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Abstract

Anatoxin-a (ANTX) is a neurotoxin produced by seldreshwater cyanobacteria and has
been implicated in the death of livestock and ddimesimals from consumption of tainted
surface waters. ANTX is unstable under normal domas and is somewhat problematic to
extract and study. Accelerated solvent extracth®E) combined with liquid
chromatography-mass spectrometry (LC/MS) was usel@velop an efficient extraction and
analytical method for both ANTX and the more comiga@ncountered hepatotoxic
microcystins produced by cyanobacteria. The effettstrogen supply on the cellular
production and release of ANTX was investigate@phanizomenon issatschenkoi
(Ussaczew) Proschkina-Lavrenko (Nostocales). Inrashto the predictions of the carbon-
nutrient balance hypothesis, the maximum produactias observed under moderate N stress.
In addition, steady state fugacity-based model®wenployed to investigate ANTX’s
distribution and fate in freshwater ecosytems. ANwWas not found to be very persistent in
aquatic ecosystems and did not appear to bioaceteninl fish, at least not from the

dissolved phase.



Résumeé

L’'anatoxin-a (ANTX) est une cyanotoxine produite plusieurs genres de cyanobactérie
d’eau douce et a été responsable de la mort d’aximamestiques et de bétail. LANTX est
extrément instable sous des conditions normalegyicest problématique quant a son
extraction et a son étude. L’extraction accélétésavant (ASE), combinée a la
chromatographie liquide et a la spectrométrie desmdlLC/MS), a été developpée en tant
qgue méthode commune d’extraction efficace pAANTX et I'hépatotoxine, microcystine
(MC). L'effet de I'azote sur la production de I'ANTchezAphanizomenon issatschenkoi
(Nostocales) a été déterminé dans cette étuden&dntre des théories courantes sur la
production des substances secondaires, la contented le contenu cellulaire en ANTX
était maximale sous des conditions de stress moDérplus, des modéles basés sur la
fugacité, a état stationnaire, ont été utilisés iEdinir la distribution et le sort de TANTX
dans des écosystemes d’eau douce. Lors des moidékssaucune bioaccumulation chez les
poissons n'a été déterminée et TANTX ne semblegbespersitente dans les écosystemes

aquatiques, du moins en ce qui a trait a la phizseute.
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Chapter I: General Introduction



1.1 Cyanobacteria and their toxins

Cyanobacteria are one of the oldest and most ssitddife forms. The phylum
includes gram-negative phototrophic prokaryotesitoun virtually every habitat from
marine and fresh waters to soil, ice, rocks antliwibther organisms as endosymbionts.
They include important nitrogen fixing species atichave the capacity to use light at
wavelengths that most other photosynthetic orgasisannot utilize efficiently (Whitton and
Potts 2000). Cyanobacteria, or blue-green algdleegswere previously named, are often
labelled by the popular press as undesirable ard.tdowever, they are not pathogens since
they cannot cause diseases by colonizing, invaaiggowing in an animal host (Codtal.
2005). What makes them potentially dangerousasianotoxins some taxa produce. The
adverse health effects of cyanotoxins on humans#ret animals have been reported
throughout the world and range from mild to fa@h¢rus and Bartram 1999).

Cyanotoxins can be divided into four main groupsoading to their mode of action:
neurotoxins, hepatotoxins, cytotoxins and irritantduding gastrointestinal toxins (Table
1.1, Chorus and Bartram 1999, Caalél. 2005). Hepatotoxins, especially the cyclic
heptapeptide microcystins (MCs), are among the finegtiently detected cyanotoxins in
freshwaters. MCs were first reported and descrilyeBishopet al. (1959) inMicrocystis
aeruginosa. Since that report, microcystins have been desdrand detected in a wide
range of cyanobacterial genera includirgbaena andPlanktothrix. Over 80 variants of the
molecule have been reported thus far but the nmyatron appear to be microcystin-LR,
microcystin-LA, microcystin-RR and microcystin-YRVHO 2008). Human exposure to
MCs can cause a wide range of symptoms includiiognach cramps, fever, headache,

muscle pain, liver damage and, in cases of acytesexe, mortality. MCs cause protein



phosphatase inhibition in cells resulting in oxidatstress (Rajaneesh and Jaswant 2010).
Another cyanobacterial hepatotoxin that is alscs@ered a cytotoxin is cylindrospermopsin
(CYN), which was first isolated in the early 199@htaniet al. 1992). This toxin is
produced by several species includi@\ygindrospermopsis raciborskii, Aphanizomenon
ovalisporum, Umezakia natans and the benthic speciegngbya wollei (Wood and Stirling
2003, Seiferet al. 2007). Three natural variants exist: cylindrospspein, 7-
epicylindrospermopsin and deoxycylindrospermopBiownik 2010). CYN may induce
gastroenteritis, kidney malfunction, and hemorrhggn rodents, and genotoxicity in human
cell lines. Other cyanotoxins include irritants agatrointestinal toxins (e.g. aplysiatoxin,
debromoaplysiatoxin, lyngbyatoxin) that may alsdureour promoters. These are largely
produced by marine cyanobacteria and have notwe#rstudied in freshwater (Coditial.
2005).

However, the most acutely toxic cyanobacterialabelites in terms of lethal dose
(LDsg) are the neurotoxins (Table 1.1). Neurotoxic seeiits have long been associated with
blooms of dinoflagellates (red tides) in the mameironnement and can cause widespread
fatalities from fish to birds, beluga whales andnfams (Lairet al. 2002). Anatoxin-a (Fig.
1.1) is a chemically similar neurotoxin and is fdun freshwaters worldwide (Osswadtlal.

2007). Anatoxin-a is the subject of this thesis.

1.2 Anatoxin-a, homoanatoxin-a and anatoxin-a(s) : phydchemistry and
toxicity

Prior to its chemical identification, anatoxinANTX) was labeled the Very Fast

Death Factor (VFDF) due to its ability to induceattewithin four minutes after



intraperitonial injection (i.p.) in mice (Osswadtlal. 2007). The toxin was identified in the
literature based on its toxicological symptomsukahg tremors and gasps preceeding death
(Gorhamet al. 1964). In the mid 1960s, Gorham and Stavric (1%&@ated a toxic strain of
Anabaena (NRC-44) from Canadian waters and reported thatdkic agent was a low
molecular weight amine. In fact, ANTX is a seconydamine (2-acetyl-9-azabicyclo(4.2.1)
non-2-ene)(Fig. 1.1) with a molecular weight of 165

ANTX is considered to be the smallest toxic alkalget characterized and has been
synthesised from cocaine out of pharmacologicaredt due to the similarities in chemical
structure (Devliret al. 1976, Campbell 1977, Osswaddal. 2007). The biosynthesis of
anatoxin-a was first investigated by Galkdral. (1990) (cited in Osswald al. 2007).
Gallonet al. (1994) and Hemscheidt al. (1995) hypothesized that the amino acid
putresceine was involved in the biosynthesis of XNiTa the synthesis of pyrolline.
Recently, Méjeamt al. (2010) identified the gene cluster responsibletiersynthesis of
ANTX (Fig. 1.2) suggesting a biosynthetic route &matoxin-a starting from the amino acid
L-proline.

In 1992, a more stable homologue to ANTX was ssittesl for research purposes
related to its neurological effects and mode abacfWonnacotet al. 1992).
Homoanatoxin-a (2-(propan-1-oxo-1-yl)-9-azabicydl@[1]Jnon-2-ene) has the same
chemical structure as ANTX except for an additianathylene (Ck) unit (MW=179) on
the side chain (Fig. 1.1). Its toxicity is simitarANTX (Cronberg and Annadotter 2006).

Anatoxin-a(s) is chemically different from ANTX @i1.1) and is a naturally
occurring phosphate ester of a cyclic N-hydroxygoafiMW = 252) (Cronberg and

Annadotter 2006). It is produced Byabaena flos-aquae (NRC 525-17) andnabaena



lemmermannii from which it was isolated during a bloom (Matsuaaal. 1989, Onoderat
al. 1997). Anatoxin-a(s) is about ten times more tdlkan ANTX (Carmichaetdt al. 1990).
Both ANTX and anatoxin-a(s) are potent nicotiniolkifergic agonists and act as a post-
synaptic depolarizing neuromuscular blocking ag€atrmichaekt al. 1975, Devlinet al.
1977, Matsunaget al. 1989). For ANTX, the LIy estimated by Carmichaet al. (1975)is
200-250 pg/kg of mouse body weight injected intrapeially. Under field conditions, death
by respiratory arrest of livestock, pets and wikdhas been observed as a consequence of

ingestion of ANTX producing cyanobacteria (Stev&f81).

1.3 Anatoxin-a extraction and analyses

At present, New Zealand and Australia are counisigh specific ANTX guidelines
(Ministry of Health of New Zealand 2005, Hoehn arahg 2002). As opposed to other
cyanotoxins like microcystins, there are no guitkdi yet for anatoxin-a in drinking or
recreational waters in Canada (Health Canada)eoUtB.A. This is partly due to an absence
of standardized extraction and analytical protacols

Prior to analysis of anatoxin-a, sample pre-treatmenecessary. Cellular lysis is
required to extract the intracellular toxin. Howeweyanobacteria with their thick cell walls
and, in some taxa, mucilaginous sheaths, are pststant to lysis. Common methods are to
freeze-dry or freeze-thaw the cells prior to ulr@sation or shaking (e.g. Stevens and
Kreiger 1988; Ojanperé al. 1991; Van de Waatd al. 2009). Another effective extraction
method is pressurized liquid extraction (PLE). Tinisthod exposes the cells to a high
temperature and pressure and is an alternativiér&sonication. It has proven efficient with
microcystins (Aranda-Rodriguet al. 2005). The solvents most commonly used for ANTX

extraction are water, acidified water, acidifiedthamol and a mixture of water and methanol



(Osswaldet al. 2007). After comparing water, 0.05M acetic acidevamethanol and 0.05M
acetic acid-methanol, Haradgal. (1989) concluded that aqueous acetic acid wamtist
effective solvent. In contrast, Rapataal. (1993)found that water was the most efficient
solventin terms of ANTX extraction. Following the extramti of the intracellular fraction, a
purification step is often required to isolate gdyanotoxin from the extracts in order to avoid
analytical interferences. Solid phase extractidPEjSis the most commonly used clean-up
method (Osswalet al. 2007, Jamest al. 2005).

Chromatography is the main analytical method dseANTX detection. So far,
ANTX levels have been successfully quantified imiemmmental samples using High
Performance Liquid Chromatography (HPLC) couplethwiass Spectrometry (MS), ultra-
violet (UV) or fluorescence (FL) detection (Osswal@l. 2007). Gas chromatography (GC)
coupled with (MS) has also been used (Aréicad. 2005). In addition, a non-radioactive
ligand-binding assay quantifying ANTX based on afffenity of ANTX for nicotinic
acetylcholine receptors (nAChRs) was recently dgyetd (Ardozt al. 2008). As with
other toxins, aside from chromatography, bioastaye been used, notably the brine shrimp

(Artemia salina) larvae test (Osswalt al. 2007)

1.4 Factors influencing anatoxin-a production

ANTX production appears to be strain specific fmges in several cyanobacterial
genera including to da#nabaena, Aphanizomenon, Microcystis, Planktothrix
(Oscillatoria), Raphidiopsis, Cylindrospermum, Phormidium andNostoc (Osswaldet al.
2007). These genera include members ofdlerococcales as well as th&lostocales and

include both nitrogen fixing and non-fixing spec{&¢hitton and Potts 2000). These are



widespread genera and as a result, ANTX has beenteel throughout the globe (Osswald
et al. 2007). However, few studies have examined therenmiental factors that lead to
anatoxin production compared to the number of stuthat have examined microcystins in
freshwater. A Web of Science data base searchnattéain” yielded, 562 papers published
since 1990 compared to 2150 for “microcystin” (Maf®, 2011). Why anatoxin is found in
some freshwater systems as opposed to others knoan.

In general, cyanotoxins are considered secondetgbolites and not part of the
cell’s primary metabolism (Carmichael 1992, Gademand Portmann 2008).
Consequently, any factor limiting cyanobacteriawgth should therefore inhibit or decrease
the production of cyanotoxins. Few studies haverexad the conditions that give rise to
maximum ANTX production and the few results presdnh the literature are not always in
agreement. This may be the result of differenceyanobacterial strains and/or growth
conditions. Rapalet al. (1993) observed the highest ANTX concentrationariabaena and
Aphanizomenon within the first 2 weeks of batch growth as did ieend Gorham (1966).
Other studies found the highest ANTX concentratiaftsr 3 weeks and even after 6 to 7
weeks (Kivirantaet al. 1991; Bumke-Vogtt al. 1996). Regardless of the time frame, all
these studies seem to indicate that the highest@AldV¥els occurred somewhere in the
exponential phase as opposed to the stationargpBasnke-Voget al. (1996)
demonstrated that ANTX concentration (cellular dissolved phases combined) in
Anabaena flos-aquae followed the growth curve up to 6 to 7 weeks thesiched a plateau
and then declined before the stationary phase @ahed. This suggests that the ANTX
production rate might not be directly correlatedhe growth rate. With respect to the effect
of temperature, three studies reported that vdhoes 19.8 to 22° C yielded the highest

concentrations of ANTX i\nabaena sp. andAphanizomenon flos-aquae, which generally



corresponded to the maximum growth rates (Ragiadh 1993, Peary and Gorham 1966,
Rapala and Sivonen 1998).

The availability of nutrients may influence thdlgkar investment in cyanotoxin
production independently of the growth rate as satgyl by the carbon-nutrient hypothesis
(e.g. Hamiltoret al. 2001). This hypothesis links the amount of seapyndnetabolites
produced by plants to the relative abundance ofenis and makes three assumptions: 1)
growth takes priority over secondary metabolitedpiction (Tuomiet al. 1991), 2) nutrient
limitations constrain growth more than rates oftplgnthesis and light limitation constrains
photosynthesis more than growth (Bryahal. 1983) and 3) the concentration of precursor
molecules is the most important determinant ofrétte of secondary metabolite production
(Reichardtet al. 1991).

With respect to phosphate (PQRapaleet al. (1993) reported that higher
concentrations of PQled to higher cyanobacterial dry weight in batcitttares of one strain
of both Aphanizomenon flos-aquae and Anabaena mendotae and two strains oAnabaena
flos-aquae. However, no significant difference in anatoxineamcentration was observed,
which contradicts the first assumption of the carbatrient hypothesis. In a subsequent
study, Rapala and Sivonen (1998) observed a rakitip between P and ANTX in lake
samples where higher levels of ANTX were associaiti¢l higher levels of P©.

In the case of soluble nitrogen, its availabiityuld allow cyanobacterial growth and
production of nitrogen-rich secondary metaboliteshsas alkaloids and proteins if there was
no other limiting-factor (Van de Waal al. 2009). However, Rapakt al. (1993) observed
that an increase in nitrate (NPled to a decrease in ANTX concentration. Additialy,
ANTX levels were higher in the presence of Nl only N, which is suprising given the

high energy requirement for atmospheric nitroges) {iXation. The carbon-nutrient balance



hypothesis does seem applicable to these resutgever, it is important to emphasize that
anatoxin-a (GoH1sNO) [ although being an alkaloid has one nitrogen atom for 10 atoms
of carbon. Thus, the availability or allocationoafrbon might have a greater role to play in

its production than nitrogen itself.

1.5 Anatoxin-a: environmental fate

Due to its small molecular weight (165.26 g/mabatoxin-a can pass through the
cell membrane of its producer and consequentlybed both extra- and intracellularly. It is
not known, as yet, if anatoxin-a accumulates itscahd if so, under what conditions, or if
the cyanotoxin simply passes through the cell mambas it is being produced (Osswatld
al. 2007). A few studies have separately analysetetreds of intracellular and extracellular
ANTX but the results are contradictory. Rapetlal. (1993) did not observe any
extracellular ANTX inAnabaena flos-aguae andAnabaena mendotae. However, 4 to 18% of
total anatoxin-a analysed in batch cultures wasdaoextracellularly iPAphanizomenon flos-
aquae. It was not clear if this difference was due toot@omic/strain differences or to
bacterial degradation in the media since the straged were not axenic. Some bacteria
(Pseudomonas) are able to degrade dissolved anatoxiRiar@ntaet al.1991). More recently,
Bumke-Vogtet al. (1999) found that the extracellular portion repreed 40 and 50% of the
total anatoxin-a analysed in 80 water bodies im@ery.

In terms of its behaviour in the aquatic environtmenlike the microcystins, ANTX
is quite soluble in water, which is a concern fonking water supplies when toxic
cyanobacterial blooms occur (Takistal. 1999, Osswaldt al. 2007). ANTX possesses a

low octanol-water partition coefficient g¢) as estimated by the Environmental Protection



Agency (EPA) and available on Chemspider (www.ch@des.com). Under normal
environmental conditions, the half-life in waterANTX was estimated as 14 days at pH 8-
10 by Smith and Sutton (1993). However, ANTX appeguite labile in sunlight and Stevens
and Krieger (1991) estimated its half-life for pbctemical breakdown as 1-2 hours at the
pH measured within cyanobacterial blooms (pH 8-9).

Several studies have reported anatoxin-a in |éBeske-Vogtet al. 1999, Takinaet
al. 1999, Bogialiet al. 2006) but none have examined its fate followingxac
cyanobacterial bloom. It is not known if it canvehthrough air as can other algal toxins and
how long it persists. In the meantime, anatoxiradifioning and fate in freshwater

ecosytems can be studied using theoretical modajs ¥ackayet al. 2001).

1.6 Thesis Objectives

This thesis has three objectives. The first objeds to develop a common extraction
and analytical method for both freshwater cyanatexanatoxin-a and microcystins (Chapter
2). At present there are separate methods for tiiaseommonly encountered cyanotoxins
requiring separate extractions and analyses. @leadommon method would facilitate more
rapid detection of potentially toxic blooms. Stagtiwith a pressurized liquid extraction
method, first developped for microcystin (ArandadRguezet al. 2005), a protocol was
developped for analysing both toxins using ligumdornatography-mass spectrometry (LC-
MS).

The second objective (Chapter 2) is to compare RNfoduction in different

cyanobacterial genera and test the carbon-nutngmithesis with the most productive strain
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(Chapter 3). If the carbon-nutrient balance hypsighes correct, one would predict higher
total (both intra and extracellular) toxin levelsder higher nutrient conditions.

The last objective of this thesis is to use fuyabased models (Mackay al. 2001)
to evaluate the fate of anatoxin-a in freshwatedeu specific environmental conditions

(Chapter 4).
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Table 1.1 :Types of cyanotoxins based on their mode of acimhestimates of LD50.

Modified from Coddet al. 2005, WHO 2008 and Bownit al. 2010.

Mode of action

Cyanotoxins

ti.p. mouse, pg/kg body wt)

Neurotoxins

Hepatotoxins:

Cytotoxins

Irritants and

Gastrointestinal Debromoaplysiatoxin,

Toxins:

Anatoxin-a
Anatoxin-a(s)
Saxitoxins

Microcystins
Nodularins
Cylindrospermopsin
Cylindrospermopsin
Aplysiatoxin,
Lyngbyatoxin

Lipopolysaccharide
endotoxins (LPS)

250
20-40
10-30

25-1000
30-50
200-2100

200-2100

n/a
n/a
n/a
n/a
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Figure 1. 1: Chemical structures of A) anatoxin-a, B) homoari-a and C) anatoxin-a (S).
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Figure 1. 2: The ana gene cluster responsible for biosyrghefsanatoxin-a and homoanatoxin-a in cyanobacterbpostulated

biosynthetic route leading to these neurotoxin®@dJsith permission from Dr Olivier Ploux (CNRS, Rce). The following

abbreviations stand for: KS: ketosynthase, AT: aagkferase, KR: ketoreductase, DH: dehydrataseeB®¥yIreductase, ACP: acyl

carrier protein, Cy: cyclase and CM: methyltrans$ex.
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Chapter 2: Development of a common extraction andralytical
method for anatoxin-a and microcystins



2.1 Introduction

Cyanobacterial toxins (CBTs) are a growing envinental and health concern
worldwide (Chorus and Batram 1999, Sivonen andsJa889, Zurawelét al. 2005). The
hepatotoxic microcystins (MCs) and the neurotoxiataxins are among the most commonly
encountered in freshwater (WHO 2003, Cetdl. 2005). Different sample preparation (i.e.
extraction) and analytical methods are being agpbedetect them due to their different
chemical properties. No universal extraction analyital protocols that can be routinely
applied in a high throughput manner to detect CBTeajuatic samples have been developed
and standardized.

Prior to the analysis of CBTs, special sample peatinent is normally a mandatory
step in order to obtain acceptable extraction gi@ldd minimize the matrix effects during
the analysis. Cyanobacteria have thick gram-negall walls that require effective
extraction techniques to ensure complete cell s acceptable yields (Campinas and
Rosa 2010). The most common extraction methodsegpid MCs and anatoxins (ANTX)
include the following steps: incubating the alg@alinbass with an extraction solvent (acetic
acid, methanol or water), freeze-drying or fredzating the cells, mixing (vortexing and
shaking), sonicating and/or using solid-phase etitia (SPE) (Sangolkaat al. 2006,
Osswaldet al. 2007). Another method, used for microcystins ciseterated solvent
extraction (ASE) (Aranda-Rodriguezal. 2005). ASE subjects the cells to a simultaneous

high temperature, pressure and a fixed volume loEst
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A few studies have compared the extraction efficyenf solvents for both toxins.
Methanol (75%) has been reported as the most eféesbdlvent to extract microcystins and
produce better reproducibility (Fastretral. 1998). However, the sample matrix plays an
important role in the extraction process and it vegorted that EDTA-sodium
pyrophosphate was a suitable solvent for the eraof MCs from sediments and soils
(Chenet al. 2006). In the case of ANTX, water, acetic acidavamethanol and acetic acid-
methanol are the most commonly used extractiorestdv(Sangolkagt al. 2006, Osswalet
al. 2007). Haradat al. (1989) concluded that aqueous acetic acid (0.0584) the most
effective solvent. In contrast, Rapatal. (1993)found that water was the most efficient
solventfor the extraction of ANTX.

In order to minimize analytical interferences, ddsphase extraction (SPE) clean up
followed by a concentration step is the most comgnaosed method to preconcentrate,
purify and extract both microcystins and anatofiosn cyanobacterial cells and from the
dissolved phase (Sangollaral. 2006, Osswaldt al. 2007). For microcystins, normal-phase
Cyano cartridges (CN), greversed-phase octadecyl siloxane (ODS) silicxaetidges
and immunoaffinity cartridges are commonly usedd(Byd Shin 2002, Rapala and Lahti
2002) to improve detection and identification (AdarRodriguezt al. 2003). The
immunoaffinity cartridges, consisting of monoclooalpolyclonal antibodies, are not
common due to their high cost and time requiredig® (Sangolkaat al. 2006). Metcalf and
Codd (2000) used microwave extraction from boilveger for MCs to avoid organic
solvents in order to reduce the matrix effectsmyanalysis. For anatoxin-a, an ODS silica
gel or a weak cation-exchange (COOH) are the nwsnwonly used SPE cartridges (Harada
et al. 1989, Jamest al. 1998, Namikoshét al. 2003). Solid phase micro-extraction (SPME)

has been used to simultaneoulsy extract, concerdrat clean-up samples, but the recovery
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results appear less satisfactory (Nanet. 2002, Ralléret al. 2007). SPME is still not as
widely used as SPE.

Once extracts are ready for analysis, several acalyechniques have been used
from mouse and invertebrate bioassays to gas wdlichromatography coupled with
different analytical techniques (Lahtiéglal. 1995, Pérez and Aga 2005, Osswildl.
2007). High performance liquid chromatography (HPkGupled to ultraviolet (UV)
detection and mass spectrometry (MS) are commdnter@ methods for microcystins
(Robillot et al. 2000, Sangolkaet al. 2006). Separation by liquid chromatography getheral
involves a Gg silica column. In the case of anatoxin-a, UV deteccoupled to HPLC is not
very sensitive, although it has been used with seueeess on environmental samples
(Carrasccet al. 2007, Osswaldt al. 2007). The sensitivity can be considerably incedas
with fluorimetric detection (FL) when ANTX is deatized with 4-fluoro-7-nitro-2,1,3-
benzoxadiazole (NBD-F) (Jameisal. 1998). Mass spectrometry (MS) is more widely used
for anatoxin-a detection. For microcystins and exiata, different ionization techniques
have been used for MS analysis including electapsmmization (ESI), atmospheric
pressure ionization (API), thermospray (TSP), madgsisted laser desorption/ionization
(MALDI), fast atom bombardment (FAB), time of flighbupled to MALDI (Msagatgt al.
2006, Sangolkaet al. 2006). Mass spectrometry (MS) allows mass confionahence
improving the accuracy of identification (Spabfal. 2003).

As an alternative to LC, gas chromatography coufiddS or electron capture
detection (ECD) has been used for anatoxin-a (®inenal. 1989, Ardozt al. 2005).

ANTX must be derivatized in order to get an enhdrsmnsitivity with the gas

chromatographic analysis (Osswatdl. 2007). GC/MS methods were developed as well for
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microcystins but only for screening as it is nosgible to distinguish MC variants with such
a method and it is time-consuming in comparaisdodSangolkaet al. 2006).

One challenge in the analysis of anatoxin is tHdTX can be misidentified with the
isobaric naturally occurring amino acid phenylaten{fPHE). Additionally, both compounds
have similar molecular structures and fragmentgpatterns (Fig. 2.1) (Fureg al. 2005).
PHE has been misidentified as ANTX in forensic stigations (Dimitrakopoulo&t al.

2010). Few studies have successfully distinguidited compounds in environmental
samples. Furegt al. (2005)evaluated different strategies to avoid misidecditiion of

ANTX by using tandem mass spectrometry. They djslished these molecules by
conducting M$ experiments on a time-of-flight (QqTOF) mass sgeneter.
Dimitrakopouloset al. (2010) developed an analytical method for thea®te of anatoxin-a
using LC-MS/MS with phenylalanings as an internal standard which clearly distinguishe
PHE from ANTX.

The purpose of this study was to develop an extmaeind analytical method for
anatoxin-a and microcystin (using nodularin, a Emtyanotoxins but absent from
freshwater, as an internal standard) to improve teeovery and detection in environmental
samples. In 1995, Aranda-Rodrigustal. developped a pressurized liquid extraction
method for MCs. Two variants of microcystin (MC-laRd MC-RR) were successfully
extracted using an ASE method with recovery vataaging from 79% to 105%. However,
ASE provided lower (ca. 50%) extraction recovenydnatoxin-a even at lower temperature
values such as 40 °C. In this study, this methosl nvadified to allow extraction of both
MCs and ANTX. A spike recovery monitoring approadss employed to maximize the
extraction yield and achieve better SPE conditidiesmonitor the recovery, a selective LC-

MS/MS method on a 3200 QTRAP system with a sub<taniparticle size column was
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used. Selective MRM transitions (2 transitionséach molecule) were obtained for each
analyte. To achieve optimal separations within iy g&ort run time, suitable mobile phase
composition and linear gradient conditions, whioalded the identification of the target

molecules in a single run in a high throughput nesinwere applied.

2.2 Material and Methods

Cultures, chemicals and standards

Several major algal culture collections were syegkein order to obtain different
genera of potential ANTX producers. Unfortunatééyy strains are available from culture
collections and further isolations are needed.rtfento compare ANTX production between
different genera, two speciesNdstocales and one species @fscillatoriales were obtained
(Table 2.1) Anabaena flos-aquae (Lyngb.) de Breb(Nostocaceae) (UTEX LB 2383) was
isolated from Burton Lake, Saskatchewan, Canadahtained from the University of
Texas culture collection, U.S.Ascillatoria sp. (PCC 6407) was isolated in California
(exact location is unknown), U.S.A. and obtainauhfrthe Pasteur Institute, France.
Aphanizomenon issatschenkoi (Ussaczew) Proschkina-Lavrenko (Nostocales) (CAWBGO
was obtained from Cawthron Institute, New Zealand igolated from Lake Hakanoa in
New Zealand (Fig. 3.1) (Woast al. 2007). Cultures were grown at a light intensity86fuE
.m? s'and al2:12 light: dark cycle at 20° Celsius + 1°C in @@iron growth chamber (E-
15). BG11 growth media was used and purchasedascentrate from Sigma Aldrich,
Canada (Andersen 2005).

Microcystin variants (MC-LR, MC-RR, MC-YR, 7dmLRd MC-LA) and nodularin

were purchased from Cedarlane, Toronto, CanadaoRimaa fumarate was purchased from
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Tocris Bioscience, U.S.A and L-Phenylalanine froigng&-Aldrich, Oakville, Canada.
Hydromatrix (flux-calcined diatomaceous earth) whtained from Varian, Montreal,
Canada. Water, methanol, acetonitrile, hexanepaeetormic acid and ammonium formate
were obtained from Sigma-Aldrich (Oakville, Canad&HROMASOLV® HPLC grade
solvents were used for extraction, and CHROMASGLEZ-MS grade were used for the
solubilisation and the analysis of the extracts staddards. Stock solutions of microcystin,
nodularin, anatoxin-a fumarate and L-Phenylalastamdards were dissolved in 50%
aqueous MeOH to a final concentration of 10 ppndfareloping MRM transitions. A
standard mix was prepared to develop optimal sépareonditions at a final concentration

of 10 ppm.

Sample preparation

Cultures (10 ml) were filtered through Whatman GFHers that were preignited at
500 °C for ~2 h and weighed prior to use. Filtratese collected in solvent rinsed (hexane
and acetone) amber scintillation vials. Filterswitet biomass were oven-dried at ~50 °C

for about 24 h, weighed and stored with filtrates20 °C prior to extraction.

Extraction of anatoxin-a from solid and dissolved phases

In preliminary tests, a sonicating bath provedfiogt for cell lysis to release the
toxins as compared to the Accelerated Solvent Etitna (ASE) (data not presented). The
latter technique was chosen due to its speed, atimmand low solvent consumption. The
extraction of ANTX from cyanobacterial cells wasfpemed using an ASE 200 device
Dionex Corporation (Bannockburn, IL, USA). GF-Qdils with frozen biomass were thawed

and inserted in stainless-steel ASE cells (11 witich were packed with pre-washed
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hydromatrix. ASE parameters were initially set adowg to the protocol of Aranda-
Rodriguezet al. (2005). A series of spike recovery extractionsenandertaken at
concentrations of ANTX ranging from 100 to 2000 ppbe following parameters were
optimized to achieve the best recoveries of tatgatpounds: ASE temperature, ASE
pressure, extraction without Hydromatrix, TurboyZgmark) water bath temperature and
rinsing solvents and their volumes. All extractgeveollected in solvent rinsed (acetone and
hexane) amber vials to avoid photodegradation of ANn order to adjust the pH so that
ANTX remained stable during the extraction progésanda-Rodriguez, personnal
communication), all extracts obtained from cyanddaal cells and filtrates were spiked
with formic acid prior to evaporation. Stevens &mwtkger (1991) observed that anatoxin-a
was more stable in acidic conditions due to thetreigy of its free base at lower pH values.
Volumes of 0 ul, 50 pl and 100 ul formic acid wagsted to evaluate those that led to better
analyte recovery. Extracts were then transferesbbeent rinsed Turbovap tubes (Zymark)
and evaporated to dryness using a Turbovap Il (Zghdevice with water at 59 °C and
under a gentle nitrogen flow. No difference in nezxy was observed between water bath
temperature values of 50 °C and 59 °C, althoughetiter temperature provided faster
evaporation. Tube walls were rinsed and evapotatédyness. Five ml of 50% MeOH and
then five ml of 100% MeOH were used to rinse thésaaf the Turbovap tubes. Extracts
were then re-suspended in 1 mL of 50% MeOH in wé&i#rates were freeze-dried under
vacuum at —40 °C using a Super Moduylo freeze-dflieermo Fisher Scientific Ottawa,
Canada). The walls of the scintillation vials waresed with 1ml of MS grade 50%
MeOH/Water for resupension. To effectively remoe#utar debris from the extracts and

filtrates without losing the compounds of interestomparison between centrifugation
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(4000 rpm at room temperature) and filtration vayhinge filter (Acrodisc, 0.2 um, PTFE)

was performed prior to analysis.

LC-MSMS Analysis

The method was optimized on a QTRAP 3200 LC-MS(/BSciex, Toronto,
Canada). The system consisted of a 1200 seriestditjuid chromatograph with a high
performance autosampler (model G1376B), a binamggp(model G1312A), a column
thermostat (model G1316A) and a triple quadrupiolkealr ion trap mass spectrometer
equipped with a turbospray ion source. The acqgoisif data was performed using
electrospray ionization (ESI) in positive mode #@aalyst software (version 1.4.1).
Chromatographic separations were achieved withtma&oSB-C18 Rapid Resolution
column (50 x 2.1 mm 1.D., 1.8 um particle size ooh) and a guard column (12.5 x 2.1 mm
I.D, 5 um) (Agilent Technologies, Canada) at 40 T@e optimal mobile phase conditions
were: MeOH in water with 0.1% formic acid and amtoom formate 40 mM with a constant
flow rate of 0.3 ml/min. Injection volume for sareplwas set to 1 pl. The needle was
washed with 50% methanol, 50% acetonitrile and%.@drmic acid at the flush port (3x)
after each injection to minimize carry over.

MCs, ANTX and PHE standards of 1 to 20 ppm wersalised in 50% methanol and
individually infused in the MS with a 4.6 mm [.D Hard syringe at a flow rate of 10
pL/min. Multiple reaction monitoring (MRM) scans were perhed for each standard by
selecting the protonated molecular ion [M +Hyith the first mass filter quadrupole Q1.
Two product ions yielded by collision-induced disistion using the second mass filter

guadrupole Q2 were scanned by the third quadry@8¢ The source parameters were
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optimized using flow injection analysis (FIA) usitige mobile phase and appropriate flow

rate suitable for the column.

Method Validation

Standard mix solutions containing all eight staddavere prepared at the following
concentrations: 1 ppb, 10 ppb, 100 ppb, 500 ppkl@0@ ppb in 50% methanol (MeOH)
and water and stored in amber vials at —20 °C.rAffte optimization of chromatographic
and mass spectrometric parameters, the calibratiore and linearity were determined by
performing a linear regression analysis of thetptbstandard peak area against the
respective standard concentration average valtleeé injections. The instrument limit of
detection (LOD) for each analyte was defined aseltimes the signal to noise ratio (3 x
S:R) for a standard mix sample directly injecteccolumn. The limit of quantification
(LOQ) for each analyte was defined as 9 times 8rRifspike recovery sample performed on
the ASE. Intra-day precision was evaluated byitape analysis of samples injected within
the same analytical run. Method recovery was ddfagethe ratio of the intensity of spike

recovery samples and standard injection on colunthe same concentration.

2.3 Results and Discussion

Optimization of ASE

In this study, spiking an extract with 50 pL ofrfac acid led to an increase of about
6 fold in ANTX recovery between two 10 ml filtrasamples ofphanizomenon
issatschenkoi (Fig. 2.2). This can probably be explained by thea that protonation provided

higher stability for the toxin in the extractioropess, thus preventing degradation. Samples
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spiked with 100 ul of formic acid provided simil&covery to those obtained with 50 pl
spikes. An insignificant variation in spike recoy€t-3%) was observed between the two
volumes; hence, all further samples were spiketl wivolume of 50 pl of formic acid.

Additionally, ASE parameters (Table 2.2) were nfiedito improve ANTX recovery.
Pressure was increased to 2000 psi and offerdoetstenethod recovery values for both
MCs and ANTX (results not shown). High speed cé&mgation proved to be more efficient
than filtration with Acrodisc filters (Pall LC 25mf2um) and led to no apparent loss of the
analyte. Acrodisk filters retained about 25% of ANpresent in a 1 ml sample of standard.
In contrast, microcystin was filtered with no apgratrloss using the same method and filters.
Method recovery values for intracellular and exgtldar ANTX were 53% and 64%

respectively. The recovery for MCs variants andutain ranged from 60 to 90%.

LC-MSMS Analysis of ANTX

A 25 pL injection of ANTX standard at a minimumnoentration of 5 ppm was
needed to clearly identify the toxin on the HPL@arhatogram (Fig. 2.3). No detectable
ANTX was found in 10 mL of cultures @fphanizomenon issatschentkoi, Anabaena flos-
aqua andOscillatoria sp. due to the low sensitivity of the HPLC-DAD (F&y4). Hence,
further analyses were carried out on the LC-MSfetter detection. The optimized LC
parameters yielded the separation of all the a@slyANTX and PHE eluted first at 0.6 min
and 0.65 min respectively followed by MC variaritsb( to 8.30 min) and nodularin (7.74
min) (Fig. 2.5). The analytical column was thernatsd to 40 °C and the mobile phase
gradient started at 90% water. Unambiguous Q1/Q@3naasitions were obtained by
manually optimizing the declustering potential & gharacteristic product ions of isobaric

ANTX and PHE (Table 2.3). This approach yieldedquei product ions of ANTX at{/z)

25



149.20 and PHEVZz 120. Thus, both compounds were clearly distingedstind
misidentification was avoided. Their MRM scan, fragntation pattern and characteristic

ions are featured in Figures 2.6 and 2.7 respdygtive

Method validation

The calibration data (Table 2.4) for ANTX, PHE, n&atin, MC-RR and MC-LA
standards were linearf; & (0.992-0.999) within the range of 30 and 200(Ljegd gave a
relative standard deviation (% RSV)91.3.6 (N=3). In the case of MC-7dmLR, MC-YR
and MC-LR, linear regressions providédesults of 0.939-0.971, with a range between 30
and 1000 pg/L and with a higher % RSV (23.9, N=B)MIC-LR. The calibration curves for
each analyte were obtained using a weighted (i@t regression of peak-area ratios
plotted against the respective analytes’ conceatraiin the standard mix. Instrument limits
of detection were calculated for each analyte ¢oathin the standard mix solutions using
the software Analyst Data. Detection values vafiech 1.07 to 58.82 pg (S/N=3) on column

(Table 2.4).

ANTX production in three cyanobacterial genera

All three cultures were grown under identical cdiatis and subsampled during their
exponential phase (between 20 and 30 days of gjolWie mean intracellular ANTX
concentrations of triplicate samplesQscillatoria sp.,Anabaena flos-aqua and
Aphanizomenon issatschenkoi were 189, 156 and 426.1 pg-dry weight respectively.
Based on these resulss,issatschenkoi produced the highest intracellular concentratmins

ANTX under current conditions and genotype.

26



With respect to the extracellular fraction, noedthble ANTX was found in the
media ofAnabaena flos-aqua (n=2) andabout 1.9 pg-t(n=3) was measured for
Aphanizomenon issatschenkoi. Oscillatoria sp. yielded the highest mean concentration of
extracellular ANTX with a value of 5 ug#i(n=2). However, since ANTX degradation could
not be assessed, it is hard to properly measureniosta ANTX was released in the media.
Cultures of théscillatoria strain showed a lot of clumping of colonies conegiaio the
other two. Consequently, ANTX released in the medli@scillatoria sp. might have been
exposed to higher irradiance than in cultureArmabaena andAphanizomenon leading to a
faster rate of degradation since ANTX is photoddghde.

Recovery values obtained with the method present#éds chapter are not as good
for ANTX as they are for MCs. The sample preparatiad extraction processes could hence
be improved in order to increase the recovery off XNUsing a different matrix, or none at
all, might avoid any kind of potential adsorptidnANTX to the matrix in the extraction
process. Additionally, ANTX is very unstable undermal conditions and, despite the
acidification of the extracts, might degrade in évaporation process. Using solid phase
extraction (SPE) to isolate ANTX might be an appiate alternative to evaporation.
However, since MCs and ANTX are chemically diffédrdsoth cannot be extracted with the
same SPE cartridge. Using either two different 8&fidges, or a combination of SPE and
evaporation, might lead to better recovery. Inrtteantime, the method presented in this
study provides a way to simultaneously extract@malyse MCs and ANTX in the same

environmental sample.
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Table 2. 1 :Anatoxin-a producing cultures.

Genus Species Catalogue Obtained from  Reference
number
Anabaena flos-aquae LB 2383 (NRC- UTEX Gorhamet al.
44h) 1964
Oscillatoria sp. PCC 6407 Pasteur Institute Arabal.
2005
Aphanizomenon  issatchenkoi CAWBGO02 Cawthron Wood SAet al.
Institute 2007
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Table 2. 2: Comparison of ASE parameters for ANTX and MCs praged liquid

extraction.
Parameters Experimental conditions  Values from AaaRodriguezt al. (2005)
Pressure (psi) 2000 1015
Temperature (°C) 80 60, 80
Preheat (min) 1 1
Heat(min) 5 5
Static (min) 5 5
Flush (%) 100 100
Purge (s) 120 80
Number of cycles 2 2

29



Table 2. 3: MRM transitions of each analyte obtained after sidua into truboV

electrospray source of 3200 QTRAP.

Analytes Q1 transition Q3 transition
Nodularin 825.5 135.1
MC-RR 520.1 135.1
MC-LR 995.6 135.1
MC-7dmLR 981.4 135.1
MC-YR 1045.4 135.1
MC-LA 910.6 135.1
Anatoxin-a 166.1 149.2
Phenylalanine 166.1 120.0
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Table 2. 4: Linearity, instrument limits of detection (LOD) afichits of quantification

(LOQ) for each analyte.

Analytes Instrument Instrument Retention
LOD (pg) LOQ (pg) time

(min) r2 Range (ug/L)
Anatoxin-a 1.07 3.56 0.6 0.9993 30-1000
Phenylalanine 3.14 10.46 0.65 0.9982 30-2000
MC-RR 4.33 14.43 7.51 0.9973 30-2000
MC-YR 30.00 100 7.73 0.9713 30-1000
Nodularin 2.77 9.23 7.74 0.9958 30-2000
MC-LR 58.82 196.06 7.92 0.9555 30-1000
MC-7dmLR 23.08 76.93 8.00 0.9385 30-1000
MC-LA 20.98 69.93 8.30 0.9922 30-2000
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Figure 2.2: Extraction ion (149.2 amu), corresponding to AN{RT: 0.6 min), of two
freeze-dried filtrate samples (10 ml)Abhanizomenon issatschenkoi analyzed on the Sciex

QTRAP 3200 LC-MS/MS.

Sample A has been spiked with 50 pl of formic quidr to freeze-drying. No formic acid

was added to sample B.
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Figure 2.3: Chromatogram of an injection (28 of ANTX-fumarate standard (bg /ml)

using an HPLC-DAD at 229 nm detection.
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Figure 2.4: Chromatograms of an injection (g5 of 10 ml of ANTX producing cultures of
Aphanizomenon issatschenkoi (upper panel)Anabaena flos-aqua (middle panel) and

Oscillatoria sp. (lower panel).

Extraction was performed on an ASE 200 (Dionex) amalysis was done using an HPLC-

DAD at 229 nm detection.
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Figure 2.5: Extraction ions chromatogram of 1 pl injectionaiumn of standard mix at
S5ppm

containing 1)ANTX (RT: 0.6 min), 2)PHE (RT: 0.65my 3)MC-RR (RT: 7.51 min),
4)Nodularin (RT: 7.74 min), 5)MC-YR (RT: 7.73 mir§)MC-LR (RT: 7.92 min), 7)MC-
7dmLR (8.00 min) and 8)MC-LA (RT: 8.30 min). Theng (x) axis was modified by cutting

off <5 minutes for a better representation of ateapeaks.
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Figure 2.6: Enhanced mass scan in positive polarity showanggrhajor fragments of
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Chapter 3: Effect of nitrogen on cellular production and release
of the neurotoxin anatoxin-a in a nitrogen-fixing ¢anobacterium



3.1 Introduction

Many cyanobacteria are capable of producing comg@®that are toxic to other
organisms. The cyanotoxins have been classifiedfor main groups according to their
mode of action. In addition to the hepatoxins, tytins and gastrointestinal toxins, there are
several types of neurotoxins (Coetchl. 2005). An important neurotoxin synthesised by
freshwater cyanobacteria is anatoxin-a (ANTX). ANGah be found in lakes and rivers
throughout the world and has been reported in EyrGgeania, Asia and North America
(Woodet al. 2003; Coddet al. 2005, Cadel-Siet al. 2007). Several different cyanobacterial
genera are able to produce ANTX at varying conegiotns (Araozt al. 2008) with the
maximum concentration reported to date produceBHoymidium favosum (8000 pg-g per
dry weight, Guggeet al. 2005).

Several hypotheses have been proposed as to ebg tiyanotoxins are produced.
Anatoxin-a might be produced as a defence mechaagsimst grazers or other organisms in
order to gain ecological advantage. It might alsioea a cell-mediated signal to
communicate with other organisms (Wiegahdl. 2005). ANTX and other cyanotoxins
have been labelled as secondary metabolites asithegt appear to be involved in primary
metabolism (Carmichael 1992). In this sense, arease in demand for resources at the
cellular level would in theory lead to a decreas@NTX production.

Anatoxin-a production seems to be strain speaitiftough many factors, such as
temperature and light intensity, affect its produci{Osswaldet al. 2007). According to the
carbon-nutrient balance hypothesis (Hamikbal. 2001), the availability of carbon and
nitrogen may also play a role in the productios@tondary metabolites, including nitrogen

containing alkaloids such as ANTX. Recently, thiefof nitrogen to carbon supply ratios
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(N:C) was investigated in the freshwater cyanobragteMicrocystis aeruginosa in relation
to the production and composition of microcys{iMCs) (Van de Waadt al. 2009).
Consistent with the carbon-nutrient balance hymithé&/an de Waadt al. (2009) reported
that a high N: C ratio in the external media anthinithe cells was more likely to lead to
higher levels of the nitrogen-rich MC variant MC-RRcomparison to to lower N: C ratios.
The strain oM. aeruginosa studied produced up to 50 times more MC-RR pédmdan
cultured in chemostats containing three to six §mm@re nitrogen. Despite the fact that less
than 1% of the total cellular nitrogen is investednicrocystins, the availability of inorganic
nitrogen and carbon seemed to have an impact @mdary metabolite concentrations and
composition. Nitrogen availability may also playiarportant role in the production of other
nitrogen containing secondary metabolites suchMEX*A

In the following study, the relationship betweetmagen availability and ANTX
production was investigated Aphanizomenon issatschenkoi (Ussaczew) Proschkina-
Lavrenko(CAWBGO02, Woodst al. 2007).A. issatschenkoi is a colonial planktonic member
of theNostocales, which is able to produce heterocysts for atmospimitrogen (N)
fixation when exposed to low soluble inorganicagen concentrations (Moustaka-Goani
al. 2010). The process of nitrogen fixation being gpetemanding, this study hypothesized
that nitrogen fixation might lead to further redoas in the production of secondary

metabolites containing nitrogen.

3.2 Material and Methods

Culture conditions and sampling
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Cultures ofA. issatschenkoi were obtained from the Cawthron Institute in New
Zealand. Batch cultures #f issatschentkoi were grown at a light intensity of 85 mE?ns*
on a 12:12 light: dark cycle at 20° C + 1°C in an@iocon growth chamber (E-15) using 500
ml Erlenmeyer flasks. Three different growth medere used with sodium nitrate (NakO
as 100%, 5% and 1% of full strength BG11 (Ande2@05) corresponding to 1500 mg-L
75 mg-L* and 15 mg- ! of NaNQsrespectively. Total culture volumes were 250 ml and
inocula for all the experimental cultures came fribwm same parent culture in exponential
phase. Under these conditioAsjssatschenkoi grew as single trichomes and minimal
clumping occurred that facilitated subsampling.

Two ml from each flask were sub-sampled every 8 dayys to measure optical
density using a Pye-Unicam SP-100 UV-spectrophotena 750 nm. The optical density at
750 nm provides a measure of turbidity of the geltand is a function of both cell density
and cell size. Growth rates were obtained by pigtthe natural logarithm of absorbance
readings at 750 nm during the exponential growthusing linear analysis (Guillard 1973).
Optical densities at 627 nm and 438 nm were alsgsored as an estimate of phycocyanin to
chlorophyll a changes (Van de Waahl. 2009). Phycocyanin is a protein and accessory
pigment found in cyanobacteria and involved intigarvesting (Whitton and Potts 2000).

For toxin extraction from cells, 10 ml from eaddsk was filtered on days 10, 20, 30
and 40 of growth using pre-ashed and pre-weighedtivéin GF/C filters. A subsequent 10
ml was filtered from each flask using the samefitype for the analysis of particulate
organic carbon (C) and nitrogen (N). Filters weven dried for 24 hours, weighed and
stored frozen at -20° C. The dry biomass for eathtbculture (mg- rif) was also
monitored. During filtrations, one 20 ml of filteatvas collected from each culture in solvent

rinsed (acetone and hexane) scintillation vialsppeal in foil. Filtrates were spiked with 50
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pL formic acid and frozen immediately at -20° Cr Eblorophyll a analysis, 5 ml were sub-
sampled and filtered using 934-AH glass microfiflezrs with approximately the same pore
size as GF/C. Filters were inserted in clean 1pladtic test tubes and stored at -20° C for
subsequent analysis. The experiment was terminéted the 1% and 5% N cultures had

clearly reached stationary phase.

Extraction and analysis of chlorophyll a and anatoxin

Chlorophylla was extracted by incubating the frozen 934-AHefdtwith biomass in
13 ml of 95% ethanol at 4° Celsius for about 24reqdespersen and Christoffersen 1987).
Anatoxin-a extraction from the particulate phase warformed using an ASE200
Accelerated Solvent Extractor (Dionex, Canada)essdbed in Chapter 2. Extracts were
collected in solvent (acetone and hexane) rinsdaeanials and then spiked with 50 pL
formic acid to adjust pH to a value of about 3.r&&ts were then evaporated down to
dryness at 59° Celsius under a gentle nitrogen flsivg a Zymark Turbovap Il and then
resuspended in 1 ml of 50% methanol and watetrakéks were freeze-dried and then
resuspended in 1 ml of 50% methanol and waterexXHacts, both particulate and liquid
phase, were filtered with pre-conditionned 0.2 ponodisc filters and stored at -20° C prior
to analysis. Particulate organic C and N were nredsusing a Costech elemental analyzer

(ECS 4010; Costech, Valencia, California, USA)duling Frostet al. (2009).

Chlorophyll a concentration was calculated basedhmorbance readings of the
extracts at the following wavelengths 750 nm, 66band 649 nm (Bergmann and Peters
1980). Toxin analyses were performed on a Sciex &HB200 LC-MS/MS as described in

Chapter 2. All samples were analysed on the samé&rminimize any day to day instrument
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variability.

Satistical analyses

In order to compare the effects of N treatments;way analyses of variance
(ANOVA) were performed on the following end-pointstal and cellular toxin
concentrations, growth rates, chlorophyll a, phyemin to chlorophyll a ratios and
particulate organic carbon to nitrogen (C:N) ratmseach day of sampling. In the case of
significant differences §0.05), Tukey’s pairwise comparison test was subsetyiused to
determine differences between treatments. Allstasil analyses were done using SigmaStat

(version 3.1) software.

3.3 Results

Growth and nitrogen stress

All cultures entered the exponential phase atbeua 18 days and reached the
stationary phase after approximately 34 days ferl% N treatment and 40 days for both
5% and 100% N treatments. The growth curves basédeooptical density between the
three nitrogen treatments were clearly differemg.(B.2). By days 30 (P = 0.006), 34 (P =
<0.001) and 40 (P = 0.001), the mean optical dgasithe 100% N treatment was
significantly higher than the other two treatme@s.days 34 and 40, the treatments were all
significantly different from one another, with tlmvest optical densities corresponding to
the 1% N treatment. The growth rates (Table 3.Agyed from 0.03 to 0.07 ddyand showed
significant differences (Tukey’s test) between timeents 100% and 1% N. The average

biomass as dry weight (Table 3.1) of both the 1% %% N treatments was significantly
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lower than that of 100% N treatment on all fourglajexponential and early stationary
growth (day 10, 20, 30 and 40). Chlorophyll a @mcations (ug-t) (Fig. 3.3a) showed a
similar trend: the 1% N treatment was significamtifferent on day 18 and all three
treatments were significantly different on subsequiays (30 and 40). The highest chl-a
levels were measured in the 100% N treatment amtbthest in the 1% N treatment.

With respect to cell composition, the particulatganic carbon to nitrogen ratios
(Table 3.1) started to differ on day 20 and onwadtch cultures grown in 100% N medium
were significantly different from the other twodtenents with a lower mean ratio on day 20
(P =<0.001) and 30 (P = <0.001). At day 40 howenerdifference between the C:N mean
ratios of batch cultures grown in 100% N and 1% & wetected using Tukey’s all pairwise
test. This was due to the high standard error ($Betlveen triplicates of the 1% N
treatment. However, a Duncan all pairwise test gtbavsignificant difference (P = 0.045)
between the 100% N treatment and the other twontieyas. As for the ratios measured for
the phycocyanin and chl-a pigments, the 100% Nhbatttures had clearly the highest mean
ratio and the 1% N the lowest (Fig. 3.3b). Sigmifitdifferences between, either all
treatments or the 1% and 100% N treatments wereredd at days 7 (P = 0.028), 14 (P =
<0.001), 18 (P =<0.001), 30 (P = 0.016) and 34 (P032). On day 40, the mean ratio for

the 1% N was significantly different (P = <0.00d9rh the other two treatments.

Anatoxin-a

Total ANTX concentrations analysed ranged from 446 pg- [*.The total anatoxin-
a production (Fig. 3) if\. issatschenkoi was not significantly different between all three
treatments except on day 10. On this day, the Bigloéal ANTX mean concentration

corresponded to the 5% N treatment and the lowesiet 1% N. The batch cultures grown at
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5% N had the highest total ANTX concentrations veittnean concentration maximum of
111 +18 pg-* on day 30. The cultures that produced the lowestainof total ANTX were
the ones grown in 100% N medium with maximum té&gslTX concentrations ranging from
51 to 74 pg-L.

The extracellular ANTX concentrations ranged froinug- L to 13 pg-[*. Cultures
grown in 100% N medium had significantly (P <0.0@dyer ANTX extracellular
concentrations than the other two treatments os @8yand 30. The highest mean
extracellular concentrations were obtained in #eN treatment on days 30 and 40,
reaching 9 + 0.12 pgL The mean extracellular concentrations of ANTX vieigher in the
5% cultures than in the other two treatments omyestay of sampling, although the
difference was statistically significant only onyddl0 and 30. The mean percentages of total
toxin represented by the extracellular fractiongethfrom 2.98% to 46.8%. Two cultures
had higher concentrations of ANTX in the extradaliyphase compared to the intracellular
phase: one on days 10 and 20 and the other onGdd&ogh of these cultures were grown in
1% N medium.

ANTX cellular content ranged from 6 to 1683 g dyy weight with the highest
values corresponding to 30 days of culturing orléite exponential phase. Balkital.

(2010) reported a maximum ANTX content in CAWBGG2854 +273 pg- g fresh weight.
In this study, ANTX content (Fig. 4) was signifi¢hnhigher for the 5% N treatment
compared to the other 2 treatments on days 200P18) and 30 (P = 0.003). The 5% and
1% treatments were significantly different on d@yahd every treatment was significantly
different from one another by day 40. The highd$TX cellular content was measured in
the 5% N treatment on day 30 with a mean of 14GBl4ig- §. As with the total culture

concentrations, the 5% N and 1% N treatment haldenigNTX cell content than the batch
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cultures grown in 100% N with the 5% N treatmesutgng in the highest amounts except

at day 40, which corresponded to the onset ofostaty phase.
3.4 Discussion

Nitrogen clearly limited the biomass yield Aphanizomenon issatschenkoi in the
cultures as evidenced by lower dry weight concéiotma under the 1% and 5% relative to
100% N (Table 3.1). The growth rate was also redilcehe 1% cultures and, to a lesser
extent, in 5% cultures. Nitrogen deficiency wa®alsflected in several cellular constituents:
in particular lower chlorophyll a concentrationslaverall lower ratios of phycocyanin to
chlorophyll a. The phycobiliproteins, being nitrogéch accessory pigments, are typically
reduced relative to chlorophyll a under nitrogeesg in cyanobacteria (Turpin 1991). The
cellular carbon to nitrogen ratio was expectedde under nitrogen deficiency and this was
observed through time in each culture with the aggatios found in the 1% cultures.

When soluble inorganic nitrogen becomes limitinghie environment, many
cyanobacteria belonging to thiestocales, such ag\phanizomenon, are capable of fixing
atmospheric nitrogen to compensate for their néad$at specific nutrient. Hence, the
particulate organic nitrogen cell content shouldenbeen more or less constant throughout
the 40 days in all three treatments g fixation had occurred to compensate for nitrogen
limitation. On days 20 and 30, the C:N ratios wagmnificantly higher for cultures grown in
1% and 5% N compared to 100% N treatment. Thisestgghat nitrogen was still limiting
and that N fixation did not compensate for the N deficienggyticularly in the 1% N
treatment. In fact, heterocysts were not evidetthéncultures and were either non-existent or
too small. Regardless of the treatment, the paatielworganic nitrogen content of cells

observed in this study (Table 3.1) seemed relatikiglh when compared to the Redfield
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ratio (Redfield 1934). According to Redfield (193#)e elemental composition of organic
matter in the oceans, including phytoplanktonasstant when nutrients are not limited.
Redfield molar element ratio of carbon and nitro¢@nN) is 6.63 for all organic matter
present in nutrient abundant conditions. For examyan De Waadt al. (2009), for cultures
of Microcystis aeruginosa grown in chemostats where nitrogen and carbon netre
limiting factor, reported molar C: N ratios rangifigm 6.25 to 7.14. Cultures of
Aphanizomenon issatschenkoi in the present study, had overall lower C: N maoddios.
Nevertheless, higher ratios of C: N were clearlynia in the cultures grown in the lower
nitrogen media.

According to the carbon-nutrient balance hypothesitrients should be allocated to
the production of secondary metabolites once grasvéissured (Hamiltoat al. 2001). Since
cyanotoxins are considered secondary metabolitasy(iChael, 1992), their production
should therefore increase whenever the availalmfitgssential nutrients increases. A higher
production of anatoxin-a, an alkaloid that contanstrogen atom, was expected under
higher nitrogen availability. In this study, high@trogen concentrations corresponded to
higher growth rates (Table 3.1) of CAWBGO02 but twohigher total ANTX concentrations
(Fig. 3.4) In fact, the highest concentrations of total ANTXr& produced by cultures
grown in 5% N, while the lowest mean concentratiohtotal ANTX were found in the
100% N treatment; which contradicts the carboniaentibalance hypothesis. The same trend
was observed for ANTX cellular contents (Fig. 3bice the cultures grown in 5% N
produced the highest content and the 100% N tredtooeresponded to the lowest
measured. Cultures grown in 100% N had the higirestth rate, the highest biomass yield,
the highest levels of particulate organic nitroged the highest phy:chl-a ratios (Table 3.1)

yet, they produced the lowest concentrations — fttotal toxin (ig- L") and cellular
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content 1g-g). If ANTX is a type of defense compound then pitsduction might be a
mechanism that confers ecological advantage uogenutrient conditions which are
common in aquatic systems.

The mean extracellular to total toxin concentratiatios were always higher in 1% N
treatment than in the other two treatments. Stesditions in cyanobacteria can lead to
transient permeability changes of the cell membuyameh result in leakage (Potts and
Whitton 2000). However, the extracellular ANTX centrations presented in this study
might have been underestimated as ANTX is quitédaimder light and thus may degrade
rapidly once released into the medium (Stevenskaiedjer 1988). Hence, this must be taken
into consideration in regards to the extracell BT X concentrations presented.

This study suggests that toxin production mayighdr when cyanobacterial cells
are under moderate nutrient stress. Recently, Kygm@011) reported th&tostoc produced
higher levels of microcystin cell contents undeess$ conditions - particularly under low
phosphorous (P-PQand low light irradiance — even though growtlesatvere reduced up to
>100-fold compared to the control. As a result,nogstin contents per cell were negatively
correlated to P-Pfand irradiance. However, the relationship betwtbemet production
rates of the toxin and the daily cell division vetifl highly significant. Even iNostoc
produced higher levels of microcystin per cell wiggown under stress conditions, the total
toxin production was still lower than when growrdenoptimal conditions. In contrast, in
this study, both cellular and total ANTX concentras inA. issatschenkoi were higher in
cultures grown at intermediate N concentrationsnilgrly, Rapalaet al. (1993) had
observed that ANTX cellular contents were highefphanizomenon flos-aquae and
Anabaena flos-aquae grown in nitrogen-free media as opposed to nitneigeh control

media. However, ANTX cellular mean concentratiaoms@AWBGO02 grown in 100% and
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1% N media were both significantly lower than tbithe 5% N treatment in this study.
Stress conditions may increase ANTX cellular prdiduncto a certain point where
cyanobacterial cells are still capable of produc¢hegtoxin without compromising their
survival. Above this threshold however, overstrdssals cannot respond to what is needed
in order to produce more toxins. ANTX cellular meamcentrations for 1% N were higher
than for cultures grown in 100% N, but the diffezenvas not significant. Based on the
cellular consituents, cultures grown in 1% N wdeady more stressed compared to the
other two treatments and the 1% may have beentgagimiting for toxin production.

The results presented in this study suggest th&DAproduction may increase, to a
certain extent, i\ issatschenkoi grown under nitrogen limited conditions. Accordiioghe
carbon-nutrient balance hypothesis, the oppositddvoe expected. However, growth rates
were different for all three treatments, and grovette variation might have had an effect on
the final ANTX concentrations observedAnissatschenkoi. Hence, it is not known if
nitrogen limitation is the only factor that contitied to the increase in ANTX
concentrations. Using a different culturing teclugdi.e., chemostats) to simultaneously
control nitrogen availability and growth rates ntigpelp further explain the influence of

nitrogen on ANTX production.
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Table 3.1 Average growth rate based on optical density ghari+ standard error), carbon to nitrogen (C: M)amratios and yield as

weight biomass (mg/ml) fokphanizomenon issatschenkoi grown in different nitrogen concentrations (shagbo of full strength

BG11 media). Within the same column (parameten)eskith different letters are significantly diféet from each other as

determined by a one way ANOVA and Tukey’s post-paitwise comparisons (n=3), p <0.05).

Growth
Treatment rate Time (days)
Nitrogen  (d) 10 20 40
C:N Biomass C:N Biomass C:N Biomass C:N Biesna
0.07 0.96 0.098 1.56 0.134 2.59 0.157 2.92 0.220
100% N (0.009)a (0.22)a (0.002)a (0.07)a (0.005)a  (0.08)a  (0.005)a (0.3)a (0.015)a
0.05 4.04 0.041 4.63 0.060 5.16 0.080 5.17 0.135
5% (0.002)ab (1.49)a (0.005)b (0.1)b  (0.005)b (0.1)b (0.004)b  (0.05)b  (0.003)b
0.03 2.79 0.049 5.00 0.061 6.01 0.092 5.49 0.093
1% (0.042)b (0.75)a (0.008)b (0.36)b (0.002)b  (0.49)b  (0.001)b (1.00)b (0.007)b
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Figure 3.1: Trichome of the cyanobacteriuiphani zomenon issatschenkoi (Live material

under phase contrast 630X).
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Figure 3.2: Batch culture growth oAphanizomenon issatschenkoi in 100% (circles, n=3),
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and 1% (n=3) nitrogen-rich media. The error baesstandard errors of mean.

55



2000

[EnY

a1

o

o
1

1000 -

500 ~

ANTX cellular content (ug/qg)
o

5 10 15 20 25 30 35 40 45
Time (days)

Figure 3.5: Anatoxin-a cellular content (Lg/g dry weight)Aghanizomenon issatschenkoi
grown in 100% (circles), 5% (squares) and 1% (gies) nitrogen-rich media. The error bars

are standard errors of mean (n=3).

56



Chapter 4: Use of steady-state fugacity based-modeio
determine the fate of cyanobacterial freshwater newtoxin
anatoxin-a



4.1 Introduction

In general, the fate of algal toxins in aquatigiesnments is not well understood,
despite the ecosystem and human health risk t@xiss. The cyanotoxin anatoxin-a
(ANTX) is a potent neurotoxin produced by severigra, such asnabaena,
Aphanizomenon, Microcystis and Planktothrix, and found in freshwaters worldwide
(Osswaldet al. 2007). However, at least in North America, ANT>)és®s less prevalent than
the more commonly encountered microcystins (Hedehah 2008). ANTX is an alkaloid,
produced intracellularly, that can pass throughcélewall due to its small molecular weight
(165.26 g/mole, Lewis 2000). Guidelines for ANTXpexist in Australia and New Zealand
and as of yet have not been developed elsewherm ghaet to the lack of a standardized
extraction and analytical methods. As a consequéheee has been little ANTX monitoring
and even less fate determination in freshwaterngenss.

Under natural conditions, ANTX breaks down into tman-toxic products (Fig. 4.1):
the alkaloid dihydroanatoxin-a and anatoxin-a epexXiSmith and Lewis 1987, Haraelaal.
1993). The four main routes of degradation of thk@gound in water are: dilution,
adsorption, photolysis and non-photochemical bioadation (i.e., microbial) (Stevens and
Krieger 1991). Along with volatilization, dispersipand adsportion, dilution is an important
natural attenuation mechanism labeled as non-agsteuhttp://toxics.usgs.gov). ANTX
being highly soluble in water, dilution should bmnsidered as a significant degradation
route.

ANTX adsorption to sediments taken from four diéfiet lakes was reported to range
from 50 to 82 pg of ANTX per ml of sediment by Rigpat al. (1994). It was also recently

suggested that the sorption mechanism of ANTX ¢tnsent is mainly controlled by clay
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and, to a lesser extent, organic carbon througbrcakchange mechanism. Klitzkeal.
(2001) investigated the sorption of ANTX to fouffdient sediment textures: clayey,
moderately organic, sandy and silty. Values rarfged 47 to 656 pg of ANTX per kof
dry sedimentvith the highest sorption strength correspondingag-rich and the lowest to
sandy sediments.

Photolysis of ANTX in sunlight appears to be degaricon both pH and light
intensity and is independant of oxygen (Stevenskarefer 1991). The ANTX half-life can
be several days in the absence of light as opposadew hours in the presence of sunlight.
Furthermore, the lower the pH the greater the ktybf ANTX. Photolysis does not occur
at pH 2, even under high light intensity (Stevend Krieger 1991). High pH values
however, cause ANTX to degrade readily (Jastest. 1998).

With respect to the fourth pathway of degradatioitro-organisms can also degrade
ANTX, including bacteria naturally occurring in kek (Kivirantaet al. 1991, Rapalat al.
1994). Kivirantaet al. (1991) reported thatRseudomonas sp.broke down ANTX at a rate
of 2 to 10ug/ml per day.

These above results are based on laboratory exgaisrand thus cannot fully
represent or predict the fate of ANTX once it ieased in aquatic ecosystems. From a
theoretical stand point, mass balance models ntayas the behaviour and fate of
compounds in a specific ecosystem (i.e., closed@mwent, lake or a waste water treatment
plant). Along with environmental monitoring, theeusf mass balance models could lead to a
better understanding of the fate of ANTX. Fugadiased models are mass balance models
that, instead of being conventionnaly based orchignical’'s concentration in every
environmental compartment, are based on the piaoigfugacity (Mackayet al. 2001). The

concept of fugacity was first introduced by G.Nwigin 1901 as a criterion of equilibrium.
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It is similar to chemical potential but is not posflonal to concentration (Webstetral.
2005) Fugacity-based models include four diffetenéls

The first model (Level 1), simulates the behaviotia chemical compound in a
closed environment (Mackay al. 2001). The compound will partition from one phése
another, depending on its physicochemical propertietil the equilibrium is reached. In
such a model, each phase possesses the sameyfugeahing that the fate of the
compound is based on its physicochemical propesiigsand not the capacity of a certain
phase to “accept” (or not) the chemical in questiievel | fugacity-based model is meant
to provide a general idea of the phase a chemasahlpreference for.

The second model (Level 1l) differs from the finstthe way that the chemical is
introduced into the theoretical environment (Mackbagl. 2001). Instead of a fixed quantity
introduced once at the same time, the model siesiatconstant inflow of chemical into a
closed environment. Additionnally, the processedegfradation and advection are taken into
account. A chemical reaction is calculated fordegradation rate of the compound based on
its half-life relative to each phase. With respgecadvection, the model calculates how much
of the chemical exits the modelled environment wueechanical forces (i.e., wind transport
and/or water currents) set by the user. Equilibrisi@ttained as soon as the rate of chemical
entering the environment equals the quantity ofctimical exiting it. Such model enables a
better understanding of the fate of the chemicaktan its physicochemical properties.

As opposed to the first two models, the Levehibddel takes into account the
fugacity capacity of each compartment. Since tier® equilibrium in between phases, a
new concept is introduced: the interphase tranaport Although this model incorporates
the degradation concept and interphase transpmriatiis not considered to be dynamic

(Websteret al. 2005). A dynamic model would allow the simulatwira non steady-state
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flow of chemical in the environment. Such a modlel Level 1V) does exist but is not
covered in this chapter. All three models describleolve are considered to be steady-state
models where every variable remains constant thrdoinge (Websteet al. 2005).

This study included three objectives: 1) to defifeat would be the partitioning
behaviour of ANTX in a closed aquatic environmé)tto determine the impact of photolyis
and microbial biodegradation on the persitence MTX in an aquatic environment, 3) to
predict interphase transportation when a constdlow of ANTX is limited to water

exclusively.

4.2 Material and Methods

Anatoxin-a parameters and half-life values

A scientific literature research was performedider to compile different values,
either measured or estimated, for the physicochemitaracteristics of ANTX. The
Environmental Protecton Agency’s (EPA) Office oflBtion Prevention Toxics and
Syracuse Research Corporation (SRC), developedtimmation Program Interface Suite
(EPI Suité"). The EPI Suit® is a Window§-based suite of physicochemical parameters
and environmental fate estimation programs thdudes several individual models
responsible for the estimation of different parame{www.epa.gov). The logarithm of the
octanol water partition coefficient (Logk) was estimated using the model KOWWIN
v1.67. The vapour pressure and melting point paiermevere both estimated with the
MPBPWIN v1.42 model. Water solubility was estimateith WSKOW v1.41 using the

LogKow estimation value provided by KOWWIN v1.67.
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The ACD/PhysChem suite is software developed bipA@bs for the prediction of
physicochemical properties of chemicals (www.acslletim). The LogK., vapour pressure
and water solubility were estimated based on th@ANolecular weight. The water
solubility for ANTX was predicted at different pHales ranging from <6 to 9 using the
model ACD/Labs Software v8.14.

Half-life values for ANTX in water found in thetéirature were compiled. First,
considering biodegradation and adsorption as the degradation routes, Smith and Sutton
(1993) measured the half-life of ANTX in reserveiater containing bed sediment.
Reservoir water samples were spiked with ANTX #edent pH values. Solid phase
extraction followed by HPLC-UV was used for anaty?@ANTX’s half-life in the presence of
sediments was also measured by Ragiadh 1994. ANTX was incubated in vials with non-
sterilized sediments from four different lakes oa&t2-day period in the dark. The
concentration of ANTX was determined with an HPL@-WBoth half-life values were used
to predict ANTX'’s persistence without any photodetation.

The impact of photolysis on ANTX stability was estigated by Stevens and
Krieger (1991) who measured the half-life of ANTiXdistilled water at different pH values
ranging from 2 to 12. ANTX was quantified using NNRalysis.

With respect to atmospheric degradation, the lifaliaf ANTX was estimated
based on the reaction with photochemically-produgattoxyl radicals using AopWin v1.92
(Toxnet). Half-life values for ANTX in the soil arsdiment were estimated by the Syracuse

Research Corporation (SRC) and available on thenSpigler website.

Smulations
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Fugacity-based models were obtained though ther€&mt Environment Modelling
and Chemistry (CEMC), on Trent University’s website
(http://lwww.trentu.ca/academic/aminss/envmodel/wele.html). The EPI Suité predicted
vapour pressure; melting point and Logkparameters for ANTX remained the same and
were used for every simulation, considering a taatpee of 25° C. ANTX’s fate in a closed
environment was simulated using a Level | modekatering the following pH values: 6, 7,
8 and 9. The predicted ACD/PhysChem suite waterbdlily values for ANTX respective to
the simulated pH values were used. An EQC stanelarsfonment (Table 4.1) was used for
all simulations. The emission source of ANTX wasitaarily set to 20,000 Kg, which
corresponds to a maximum concentration in watdr gbb. Accumulation in water, air, soil,
sediment and biota (fish) were measured. A lipaidain fish of 0.05 g-§gwas employed.

A Level Il simulation was performed using the #hifferent half-life values
measured for ANTX in water at pH 9 (Stevens aneger 1991, Smith and Sutton 1993,
Rapalaet al. 1994). Residence times were predicted and comparedl values considering
the following toxin elimination routes: adsorptidnpdegradation and photolysis. To reflect
toxin dilution, advective flow residence times wegt to the following values: 100, 1000
and 50,000 hours for air, water and sediment (Buriespectively. The emission flow rate
was set to 200,000 kg per hour. The same simulati@re undertaken using a Level i
model to consider interphase transportation. A®epg to the other simulations, the
chemical emission rate inflow of ANTX was limiteal water exclusively as it is the natural

source of production.
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4.3 Results and Discussion

ANTX Parameters and half-life values

Based on the EPI Sulté prediction of physicochemical parameters, ANTX has
LogKow of 1.12, which is in the range of hydrophilic cheais. The estimated vapour
pressure at a temperature of 25° C, and the mgdoing for ANTX were 0.00581 mmHg
and 61.26° C, respectively. Different values far &stimation of the water solubility of
ANTX were obtained. The EPI Sufté (WSKOW v1.41) predicted a value of 72.6 g:L
According to the ACD/PhysChem, estimated waterlstty values for ANTX fluctuated
depending on the pH. For pH values of 6 and beleater solubility was estimated at 1000
g-L* whereas 960 g-1, was estimated for pH 7. At pH 8 and 9, water Isitity decreased
to 120 g-[*and 16 g: [* respectively.

With respect to ANTX half-life values, Smith andt®n (1993) measured a half-life
of 120 hours (5 days) for ANTX incubated in resérveater with bed-sediment at a pH of 9.
Rapalaet al. (1994) reported that up to 48 % of ANTX was degcd/hen incubated in the
dark with non-sterilized lake sediment for 22 ddysgradation in both studies was
attributed to biodegration (i.e., microorganismsjl aediment adsorption.

Photolysis was investigated by Stevens and Kri¢€t291) who measured a half-life
of 1 to 2 hours for ANTX in the presence of suntighthough irradiance levels were not
specifically measured. The half-life was measutgaHa8-9, which is expected in
cyanobacterial blooms in most northern temperateateé The EPI Suif&' estimations for
ANTX’s half-life in the air, water, soil and sedimewere 1.1, 360, 720 and 3240, hours

respectively.
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Smulations

In the closed environment simulation (Level 1),®86 of the total mass of ANTX
migrated to the water compartment (Fig 4.2). Regasdof the mass value simulated, the
final total mass percentages of ANTX migrating atle environmental compartment
remained identical. Anatoxin-a is extremely watduble due to its low Logky. The
partitioning behaviour of ANTX was not impacteddyghange in water solubility estimated
at pH values ranging from 6 to 9. A decrease irewsolubility, from 960 to 16 g-1, lead to
a negligeable transfer of only 0.1 % of the totaksiof ANTX from water to the air
compartment. This suggests that even at lower vgalebility corresponding to a pH of 9,
ANTX’s affinity for the water phase is higher thtrat for any other compartment.

With respect to ANTX accumulation in fish lipidsconcentration of 0.651 ng* of
ANTX was calculated in fish in contrast to a corteation in water of 988 ng-'g This
suggests a low bioconcentration factor with a déifee in ANTX concentration of more
than 1500 fold between water and fish. The low maitéo water partition coefficient
(LogKow) is responsible for such results. ANTX being hyahidic, it is less likely to
accumulate in lipids. However, the bioaccumulatiofish presented above may be
significantly underestimated due to the fact thdiedary route was not considered.

When taking into consideration degradation (Lél)eB9.3 % of the total ANTX was
found in the water phase at equilibrium for alketlihalf-life values simulated (Fig. 4.3). The
percentage of total ANTX in water is slightly higtiean that predicted in a closed
environment simulation (level ). This is due te tANTX half-life in the air being lower
than that predicted in any other compartment, ohiclg water. Since ANTX degrades more

rapidly in the air, more accumulation may occuwater before the equilibrium between all
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environmental compartments is reached. No diffexemas observed between all three
ANTX water solubility values corresponding to pH87and 9.

The chemical residence times predicted in an EQ@@ment ranged from 2.9 to
430 hours. The lowest value was obtained using ANTlf-life in water measured by
Stevens and Krieger (1991) during photolysis. AN$Xabile under sunlight and degrades
rapidly thus, it is not expected to be very peesisin natural environments. However, light
irradiance is negatively correlated with depth iake; hence, ANTX may reside for a longer
period of time in deeper and darker waters. Baseldoth Sutton and Smith (1993) and
Rapalaet al. 1994 measured half-life values, the predicted ebalmesidence times of
ANTX exposed to sediment micro-organisms variednftz48 hours to 430 hours,
respectively. Rapalet al. (1994) observed that ANTX's degradation rate wismnt when
incubated with sediment from different lakes. Tuggests that certain populations of
sediment micro-organisms can degrade ANTX moredtgphan others and might explain
the difference in ANTX half-life values in watemp@rted by Smith and Sutton (1993) and
Rapalaet al. (1994).

When considering an emission rate of ANTX direatiyp water only (Level I11), 100
% of the total ANTX remained in the water phase.iNerphase transportation occurred,
even at the lower water solubility value of 16 §: The combination of ANTX’s high water
solubility and low vapour pressure is responsibletlie absence of volatilization. No
sedimentation was predicted either, due to the wigter solubility of ANTX.

Steady-state mass balance models, like the omesimishis chapter, may help to
assess the partitioning behaviour of ANTX and éssfstence, but only with state variables
that are constant through time. ANTX’s fate is defsnt on parameters that are naturally

changing through time and space (e.g. . light iamack). Using a dynamic model (Level 1V)
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would thus be more appropriate for predicting tharotoxin’s fate but would also present a
greater challenge. The rate at which ANTX is redelafsom the cyanobacteria remains
unknown but could be measured experimentally &t leader laboratory conditions.
Additionally, measuring ANTX’s half-life instead oking estimations would allow a better
representation of the toxin’s stability in the eoviment. More experimental data, combined
with the use of mass-balance models, would thezd&ad to a better understanding of

ANTX’s environmental fate.
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Table 4. 1 :Environmental properties of the EQC (standard emwirent) used in the

fugacity-based models simulations.

Environmental Properties

\Volumes (nT) Densities (kg-m)
Air le+14 Air 1.185
Aerosol 2000 Aerosol 2000
Water 2e+11 Water 1000
Suspended particles le+¢ Suspended patrticles 1500
Fish 2e+5 Fish 1000
Soil 9e+9 Soil 1500
Sediment le+8 Sediment 1280

Organic Carbon (g-g")

Lipid Fraction (fish)  0.05 Suspended Particles 2 0.

Sediment 0.04 Soil 0.02



Table 4. 2 :Half-life values (hours) estimated and measured\fdir X. Values measured by
Smith and Sutton (1993) and Rapetial. (1994) correspond to ANTX incubated with non-
sterilized sediments in the dark at pH 9. Value suead by Stevens and Krieger (1991)

correspond to ANTX exposed to sunlight at pH 8-9.

Phases

Water Air Sediments Soil

EPI Suité" 360 1.1 3240 720
Smith and Sutton (1993) 120 - - -
Rapalaet al. (1994) 528 - - -

Stevens and Krieger (1991) 2 - - -
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Figure 4. 1 :Non-toxic degradation products of ANTX A) A-dihydnoatoxin-a and B) B-

epoxyanatoxin-a taken (Osswald et al. 2007).
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LEVEL | AIR

! 5,32 kg
(2,66E-03%) -+~ AEROSOLS
o 3,61e-04 kg
(1,80E-07%)
SUSPENDED
WATER SEDIMENTS
1,6 kg
SoiL (8,01E-04%)
1,98E+05 kg
2307 kg (98,8%)
1,159
(1.15%) H >  FISH
0,130 kg
(6,51E-05%)
Fugacity = 7,97E-04 uPa SEDIMENTS
Total Mass = 2,00E+05 kg
51,3 kg Legend
(0,0256%) Equlibrium

Figure 4. 2: Fugacity-based model (level I) simulation of an €1@n of 200,000 kg of
ANTX in an EQC environment. The model used (Vers3dd) was obtained from the

CEMC, Trent University, Peterborough.



LEVEL Il AIR

791 kg Legend
‘ (2,67E-03%) Equlibrium

Advection = 7,90 kg/h
Reaction = 498 kg/h

WATER
(99,3%)

2’1(;"5;23 kg Advection = 29389 kg/h
(0,724%) Reaction = 1,70E+05 kg/h

=) |

Reaction = 206 kg/h

Fugacity = 0,119 uPa SEDIMENTS
Total Mass = 2,00E+07 kg 4066 kg
(0,0137%)

Chemical Residence Time | Aqvection = 4066 kg/h

Total = 146 h ton *
Reaction = 174 h Reaction = 0,870 kg/h

Advection = 1007 h

Figure 4. 3 :Fugacity-based model (level 1) simulation of anigsion of 200,000 kg of
ANTX in an EQC environment using a half-life in wabf 120 hours. The model used

(Version 3.0) was obtained from the CEMC, Trentvénsity, Peterborough.



Chapter 5: General Conclusion



Claimsto originality

In this research, a common extraction and analytieghod for anatoxin-a (ANTX) and
microcystins (MCs) was successfully developed tdifate a more rapid detection of
potentially toxic blooms. The extraction method wadified from the one proposed by
Aranda-Rodrigueet al. (2005). Different parameter values were testdthfiyove the
extraction efficiency and formic acid was usedawér the pH and stabilize ANTX in the
extraction process. In order to obtain an origaralytical method, an enhanced scan was
performed for each analyte and selective MRM titaonss (2 transitions for each molecule)
were acquired for proper identification. Differenbbile phases, with different additives,
were tested to obtain the best chromatographiaagpa possible. The extraction efficiency
obtained for MCs in this new method was compartabtéat reported for previous protocols
(Aranda-Rodriguest al. 2005). For ANTX, the extraction efficiency was quemable to that
reported by Aranda-Rodriguetzal. (2005). However, the analytical method presented i
this study is unigue in that it can simulteanowsiglyse five variants of microcystin,

nodularin, ANTX and phenylalanine using a quadreddC-MS/MS.

The factors regulating the production of ANTX bpanoobacteria are not well
understood. Since ANTX, like other cyanotoxins, haknown function in primary
metabolism, the assumption has been that it is@nskary metabolite. As a result anatoxin
production should be a function of resource avditgbwith maximum production arising
under high resource conditions. However, in batdtuce experiments where the dissolved
inorganic nitrogen concentrations were varied,pfugluction of ANTX inAphanizomenon

issatchenkoi (a nitrogen fixing species of Nostocales) was ot faghest under intermediate

N supply.
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These results are in contrast to those of Ragala (1993) who investigated ANTX
concentrations in other cyanobacteAal{anizomenon flos-aquae andAnabaena flos-aquae)
in relation to the availability of soluble nitrogddowever, a recent study by Kurmayer
(2011) similarly found that the production of micystins inNostoc sp. was highest at
intermediate levels of phosphorus stress. BottKtirenayer study and the present results for
ANTX are not consistent with current theories afaerce allocation and secondary
metabolite production.

The fate of ANTX in the environment has not beerestigated to date in the
scientific literature. By using fugacity-based misd@lackay 2001), the partitionning and
the fate of dissolved ANTX was investigated basedwailable (albeit limited)
physicochemical characteristics of ANTX and repafta the first time in this thesis.
Various simulations showed that, at equilibrium renthan 98% of ANTX patrtitions into
water as opposed to other phases. A similar gartiiehaviour, as well as minimal
interphase transportation, was observed when tecity capacity for each phase was
considered. ANTX is not likely to persist or bicamulate in food chains, at least in

comparison to some other cyanotoxins such as nystins.

Future research directions

With respect to the analytical method describetthis thesis, the recovery values
obtained were less satisfying for ANTX than for M€ variants. Adsorption to
Hydromatrix might have been responsible for sonss taf analyte in the extraction process
and should be examined more closely. Furthermad&)Ais extremely unstable under
normal conditions and degradation might have oecluduring sample preparation despite

the acidification of the extracts. More work shob&lundertaken on the extraction process
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and sample preparation in order to attain higheovery values for ANTX. In addition, to
further validate the method, a wider range of sanypes needs to be tested including, most
importantly, environmental samples from cyanobaatétooms.

Growing cyanobacteria in batch cultures was a Emay to simulate an algal
bloom. However, it was observed that the growtagatere different between nitrogen
treatments. Hence, differences obtained in ANTXdpmion among treatments might not be
attributable to nitrogen supply exclusively, asastfactors could be contributing to
physiological changes under batch growth (e.g.ngimg light levels, accumulation of other
cell products). It would be worthwhile to repeatdk experiments with chemostats that
would enable control of the growth rate while vagythe nitrogen supply.

The partitioning and fate of dissolved ANTX indhevater ecosystems was
investigated using steady-state fugacity-based feoHewever, since most of the
physicochemical parameters were estimated, morerexental data are needed to better
represent the actual behaviour of ANTX in the emvinent. In particular, the rate at which
ANTX is released from cyanobacterial cells is stitknown and is required to determine the
toxin’s environmental fate. In addition, bioaccuatidn in fish through the dietary route
should also be considered in future work. This wallow for a more complete

understanding of the fate of both dissolved anti@date ANTX in aquatic environments.
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Appendices

Table A.1: Composition of BG11 medium obtained from Ander2605.

Chemicals Concentration (mg-1t)
calcium chloride dihydrate 36.7

citric acid 5.6
dipotassium hydrogen phosphate 31.4
disodium magnesium EDTA 1

ferric ammonium citrate 6
magnesium sulfate 36

sodium carbonate 20

sodium nitrate 1500
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