fig. 43A) demonstrate that the numbers of PAB were greater than the
numbers of bacteria in the filtered samples. These results highlight the important role of PAB in
the biodegradation of cyanotoxins in natural systems. By filtration, the majority of available
suspended particulate matter which can act as a site for attachment and growth of bacteria
(Gregory 2006) were removed. Subsequently the number of bacteria was reduced, leading to a
lower biodegradation rate. Liu and colleagues (2013) found 25-50 cells attached to a single
particle in unchlorinated drinking water just before its distribution from three treatment plants.
They also reported the number of PAB ranged from 1.0 to 3.5 x 10 * cells ml * demonstrating the
potential of particles as attachment sites for bacteria. Although not widely studied, PAB have
been shown to be critical for the degradation of other types of contaminants such as polycyclic
aromatic hydrocarbons (DeBruyn and Sayler 2009).
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Figure 4-3: Baclight LIVE/DEAD TM cells images of filtered lake water at day 1 not diluted
(Al), lake water at day 1_not diluted (A2), filtered sludge at day 1_diluted 10 times (B1), filtered
sludge at day 12_diluted 10 times (B2), filtered lake water plus phycocyanin at day 1_diluted 10
times (C1) filtered lake water plus phycocyanin at day 12_diluted 10 times (C2)

4.4.1.2 Biodegradation of individual microcystins in filtered lake water

The biodegradation of MCLR and MCLY at initial concentrations of 4 and 40 pg L™ are
presented in Fig. 4.4. The concentrations were selected as representative of the range of low and
high concentrations of microcystins during toxic blooms of cyanobacteria (Zamyadi et al. 2012).
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Significant lag time (15 days) followed by a high biodegradation rate was observed for MCLY at
concentration of 40 pug L™. However, no lag time was evident for both MCLY and MCLR at
concentration of 4 pg L™. These results support the hypothesis of insufficient initial biomass for
MCLY at high concentrations. Since degradation occurred without a lag at lower concentration,

sufficient biomass was a key factor in biodegradation.

Interestingly, MCLY was not degraded during the 24 days of the experiment when spiked in the
filtered lake water along with other microcystin variants. However, when it was present as the
sole microcystin in the same media it was completely degraded in 24 days. These findings
suggest that the biodegradation of a cyanotoxin is not the same when it is present alone versus in
a mixture of cyanotoxins, and this aspect should be explored further because cyanotoxins are

typically present in mixtures.
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Figure 4-4: Biodegradation of MCLR (A) and MCLY (B) at initial concentrations of 4 and 40 ug
L-1 in filtered lake water (8 um pore size) sampled from Missisquoi Bay in August 2013. Error
bars represent the data range from duplicate samples and duplicate analyses.

4.4.1.3 Biodegradation of mixture of microcystins in filtered lake water with phycocyanin

The presence of phycocyanin as a supplementary carbon source could have a positive or negative

effect on the biodegradation rate of cyanotoxins. The biodegradation rates of microcystin variants
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in filtered lake water in the presence of 2 mg L™ phycocyanin were investigated and results are
presented in Fig. 4.5. Following the addition of phycocyanin to the filtered lake water, the
biodegradation lag time of microcystins was reduced from 12 to 4 days. Interestingly, MCLY,
LW and LF which were not degraded in the filtered lake water, were completely degraded in 18
days. These findings are consistent with the results from Holst et al. (2003) who reported that the
addition of a supplementary carbon source in the form of glucose 3.3 mM (594.4 mg L)
stimulates the biodegradation of microcystins under anoxic conditions. Christoffersen et al.
(2002) also illustrated, during a field experiment, the biodegradation of microcystins along with
other dissolved organic substrates obtained from algal lysates, even though, they were not able to
prove high initial DOC concentrations increased the degradation rates of microcystin. In contrast,
Park et al. (2001) showed that biodegradation of microcystins by isolated bacteria in an organic

nutrient broth was 4 times lower compared to media contain only inorganic nutrients.
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Figure 4-5: Biodegradation of MCLR and MCYR (A) and MCLY, MCLW and MCLF (B) in

filtered (8 um) lake water sampled from Missisquoi Bay in August 2013 and spiked with 2 mg L

1 C-phycocyanin. Error bars represent range of data from duplicate samples and duplicate
analyses.

These results support the hypothesis that the lack of MCLY, LW and LF degradation in filtered
lake water was due to the low abundance of bacteria and/or enzymes which were responsible for

the biodegradation of cyanotoxins. In the presence of phycocyanin, which is a supplementary



48

source of carbon, numbers and cell biovolumes increased and most likely contributed to the
induction of the degradation enzymes. Results of BacLight enumerations of viable and dead
bacteria in filtered lake water with and without phycocyanin are presented in Fig. 4.3C. Bacterial
abundances increased by 3.3 times in lake water spiked with phycocyanin compared to 2.3 times
with only cyanotoxins (Fig. 4.6). Higher cell densities occurred in the presence of phycocyanin
during the first 2 days as compared to those containing only microcystin variants. The increase in
abundance in the first couple of days demonstrates the high affinity of indigenous bacteria to use
phycocyanin as a supplementary carbon source. These findings are consistent with results from
Christoffersen et al. (2002) who also showed that total bacteria (DAPI) population in lake water
increased 3.6 to 6.5 times during the first 24 h when 3 sources of lysed algal material was added
to the cultures and 2.6 times with addition of pure MCLR. More interestingly, bacterial activity,

measured by 3H-thymidine incorporation, increased significantly.
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Figure 4-6: Abundance of total (viable and dead) bacteria in filtered lake water spiked with either

a mixture of MCLR, YR, LY, LW and LF or C-phycocyanin plus the mixture of microcystins.

To further elucidate the biodegradation mechanisms of cyanotoxins, the effects of compounds
from lysed cyanobacterial cells, such as phycocyanin, which is commonly present at high

concentrations in water bodies during cyanobacterial blooms need to be assessed, as phycocyanin
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is an important proxy for cyanobacterial abundance. Given the positive effect of phycocyanin on
biodegradation rates, it can be assumed that phycocyanin is readily biodegradable. It remains to
be verified whether phycocyanin would disappear faster than toxins at concentrations that are
typical of cyanobacterial blooms. Our results suggest that this is a potential scenario given the
influence of phycocyanin on bacterial abundance. To the best of our knowledge, this is the first
study reporting a positive effect of phycocyanin on the biodegradation rate of cyanotoxins.

4.4.1.4 Biodegradation of mixture of microcystins in sludge and filtered sludge

The degradation of cyanobacterial toxins was measured in sludge samples taken from the
clarification tank of the DWTP fed by Missisquoi Bay water. More than 90% percent of all
spiked microcystin variants were degraded in 12 days (see Fig. 4.7). In contrast to the lake water,

the biodegradation of cyanotoxins began without a lag time.

Our results on the biodegradation of cyanobacterial toxins in clarifier sludge are reasonably
consistent with findings of Ho et al. (2012a) and Drikas et al. (2001) which, to our knowledge,
are the only published studies on the release and fate of cyanobacteria metabolites over time in a
sludge formed by cyanobacterial flocs. Drikas et al. (2001) reported that the complete breakdown
of toxic Microcystis aeruginosa cells occurred after 2 days and total MCLR in the sludge dropped
from 2,500 pg L™ to below detection limits in 13 days. The removal of MCLR was attributed to
its biodegradation by indigenous bacteria. Ho et al. (2012a) demonstrated the rapid
biodegradation of intracellular geosmin produced by A. circinalis when released into the sludge
after 3 days. Similar to our study, the biodegradation of spiked cyanotoxins began without any
lag; however, Drikas et al. (2001) observed a 5 day lag time, which could be the result of the high
initial concentration of MCLR in their experiment. In addition, no mixing (aeration) was
conducted in both of their studies, which makes their experimental conditions different from our

study.
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Figure 4-7: Biodegradation of MCLR, YR, LY, LW and LF in sludge sampled from the sludge
concentrators of dynamic clarifiers (A) of a water treatment plant using Missisquoi Bay as the
source for drinking water and the same sludge following filtration (8 um) (B). Error bars

represent the data range from duplicate samples and duplicate analyses.

In the coagulation-flocculation process, suspended particulate matter is aggregated through the
addition of a chemical coagulant. Due to the affinity of bacteria to attach to particles (Gregory
2006), they aggregate with the settled sludge and accumulate at the bottom of the tank. Moreover,

the available biodegradable organic compounds in the sludge may not meet the requirements of
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such large numbers of accumulated bacteria. Hence, the majority of bacteria may enter a
starvation mode (Sigee 2005) as shown by the smaller size and the proportion of DEAD/LIVE
cells in Baclight images (Fig. 4.3B). The small lag time and high biodegradation rate can be
attributed to the nutritional requirements of bacteria and their higher numbers in comparison to

lake water.

To study the effect of particulate matter in the sludge on the biodegradation rate of cyanotoxins,
the mixture was added to filtered sludge. Similar to the filtered lake water, only MCLR and
MCYR were degraded in the filtered sludge with a biodegradation lag time of 6 days. The
stability of cyanotoxins in control samples confirmed that no abiotic degradation occurred. The
lower biodegradation rate of cyanotoxins in the filtered sludge can be directly attributed to the
lower number of bacteria following filtration. Almost 95% of both MCYR and MCLR were
degraded in the clarifier sludge within 10 days and this value was reduced to 44% and 18%,
respectively, after the exclusion of PAB from the sludge. In addition, the bacteria that degraded
the MCLY, LW and LF may tend to be more concentrated in the PAB, resulting stability of these
toxins in filtered sludge after 21 days. Results of this section support the data obtained from
cyanotoxin biodegradation in filtered lake water and emphasizes the major contribution of PAB

in the biodegradation of cyanotoxin

4.4.1.5 Cylindrospermopsin biodegradation

The biodegradation of CYN in lake water, filtered lake water, filtered lake water with
phycocyanin, clarifier sludge and filtered sludge was measured for the mixture of toxins and the
results are presented in Fig. 4.8. The only medium where the biodegradation of CYN occurred
was clarifier sludge. No CYN biodegradation occurred in lake water for any of the sampling
dates. Fig. 4.4. shows that the concentration of CYN in the clarifier sludge was reduced from 2.5

ug L™ to lower than 1 pg L™ after 12 days.

The addition of phycocyanin to the filtered lake water did not result in the degradation of CYN
by indigenous bacteria as was the case for the more recalcitrant microcystins. To date, no study
has documented biodegradation of CYN in water bodies without a history of Cylindropermposis
raciborskii blooms. No bloom of C. raciborskii has been reported in Missisquoi Bay despite

intensive monitoring (McQuaid et al. 2011). However, a small trace of CYN (less than 1 pg L™)
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was detected in the same clarifier sludge in 2010 by Zamyadi et al. (2012). Given that Wormer et
al. (2008) demonstrated CYN was not degraded in a water body with a history of CYN-producing
blooms, it appears that biodegradation in water only occurs when sufficient numbers of the

degrading bacteria are present, and this may occur for only a short time after a bloom.
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Figure 4-8: Biodegradation of CYN in the Missisquoi Bay water, filtered water, filtered water
spiked with 2 mg L™ C-phycocyanin, sludge sampled from the bottom of the clarification tank of
a water treatment plant using Missisquoi Bay as a drinking water source and filtered sludge. All

samples were filtered through an 8 um pore size filter. Samples were collected in August 2013.
Error bars represent range of data from duplicate samples and duplicate analyses.

The persistence of CYN in water samples without a history of CYN-producing blooms of
cyanobacteria is likely related to a low abundance of CYN degrading bacteria or the presence of
CYN degrader organisms only in specific geographical locations (Ho et al. 2012c). The
biodegradation of CYN in the sludge of the DWTP in Missisquoi Bay reinforces the hypothesis
that there are bacteria in Missisquoi Bay able to degrade CYN under specific conditions. The

biodegradation of CYN in sludge containing high numbers of accumulated lake water bacteria
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suggests that the low abundance of CYN-degraders was most likely the limiting factor for the
biodegradation of CYN in lake water rather than the absence of a history of CYN-producing

blooms.

As a result of the widespread reports regarding CYN producing blooms in temperate regions, the
detection of CYN in Missisquoi Bay and other fresh water sources in northern temperate regions
in the future is possible. Thus, future toxin monitoring programs should include CYN among the

cyanotoxins to monitor surface waters affected by cyanobacterial blooms.

4.4.2 Biodegradation rate constants and half lives

Pseudo-first-order kinetics provided an excellent fit to the biodegradation curves of all the tested
microcystins, which is consistent with other studies (Ho et al. 2012b, Zhou et al. 2011).
Biodegradation rate constants (k) and biodegradation half-lives for August 2013 are summarized
in Table 1. Biodegradation half-lives of microcystins ranged from 2.2 to 14.6 days and rate
constants from 1.0 x 10™ to 5.9 x 10 d™ depending on the toxin, initial toxin concentration and
source of water sample. The order of the cyanotoxin biodegradation half-lives in the various
media tested was as follows: clarifier sludge > lake water > filtered lake water + phycocyanin >
filtered sludge > filtered lake water. In both lake water and sludge, removal of the particulate
matter increased the biodegradation half-life significantly in that no degradation of MCLY,
MCLW and MCLF was observed in 24 days. In contrast, addition of phycocyanin as a
supplementary source of carbon to the filtered lake water reduced the biodegradation half-lives of
MCLR and MCYR from 14.6 and 13.9 to 6.2 and 6 days, respectively. Biodegradation half-lives
of all the 6 microcystin variants where shown to be between 2.3-3.4 days in sludge which were
lower compared to the rest of the water samples. Such rapid biodegradation could be attributed to
the higher total organic carbon content, lower pH value and higher number of bacteria in the
sludge. Biodegradation of CYN in clarifier sludge followed pseudo-first-order kinetics with a
half-life of 6 days. These results are consistent with a previous study investigating the
biodegradation of CYN in lake water (Ho et al. 2012b).
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Table 4.1: Pseudo-first-order rate constant (K), half-lives (t1,2) and biodegradation lag time of cyanobacteria toxins in tested media.
Values of half-lives and linear regression coefficients are presented in parentheses. (nb is standing for not biodegraded)

K (d™) - Half life (d)
Source of toxins

Type of sample Lag time (d)
MCLR MCYR MCLY MCLW MCLF CYN
Mixture 51x10"(54)  4.9x107(5.4) 2.8x10™ (8.5) 25x10"(8.8) 3.1x10"(8.3)
Lake water 4-6 Nb
(60 ug ,_'1) R? (0.87) R? (0.92) R? (0.85) R? (0.87) R? (0.86)
Lake water Mixture 2.7x101(14.6 3.6 x 107 (13.9
(filtered on -1 12 (49 (139 Nb Nb nb Nb
8um) (60pgL ) R? (0.88) R? (0.89)
Mixture+ . . 1 1 1 Nb
4-10 3.1x10"(6.2) 3.4 x10"(6.0) 4.9 x 10" (11.4) 40x10%(9.8)  5.1x10*(11.3)
phycocyanin
1 R? (0.90) R?(0.94) R? (0.89) R?(0.78) R? (0.89)
(60pgL ")
+Hemg L)
MCLR or MCLY 2.7x10" (8.6 5.9 x10™ (16.2
1 5-15 ®6) nb (16:2) Nb nb Nb
(opgL™) R’ (0.85) R? (0.84)
MCLR or MCLY 5.7 x10" (2.2 43x10" (2.6
1 <1 @2) nb 26) Nb nb Nb
Augl™) R? (0.97) R (0.90)
Sludge Mixture - 2.6x10%(2.7) 3.1x107"(2.3) 2.4 %107 (2.8) 2.0x 107 (3.4) 2.3 %107 (3.0) 1.0x10* (6.1)
u =
(60 ug ,_‘1) R? (0.98) R? (0.99) R?(0.97) R?(0.97) R? (0.95) R?(0.97)
Sludge (filtered Mixture 24 %10 (8.8 2.8x10™" (8.5
vl ] 6 68) 69 Nb Nb b Nb
60pgL ™) R? (0.94) R? (0.97)
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4.5 Conclusions

. Bacteria within the clarifier sludge were able to degrade all of the cyanotoxins, including
CYN, at a rate that exceeded biodegradation in lake water. However, no CYN degradation

occurred within the mixture of lake water.

. The presence of PAB was strongly associated with the degradation of all cyanotoxins,
thus degradation rates in surface waters will be related to the amount of PAB in the water

column.

. Phycocyanin enhanced the degradation of all microcystins by increasing the biomass of
bacteria responsible for degradation and did not inhibit the degradation as a preferential nutrient
source for bacteria. As phycocyanin concentrations are generally orders of magnitude higher than
cyanotoxin concentrations, it will likely remain as a conservative tracer during blooms, especially

considering its enhancement of toxin degradation.

. Toxins were degraded more slowly (or not at all) in mixtures as compared to individual
toxins.
. As cyanobacterial cells can accumulate within treatment processes, including clarifier

sludge, biodegradation rates suggest that the indigenous biomass may not be able to compensate
for the sudden release of a large quantity of cyanotoxins. Therefore, the possibility of toxin
release to subsequent treatment processes and the drinking water itself is high. Consequently,
efficient management of the solid retention time inside the clarifier is an important strategy to

minimize hazards associated with cyanotoxins when cyanobacterial cells enter a DWTP.

. The results presented are also relevant for utilities that recycle supernatant from sludge

thickeners or use lagoons for sludge treatment.
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4.7 Supplemental Information

4.7.1 Sampling location

The bay has an average depth of 2.8 m and a surface area of 77.5 km? and because of its low
average maximum depth (4 m), sediment is re-suspended easily by wind (Galvez and Levine
2003). The mean water residence time in the bay is 40 days and water exchanged with the main
lake is not significant (Galvez and Levine 2003). Missisquoi Bay has received elevated nutrient
loads from its watersheds that has led to an alteration of its phytoplankton community with
cyanobacteria species becoming dominant in summer and early autumn (Smith 2009).
Cyanobacterial blooms have become common place in Missisquoi Bay and have led to non-
consumption advisories at the DWTP because of cyanobacteria-related drinking water treatment
disruption (Zamyadi et al. 2013).

The sampling site was located near the shore at a distance of 200 m from the intake of the
DWTP. Water was sampled in August 2011 (for MCLR biodegradation experiments only),
September 2012 and in August 2013 (for multiple cyanotoxin biodegradation experiments) as a
composite of the water column from the surface to a depth of 1 meter. Experiments were repeated
over multiple years as there could be shifts in microbial communities in relation to different
cyanobacterial bloom histories that could affect biodegradation rates. Samples were collected in 1
liter sterilized plastic bottles, which were rinsed with lake water before filling. Clarifier sludge
samples were taken in August 2013 from sludge concentrators of dynamic clarifiers following the
addition of coagulant and powdered activated carbon (Zamyadi et al. 2012). At the time of
sampling in August 2013, an intense cyanobacterial bloom was occurring and had entered the
DWTP. Samples were placed in coolers with ice packs during transportation and stored at 4 °C

overnight.

4.7.2 Measurement of bacterial biomass

A rapid epifluorescence LIVE/DEAD BacL.ight staining method using propidium iodide (PI) and
SYTO9 fluorochromes was used to estimate total and viable bacteria (defined by membrane
integrity) in selected samples. The procedure applied to drinking water samples was described by
Boulos et al. (1999).
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Table 4.2: Characteristics of lake water, clarifier sludge, filtered lake water and filtered clarifier
sludge, sampled from August, 2013. Values are means of 3 replicates * standard deviation.

Lake Sludge Filtered  Filtered

Parameter Water Lake Sludge
Water

Total carbon (mg L™) 21.2+05 565+ 1.7 10.8+0.1 128+0.4
Total inorganic carbon (mg L™) 11.3+0.2 8.7x0.1 6.1+ 0.4 7.2+03
Total organic carbon (mg L™) 99+04 479+19 46+0.6 55+0.7
Total suspended solids (mg L™) 11.6+0.4 1826+ 15 1.2+£0.1 1.8+£0.1
Volatile suspended solids (mg L™) 58%0.2 95.1 £1.0
pH 8.55 7.18 8.52 7.21

4.7.3 Analytical method for cyanotoxin measurement

Residual concentrations of cyanotoxins in the biodegradation experiments were monitored by a
system consisting of an HTC thermopal autosampler (CTC analytics AG, Zwingen, Switzerland)
with a 1 ml loop, a dual switching-column array and a liquid chromatography tandem mass
spectroctometry system. A quaternary pump Accela 600 (Thermo Finnigan, San Jose, CA) was
used for sample loading onto an on-line Hypersil Gold C18 column (20 mm x 2.1 mm, 12 pm
particle size). The column switching system was made of a six-port and a ten-port valve (VICI®
Valco Instruments Co. Inc., Houston, TX). The switching process has been described previously
(Viglino et al. 2008).

The elution was performed using a quaternary pump Accela 1200 (Thermo Finnigan, San Jose,
CA) and the chromatographic separation was done with a Hypersil Gold column (100 mm X 2.1
mm, 1.9 um particle size) kept at 55 °C in a thermostated column compartment. The total run
time was 8 minutes. The analytical column was preceded by a guard column (2 X 2mm, 5mm) of

the same packing material. A TSQ Quantum Ultra AM Mass Spectrometer (Thermo Fisher
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Scientific, Waltham, MA) with a Heated Electrospray (HESI) source was used for detection and
quantification.

The mass spectrometer was operated in selected reaction monitoring (SRM) mode and the
ionization was in the positive mode. The initial compound-dependent parameters for MS and
MS/MS optimization conditions are presented in Table S2. The source-dependent parameters
were as follows: spray voltage (3200 V), vaporizer temperature (450 °C), sheath gas pressure (35
arbitrary units), auxiliary gas pressure (10 arbitrary units) and capillary temperature (350 °C).
The scan time was adjusted to 0.02 s. The first and third quadrupole were operated at 0.7 Da
FWHM and the collision gas pressure of the second quadrupole was set at 1.5 mTorr. The limits
of detection (LOD) were in range of 10-50 ngL-1 (Table 4.3).



Table 4.3: MS/MS optimized parameters for all selected compounds.

Compound Precursor Product TL CE LOD
ion (m/z) ion (m/z) V) (eV) (ng LY

Anatoxin 166 149 86 11 50
[M+H]* 120 86 13

Cylindrospermopsin 416 194 151 37 50
[M+H]* 176 151 31

MC-RR 520 135 138 31 10
[M+H]* 105 138 47

MC-YR 1046 135 183 58 10
[M+H]* 213 183 58

MC-LR 996 135 188 57 10
[M+H]* 213 188 39

MC-LY 1003 265 118 50 20
[M+H]* 135 118 37

MC-LW 1026 891 164 24 20
[M+H]" 583 164 29

MC-LF 987 213 150 34 20
[M+H] 375 150 22

Nodularin* 825 135 148 50 -
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4.7.4 Calculation of biodegradation rate constants and half-lives

In(2)
T1/2 = K Eq. (A. 1)

Ty, Biodegradation half life (d)

K: Pseudo-first-order rate constant (d™)

64



65

CHAPTER 5 ARTICLE 2: TRANSCRIPTOMIC ANALYSIS OF

CYANOTOXIN DEGRADATION ACTIVITY AND EXPRESSION

PROFILES IN ASPHINGOPYXIS SP. ISOLATED FROM LAKE
CHAMPLAIN, CANADA

This chapter presents the manuscript submitted to the journal of Water Research at 2015. The
manuscript discusses an effort on isolation of bacteria able to degrade multiple cyanotoxin from
Missisquoi Bay.
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5.1 Abstract

A bacterium capable of degrading five microcystin (MC) variants, microcystin-LR, YR, LY, LW
and LF at an initial total concentration of 50 pg/l in less than 16 hours was isolated from
Missisquoi Bay, in the south of Quebec, Canada. Phylogenetic analysis of the 16S rRNA gene
sequence identified the bacterium as Sphingopyxis sp., designated strain MB-E. The isolate
degraded microcystins containing the arginine-Adda peptide bond in MCLR and YR faster than
MCLY, LW and LF, which do not have this bond in their chemical structure. It was shown that
microcystin biodegradation activity was reduced at acidic and alkaline pH values. Even though
no biodegradation occurred at pH values of 5.05 and 10.23, strain MB-E was able to degrade
MCLR and MCYR at pH 9.12 and all six MCs variants tested at pH 6.1. Genomic sequencing
revealed that strain MB-E contained the microcystin degrading gene cluster, including the mlrA,
mirB, mirC and mlrD genes, and transcriptomic analysis demonstrated that all of these genes
were induced during the degradation of MCLR alone or in the mixture of all five MCs. This
novel transcriptomic analysis, showed that the expression of the mlr gene cluster was similar for
MCLR alone, or the mixture of MCs and appeared to be related to the total concentration of
substrate. The results suggested that the bacterium used the same pathway for the degradation of

all MC variants.

Keywords: Microcystins; Sphingopyxis sp.; Transcriptomic analysis; Expression profiles

5.2 Introduction

The increasing frequency of toxic cyanobacterial blooms in surface waters worldwide comes with
the potential to disrupt drinking water production systems and there are concerns for the health of
users of these affected water resources (Lévesque et al. 2014, Pearce et al. 2013, Zamyadi et al.
2012b). Different genera of toxin producing cyanobacteria, such as Microcystis, Anabaena,
Aphanizomenon, Cylindrospermopsis and Planktothrix have been detected in these water supplies
(Graham et al. 2010, Rinta-Kanto et al. 2005). Among them, microcystin (MC) producing species
are the most frequently reported and studied toxic cyanobacteria. MCs are cyclic heptapeptides
composed of 3 D-amino acids; alanine (Ala), methylaspartic acid (MeAsp), glutamic acid (Glu),
two unusual amino acids; N-methyldehydroalanine (Mdha) and 3-amino-9-methoxy-2,6,8,-
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trimethyl-10-phenyldeca-4,6-dienoic acid (Adda) and finally a pair of variable L-amino acids
(Svrcek and Smith 2004). As the result of structural variations at all seven amino acids position,
89 analogues of MCs have been identified to date (Welker and Von Dohren 2006). The
hepatotoxicity of MC molecules is due to the presence of the unique f-amino acid, Adda, in their
structure (Stotts et al. 1993).

Because of its small cyclic structure, MCs are resistant to enzymatic and physico-chemical
breakdown (Saitou et al. 2003). Among the processes controlling the fate of MCs in natural
waters, biodegradation has been reported as a dominant mechanism (Ho et al. 2012). As a result
of the presence of bacterial communities in freshwater where cyanobacterial blooms are common,
the concentration of MCs is usually lower than expected based on the numbers of cyanobacterial
cells (Tsuji et al. 1996). Anabaena, Aphanizomenon and Cylindrospermopsis species with the
ability to produce anatoxin-A (ATX) and cylindrospermopsin (CYN) (Rapala et al. 1993), have
been frequently detected in drinking water sources (Fortin et al. 2010, Graham et al. 2010).
Consequently, mechanisms involved in the fate and disappearance of these latter neurotoxin and
cytotoxin needs to receive more attention, although at present, there is limited information

available with regards to their biodegradability.

A dynamic change in the pH of water bodies during cyanobacterial blooms has been reported in
several studies (McQuaid et al. 2011, Zamyadi et al. 2012b). During photosynthesis,
cyanobacterial cells cause a shift in the equilibrium of the carbonate system, increasing the pH of
the environment, which allows them to outcompete other algal species (Dokulil and Teubner
2000). Under alkaline pH conditions, between 80-90% of the cyanotoxins are intracellular, but
they are released into the aquatic phase following cell death (Watanabe et al. 1992). To better
predict the fate and persistence of cyanotoxins in aquatic systems, the effect of pH on the
biodegradation activity of degrader isolates needs to be elucidated. However, currently there is
limited information in the literature regarding the effect of this parameter on cyanotoxin
degradation (Okano et al. 2010, Saitou et al. 2003).

Bacteria with the ability to degrade multiple cyanotoxins have been isolated from a variety of
water sources in different geographical locations (Table S1, Supporting Information). The
majority of studies that have focused on MC degradation have identified Sphingomonas sp. as the

most commonly encountered degraders (Bourne et al. 2001, Harada et al. 2004, Imanishi et al.
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2005, Tsuji et al. 2006). Sphingopyxis is one of the strains that has been reported as a promising
bacterium with the ability to degrade multiple MCs (Ho et al. 2007, Ho et al. 2012, Okano et al.
2010, Wang et al. 2010). Other bacteria, such as Paucibacter toxinivorans, Arthrobacter,
Brevibacterium and Rhodococcus sp, with the ability to degrade a variety of microcystins and
nodularins have also been isolated (Lawton et al. 2011, Manage et al. 2009, Rapala et al. 2005).
However, the diversity and number of identified toxin degraders remain low.

Bourne et al. (Bourne et al. 2001) identified the enzyme encoded by the mlrA gene in
Sphingomonas sp. as the initiator for the biodegradation of MCLR through the cleavage of its
cyclic structure at the arginine-Adda peptide bond. Imanishi and colleagues (Imanishi et al. 2005)
also highlighted the importance of the arginine-Adda peptide bond by demonstrating that only
MCs containing this bond are degraded by Sphingomonas sp. B9. In contrast, Ishii et al. (Ishii et
al. 2004) and Ho et al. (Ho et al. 2012) showed that other MCs such as MCLW, LY and LF,
which do not have the arginine-Adda peptide bond, are also degraded by bacteria belonging to
the genus Sphingomonas. These differing observations on the site of cleavage of the cyanotoxin
variants suggest the possibility that different pathways or different degradation genes may exist

for MC degradation.

The advent of next generation sequencing methods has made it possible to sequence whole
microbial genomes at a much lower cost and provides opportunities to examine gene expression
patterns under different environmental conditions. To the best of our knowledge, genomic and
transcriptomic analyses have not yet been used to characterize bacteria that have the ability to

degrade multiple microcystin variants.

The aim of this study was to isolate and identify a bacterium with the ability to degrade
multiple cyanotoxins from a drinking water production site that experiences frequent and severe
cyanobacterial blooms. The specific objectives were: a) to evaluate the capacity of the novel
isolate to degrade multiple MCs, ATX and CYN, b) to determine the effects of pH on MC
degradation activity, c) to identify the genes involved in the degradation of microcystins and
using transcriptomic analysis, determine whether the same genes are involved in the degradation

of a single microcystin or a mixture of different MC variants.
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5.3 Materials and Methods

5.3.1 Cyanotoxins and reagents

MCLR, YR, LY, LW, LF, ATX and CYN were purchased from a commercial supplier (Enzo
Life Science, Farmingdale, NY, USA). Individual stock solutions were prepared by dissolving
cyanotoxins in a mixture of methanol and sterilized Milli-Q (Millipore, Etobicoke, ON) water
according to the instructions of the supplier. To minimize the concentration of methanol in the
stock solution, 100 pg of cyanotoxin was dissolved in 100 ul methanol and then diluted 100
times with Milli-Q water. The final concentration of methanol in mother solution was 10 ml L

! All reagents used were of analytical or HPLC grade.

5.3.2 Isolation of microcystin degraders from lake water

Water samples were collected from Missisquoi Bay, in the south of Quebec, Canada. Missisquoi
Bay is a shallow bay of Lake Champlain, bordered by the states of New York and Vermont
(U.S.A)) and the province of Quebec (Canada). Cyanobacterial blooms in the bay have been
severe and the breakthrough of toxins into treated drinking water has been observed (Zamyadi et
al. 2012a). Microcystin producing genera such as Microcystis have been reported as the major
part of the cyanobacterial community in the bay during the summer and early fall since 2002
(Fortin et al. 2010). However other species known to produce ATX, saxitoxins (STX) and CYN

have also been identified, including Anabaena and Aphanizomenon (Ndong et al. 2014).

To isolate cyanotoxin degrading bacteria, water samples were collected during cyanobacterial
blooms in July, August and September, 2012. Water samples were collected in the littoral area of
Philipsburg throughout the water column from the surface to a depth of 2 m. Samples were
collected in 1 liter sterilized plastic bottles, transferred to the lab on the same day and kept in a
refrigerator (4°C). The mixture of seven cyanotoxins including MCLR, YR, LY, LW, LF, CYN
and ATX at individual concentrations of 10 pg/l was spiked aseptically into sterilized amber
glass bottles containing 100 ml of the lake water. Bottles were shaken at 175 rpm aerobically on a
rotary shaker at room temperature (22-23°C). After one week, a 10 ml sub-sample was

transferred to new bottles containing the same cyanotoxin mixture as the sole carbon sources in



70

90 ml sterilized mineral salt medium (MSM- 0.25 g K;HPOy, 0.5 g KH,POy4, 0.25 g Na;HPO,, 5
mg NH,4CI, 25 mg CaCl,, 20 mg MgSQO,.7H,0, 0.25 mg FeCl;3.6H,0; 0.5 mg MnCl,.4H,0 per
litre). The pH of the medium was adjusted to 7.4 using a solution of 0.1 M HCI or 0.1 M NaOH.
This enrichment procedure was continued for six weeks with sub-culturing into the same medium
at weekly intervals. Control bottles containing only lake water without cyanotoxins were also
prepared and incubated under the same conditions. All incubations were performed in duplicate.
At the end of the incubation, 1 ml samples from each bottle was plated onto solid peptone-yeast
extract (PY) medium (1 g peptone, 0.5 g yeast extract, 18 g agar per litre) and incubated at 32°C
for 96 hours. Based on shape, size and color, colonies that grew on the solid medium were
streaked several times on fresh plates to obtain pure cultures. To confirm whether individual
isolates possessed the ability to degrade cyanotoxins, each isolate was incubated overnight in PY
medium (0.2% (w/v) peptone, 0.1% (w/v) yeast extract, pH 7.4). Bacteria in the logarithmic
growth phase were removed by centrifugation at 1000 x g for 15 min and the bacterial pellet was
washed 3 times with 0.05 M phosphate buffer saline (PBS). The isolates were incubated in PBS
at room temperature overnight to reduce any residual carbon. Bottles containing sterilized MSM
and the mixture of the seven cyanotoxins at individual concentrations of 10 pg/l were spiked with
an isolate to reach an optical density OD (660 nm) of 0.05. Sub samples of 5 ml were taken daily
under aseptic conditions, filtered through 0.22 pm nylon filters and frozen at -20°C to monitor
residual cyanotoxin concentrations. In parallel, control bottles containing only MSM and
cyanotoxins without bacteria were prepared as negative controls. An isolate (MB-E) with the

ability to degrade MCs at the highest biodegradation rate was selected for further analysis.

5.3.3 Total DNA extraction, PCR amplification and sequencing of 16S rRNA

One colony from strain MB-E was grown for 2 days at 30°C in PY medium and 175 rpm. DNA
was extracted with the DNeasy Blood and Tissue kit following the protocol for Gram-negative
bacteria (QIAGEN, Mississauga, ON). PCR amplification of the whole 16S rRNA gene was
performed using the F1 and R13 primers published by Dorsch and Stackebrandt (Dorsch and
Stackebrandt 1992). Additional information regarding the method can be found elsewhere (Text
S1, Supporting Information).
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A phylogenetic tree was constructed based on available 16S rRNA gene sequences (950 bases or
longer) of bacteria that have the ability to degrade several microcystin variants. Phylogenetic
relationships were constructed with evolutionary distances (Jukes-Cantor distances) and the
neighbor-joining method using the MacVector software package (Accelrys, Inc., San Diego, CA,
USA). The bootstrap analyses were calculated by running 1000 replicates to assign confidence

levels to the tree topology.

5.3.4 Genomic sequencing

Genomic sequencing was performed on isolate MB-E. One microgram of DNA was treated with
RNase If (New England Biolabs, Whitby, ON) according to the instructions of the manufacturer.
The DNA was purified with the QIAEX Il Kit (QIAGEN) and quantified with the Quant-iT
PicoGreen dsDNA assay (Invitrogen, Burlington, ON). One hundred nanograms of DNA was
fragmented for 20 min using the lon X press Plus gDNA kit (Life Technologies, Burlington,
ON). The DNA was quantified with a BioAnalyzer, high sensitivity DNA chip (Agilent
Technologies, Mississauga, ON). A total of 4.7 x 10° molecules were used in the emulsion PCR
using the lon OneTouch Template kit (Life Technologies) and the OneTouch instrument (Life
Technologies). Sequencing was performed on an lon Torrent personal genome machine (PGM)
using the lon 316D chip and the lon PGM Sequencing 200 kitV2 (Life Technologies) following

the instructions of the manufacturer.

5.3.5 Time course degradation of MCs, CYN and ATX by isolate MB-E
To validate the degradation of multiple MCs, CYN and ATX by strain MB-E and for

transcriptomic sequencing, three solutions were prepared; a) a mixture of the five MCs (MCLR,
YR, LY, LW and LF), b) the mixture of CYN and ATX and ¢) MCLR was prepared and spiked
at a concentrations of 10 pg/l in separate amber glass bottles containing 150 ml of sterilized
MSM (autoclaved at 121 °C for 15 min). Strain MB-E was grown overnight in PY medium and
then washed with PBS as described previously, before inoculating the media to an optical density
(660 nm) of 0.05. Sub-samples of 5 ml and 1 ml were taken every 2 hours over 28 hours using
aseptic conditions. One ml samples were flash frozen in liquid nitrogen and kept in -80°C for
transcriptomic analysis. To check for any losses of cyanotoxins because of abiotic processes,
bottles containing sterilized MSM medium with cyanotoxins were used as controls.
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5.3.6 Transcriptomic analysis of microcystin degradation genes

5.3.6.1 Total RNA extraction

RNA was extracted using a modified hot phenol method from Rhodius (Rhodius 2003). The main
modification involved the addition of fresh lysozyme (3mg/ml) to the frozen cultures and an
incubation at 64°C for 1 min. The RNA was purified using the RNeasy Mini Elute clean up kit
(QIAGEN) then treated with DNase using the TURBO DNA free kit (Ambion, Burlington, ON)

following the instructions of the manufacturers.

5.3.6.2 Transcriptome sequencing

The total RNA was subjected to ribosomal 16S and 23S RNA subtraction following the
procedure of Stewart et al.(Stewart et al. 2010). Total rRNA-subtracted RNA was reverse-
transcribed using the SuperScript 111 kit (Thermo Fisher Scientific Inc., MA, USA). Illumina
libraries were prepared following the protocol of Meyer and Kircher (2010), with tags 1 to 24.
The indexed libraries were pooled in an equimolar ratio and sequenced (300 cycles) using a

MiSeq Reagent Kit v2 (Illumina Inc., CA, USA) on the MiSeq Illumina sequencer.
5.3.7 Bioinformatic analyses

5.3.7.1 Genomic analysis

Sequencing data was assembled using the de novo assembly function of the software suite CLC
Genomics Workbench 7 (http://www.clcbio.com/products/clc-genomics-workbench/). All ORFs
were then given a functional qualifier through a blastp (1e-10) search against the refseq_protein
database (http://www.ncbi.nlm.nih.gov/refseq/). The detailed method is presented in Supporting
Information (Text S2).

5.3.7.2 Transcriptomic analyses

Raw transcriptomic sequence pairs were first merged into individual contigs using pear (Zhang et
al. 2014) with default settings. Assembled and unassembled sequences were then quality
controlled and freed of remaining adapter sequences using Trimmomatic (Bolger et al. 2014).

The setting and the procedure are presented in the Supporting Information (Text S3).


http://www.ncbi.nlm.nih.gov/refseq/
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5.3.8 Effect of pH on growth of the isolate MB-E and its degradation activity
of multiple MCs

To assess the effect of pH on biodegradation of multiple MCs by the isolate MB-E, individual
bottles containing autoclaved MSM medium were spiked with a mixture of five microcystins
(MCLR,YR, LY, LW and LF) at individual concentrations of 10 pg/l, inoculated with the isolate
MB-E at an initial concentration of 0.05 OD (660 nm) and incubated on a rotary shaker (175
rpm) at 22-23°C. The pH was adjusted to 5.05, 6.10, 7.21 and 8.05 using potassium phosphate
buffer, at 9.12 with boric acid buffer and 10.23 with NaOH. All the pH values were measured
again at the end of the experiment to check for stability. To monitor the growth of isolate MB-E
at different pH values, it was added to the PY medium to obtain a final bacterial density of 0.02
(660 nm). The pH of the medium was adjusted to 5.78, 6.55, 7.05, 7.42 and 8.15 with potassium
phosphate buffer, 9.13 with boric acid buffer and 10.10 with NaOH.

5.3.9 Analysis of cyanotoxins

A measurement system composed of an Ultra High Performance Liquid Chromatography
(UHPLC-Thermo Finnigan, San Jose, CA) coupled to a TSQ Quantum Ultra AM Mass
Spectrometer (Thermo Fisher Scientific, Waltham, MA) with a Heated Electrospray (HESI)
source has been developed to quantify multiple cyanotoxin concentrations. Details of the
analytical method are in Table S2 and Text S4 in Supporting Information.

5.4 RESULTS AND DISCUSSION

5.4.1 Isolation of the cyanotoxin degrading bacterium

A total of 22 strains were initially isolated with the ability to degrade cyanotoxins from the water
samples collected during and after the bloom season. Among the isolated strains, four were able
to degrade all five microcystin variants (MCLR, YR, LY, LW and LF) in less than three days
(data not shown). Sequencing analysis of the 16S rRNA gene, showed that one of the isolate
demonstrated 99% identity with the Sphingopyxis genus. The phylogenetic position of the isolate

is presented in Figure 5.1. Several subgroups were generated based on 16S rRNA gene sequences
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available in the NCBI database including two different Sphingopyxis clusters. The analysis
showed that our isolate MB-E was 99% similar to Sphingopyxis sp. C1. The 16S rRNA gene

sequence of strain MB-E has been deposited in the GenBank database (request submitted).

Agquifex pyrophilus (M83548)

R sp. C1 (F

B sp. F3 (FN392692)
Arthrobacter sp. C6 (FN392690)
Arthrobacter sp. R4 (FN332695)
Arthrobacter sp. F7 (FN392693)
Sphingopyxis sp. LH21 (DQ112242)
Sphingopyxis sp. USTB-05 (EF607053)

100

100

Sphingopyxis sp. MB-E

Sphingopyxis sp. C-1 (AB161684)

Sphingosinicella microcystinivorans sp. Y2 (NR040927)
Sphingosinicella microcystinovorans sp. MDB2 (AB219940)
Sphingomonas sp. 7CY (ABO76083)

sp. BY (AB159609)

Sphingomonas sp. ACM-3962 (AF411072)
Spingomonas sp. MD-1 (AB110635)
Novosphingobium sp. THN1 (HQ664117)

Sphingopyxis sp. TT25 (JQ398614)
Potericochromonas sp. ZX1 (EU586184)
Methylobacillus sp. J10 (FJ418599)

Ralstonia solanacearum (FJ4947786)
Paucibacter toxinivorans sp. 2G20 (NR042941)

Figure 5-1: Phylogenetic tree of microcystin-degrading bacteria. This tree was analyzed by the
neighbor-joining method. The sequence of Aquifex pyrophilus was used as an outgroup to root
the tree. Bootstrap values with 1000 replicates were used to assign confidence levels to the tree

topology.

5.4.2 Biodegradation of multiple cyanotoxins

Sphingopyxis sp. MB-E produced yellow pigmented colonies on nutrient agar and exhibited the
highest rate of microcystin degradation by completely degrading all five microcystin variants
with pseudo first order rate constants ranging from 0.29 h™ to 0.39 h™. Biodegradation rate
constants for each MC are presented in Table S3 in Supporting Information. The biodegradation
profiles are shown in Figure 5.2. To the best of our knowledge there are few studies of species

that are able to rapidly degrade a wide range of microcystins.
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Manage et al. (Manage et al. 2009) isolated a group of bacteria from three Scottish water bodies
that were able to degrade only MCLR and Lawton et al. (Lawton et al. 2011) demonstrated that
five of those bacteria were able to degrade a combination of five microcystins (MCLR, YR, LY,
LW, and LF) and nodularin. Strain MB-E was able to completely degrade all of the five
microcystin variants at a total initial concentration of 50 pg/l in less than 16 hours. MCLR and
MCYR were degraded at a higher rate compared to MCLY, LW and LF. There was no loss of

toxins in the control bottles.

In our study, there was a clear distinction in the biodegradation patterns of different MCs by
Sphingopyxis sp., which may have been related to their chemical structures. MCLR and YR with
an arginine-Adda peptide bond were degraded more rapidly as compared to MCLY, LF and LW,
which lack this bond and showed a lag phase before the onset of degradation (Figure 2). These
data are consistent with the results of Ishii et al. (Ishii et al. 2004) which also demonstrated that
the degradation half-life of MCLR by their microcystin degrader (7CY) was shorter than the half-
life of MCLY, LW and LF. Similar observations were made with regards to the degradation of
MCLR and MCLA using Sphingomonas ACM-3962 by Ho and colleagues (Ho et al. 2007), in
which MCLR was more easily degraded than MCLA at a concentration of 10 pg/l. In contrast,
Lawton et al. (Lawton et al. 2011) demonstrated that the degradation half-life of MCLY, LF and
LW was lower than for MCLR and MCRR by six different toxin degrading isolates. However,
they reported that none of their bacteria contained the mirA, mlrB and mIrC genes, which have
been identified in most toxin degraders to date, although all these degrader strains belonged to the
Proteobacteria phylum. It is possible that different degradation pathways exist in bacteria from
different phyla, such as the Actinobacteria (Manage et al. 2009), and that degradation kinetics for
different toxin variants may therefore be a consequence of these different pathways. Interestingly,
in the study by Manage et al. (Manage et al. 2009), although the known microcystin degradation
genes were not detected, the metabolites produced by the known degradation pathway were
identified.

The isolated Sphingopyxis sp. MB-E was not able to degrade CYN. Previous observations of
CYN biodegradation have generally only occurred in water bodies that experienced blooms of
CYN-producing species. At this time, no CYN-producing cyanobacteria have been reported in
Missisquoi Bay. Strain MB-E was also not able to degrade ATX during 28 hours of incubation.
To confirm whether time was a limiting factor for CYN and ATX biodegradation, the experiment
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was continued for 4 weeks, but no degradation was observed. Little information is available
regarding the biodegradability of ATX (Rapala et al. 1993). There is only one study that reported
the biodegradation of CYN by an isolated bacterium (Mohamed and Alamri 2012). The authors

isolated a Bacillus strain (AMRI-03) from cyanobacterial blooms capable of degrading CYN with

a high biodegradation rate, which correlated positively with the initial CYN concentration.
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Figure 5-2: Biodegradation of a mixture of MCLR and YR (A), MCLY, MCLW and MCLF (B)
CYN and ATX (C) by Sphingopyxis sp. MB-E in mineral salt medium at pH 7.4 and 22-23°C.
Error bars represent the standard deviation of triplicate samples and duplicate analyses.

5.4.3 mlr gene cluster and microcystin degradation activity

Metagenomic sequencing of Sphingopyxis sp. MB-E revealed a mrl gene cluster in a 5.8 kb

sequence fragment. The cluster consisted of four genes, mirA, mirB, mIrC, and mirD that are
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involved in the degradation of microcystin (Figure 3). The mrlA gene encoded the enzyme
microcystinase and was present on a 1kb fragment between bases 1955 and 2962. The mrID gene
encoded a transporter protein (between bases 2971- 4239) that contained 1268 bases. It was
located immediately downstream of mrlA with the same direction of transcription. The mrIB and
mrlC genes encoding peptidases were in the opposite direction of transcription. The mrIB gene
was on a 1610 bp fragment downstream of mrID. The mrIC was identified upstream of mrlA from
281 to 1864 bp within the 5.8 kb fragment. The organization of mlr genes in this cluster is
identical to the organization determined for several Sphingomonas strains that degrade
microcystins (Bourne et al. 2001, Somdee et al. 2013). The highest similarities for the mrlA,
mriB, and mrIC genes of Sphingopyxis sp. MB-E were with the microcystin-degrading genes of
Sphingomonas sp. USTB-05 (Yan et al. 2012) with values of 86%, 99% and 95%, respectively
(data not shown). The mrID gene was 96% similar to the mrID gene of Sphingopyxis sp. C1
(GenBank: BAL02997).

The ability of Sphingopyxis sp. MB-E to degrade MCLR and a mixture of MCs was validated by
performing a time course biodegradation experiment followed by transcriptomic sequencing. The
ratio of mlr/cpn60 gene transcripts is presented in Figure 5.3. Similar transcription profiles were
observed in Sphingopyxis sp. MB-E at times 0 and 4 hours into the degradation of MCLR and the
toxin mixture. A small increase in the production of mrIC and mrlID transcripts was observed
after 8 hours in both scenarios. A substantial increase in the expression of all the mrl genes was
observed 12 hours into the degradation process of the toxin mixture. Interestingly, the
transcription activity related to the degradation of MCLR alone remained very similar to the 8
hour time point and was characterized by a decrease in the expression of the peptidase encoded
by mrIC. After 20 hours, all of the enzymes involved in the degradation of microcystins were
transcribed at levels that were similar to the beginning of the experiment. The same transcription
profiles were obtained when the ratio of mlr/rpoA gene expression was calculated in order to
normalize each dataset to a value approximating the average single cell expression profile (Figure
S1, Supporting Information).
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of the cpn60 reference gene. Error bars represent the standard deviation of duplicate samples and

duplicate analyses.

The mrl gene cluster identified in this study was similar to the cluster of the MC-degrading
bacterium Sphingomonas sp. strain ACM-3962 (Bourne et al. 2001). In their study, mrl gene
sequences were compared with other microorganisms. The authors suggested that that the genes
in the mrl cluster may all be involved in the cycling of cell wall peptidoglycan and that the
hydrolysis of MCLR may simply be a fortuitous event. The gene expression profiles observed in
our study at the beginning of the experiment supports this hypothesis. All of the genes were being
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transcribed at a basal level prior to the addition of the microcystin substrates. The activity that
we identified at time zero could also be the result of the degradation of peptides and proteins
found in the PY growth medium. Our results revealed that the presence of microcystin in the
medium triggered the transcription of the enzyme encoded by the mrlA gene which is responsible
for the opening of the cyclic structure. For example, 8 hours into the experiment an increase in
the expression of the mrlA and mrlC genes was observed suggesting that the newly linearized
microcystin was being degraded into a tetrapeptide. The transcriptomic approach also revealed
that the amount of induction appears to be related to the total amount of substrate. The highest
expression levels were obtained in 8 hours with MCLR alone compared to 12 hours for the toxin

mixture, which contained five times the amount of substrate.

The next generation sequencing methods used in this study proved to be useful in characterizing
the mrl gene cluster of strain MB-E and its corresponding gene expression profiles when
provided with microcystin-LR or a mixture of toxins. These results are novel and suggest that
Sphingopyxis sp MB-E uses the same pathway in the degradation of all MC variants.

5.4.4 Effect of pH on MC biodegradation

Analysis of the 16S rRNA gene revealed that isolate MB-E was 99% identical to Sphingopyxis
sp. C1, an alkali-tolerant microcystin-degrading bacterium (Okano et al. 2010). This strain was
isolated by enrichment culture using MCLR as the carbon and nitrogen source and was shown to
degrade MCLR between pH 6.52 and pH 10.

Cyanobacterial blooms are often associated with a high pH (between 8.5-11) as a consequence of
photosynthesis (Lehman 2007, Lépez-Archilla et al. 2004). The effect of pH on the degradation
of multiple microcystins by Sphingopyxis sp. MB-E over time is presented in Figure 5.4. The
strain was able to degrade all the 6 microcystin analogues efficiently at pH values of 6.10, 7.22
and 8.05 in 20 hours; however, no biodegradation was observed at the more acidic and alkaline
pH values, 5.05 and 10.23. The degradation activity of Sphingopyxis sp. MB-E was higher under
weakly alkaline and neutral pH conditions with the highest biodegradation rate being observed at
pH 7.22. These results are consistent with the Saitou et al. (Saitou et al. 2003) study where the
activity of their MCLR degrader was reduced by increasing alkalinity of the growth medium, and
the strain had the highest degradation capacity at pH 7.2. Okano et al. (Okano et al. 2010) also
isolated an alkali-tolerant Sphingopyxis sp. which was able to grow at pH 11 and had the highest
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degradation activity between pH 6.72 and 8.45. All the microcystin variants followed the same
trend with higher degradation activity at a more neutral pH.

Sphingopyxis sp. MB-E was isolated from August 2012 sample following a large fish kill that
was associated with a severe cyanobacterial bloom that was concomitant with very low
concentrations of dissolved oxygen. The pH of the water column that day was around 7.0 and the
ammonia concentration was unusually high at 1.2 mg/l. These high concentrations of ammonia

were attributed to fish and cyanobacterial cell decay.

Interestingly, the pH of the water column was 9.2 a week prior to the August 2012 sampling
campaign. Our results demonstrated that the MB-E strain also degraded MCLR and MCYR in
these less optimal conditions but at a lower rate.

The highest growth rate of isolate MB-E in PY medium was observed at pH 7.42 with no growth
at pH 10.10 (Fig. 5.6). These results support the biodegradation data and show that the strain was
not able to grow under alkaline conditions.
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Figure 5-4: Effect of initial pH on the growth of Sphingopyxis sp MB-E (A); and on microcystin
degradation activity (B). Degradation activity was determined as percentage of initial microcystin
concentration removal after 7 h. The error bars indicate the standard deviation of triplicate
samples and duplicate analyses.
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Understanding the effect of pH on the biodegradation activities of cyanotoxin degrading bacteria
is crucial as a result of the dramatic changes of the pH in drinking water sources during blooms
of cyanobacteria. The pH of Missisquoi Bay water was measured during the bloom season in
2011 and 2012 (Fig. 5.5). The highest pH values were 9.40 and 9.49 in 2011 and 2012,
respectively. The experimental studies performed at different pH values demonstrated that
Sphingopyxis sp. MB-E may have had limited biodegradation activity for microcystin variants
during a bloom of cyanobacteria in Missisquoi Bay. Further work studying the impact of shifts in
the equilibrium of carbonate, ammonia and pH on Sphingopyxis MB-E could provide insight into

the persistence and degradation activity of this strain during severe cyanobacterial blooms.
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Figure 5-5: Average pH in the littoral area of Philipsburg in Missisquoi Bay water in 2011 and
2012.
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Interestingly, the pH of the water column was 9.2 a week prior to the August 2012 sampling
campaign. Our results demonstrated that the MB-E strain also degraded MCLR and MCYR in
these less optimal conditions but at a lower rate.
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5.4.5 Conclusions

. A new Sphingopyxis sp with the ability to degrade multiple MCs was isolated for the first

time from a Canadian drinking water source

. The MCs containing an arginine-Adda peptide bond in their structures were degraded

more rapidly as compared to MCs without this bond

. The mrl gene cluster including: mlrA, mirB, mlrC and mirD has been identified as the

producer of enzymes that are responsible for MCs degradation

. Next generation of sequencing methods have been successfully applied in this study to
characterize the mrl gene cluster of strain MB-E and also the expression of the mlr genes during
growth on MCLR and the mixture of MCLR, MCYR, MCLY, MCLW and MCLF

. A novel approach was applied in determining the expression profiles of the MC degrader
genes in a timely manner. The approach revealed similar expression profiles from the isolated
Sphingopyxis MB-E mlr gene cluster over time in proportion to the concentration of substrate of
both individual and mixtures of toxins. The results suggested that same degradation pathway was

used by the isolate to degrade all MC variants.

. The new Sphingopyxis sp. was shown to have its highest degradation activity at pH 7.22;
however, MCLR and MCYR were even degraded at alkaline pH of 9.12 that is closer to the

natural pH of drinking water sources during cyanobacterial blooms.
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5.5 Supplemental Information

Table 5.1: Bacterial isolates capable of degrading multiple microcystin variants.

acidaminiphila sp. MC-
LTH2

Organism Reference (s) Cyanotoxins Presence of
degraded mirA, mirB,
mirC, mirD
Arthrobacter sp. C6, F7, R4 | Manage et al. (2009); Lawton et al. | MC-LR, LY, LF, Not detected
(2011) LW, RR, Nodularin
Bordetella sp. Yang et al. (Yang et al. 2014a) MC-LR, RR mirA
Brevibacterium sp. F3 Manage et al. (2009); Lawton et al. | MC-LR, LY, LF, Not detected
(2011) LW, RR, Nodularin
Sphingomonas sp. MD1 Saitou et al. (2003) MC-LR, RR, YR Unknown
Methylobacillus sp. Hu et al. (2009) MC-LR,RR Unknown
Paucibacter toxinivorans Rapala et al. (2005) MC-LR, MC-YR, Unknown
2C20 Nodularin
Poterioochromonas sp. Ou et al. (2005); Zhang et al. | MC-LR,RR Unknown
(2008)
Ralstonia solanacearum Yan et al. (2004) MC-LR,RR Unknown
Rhodococcus sp. C1 Manage et al. (2009); Lawton et al. | MC-LR, LY, LF, Not detected
(2011) LW, RR Nodularin
Sphingomonas sp. 7CY Ishii et al. (2004) MC-LR, LY, LF, Unknown
LW, RR
Nodularin-Har
Sphingomonas sp. B9 Harada et al. (2004); Imanishi et al. | MC-LR, RR, Unknown
(2005); Tsuji et al. (2006); Kato et | Nodularin
al. (2007)
Sphingosinicella Maruyama et al. (2006) Unknown Unknown
microcystinovorans sp.
MDB2, MDB3
Sphingosinicella Park et al. (2001); MC-LR, YR, RR Unknown
microcystinovorans sp. Y2
Sphingomonas sp. ACM- Bourne et al. (1996, 2001) MC-LR, RR mirA, mirB, mirC
3962 and mirD
Sphingopyxis sp. LH21 Ho et al. (2007) MC-LR, LA mirA, mirB, mirC
and mirD
Sphingopyxis sp. USTB-05 Wang et al. (2010); Zhang et al. | MC-RR, LR mirA
(2010); Yan et al. (2012);
Sphingopyxis sp. TT25 Ho et al. (2012) MC-LR, RR, YR, mirA
LA, CYN, geosmin
Sphingopyxis sp. C-1 Okano et al. (2010) MC-LR,RR mirA
Stenotrophomonas Yang et al.(Yang et al. 2014b) MC-LR,RR Not detected

89



90

5.5.1 (Text S1) Procedure for sequencing the 16S ribosomal RNA (rRNA)
PCR fragment

Sequencing reactions were performed in 50 uL volumes containing 10 ng of DNA, 25uM each
primer, 200uM of each deoxynucleoside triphosphates (dNTPs), 1 mM MgCI2 and 2.5 units of
rTaq DNA polymerase (GE Healthcare, Baie d’Urfé, QC) in 10X Taqg polymerase buffer (100
mM Tris-Cl pH 9.0, 500 mM KCI, 15 mM MgCI2). PCR amplification conditions involved an
initial denaturation at 96°C for 5 min, followed by 30 cycles of 1 min at 94°C, 1 min at 65°C and
1 min at 72°C. The 16S rRNA PCR products were purified with GFX™ PCR DNA and Gel Band
Purification kit (GE Healthcare), quantified with a dilution of the 1 kb marker from MBI
Fermentas (Amherst, NY, U.S.A.), SYBR Safe staining (Molecular Probes, Eugene, Oregon,
U.S.A.) and spot densitometry using a Chemilmager (Alpha Innotech Corporation, San Leandro,
CA). Sequencing of both strands was performed by the Plate-forme d’analyses biomoléculaires
of University Laval, with the F1, F1b (complementary of R2), F2, R2, R13 primers (Dorsch and
Stackebrandt 1992) and R14b primer from Laramée et al. (Laramée et al. 2000). The 16S rRNA
gene sequence of each isolate was compared to the NCBI database using BLASTN (Altschul et
al. 1990).

5.5.2 (Text S2) Genomic analysis

Genes encoding for cpn60 chaperonins (Hemmingsen et al. 1988) and rpoA alpha subunit of
RNA polymerase (Galisa et al. 2012, Lemeille et al. 2005) and proteins involved in the
degradation of microcystin, mlrA, mirB, mirC, and mlrD were identified with searches using the
blastx program (http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the cpnDB sequence database
(http://www.cpndb.ca/cpnDB/home.php) and custom databases composed of selected mir
sequences from nr (http://blast.ncbi.nIm.nih.gov/Blast.cgi). E value cutoffs of 1e-8 were used in
all cases. To fully annotate the 17.9 Kb sequence contig that contained all four mlr genes, open
reading frames (ORFs) were identified with Prodigal (Hyatt et al. 2010) using the meta

procedure.
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5.5.3 (Test S3) Transcriptomic analyses

Assembled and unassembled sequences were then quality controlled and freed of remaining
adapter sequences using Trimmomatic (Bolger et al. 2014), with the following settings:
ILLUMINACLIP:2:30:10 LEADING:30 TRAILING:30 SLIDINGWINDOW:4:30 MINLEN:50
Transcripts harboring the cpn60 reference gene and mlr genes were identified using blastn
searches (1e-20) against the strain MB-E gene sequences identified as described above and
counts were compiled for each dataset. Transcripts harboring the rpoA reference gene were also
compared against strain MB-E gene sequences. Double counts resulting from the presence of the
same gene on unassembled sequence pairs were identified using custom scripts, and dataset-wide
counts were adjusted accordingly. Ratios of mlr/cpn60 and mrl/rpoA gene expression were then
calculated in order to normalize each dataset to a value approximating the average single cell
expression profile. The latter numbers were averaged between replicate datasets for each time
point of both culturing conditions (MCLR and related toxin mix).

5.5.4 (Text S4) Analytical method for cyanotoxin measurement

Residual concentrations of cyanotoxins in the biodegradation experiments were monitored by a
system consisting of an HTC thermopal autosampler (CTC analytics AG, Zwingen, Switzerland)
with a 1 ml loop, a dual switching-column array and a liquid chromatography tandem mass
spectroctometry system. A quaternary pump Accela 600 (Thermo Finnigan, San Jose, CA) was
used for sample loading onto an on-line Hypersil Gold C18 column (20 mm x 2.1 mm, 12 pm
particle size). The column switching system was made of a six-port and a ten-port valve (VICI®
Valco Instruments Co. Inc., Houston, TX). The switching process has been described previously
(Viglino et al. 2008).

The elution was performed using a quaternary pump Accela 1200 (Thermo Finnigan, San Jose,
CA) and the chromatographic separation was done with a Hypersil Gold column (100 mm X 2.1
mm, 1.9 pum particle size) kept at 55 °C in a thermostated column compartment. The total run
time was 8 minutes. The analytical column was preceded by a guard column (2 X 2mm, 5mm) of
the same packing material. A TSQ Quantum Ultra AM Mass Spectrometer (Thermo Fisher
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Scientific, Waltham, MA) with a Heated Electrospray (HESI) source was used for detection and
quantification.

The mass spectrometer was operated in selected reaction monitoring (SRM) mode and the
ionization was in the positive mode. The initial compound-dependent parameters for MS and
MS/MS optimization conditions are presented in Table A2. The source-dependent parameters
were as follows: spray voltage (3200 V), vaporizer temperature (450 °C), sheath gas pressure (35
arbitrary units), auxiliary gas pressure (10 arbitrary units) and capillary temperature (350 °C).
The scan time was adjusted to 0.02 s. The first and third quadrupole were operated at 0.7 Da
FWHM and the collision gas pressure of the second quadrupole was set at 1.5 mTorr. The limits
of detection (LOD) were in range of 10-50 ngL-1 (Table 5.2).



Table 5.2: MS/MS optimized parameters for all selected compounds.

Compound Precursor Product TL CE LOD
ion(m/z) ion(m/z) (V) (eV) (ng/l)

Anatoxin 166 149 86 11 50
[M+H]* 120 86 13

Cylindrospermopsin 416 194 151 37 50
[M+H]* 176 151 31

MC-RR 520 135 138 31 10
[M+H]* 105 138 47

MC-YR 1046 135 183 58 10
[M+H]* 213 183 58

MC-LR 996 135 188 S7 10
[M+H]* 213 188 39

MC-LY 1003 265 118 50 20
[M+H]* 135 118 37

MC-LW 1026 891 164 24 20
[M+H]* 583 164 29

MC-LF 987 213 150 34 20
[M+H]* 375 150 22

Nodularin* 825 135 148 50 -
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Table 5.3: Pseudo-first-order rate constants (K) and linear regression coefficients of
cyanobacteria toxins biodegradation by Sphingopyxis sp. MB-E.

Toxin Rate Constant | R
(h
MCLR 0.33 0.887
MCYR 0.39 0.894
MCLY 0.33 0.694
MCLW 0.39 0.799
MCLF 0.29 0.813
& FFPg & of
. . mirC  mirA mirD mirB U
Toxin mix 1”‘”” MC-LR
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Figure 5-7: Expression of the mlr gene cluster during growth of Sphingopyxis sp. MB-E on
microcystin LR and the mixture of five cyanotoxins, in comparison to the expression of the rpoA
reference gene. Error bars represent the standard deviation of duplicate samples and duplicate
analyses.
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CHAPTER 6 ARTICLE 3: ADSORPTION CHARACTERISTICS OF
MULTIPLE MICROCYSTINS AND CYLINDROSPERMOPSIN ON
SEDIMENT: IMPLICATIONS FOR TOXIN MONITORING AND
DRINKING WATER TREATMENT

This chapter presents the manuscript accepted for publication in the journal of Toxicon. The
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6.1 Abstract

Adsorption of mixtures of cyanotoxins onto sediment as a dominant mechanism in the
elimination of cyanotoxins from the aqueous phase has not been extensively investigated. The
objectives of the present study were (i) to determine the adsorption coefficients of a mixture of
cyanotoxins including microcystin (MC)-LR, RR, YR, LY, LW and LF and cylindrospermopsin
(CYN) according to the Linear, Freundlich and Langmuir models for natural sediments, (ii) to
determine the capacity of different size fractions of sediment to adsorb cyanotoxins, (iii) to
determine the relative importance of sorption as a removal process for the series of toxins
investigated. Freundlich and Langmuir isotherms could be fitted for MC-LR, RR, YR and CYN.
Sorption kinetics showed immediate rapid adsorption for all cyanotoxins: CYN, MCLW and
MCLF were adsorbed 72.6 %, 56.7% and 55.3% respectively within 2 h. The following trend was
observed with regards to the adsorption of cyanotoxins onto sediment: CYN > MCLW > MCLF
> MCRR > MCLY> MCYR > MCLR. Results of desorption experiments demonstrated that less
than 9% of cyanotoxins desorbed from sediment within 96 h. Adsorption of cyanotoxins onto
three fractionated sediments particles, clay-silt (<75 pum), find sand (75-315um) and coarse sand
(315-2000 um) demonstrated that adsorption capacity of coarse sand fraction for all the tested
cyanotoxins was less than 4% of the clay-silt fraction. Results of this study revealed that during
the period immediately following a bloom there is a high potential for toxins to accumulate in the
sediments of lakes, as well as in drinking water treatment plants within clarifier sludge and
filters. Monitoring programs must consider cyanotoxins in the particulate phase to avoid largely

underestimating toxin concentrations following their release from blooms.

Keywords: Cyanobacteria toxins; Sediment; Microcystins; Adsorption; Cylindrospermopsin; Size

fraction

6.2 Introduction

Increasing occurrences of toxic cyanobacterial blooms in drinking water sources around the
world has compromised the quality of water and health risks are of concern for aquatic life,
livestock and humans. Different genera of cyanobacteria cells such as Microcystis, Anabaena,
Cylindrospermopsis, Nodularia and Aphanizomenon are able to produce potent toxins (Codd et
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al. 2005, Jacoby et al. 2000). The most frequently encountered cyanotoxins so far are
microcystins (MCs), however other toxins including cylindrospermopsin (CYN), Anatoxin
(ATX) and saxitoxins have been reported in a wide range of geographical regions (Faassen et al.
2012, Gkelis and Zaoutsos 2014, Rucker et al. 2007).

These toxins may remain in the water column or adsorb to sediments, particulate matter or
associated biota (Jones and Negri 1997). MCs as the most commonly reported cyanotoxins are
amphipathic compounds since they contain both polar and non-polar groups in their structures
(Rivasseau et al. 1998). The presence of many polar groups such as carboxylic acids and amino
functions make MCs readily soluble compounds in water (higher than 1g/l) (Rivasseau et al.
1998). In contrast, the hydrophobic part of the MCs termed Adda (3-amino-9-methoxy- 2,6,8-
trimethyl-10-phenyldeca-4,6-dienoic acid) contributes to their interactions with the functional
groups of sediments (Harada 1996, Morris et al. 2000). MCs frequently carry a negative charge in
natural pH, while CYN is highly hydrophilic and has both a negative and a positive charge (Liu
et al. 2008, Meriluoto and Spoof 2008).

Sediments are considered as an important sink and source of environmental pollutants due to
their high adsorption affinity for organic matter and they play a critical role in fate of
cyanobacterial toxins in drinking water sources (Chen et al. 2008, Harada 1996). Cyanotoxins
can find their way to bottom sediments through processes including coagulation, flocculation and
settling, sorption to lysed cyanobacteria cells that settle to the bottom, and consumption of
cyanobacteria cells by aquatic organisms (Drikas et al. 2001, Gkelis et al. 2006). Along with
other mechanisms including biodegradation, photodegradation and dilution by un-contaminated
water, adsorption onto sediment contributes to the natural removal of cyanotoxins from the
aqueous phase. Adsorption of cyanotoxins onto sediments may also change their persistence and
bioavailability in the aqueous phase (Liu et al. 2008). However, sorption potential can also be
related to the accumulation of toxins, and this is of concern in drinking water treatment that has
several processes where particulate matter accumulates (e.g. sludge beds and filters). In these
areas where toxins accumulate, there is an additional concern with regards to the desorption of

cyanotoxins and release into the aqueous phase.

Adsorption of cyanotoxin onto sediment may occur through reversible physical processes and

irreversible chemical processes such as hydrophobic interactions, electrostatic interactions, cation



101

exchange and hydrogen-bonding depending on the types of toxins, sediment characteristic and
pH of the environment (Klitzke et al. 2011, Liu et al. 2008, Wu et al. 2011). In addition, the
degree of adsorption for an individual cyanotoxin may change in the presence of OM, soluble
contaminants and even other types of cyanotoxins (Wu et al. 2011). Limited number of available
adsorption sites on sediments and competition for adsorption sites among cyanotoxins may alter
the adsorption behavior of an individual toxin. Moreover, during a bloom of cyanobacteria
multiple cyanobacteria toxins are present simultaneously (Graham et al. 2010, Paerl et al. 2011).
Drinking water treatment plants have also been shown to accumulate a variety of cyanotoxins
during a contamination event (Zamyadi et al. 2012). However, very limited information is
available with regards to the adsorption of multiple cyanotoxins variants on sediments. Thus,
there is a need to study the adsorption of mixtures of cyanotoxins on natural sediment as most
studies investigating the adsorption of cyanotoxins onto sediments have worked with individual

toxins rather than mixtures.

Few data are available with regards to the adsorption of CYN on natural sediment (Klitzke et al.
2011) and no data are available on desorption behavior of CYN from sediment. For drinking
water treatment plants, desorption data are critical for the development of post-bloom
management plans. If accumulated sorbed cyanotoxins in filters can desorb following the
introduction of fresh water, the toxins can be remobilized and end up in the treated drinking
water. Consequently, there is a need for sorption and desorption data on natural sediments for

mixtures of cyanotoxin variants.

One of the factors that has not yet been quantified is the role of particle size fractions on the fate
and transport of cyanotoxins in the environment. All of the studies that have investigated the
adsorption of cyanotoxins onto sediment focused on bulk soil behavior (Gritzmacher et al. 2009,
Klitzke et al. 2011, Miller et al. 2005, Wu et al. 2011). However, separation of bulk sediments
into different size fractions enhances understanding with regards to sorption capacity and
mobility of sediment particles and transport of sorbed contaminants over a large area in aquatic
systems (de Jonge et al. 2000, Qi et al. 2014) and in drinking water treatment. Sediments contain
a wide range of particles with different diameters and different mobility (Wang and Keller 2008).
Even though coarse sandy particles are largely immobile, the colloidal particles (<2 um) can be
mobilized in certain conditions and facilitate the transport of adsorbed contaminants such as
cyanotoxins (Kanti Sen and Khilar 2006, Roy and Dzombak 1997). Fine suspended solids are
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more likely to accumulate within drinking water treatment processes such as filters or within
clarifier sludge following coagulation, flocculation and settling processes. Given the persistence
of cyanotoxins, the accumulation of cyanotoxins in drinking water treatment is a concern that
necessitates appropriate operational responses. Thus, it is important to understand the sorption of
cyanotoxins onto different sediment size fractions in order to provide comprehensive information

on fate of cyanotoxins in drinking water sources and potentially through treatment processes.

In order to obtain more realistic understanding of the adsorption behaviours of cyanobacteria
toxins onto sediments, the aim of this study was (i) to determine the adsorption coefficients of a
mixture of MC-LR, RR, YR, LY, LW and LF and CYN according to linear, Freundlich and
Langmuir isotherms (ii) to determine the role of sediment particle size fractions in adsorption of
cyanotoxin mixture (iii) to determine the relative importance of sorption as a removal process for
the series of toxins investigated and (iv) to provide recommendations for the management of
cyanotoxins in the particulate phase in drinking water treatment systems and for water quality

monitoring programs.

6.3 Materials and Methods

6.3.1 Sediments collection and characterization

Sediments samples were collected in August 2013 in Missisquoi Bay, located in the northern part
of Lake Champlain in southern Québec, Canada. Seasonal cyanobacterial blooms have become a
common occurrence in Missisquoi Bay and large concentrations of cyanotoxins have been
measured in a drinking water treatment plant drawing water from the bay, including in treated
water (Zamyadi et al. 2012). Using a core sediment sampler, sediments were taken from surface
to maximum depth of 20 cm from a location near the shore at a depth of 1.5 meters. Sediment
samples were collected in 2 L amber glass container, kept in a cold container and were
transported to the laboratory the same day. Samples were air-dried at room temperature (22 °C)
and were mechanically sieved (JEL electric shaker) to separate silt and clay (<0.075 mm), fine
sand (0.075-0.315 mm) and coarse sand (0.315-2 mm) portions of the sediment. The physico-

chemical parameters of the bulk sediment and their fractions are displayed in Table 1. The
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organic-carbon (OC) and pH of the sediments were measured using the standard methods
described by Carter (1993).

6.3.2 Chemicals and standards

All solutions were made up in deionized water prepared by a Milli-Q filtration system (Millipore,
USA). All of the chemicals used in this study were of analytical grade and purchased from
Sigma-Aldrich, Canada. The MCLR, RR, YR, LY, LW and LF and CYN (Purity>95%) used in

adsorption experiments were purchased from Enzo Life science.
6.3.3 Batch experiments

6.3.3.1 Adsorption

Batch adsorption experiments were conducted based on the procedure of the OECD guideline
106 (OECD guidelines for the testing of chemicals 2000). Natural sediment from Missisquoi
Bay was used for the adsorption experiment. All the adsorption experiments were performed in
triplicate using the air-dried sieved sediments (<2 mm). Preliminary experiments were conducted

to determine the appropriate sediment/solution and adsorption equilibrium time for cyanotoxins.

Samples were prepared in 15 ml glass centrifuge tubes to reduce the risk of adsorption on walls
of the bottles during experiments. In addition, all the experiments were conducted in the dark to
prevent potential photodegradation of cyanotoxins. Sediment samples were pre-equilibrated for
24 hin 4.5 ml 0.01 M CacCl; solution contains 0.02% sodium azide as an inhibitor for microbial
degradation. A mixture of 6 microcystins variants (MCLR-RR, YR, LY, LW and LF) and CYN
was prepared as the toxin stock solution. 0.5 ml of the toxin stock solution was spiked to reach
the desired concentration for individual toxins. To monitor the loss of toxin through other
mechanisms rather than adsorption onto sediment, the same bottles were prepared in absence of
sediment as control samples. Blank samples were also made up by adding 5 ml 0.01 M CacCl,

solution to sediment.

OECD guideline recommends using sediment solution ratio where more than 20% adsorption
occurs. For substances with low adsorption rates, a ratio of 1:1 (mass sediment per volume of
solution) was suggested (OECD guidelines for the testing of chemicals 2000). Since a high
amount of MCs and CYN adsorption on sediment was not expected, ratios of 1:1 and 1:5 were
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selected for preliminary tests. To determine the equilibrium and adsorption kinetics, samples
were equilibrated for 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 h. All of the samples were shaken at 50 rpm
by a shaker (Dynal Biotech) at room temperature 22-23 °C. Samples were centrifuged in 3500g
for 60 min and the clear supernatants from each were filtered on 0.22 um nylon filters and frozen

immediately at -20 °C for further residual cyanotoxin analysis.

Results of preliminary experiments revealed that for both sediment-solution ratios (1:1 and 1:5),
the adsorption of all the toxin variants were near or above 20%. In addition, data obtained from
the kinetic study showed that adsorption equilibrium was reached within 24 h. Consequently, to
avoid the contamination of high amounts of sediment with cyanotoxins and to be able to compare
our results with other studies, a ratio of 1:5 and equilibrium time of 24 h were selected for the

remaining batch adsorption experiments.

To determine the adsorption isotherms of cyanotoxins related to bulk sediments, the following
concentrations of individual toxins 0, 2.5, 5, 10, 20, 30 and 50 pug L™ were selected for batch
adsorption experiments. Furthermore, in order to investigate adsorption capacity of silt-clay
(<0.075 mm), fine sand (0.075-0.315 mm) and coarse sand (0.315-2 mm) fractions, the same
batch adsorption technique was conducted. A mixture of cyanotoxins was spiked to reach the
individual concentration of 10 pug L™. For each of the size fraction, its average weight fraction
within the bulk sediment was used in triplicate during the experiment.

6.3.3.2 Desorption

For the desorption studies, the sediments (ratio 1:5 in 0.01 M CaCl, solution containing 0.02%
sodium azide) were equilibrated in triplicate with the mixture of cyanotoxins (individual
concentration of 10 pg L™ ) for 24 h. Samples were centrifuged at 3500 g for 60 min and the
supernatant measured and removed for further toxin analysis. The same amount of fresh CaCl,
solution without cyanotoxins was then added and the desorption of cyanotoxins from sediments

was measured over 96 h.
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6.3.4 Toxin analysis

To measure the concentration of MCs and CYN, a novel analytical method consisting of an Ultra
High Performance Liquid Chromatography (UHPLC-Thermo Finnigan, San Jose, CA) coupled to
a TSQ Quantum Ultra AM Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA) with a
Heated Electrospray (HESI) source was used. Details of the instrumentation procedure are

available in the Supporting Information.

6.3.5 Data analysis

The adsorption behavior of cyanotoxins onto sediment has been interpreted by the most
commonly used adsorption equations including Linear, Freundlich and Langmuir sorption
isotherms (Griitzmacher et al. 2009, Miller et al. 2005, Wu et al. 2011). To determine the amount
of adsorbed MCs onto the sediment, the differences between the initial concentrations of
cyanotoxins from their equilibrium concentrations were calculated. Linear, Freundlich and
Langmuir sorption isotherms were generated by fitting the adsorption data under various
concentrations to determine the adsorption capacity of sediments. The applied isotherms were

expressed as the following equations:

The linear adsorption isotherm
qs = Kqg X C, )
The Freundlich isotherm

qs = K X C¢' (2)
The Langmuir isotherm

— K1 XQmax*Ce (3)

s 14+K;XCp

Where ¢, (ug Kg ™) is the amount of toxins adsorbed on to the sediments, g, (ug Kg ™) is the
concentration of toxins at supernatant, K, (L Kg™) is the linear adsorption coefficient, Kr (LKg
1) is the Freundlich adsorption coefficient, n is a Freundlich constant parameter describing the

degree of nonlinearity, K; (L pg™) is the Langmuir adsorption coefficient and is a constant
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related to the adsorption affinity, Q4 (Mg Kg ™) is the maximum sorbent loading. All the
adsorption data were plotted for both linear and nonlinear isotherms and the regression
coefficients were calculated.

Table 6.1: Properties of bulk and particles of three fractions separated from the top layer of
sediment (0-20 cm)

Particle size Organic
(mm) % Weight | Carbon (OC) pH
(%)
Bulk 100 0.32 6.95
0-0.075
. 1.3 0.61 6.80
(Clay-silt)
0.075-0.315
: 2.4 0.26 7.10
(Fine sand)
0.315-2
(Coarse Sand) 96.3 0.29 7.15

6.4 Results and discussion

6.4.1 Sorption kinetics

Results of the sorption kinetic experiment for the mixture of cyanotoxins are presented in Fig.
6.1. The following trend was observed for the adsorption of multiple cyanotoxins onto sediment:
CYN > MCLW > MCLF > MCRR > MCLY> MCYR > MCLR. The sorption of microcystins
and CYN on sediments generally increased from 0 to 4 h and eventually became slower to reach
equilibrium. However, the time to reach the maximum sorption capacity was not the same for
each toxin. All the toxins expect MCLR and MCLY demonstrated very rapid adsorption onto
sediments within 0.5 h which indicates that most sorption will occur when the toxins come into
contact with the sediment, and is consistent with results of Wu et al. (2011) who reported 33%
and 69.5% adsorption of MCLR and MCRR, respectively on natural sediments in 0.5 h. In our
study, the highest adsorption potentials observed for CYN, MCLW and MCLF were 72.6 %,
56.7% and 55.3% respectively. CYN has demonstrated a high adsorption affinity which is in
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contrast with result from Klitzke et al. (2011) where no or little CYN adsorption on sandy or silty
sediments was reported. Their results demonstrated that by increasing organic carbon (OC)
content of sediment CYN adsorbs more strongly; however sand had a very low contribution to
adsorption and clay had no effect (Klitzke et al. 2011).

The percentage of removal of MCRR (36.4%) from the aqueous phase was higher than MCLR
(18.7%) and is similar to results of Wu et al. (2011). However Wu et al. (2011) reported higher
adsorption values which can be attributed to the higher organic matter content (> 84 g kg™) of
their sediment samples. Overall, our findings demonstrate the high potential of sandy sediments
for the adsorption of different cyanotoxin variants and its importance as a medium that facilitates
the removal of cyanotoxins from the water phase following the lysis of cyanobacteria cells.

10

—@— MCRR
—O— MCYR |
—¥— MCLR
—A— MCLY
—— MCLW
—O— MCLF
—— CYN

Sorbed concentration (ug g™)

T .
50 60

Time (h)

Figure 6-1: Sorption kinetics of MCLR, RR, YR, LY, LW, LF and CYN on sediment at the initial
concentration of 10 ug L™. Error bars show the standard deviations of triplicate experiments and

duplicate analysis.
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6.4.2 Sorption isotherms

Adsorption isotherms have been used to interpret adsorption behavior of pollutants such as
cyanobacteria toxins in sediment and particulate matter (Burns et al. 2009, Klitzke et al. 2011,
Wu et al. 2011). Adsorption coefficients in each these equations are related to adsorption affinity.

The Freundlich constant “n” is related to adsorption intensity, describes the degree of non-

linearity and is normally in the range of 0.7 to 1.2 (Liu et al. 2008).

MCLR, YR, RR and CYN adsorption data fitted better with Langmuir and Freundlich isotherms
(correlation coefficients R*> 0.95) as compared to the linear isotherm (correlation coefficients R?
< 0.90). In contrast, for MCLY, the linear isotherm was the best fit for the adsorption behavior
(correlation coefficients R* > 0.93) since the Freundlich isotherm had a lower correlation
coefficient (R* = 0.88) and lower correlation was observed for the Langmuir isotherm (R* = 0.7).
For MCLW, adsorption data demonstrated a stronger relationship with the Langmuir isotherm
(R? = 0.92). None of the adsorption isotherms were able to describe the adsorption values of
MCLF and lower regression values were obtained (R®> < 0.84). Adsorption parameters and

regression data obtained for linear, Freundlich and Langmuir isotherms are shown in Table 6.2.

Table 6.2: Sorption coefficients according to Linear, Freundlich and Langmuir isotherms for
MCLR, RR, YR, LY, LW, LFand CYN

Linear isotherm Freundlich isotherm Langmuir isotherm
Toxin Kyq 2 K 2 Ki Qmax (M9 2
(LKg™) R (L Kg?) N R (LKgY) | Ko™ R
MCLR 0.19 0.903 0.26 0.93 0.966 0.023 11.63 0.980
MCYR 0.25 0.895 0.39 0.87 0.961 0.055 7.87 0.954
MCRR 1.95 0.749 0.68 0.92 0.945 0.014 41.67 0.988
MCLY 0.23 0.932 0.47 0.77 0.886 0.147 4.44 0.700
MCLW | 143 0.843 1.93 1.03 0.828 0.086 11.11 0.921
MCLF 1.34 0.767 1.92 1.02 0.824 0.104 10.42 0.844
CYN 1.25 0.844 2.24 0.90 0.968 0.039 58.82 0.991

As a result of the simultaneous occurrence of more than one type of cyanotoxin during blooms of

cyanobacteria, it is more realistic if transport phenomena related to fate of cyanotoxins were
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investigated in presence of a mixture of cyanotoxins as we did in this study. Liu et al. (2008)
investigated the adsorption of a mixture of MCLR and MCLW extracted from cultures of
Microcystis aeruginosa to suspended particulate matter (SPM) (size fraction (<0.064mm) of
sediment). At pH=7, the adsorption of both MCLR and MCLW on SPM fitted well with linear
and Freundlich isotherm in contrast to our data. Even though we showed MCLR adsorption data
could be interpreted by the Freundlich isotherm, the Langmuir regression’s correlation coefficient
was higher and for MCLW, only the Langmuir isotherm demonstrated a correlation coefficient
higher than 0.90. These could be the result of differences in sediment size fractions and also OC
content of sediments that was 10 times higher in the Liu et al. (2008) study than the OC of our

sediment.

The results of the batch adsorption isotherms were demonstrated in Fig. 6.2. MCLW and MCLF
followed the same trend of adsorption and were adsorbed more strongly than MCLR, YR, RR
and LY. Non-linear adsorption was observed in all the microcystins variants (except MCLY)
with Ks values ranging from 0.26 to 1.93 L Kg™ and K; values ranging from 0.023 to 0.104 L Kg
! MCYR and MCLW demonstrated the lowest and highest degree of non-linearity respectively.
According to the Langmuir isotherm, the highest and lowest adsorption affinity (K;) was

observed for MCLF and MCRR, accordingly (MCLY was excluded due to its poor correlation).
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Figure 6-2: Adsorption isotherms of MCYR, LR and RR (A) and MCLY, LW, LF and CYN (B)
in the sediment. Error bars show the standard deviations of triplicate experiments and duplicate

analysis.

The Langmuir adsorption coefficient obtained for MCLR in this study was 0.023, which is in the
same range (0.01 to 0.28) reported by Wu et al. (2011) for adsorption of MCLR on sediments



111

with different physico-chemical properties. Ky values obtained for MCLR, YR and LY were in
the range of 0.19 to 0.25 (L Kg™), which is in agreement with other studies, where K4 values
between 0.22 to 0.25 (L Kg™) were observed in adsorption of microcystins on sandy sediments
(Grutzmacher et al. 2009).

The differences among the observed adsorption behaviors of microcystins may be attributed to
the differences in their chemical structures. Microcystin variants have different hydrophobicities
due to the presence of variable amino acids in their chemical structure (Gritzmacher et al. 2009,
Wu et al. 2011). Wu et al. (2011) stated that the higher adsorption capacity of MCRR compared
to MCLR was related to the presence of arginine in variable amino acid position instead of
leucine in MCLR. In fact, both MCLR and MCRR contain two ionizable carboxyl groups in
MeAsp and Glu segments with pKa values of 2.09 and 2.19 respectively (De Maagd et al. 1999)
(Fig.S1, Supplementary Materials). MCRR has also one more ionizable amino group owing to
the presence of an additional arginine in its structure. Since the pKa of the amino group in
arginine is 12.48, at pH values below this threshold, it is protonated. Wu et al. (2011) believed
the presence of additional positive protonated cations come from arginine, and enhance the
adsorption of MCRR through cation-exchange and hydrogen bond formation with sediments.
Acidity of the variable amino acid can also play a role in the adsorption behaviours of
microcystins (Grutzmacher et al. 2009). With the lower acidity constant of Leucine in MCLR
(pKa value 9.74) compared to arginine (pKa value 12.48) in MCRR, MCLR develops a negative
charge near neutral pH more easily and therefore has a lower adsorption affinity for the

negatively charged sediment particles (Gritzmacher et al. 2009).

This is the first study investigating the adsorption of six MCs on natural sediments. MCRR
showed higher adsorption as compared to MCLR which is consistent with other studies
(Grutzmacher et al. 2009, Wu et al. 2011) and can be explained by either higher acidity or the
additional positive charge of MCRR as compared to MCLR. However, the lower adsorption
affinity of MCRR versus MCLW and MCLF could not be interpreted by acidities of variable
amino acids in their structure. In fact, the acidity constants of Tryptophan (pKa value 9.39) in
MCLW and Phenylalanine (pKa value 9.24) in MCLF lead to a negative charge more easily than
MCRR in near neutral pH solutions and should have lower adsorption affinity on sediment.

However, our data demonstrated that MCRR with its higher hydrophobic and electrostatic
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interactions as compared to MCLW and MCLF also had lower adsorption affinity. Thus, other
yet unidentified mechanisms are responsible for the lower adsorption potential of MCRR.

MCLR have very low log Dow (Octanol-water distribution ratio) values (2.18 at pH = 1 and -
1.76 at pH = 10) (De Maagd et al. 1999) and thus they are generally hydrophilic molecules that
one would expect to remain in the water phase rather than adsorb onto negatively charged
sediments or suspended particulate matter through hydrophobic interactions (De Maagd et al.
1999, Wu et al. 2011). However, we demonstrated high adsorption affinity of microcystins to
sediments with very low OC content (0.03%). OC content was described as having a strong
impact on hydrophobic interactions of microcystins with sediments (Wu et al. 2011). These
results support the hypothesis that mechanisms other than hydrophobic and electrostatic
interactions might be involved in the adsorption of MC variants onto natural sediments.
Consequently, the adsorption behaviors of microcystins need to be investigated more extensively

to elucidate the dominant adsorption mechanisms.

6.4.3 Desorption

Results of the desorption experiment revealed that microcystin variants and CYN had low
desorption potential during the 96 h of the experiment. The highest desorption value was
measured for MCRR with 9.6% desorption and MCLW, MCLF and CYN showed lowest value
with only 1% desorption. Toxin desorption potential was in following order: MCRR > MCLR >
MCYR > MCLY > CYN> MCLW2> MCLF. Our results contradict the only published study in
peer-reviewed journals that has investigated the desorption of MCLR from natural sediments.
Miller et al. (2005) reported that the majority of the pure MCLR and nodularin at two initial
concentrations of 1.0 mg L™ and 2.0 mg L™ were desorbed after 24 h from sandy sediment
samples. The authors stated that after 120 h all the adsorbed MCLR has been desorbed and
sediments had reversible bonding with cyanotoxins. However, our results demonstrated that
cyanotoxins bonded tightly with sandy sediment with almost irreversible reactions. Two possible
ways for reactions of cyanotoxins with sediment could be (1) hydrophobic interactions with OC
content of sediment, or (2) ligand exchange of hydroxyl groups at clay particles with functional
groups on the cyanotoxins molecule such as carboxylic acid groups (Miller et al. 2005).

However, to determine the exact reactions, thermodynamic studies of bonding sites need to be
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conducted. This is also the first study that reports the low desorption potential of CYN from
natural sediments. Klitzke and colleagues (2011) presumed adsorption of CYN to OM of
sediment mainly happens through a non-specific sorption mechanism and desorption may only
occur if OM content is being decomposed or transformed. Thus, it appears that under natural
environmental conditions, CYN adsorbs strongly onto the organic matter of sediments and is
therefore unavailable to degrading bacteria. Observed high persistence of CYN in natural water

could be attributed to its high percentage of adsorption and low bioavailability.
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Figure 6-3: Desorption of MCLR, RR, YR, LY, LW, LF and CYN from the natural sediment

after 96 h. Error bars show the standard deviations of triplicate experiments and duplicate
analysis.

6.4.4 Effect of sediment particle-size on cyanotoxins sorption

The adsorption of cyanotoxins on three different size fractions of sediment was investigated. The
results showed that the sorption capacity of particles decreases substantially with increased size.
The fine particle-sized fraction (<75 pm) which is mainly composed of silt and clay had the
highest adsorption strength with 308 pg g*, 213 pg g™ and 60 pg g* adsorption for CYN,
MCLW and MCLR respectively. The trend of sorption capacity was as follows with clay and silt

> fine sand > coarse sand (Fig. 6.4). The adsorption capacity of the coarse sand fraction of the
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sediment for all the tested cyanotoxins was less than 4% of the clay-silt fraction. Higher
adsorption affinity of the silt-clay portion of the sediment could be the result of its higher OC
content as presented in Table 6.1. In addition, the different sorption behavior of three sediment
particle size fractions can be attributed to the differences in surface area, functional groups and
electrostatic attractions of silt and clay as compared to sand. The specific surface area of silt and
clay are much higher than sand and they also contain more functional groups such as hydroxyl
and carboxyl groups that can act as binding sites for the adsorption of cyanotoxins variants (Qi et
al. 2014). Higher adsorption potential of the fine sands as compared to the coarse sands supports
the concept that the larger surface area plays an important role in the adsorption of cyanotoxins
onto sediment. Our findings are consistent with other studies showing that fine particle fractions
of sediment and soil have a higher sorption capacity for pesticides (Gao et al. 1998), hormones
(Qi et al. 2014, Sarmah et al. 2008) and hydrophobic chemicals (Budzinski et al. 1997) than

coarse fractions.

Our results reveal that considerable quantities of cyanotoxins are adsorbed by the fine fraction of
sediments in aquatic environments. These fine particles may facilitate the transport of
cyanotoxins in drinking water sources, reduce their bioavailability and enhance their resistance
against chemical or microbial degradation (Christoffersen et al. 2002, Liu et al. 2008). Adsorbed
cyanotoxins can also enter the food chain through assimilation by various aquatic invertebrates
such as zooplankton (Ferrdo-Filho et al. 2002). To the best of our knowledge this is the first study

reporting the different adsorption affinity of sediment particle size fractions for cyanotoxins.
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Figure 6-4: Adsorption of MCLR, RR, YR, LY, LW, LF and CYN in the different particle-size
fractions of the sediment. Error bars show the standard deviations of triplicate experiments and

duplicate analysis.

Given the high sorption potential of cyanotoxins tested, monitoring programs should consider
measuring toxins in the particulate phase, otherwise toxin concentrations will be largely
underestimated. Although, in general, the majority of toxins in aquatic systems during
cyanobacterial blooms are intracellular (McQuaid et al. 2011), extracellular toxins released
following the blooms will rapidly sorb to suspended particulate matter. Thus, processes in
drinking water treatment that accumulate particulate matter, such as clarifiers and filters have the
potential to accumulate high concentrations of intracellular and extracellular cyanotoxins. The
low desorption potential of tested cyanotoxins suggests that practices aiming to remove fine
particles in drinking water treatment will be effective for removing sorbed cyanotoxins.
However, any disruption to drinking water treatment that releases particulate matter could also
release accumulated toxins. Thus, management of the solid retention time inside the clarifier or

intervals between filter backwashing are important considerations to prevent large accumulation
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of toxins in drinking water treatment plants. Higher turbidity values following filtration could
indicate a greater risk of toxin passage through drinking water treatment.

6.5 Conclusions

Data on the sorption behavior of cyanotoxins to natural sediments are needed for the design of
cyanotoxin monitoring programs and to determine effective strategies for drinking water
treatment plants affected by severe cyanobacterial blooms in their source water. Results of the

sorption experiments led to the following conclusions:

. Kinetic results revealed that very rapid adsorption of cyanotoxins may occur after a bloom
of cyanobacteria and subsequent release of toxins into the environment. Low measured
concentrations of cyanotoxins in water bodies during an intense bloom of toxic cyanobacteria

may be the result of filtering samples and not considering the particulate phase

. The sorption isotherm results demonstrate that each cyanotoxin follows a different

sorption pattern depending on the variable amino acids in their structure.

. CYN, MCRR, MCLF and MCLW showed a high adsorption potential (36.4% to 72.6%)
for sandy sediments. These results could provide insights into using bank filtration and artificial
ground water recharge as drinking water pre-treatment methods for the removal of cyanotoxins in

the areas where cyanobacteria blooms frequently occur

. Cyanotoxin desorption rates were low and was therefore desorption is not an important
process for the release of toxins into drinking water following cyanobacterial blooms. However,
additional testing using filter material and clarifier sludge should be conducted to validate these

results

. Clarifier sludge management must consider retention times to avoid excessive

accumulation of cyanotoxins in clarifiers

. Increased turbidity post-filtration in drinking water treatment could indicate a risk of

cyanotoxin release, although this must be verified by full-scale monitoring
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6.8 Supplemental Information

Table 6.3: Adsorption coefficient for ATX, CYN, MCLR, MCRR, MCLW and MCYR on
sediment with various properties (Grutzmacher et al. 2009, Klitzke et al. 2011, Liu et al. 2008,
Miller et al. 2005, Wu et al. 2011)
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£ . . Klitzke et al.
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Klitzke et al.
6.9 1.05 27 46 27 0.6 0.95 0.005 123.6 (2011)
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Miller et al. -
9.2 0.02 ND ND 98.4 | 0.31 - - - - (2005) Nodularin
Miller et al. -
. 8.7 3.69 | 136 12 66.3 | 1.36 - - - - (2005) Nodularin
o
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Figure 6-5: Molecular structure of microcystins. Ry and R, represent two variable L-amino acids.
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CHAPTER 7 GENERAL DISCUSSION

This chapter presents a general discussion on the results of this research. The chapter also
highlights the novel findings of this study. The research has been classified into three main

categories:

1- Investigating the potential biodegradation of cyanotoxins in drinking water sources and
clarifier sludge of DWTPs

2- Isolation and identification of novel bacteria able to degrade cyanobacterial toxins from

drinking water sources experiencing cyanobacteria blooms

3- Investigating the adsorption behaviour of cyanotoxin variants onto natural sediments

7.1 Investigating the potential of cyanotoxins biodegradation in

drinking water sources and clarifier sludge of DWTPs

Biodegradation of different cyanotoxin variants including: MCLR, RR, YR, LY, LW, LF, CYN
and ATX in a drinking water source with annual cyanobacteria blooms has been studied in 2011,
2012 and 2013. Results of this study demonstrated the ability of indigenous bacteria present in
degradation of multiple cyanotoxin variants over three consecutive years. Results of the
biodegradation experiments were consistent and support each other in the way that all different
cyanotoxin variants were totally degraded to below detection limit in less than 14 days with a 4
days lag time. However, CYN and ATX were not degraded even after 40 days. Two patterns
were observed during biodegradation experiments in 2012 and 2013. The first group, consisting
of MCLR and MCYR showed complete degradation within 12-14 days without a significant lag
period; the second group, consisting of MCLY, LW and LF, displayed a slower degradation in
about 14 days after a lag period of 4 days. In our study, MCs that have an Arginine-Adda peptide
bond (MCLR and YR) degraded more readily as compared to MCLY, LW and LF.
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In this study for the first time, we investigated the effects of mixtures of cyanotoxins on the
biodegradation rates of individual toxins. Our results revealed that MCLY was not degraded
during the 24 days of the experiment when spiked in the filtered lake water along with other
microcystin variants. However, when it was presented as the sole microcystin in the same media
was completely degraded in 24 days. These findings suggest that the biodegradation of a
cyanotoxin is not the same when it is present alone versus in a mixture of cyanotoxins, and this

aspect should be explored further.

The effects of particulate matter present in aquatic ecosystems as regulator for the fate and
transport of water contaminants in biodegradation of cyanotoxin variants have been studied for
the first time in this research. In order to assess the effects of particulate matters, water samples
from the drinking water source and DWTP were filtered through 8.0 pum polycarbonate filter
membrane to remove particulate matters and subsequently PAB. Our results demonstrated that
the majority of the bacterial biomass responsible for the biodegradation of cyanotoxins is
associated with particles or biological flocs. In fact, the removal of PAB from the lake water and
clarifier sludge resulted in increasing the lag time of biodegradation and only 10% of MCLR and
MCYR degradation within 12 days. In addition, no biodegradation of MCLY, LF and LW
occurred during the 24 days of the experiment after PAB exclusion. These results highlighted the
important role of PAB in the biodegradation of cyanotoxins in natural systems. By filtration, the
majority of available suspended particulate matters which can act as a site for attachment and
growth of bacteria were removed. Subsequently, the number of bacteria was reduced, leading to a
lower biodegradation rate.

Phycocyanin is another compound that is always present with cyanotoxins and is used in real-
time monitoring at DWTPs affected by cyanobacteria for rapidly adjusting DWTP operation. As
a supplementary carbon source, it can alter the ability of bacteria in biodegradation of
cyanotoxins. To accurately predict the rate of cyanotoxins elimination in natural environments by
biodegradation, the role of phycocyanin needs to be considered. However, there has been no
study that measures the biodegradation of cyanotoxins in natural water in presence of

phycocyanin. In this research work for the first time, we highlighted the effects of phycocyanin
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on biodegradation of multiple cyanotoxins by indigenous bacteria inside a drinking water

sources.

To test the hypothesis that phycocyanin has a positive effect on biodegradation rates, the
biodegradation rates of microcystin variants in filtered lake water in the presence of 2 mg L™
phycocyanin were investigated. Following the addition of phycocyanin to the filtered lake water,
the biodegradation lag time of MCs was reduced from 12 to 4 days. Interestingly, MCLY, LW
and LF which were not degraded in the filtered lake water, were completely degraded in 18 days.
These results support the hypothesis that the lack of MCLY, LW and LF degradation in filtered
lake water was due to the low abundance of bacteria and/or enzymes which were responsible for
the biodegradation of cyanotoxins. In the presence of phycocyanin, which is a supplementary
source of carbon, numbers and cell biovolumes increased and most likely contributed to the

induction of the degradation enzymes.

Finally, in the first theme of this research we tried to investigate the biodegradability of
cyanotoxin variants in clarifier sludge of a DWTP. Clarifier sludge samples were taken in August
2013 from sludge concentrators of dynamic clarifiers following the addition of coagulant and
powdered activated carbon. The results showed more than 90% percent of all spiked microcystin
variants were degraded in 12 days. In contrast to the lake water, the biodegradation of
cyanotoxins began without a lag time. Almost 95% of both MCYR and MCLR were degraded in
the clarifier sludge within 10 days. The only medium where the biodegradation of CYN occurred
was clarifier sludge. No CYN biodegradation occurred in lake water for any of the sampling
dates in 2011, 2012 and 2013. The concentration of CYN in the clarifier sludge was reduced from
2.5 pg L to lower than 1 pg L™ after 12 days. This is the first study reporting CYN
biodegradation in the coagulation-flocculation sludge of a DWTP. In contrast to the sludge, CYN
concentrations were persistent in the water during the 12 days incubation. The persistence of
CYN in water samples without a history of CYN-producing blooms of cyanobacteria is likely
related to a low abundance of CYN degrading bacteria or the presence of CYN degrader
organisms only in specific geographical locations. The biodegradation of CYN in the sludge of
the DWTP in Missisquoi Bay reinforces the hypothesis that there are bacteria in Missisquoi Bay
able to degrade CYN under specific conditions. The biodegradation of CYN in sludge containing

high numbers of accumulated lake water bacteria suggests that the low abundance of CYN-
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degraders was most likely the limiting factor for the biodegradation of CYN in lake water rather

than the absence of a history of CYN-producing blooms.

7.2 lsolation and Identification of bacteria able to degrade

cyanotoxin variants from a drinking water sources

In second theme of this research, we isolated and identified some of the indigenous bacteria
responsible for degradation of cyanotoxins in Missisquoi Bay water. As the results of this effort,
for the first time in the Missisquoi Bay, five bacteria capable to degrade multiple MCs have been
isolated and identified. Sequencing analysis of the 16S rRNA gene, showed that three of the
isolates demonstrated 99% identity with Sphingopyxis, Rhodobacter or Gemnobacter aquatilis
and Nocardioides. The other isolate was 97% similar to an uncultured bacterium found in a
variety of environments. To conduct more detail experiment, Sphingopyxis isolate which
demonstrated the highest degradation activity was selected for rest of the experiments. In
addition, we were able to successfully determine the cyanotoxin degrader genes in the
Sphingopyxis isolate. The analysis showed that our Sphingopyxis isolate MB-E was closely
related to the main Sphingopyxis group. It was 99% similar to Sphingopyxis sp. C1. The 16S
rRNA gene sequence of strain MB-E has been deposited in the GenBank database.

Interestingly, similar biodegradation behaviour with first stages of biodegradation experiments
was observed in this section. In the first part of this research, we demonstrated that two
biodegradation patterns exist in biodegradation of MCs. MCLR and MCYR followed the same
biodegradation pattern and degraded slightly sooner than MCLY, MCLW and MCLF which also
followed the same degradation trend. In second part of the work, where we investigated the
biodegradation of MCs by only one isolate the same behaviours observed again. The
Sphingopyxis MB-E was able to degrade MCLR and MCYR more easily than MCLY, MCLW
and MCLF. These results support the findings of the first part of the research. We concluded that
the biodegradation pathway occurred in a way that the microcystins which have argenine-adda
peptide bond in their molecular structure degraded more easily compare to those that don’t have

this specific bond.

To obtain more detail information regarding the biodegradation process, we identified the genes

which were responsible for degradation of MCs. Metagenomic sequencing of Sphingopyxis sp.
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MB-E revealed a mrl gene cluster in 5.8 kb of sequence. The cluster consisted of four genes,
mirA, mirB, mirC, and mlirD that are involved in the degradation of microcystins. The locations
of genes in the fragment and their direction of transcription also specified. For the first time, we
used metatranscriptomic sequencing to validate the ability of Sphingopyxis sp. MB-E in
degradation of MCLR and a mixture of MCs. The ratios of mlr/cpn60 gene expression over a
time course biodegradation experiment were measured. Consequently, we determined the level of
expression of each gene after 0, 4, 8, 12 and 20 hr. A small increase in the production of mriC
and mrID transcripts was observed after 8 hours in both scenarios. A substantial increase in the
expression of all the mrl genes was observed 12 hours into the degradation process of the toxin
mixture. Interestingly, the transcription activity related to the degradation of MCLR alone
remained very similar to the 8 hour time point and was characterized by a decrease in the
expression of the peptidase encoded by mrIC. After 20 hours, all of the enzymes involved in the
degradation of microcystins were transcribed at levels that were similar to the beginning of the
experiment. The same transcription profiles were obtained when ratios of mir/rpoA gene
expression were calculated in order to normalize each dataset to a value approximating the
average single cell expression. Result of this section of the project revealed that the amount of
induction appears to be related to the total amount of substrate. The highest expression levels
were obtained in 8 hours with MCLR alone compared to 12 hours for the toxin mixture which

contained five times the amount of substrate.

At the last part of the second section of this research, we investigated the effects of pH on
biodegradation of MCs by the Sphingopyxis sp. MB-E. Increasing the pH during a bloom of
cyanobacteria in water bodies is common as the result of algal respiration. Therefore, to more
realistically predict the contribution of biodegradation in the fate of cyanotoxins, the effect of pH
needs to be investigated. The pH of Missisquoi Bay water was measured during the bloom season
in 2011 and 2012. The highest measured pH’s were 9.40 and 9.49 in 2011 and 2012 respectively.
The strain was able to degrade all the five microcystin analogues efficiently at pH values of 6.10,
7.22 and 8.05 in 20 hours; however, no biodegradation was observed at the more acidic and
alkaline pH’s, 5.05 and 10.23. The strain also degraded MCLR and MCYR at pH 9.12, but at a
lower rate. Further work studying the impact of shifts in the equilibrium of carbonate and high
pH concentrations on Sphingopyxis MB-E could provide insight on the persistence of this species
during severe cyanobacterial blooms.
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7.3 Adsorption of cyanotoxins onto natural sediment

In third theme of this research, we investigated the adsorption potential of natural sediment on
sorption of a mixture of cyanotoxins. In addition, we tried to separate silt-clay (<0.075 mm), fine
sand (0.075-0.315 mm) and coarse sand (0.315-2 mm) portions of the sediment to study the effect
of different sediment particle size fractions on adsorption of cyanotoxins. Results of sorption
Kinetic studies revealed that adsorption of MCs and CYN on sediments gradually increased from
0 to 4 h and eventually became slower to reach equilibrium. All the toxins demonstrated very
rapid adsorption onto sediments within 0.5 h which indicated that most sorption occurred when
the toxins came into contact with the sediment. The highest adsorptions were observed for CYN,
MCLW and MCLF with 72.6 %, 56.7% and 55.3% respectively. Following trend was observed
in adsorption of multiple cyanotoxins onto sediment: CYN > MCLW > MCLF > MCRR >
MCLY> MCYR > MCLR. These findings elucidated the high potential of natural sediments in
adsorption of different cyanotoxins variants and its importance as a medium which facilitates the

removal of cyanotoxins from water phase.

The adsorption isotherms were used to interpret adsorption behavior of cyanobacteria toxins in
sediment. MCLR, YR, RR and CYN adsorption data fitted better with Langmuir and Freundlich
isotherms. In contrast, for MCLY, linear isotherm well described the adsorption behaviour. For
MCLW, adsorption data demonstrated more strong relation with Langmuir isotherm. Our results
demonstrated that MCs variants have different adsorption behaviors. Due to the simultaneous
occurrence of more than a type of cyanotoxin during blooms of cyanobacteria, it is more realistic
if transport phenomena related to fate of cyanotoxins were investigated in presence of a mixture
of cyanotoxins as we did in this study. Difference between the observed adsorption behaviors of
MCs may be attributed to the difference in their chemical structure. Microcystin variants have
different hydrophobicity due to the presence of variable amino acids in their chemical structure.

MCs have very low logK,, and thus they are hydrophilic molecules that tend to stay in water
phase rather than adsorbed onto negatively charged sediments or SPM through hydrophobic
interactions. In spite of this, we demonstrated high adsorption affinity of MCs onto sediment
samples with very low organic carbon content (0.3%). OC was mentioned to have strong impact
on hydrophobic interactions of MCs with sediments. These results support the hypothesis that

other mechanisms rather than hydrophobic and electrostatic interactions might be involved in
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adsorption of MCs variants onto natural sediments. Consequently, adsorption behaviours of MCs
need to be investigated more extensively to elucidate the dominant adsorption mechanisms.

Results of the desorption experiment revealed that microcystin variants and CYN had low
affinity to desorb from sediment during 96 h. Highest desorption value was measured for MCRR
with 9.6% desorption and MCLW, MCLF and CYN showed lowest value with only 1%
desorption. Percentage of toxins desorption from sediment is demonstrated in Figure 6.3.

The results showed that the sorption capacity of particles decreases substantially by increasing
their size. Fine particle-size fraction (<75 pm) which mainly composed of silt and clay had
highest adsorption strength. The trend of sorption capacity was followed as clay-silt > fine sand >
coarse sand. The different sorption behavior of three sediment particle fractions can be attributed
to the difference in surface area, functional groups and electrostatic attractions of silt and clay
compare to sand. In fact, the specific surface area of silt and clay are much higher than sand and
they also contain more functional groups such as hydroxyl group and carboxyl group which can
act as binding sites for adsorption of cyanotoxins variants.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

In this chapter conclusions and recommendations of this research work are presented.

8.1 Biodegradation of cyanotoxins in Missisquoi Bay water and

clarifier sludge

After three consecutive years of field sampling and lab work we demonstrated that MCs variants
(MCLR, MCYR, MCLY, MCLW and MCLF) were biodegradable in Missisquoi Bay water
during bloom of cyanobacteria. More than 90% of all the tested MCs at initial concentration of
10 pg L™ were degraded to below detection limits in less than 14 days with a lag time of
approximately one week. We also tested the biodegradability of CYN and ATX by indigenous
bacteria from Missisquoi Bay; however they were stable during 40 days of experiment. The role
of phycocyanin in the biodegradation of cyanotoxin variants was investigated. Our results
revealed that phycocyanin enhanced the degradation of all MCs by increasing the biomass of
bacteria responsible for degradation and did not inhibit the degradation as a preferential nutrient

source for bacteria.

We interrogated the biodegradation of cyanotoxins in drinking water source and DWTP more
deeply by testing the role of particulate attached bacteria (PAB). Results of this section
demonstrated that the degradation of all cyanotoxins were strongly associated with the presence
of PAB. Exclusion of PAB from the water samples of Missisquoi Bay and the DWTP alleviated
the degradation rate of all the tested toxins in the way that no degradation observed for MCLY,
MCLW and MCLF in 28 days. This is the first report of the role of PAB on biodegradation of

cyanotoxins.

To better understand the mechanisms involved in the fate of cyanotoxin inside DWTPs, for the
first time, we monitored the biodegradation of cyanotoxins in a sludge obtained from a
clarification tank of a DWTP that had experienced a cyanobacterial bloom. It was shown that the
bacteria within the clarifier sludge were able to degrade all of the cyanotoxins, including CYN, at
a rate that exceeded the biodegradation in lake water. Interestingly, no lag time was evident when
cyanotoxins were spiked into clarifier sludge. As cyanobacterial cells can accumulate within
treatment processes, including clarifier sludge, biodegradation rates suggest that the indigenous

biomass may not be able to compensate for the sudden release of a large quantity of cyanotoxins.
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According to the outcomes of this research, during presence of live cyanobacteria cells inside a
DWTP the possibility of toxin release to subsequent treatment processes and the drinking water
itself is high. Consequently, efficient management of the solid retention time inside the clarifier is
an important strategy and highly recommended to minimize hazards associated with cyanotoxins
when cyanobacterial cells enter a DWTP. The results presented are also relevant for utilities that
recycle supernatant from sludge thickeners or use lagoons for sludge treatment.

8.2 Isolation and Identification of MCs degrading bacteria

In second part of this research, we successfully confirmed the presence of MCs degrader bacteria
inside Missisquoi bay by isolating five species with ability to degrade multiple MCs variants.
These results support the findings from the first section of the research and more specifically
identified the bacteria that were responsible for biodegradation of microcystins. It was also
revealed that pH could affect the efficiency of the biodegradation. Our monitoring data regarding
the alteration of pH in Missisquoi Bay showed that during and after a bloom of cyanobacteria,
indigenous bacteria could experience alkaline environmental conditions. We demonstrated that
the specie MB-E was not able to grow and also to degrade MCs at a pH higher than 10. It
showed that pH considerably reduced the biodegradation ability of bacteria, a perspective that has
not been extensively investigated and demonstrated by other researchers working in this field. To
accurately predict the rate of cyanotoxins biodegradation in a bloom at a specific site, it would be

crucial to work under the same pH ranges that are commonly measured at the location.

Determining biodegradation pathways of microcystins is important in order to find out if
biodegradation metabolites are toxic or not. To answer this question, a new approach has been
applied. Using transcriptomic and genomic tests, it was shown that MCs degrader genes, mirA,
mirB, mlrC and mlrD, induced during degradation on MCLR alone or in the mixture of
microcystins. These results showed the same genes were induced during biodegradation of
multiple cyanotoxins and MCLR suggested that the same pathway was also involved in the
degradation of all MC variants. Using this novel approach it could be possible to predict the
biodegradation metabolites of different cyanotoxins.
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8.3 Adsorption of MCs, CYN and ATX onto natural sediment

Adsorption on sediment and suspended particulate matters is one of the mechanisms that can be
effective in the removal of cyanotoxins from drinking water sources. In the first part of the
project it was demonstrated that the bacteria attached to the particulate matter were mainly
responsible for degradation of cyanotoxins. Bottom sediments are a source of suspended particles
in water bodies. Consequently, a detailed investigation into the adsorption behaviours of
cyanotoxins onto natural sediment particles improves our understanding of the fate, transport and
transformation of cyanotoxins in drinking water sources. Furthermore, conducting sorption
studies using sediment particles of different sizes provide a new perspective on the fate of

cyanotoxins in aquatic systems.

The results of the kinetic studies showed that more than 90% of the cyanotoxins adsorption
occurred in only 2 hours. MCLR and CYN with 18.7% and 72.6% had lowest and highest
amount of adsorption. Our findings demonstrated the high potential of cyanotoxins adsorption
onto sediment particles. The following trend was observed in the adsorption of multiple
cyanotoxins onto sediment: CYN > MCLW > MCLF > MCRR > MCLY> MCYR > MCLR. It
was demonstrated that all the tested cyanotoxins had low desorption affinity in the way that after
96 hours less than 10% of the adsorbed toxin was released to the aqueous phase. Adsorption of
cyanotoxins onto three different size fractions of sediment was also investigated. The results
showed that the sorption capacity of particles decreases substantially with increasing size. Fine
particle-size fraction (<75 um) that is mainly composed of silt and clay had the highest

adsorption potential.

In the third part of research, it was demonstrated that adsorption of cyanotoxins occurs rapidly
following a toxic bloom of cyanobacteria. This may result in low measured concentrations of
cyanotoxins in water bodies during an intense bloom of toxic cyanobacteria if water samples
were filtered prior to analysis. In addition, the high adsorption affinity of natural sediment
provided an insight in using bank filtration and artificial ground water recharge in subsurface as
drinking water pre-treatment methods for efficient removal of some extracellular cyanotoxins

(e.g. CYN) in regions with frequent cyanobacteria blooms.

Accumulation of cyanotoxins in fine particles is of great concern in DWTPs, especially where

these particles coagulate and accumulate (e.g. sludge beds and filters). In spite of this, few data
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are available on adsorption of cyanotoxins on fine sediment particles. Moreover, no data are
available regarding the desorption of CYN. Desorption date could very important for DWTPs
because, if accumulated sorbed cyanotoxins in filters desorb following the introduction of fresh
water, the toxins can be remobilized and end up in the treated drinking water. Result of this study
more deeply clarified the adsorption and desorption behaviours of eight different cyanotoxins on
different fractions of natural sediment. These data could be very helpful for the development of

post-bloom management plans in DWTPs.
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APPENDIX A - SUPPLEMENTORY IMAGES AND INFORMATION
RELATED TO BIODEGRADATION AND ADSORPTION EXPERIEMNTS

Figure 8-2: Missisquoi Bay sampling (August 2011)
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Figure 8-4: Missisquoi Bay sampling (August 2012)
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Figure 8-6: Missisquoi Bay sampling (September 2013)
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Figure 8-7: Biodegradation of the mixture of cyanotoxins (2012)

— \
Chenn Guassw me ouLy |

VAISSELLE IROME SEufugnT

Figure 8-8: Biodegradation of the mixture of cyanotoxins (2013)
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Figure 8-9: Isolated bacterium able to degrade mixture of cyanotoxins (A)

Figure 8-10: Isolated bacterium able to degrade mixture of cyanotoxins (B)
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Figure 8-11: Isolated bacterium able to degrade mixture of cyanotoxins (C)

Figure 8-12: Isolated bacterium able to degrade mixture of cyanotoxins (D)
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Figure 8-14: Air dried sediment samples of the Missisquoi Bay
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Figure 8-16: Adsorption of a mixture of cyanotoxins on natural sediment samples
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