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Abstract

Reliable identification of cyanobacterial isolatess significant
socio-economic implications as many bloom-formipgaes
affect the aesthetics and safety of drinking wdtegugh the
production of taste and odour compounds or toxitabwites.
The limitations of morphological identification reapromoted
the application of molecular tools, and encourafedadoption
of combined (polyphasic) approaches that includé bo
microscopy— and DNA-based analyses. In this contiest
rapid expansion of available sequence data is ¢sgéc allow
increasingly reliable identification of cyanobacerand
ultimately resolve current discrepancies betweeno

approaches.

In the present study morphological and molecular
characterisations of cyanobacterial isolates (n=88l)ected
from various freshwater sites in Australia, werenpared.
Sequences were obtained for the small ribosomairsuBRNA
gene (16S rDNA) (n=36), the DNA-dependent RNA
polymerase genegoC1) (n=22), and the phycocyanin operon,
with its intergenic spacer regiogptBA-IGS) (n= 19).
Phylogenetic analyses identified three cyanobadterders:
the Chroococcales (n=8), Oscillatoriales (n=6), Bliodtocales
(n=25). Interestingly, multiple novel genotypes wvéatentified,
with 22% of the strains (17/77) having <95% siniilato

available sequences in GenBank.
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Morphological and molecular data were in agreermaétite
species level for only 26% of the isolates obtai(i39),
while agreement at the genus level was obtaine@X&é
(12/39). Confident identification of the remaini4g% of the
strains (17/39) beyond the order level was notiptessThe
present study demonstrates that, despite the taxiano
revisions, and advances in molecular—, and biométics—
tools, the lack of reliable morphological featuresdture-
induced pleomorphism, and proportion of misideatfor
poorly described sequences in GenBank, still reprtes
significant factors, impeding the confident ideictition of

cyanobacteria species.

Keywords

Cyanobacteria, morphology, molecular phylogeny,
identification, 16S rDNArpoC1, phycocyanin operon
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1. Introduction

Cyanobacteria are a group of ubiquitous photosyitthe
prokaryotes, found in all types of aquatic envirems
(Whitton and Potts, 2000). Interest in this phylhas increased
due to (i) their ancient evolutionary origins (Taami et al.,
2006), (ii) their ecological role as oxygen prodig¢cand
atmospheric nitrogen— and carbon—fixers (Reyn@a8s),

(iif) the socio-economic impact on various indwessr{e.g.
water, tourism and food) of bloom—forming producefrsoxins
and/or odorous metabolites (Granéli and Turner6p0énd

(iv) their application as a source of biofuels and
pharmaceuticals (Borowitzka, 1995; Li et al., 2008)
Cyanobacteria identification, enumeration and digssion
have traditionally been based on light-microscopgesvations,
using morphological characteristics such as ced,ssell
fission type, trichome width, shape of the termirells, shape,
size and position of specialised cells such aseaéigand
heterocytes, presence of aerotopes etc. (Casterdl).
However, this approach requires considerable opesitll and
time; with distinctive phenotypic characteristiaying
significantly within species, or even being losiedo
environmental or culture conditions, growth phass of
fixatives etc. (Lyra et al., 2001; Whitton and Bp2000).
Furthermore, manifestation of ecotypes, or micriobia

pleomorphism during long-term cultivation, has testiin a
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large number of strains being misidentified, witbadjreeing
nomenclature and morphological descriptions (Koh&2806;
Komarek, 2010).

The well-known limitations to morphology-based itigcation
promoted the development of DNA-based approacises, a
means of reliably identifying cyanobacterial isek&a{Valério et
al., 2009; Willame et al., 2006). The small ribosbsubunit
RNA gene (16S rDNA), together with its internalnsaribed
spacer (ITS) region, have been widely used forrtartc
purposes, to profile complex prokaryotic commusitiend
infer phylogenetic relationships (Castenholz, 20D4denye and
Vandamme, 2003; Komarek, 2006). Other commonly is&d
include the more discriminatory protein-coding gaansabunit
of the DNA-dependent RNA polymeraspdC1l) (Fergusson
and Saint, 2000), and the phycocyanin operon, stingiof the
two cpcB-cpcA genes with their variable intergenic region (PC-
IGS) (Neilan et al., 1995).

Previous studies have shown that identificationrdénown
isolates can be hampered by incomplete (or unteliab
morphological descriptions being provided for tequenced
strains, incorrect identification of strains inftué collections,
and/or simply, by the lack of proper referenceissrtout court
(Komérek, 2006; Komarek, 2010; Rajaniemi et alQ®0
Much has been done to overcome these problems asuitte

proposal of the International Code of Nomenclafarealgae,
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fungi, and plants (Castenholz and Norris, 2005; kidNt al.,
2012; Oren, 2004; 2011; Oren and Tindall, 20059, téue
International Code of Nomenclature of Bacteria Wigcoups
cyanobacteria into subsections (Castenholz, 2@0i) the
resulting revisions to cyanobacteria nomenclatack a
classification (Anagnostidis, 2001; Otsuka et2001;
Rajaniemi et al., 2005; Suda et al., 2002). Howethés has
also resulted in new taxa being described usimmnebmation
of both codes, causing further confusion (Komag€i,0).
With time, the rapid expansion of available seqeetata (Fig.
1) is expected to allow increasingly accurate maksc
identification of cyanobacteria, and help in resavthe
discrepancies between the microscopy and molecular
approaches. In light of the current maturity ofl.estce
databases, taxonomy and molecular tools (Komérek,et
2011; Siegesmund et al., 2008; Strunecky et al.12®acklin
et al., 2009), the aim of this study was to detagiow well
morphological and molecular tools for the idenétion of
cyanobacteria isolates corroborate. To this enalnalgacteria
were isolated from randomly selected locations est¥rn
Australia, from which there have been few cyanatraat

studies, for use in this study.
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2. Materialsand Methods

2.1 Isolation and cultivation of cyanobacterial strains

Freshwater samples (n=50; 1 L each) were colldmtdgeen
November 2010 and June 2011, from various randomly
selected locations in Western Australia, includifigprotected
freshwater reservoirs in the Great Southern regidth,
restricted access and excellent water quality (@fptes;
n=6); (ii) urban lentic systems, in the Perth metidan area,
with free public access (n=3); (iii) shallow, ryrtic systems,
which included a drain and a river (n=2) (TableFgr sample
enrichment, water was pre-filtered through qualigafilter
paper Number 1 (Advantec, Japan), and sterile hvzapd 0.45
pum mixed cellulose ester (MCE) filter membranesv@utec,
Japan). Each filter was divided into thirds anccethinto
ASM-1 medium (Gorham et al., 1964) (pH adjusted.®), or
modified ASM-1 medium (with no, or 200 uM sodiuntrate),
and were allowed to grow for a fortnight. Strainsrevisolated
using traditionakd hoc methods such as: i) serial dilution to
extinction, ii) micromanipulation (Narishige, Japaii)
sequential centrifugation, iv) differential filtrah, and v) agar
plate streaking. After repeated passages, isolaes finally
transferred into 75 cheulture flasks (Greiner Bio-One,
Germany) for long-term cultivation, when a singlerphotype

was stably observed.
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In addition to the Western Australian isolatesaiss from the
culture collection at the Australian Water Qualligntre
(AWQC), which were mostly collected in the earlyehii990s
during surveys of Australian freshwater sourcesgvedso
included in the study. The surveys included: pri@@@nd open
freshwater reservoirs from New South Wales, Viet@nd
South Australia (n=6), open rural lentic systenasrfiNew
South Wales (n=2), and open rural lotic systems fidew
South Wales and Victoria (n=2) (Table 1). AWQC &eb
were grown in 50 critissue culture flasks with vented lids
(Greiner Bio-one, Germany), containing 20-30 mIA&M-1
medium (pH adjusted to 7.6). Cultures were incuthate20C
under a photon irradiance of pMm™s* provided by cool

white light (16 h/8 h light/dark cycle).

2.2 Microscopic identification and molecular analyses

After obtaining a stable homogenous phenotype teatly
growth, each isolate was subcultured into 56 tissue culture
flasks, containing, approximately, the same nunatber
cells/filaments, and the same medium. Microscopic
identification of these sister cultures was perfedby two
independent laboratories. Observations were peddrny light
microscopy at various magnifications on a large bnenof live
cells (i.e., unfixed), either directly in the cuktuflask, or by

making multiple fresh mounts of the cultures.
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For molecular analyses, aliquots of cyanobacter@hass (25
mL of cell suspension, or ~5 g of microbial mateyev
transferred into sterile 50 mL polypropylene tuf@seiner
Bio-One, Germany). The tubes were centrifuged adimmam
speed (4,050 rcf, 3@in) using an Allegra X-15R (Beckman
Coulter, USA), and DNA was extracted from the pgellsing
commercially available DNA extraction kits (PrometesA or
Qiagen, USA) according to the manufacturers’ prokac
except that the pellet was digested with proteiriaseernight.
All PCR reactions were run on a G-Storm GS1 stahdock
thermal cycler (Kapa Biosystems, USA). A partialgment
(313 bp) of the 16S rDNA hypervariable region wasphfied
using the cyanobacterial-specific PCR protocol juesty
described (McGregor and Rasmussen, 2008), excaipthti
reverse primers 781R(a) and 781(b) (Nubel et 8b7) were
used instead. Amplification apoC1 (409bp) was performed
using cyanobacteria-specific primers rpoC1-1 amCip T
(Palenik and Haselkorn, 1992). A partial fragmer23bp) of
the phycocyanin intergenic spacer regiopcBA-IGS) and
corresponding flanking regiorpcB andcpcA was amplified
using the primers cpcBF (UPF) and cpcAR (URP) aseed
by Robertson et al. (2001). Amplicons were vis@aliby 1%
agarose gel electrophoresis containing SYBR Saf&S@éen
(Invitrogen, USA) in a dark reader trans-illumina¢Glare

Chemical Research, USA). Band products correspgrdithe
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expected length were excised from the gel, usingva scalpel
blade for each sample. These products were thefigouusing
a MO BIO UltraClean DNA purification kit (MOBIO
Laboratories, USA), and sequenced, bi-directionaléng an
ABI Prism Terminator Cycle Sequencing kit (Applied
Biosystems, USA), on an Applied Biosystem 3730 DNA
Analyzer. Sequencing chromatograms were then aerhlyg
FinchTV 1.4

(http://www.geospiza.com/Products/finchtv.shtmbfda

imported into Bioedit Sequence Alignment Editor {HR999)

to generate one consensus sequence (per locwegdorisolate.

2.3 Phylogenetic analysis

Phylogenetic analyses were conducted on the segsienc
obtained during the present study (GenBank acaesgimbers
JQ811771 to JQ811820) and retrieved from GenBasikgu
the Basic Local Alignment Search Tool (BLAST). MEGA
(Tamura et al., 2011) was used for sequence matipas,
alignments by CLUSTAL W (Larkin et al., 2007) are p-
distance model (Kimura, 1980) was used for theutalon of
the pair-wise evolutionary distances. Phylogenretialyses of
aligned sequences were conducted using distanagh(béeir-
Joining), maximum parsimony (MP) and maximum likebd
(ML) methods, in MEGA 5 (Kimura, 1980); tree relilitly was

evaluated with bootstrap analysis of 500 replicafes the

10
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purpose of molecular identification, a percentagdecular
similarity cutoff of 98% and 95% for species andge
identification respectively was used for the 16381
(Stackebrandt and Goebel, 1994). As a result ofrtheh
smaller number of sequences available (Fig. 1), 868690%
similarity values respectively were used for speeard genus
identification for therpoC1 andcpcBA-IGS loci. These values
were chosen based on the genetic distance forespant
genus measured from the dataset used to geneedieds

(Fig. 4 and 5).

3. Results

From the 11 Western Australia sampling sites, afates were
obtained; of these, 12 were obtained from the ptete
reservoirs, five from urban lentic systems, andragh rural
lotic waters. The Western Australian isolates vetuglied
together with the 10 cyanobacteria isolates fromARVQC

(Table 1).

3.1 Comparison of mor phological data

All 39 isolates were examined and identified motpgially:
17 isolates were analysed by two independent tarcsis
(replicate identifications), while 22 isolates werelysed by
either one of the two taxonomists (unique iderdificns) (Fig

2, Table 2).

11
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Overall, only 46% of the isolates (18/39) were ninaipgically
identified to species level by at least one taxoisgrthe
remaining isolates (54%; 21/39) were identifiedyawol the
genus level (Table 2). For the 17 isolates thaevesralysed by
both taxonomists, morphological identifications eér
complete agreement for three isolates (18%, 3BFayanup
drain type 2 Anabaena torulosa), Hyde Park type 1
(Anabaenopsis elenkinii), and Vasse River type 6

(Sphaer ospermopsis aphanizomenoides) (Fig. 2, Table 2).
Baldwin Park type 3 was also identified to the spetevel by
both taxonomists, but as different specisapaena
oscillaroides vs. $p. aphanizomenoides). For six further
isolates (35%, 6/17), morphological identificatiomsre in
agreement at the genus level, while, with the etxacempf
Baldwin Park type 3, the lack of identifying featarallowed
identification of the remaining seven isolates (318fly at

either family, or order— level (Fig. 2, Table 2).

3.2 Comparison of molecular identification and

phylogenetic analysis at different loci.

Partial sequences were successfully obtained &t &% rDNA
(n=36),rpoC1 (n=22) and PC-IGS (n=19) loci. Amplification
at all three loci was successful for 23% (9/39%hef isolates
(Table 2). Of the remaining isolates, 33% (10/3@phfied

successfully at both the 16S rDNA artBA-IGS loci, 33%

12
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307

(10/30) were successful at the 16S rDNA apalC1 loci, while
the remaining 33% (10/30) successfully amplifiedmly one
locus (Table 2). Tree topologies for all three hveire
relatively similar (Fig. 3, 4 and 5), with the iat¢s included in
distinct clusters according to their orders (Tehl€&ig. 3, 4 and
5).

Based on the percentage similarity threshold sgh@
Materials and Methods), when all three loci werecessfully
sequenced from any given isolate and compared,aulale
identifications agreed at the species level foy amle isolate
(Vasse River type 6), and at the genus level ferather
isolate (Vasse River type 13). Where successfulifiogtion
was obtained for only two loci, agreement at thecsgs level
for 25% (5/20) of the isolates was obtained. AHart50%
(10/20) of the isolates agreed at the genus |exele the
remaining 25% either agreed at the order levehaor no
agreement at the loci amplified (Table 2, Fig. 6).

Analysis of the 16S rDNA data (313 characters; gaimony
informative sites) showed the existence of six mejosters,
within the three major cyanobacterial orders: theoBcoccales
(subsection I; n=8), Oscillatoriales (subsectidnri£6) and
Nostocales (subsection 1V; n=22) (Fig. 3) (Casténz001).
The Chroococcales included sequences from planktic,
unicellular coccoids, isolated mainly from the a&dver, and

from two isolates (GS3-1 and MIC058-B), which waralti-

13
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332

cellular planktic colonies. The Oscillatorialeslirbed benthic,
non-heterocystous, filamentous (non-branching)jrerdrom a
variety of locations. All other 16S rDNA sequengese
obtained from cultures of filamentous (non-branghistrains
clustering within the Nostocales, of which seveehera were
paraphyletic (Fig. 3).

At therpoC1 locus (409 characters; 335 parsimony informative
sites), the genotypes identified belonged to thetdbimles
(n=17), Oscillatoriales (n=1), and Chroococcalesijr(Fig. 4).
Interestingly, GS2-1 grouped distinctly wifiseudanabaena
sp. (Oscillatoriales) (bootstrap value > 50%), etBlaldwin
Park type 2, although on an isolated branch, wasdavell
within the Nostocales. This is in contrast to tl6& locus,
where GS2-1 and Baldwin Park type 2, respectivedyiged
with Nostoc commune (bootstrap > 70%; well within the
Nostocales), or formed a clearly distinct branasdh to the
order (Fig. 3). As with the 16S tree (Fig. 3), npi# clusters of
the Chroococcales were also evident fromrgeeC1 tree (Fig.
4), with four sequences grouped within this ord#C058-B,
Vasse River types 9, and 13 and GS6-1. Apart fr@2-®, the
remaining 17 sequences clustered within the Nokscahich
was characterized by the distinct positions of ¥dRwer type
2, Buayanup drain type 2 and GS5-2.

Analysis of thecpcBA-IGS locus (423 characters; 396

parsimony informative sites) showed that, aparmfgS2-1,

14



333  which grouped strongly (bootstrap value >80%) with

334 Pseudanabaena sp. (Oscillatoriales) on an isolated branch, the
335 overall topology was similar to that obtained fioe tL6S rDNA
336  (Fig. 5). As with the 16S anghoC1 loci, the Nostocales (10
337 sequences) and the Chroococcales (2 sequencegdorm
338 monophyletic groups, while the Oscillatoriales €fsences)
339  were paraphyletic (Fig. 5).

340 As the majority oftcpcBA-IGS sequences available from
341 GenBank to date mainly belong to relatively fewemen(e.g.,
342  Arthrospira, Synechococcus, Phormidium etc.), large distance
343 values and the presence of isolated branches vesered for
344 the tree based on this locus (Fig. 5). Baldwin Rgplke 2 could
345 not be successfully amplified at this locus, anly @54-1,
346 GS4-2, Baldwin Park type 1 and Vasse River typgi8bited
347  almost complete (>99%) homology with available ssges
348 (Fig. 5, Table 2).

349

350 3.3 Comparison between mor phological and molecular

351 identifications

352 Discrepancies between morphological and molecular

353 identifications were observed for several isoldTele 2). For
354 example, Hyde Park type 1 was identified, atgheBA-IGS
355 locus and morphologically, @s. elenkinii. However, at the
356  16S rDNA it was closest tan. circularis. Further molecular

357 identification of Hyde Park type 1 was hamperedH®ypaucity

15
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382

of An. circularisandAn. elenkinii sequences at both theoC1
andcpcBA-IGS loci which prevented confident identificatio
at these loci.

The isolate Buayanup drain type 2, which was idiexti
morphologically ag\. torulosa was most similar té\.
oscillaroides at the 16S rDNA locus, and £ spherica at the
cpcBA-IGS locus (noA. oscillaroides sequences were available
at this locus). Isolates GS6-1 and Vasse Riverstgyd 2 and
13 were identified a8phanothece sp. based on morphology.
However, using molecular methods, they were phylegeally
more similar toSynechococcus sp. (HE975005) than
Aphanothece minutissma (FM177488)(Fig. 3).
Morphologically, ANA196-A was identified as
Dolichospermum circinale, but was phylogenetically placed
with Aphanizomenon gracile, using the 16S rDNA angoC1
sequence data (Table 2). This was also observedSdr2,
which was identified morphologically asNastoc sp. orSp.
aphanizomenoides, but was found to be most closely related to
An. bergii (100% similarity)at both the 16S rDNA antpcBA-
IGS loci. Similarly, although Baldwin Park type acaGS4-1
were identified morphologically @ anktolyngbya and
Oscillatoriales/Geitlerinema sp., they showed 100% similarity
to variousLimnothrix spp. andPlanktothrix spp., at the 16S
rDNA locus, and td@seitlerinema amphibium (FJ545644), at

thecpcBA-IGS locus.

16
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Overall, for the nine isolates that amplified diati studied,
microscopic and molecular data from at least onadpwere in
agreement at genus level for all isolates, excess¥ River
type 13 (Table 2). However, agreement between nobogical
and molecular identifications, from all three loggs obtained
for only one isolate (Vasse River type 6) (TableV@hen
morphology was compared with two loci for all isels (16S
rDNA plus, eitherpoC1, orcpcBA-IGS), species identities for
ANA150-A (D. circinale) and AWQC318D. circinale) were
in agreement. When morphological data was combivitd
molecular identification from any one locus, a fiert seven
isolates could be identified to the species leVkése included
ANA118-AR, ANA131-CR, ANA148-CR, ANA335-CL}.
circinale), Hyde Park type 1An. elenkinii), MIC-058-B
(Microcystis flos-aquae), and Vasse River type D(flos-
aquae). Of the remaining isolates, 31% (12/39) were in
agreement at the genus level, 28% (11/39) to therdevel,
while no agreement was obtained for the remainbtg {6/39)

(Table 2).

3.4 Identification of novel isolates

Based on their unique/variable phylogenetic pasgiand large
genetic distances from available sequences, twengiatly

new members of the Nostocales (Baldwin Park type 2

morphologicallyAnabaena sp. 1, and GS2-1 — morphologically

17
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Nostoc sp.) were identified. These new strains had no
particularly atypical morphology, and could only be
morphologically identified to genus lev@nabaena sp. 1, and
Nostoc sp., respectively). Noteworthy, 17 novel sequendés
<95% similarity to previously published sequencesen
obtained during this study, with the majority oéthovel

sequences being observed atrip@C1 locus.

4. Discussion

This study has shown that even with the changes to
cyanobacteria taxonomy and the vast increase wesegs
available, identifying cyanobacteria isolates using
combination of molecular and/or morphological melhstill
remains problematic. This becomes even more evidban,
as done in this study, multiple loci and morphodad)i
identifications of a single isolate are compared.

Despite major revisions to the taxonomy and systiesaf
cyanobacteria, of the 17 isolates microscopicatnained in
duplicate, agreement at species level was obtdaratiree
isolates, with another seven isolates agreeingg@énus level.
This clearly highlights the current difficulties imorphological
identification of cyanobacteria from environmergamples. As
such, when monitoring water bodies, it may be hersfto
have more than one taxonomist. Furthermore, to taiain

consistency and integrity of the morphological iiferations,
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457

having morphological identifications done by thensa
taxonomist for the duration of the study is alsangbortance.
Overall, tree topologies for the 16S rDNA aipdC1 were
similar to previous publications (Fergusson anch&&i000;
Litvaitis, 2002; Lyra et al., 2001; Tomitani et,&006; Valério
et al., 2009). Although the 16S rDNA alignment welatively
short (313 characters), using full-length refereseguences
from GenBank did not alter the clustering patteand tree
topology (data not shown). Moreover, goC1 amino acid
alignment produced a similar tree to that obtainegig. 5
(data not shown).

The strictly qualitative nature of this study discages the
application of a statistically meaningful analysisnference of
ecological and water quality parameters of the $adhgites. In
particular, the isolation methods implemented mayeh
favoured isolation of particular species, and catimerefore be
used to comprehensively survey the original cyaotsia
communities. Even so, 22% of the total number glisaces
obtained had less than 95% similarity to previoysliplished
sequences (at any of the three loci studied), oairig the
presence of unexplored molecular varieties of fneghr
cyanobacteria in Western Australia.

Although there have been investigations on cyanebiat
diversity in Australia (Fergusson and Saint, 20@0Gregor

and Rasmussen, 2008; Papineau et al., 2005; Sadkier e
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458  2009), this is the first study to compare morphmaband
459  molecular identification of freshwater cyanobatdrom

460  Western Australia. In contrast to previous studiese in this
461 region, where Oscillatoriales and/or Chroococcalese found
462  to predominate (Garby et al., 2013; Gordon etl&i81; Kemp
463 and John, 2006; Lund and Davis, 2000), majoritthefisolates
464  obtained in this study belonged to the Nostocales.

465 The present study identified two potentially nevaists of

466  cyanobacteria; of these, GS2-1 was the most iriteges

467  grouping with either the Nostocales or Oscillatiesa

468 depending on the locus considered. Generally spgathese
469 observed differences can be due to: (i) the lagdeqguiences
470 available in GenBank for thgooC1 andcpcBA-IGS loci; (ii)
471  preferential amplification of contaminating straiis)

472  horizontal gene transfer, or (iv) presence of lalsipecific
473  gene pools (Komarek, 2010). Baldwin Park type 2 alas of
474  interest, as it was basal to the Nostocales aw#lestudied
475 16S rDNA locus, but fell on an isolated branch leerpoC1
476  tree. Minimum genetic distances for this isolateititer locus
477  were also considerable (6% and 14%, for the 16SARNd
478  rpoC1 locus respectively, fror. oscillaroides and Anabaena
479  sp. respectively), indicating a potentially presyu

480 uncharacterizednabaena species.

481 Despite its wide usage, the 16S rDNA has been fooife too

482  conserved to reliably differentiate closely relaedterial
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507

species (Coenye and Vandamme, 2003; Lyra et d1)2@nd
to have an evolutionary pattern that is not reilecof the
entire genome (Seo and Yokota, 2003). Consequently,
alternative loci such as the protein codipgC1, thecpcBA-
IGS, the nitrogenase genes (Kumatri et al., 2008)tha 16-
23S ITS region (and its structure) have also beexal fior
phylogenetic reconstructions, identification anscdimination
of species (Johansen et al., 2011; Palenik andliktaee 1992).
Although polyphasic approaches, combining morphokdg
and molecular identifications, have been propogean@arek,
2006; Litvaitis, 2002; Robertson et al., 2001; $ad Yokota,
2003), a number of authors have demonstrated irstens
phylogenetic and morphological classifications\itis, 2002;
Robertson et al., 2001; Seo and Yokota, 2003). ,Thus
incorporating data from multiple sources (e.g. rhoipgy,
nucleotide sequences from multiple loci, biochemica
composition) for the identification of unknown eronmental
genotypes has been recommended as a standardr@igono
practice (Koméarek, 2006). Furthermore, apart from97% —
98% sequence similarity for the 16S rDNA (Stackadtand
Goebel, 1994), there is no consensus percentagerses
similarity for species delimitation using otherilddence, as a
reflection of thepoC1 andcpcBA-IGS sequence numbers
available (Fig. 1), a less stringent criterion waed for the

determination of species and genus for these DEspite this,
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530
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532

molecular agreement between three loci was stilelothan
between two loci. The combination @dcBA-IGS andrpoC1,
however, showed no agreement among all pairs; coitfp
was found only when a third locus (i.e. 16S rDNAJsv
included (Fig. 6). These trends can be explainetheyeffects
of two intertwined factors (which are ultimatel\sponsible for
the successful molecular identification of a giverlate): the
total number of sequences available at a speoifiad, and the
number of species represented at that same locus.
Amplification efficiency of certain primer sets cpatentially
be affected by large genetic variations, possikplaning why
none of the isolates belonging to the Oscillatesal
successfully amplified at thgoC1locus. Furthermore,
alignment length and gap treatment options adogtednown
to affect phylogenetic reconstructions including thsolution
of some areas of the tree (Lindgren and Daly, 200/Here
alignments of protein-coding genes should presemef gaps,
regions which are subject to less stringent gemetistraints
(e.g., 16S hyper-variable regions and intergenécss) may
produce numerous positions with gaps, requigtdoc
strategies different from protein-coding data $&tdavera and
Castresana, 2007). This, potentially, accountsdane of the
topological differences observed in the trees pceduTo
overcome such limitations stemming from sequenciabiity,

the use of cyanobacterial 16S-23S ITS secondargtsiie may
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533  provide an alternative method to identifying intemge, and
534  possibly intragenic, diversity which is congruenthathat of
535 the 16S rDNA as demonstrated by Johansen et dl1j20
536  Similarly, the choice of algorithms for generatinges and
537 alignments, as well as the nucleotide substitutimadlels used,
538 can potentially affect the successful identificataf isolates
539 (Eddy and Durbin, 1994; Lindgren and Daly, 200hisTcould
540 explain, for instance, the high similarity of MIC®B-derived
541 16S andpoC1 sequences witkl. aeruginosa andM. flos-

542  aquae reference sequences, despite the morphological
543 identification ad\. flos-aquae (Fig 3 and 4). On the other
544  hand, however, this observation is in agreemerit thie

545 recommendation by Otsuka et al. (2001) aflos-aquae be
546 regarded as a morphological variantvbfaer uginosa.

547 In addition, it is well known that cyanobacteriaduently

548 undergo morphological changes during cultivationd@er et
549 al., 2002; Koméarek and Anagnostidis, 1989; Lyralgt2001),
550 resulting in potential loss of taxon-defining fe@s (Gugger et
551 al., 2002). Not only have the discrepancies betweelecular
552 and microscopic characterizations been well docteten
553 (Komarek, 2010; Willame et al., 2006), but it hésodbeen
554  shown that incorrectly identified species exisG@anBank

555 (Komarek, 2010) (e.cA. variabilis EF488831). Strains within
556  culture collections have also been incorrectly réisned are

557  present in both GenBank and various culture cadastunder
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580

581

582

different designations (e.@. variabilis ATCC29413 which
also appears as Nostoc sp. PCC7#3VariabilisUTCC 105,
Anabaena PCC 793A, flos-aquae UTEX144 etc.)
Furthermore, with the many revisions to cyanobater
taxonomy and nomenclature (Fig. 1), there is nchoektor
these corrections to be easily incorporated intalueses
(Komérek, 2006), causing further confusion whearafiting to
identify environmental cyanobacteria isolates.

Finally, as pointed out by Castenholz and Norr30g),
species identification is still blurred, this, toiger with the
difficulties discussed when identifying cyanobaietequestions
the need for cyanobacteria identification to thecsgs level.
This is especially true in water monitoring sitoas where
identifications to the genus level would usuallysodficient for
initiation of remediation strategies.

In recent years, the use of mass spectrometry elyamatrix
assisted laser desorption/ionisation- time of HiWALDI-
TOF) has seen increasing use in various fieldadpicability
to detecting cyanotoxins (Welker et al., 2002),rabtypes
(Welker and Erhard, 2007) and determining cyanas&ct
spatial distribution has also been shown, allowarghe
possible future use of this technology for cyantéxéa
identification, with the development of a standsedi and

regularly updated database.
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5. Conclusion

As highlighted by various authors (Castenholz aodiN,
2005; Komarek, 2006; Oren, 2011), a polyphasic @t is
still currently the most reliable option for idefgtng
cyanobacteria. The present study however has igel that
despite the application of molecular techniquestaed
subsequent increase in publicly available sequetivesbility
to accurately and definitively identify environmaht
cyanobacteria isolates is still challenging. kxpected that
whole genome sequencing data from an ever incrgasimber
of species, should make misidentified sequenc&emBank
increasingly recognisable, allowing for a promeclusion or
revision. This combination of whole genome sequsnce
together with alternative methods of cyanobacteria
identification (e.g. mass spectrometry) will fateite the
process of cyanobacteria identification. Howevaetil then,
accurate identification of these organisms will a&m

problematic.
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Table 1 — Collection sites and identities of thecg@nobacterial isolates used in this study

Type

Sampling site

| solates obtained

| solateidentities

Protectedreshwater reservoirs (WA)
(n=6)

Protectedreshwater reservoirs (NSW)
(n=4)

Protectedreshwater reservoir (VIC)

(n=1)
Openfreshwater reservoir (SA)
(n=1)

Open urbarentic systems (WA)
(n=3)

Open ruralentic systems (NSW)
(n=2)

Open ruralotic systems (WA)
(n=2)

Open ruralotic systems (NSW)
(n=1)

Open ruralotic systems (VIC)
(n=1)

Great Southern Region 1
Great Southern Region 2
Great Southern Region 3
Great Southern Region 4
Great Southern Region 5
Great Southern Region 6

Chaffey Dam

Burrinjuck Reservoir
Copeton Dam
Pejar Dam

Fish Creek Farm Dam

Millbrook Reservoir

Chelodina Wetland Reserve
Frederick Baldwin Park
Hyde Park
Lachlan River, Booligal
Willandra Creek
Buayanup Drain
Vasse River

Lake Cargelligo

Murrary River, Swan Hill

2

N W NN PP

[ S S

GS1-1, GS1-2
GS2-1
GS3-1, GS3-2,
GS4-1, GS4-2
GS5-1, GS5-2, GS5-3
GS6-1, GS6-2
ANA019-BR
ANA150-A
ANA278-FR
AWQC318

ANA148-CR

MICO058-B

Chelodina wetland type 1
Baldwin park types 1, 2, 3
Hyde Park type 1

ANA118-AR
ANA196-A
Buayanup drain types 2, 4

Vasse River types 1, 2, 3, 6, 8,9, 12, 13, 14, 15

ANA131-CR

ANA335-C

Grand-total




Table 2: Cyanobacteria identification based on 1p&;1, Phycocyanin (Cpc) DNA sequences and isolat@hwogy. Percentage similarity at each locus
was calculated in MEGA 5 (Tamura et al., 2011}haspairwise evolutionary divergence, with a p-atise model (Kimura, 1980).

Molecular Identification Morphological identification
Sub-group | solate Related sequence (percentage similarity)
16S rDNA (n=36) rpoC1 (n=22) CpcBA-I GS (n=19) Taxonomist 1 Taxonomist 2
D. affine |FN691906 .
ANAO019-BR (100%) - - D. circinale N.A.
D. circinale |JAF199423 o
ANA118-AR - (100%) - D. circinale N.A.
D. circinale |JAF199423 _
ANA131-CR - (100%) - D. circinale N.A.
D. circinale |JAF199423 o
ANA148-CR - (100%) - D. circinale N.A.
a+ (D.circinale AWQC150-A  D.circinale |JAF199423 _ -
ANA150-A IAF247573) (100%) D. circinale N.A.
) ) Ap. gracile |[HQ157688 Ap. gracile [EU078450 _ o
Clc\ll ANA196-A (100%) (97%) D. circinale N.A.
@ ANa27s-FR D flosaguaelABSS1438 - - D. dircinale NA.
% (100%)
Q ) D. circinale |AF247588 .
% ANA335-C (100%) - - D. circinale N.A.
o .. N -
Z D. circinale D. circinale |AF199425 _ -
AWQC318 IAF247581(100%) (100%) D. circinale N.A.
Anabaena sp. |AF199432
Baldwin A. oscillaroides |AJ630428 (86%) B
Park type 2 (94%) Anabaena sp. |AF199433 N-A. AEITETASH, A
(86%)
Nostoc sp. PCC8976
Baldwin [AM 711525 (100% ) Nostoc sp. |AY242997 _ . A osiillaroides
Park type 3 Nostoc sp. |[AB087403 (88%) aphanizomenoides '
(100%)
Buayanup A. oscillaroides |AJ630428 Sp. aphanizomenoides A. sphaerica A torulosa A torulosa

drain type 2 (99%) IFJ234841 (86%) IDQ439645 (92% )



Chelodina o acile [EUO78532
wetlands
(99%)
type 1
i N. punctiforme
Gl |GQ287652 (97%)
N. commune |DQ185223
i (99%)
GS2-1 N. commune |AB251863
(99%)
i A.bergii |FR822617
GS4-2 (100% )
Nostocaceae
GS5-1 cyanobacterium
|GQ389643 (100%)
T. variabilis |AJ630456
i (100%)
GS52 1 \ariabilis JJQ390607
(100%)
i Nostoc sp. |FJ948088
GS5-3 (99%)
Hyde Park  An. circularis |GQ859629
type 1 (100%)
Vasse River D. flos-aquae|AY 701573
type 1 (100%)

Vasse River  Anabaena sp. PCC9109
type 2 |AY 768408 (99%)
Vasse River A, sphaerica |GQ466513

type 3 (100%)

. aphanzomenoides
|FJ234848 (86%)

A. variabilis [CP000117
(89%)

Pseudanabaena sp.
PCC7367 |[CP003592
(76%)

C. stagnale PCC7417
|CP003642 (87%)

A. cylindrica PCC7144
|CP003659 (84%)

An. circularis |[EU078479
(89%)

Anabaena sp. |JAF199432
(98%)

Anabaena sp. |EU078475
(87%)
A. variabilis |]AB074795
(100%)

Ap. gracile |FN552318
(97%)
D. compacta
|[AY 702239 (97%)

Pseudanabaena sp.
|EF680776 (80%)

A. bergii [FJ234863
(100%)

Anabaena sp.
|GU935369 (97%)

Nostoc sp. PCC6720
[JF740673 (94%)
An. eenkinii
|[FN552383 (96%)

Sp. aphanizomenoides
|GU197719 (99%)

Anabaena sp. PCC

9109 |AY 768473 (96% )

N. linckia |AY 466120
(99%)

Anabaena sp.

Anabaena sp.

Nostocales

.

aphanizomenoides
Cylindrospermum
sp.

N.A.

Anabaena sp.

An. elenkinii

Anabaena sp.

N.A.

N.A.

Anabaena sp.

Anabaena sp.

Nostoc sp.

Nostoc sp.

Anabaena sp.

Anabaena sp.

Anabaena sp.

An. elenkinii

D. flos-aquae

Anabaena sp.

Anabaena sp.



Vasse River  Sp. aphanizomenoides Sp. aphanizomenoides Sp. aphanizomenoides b So.
type 6 FM 177473 (100% FJ830555 (96% GU197719 (97% aphanizomenoides  aphanizomenoides
yp p p
Vasse River Calothrix sp. |GQ859627 _ _ g : :
type 8 (98%) Gloeatrichia sp. Rivularia sp.
Planktothrix sp.
|[AF212922 (100%)
Baldwin L. redekei |EUQ78512 _ G. amphibium Oscillatoriales Planktolyngbya
Park type 1 (100%) |[FJ545644 (100%) sp. 1
Limnothrix sp. |EF088338
(100%)
Buayanup L eptolynghya sp Cyanobacterium
ﬁ drain type 4 IEU729062 (98%) - tXId129§()785](.%|;)A\J401183 N.A. Trichocoleus sp
\qm: GS1-1 L eptolyngbya sp. _ Spirulina laxissima NA Planktolyngbya
T [HM 217044 (100% ) |DQ393286 (84%) o sp.
S i Pseudanabaena sp. _ Pseudanabaena sp. PCC
g GS3-2 IGU235355 (100%) 7400 |M9426 (82%) ' >vdanabaenasp.  Ps galeata
3 Planktothrix sp.
O |AF212922 (100%)
i L. redekel |EUO078512 _ G. amphibium N Planktolyngbya
GS4-1 (100% ) IFJ545644 (100%)  CoUerinemasp. sp. 1
Limnothrix sp. |EF088338
(100%)
. Pseudanabaena sp.
GSe-2 s mudicola|GQ859642 - PCC7400 [M99426 Pseudanabaenasp.  Ps. galeata
(99%)
(83%)
0 i M. flos-aquae |AF 139328 _ B . .
% GS3-1 (98%) N.A. Microcystis sp.
O ~ ) M. flos-aquae [AF139328 M. aeruginosa |AP009552 B
§ ?C? MIC058-B (100%) (98%) M. flos-aquae N.A.
g Synechococcus sp.
5 GS6-1 lﬁ’ggggggc(cluosb% PCC7920 |AF245158 - N.A. Aphanothece sp

(96%)



Synechococcus sp.

Vasse River Synechococcus sp.
type 9 IHE975005 (100% ) PCC79%€(9)6|(,;J |;245158 - Aphanothece sp. Aphanothece sp.
: echococcus sp.
Vasse River Synechococcus sp. Sy
type 12 IHE975005 (100%) — PCC?9%§7|(,)2|;223462 N.A. Aphanothece sp. 1
. Synechococcus sp. Synechococcus sp.
VasseRiver  Synechococcus sp, PCC7920 |AF245158 PCC7918 |AF223462 N.A. Aphanothece sp. 1
type 13 |[HE975005 (100% ) (96%) (96%)
Vasse River Synechococcus sp.
type 14 IHE975005 (100%) - - N-A. Aphanothece sp
Vasse River Synechococcus sp.
type 15 IHE975005 (100%) - - N-A. Aphanothece sp 1

"16S rDNA sequence previously available (GenBank AixAF247573); — = No sequence data obtained; Mot examinedA.= Anabaena;
An.=Anabaenopsis; Ap.=Aphanizomenon; C.=Cylindrospermum; D.=Dolichospermum; G.=Geitlerinema; L.=Limnothrix; M.=Microcystis, N.=Nostoc;
O.=Ogcillatoria; P.=Planktothrix; Ps.=Pseudanabaena; S.= Phaerospermopsis; T.=Trichormus. Sequences with percentage molecular similarity ettbg
threshold used for identification are in bold. Bpecies identification, the threshold was 98%lier16S rDNA, and 95% for thrpoC1 andcpcBA-IGS loci.

For genus, the threshold was 95% for the 16S rDél, 90% forrpoC1 andcpcBA-IGS.
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Fig. 1 — Number of sequences within GenBank for the ¥68C1 and phycocyanin loci over time. Data
obtained from NCBI Nucleotide Databaget://www.ncbi.nlm.nih.gov/nuccoyeReferences indicate
papers characterising or reporting changes to cyanobacteria taxandmgmenclature.
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examined in duplicate, the number of isolates providing agreement bdtveeplicate identifications is
shown



A Vasse River type 3JQ811779
SS/T4/ A. torulosa GU396091

A. sphaerica GQ466513
A. variabilis CP000117
A. oscillarioides AJ630428
e A Buayanup drain type 2 JQ811781
C. licheniforme AB075983
9/80/k C. stagnale PCC7417 CP003642
4GS5-1.JQ811788
8/97/73 Nostocaceae cyanobacterium GQ389643
A. oscillarioides EU599112
AGS5-3JQ811790
Nostoc sp. FJ948088
Calothrix sp. GQ859627

-4 Vasse River type 8
Nostoc sp. AB087403

4““’100/5 Nostoc sp. PCC8976 AM711525
A Baldwin Park type 3JQ811778
An. elenkinii AM773306
An. elenkinii AM773307

55/66/- An. circularis EU078529
An. circularis GQ859629

68/60/-

98/98/73|

o565 A Hyde Park type 1.JQ811801
T. variabilis AJ630456

ﬂ{r variabilis JQ390607
A GS5-2 10811789

100/100/99

A. bergii FR822617
A GS4-2 JQ811786
Nostoc sp. PCC9426 AM711538
AGS1-2
N. punctiforme GQ287652
N. punctiforme PCC73102 NC010628 Nostocales
N. commune DQ185223
AGS2-1

73/84/72L_ N. commune AB251863
A ANA196-A JQ811772
94/96/82| AP. gracile HQ157688
Ap. gracile EU078532
A Chelodina wetlands type 1 JQ811782
Ap. flos-aquae EU078537
D. circinale FJ830570
D. flos-aquae AB551438
A ANA278-FR JQ811773
75663 AWQC318 JQ811775
D. circinale AF247581
AANA335-C JQ811774
AANAO019-BR JQ811771
D. affine FN691906
D. circinale AF247588
AANA150-A
Anabaena sp. PCC9109 AY768408
A Vasse River type 2 JQ811797
R. curvata FJ890621
Anabaena sp. EU078545
Sp. aphanizomenoides FM177473
Sp. aphanizomenoides FJ234894
A Vasse River type 6 JQ811800
D. flos-aquae EU078525
D. flos-aquae AY701573

6655- A Vasse River type 1 JQ811795
A Baldwin Park type 2 JQ811777 -
ssi03s8 A GS1-1 JQ811779

Leptolyngbya sp. HM217044
No. nodulosa PCC7104 AB039012
Phormidium sp. EU078510 Oscillatoriales
Leptolyngbya PCC7375 AB039011

EA Buayanup drain type 4 JQ811780
88/89/8 Leptolyngbya sp. EU729062

Limnothrix sp. EF088338
Planktothrix sp. AF212922
100100199 | redekei EU078512 Oscillatoriales
A Baldwin Park type 1 JQ811776
A GS4-1JQ811785

88/-/-

81/-/1 99/98/79

96/73/

76/-I-]

|A GS3-1
M. aeruginosa AP009552

gg/gglsslw;_ flos-aquae AF139328 Chroococcales
A MIC058-B JQ811787

Synechococcus sp. NC007516

Ap. minutissima FM177488
AGS6-1
9519182 | synechococcus sp. HE975005
AVasse River type 12 JQ811792 Chroococcales
7319619 A \/asse River type 13 JQ811793
AVasse River type 14 JQ811794
AVasse River type 15 JA811795
AVasse River type 9 JQ811798
P. mucicola GQ859642

A -
GS6-2 Q811791 Oscillatoriales

%/mwel|‘ GS3-2 JQ811784
Pseudanabaena sp. GU935355

_—
0.05
Fig. 3— Maximum Likelihood tree based on the 16S rDNA sequencesh@1showing the clustering of isolates obtained. Braugiport values greater than 50% for Maximum Likelihood, Maxrn Parsimony, and

Distance analyses respectively are indicated lefa@hbdes. Bar, 0.05 substitutions per site. The outgroup waee to facilitate the visualisation of the isolat®squence previously submitted to GenBank with

accession number AF2475



— 55/99/-

D. flos-aquae AF199429

64/99/50
Sp. aphanizomenoides AF199430

98792 [\, gracile AF199431

Sp. aphanizomenoides FJ830555

Ap. flos-aquae EU078446

A vasse River type 6 JQ811819
Anabaena sp. AF199432

A vasse River type 1 Q811816
Anabaena sp. AF199433

771-154 Sp. aphanizomnoides FJ234860

Sp. aphanizomenoides FJ234841
89/100/96 | sp. aphanizomenoides FJ234848

Anabaena sp. EU078475

A Baldwin Park type 2 JQ811808
-I571- | A. cylindrica AB074793

1001100192 | A, cylindrica PCC7122 CP003659

63/53/- A Buayanup drain type 2 JQ811809
A Vasse River type 2 JQ811817

Anabaena sp. EF568856

A ANA196-A JQ811806
S

86/77/77 Ap. gracile EU078450

90/91/58

Aphanizomenon sp. FJ234850

— D. circinale FJ830556
96/99/82 A4 AWQC318 JQ811807

D. circinale AF199425
D. circinale AF199423
A ANA118-AR JQ811802
A ANA131-CR JQ811803
99/100/94 1 D. circinale AF159373

A ANA148-CR JQ811804

A ANA150-A JQ811805

99/100/84

Nostocales

87/8u- 81/9479

77/82/- C. stagnale PCC7417 CP003642
4,—|:A GS5-1 JQ811813
A GS5-2 JQ811815
98/93/66 ,—An. circularis EU078479
L A Hyde Park type 1 JQ811811]
Nostoc sp. PCC7107 CP003548
AGS1-2

A Baldwin Park type 3
Nostoc sp. PCC7524 CP003552

85/71/-

Nostoc sp. AY424997
99/100/- | A. variabilis CP000117
b L D. flos-aquae FJ830568
A Vasse River type 3JQ811818
A. variabilis AB074795

99/99/-

D. lemmermannii AY886989
94/99/-

'A. variabilis M60831

61/57/- A GS2-1 . .
——| Oscillatoriales

Pseudanabaena sp. PCC7367 CP003592
A MIC058-B JQ811812

M. aeruginosa AP009552
99/100/73
_/51/9\4—LEA. viridis AY425001 Chroococcales

52/-160 M. wesenbergii AB074794

0.1

Fig. 4— Maximum Likelihood tree based on tiC1 sequences (409 bp) showing the clustering of isolatemedht®ranch support values greater than 50% for Maximukelihood, Maximum Parsimony, and
Distance analyses respectively are indicated lefa@fhbdes. Bar, 0.1 substitutions per site. $imechococcus cluster containing GS6-1, Vasse River types 9 and 13 weveghto facilitate visualisation of the other
isolates



97/100/87 | D. flos-aquae AY904039
D. flos-aquae FN552350

69/76/86

64/63/86 D. lemmermannii FN552370

D. compactum AY702239
AChelodina wetlands type 1
Ap. gracile FN552318
D. planctonicum JN704803
D. affine GU197698
A. cylindrica PCC7122 CP003659
A GS5-2
Anabaena sp. GU935369
97/99/100[A Vasse River type 2

Anabaena sp. PCC9109 AY768473
—— A Buayanup drain type 2
A. sphaerica DQ439645
A Vasse River type 6
A Vasse River type 1
Sp. aphanizomenoides GU197719
Sp. aphanizomenoides FJ234870 Nostocales
Sp. aphanizomenoides FJ234869

s3100-7 A Vasse River type 3
N. linckia AY466120
N. muscorum JN402387
N. spongiaeforme JF923547
— Nostoc sp. PCC7524 CP003552
Nostoc sp. PCC6720 JF740673
99/97/99|1 Nostoc sp. JF740675
Nostoc sp. PCC7107 CP003548
A GS5-3
An. elenkinii AM773293
An. elenkinii FN552383
A Hyde Park type 1
An. elenkinii AM773292
Nostoc sp. IN646756
A GS4-2
A. bergii FJ234863

9911001100} A pergii EF529472

65/75/74

96/100/100

76/88/-

88/81/-

96/100/100

78/96/85
95/99/100

90/100/58

86/100/99

80/87/87

86/88/-

A. bergii GU197663

—: GS2-1 }Oscillatoriales
92/85/96 Pseudanabaena sp. EF680776

99/99/100 A GS3-2
w,—:seudanabaena sp. PCC7409 M99426
A GS6-2
69/94/- A GS1-1 Oscillatoriales
ﬂ'fs_ laxissima DQ393286
89/55/- Cyanobacterium AJ401183

A Buayanup drain type 4

Synechococcus sp. MW97C4

Synechococcus sp. DQ526399
Synechococcus PCC7009 AF223460
Synechococcus PCC6904 AF223459 Chroococcales
Synechococcus PCC7918 AF223462
A Vasse River type 12
99100911 A Vasse River type 13

G. amphibium JN578761

99/100/100
93/99/91

G. amphibium EF680778
Planktothrix sp. AF212923 . .
A Baldwin Park type 1 |Oscillatoriales
A GS4-1
91/97/-
G. amphibium FJ545644

100/100/100
77/91/75

0.2

Fig. 5— Maximum Likelihood tree based on tteBA-IGS sequences (423 bp) showing the clustering of isotdtesined. Branch support values greater than 50% for Maxitrikelihood, Maximum Parsimony, and
Distance analyses respectively are indicated lethe@fibdes. Bar, 0.2 substitutions per site.



Fig. 6 — Extent of agreement between the molecular identifications, of varianslogcterial isolates,
obtained by the analysis of three loci: 16S rDNgQC1, andcpcBA-IGS. The numbers indicate the isolates
for which agreement between the loci was found at species level fjaoelat least genus level (i.e.

agreement at either species or genus level) (panel B).



Molecular and morphological agreement was obtained for only 26% of isolates
Molecular agreement at multiple loci does not necessarily occur

Polyphasic characterization does not necessarily lead to conclusive identification
Despite recent advances, cyanobacteria identification remains problematic

Two potentially new species of Nostocales from Western Australiaidentified
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