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Modern Method for Sampling and Detection of Cyanobacterial Toxins
Microcystins
Abstract

Cyanobacteria are the predominant
phototrophsin freshwater ecosystems of the polar
regions where they commonly form extensive
benthic mats. Despite their major biological role
in these ecosystems, little attention has been paid
totheir physiology and biochemistry. Animportant
feature of cyanobacteria from the temperate and
tropical regionsisthe production of alargevariety
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Capita University cyanobacterial communities were screened for

K oderma, Jharkhand, INDIA saxitoxin, another common cyanobacterial toxin,

and microcystins using immunological, spectro

scopic and molecular methods. Saxitoxin was
detected for thefirst timein cyanobacteria fromthe Arctic. In addition, an unusual microcystin variant

was identified using liquid chromatography mass spectrom etry. Gene expression analyses confirmed
the analytical findings, whereby parts of the sxt and mcy operon involved in saxitoxin and microcystin
synthesis, were detected and sequenced in oneand five of the Arctic cyanobacterial samples, respectively.
The detection of these compounds in the cryosphere improves the under standing of the biogeography
and distribution of toxic cyanobacteria globally. The sequences of sxt and mcy genes provided from
this habitat for the first time may help to clarify the evolutionary origin of toxin production in
cyanobacteria.
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I ntroduction

Severa phototrophic organismssurvivethe harsh climate of the high Arctic regions, including some
higher plants, mosses, lichens, variousa gal groupsand cyanobacteria. Cyanobacteriaare globally distributed,
but in highArctic freshwater ecosystemsthey represent the dominant primary producers. Special features
such asresistanceto ultraviolet (UV) radiation, freeze thaw cycleadaptation and nitrogen fixationalow their
survivd inthese extreme environments. During the polar summer, when both light and temperaturesabovethe
freezing point prevail, cyanobacteria communitiesthrive. They develop highly diverse benthic or floating mats
infreshwater streams, ponds and on soils continuously fed with melt water that can be several centimeters
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thick and extend over large areas. These extensive matsform the basisof asmall but diverse and dynamic
ecosysterm accommodating avariety of organismssuch asnematodes, rotifers, tardigrades, mossesand moss
infecting oomycetes such astherecently de scribed Pythium polare.
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Fig. 1. Chemical structuresof saxitoxin (STX) and microcystin (MC). Genera structure of the STXs(A);
adapted from Humpage et al. and the generd structure of the M Cs(B); adapted from Puddick.

Themolecular basisfor the production of both toxinsarelarge and variable gene clusters, encoding
enzymesinvolvedin second ary metabolite production such as pol yketide synthetases and/or non ribosomal
peptide synthetases. Thedistribution of these geneclustersamong different strains of cyanobacteriadoesnot
necessarily correlatewiththe actua production of thetoxins. Thereforethe presence of thesegenesinagiven
ecosystem isonly anindication for the presence of thetoxinsandistherefore considered inthisstudy as
providing evidence for the “potential to produce toxins’. These biosynthetic steps are energetically expensive
for cyanobacteria, and this has prompted cons derabl e specul ation on their ecologica function. To datethe
physiological function and ecological regulation of both STXsand M Csare poorly understood. The current
hypothesesaming to explain thisrelatively enormousinvestment of energy in the synthesi s of thesetoxins,
include protection againgt grazing pressure, UV radiation, and reactive oxygen species, aswel| astheir function
assignaling moleculesin aquorum sensing like manner. The devel opment of toxins as protection against
grazersappearsto betheleast plausible hypothesi sasthe corresponding gene clusters ap pear to have been
present in ancestral cyanobacteriaspeciesthat have existed prior to the mesoproterozoic period, i.e. millions
of yearsprior to the emergence of potential eukaryotic grazers of cyanobacteria. However it cannot be
excluded that new functions have devel oped in the course of evolution.

r
l Probes

Inview of theancient origin and the high conservation of thetoxin geneclustersitisnot surprising that
cyanobacteriainhabiting remote and pristineareas, e.g. therudimentary environments of the polar regions,
could producetoxins. The presence of M Csin cyanobacteria matshasbeen reported for severa locationsin
Antarctica, whereasthishas only recently been demon strated for Arctic cyanobacteriafrom northern Baffin
Isand. Kleinteich et al. demonstrated that culturing of cyanobacterial matsin thelaboratory at increased
temperatures caused amarked risein the concentration of M Csin concert with shiftsin thediversity of the
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cyanobacteria mat community composition. Whether thelatter isaresponseto temperature stress, changing
diversity of community structuresor indeed amarker of agrowth advantage of toxin producing cyanobacteria
still needsto be ascertained. Saxitoxins, on the other hand, have never been reported in polar environments
and cyanobacteria toxinsin general remain under studied inthishabitat. In thisstudy five cyanobacterial
communitiesfrom theArctic were screened for the presence of STX using enzymelinked immunosorbent
assay (ELISA) and further confirmation was undertaken using high performanceliquid chromatography with
fluorometric detection (HPLC FLD). Furthermore an unusual MC variant was identified using liquid
chromatography mass spectrometry (LC M S). Sampleswere al so screened for selected genesinvolvedin
thesynthessof MCand ST X, thereby providing evidenceof thetoxin producing potentia of Arctic cyanobacterid
communities

Materials and Methods
Sudy sitesand sampling

Five samplesof cyanobacteriad communitieswere collected during an expedition to northern Baffin
Island in the vicinity of Cape Hatt (72300 N and 79470 W) in August September 2009 from microbial
communitiesonwet soil, small streamsand ponds (see Supplementd Fig. 1 for GPS coordinates). Samples
for DNA extraction and toxin analysiswere sed ed in sterile tubesand thosefor RNA analysisimmersedin
RNAIlater (Qiagen, Hilden, DEU). DNA and RNA sampleswerefrozen (20 C) within 24 h after collection
and stored for approximately 6 monthsuntil further andysis. 2.2. Screening for saxitoxinand microcystin
Microcystin Analysis

Theextract of cyanobacterid sampleA, which had previoudy tested positivefor MC by ADDA ELISA,
wasanayzed by LC MSinorder toidentify theM C congener/spresent. LC M SwasundertakenonaHPLC
system (UltiMate 3000; Dionex) coupled to anAmaZon X (Bruker Datonics) el ectrogpray ionizationiontrap
mass spectrometer (ESI IT MSn). Samples (20 1L) were separated on aC18 column (Ascentis Express
C18,1002.1mm, 2.71; Supl ecoAnalytical) using agradient system of 98% H,O + 0.1%formicacid (v/v;
solvent A) and 98% acetonitrile + 0.1%formic acid (v/v; solvent B) with thefollowing gradient program; the
samplewas|oaded in 10% B; 10% B washeld for 1 min and increased to 100% B over 12 min; 100% B was
held for 2 min; the sol vent concentration wasreturned to 10% B in 1 min and the column reequilibrated for
4 min. The eluting compoundsweretransferred into the I T MSusing acapillary voltage of 3.5kV and a
nebulizer pressure of 3.0 bar. Desolvation was accomplished with anitrogen flow of 8 L/min at 220 C.
Tandem MS(MS/MS) spectrawere gathered using the doubly or singly protonated ions of thetarget com
poundsand collisoninduced dissociation (CID) toinducefrag mentation of the parention (collision amplitude
of 1.0).

A recently developed thiol derivatization technique was used to determinewhether the position seven
amino acidintheM C ob served wasN methyl dehydroal anine (Mdha) or dehydrobutyrine (Dhb). SampleA
(14201L) was mixed with 200 mM NaHCO, (pH 9.7; 360 1L ) in aseptacapped vid and left to equilibrateto
30 C. FollowingLC M Sinjection of theorigina extract, b mercaptoethanol (201L) wasadded to the extract
of sampleA and thevid inverted to mix. Thereaction mixturewas maintained at 30 °C inthe sampletray of
the LC M Sapparatus and injectionswere made periodically over a90 h period.

Screening for Geneslnvolved in Toxin Synthesis
Nucleicacid extraction

DNA wasextracted from 5-10 mg of frozen materia usingthe MO BIO Power Soil DNA Isolation Kit
following the manufacturer’s recommendations. Due to the heterogeneity of the sample material, three individual
extractionswere performed and the pool ed extracts used for downstream applications. RNA was extracted
from 5to 10 mg of materia storedin RNAlater (Qiagen, Hilden, DEU). RNA later wasremoved by patting
thematerial onadry stack of paper, and RNA extracted using the M OBIO Power Biofilm RNA extraction kit
following the manufacture’s protocol. RNAwas eluted with RNase free water and stored at 80 C.
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Detection of GeneslInvolved in Toxin Synthesis

PCRstargeting themcy and sxt operon for MC and ST X synthesi srespectively were performed with
primer pairsand at annealing temperaturesaslisted in Supplemental Table 2; primerswerefrom MWG
eurofins (Ebersberg, DEU). For the reactions either the Master Mix™ (Fermentas, St. Leon Rot, DEU) or
the Phusion™ poly merase mix (NEB, Ipswich, USA) was used supplemented with BSA, DMSO and
MgCl2. Bands were excised from a 1.5% agarose gel (TAE) using a sterile scalpel, purified with agel
extraction kit (Fermentas, St. Leon Rot, DEU) and sequenced bi directionally using the primerslistedin
Supplementd Table 1 at MWG eurofins (Ebersberg, DEU). Messenger RNA of the sxt operonwasreverse
transcribed into cDNA using gene specific reverse primers and astandard protocol for reversetranscription
(20U RNAseInhibitor, 0.8 mM dNTPs, 7 IL of extracted RNA, 70 U M MuLV). Enzyme and chemicalsfor
RT PCR were from NEB (Ipswich MA, USA). The cDNA produced was used as template for PCR as
described above. Microcystis aeruginosa CCAP 1450/16 served asapositive control for mcy genes, but no
positivecontrol of cyanobacteria originwasavailablefor the sxt genes. The obtained sequenceswereandyzed
using Geneious™ software (Gene ious Pro 5.3.6) and the closest matches identified using NCBI’s BLAST
tools (mega BLAST and BLASTN). Phylogenetic trees using sxtA sequences were built using the Geneious™
tree builder (Jukes Cantor, Neighbour joining method). The obtained 657 bp product of the sxtA genewas
deposited in the GenBank database under the accession JX887897. The obtained 128 bp product of the
SxtA geneisdisplayed in Supplemental Table5 since GenBank does not allow deposition of sequences
shorter than 200 bp.

I dentification of Toxin Producer/s
Cloning of 165rRNA and intergenic spacer region (ITS)

Two samplesthat returned positive resultsfrom toxin analyseswere selected for construction of 16S
rRNA geneand intergenic spacer region (ITS) region clonelibraries. Amplification was achieved with the
cyanobacteriaspecific primer pair 27F and 23S30Rina50 1L PCR reaction (4 min, 95C; 35[92C, 60, 55
C,60s,72C, 120 5]; 72 C, 10 min) containing the Fermentas (St. Leon Rot, DEU) Master Mix, 2.5 mM
MgCl2,0.21g/IL BSA, 3% DM SO and 0.5IM of each primer. The PCR productswere separated onaTAE
1.5% agarose gel and the bands excised using a sterile scalpel. After purification with the GeneJET™ Gel
Extraction Kit (Fermentas, St. Leon Rot, DEU) PCR productswere cloned using the TOPO TA Cloning Kit
(Invitrogen, Carlshad, USA) following the standard protocol withaDNA to vector ratio of four to one. For
each sampleapproximately 40 cloneswereretrieved and conserved in sterile TE buffer. Each cloneinsert
wasamplifiedinaPCRreaction (95C,4min; 35[92 C, 30s,52C, 30s; 72C, 705]; 72 C, 5min) usng the
Fermentas PCR Master Mix (St. Leon Rot, DEU), 0.251M of each TOPO primer M13, 2mM MgCl2, 3%
DMSO and0.31L of DNA template. Productswere subjected to aRestriction Fragment Length Polymorphism
(RFLP) andysisusingrestriction enzymesAlul and ScrF1 (NEB, Ipswich, USA) (37 C, 2 h) and subsequently
visualized on an agarose gdl (TAE, 2.5% agarose) in order toidentify groupsof multiple clonesof thesame
phylotype. Two to three representative clones of each individua RFLP pattern (phyl otype) were selected and
sequenced at GAT C Biotech, Konstanz, Germany using the TOPO primers T3and T7 aswell asthe 16S
rRNA gene specific primers 27F, 359F and 23S30R for verification. Theresulting sequenceswere anayzed
using Geneious™ software (Geneious Pro 5.3.6) and their closest matchesidentified viaaMegaBLAST
search of the GenBank database. Sequenceswere deposited in GenBank un der the accession numbersas
indicated in Supplementd.

Morphological Identification

Microscopic andys swasperformed usingaNikon Eclipse TS 100 Microscopeand images documented
withaNikon Digitd Sight DS5M camera. Image qudity wasimproved using XnView for Windows Software
(version 1.97.6; Libformat version 5.70) and scale barsincluded by Corel Photo Paint 11 for Windows
(verson 11.633). Speciesidentification downto generalevel wasmade usi ng thetaxonomic guidesof Komarek
andAnagnogtidis.,
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Data Evaluation
Data were evaluated using Graphpad Prism™ Software (Prism 5 for Windows, Version 5.04).

Results
Detection of Toxinsin Arctic Cyanobacterial Communities
Saxitoxin Detection

One of thefive samplesanalyzed with the STX ELISA tested positive (SampleE; 21 (SD = 16) Ig
STX/kg dry weight; n=6) well abovethedetection limit of the STX ELISA and in the center of the standard
curve. However, the concurrent HPLC FLD analyseswere not ableto confirm thisfinding, possibly dueto
the detection limit of theindividual STX variants (LOD between 0.5 and 13 Ig/kg). Additionally different
samplematricesmay result in matrix suppressionwhich may increaselimitsof detection (Pers. comm. Michael
Boundy, Cawthron, October 2012). None of the other samplestested positiveinthe STX ELISA, either as
origind samplesor when cultured inthelaboratory at varioustemperatures (seeKleinteich et a. for |aboratory
culture conditions). Subsequent PCR amplification of two segments (128 bp and 657 bp) of the sxtA gene
provided for apositivesignal in sample E but not for the other four samples(Table 1). Additiondly, the sxtA
genemRNA wasdetected in sampleE.

ThesxtA geneencodesfor apolyketide synthetase, whichispart of therecently identified cyanobacteria
sxt genecluster. Theamplified 128 bp and 657 bp products of sample E were sequenced and compared to
the GenBank database. The 657 bp gene segment shared ahigh similarity with known sxtA genesfromthe
fresh water cyanobacteria Scytonema cf. crispum (97%, HM629429) and Lyn gbya wollel (95%,
EU603711.1). Incontrast, the 128 bp sequencewas most similar to the sxtA geneof A phanizomenon (99%,
HQ338481.1) and Anabaenacircinais (99%, HQ338478.1) (Supple mental Table 3). A phylogenetic tree
was constructed using the 657 bp product of the sxtA genein sampleE, and the sequence grouped closest to
the Lyngbya wollei (EU629174) and Scytonema (HM629429) sequence. One Cylindrospermopsis
(EU629178) and severa Anabaenaand A phanizomenon sequences clustered differently.

Microcystin Detection

Liquid chromatography M Sandys sof sampleA that contained 106 Ig M C/kg dry weight inthe ELISA
assay, showed that multiple M C variantswere present in the extract. One of these compoundshad asimilar
retentiontimetothat of MC RR, but yielded adoubly protonated ion with m/z 526.7. Tandem M S of them/
z526.7 ion reved ed fragment ionsresembling adi arginated MC (minus CN2H2;). Also observed in the
fragment ionswas aloss of 60 Dawhich suggested that the M C contained ADMADDA instead of the
generaly observed ADDA (minusHOAC;). Assignment of thefragmentionsindicated that thisMC aso con
tained danine (Ala), arginine (Arg), asparticacid (Asp), glutamic acid (Glu) and an 83 Damoiety (Mdhaor
Dhb) inthesequenceAlaArgAspArgADMADDA GluMdha/Dhb.

Theamino acid Mdhaisgenerally observed at position seven of MCs, however, theisometric Dhb has
al so been observed. Therefore, asimplethiol derivatization was used to discriminate between thetwo amino
acids. A MC containing atermina akene, such asfoundinMdha, will readily react with b mercaptoethanol
under alkaline conditions. When Dhb is present, the reaction rate is hundreds of times slower. The b
mercaptoethanol derivatization of an MdhacontainingMC (MC RR) progressed with ahaf lifeof 2.6 min.
Derivatization of theM C present in SampleA progressed much mored owly (t2= 1579 min), which suggested
that the M C in SampleA contained Dhb in position seven and thus appeared to bethe same MC [Asp3,
ADMADDAS, Dhb7] MC RR described previoudy in Nostoc.

Therewere severa minor compounds present in SampleA that showed somestructural similarity to
MCs, but could not beidentified using the current sampledueto insufficient individual compound quantity.
Thefour other sampleswhich previously tested negativefor MC by ELISA tested negativefor MC by LC
MS. All five samplesweretested for the presence of genes of the mcy gene cluster, responsiblefor MC
synthesis. Threedifferent genesinvolved in M C synthesis(mcyA, mcyE and polyketide synthase regions)
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wereamplified for sampleA, which had tested positivefor MCinthe ELISA and LC M Sanays's, providing
aproduct of thecorrect size (Table 1). Subsequent sequencing of the products and GenBank comparison
however resultedin only one product annotated to ageneinvol ved in secondary metaboliteproduction, i.e. an
amino acid adenylation domain of Clostridium. Theother two productsdid not result inaspecificidentification
of anannotated gene.

Table 1: Genesfor toxin productioninfiveArctic cyanobacterial samples. Detection of themcy and sxt
operoninfiveArctic cyanobacteria communitiessuggesting the potentia for microcystin and saxitoxin

production.

Sample 16S | mcyA | moyA | meyB | moyE | PKS | stA | sxtA
A + + + - + + - -
B + + - + - - - -
C + + - - + - - -
D + + + + - + - -
E + + + + + + + +

For theother four samples(B E), negativefor MCinthe ELISA and LC MSanaysis, at least onegene
involvedin M C synthesiswas amplified, sequenced and annotated in GenBank to aknown geneinvolvedin
M C synthesiswith similaritiesranging between 60% and 99%. Intotal, seven sequences, annotated to genes
involvedin M C synthesis, wereamplified. Thegenera corresponding to these geneswere Microcystis, Nostoc
and Microcoleus.

Potential Toxin Producersin Arctic Cyanobacterial Communities

A clonelibrary was constructed for the sampl esthat contained either MC (sampleA) or STX (sample
E) toidentify the potentia toxin producers. Generawere also identified using light micros copy. Molecular
characterization of the 16S1T Sregion demon strated that the speciespresent inthe STX containing sampleE
weremost similar to: Nostoc puntiforme (CP001037, 95%), Lep tolyngbya (frigida) (AY 493573, 97%),
Calothrix sp. (IN385289, 92%), Snowellalittoralis (AJ781040, 98%), and Tolypothrix distorta (GQ287651,
98%), see Supplementd Table4. Fewer cyanobacterid sgnaswere obtained for sampleA, and the sequences
were most similar to; Aphanizomenon gracile (FJ424575, 94%), Leptolyngbyasp. (DQ431004, 94%), and
Chroococcus (FR798926, 97%). Asagenerd guiddinestrainswith >97% 16SrRNA gene sequences milarity
are considered to bel ong to the same species, so that annotations based on lower values as described for
some of the strains here need to be handled with care. Light microscopy showed that both sasmpleshad a
smilar gppearance, with dominating Nostocad esembedded inafirm mucilaginous matrix. Other orders, dbelt
inlower abundance, i.e. Oscillatoriales (e.g. Leptolyngbya) and Chroo coccales were aso present. The
Nostocales observed had cells of 3 6 Imin diameter and contained heterocytes (Supplemental Fig. 2).
Leptolyngbyawith atrichome width of approximately 1.7 Im was present in both samples. In SampleA
Tolypothrix was characterized by dark brown col ored sheeths and atrichomewidth of approximately 151m.

Discussion

Cyanobacteria toxin production isaworldwide phenomenon with concomitant widespread adverse
hedlth effectsin humansand wildlife of thetemperateand tropical regions. Theadverseeffectsarenot only of
acute nature but can also entail fundamental changesto whol e ecosystemsupon chronic or intermittent acute
exposureevents. Despitethe high abundance of cyanobacteriaintheArctic, at present thereisonly asingle
recent report of MCsinArctic cyanobacteriaand in cyanobacteriaassociated lichen. Although MC was
be ow thelimit of detectioninmost of theenvironmenta samplesandyzed by Kleinteichetd., MC concentrations
increased dramatically when cul tured under laboratory conditionsand at higher ambient temperatures. This
wasal so associ ated with aprofound changein the speciesdiversity of the cyanobacteria matsinvestigated.
Whether the higher toxin quantities produced and/or the higher temperaturesinduced the changein species
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diversity could not be determined. Nor wasit ascertained whether the higher toxin producti on was associated
with areallocation of energy investment either asan advantageoustrait of toxin producing cyanobac teriaor
astheresult of changing temperature stress. Irrespective of thelatter, these datasuggest that continued climatic
changemay ledtoincreasesin cyanotoxinsin polar regions. Inanextensoninthisstudy, thesamecyanobacterid
communitiesfrom the Canadian Arctic were anad yzed for the presence of STX and further characterization of
the M C was undertaken.
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