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Abstract

Recent research has shown that toxic cyanobacteria are more widespread in New Zealand
water bodies than previously thoughHowever, that work hagargely focused on
planktonic species. Toxin production associated with benthic cyanobacteria is diedg wi
understood despite benthioatforming cyanobacteria being prevalent throughout New
Zealand rivers. Little is known on species responsible for toxin production, their
distribution, frequency and factors triggering toxin productibims study isdivided irto

two phases; (1) a phylogeographic study of benthic cyanobmdtem multiple rivers

across Mw Zealand and (2)nan-depth study of spatial and temporal variabibfytoxic

benthic cyanobacteria in two rivers.

Benthic cyanobacterial mats were collected from 22 different waterbodies around New
Zealand between January 2005 and December 2008 and their anatoxin content determined
using liquid chromatographyass specbmetry Thirty seven isolatewere obtained from

these samples and a polyphasicprapch was used to identify them Liquid
chromatographynass spectrometry and targete€R were used to determine if the

isolates were producing anatoxins and microcystins.

Phormidium autumnalevas the dominant cyanobacteriumithin the isolates, although
molecular and morphological data indicated the existence of multiple stvdaha this
species. Two isolatesf Ph. autumnalgroduced anatoxt#a andformed their own @de
based on partial 16S rRNA genegencesThese data indicate that bentRic. autumnale
mats are composed ofultiple morphospecies arehdoxin production is degndant on the
presence of anatoxiproducing genotypesMicrocystin production was confired in a
potentially novel isolateclosely related t®lanktothrixspp. This species was responsible
for thedeath of a dog in the Waitakver (South Island, New Zealand).

Cyanobacterial abundance, diversity and toxin produatiere monitored fortnighy in an
in-depth study of the Hutt and Wainuiomata rivers (Wellington, New Zealamdj,a 12
month period Environmental parameters weo®rrelated with cyanobacterial abundance
and andoxin production ateight locationsalong the rives to elucidatepossible causal

factors



Cyanobacterial proliferations and associated anatoxin production were spatially and
temporally variable acrossght different sampling site®&oth river flow and temperature

had a significan effect on cyanobacterial abundanceulfiple physicochemicafactors
including nutrients and periphyton growth appear to be interacting to influence
cyanobacterial abundanceThe presence and concentration of anatexinand
homoanatoxira and their degradation products dihydratoxina and dihydro-
homoanatoxira were also highly variable across all sites and over tiAmatoxin

concentration did not correlate with aplyysicochemicabarameters.

The results of this study have demonstrated that the prevalence of freshwater cyanotoxin
producing benthic cyanobacteria is widespread in New Zealand and that toxin
concentration issariable and unpredictabl@his research will assistater managers
addressing thecomplex management issuesssociated with benthic cyanobacterial

proliferations
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Chapter 1: Introduction

In many parts of the world cyanobacterial blooms have been recognised for the
potential risk they pose to animal and human hd@ltiorus and Bartrum 1999)hese

risks havebeen traditionally associated with planktonic cyanobacterial blooms that
occur in still or slow flowing watebodies, highlighted by the fatal intoxication by
microcystin of 50 dialysis patients in Caruaru, Bréaevedoet al.2002) As a result

of such tragedies, significant scientific investigation and attention teas devoted to
research on planktonic cyanobacteria. In contrast there have been very few studies on
benthic mafforming cyanobacteria, despite being linked to dog and stock deaths
worldwide (Edwardset al. 1992;Mez et al. 1997; Hamill 2001; Guggest al.2005)

Cyanobacteria are photosynthetic prokaryotic organisms that form an integral part of
many aquatic ecosystems. These organisms produce a variety of secondary metabolites;
the most common of these metated are the cyanotoxins. Although the natural
function of cyanotoxins is unclear, they are very hazardous to terrestrial mammals. The
mechanisms of toxicity for cyanotoxins are very diverse, ranging froratdtegicity

and neurotoxicity to dermatotoxicityPlanktonic cyanobacteria occur commonly in
natural environments, however, without anthropogenic influences, cyanobacteria
blooms and their associated cyanotoxin production is rare. Increasing eutrophication of
freshwater ecosystems hasuked in a markd increase iplanktonic cyanobacteria
blooms.

The diversity andgrowth of cyanobacteria and the formation of blooms are influenced
by a variety of physical, chemical and biological factdnsplanktonic cyanobacteria
these variables have been exteelivinvestigatedOliver and Gnaf 2000)This ha&
resulted in models that can predict phytoplankton dynamics, cyanobacterial bloom
formation and the effect of remedial actions (e.g.DYRESM
http://lwww.cwr.uwa.edu.au/services/models.php?mdidkRaddition, there have been
many studies investigating ayatoxin regulation in different planktonic cyanobacteria.
For examplestudes byRapalaet al. (1993) and Rapala and Sivonen (1998) showed
thatin Anabaena sppanatoxina concentration increases up to seven fold when grown

at optimal temperaturder growth.

In the last decadebenthic cyanobacteria, traditionally regarded as innocuous, have

beenshown to baesponsible for numerous animal poisosimgridwide (Mez et al.
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1997; Bakeet al.2001; Hamill 2001; Guggeat al. 2005; Izaguirreet al. 2007). Toxic
benthic cyanobacteria proliferations are becoming more prevalent. This represents a
very serious animal and human health risk and unlike their planktonic counterparts
benthic cyanobacteria have received little scientific attention. The physheahical
and biotic factors contributing to benthic mat proliferation and toxgulegion are
unknown. h most instances there is a very poor understanding of species diversity and

their toxin producing capabilities.

The first documented case ahimal poisoning from benthic cyanobacteria in New
Zealand was in Southland on the MataRraer 1998 where six dogs were reported to
have died from suspected anatoxin poisorfidgmill 2001) Since these first reported
deaths, numerous dog deaths have been reported from all over New Zétdanilil

2001; Woodet al. 2007b) Wood et al. (2007) confirmed anatoxia and home
anatoxina as the toxins responsible for five dog deaths on the Riwgtr in 2005. In

New Zealand, there adearly gaps innformation on recent distributions and species
composition of benthic mafforming cyanobacteria, the variant@nd levels of
cyanotoxins present ithese matsnd changes in eyotoxin levels over timd.ittle is

known of the physicochemical parameters auributing to cyanobacterial mat
proliferations and associated toxin production. This study has begun to investigate
some of these gaps in the scientific knowledge and has provided important data for
future research. In addition, it is anticipated that present study will provide
information that will be useful to water managers, such as local authorities, drinking
water plant managers and to government agencies. Results and coschasien
already been incorporated into the national guidelines fortoramg cyanobacteria in

New ZealandMinistry for the Environment and Ministry of Health, 2008stament

to the importance of this research.

During the present stugdgyanobacterial mats were obtained from multiple freshwater
bodies throughout New Zeald (refer to Appendix 1 for photgraphs of algae,
including benthic cyanobacteriaampled/observed duringyis study) Cyanobacterial
species and the levels and types of cyanotoxins in the samples were identified. An in
depth case study of the Hutt and Waomatarivers investigated the spatial and
temporal variation in cyanobacterial mat coverage and anatoxin production in concert

with physicochemicglarameters.
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This thesis is divided into two main sectionand these are presented as manuscripts

for submission to research journals:

1. Polyphasic assessmeand cyanotoxin production abilityf freshwater benthic
mat forming cyanobacteria in New Zealgi@hapter 2).
2. Spatial and temporal variability irPhormidium abundance and anatoxin

production in the HutRiver and Wainuiomat&iver, New ZealandChapter 3).

Chapter 2 reports on a polyphasic examination of proliferating benthic cyanobacteria
species diversityin mats isolatedNew Zealand rivers and their toxin producing

capabilities. It responds to thellbwing objectives:

1 To determine which species are responsible for benthic cyanobacterial
proliferations in New Zealand rivers and how these vary genetically and
morphologically.

1 To establish which species are producing cyanotoxins, typas and
variarts of cyanotoxins are being produced and their relative

concentrations.

Chapter 3 is a case study of the Hutt and Wainuiomea&as and examines benthic
cyanobacterial proliferations and anatoxin concentrations over time at eight sites across

two catchmats. It responds to the following objectives:

1 To assess the spatial and temporal distribution of benthic cyanobacterial
mat coverage and anatoxin production.

1 To assesswhich physicochemicgarametersleading to increases in
cyanobacterial mat coverage amthtoxin concentrations.

1 To assess the ability of predictive models to ascertain the presence or
absence of benthic cyanobacteria.

The investigations undertaken to meet these objectives have produced valuable findings
that add considerably to the currdatowledge of benthic cyanobacteria both in New
Zealand and worldwide. This work importantly, has developed a baseline dataset for

future research.
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Polyphasic assessment abxic and nontoxic freshwater benthic
mat forming cyanobacteria in New Zealand
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2.1 Abstract:
Mat-forming benthic cyanobacteria are widespread throughout New Zealand rivers and

have been increasingly linked to animal poisonidgglysis of benthienats from around
New Zealand has shown marked variations in the presence and quantities of cyanotoxins.
In this study potentially toxic benthic proliferations of nghacteria were collected from
22 rivers and lakes around New Zealandcteanvironmental sample was screened for
anatoxns using liquid chromatographmass spectrometry (L®IS). Thirty seven
cyanobacterial strains were isolated and cultured from the environmental safples
polyphasic approach was used to identify each isothts included genotypic analyses
(16S rRNA gene sequergieand morphological characterisatiokach culture was
analysed for anatoxins using {gS and screened for microcystin production potential
usingtargetedPCR with subsequentanfirmation undertake using LC-MS. Phormidium
autumnalewas found to be the dominant cyanobacterium in mat samples. Polyphasic
analyses revealed multiple morphospeeughin the Ph. autumnaleladeand highlighted

the difficulties of identifying Oscillatoriaceae members pedes level, based solely on
morphology or molecular data. Only om®rphological variantqomprising the two strains
CYN52 and 53) oPh. autumnalewas found to produce anatoxins. These strains formed
their own clade based on partial 16S rRNA gene saemsenThese data indicate that
benthicPh. autumnalenatsare canposed of humerous morphological variaats toxin
production is dependant on the presence of toxin producing genotypes. Micrd@ySkn (
3]deMe MGLR) production was confirmed in a culturédW25) of a potentially novel
cyanobacterium, closely related Réankibthrix spp. This species wdmked to the first
confirmed dog death from aicrocystinproducing benthic cyanobacterium in New
Zealand. No other cyanotoxins were identifiedthis investigation. Anumber of other
cyanobacteria were identified from tigeneraPhormidium, Oscillatoriaand Nostocand
from the family Pseudanabaenaceaecluding the first identification ofPh. murrayi

outside of Antarctica

Keyword: Benthic cyanobacterjaanatoxin, microcystin, Phormidium Phormidium

autumnale
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2.2Introduction
The first report of toxin productionn planktonic cyanobacteria was published in 1878

(Francis 1878)Since then, multiple incidents of animal and human poisonings have been
linked to planktonic cyanobacta and the toxins are now walharacterisegSivonen and

Jones 1999)In contrast there has been little information available on toxic benthic
cyanobacteria. However, over the past two decades, an increasing number of toxin
producing freshwatdsenthiccyanobacterigpecieshave beemlocumentedEdwardset al.

1992; Bakett al.2001; Guggeet al.2005; Mohamectt al. 2006; Fioreet al.2009) The
cyanotoxins produced by these nok@rganisms pose a serious threat to animal and human
health and have resulted in multiple animal poison{irtgmill 2001; Krienitzet al. 2003;
Guggeret al. 2005 CadelSix et al. 2007) In New Zealand, reports of dog poisonings
linked to benthic cyanobacteria have increased in the last 10 years. Since the first dog
fatalities were documented in 1998 (Hamil 2001), there have been more than 30 reported
deaths (Wod et al, 2007, Heath, unpubl. obsn.).

Globally, anatoxins (neurotoxins) and microcystins (leptoxins) are the two most
common cyanotoxins produced by benthic cyanobac{dtez et al. 1997; Sivonen and
Jones 1999; Caddix et al. 2007; Izaguirreet al. 2007; Woodet al. 2007). Anatoxins are
powerful neuromuscular blocking agenthat actthrough thenicotinic acetylcholine
receptor while microcystins inhibit protein phosphatases causing liver necrosis
(MacKintoshet al. 1990; Carmichael 199. Recently, benthic cyanobacteria that produce
cylindrospermopsins and saxitoxins have bielemtified (Carmichaget al. 1997; Seiferet

al. 2007. Saxitoxins are fast acting neurotoxins that inhibit nerve cormaubly blocking
sodium channelghese toxins are common in marine dinofléages where they are known

as paralytic shellfish poisons (PSPEdelmanet al. 1982) Cylindrospermopsinsare
potent inhibitors of protein and glutathione synthestsg on the liver and kidneyJerao

et al. 1994; Falconeket al. 1999) There have been no reported cases of animal togicosi
from benthic cyanobacteria producing saxitoxins and cylindrospermopBigsthic
Phormidiumand Oscillatoria species have most commonly been linked to cyanotoxin
production(Krienitz et al. 2003; Guggeket al.2005; CadelSix et al. 2007; Izaguirreet al.
2007; Woocet al.2007). However, cyanotoxins have also been found in benthic species of
Spirulina (microcystins and anatoxinslrischerella (microcystins) Lyngbya (saxtoxins

and cylindrospermopsins) Aphanothece (microcystins) and Nostoc (microcystins)

10
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(Carmichaekt al. 1997; Krienitzet al.2003; Daset al.2005; Seiferet al. 2007, Fioreet
al. 2009)

In New Zealandrivers, benthic matorming cyanobacteria afeund in a wide rangef
water quality conditions (Biggs and Kilroy, 2000he most common mdbrming genus

in New Zealand iPhormidium (Ministry for the Environment and Ministry for éhlth
2009). During optimal conditions Phormidium forms expansive black/browgreen
leathery mats over widareasof river substrateln the 2005/06 summer, Woaet al.
(2007) identified the causative cyanobacterium of multiple dog deaths in thé&kidatt
(Wellington, New Zealand) aBh. autumnale This organism is the only benthic species
known to produce anatoxia (ATX) and homoanatoxia (HTX) in New Zealand. Routine
testing ofPhormidiummats from around New Zealand has shown marked variations in the
presence of anatoxins, in the anatoxin variants producedorindtheir concentrations (S
Wood, pers. comm.)There is uncertainty as to whether this variability is due to the
presence of different species or strains within the mats and variations iralifigyr to
produce anatoxinsThe correct and early identification of cyanobacterigécses and
confirmation of thosepecieghatproduce toxins will provide guidance that can be used in
developing management and mitigation programmes aimed at protestingal and

human health.

In this study, 32 potentially toxic benthic proliferations of cyanobacteria were collected
from 22 rivers and lakes around New Zealand. Each environmental sample was screened
for anatoxins using liquid chromatography mass speawtry (LGMS). Individual isolates

from each sample were cultured and anatoxins analysed usiMS.E&Each culture was
screened for microcystin production potential using PCR and positive cultures were further
assessed using LMS. Isolates from the pureultures were identified where possible to

the species level using morphology and phylogenetic analyses. This study is the first to

describe the diversity and toxin production of benthic cyanobacteria in New Zealand

2.3 Materials and Methods

2.3.1Site description and sample collection
Between 2005 to 200®enthic cyanobactetianats werecollectedfrom 22 New Zealand

rivers and lakes experiencing cyanobactepiadliferations Sampling sites from which

11
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cyanobacteriabtrainswere successfully isolatedeashownin Figure 2.1Cyanobacteria
mats were predominantly found on rockgubstrate butwere also collectedfrom fine
substratg0.2-0.02mm) in the Whakatilei, Rangitaiki and Waitakrivers. Cyanobacterial
sampleswere collected by scrapingmat into derile plastic screvcap bottles (50 ml,
Biolab, New Zealand)All samples were placedn ice for transport. Onarrival at the
laboratory sampleswere frozen(-20 C) for later culturing and toxin analsis Sub-

sampls (10 ml)wereo r e s er ved lodineforgnorhhalapicdidénsification.

2.3.2Strain isolation and culture conditions
Frozen samples were thawed arydnobacterial strainsereisolated by streakg on solid

MLA medium (Bolch and Blackburn, 19960ne half of the Petri dish containirige
streaked material was covered in black PVC plastic. This assisted in isolating single
filaments as some benthic cyanobacteria are motile and move towards Aftgrt.
approximately 2 weeks when filaments had moved across the Petri disgesfimments

were isolated by micrpipetting and transferred to 2¢ell plates containing 500 ul MLA
medium per well.Filaments were washed repeatedly andubated under standard
conditions {00 = 20 pmol photonsn®.s®; 16:8hlight:dark; 18+ 1 °C, Contherm, 90

RHS, New Zealand)Cycloheximide(100 pg/ml) wasused in selected cultures to reduce
eukaryotic growth(Ferris and Hirsch 1991; Bolch and Blackburn 1996; Urmeati.

2003) Successfully isolatedlonal strains were maintained in 50 plhsticbottles (Biolab,

New Zealanjlunder the same conditians
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Figure 2.1, Source locations of successfidblated cyanobacterial strains.
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2.3.3Morphological identification
Subsamples of each cyanobacterial strgin stationary phase)ere identified by

microscopy (Zeiss Photomicrazpe |, Germany)Photomicrographsvere taken using a
digital camera (Canon Powershot S3IS) and further processed in Photoshop 7.0 (Adobe,
USA). Secies identifications were made primarily by referenceKmmarek and
Anagnostidis (2005) and McGregcGregor 2007,)Thirty microscope measurements of
vegetative cell lengths and widths were méateeach sample, and detailed observations of

phenotypic characteristics were noted for 15 filarmémeach sample.

2.3.4Molecular identification , isolation of DNA.
Subsamples(500 pl) from each culture wereentrifuged using an Eppendorf (USA)

micro-centrifuge (15 0003 g, 1 min) and the supernatarégmoved by sterile pipetting
DNA was extractedfrom the pelletsusing a PureLink! Geromic DNA kit (Invitrogen

CA, USA)according to the gram negative bacteria protocol supplied by the manufacturer.

2.3.5Polymerase Chain Reaction (PCR)
PCR amplifications of a segment of 16S rRNA gene were performed in 50 pl reaction

volumes containingdtween 100200 ng of DNA, 240 mM of each prim&7Fand809R,
Jungblut and Neilan 200%eneworks, Australia00 mM deoxynucleoside triphosphates
(Roche Diagnostics, New Zealand), 1U Platinum Taq DNA polymerase (Invitrogen, New
Zealand), 4 mM MgG (Invitrogen, New Zealand) and 0.6 mg of racetylated bovine
serum albumin (Sigma, New Zealand). Thermal cycling conditions were; 94 °C for 2 min
followed by 55 °C for 45 s, 50 °C for 30 s, 72 °C for 2 min, repeated for 30 cycles with a
final extension of 72C for 7 min. PCR was run on an Eppendorf Ma&ygler. PCR
products were visualised on a 1.5% agarose gel, purified using a High Pure PCR product
purification kit (Roche Diagnosticsdnd sequenced using the BigDye Terminator v3.1
Cycle Sequencing Kit (Apied Biosystems, USA)Sequences generated during this work

weredeposited in NCBI &nbank database (refer to Table 2.1 for accession numbers).

2.3.6Sequence alignment and phylogenetic analysis
All 16S rRNA genesequencesvere aligned using Clustal W MEGA 4 (Tamuraet al.

2007) Pairwise distances were calculated using the Jda#or method and pairwise

deletion used to account for sequence length variation or gaps. The phylogenetic tree was
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constructed using a neighbgoining algorithm (Saitou and Nei 187) and TamuraNei
distance estimate®ootstrap analyses of 1000 iterations were performed to identify the

node support for the consensus tree.

2.3.7Microcystin potential
To assess the microcystproducing potential of each culturenplification of a region of

themcyE genewas undertaken using the methodswhgblut and Rilan (2005) PCRwas
carried out as described above using HiePF and HEPR primergungblut and Neilan
2005) PCR products were visualised on a 1.5% agarose gel. Amplicons of the expected
length were purified and sequenceddivectionally as previously describeding the
HEPF and HEPR primers.irf§le sequence wadeposited in NCBI Genbank database

under accessionumberGQ451434

2.3.8Detection of anatoxins
Subsamples ofll cyanobacterial strains wehgophilized (FreeZone6, Labconco, USA).

Lyophilisedmateral (100 mg) was resuspended in 10 ml of double distilled water (DDW)
containing 0.1% formic acid and sonicated I@CBarmer 8890, BiolgkNZ) for 15 min
Samples were centrifuged at 400@ for 10 min The procedure was repeated a second
time using 5 ml W and the supernatants combined. Prior to undertaking all extractions
this procedure was optimised using 1 mg of lypholized material known to contain
anatoxins (HuttRiver, 06/01/08). A series of five extractions using 100% methanol and
DDW were undertadén. The optimum extraction was found to be two extractions using
DDW, which extracted over 85% of theailable anatoxins (Appendiy.2

All cyanobacterial stram were analysed fohTX, HTX and their degradation products
usingLC-MS. Anatoxins were separal by LC (Acquity UPLC, Waters Corp., MA) using

a 50" 1 mm Acquity BEHC18 (1.7 um) column (Waters Corp., MA)he nobile phase A
(water) and mobile phase B (acetonitrile) both containing 0.1% formicaaddvereused

at a flow of 0.3 ml/mift, isocrate for 1 min at 100 % A followed by a rapid gradient from
100 A to 50% A / 50% B over 2 mirinjection volume was 5 plfhe Quattro Premier
XE mass spectrometer (WatdvBcromass, Manchester) was operated in ESI+ mode with
capillary voltage0.5 kV, desolviion gas 900 I/f, 400°C, cone gas 200 Ithand cone

voltage 25 V.Quantitative analysis was by multiple reaction monitoring (MRISIng
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MS-MS channels set up for ATKL66.15 > 18.1; Rt 1.0 min), HTX(180.2 > 163.15; Rt

ca. 1.9 min), dihydroanatm-a (168.1 > 56; Rt 0.9 minjgihydrohomoanatoxia (182.1 >

57; Rt ca. 1.9 min), exyanatoxina (182.1 > 98) andpoxyhomoanatoxin (196.1 > 140;
Rt ca. 1.9 min). The instrument was calibrated with dilutions in 0.1% formic acid of
authentic standards of anatio-a (A.G. Scientific, CA).

2.3.9Detection of microcystins
Cultureswhich showed amplicons of the correct size for t®E gene were tested for

microcystins using LEMS. Samples were analysed for the microcystin variants REG
MC-didesmethyRR, MG demethyiRR, MGLR, MC-YR, MC-desmethylLR, MC-FR,
MC-WR, MC-AR, MC-LA, MC-LY, MC-LW and MGLF and for nodularinMicrocystins

were separatelly LC (Alliance 2695, Waters Corp., MA) using a %@ mmLuna C18 5

mm column(Phenomenex, CA) with water/meth#lagetonitrile gradient containing
0.15% formic acid (0.2 ml/mih 10 ni injection). The Quattro Ultima TSQ mass
spectrometer (Wateidlicromass, Manchester) was operated in"ESdde with multiple
reaction monitoring (MRM) using M#S channels set up fd3 microcystinand
nodularin.The m/z 135 fragment from the protonated molecular cation was selected for
each toxin (theloubly chargednolecular species for M&R; the singly charged

molecular species for all other toxins).

2.4RESULTS

2.4.1Environmental samples and strain isolation
The majority of the 32 cyanobacterial mats sampled were collected from

black/green/brown leathery mats consistent with that describé&thfomidium(Biggs and

Kilroy 2000; Woodet al.2007). Only two other mat types wemgceuntered and collected;
green gelatinousNostoc colonies and one brittle brown filamentous mat. Preliminary
microscopic observation of the leathery mats confirmed they were comprised almost
entirely of filamentou$hormidiumspecies. RepresentativesQ@scillatoria were observed

in two of thePhormidiummats. Additionally, Pseudanabaenaceae were observed in at least
10 of the sampledyut these species proved difficult to isolate and culture. The brittle
brown mat was a prdération of two species fromsBudanabaenacea®f the Nostoc

colonies dserved, only one could bmiltured and described. This strain dbstocwas
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found growing with arOscillatoria speciestogether they were the only speciedlected
from geothermal wateiThirty-sevenunicellular cyanobacterial strainaere successfully
isolaed and orgrown. Within all mat samplesa mixture of diatom species weadso

found.Melosira, Cymbella, FrustuliandGomphonemavere the most prominent genera.

2.4.2Microscopic characterisation of isohtes
Morphological characteristics including cell dimensions, apical cell profile, cross wall

configuration and reproductive structures for each isolate are giv@rabie 2.1 All
isolates were found to have traits in common v@tcillatoriales with the exception of

VUWS31, which was placed itheNostocales

Cells from he majority of isahtes were characterised by beisgdiametric or slightly
shorter than wideCells weregenerally 48.5 um wide. Tichomes weranotile, straight
with well defined apsal cellswith a calyptrg (Figure 2.2 a-h). Those isolates sharing
these morphological characteristics were identified?asrmidium autumnaléAgardh)
Trevisan exGomont 1892 (Komarek and Anagnostidis 2005; McGregor 2007; Webd
al. 2007 and assigned to Morphotype Adble 2.1, Figure 2.2,-4). Twentyfour strains
VUW1-5, 7, 9, 11, 14, 1@4, CYN47-49, CYN52-53 and 55 weréncluded umler this
designation. Mrphological variation was observed amonstrains in apical cell
morphology, celwall granulation, sheatpresenceor absenceand thickness buturther

classification was not possible.

StainsVUWS, 10 and 12 were morphologically similar to strains from Morphotype A, but
with a more discoid cell sicture (width 8.413.2 um; lengthl.8-4.8 um), a distinctive
rounded to hemispherical calyptrand cross walls not completely forming before
commenement of next cell divisiofFigure 2.21i). Isolates wer@entified as belonging to
the genusOscillatoria possessing dtinctly thickened apical cell with calyptrano
constrictions at cross walésd incomplete cross wall formation during cell divis{arain
generic featurejKomarek and Anagrstidis 2005) These three strains were designated to
Morphotype B The only other strain identified &3scillatoria was VUW30. This strain
(Morphotype C)was distinctively granular, generally straight, possessing discoid cell
structure (width 8.4L5.6 um; long 2.23.8 um) andwas slightly comstricted at cross walls
(Figure 2.3a).
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Morphotype D Figure 2.3,b) was represented bstrains CYN38 and 39, which were
assigned t&hormidium murray[(West and Wes1911)](Anagnostidis & Komarek 1988,
Comteet al. 2007) wit narrow, isodiametric celigvidth 3.64.2 um; length2.4-4.2 um),

a prominent sheath that was sometimes absent and conical/rounded apical cells with no

calyptra.

Morphotype E was represented solely by strain VUW25 and also possesisedettstics
consistent wittPhormidium(Figure 2.3c). This strairwas assigned tBhormidiumgroup
5 (Komarek and Anagnostidis 2005; McGregor 200ifjchomeshad slight consictions
and granulation at crossalls (defining characteristics) and cells weésediametric or
slightly shorter than wide (witlt5.46.6 um; length3-5.4 um); apical cellswere rounded.

There washo visible sheath.

Strain VUW13 (Morphotype F) unfortunately stopped growing in culture before a full
taxonomic classification could be given; howevegliminary identification assignettis

to thePhormidiaceadt wasdistinctive from other collected morphotyes.

Single strairs from the family Pseudanabaenaceae were assigned as morphotypes G, H, I,
J, al differed slightly in morphology Strain VUW6 (Morphotype Gkigure 2.3,d) and
VUW?28 (Morphotype J) were assigned genusLeptolyngbyaMorphotype Gwas found

in tightly tangled mats. Trichomes weséghtly constricted at cross walls. Cells were
isodametric (width 1.82.4 um; length 1.22.4 um). Apical cellswere rounded/conical and
sheath was absenttr&n VUW28 (Morphotype J¥ormed a dense tangled mat, possessing
no aerotpes, having slight constriction, sheath sometimes present and conical apical cell.
Strain VUW15 (Morphotype H) was the only species isolated from the britileromat.

The strain was fountb form benthic mats, comprising aerotopes at the septia,slight
constriction at cross walls and cells32times longer than wide. Stna VUW26
(Mophotype I; Figure 2.3g) was foundto be from thePseudanabaengenus, dehed by

very brittle filaments and cell wall constrictionf or med a very | oose 0scCcC

Finally strain VUW31 was the onlyepresentative olNostoc Possessing distinctive
akinetes and heterocytes this strain was identifieNasgocmuscorum and designated as
Morphotype K (Figure 2.3f).
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2.4.3Genotypic analyses and comparison with morphological designations
The 16S rRNA gene sequences (647 bp) for alcdtures with the exception of culture

VUW30 were used to construct a neighbour jogniree, to determine the phylogenetic
relationship between isolates and other cyanobacter@arR8IA gene sequences obtained

from GenBank (Figurs 4 and5).

Twenty-seven of the cultured isolates clustered together with 100% bootstrap support
(Figure 25). Using BlastN, all 27 sequences in this granpatched at greater th&@8%
sequence homology witPh. autumnalerepresentatives from GBank (All GenBank
representatives were from peer reviewed publicatidrts 27 isolatedhowever shared a
sequenceigiilarity <97%. The consisted of all strains from Morphotype A and B. Within
this clade there were a number of slight genotype variations resulting in the formation of a
number of sukrlades, and these aligned with the slight morphological differences
observed in this groupRigure 2.9. Interestingly strains from Morphotype B were found in

a larger clade including strains from Morphotype A.

Strains CYN38 and 39 (Morphotype D) whickhared identical sequences clustered
together in a subgroup witRh. murrayi (DQ493872 and AY493627) andicrocoleus

glaciei (formerly Ph. murrayi,AF218374) with 99% bootstrap support and greater than
97% sequence similarityT@ble 2.1 Figure 2.4. Other strains on the sister branch were

phylogenetically more distargharing < 93% similarity.

In contrast to the morphological analysis, strain VUW25 (Morphotype E) clustered with
three Planktothrix sequencesPl. rubescengAB045925 and AJ132252) arfl. agardhii
(AB045923), Figure 2.4, with 98% bootstrap and sequensimilarity. The nearest

Phormidiumclade was distant, sharing less than 91% sequence similarity.

Strain VUW13 (Morphotype F) clustered most closely wiitrocoleus, Symplocand
Lyngbyaspecies; howevehis wassupported wittonly a 64% bootstrap ardss than 95%
sequence similarityT@ble 2.1 Figure 2.4. The nearedPhormidiumstrains Ph. murray)

exhibited less than 93% sequence similarity.

With the exception of strain VUWS, strains of thaenily Pseudanabaenaceamuld notbe

further defined ip phylogeretic analysis Figure 2.4. Strain VUW6 (Morphotype G) was
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found to cluster with Leptolyngbya frigida sequences (AY493611) and
Pseudanabaen@emula (AF218371). The remaining three strains (VUW15, 26 and 28;
Morphotype H, | andJ) clustered togher with GeBank sequencedrthronema
gygaxiana (AF218370), Oscillatoria limnetica (AJO07908), Pseudanabaenasp.
(AM259269), andLimnothrix redekei(AB045929 and AJ580007) with 99% bootstrap
support and greater than 98% sequence similarity.

Lastly, stran VUW31 (Morphotype K) was foundo cluster with other heterotmus
species and had 99% node support Witstoc moscorurftAM711524).

2.4.4Cyanotoxin analysis
Anatoxins LC-MS analysisidentified anatoxins in seven of the 32 mats (Table 2.1). All

sevenmats were dominated lBhormidium Interestingly, ATX wasletected ironly two

of the 37 straing CYN52 and CYN53), while HTX and its degradation products were not
deteted. Both straingproduced ATX at 1000ng/kg freeze dried KD) weight. Strains
CYN52 ard CYN53 were both isolated from the same environmental sample from the
Rangataiki River and identified by morphology and phylogenetic analysis as
Ph.autumnale These two strains also formed their own clade in the phyétigetmee
sharing 100% sequencarsiarity (Figure 2.5).

Microcystins The microcystinproducing potential for each straimas determined by
amplification of a segment of thracyE gene (~340 bp). Amplification of this region was
only successful for culture VUW25The gene segment was sutied to BlastN and
matched with 8% sequence homology tomcyE segment fronil. agardhii (AJ441056).
Microcystins analysis using L-®IS identified themicrocystin varianfASP-3]JdeMe MG
LR (~1 mg/kg FD weight).
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Table 2.1. Origin, culture number, morphological traits, toxint@oenand nearest GBank (16S rRNA gene sequence) identification match for all 37 isolatesPhBhmidium
Ty, TychonemaPI, Plankbthrix, Mi, Microcoleus +/- = Deteted/rot detected, NT = Not tested, dhATX = Dihydroanatoxin, dhHTX Dihydrohomoanatoxin

Cell meyE Anatoxin, Environmental,

Culture no. and location . Cell length De_veloped Cross walls gene production ATX/HTX Accession no ID of nearest match (accession nc % ID

width(um) apical cell mg/kg dry  production pg/kg wet

(um) detectec : .
weight weight or mg/kg DW
Morphotype A
VUWZ1, Avalon duck mnd 6.0-7.8 2.4-54 Conical/Capitate/Calyptre Granular - - - GQ451411 Ph. autumnalgDQ493873 98%
VUW2, Lake Henley 6.6-7.8 2.4-3.6 Conical/Capitate/Calyptra Granular - - - GQ451409 Ph. autumnale DQ493873 98%
VUWS3, WainuiomateRiver 4.8-8.4 1.8-3.6 Conical/Capitate/Calyptra - - - GQ451402 Ph. autumnale DQ493873 98%
HTX 4 mg/kg DW

VUW4, Hutt River 7.2-7.8 4.2-6.6 Conical/Capitate/Calyptra Granular - - dhATX 53mg/kg DW  GQ451410 Ph. autumnale DQ493873 98%

dhHTX 9mg/kg DW
. . . . Ty. bourrellyi AB045897 98%
VUWS5, WaingongordRiver 48-6.0 2.4-3.6 Conical/Capitate/Calyptra Granular - - - - Ph. autumnale EF654081 08%
VUW?7, Wainuiomata Rrer 6.0-6.6 3.0-4.8 Conical/Capitate/Calyptre Granular - - - GQ451400 Ph. autumale; DQ493873 98%
VUW9, Hutt River 7.8-9.6 3.6-5.4 Conical/Capitate/Calyptre Granular - - - GQ451417 Ph. autumnald®Q493873 98%
VUW11, Rembroke Rad 6.0-7.2 24-48 Capitate/calyptra - - NT GQ451408 Ph. autumnale DQ493873 98%

HTX 9 mg/kg DW

VUW14, HuttRiver 72-84 24-36 Conical/calyptra Granular - - dhATX 325mg/kg DW  GQ451399 Ph. autumnaleDQ493873 98%

dhHTX 95mg/kg DW
VUW16, PelorousRiver 6.6-7.8 2.4-4.2 Conical/Capitate/Calyptre Granular - - - GQ451398 Ph. autumnale DQ49373 98%
VUW17, Mangatinoka seam 6.0-7.8 3.0-4.2 Conical/Capitate/Calyptre Granular - - - GQ451407 Ph. autumnale DQ493873 98%
VUW18, MakareweRiver 6.0-7.2 2.4-3.6 Conical/Capitate/Calyptrz - - - GQ451403 Ph. autumnale DQ493873 98%
VUW19, MangaroaRiver 6.0-7.2 3.0-4.8 Conical/Capitate/Calyptre Granular - - - GQ451416 Ph. autumnale DQ493873 98%
VUW20, RangataikRiver 6.6-84 3.6-4.8 Conical/Capitate/Calyptr: Granular - - - GQ451415 Ph. autumnale DQ493873 99%
. . . . Ph. autumnale DQ493873 98%
VUW?21, Whakatan®iver 7.2-84 3.0-5.4 Conical/Capitate/Calyptr: Granular - - - GQ451432 Ty. bourrellyj AB045897 98%
VUW22, WaimaneRiver 7.2-84 3.0-6.0 Conical/Capitate/Calyptre Granular - - - GQ451406 Ph. autumnale DQ493873 98%
) . . ; ) ) ) Ph. autumnale DQ493873 98%
VUW?23, GodleyRiver 6.6-8.4 3.0-4.8 Conical/Capitate/Calyptre Granular GQ451422 Ty. bourrellyj AB045897 08%
Ph. autumnale DQ493873 98%
VUW24, Tukituki River 6.0-9.6 3.0-4.8 Conical/Capitate/Calyptre Granular - - - GQ451426 Ty. bourrellyi; AB045897 98%
Ph. autumnale EF654081 98%
CYN47, AshleyRiver 6.0-7.2 3.0-6.0 Conical/Capitate/Calyptre Granular - - ATX/HTX GQ451401 Ph. autumnale DQ493873 98%
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CYN48, AshleyRiver 6.0-7.2 3.0-6.0 Conical/Capitte/Calyptra Granular - - ATX/HTX GQ451404 Ph. autumnale DQ493873 98%
CYNA49, HuttRiver 5.4-6.6 2.4-4.2 Conical/Capitate/Calyptre Granular - - ATX/HTX GQ451405 Ph.autumnale DQ493873 98%
CYN52, RangataikRiver 42-6.0 3.0-5.4 Conical/CapitatCalyptra - ATnz(gﬁg)oo ATX, 200uglg WW GQas1424 Y- bourrellyi; ABO45897 99%
i 0,
CYN53, RangataikRiver 42-6.0 3.0-5.4 Conical/Capitate/Calyptra ALE(/%(Z?O ATX, 200ugkg WW ~ GQ451413 Y- bourrellyi; AB045897 99%
CYNS55, RodingRiver 8.4-9.6 5.4-6.6 Conical/Capitate/Calyptre Granular - - NT GQ451414 Ph. autumnale DQ493873 99%
Morphotype B
. . . ) GQ451420
VUWS8, AkatarawaRiver 9.6-13.2 1.8-4.2 Conical/Capitate/Calyptre - - Trace levels Ph. autumnale DQ493873 99%
VUW10, WainubmataRiver 8.4-12 24-438 Thicken/Calyptra Granular - - NT GQ451419 Ph. autumnale DQ493873 99%
VUW12, WainuiomatdaRiver 9.6-12 24-4.2 Thicken/Calyptra Granular - - - GQ451418 Ph. autumnale DQ493873 99%
Morphotype C
VUWS30, WaikatoRiver 90-156 1.2-42 Rounded . Granular_ - - - -
Slightly restricted
Morphotype D
CYNS38, Red Hills &rn 3.6-42 24-42 Rounded/Conical Slightly Granular - - NT GQ451428 Ph. murrayi; DQ493872 ggzﬁ
. . . GQ451429 -
CYN39, Red Hills &rn 3.6-42 24-42 Rounded/@nical Slightly Granular - - NT Ph. murrayi; DQ493872 98%
Morphotype E
N Slightly Pl. agardhii; AB045923 98%
VUW?25, WaitakiRiver 54-6.0 3.6-4.8 Rounded restricted/Granula + - - GQ451423 Pl rubescens AJ132252 98%
Morphotype F
Symplocaspp. ; EU249122 94%
VUW13, Mangataurhiri #eam 3.6-48 3.6-48 Rounded - - - GQ451421 Mi.paludosus EF654090 93%
Mi. chthonoplastes EF654045 93%
Morphotype G, H, 1 & J
- . . . Pseudanabaena tremujaAF218371 93%
VUWS6, WainuiomateRiver 18-24 12-24 Rounded Slightly restricted - - - GQ451430 Leptolyngbya frigida AY493611 93%
Oscillatoria limnetica; AJO07908.  99%
VUW15, Whakatilei River 1.8-24 24-42 Rounded/Conical? - - Trace levels GQ451431 Limnothrix redekej AJ580007 99%
PseudanabaenpAM259269 99%
. . Pseudanabaensgpp. ; AM259268 97%
VUW26, Whakatan&iver 1.2 1.2-3.6 Calyptra Constricted - NT - GQ451427 Arthronema gygaxianaAF218370  97%
VUW?28, HuttRiver 1.2-18 1.2-36 Rounded/Conical Slight constriction - NT NT GQ451412  Pseudanabaensm. ; AM259268 97%
Morphotype K
VUW31, WaikatoRiver 3.0-36 3.6-4.2 Restricted - - - GQ451425 Nostoc muscorupAM711524 99%
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Figure 2.2 Photomicrographs of nine differe®hormidium autumnalstrains a-h Morphotype A and Morphotype B. § VUW18 Makarewa
River, ) VUW9 Hutt River, €) VUW19 Mangaroa Riverd) CYN55 Roding River,4 CYN53 Rangataiki Riverf{ VUW1 Avalon Duck Pond,
(g) VUW17 Mangatinoka Streamh) VUW24 Tukituki River and ij VUW10 Wainuiomata River (c& border, only representative fror
Morphotype B). All are described in Table 2.1. Scale bars 20um. 23
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Figure 2.3 Photomicrographs of six strains from contrasting genera. (a) VUW30 Waikato River (Morphotype C)bf CYN38 Red Hills Tarn (Morphotype D)
(c) VUW25 Waitaki River (Morphotype E)df VUW6 Wainuiomata River (Morphotype Gx)(VUW26 Whakatane River (Morphotype |) arfjl YUW31 Waikato
River (Morphotype K. Scale bars 20 um
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Phormidium autumnale group (see Fig £
Phormidium uncinatum EF654086

VUW25 Waitaki River | Morphotype E
Planktothrix rubescens AB045925

83 _|: Planktothrix rubescens AJ132252
83 Planktothrix agardhii AB045923

Oscillatoria sancta AF132933

100

100 Limnothrix redekei AJ505942
100 Oscillatoria duplisecta AM398647

Oscillatoria princeps AB045961
Phormidium tergestinum EF654083

Phormidium sp. DQ235808

Phormidium sp. DQ235811

100

Phormidium sp. DQ235809

50

Phormidium sp. DQ235810

100 CYN38 Red Hills Tarn

Morphotype D
50 CYN39 Red Hills Tarn photyp

100 ———— Phormidium murrayi DQ493872

Phormidium murrayi AY493627

100 Microcoleus glaciei AF218374

64 9O Microcoleus chthonoplastes EF654059

— Microcoleus chthonoplastes EF654060

p VUW13 Mangataurhiri River | Morphotype F

Symploca sp. EU249122

64 Lyngbya bouillonii FI147302

100 _|: Lyngbya majuscula FJ356670
79 Microcoleus paludosus EF654090

Cylindrospermopsis raciborskii AF516746

61

Py Cylindrospermum sp. AJ133163

%8 Anabaena lemmermannii AJ293113

64 VUW31 Waikato River | Morphotype K

Nostoc muscorum AM711524

VUW6 Wainuiomata River | Morphotype G
Limnothrix redekei AJ505941

100 Limnothrix redekei AJ505942

ﬂ': Pseudanabaena tremula AF218371
92 Leptolyngbya frigida AY493611
L

Limnothrix redekei AJ505943

54 VUW?26 Whakatane River
{ ) Morphotype | & J
VUW?28 Hutt River

Arthronema gygaxiana AF218370

100

VUW15 Whakatiki River | Morphotype H
Limnothrix redekei AB045929

96

Limnothrix redekei AJ580007

60

Oscillatoria limnetica AJO07908

Pseudanabaena sp. AM259269
Escherichia coli CU928160

Figure 2.4 Phylogemtic tree based on the 16s rRNA geneasences (647 bp) and obtained by t
neighboujoining method. Bootstrap values >50% are noted at the nodes. The different mpeghat
this study are noted in bold. TRéormidium autumnalsection of the tree is shown in Figure 2.5.
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CYN47 Ashley River
VUW17 Mangatinoka River
CYN49 Hutt River

VUW21 Whakatane River
VUW16 Pelorous River
CYN48 Ashley River

55 VUW18 Makarewa River

VUW?24 Tukituki River
VUW22 Waimana River
VUW?23 Godley River
VUW14 Hutt River

69 VUW?7 Wainuiomata River

VUW3 Wainuiomata River

VUWS5 Waingongoro River
Morphotype A

VUW4 Hutt River

57

VUW?2 Lake Henly
75

VUW1 Avalon Duck Pond

VUW11 Pembroke Road Stream
{ CYN53 Rangataiki River
69 CYN52 Rangataki River

Tychonema bourrellyi AB045897

Phormidium autumnale EF654081
{ Microcoleus antarcticus AF218373
69 Phormidium autumnale DQ493874

Phormidium autumnale DQ493873

CYNS55 Roding River

VUW?20 Rangataiki River

VUW19 Mangaroa River
66

VUW9 Hutt River

57

VUW12 Wainuiomata River

68

VUW10 Wainuiomata River | Morphotype B
68

VUWS8 Akatarawa River

Figure 2.5 Phylogestic tree of thdPhormidium autumnalgroup based on the 16s rRNA genegjsences
(647 bp) and obtained by the néiglurjoining method. Bootstrap values >50% are noted at the nc
The different morphotypes in this study are noted in bold. The remainder of the stemns in Figure
2.4,
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2.5Discussion
Morphological investigatiomeveal@ the presence of 11 differentorphotypes all from

the Oscillatorialesand ongMorphotype K from theNostocales

2.5.1Morphotype A and B
Phormidium autumnalas known to have aosmopolitan distribution and has been

identified in many differenthabitats (Komarek and Anagnostidis 2005; Palinska and
Marquardt 2008) It hasunusually broad morphological anthysiological characteristics
(Palinska and Marquard2008) These features were also observed in this study.
Morphotype A consisted off2isolates that were identified Bb. autumnaleby polyphasic
assessmenfThese 24 isolates could not be further separated based on morphological
criteria. Considerablenorphological variationvas however observed betwdsalates but

this variation was confined within the brod&h. autumnaledefinition (Komarek and
Anagnostidis 2005)Cell granulaion, apical cell profile and shegphresence were all found

to vary Potetially this variation can be explained by environmental and culture
conditions. Sheath production, traditionally used r fesystematic classification of
Oscillatorialean (Anagnostidis and Komarek 1988; Komarek and Anagnostidis 2005;
Palinska and Marquardt 2008)as been shown to be subject to the direct effects of both
environmentaland culture conditiongRippka et al. 1979; Whitton 1992) Apical cell
structures (in particular the calyptra), vary in trichomiegitferent age and are rarely seen

in culture(Komarek and Anagnostidis 2009)he observed variation seen in this study is
in contras to Palinska and Marquard2008) who demonstrated that 1®h. autumnale

subspecieshowedrelativdy similar morphologyin culture.

Intra-specific identification was therefore not possible this group by morphology.
However, the morphological heterogeneity observed in Morphotype A was represgnted
a number of genotype variations after phylogtc analysis. These genotype variations
resulted in the formatiomf 10 different clades inidating the presermc of 10 distinct
subspeciesvithin this morphotypeThis is consistent with Comtgt al. (2007) whowere
unable to separateh. autumnalestrans ArctPh5 and AMPh68 based on morphological
characters but found them to be twobspe@s by genetic analysis (16S rRNA gene

sequencesBtrains CYN52 and 53 formed their own clade in Morphotype A and were the
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only toxin producers in this lineage, indtive of their divergence from othsubspecies in
this group

Unexpectedly, the three strains of Morphotype B, identified Geillatoria by
morphology, fornedtheir own clade within thi®h. autumnaldéineage. Morphotpe Bhas
disclike cells and a hmispherical calyptra These features contrast with those of
Morphotype A.Palinska and Marquardt (2008) found thell size vailesnot only between
strains but also within strains &h. autummale. This was also found in the current study
where MorphotypeB possessed cell widthanging betwee.4-13.2 um. This islarger
and with greater variation than that previously described tfos speciesand differs
markedly from Morphotype AApical cell structure (calyptra) furthermore has been
recognised as aaile morphological structure used fiistinguishing specieKomarek
and Anagnostidis 2005)In this study, two distinct calyptra types were observed
Morphotype A and Morphotype B (Figure 2.3). According to Komarek and Anagnostidis

(2005) this suggests separation into two species.

The Ph. autumnale lineage consistd of all isolates from Morphgpe A and B.
Additionally GerBank representativelslicrocoleusspp. and Tychonema bauellyi were
included in this clade (Figure 3.5This clade was supported by 99% bootstrap support;
however, togethethey shared less than 97% sequence homology. Previous studies have
used sequence homologies of more than 97.5% as a threshold for bacterial species
definition, while 95% has been used as a genus barrier for the 16S rRNA gene
(Stackebrandt and Goebel 1994; Casametital. 2005; Palinska and Marquardt 2008)

This standard led Palinskand Marquardt (2008)to conclude that their two
morphologically similarPh. autumnalegroups that shared less than 97% sequence
homology maybe two different species of the same genus. Thus, the 10 different clades
observed in this study may represent a number of different species of the eyause g
Caution however must be taken in separating species by phylogenetic analyses when using
only the 16S rRNA gene. Further phylogentetic analyses of this clade osing
molecular makers, such as timtergenic spacer region (IT®etweenthe 16S and 2S

rRNA genes, is recommended anduld assist in the systematic classification of this

group
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GerBank additionsMicrocoleus antaeticus and T. bourellyi also clustered in th&h
autumnalelineage. This is consistent with previous resegwiilame et al. 2006; Comte
et al. 2007; Palinska and MarquardtQR). Palinska ad Marquardt (2008) demonstrated
the strong morphological similarities between thgseera and concludedhe phenotypic
criteriais too uncertain and overlapping for a clear distinction betwlerautumnale T.

bourrellyi andMicrocoleusspecies.

2.5.2Morphotype D
Strains CYN38 and @B were both identified a$?h. murrayi by morphologic ad

phylogenetic analysis. This enphotype comprises long narrow trichomes, isodiametric
cells and a prominent sheath that separates it from MorphotymndAB. In the
phylogenetic analysis, the two strains were found to cluster in a subgroup supported by
99% bootstrap support with three Antarctih. murrayi strains (DQ493872 and
AY493627 andM. glaceiformerly Ph. murrayi,AF218374) To my knowledge thids the

first recorded case d?h. murrayibeing isolated and described outside of Antarctica and
hence dispels previous viewsa this morphotype i€ndemic to Antarctic@Casamattat

al. 2005) Furthermore, it raises interesting questions about the dispersal, habitat and the

distribution of this species.

Recently there has been conjecture over the classification &fththeurrayj which may

cluster in theMicrocoleusgenus and noPhormidium(Casamattat al. 2005; Comteet al.

2007) The sister branch to tHéh. murrayic | ade i n this studyds tr
from Microcoleus and Lyngbya but none from Phormidium GerBank sequence
homolagies for morphotype D were found to align more closely Wtbrocoleusspecies

than Phormidium species. These results are consistent with previous investigations
(Casamatteet al. 2005; Tatonet al. 2006; Comteet al. 2007) that showPh. murrayi
aligning inclades other thaRhormidium Casamattat al. (2005)re-assignedPh. murrayi

to M. glacieion the basis of their findings. In accordance with Coettal. (2007),the

genetic coincidence of our strains with those thie genusMicrocoleus needs further
clarification; however this result has noleen consistent in three separate studies.
Therefore this author accepts Casamatta et al, (2005) new classification of this species in

theMicrocoleusgenus.
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2.5.3Morphotype E
Strain VUW25 assigned to Morphotype E is a taxonomic enigma; identified as

Phormidium by morphology andPlanktothrix by phylogenetic investigation. The
Plankbthrix genus description is relatively nef@nagnostidisand Komarek 1988and
includes planktonic species previously assigned @scillatoria but which contain
aerotopegAnagnostidis and BEmarek 1988)This genus was subject to a comprehensive
polyphasic review by Sudet al. (2002), where taxonomic adjustments were made that
addressed the confusion in intand intraspecific taxonomy. Following the phylogeit
analysis in this studytmin VUW25 was found to cluster inlanktothrix group | (see
Suda 2002). Group | consssif two different specie®l. rubescengand Pl. agardhii that
differ from each other in their phycobilin pigment composition. Interestingly strain
VUW25 only sharedh sequence homology of 98% with members from group |, however,
the 58 strains in group | of Suda (20@Rared a 99.2% sequence similarity (16S rRNA
gene sequence). BlastN revealed the next closest matches (16S rRNA gene sequence) were
Pl. mougeotii(groyp 1ll) and Pl. pseudagardhi{group Il) sharing less than 96% sequence
similarity. The closesPhormidiumsequence homology was less than 91%. Strain VUW25
was the only culture in which a 340 bp segment of miE gene was successfully
amplified. The myd&E sequence shared 84% sequence homologyo PIl. agardhii
(AJ133185), where amcyE sequences fromRhormidiumspecies were found to share less
than 87% sequence similarithY817166-8). LC-MS analyses revealed the production of
microcystin. BothPl. rubescas and Pl. agardhii are weltknown microcystin producers
(Henriksen 2001; Erngit al.2006)

This evidence suggests strain VUW2%aentialy a new species d?lanktotrix however
this strain does not possess aerotopes and does is not plantterficndamental criteria
used to separat@lanktothrixfrom Oscillatoria (Anagnostidis and Komarek 1988; Susta
al. 2002; Komarek and Anagnostidis 2005; McGregor 20Bdjther analysis is needed to

confirm the correct taxonomic classification for this strain.

2.5.4Morphotypes C, F, G, H, I, J and K.
Strain VUW30 (Morphotype C) was identified &scillatoria sp. however this was solely

based on morphological characterisation. Strain VUW13 (Morphotype F) identified by
morphology a?hormidiumaligns with noAPhormidiumgenera(Lyngbya, Symplocand
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Microcoleug by phylogemtic analysis. Casamatgt al. (2005) suggest tha&hormidium
species aligning in this neRhormidiumgroup are most likely to be from a different
genus. Morphotype G, H, | and J were identified as members of theldPsdaenaceae

The generdrom this family are not yet clearly supported by molecular analj)sasarek

and Anagnostidis 2005)This is consistent with the results seen in this study, with a
number of different genera found in the same clade. Further morphological classification
using a greater phenotypic criterion is negdh the analysis of these morphotypes. Strain
VUW31 (Morphotype K) was the only Nostocales isolated in this stibyphasic

investgation identified thisssNostoc muscorum

2.5.5Toxin Production
CadeiSix et al. (2007) in their study of anatoxin giocingbenthic cyanobacteridound

that Phormidiumstrain Fil.2Da FY produced ATX even though it was isolated from an
apparently notioxic sample. They concluded this result nieydue to théoth toxic and
nontoxic representatives of the same phenotypeurringat a single site and fortuitously
they were able to isolate a filament that proved to be a toxin producer. In thisRtudy,
autumnaleshowed a large radiation of ssipecies, and iis possible many of these
sulspecies are present in a singlet peoliferation. Thereforéghe chance of obtaining a
toxin-producing strain is dependent on the filament isolated and its relative abundance in
the mat. Thisis consistent with Vezie et a(1998) who found tooms of planktonic

microcystinproducing cyanobacteria are comprised of toxic andtagic strains.

LC-MS screening of the environmental mat samples identified ATX and/or HTX in nine
samples, all of which were dominated BP¥h. autumnale However, ATX was only
detected in CYN52 and 53 (Morphotype A). These two strains were both isolated from
cyanobacterial mat that had been collected in response to a dog neurotoxicosis on the

RangataikiRiver.

In routine testing ofPhormidiummats around New Zealand it has been found that the
occurrence, concentration and variants of anatoxinsuapgedctable (S Wood, pers.
comm.) This study demonstrated that not all strainsPbf autumnaleare capable of
ATX/HTX production. The inability to isolate ATX/HTX producing strains from mats that

were shown to contain ATX/HTX, coupled with the identificatafra number of different
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genotypes oPh. autumnalgrovides further evidence to support the hypothesis that mats

are comprised of multiple sspecies.

Previous research on planktonic cyanobacteria has shown that cyanotoxin concentrations
can increase ith favourablephysicochemicafactors, but genergli by no more than a

factor of five (Rapalaet al. 1993; Rapala and Sivonen 1998; Sivonen and Jones.1999)
This is significantly less thathe variation in ATX/HTX concentrations observed in
environmental samples collected within New Zealémder to chapter 2). In this study,

HTX was not produced by any of the isolates even though it was detected in the initial
screening of mats (Table1). The presence of ATX or HTX within a mat therefore
indicates the presence of morphospecies that are capable of producing it. Further research
into mat community assemblage and diversity is required to test the validity of these

explanations.

VUW25 was found to contaithe mcyE gene and produced microcystin varigASP-
3]deMe MGLR. Although microcystin production by benthic cyanobacteria in New
Zealand has been previously identifigtamill 2001; Wood 2004)this is the first time the
causative cyanobacterium has been isolated and the microcystin variant identified. This
cyanobacterium was isolated from an environmesaahple collected at the mouth of the
Waitaki River where a dog died rapidly after ingesting cyanobacterial mat material. This is
the first confirmation of a dog death from microcystins in New Zealand, although benthic
species that produce microcystins mewn to have killed animals elsewhere (e.g., Mez

al. 1997).

2.6 Conclusions
The results of this study revealed tRdt autumnalés the predommant cyanobacterium in

benthic matproliferations in New Zealand rivers. Polyphasic analysis shows ths¢ the
mats are comprised of a number of differ&tt autumnalesulspecies and that only
cettain sulspecies produce anatoxins. Theatarin-a producingPh. autumnalestrain
identified in this study was unique at the 16S rRNA gene sequence level. Isolation of
further toxic strains would be required to assess whether anatoxin production is limited to
only this strain across New Zealand and to investigate if this difference could be used in
the development of a molecular based diagnostic tool. The marked majipbbi@riation
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observed withirPh. autumnalédiighlights the difficulties of identifying cyanobacteria from

the Oscillatoriaceae to species level based solely on morphology. The use of a polyphasic
approach is recommended. However, the number of 16S rRMA gequences currently
deposited in worldwide databases is limited and larger scale systematic projects will be
required to fully resolve current taxonomic uncertainties. This study led to the
identification of a potentially novel cyanobacterium, clogelated toPlankithrix sp, that
produces microcystins. It was linked to the first confirmed degtld from a benthic
microcystinproducing species in New Zealand. This reemphasises the paucity of
information currently available on the diversity and toxapabilities of New Zealand
benthic cyanobacteria.
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3

Spatial and temporal variability in Phormidium abundance and
anatoxin production in the Hutt and Wainuiomata Rivers, New
Zealand

37



Chapter 3: Spatial and temporal variabilityAihormidium
3.1 Abstract
Toxic benthic cyanobacteria proliferations in freshwater systems are becoming more
prevalent wddwide. As a result animal poisonisigre being reported with greater
regularity. Few studies have investigated spatial distribution of freshwateiommang
cyanobacteria, their toxin production and cemtrations and how they changeer time.
As a resit, little is understood of thephysicochemicalparameters affecting their
distribution, growth and toxin production. The Hutt and Wainuiomiatxs (Wellington,
New Zealand) are renowned for their anatoxin produBingrmidiumblooms. These two
relatively pristine rivers were monitored either weekly or fortnightly for benthic
cyanobacterial growth, anatoxin production and a variety ofqubgtsemical parameters
over the course of a year (2008). Cyanobacterial proliferations and associated anatoxin
producton were found to be spatially and temporally variable across the eight different
samplng sites. Anatoxin (anatoxia andhomoanatoxira and their degradation products
dyhydroanatoxira and dyhydrohomoanatoxa) presence, and concentrations walgo
found to be highly variable across all sites and over time. Higher cyanobacterial
abundances (75% coverage) however, were observed in the summer months correlating
significantly with temperature. Increases in river flow played a significant role in the
remova of benthic mats. Anatoxin production was also generally restricted to those
warmer summer months; however anatoxin production and concentration was not
correlatedo cyanobacterial abundance. The concentrations of ygatable nutrients were
not significantly correlated with benthic cyanobacterial abundance. The ability of benthic
non-heterocytousPhormidiumto source nutrients from bottom substrate is likely to give

this organism a competitive advantage in low nutrient (oligotrophic) environments.

Keyword: anatoxn, benthic cyanobacteriaitrogen,Phormidium phosphansand river
flow
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3.2Introduction
Toxic cyanobacterial proliferations causing animal fatalitiese been documented in
fresh and brackish waters worldwidLawton and Codd 1991; Kuip&oodmanet al.
1999; Azevedet al.2002) These fatalities have commonly been linked to the ingestion of
toxic planktonic cyanobacteri@Carmichael 1994; Neget al. 1995; Sakeret al. 1999)
Recently there have been an increasing numbercadentsof animal toxicosidinked to
benthic cyanobacteri@&dwardset al. 1992; Henriksemt al. 1997; Mezet al. 1997; Hamill
2001; Guggeret al. 2005; Cadebix et al. 2007; Woodet al. 2007b) The physical,
chemical and biological parameters leading to planktonic cyanobacterial blooms have been
extensivéy studied(e.g., Oliver ad Gnaf 200Q)as have variables regulating the amounts
of toxin produced by planktonic speci&ivonen and Jones 1999 contrastresearch on
benthic cyanobacteribas resited largely in response to animal toxicosis and focused on
characterising the toxin, its symptoms and the causative cyanobac{@aa®tSix et al.
2007; Woodet al. 2007b) There is a limited understanding of mechanisms leading to
benthc cyanobacterial proliferations and the influences of environmental variables on

regulating toxin production in these species.

Benthic cyanobacteria produce most of the known cyanotoxingr@gyqcystins,(Mez et

al. 1997) saxitoxins(Carmichaelet al. 1997) and cylindrospermopsingSeifert et al.
2007b) In New Zealandanatoxina (ATX) and homoanatoxia (HTX) are the most
commonly detected cyataxins These are powerful neuromuscular blocking agents acting
through the nicotinic acetylcholine receptoin affected animalsthey can cause
convulsions, coma, rigors, cyanosis, limb twitching, hypersalivation and/or .death
Research on the regulatiorf anatoxina in planktonic species has revealed toxin
production varies among species and with differ@htysicochemicalfactors e.g.,
temperature, light and phosphor(@Rapalaet al. 1993; Rapala and Simen 1998)
Currently, no research has looked at anatoxin regulation and production in benthic mat

forming cyanobacteria despite the evident risk posed to human and animal health.

In November 2005 at least five dogs died rapidly after contact with viratar the Hutt
River (lower North Island, New Zealand). Dense matPhbrmidium autumnalevere
found in the river and anatoxanand homoanatoxia were identified in the mats and dog
stomach contentéMilne and Watts 2007; Woodt al. 2007b) Increased monitoring of
cyanobacteria abundance in subsequent summers found extensive cof/@tagenidium

throughout the middle and lower reaches of the river. Three further cyanobacteria related
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dog deaths were recorded in January of 200& Hutt River stretches 54 km south
through the Hutt Valley and dischargesoinWellington Harbour (Figwr 3.1). It runs
through several populated areas and has over 1 million recreational visits each year. In its
upper reaches the river is used to provide the wider Welling&mopolitan areavith up
to 40% of its potable watePhormidiummats are also psentin other rivers in the region
(Milne and Watts 2007; Woodt al. 2007b) The WainuiomataRiver is known for high
levels of benthic cyanobacteria in its middle reaches, however at its head waters this river
has some of the most pristine water in New Zealand. The Wainuioivettdo the east of

the HuttRiver provided an ideal comgstive study site (Figure 3.1).

In this study,six sites along the Hutt iRer and its tributaries and two sites on the
Wainuiomata River were surveyed fortnightly (weekly during periods of high mat
abundance) for one year to assess the percentagerafbeyderial mat coverage at each
site. Samples were collected for species identification and ATX and HTX analysis.
Monthly water samples were taken for nutrient analysis at each site while river flow and
temperature were logged continuously at differecafions along each river. Percentage
cover and communitycomposition data were usedn concert with physicochemical
measurementso elucidateparametergesulting in cyanobacterial mat proliferation and
ATX and HTX production.
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3.3Methods
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Figure 3.1. Locations of sampling sites. Site$ dre located in the Hutt Riveatchment, and sites 7 a8d
in the Wainuiomat&iver catchmentWellington, New Zealand. Note; sitest2are all tributaries of the Hut
River.

3.3.1Site descriptions
All sites are monitored by Greater Wellington Regional Council (GWRC) as part of the

Rivers State of the Environment (RSoE) monitoring prograntaite. 1 is the furthest
upstream orthe Huttriver (Figure 3.1). It isdcated a shodistance from where théver
emerges from its gorge, and its upstream catchment includes the forested area of Kaitoke
regional park as well as some rural land use. Althobghstirrounding margins are well
forested, the sampling site wast shaded due to the largeeas ofrock cover either side

of the river. This site was found to have the highest water quality in the Wellington region
from using a Water Quality Index (WQI) to summarise water quality based on six
variables:visual clarity (black disc), dissolved oxygen (%aturation), dissolved reactive
phosphorus, ammoniacal nitrogen, nitraiigogen and faecal coliform®errie 2007)The
MangaroaRiver site (site 2) is a tributary of the HIRiver and is located at the HWRiver
confluence (Figure 3.1). Despite the site being wedllsld the WQI rated water quality as
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poor Poor: median values for <3 of the 6 variables comply with guidethgeg (Perrie
2007) The Mangaroaiver experiences an average river flowdah®/s. Site 3 is located on
the Akatarawa River at the HuRiver confluence (Figure 3.1). The site has a well
devebped riparian margin, offering some divy. This site had excellent (excellent =
median values for all 6 variables comply with guideline values) water quality as judged by
the WQI (Perrie 2007) The WhakatikeiRiver site (#e 4) is situated at the Huttiver
confluence (Figure 3.1). This site is wellasled rating excellent for water quality by the
WQI (Perrie 2007) The Silverstream site (site 5) is located on the middle reaches of the
Hutt River (Figure 3.1), and is heavily modified with boulder walls employed to stop
erosion and floodingAppendix 1 photo 32) This has resulted in uniform hydraulic
characteristics. The site has a very thin riparian margin and was aldasaéxcellenby
the WQI (Perrie 2007) The river at this location has an average river flow of 2&nThe
Boulcoutt site (site 6)s located on the lower reaches of the HRitter (Figure 3.1), and
has undergone extensive floodofection modification with the implementation of stop
banks and intense gravel extraction in this heavily populated region. This modification has
also resulted in this site having uniform hydraulic characteristics. The site was alsasrated
excellent bythe WQI for 2003 to 2006Perrie 2007) The Manakalrack site (e 7) is
located in the upper reaches of the WainuiorRav&r which is a water catchment reserve
where public access is prohibitéeigure 3.1). This site is wellhaded and located in the
foothills of the Rimutaka Range. This portion ot tkVainuiomata River is crystal clear
and provides the Wellingtometropolitan area with 15% of its drinking water. This site
rated as goodifedian values for 5 of the 6 variables comply with guids)img the WQI
(Perrie 2007)The Richard Prouse Park sitét€s8) is located in the mitle reaches of the
Wainuiomata iver (Figure 3.1). The site is located alongside a sport playing field with no
riparian margins and therefore experiences no shading. This site is not a RSoE monitoring
site and therefore has not been characterised using the WQI. All eégghothe Hutt and
Wainuiomata catchments have a coarse greywacke substrate; a particularly hard

sedimentary rock.

3.3.2Data and samplecollection
At each site, weekly cyanobacial mat and periphyton coveras measured in threenf’

quadrats thatvere randomly positioned within a larger 1¢ guadrat within a run (a
swiftly flowing region of river with a relatively smooth surfaceMonthly coverage
measurements were also collected at the Ht for the first 6 months for both pool (a

deep, slowmoving region of a river, usually with fine substrate, often containing eddies
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and a riffle §hallow water, where the surface is broken into ripples or waves by totally or
partially submerged obstructign&xtensive flow modification in the lower reachef the
Hutt river resulted in only run habitat being used for coverage measurements at sites 5 and
6. Changes in river flow and level during the sampling period at site 3 meant that the pool
habitat was very hard to distinguish from run habitat. Cyariekiat mat coverage data
was collected only for run habitats at the Wainuiomata sites, due to the difficulty in
differentiating between pools, riffles and runs in the upper reaches of this small river.

Cyanobacterial mats were collected at each siteaf@mtoxin testing and morphological
identification. Samples were collected by scraping mat material into sterile plastic screw
cap bottles (50 ml, Biolab, New ZealanA)l samples were placeoh icefor transport. On
arrival atthe laboratorysamplesvere frozen(-20 C) for toxin analis orpreserved using
Lugol 6 s forl modohotogical identification. Continuous river flow data and
temperature for sites 1 towkere obtained from GWRC. Continuous readings for site 4
were obtained upstream of the saimgp site by 10km, while continuous readings for sites

5 and 6 are measured in between th@meater Wellington measures water level at these
locations according to national hydrometric standards, and converts the water level to flow
data using ramng curwes. At sites 83 and 56, water temperature was monitored
continuously by GWRC using either Campbell C107 or Unidata LM34 temperature
sensorsWater samples were collected monthly at every site, with the exception of site 8,
to assess nitrat, nitrite-N, total nitrogen, total eldahl nitrogen, dissolved reactive
phosphorus and total phosphorus, this totalled 15 samples for eaclsasieles for
dissolve nutrients were filtered throug um Whatman GF/C glass microfibre filters.

Samples were frozeamt-2 0 eu@il further analyses

3.3.3Species identification, composition and abundances
Subsamples of the preserved field samples were homogenised and allowed to settle in a

cavity slide (1 ml) where species identification, abundances and composition were
determined under an Olympus (CKX41) inverted microscope. Species Identifications were
made primarily by reference tomarekand Anagnostidi2005) McGregor(2007)and

Biggs and Kilroy(2000)
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3.3.4Extraction and detection of anatoxins
Frozen mat material from each site and sampling date Iygshilized (FreeZone6,

Labconco, USA).Lypholized material 00 mg) was resuspended in 10 ail double
distilled water (DDW) containing 0.1% formic acid and sonicated (Cole Parmer 8890,
Biolab, Auckland, NZ) for & min. Samples were centrifuged at 46G0Q for 10 min. The
procedure was repeatedsaoond time using 5ml DDW and the supeatants combined

(see Appendix 2or optimisation).

All samples were analysed for ATKHTX and their degradatioproducts dihydroanatoxin
(dhATX), dihydrohomoanatoxin  (dhHTX), epoxyanatoxira  (epATX) and
epoxyhomoanatoxka (epHTX) using Liquid chromatographynass pectrometry (LG
MS). Anatoxins were separated by LC (Acquity UPLC, W&at€orp., MA) using a 501
mm Acquity BEHC18 (1.7um) column (Waters Corp., MAMobile phase A (water) and
mobile phase B (acetonitrile) otontaining 0.1% formic acjdvereused at a flow of 0.3
ml.min™, isocratic for 1 min at 100 % A followed by a rapid gradient fron?4@0to 50%
A / 50% B over 2 min Injection volume was 5 plThe Quattro Premier XE mass
spectrometer (Watesflglicromass,Manchester) was operated in ESI+ mode with capillary
voltage 0.5 kV, desolvation gas 90017, 400°C, cone gas 200Hr* and cone voltage 25
V. Quantitative analysis was by multiple reaction monitoring (MRBIhg MSMS
channels set up foATX (166.15> 149.1; Rt 1.0 min), HTX(180.2 > 163.15; Rta. 1.9
min), dhATX (168.1 > 56; Rt 0.9 minhHTX (182.1 > 57;Rt ca. 1.9 min)epoxyATX
(182.1 > 98) anepoxyHTX (196.1 > 140; Rt ca. 1.9 mimhe instrument was calibrated
with dilutions in 0.1% formic ad of authentic standards of anatexnA.G. Scientific,
CA).

3.3.5Nutrient analyses
Filtered nutrients were analysed on adhat QuickChem FLOW Injection Analyser (FIA +

8000 Series, Zellweger Analytics, Inc.) ananelab Aquakem 600 Discrete Analyse
(Thermo Scientific) Nitrite-N was analysed usingutomated AZCQdye colorimetry and

total oxidised nitrgen (nitrateN + nitrite-N) was analysed using automated cadmium
reduction following the methods of the American Public Health Associgfatonet al.
2005) Total Kjedahl nitrogen was digested in sulphuric acid and analysed using
phenol/hypochlorite colorimetrfEatonet al. 2005) Nitrate was calculated by subtracting
nitrite-N from totd oxidised nitrogen (nitrat® + nitrite-N), while total nitrogen was
calculated by the addition of total kjedahl nitrogen, nihiteand nitrateN. Total
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phosphorus was digested with acid persulphate before asicgybic acid colorimetry
(Eatonet al. 2005) Dissolved reactive iipsphorus was analysed usimglybdenum blue
colorimetry(Eatonet al.2005)

3.3.6Statistics
S p e ar mampdranetric rank correlation coefficients were used to @& the

correlation betweephysicochemicaparameters and cyanobacterial mat cover for all sites.

No nutrient data was collected fates8; therefore no correlations could be conducted for

this site. At site 2 considerable diatom coverage was obsethisdwas included in
Spearmands <correl at i onhe dafadromalltsix Hut riverisiteg . Add
were pooled R 9 0) and a Spearmands <correlation coc
potentially contributing to cyanobacterial abundance. r&ations were considered
significant at the 95%R<0.05) confidence interval. ilRer flow was found to be a
significant parameter leading to the removal of benthic cyanobacteria and considerably
altering otherphysicochemicaparameters, therefore distogi those possible parameters
thatcoul d be controlling cyanobacterial growt
was also performed on a subset of the data where cyanobacteria were present, therefore
eliminating the effect of river flow. Temperag&ithe resulting significant parametevas

entered into a stewise linear regession model to ascertain d@entribution to variation in
cyanobacterial ma t carélalion das rused to ex@amieeapossiblen 6 s
correlations between anatoxins centration anghysicochemicaparameters. To control

for the effect of river flow Spearmandés an:

where anatoxins were detected.

Stepwise logistic regressiamas used to predict the probability of the preseor absence

of cyanobacteria from the pooled data of all six Hiver sites. All nutrients, river flow

and temperature were entered into the model. Binary predicatives were improved by
decreasing the default of 0.5 probability to a cut value equbktprevalence of presences

in the data, i.e. t00.33. Thereby, decreasing the probabilities of false negatives

(cyanobacteria predicted be absent when in reality they wemesent).
For water temperature and river flow¥s), a fiveday average pricio sampling was used

to correlate to each sampling point. Standardisation was achieved by dividing tbayfive

average river flow by the yearly average river flow. The combined total of ATX, HTX,
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dhATX and dhHTX were usedll data was analysed usirffjatistical AnalysisSoftware
version 16.0(SPSS 2007)

3.4Results

3.4.1 Cyanobacterial nat abundance in different habitats
At sites 14 where percentage cover of cyanobacterial mats was monitored in a pool, run

and riffle, mats were observed in all three habitats, #ighexception of site 1 thatad
experienced no cyanobacterial mat growth in the pool habigur@3.2). Mat abundance
varied at each site within the three different river environments. In general pdoleeha
lowest percentage covef cyanobacteriawith only site 3 having consistent growthhe
highest percentage covef cyanobacterial mats was observed at site 2 in a pool
environment on the "8 of December 2007, where covevas 90%. Cyanobacterial
percentage cover tended to be highest in riffled ams across alites (Figure3.2).
Riffles were generally found toave higher percentage cotban runs, although at site 3,
runs ha higher covethan riffles in approximately 50% of the observations. Furthermore,
with the exception of the pool obsations in December 2007 and January 2008 at site 3,
on multiple occasies cyanobacterial mats wepeesentonly in riffles at sites 1, 3 and 4
and once at site 2. The highest riffle and run coverage were 75%of2Bnuary 2008)
and 70% (B of Januan2008) respectively, both observed at site 2.
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Figure 3.2a,b, ¢ & d: Cyanobacteriahat cover for four sampling sites on the Hutt River, New Zealand in three different river habitats; pool, run and sffee1aTe

Marua), b site 2 (Mangaroa),-site 3 (Akatarawa),-tite 4 (Whakatikei)

47



Chapter 3: Spatial and temporal variabilityAihormidium

3.4.2 Temporal and spatial variability in cyanobacterial nat abundance
Cyanobacterial mats were observed at all eight study sites. The dominant genus in these mats

was Phormidium Occasioally, species from the Pseudanabaenaceae were observed in low
concentrations in the samples. Althougfrequently observed growing in the winter months
(between May and October 2008), cyanobacterial mat growth was generally restricted to summer
months(Figure3.2 a, b, ¢ & d) This correlated with periods of stable river flow and warmer

water temperatures

Percentage cyanobacterial mat cover was recorded at over 50% at four of the six (sites 2, 3, 5 anc
6) Hutt river sites, with the highest abundance (J@served tsites 2 and5 on 6" of January
2008 and 27 of February 2008 respectively. Aite 1cyanobacterial mats were observed from
initial sampling to the B of January 2008 (Figur&.3). Mats were not observed again until late
February2008, wha the maximum percentage @vwas less than 10%. Sitehad extensive
cyanobacteriamat coverat the time of initial sampling (peaking at 70% on tfeJanuary
2008), this steadily decreased until there was no cyanobacteria observed ofi dieVsich
2008 (Figure3.4). Cyanobacterial growth was observed u2%%6 in May ad June 2008 and
then no cover wasbserved untiNovember2008 No cyanobacterial ats were observed at site
3 in January and only minimal growth (<15%) in February (Fig8r®. In March 2008
cyanobacterial mat covg@reaked at 60%however, this wasbservedo be patci in April and
May 2008 before consistent growth wasyain observed from Sepmber to December 2008
(Figure 3.5). Site #xperienced peakyanobacterial coven Decenter 2007 (30%); patchy and
low abundance cyanobacterial cover was then observed throughout January to2BG8ch
(<10%) Figure 3.6).Low cyanobacterial matover was observed once in April and J 298
respectively with no further growth until Decem!2808 Consistent cyanobacteriabverwas
observed at site som December 2007 to the end of March 2008, for the majority of this time
percentage cover was <40%idure 3.7. With the exception ofyanobacteriacoverobserved in
June 2008 there was no mre recordeduntil November 2008. Growth at site \Bith the
exception of December 2007 and early Jan2@@8where cyanobactetiabundance peaked at
60%, was patchy and at low abundances (<10%) from late JaR0@8yo June2008and then
October to Decefbrer 2008 Figure 3.8. The most upstream site on tiéainuiomatariver (at
Manuka Track, ise 7), experienced nayanobacterial coveuntil February2008 consistent
coveragewas then observed until the end of Mag&ff08where it peaked at 15%-igure 3.9.

No further cyanobacteria@loveragevas observed at this site. Cyanobaefecbverat site 8was
patchy with only consistentover observed from late Janua@p08to early March2008 No

cyanobacterial matoverwas observed after JuB808(Figure 3.10)
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Figure 3.3 Per@ntage ganobacterial mat covage, temperature, river flow and anatoxin concentrations for Te Marua (site 1), Hutt
New Zealand, between thé& af December 2007 and th& af January 2009. Error bars represent standard error.
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