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ABSTRACT

A diversified group of toxins produced by freshwatgnobacteria pose threat to human health as theyuently
occur in drinking water sources. Though numerouslitative as well as quantitative chemical analgtiecnethods
are now available, relatively simple low cost meththat are able to evaluate the potential healihdrd and allow
management decisions to be taken, are more usefageéncies that monitor drinking water suppliesvei that
there is no single method that can provide adequadaitoring for all freshwater cyanotoxins in thecieasing
range of sample types, bioassays that can detedbttic effects and safe levels of cyanobacteoihs in drinking
water supplies are discussed. Methods for remof/alyanobacterial cells as well as dissolved toximslrinking

waters prior to supply are also discussed.
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INTRODUCTION

Most, though not all, cyanobacterial blooms andnsproduce secondary metabolites that are toxagtmatic
animals, fishes, cattle and even human [1, 2, B§ most frequently found toxin producing cyanobadatespecies
in freshwaters aréMicrocystis, Anabaena, Nodularia, Planktothrix, Apizomenon, Cylindrospermopsand
Lyngbyaetc. Theseolonial or filamentous cyanobacteria produce &taiof chemically and biologically different
toxic products such as hepatotoxins (microcystid maadularin), neurotoxins (anatoxins and saxitoxiparalytic
shellfish toxins (as produced byphanizomendn cytotoxins (cylindrospermopsin) and dermatotexin
(lipopolysaccharides) [2]. Awareness of toxic cylacterial blooms and scums in freshwaters, and eafitin
hazards which they can present, is long establisinelda pronounced history of animals and fish deathwell as
outbreaks of human illness and poisonings are pte$be extreme cases of human poisonings werefeséad in
the death of more than 60 hemodialysis patien@Garuaru, Brazil in 1996 [4] and in the incidencéprimary liver
cancer in China [5]. Freshwater cyanobacteria eponted to produce hepatotoxins, microcystins awdltarins
more potently than other toxins [6] and, that isyymost research on cyanobacterial toxins has beatered on
these toxins and their producer cells in freshvgatbficrocystins and nodularins cause severe dismipif liver
architecture and function and induce clinical signsh as weakness, recumbency, pallor, vomitingdéardhea and
death occurs due to pooling of blood in the li&r [These hepatotoxins irreversibly inhibit protpimosphatase PP1
and PP2 A and can have diverse inhibitory effettgeaetic, developmental, metabolic, and physiacialgievels,
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including and beyond liver function [7]. The higisseptibility of liver cells to damage by microdwstin vitro and
in vivois accounted for by the active uptake of the texig bile acid transport system.

During summers, cyanobacterial blooms tend to fdudue to the nutrient enrichment of the water arhlick oily
layer is filmed on the water surface. These aldgabins add bad taste and odor to the water. Whignbtbom
degenerates, the toxins are released to the veat@éthe concentration of toxin may exceed the lgafd for human
consumption. The toxic level as high as 2.8 mgriger liter of lake water (~3000 times more thefe $avel) has
been reported in Central Indian waters during surarf8j. Similar studies in Bangladesh showed preseaf toxic
level of more then 10 pglin almost twenty drinking water resources [8]. Armgamicrocystins, microcystin-LR
(Leucine-arginine variant) is most abundant as waelmost toxic among more then 70 variants [1].eBam such
reports, the World Health Organization (WHO) hassidered Jug toxin (equivalent to microcystin-LR) per liter of
water (1 ppb) to be safe for human consumption T WHO guidelines are more suitable to the teatpeand
sub temperate countries, where the prevalenceedfitb-LR has been shown widely, but in tropical doi@s where
MC-RR dominates the blooms in most of the timelfd], this guideline proves to be a little fragi&ven that the
structure-function relationship is present amoMd€is, the toxicity of over 70 structural variantsfelis to a great
extent. For instance MC-RR is at least 20 times tegic than MC-LR. In the light that more than anirocystin
often contributes to the total microcystin conteahd hence may contribute towards total toxicity tbé
cyanobacterial bloom, analytical methods that ide@ind quantify the microcystins in water samphegy not be
adequate while making predictions on total toxicBuch toxin variants may mask or enhance the itgxichen act
together. That is why; bioassays provide definitsugpport towards making water management strateggethey
provide the total and the actual toxicity of theegi sample.

Bioassays present a direct toxicity impact in lesisee and help waterworks to maintain safe torwel in drinking

water supplies. There have been enormous numblgioassay methods developed so far for cyanotokiasuse
the bioactivity of toxins, such as potent hepatimibx cytotoxicity, enzymatic activity and immuragical

interactions, though till date, no single bioasisagvailable that can safely detect all structuealants of toxins (i.e.
microcystins) produced by cyanobacteria. Consideradsearch efforts are being made since last ®aades to
find out alternative methods to the mouse bioagsagp routine monitoring assay for cyanotoxins. Anbar of

alternative bioassays have become available imtegears. A comprehension of bioassay methodsveetier

required, so that a suitable bioassay can be emglbgsed on the initial information on type of aaacteria and
their toxins prevailing in the water reservoir agigen time and space. However, further validaod comparison
of methods are needed prior to their applicatiod data prediction. The bioassays methods includingobes,
animals, plants and their extracts along with ssfptated biochemical bioassays for detection ohoyaxins are
reviewed critically.

Besides posing health hazards, these toxins andcdélie containing them, add bad tastes and odohéchw
significantly impair drinking water quality [11]. dnoval of intact cyanobacterial cells with theitracellular
compounds during water treatment would potentiabduce the concentration of taste, odor and toxlt c
metabolites present in the treated water. Remdvtixins dissolved in water due to the decompositd cells is
equally important (at least below the safe levepas the WHO guidelines) before the water is safedgd for
drinking purposes.

The MCs are stable compounds and do not degradenfastural waters. Jones and Orr [12] showed W&k
persisted for nine weeks before degradation aftealgicide treatment in a recreational lake. Lagitial. [13]
demonstrated that MC-LR was detectable in lake wdteing decomposition of Microcystisbloom and was
present in detectable amounts even weeks afteblttan disappeared. Tsuji et al. [14] showed that-MTwas
very stable because of limited decomposition byoskpe with sunlight as compared to MC-RR and MC-YR.
However, the addition of pigments extracted fromarmbacteria accelerated the decompositions andedeaivthe
microcystins into its inactive geometrical isoméZ)sAdda microcystin. Though, the converted MC-LiRr its
inactive geometrical isomer showed essentially same toxicity as that of intact microcystin LR. Jtdlearly
indicates that MCs are not degraded fast underalatonditions and hence need removal strategsettmploy
traditional as well as modern methods of waterttneat. The toxin removal strategy should be planbased on
the microcystin or other cyanotoxin compositiorthe given water bloom.

Treatment of drinking water traditionally employseening, settling, filtration and disinfection jg¢e although not
all steps are used in every case, and the arramjesne variations on each differ from facility tacflity, and
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around the world. Since, in recent past, so manhous evaluated safe and easy removal of toxis egltl toxins
by applying new methods, or by alteration of tradial methods and their sequence, it is worth mevig these
methods.

A. Bioassay methods-

Bioassays using microbes-

Use of microbes in biotoxicity analysis helps itedting low amounts with in short time, though titisa might not
be very suitable for detecting toxicities preserigayanobacteria. Use of viruses does not progat& support for
identification of toxins, though methanolic and aqus extracts from selected cyanobacteria weredfdaric
against adenovirus, herpesvirus Type 1 and inflagxzirus [15]. The methanolic extractsbdularia spumigena
HU 280 andSynechocystis aquatili4é28 were found to be weakly effective against hevppas Type 1 while the
aqueous extracts of ti@alothrix gracilis 96 andOscillatoria species 234 inhibited the replication of Influerfza
virus in MDCK cells. In all the above cases, expaits were performed with crude extracts and noeladion of
antiviral activity to pure toxins has been estdt#i. In other study, the antiviral property of cgbacteria against
HIV 1 virus has been linked to some sulphoglycalgpfrom cyanobacteria [16] and not to microcystinother
toxic metabolites. Though the other possibilities get to be explored, it seems that the use afses may not
provide good bioassay system for detection of ci@fios at present.

Bioassays using bacterial community for detectiboyanobacterial toxins have been confined onlthtodetection
of toxic extracts from cyanobacteria and not toepiaxins such as microcystin-LR. Bioassays baseflesomonas
hydrophila, Bacillus cereusnd Bacillus subtiliswere found to be sensitive and suitable when asgiend
methanolic extracts from five cyanobacteria weraneixed [17]. The n-hexane extracts @$cillatoria, Nostog
Cylindrospermum majusCalothrix gracilis and Limnothrix redekeiand the methanol extracts @&nabaena
variabilis, Gloeocapsa caldariorumPseudanabaena catenatnd Limnothrix redekeiinhibited the growth of
Bacillus subtilisSBUG 14. The n-hexane extract lbinnothrix redekeiwas also active again§taphylococcus
aureusSBUG 11 andMicrococcus flavusSBUG 16 [15]. In no case, the toxicity to bactegahins was correlated
with microcystin or any other cyanotoxin. The u$dacterial strains, however, needs further ingesgtons. At the
contrary, some studies show that natural heterbicopacterial population are not reduced by ambiexin
concentrations [18, 19] and the some strains ote@acare actually stimulated by cyanobacterialobis and
extracts [12, 18]. Jones et al. [20] found thatudomonadsere possibly involved in degradation of cyanobiate
blooms.

Other bacteria based bioassay is the Microtox hiolescence assay that was based on toxicity indicaty the
reduction in the light emitted by the test bacterighotobacterium phosphoreummitially this test was suggested
suitable for the detection of microcystins in blosamples [21]. However, detailed analysis suggestiedrwise.
The bioassay responded to unknown components efobgeterial extracts that were free from microays{22]
and no correlation between response in the Micrasay and cellular content of the known cyano®xiuld be
found [23]. Pomati et al. [24] show Microtox assay for saxitsxiusing three gram negative bacteria where
saxitoxins have been shown to cause decreaseahdelular levels of Naand K, as demonstrated by flame
photometry. Dierstein et al. [25] proposed anoth&cteria-based bioassay based on the inhibitiopradigiosin
pigment formation inSerratia marcescenslue to the toxicity. Though, little correlation wdsund between
cyanotoxin concentration and its pigment formatiohibitory activity. It can be assumed that sommigt of
bacteria might be used in bioassay systems as sfagetection of toxic cyanobacterial blooms is coned.
Moreover, the choice of bacteria is highly impottemMicrotox assays and a variety of bacteria $thdne checked
for lethality prior to the final experimentation.

Bioassay using invertebrate animals

For analysis of toxins and other secondary metedsofrom cyanobacteria, invertebrates, especiatipplankton

has been used extensively [26, 27]. Zooplanktaeral animals that feed on other plankton. Fresamadoplankta
are dominated by four major groups of animals: gro&, rotifers, and two subclasses of the Crustaitea
cladocerans and copepods. Some of the neonatesamrad of larger animals, such as fish, crustaceand

annelids, are also included here [28]. Since, ttidtse feeders graze directly on cyanobacteriaobohs, and are
affected directly by cyanotoxins; they offer a gaws# of them in a bioassay system.

Cyanobacterial blooms, isolated cells, culturedisceéxtracts and purified substances; affect aetwariof
zooplankton negatively. Among the affected aninais protozoaHeteromita globosaand Spumella sp[19],
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Rotifera; Brachionusrubens [29], Crustacea; Copepo@aaptomus bergii30], CladoceraDaphnia[31, 32, 33],
Moina [26, 33], Ceriodaphnia[35], Insect larvaeAedes egypt[36] and Culex pipeng37] and shrimp larvae;
Artemia salina[19, 38]. During cyanobacterial blooms, the snmraldadoceran and rotifers dominate the
zooplankton community [39]. Several studies indic#lhat cladocerans and copepods are more affegted b
cyanobacteria and the rotifers are least [40, Bijs is the reason why most of workers preferréesa cladoceran
Daphnia spas a bioassay system for detection of negativetsfigposed by cyanobacter@aphniais prevalent in
freshwaters of temperate countries, while anoth&tdaceranMoina prevails in tropical freshwaters. Both these
water flea (commonly called ‘daphnids’) have besadiextensively for cyanobacterial toxicity biogssa

The literature dealing with effects of toxic cyaacteria on growth, reproduction, survival and fagddf daphnids
is extensive, but conflicting (see Agrawal & Agrd#2] for a review). It is well documented that stspecies of
Daphniaare sensitive to toxic cyanobacteria at high tadncentrations i. e. >10 pg toxin hitL9], and other non-
toxic substances like protease inhibitors may a@fect the daphnids [26, 27, 43, 44]. This makes tise of
daphnids as a bioassay system for detection of wyanobacterial blooms a little fragile. Howewasing different
experimentation techniques such as survival, fegdithibition, population growth rate etc. the tascof
cyanobacteria can be assigned. It is very impottahteak colonies or large filaments of cyanob@ateefore using
in daphnids based bioassay, as large colonies itgadehts can present mechanical interference ardirfg
inadequacy to daphnids, and the mortality may efiéct the toxicity of cyanobacteria [26, 45]

Shrimps, especially larvae of brine shrimigtemia salinahas been found to be affected by toxic cyanobiacterd
has been used extensively to detect the cyanolsctexicity in the recent past [22, 38, 46]. Thexit levels
ranging 1-10 pg toxin m [19] can be identified using this test system. dgtothe larvae ofrtemia salinaare
found sensitive to microcystins and nodularin, @hfer research is needed that includes use of atf@robacterial
toxins as well as cyanobacterial protease inhibitoArtemialethality assay, before this bioassay can be aedept
universally.

Daphnidbioassays are not well suited for detecting micstiog and nodularins in lower concentrations, drairt
standardized culturing is time consuming and lakiatensive [47]. In contrast, the eggs Aftemia salinaare
commercially available, and are viable for yearslemsubzero temperatures. However, the toxicityatdw all
variants of microcystins, nodularins, anatoxins aaditoxins as well as protease inhibitors has besn shown
towards Artemia salinaand that limits the use of this bioassay. Anotherassay that uses another aquatic
invertebrate, fairy shrimpThamnocephalus platyurubas been found to be sensitive to a number of gthowt all,
cyanotoxins [48]. This bioassay generated highfyraducible results by using commercially preparest kit, as
that of brine shrimp assay, but these kits aretivels expensive and have a limited shelf life (®&nths) [49].
Moreover, when six microcystin congeners (includiMf-LR) were tested for acute toxicity and protein
phosphatase inhibition witithamnocephalus platyuruso correlation was found between the two ac#sitiThe
toxicity was highest for [D-Ash (E)-Dhb] MC-RR but the protein phosphatase activity waimweaker [50].
The study indicates that mechanisms other thamttibition of protein phosphatase play in MC indddexicity to
Thamnocephalus platyurus

The mosquito adults and larvae have also beentigaésd as potential bioassay systems against bygaerial
toxins [37, 51]. Larvae oRedes aegyptihave been found to be affected by neurotoxins aphtiotoxins from
cyanobacteria. Adults o€ulex pipenswere found to be sensitive towards MC-LR [37] whiajected. Both
mosquitoes were relatively sensitive but have regnbwidely adopted due to the difficulties of hamgllthis
organism [49]. Similarly, adult houseflieM{sca sp, diamond-backed mottP[utella sp.) and cotton leaf worm
(Spodopterasp.) were found sensitive towards MC-LR when irgdatvith purified toxins and natural samples gave
positive results that were comparable with mouseity results and various insecticides [52]. Howewthe flies
are difficult to handle and require microinjectiavhich is difficult to administer [49].

The other insect, fruit flyl¥rosophila melanogastgrcan detect microcystins successfully in bloom @as [53].
Fruit flies are easy to maintain in the laboratamth no special equipment required. Toxin can bmiaistered
orally by adding filter discs spotted with samplaspsucrose to tubes containing pre-starved (2fids) [49]. The
flies were not, however, sensitive to neurotoiahanizomenoextract{53] and hence of limited use.
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Bioassay using vertebrate animals

Mouse bioassay has been intensively used duribgwasdecades, and still is most preferred bioassafar as tests
for microcystins are concerned. Male Swiss albinouse are the mostly used strains for toxicity bestior
cyanotoxins [49]. Toxicity is tested by intra perieal injection of cell lysate of cyanobacteriamptes prepared in
physiological saline solution are preferred if tridume to be injected is 0.5 ml or greater [54]c®are observed
for 24 h and then sacrificed by cervical dislocatid postmortem of liver tissue at the end of theeyvation period
is necessary as hepatotoxins show characteristipteyns of liver damage [3]. These hepatotoxinska@vn to
induce signs of hepatotoxicity characterized byemhegation and vacuolation of the hepatic parenchymgestion
and hemorrhaging, and hepatic vacuolation, etc543,(Fig. 1). Additionally, the leakage of key la¢ioc enzymes
i.e. glutamate pyruvate transaminase (GPT), glutanoaalloacetate transaminase (GOT), alkaline phatsse
(ALP) and lactate dehydrogenase (LDH) in serum lmannvestigated in cases of lack of symptoms, andluse
survives even after the observational period. Ris, blood is collected from retro orbital plexusfdre sacrificing
the mouse and the hepatic enzymes can be investigaserum using commercially available diagndsti [3].

Fig. 2 shows leakage of hepatic enzymes after adtration of an L3, dose of MC-RR purified from a water
bloom in India. Cylindrospermopsin shows protrdcteymptoms resulted from progressive organ failure,
specifically liver and kidneys, which necessitdtasger observation period [55]. Bernard et al. [SBpwed acute
hepatotoxicity with severe liver, kidney, and thygndamage with the Australian cylindrospermopsirdpming
strain. Histological examination of the liver releshonly moderate and multifocal necrosis.

The mouse toxicity is expressed asshhg dry weight of toxin or cyanobacteria per kg s®iody weight [57]
and a LI}, of <1000 mg dry weight is considered the cyanddrétas non-toxic. The first major drawback in gsin
mouse assay is the need of an animal house fafdlityearing the animals for routine experimentsc@dly, the
use of animals in toxicity studies is against stifienethics and is actually banned in most of ttmuntries.
Moreover, where more than one type of cyanotoxprésent, the more rapid-acting toxin (i.e. micsigyLR) may
mask other symptoms [58]. But the overall toxidtye to cyanobacteria can be estimated in drinkiatgmsupplies
using mouse bioassays.

Fishes are also affected by cyanobacterial toxirteé ways of liver damage, disturbed ionic regoigtbehavioral
changes and mortality [59, 60]. Young brown tro&@][ Tilapia and Carp [61] are the fishes repotiede most
sensitive, and can be used as a test system aggarstbacteria. Unlike mouse bioassay, fish bioasgzay not
prove to be easy and sensitive. Injecting cyan@pgttextracts to fishes is a difficult task, anthiersion in media
containing cyanobacterial extracts might need naoneunts of cyanobacterial extracts in order toejéil effects,
and the oral toxicity can be subsided by the détmtion of toxin in various ways.

A desert locust§chistocerca gregarjabased bioassay has been applied for detectinigpsins successfully in
cyanobacteria and shellfish [62, 63]. Similar tous® bioassay, locusts are easy to handle and samghebe
administered by injecting low volumes (10 ul). Tesults, characterized by the paralytic strokeoftained within

90 minutes [62]. The LE for pure saxitoxin was found to be 8 p§lgcust body weight, but the bioassay was not
found sensitive to microcystin-LR or anatoxin-a. félover, relative toxicities of selected saxitoxinabgues
differed from those reported in mammalian syste@8.[Authors discussed the use of locusts as singptecally
acceptable, broad-specificity functional bioassiay, the monitoring of saxitoxins and other paralyshellfish
toxins.

Bioassay using cell cultures

Since most of the vertebrate animals including mafanare affected by toxic cyanobacteria in variowsys,

bioassays using cultured mammalian cells insteadsofg animals have emerged as suitable replacenfent
animal bioassays. The well-documented fact thatanisstins cause acute liver damage has prompteiestusing
hepatocytes (liver cells). Aune and Berg [64] uBedhly isolated rat hepatocytes for the first tifibe toxicity was
measured by leakage of a key hepatic enzyme, éadettydrogenase (LDH) from hepatocytes. Typicéadiglated

rat hepatocytes are incubated with pure toxin oolul extracts for a specified time and then theiliigpiof the cells

is assessed using the (3,4,5-dimethylthiazol-28}etphenyltetrazolium bromide (MTT) test [65]. Théassay
provided the first authenticated report for comgpami of toxicities with the change in structure d€mcystin and
showed that MC-LR is most toxic and MC-RR is atsteB00 times less toxic as compared to MC-LR [28].a

replacement of rat hepatocytes, a liver slice celtwas introduced for assessing hepatotoxicity reSHwater
cyanobacteria [66]. This method was also based tipoteakage of liver enzyme (LDH) from freshly paeed liver
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slice culture due to the toxicity of microcystirend has an advantage over hepatocytes in its goatid non-
requirement of sophisticated instruments and oglt@nditions

Apart from hepatic cells, other cells have alsonbased an indicator of cyanobacterial toxicity. ladd cell-based
assay was proposed as early as 1981 by CarmichdeBent [67] that showed the agglutination of thd blood
cells as an indicator of microcystin level. Howewis test failed in further experiments and fouade a poor
indicator for microcystins. Codd et g68] were the first to usen vitro fibroblast cytotoxicity assay for
microcystins. Lawton et al. [57] used the assayp@&i79 hamster fibroblast cells, which correlateellwith the
mouse bioassay. However, the assay demonstratesnben of false positives and false negative resultich
make this bioassay a little fragile. Goncgalveslefé®] showed that in addition to its hepatotoicimicrocystin
might have an immunomodulatory effect. Authors désed the use of leukocytes as a bioassay parafoeter
monitoring microcystin. The leukocytes of healthglunteers presented an increase in apoptosis reltdes
leukocytes from hemodialysis patients exhibitedwadr production of oxygen-reactive species whenbated with
microcystin-LR

Apart from mammalian cell lines, two fish cellsds PLHC-1 (derived from a hepatocellular carcinashahe
topminnow Poeciliopsis lucida and RTG-2 fibroblast-like cells (derived from tlgonads of rainbow trout
Oncorhynchus mykissvere found to be sensitive enough to several eainations of extracts from a natural
cyanobacterial bloom andMicrocystis aeruginosdsolated strain as elucidated by succinyl dehyeinage (SDH)
activity. The similar EG, values were recorded for natural and isolated @yacteria strains. Increased secretion
vesicles, rounding effects, decreased cell numbedssize, hydropic degeneration, esteatosis, aogtegis were
observed in the morphologic studies of both celdi. However, cyanobacterial bloom was more taxité PLHC-

1 cell line [70].

For neurotoxins assays, a neuroreceptor-bindingyasss developed earlier for saxitoxins, which veodn the
basis of competitive displacement and used radiekal saxitoxin [71]. A neuroblastoma cell lineheigue for
sodium channel blocking activity has also been kigesl for the analysis of neurotoxins [72, 73]. ikgdhe use of
cell cultures for toxicity needs further experingertefore a universal cell line can be adopted fbkm@own

cyanotoxins in freshwaters.

Bioassay using plants and plant extracts

Secondary metabolites including microcystins preduby cyanobacteria are known to have algiciddiesbicidal
properties [74, 75]. Bioassay usiAgacystis, Phormidium, Plectoneraad Chlorella has been used to investigate
algicidal effects posed b@scillatoria [76]. Little work has, however, been done on d&hing a simple, cost-
effective and sensitive plant based bioassay ferdtitection of cyanotoxins in drinking water. Gegar et al. [77]
investigated the effect of a microcystin-LR extrantthe growth of.epidium sativunover 6 days. Exposure to 10
ng L™ microcystin-LR concentration resulted in a sigrafit decrease in root and leaf lengths as wellrgsh f
weights of seedlings when compared to the contfligtathione S-transferase and glutathione pereeidetivities
were also significantly raised in plants at invgated toxin levels. Authors discussed the udeepidium sativunas

a bioassay against microcystins, though the effenticrocystins other then MC-LR and other cyanabaal toxins
have not been included in the study. The use efliliassay needs vast exploration.

Cylindrospermopsin was shown to pose negativecesffen the germination of pollen from tobacddicotiana
tabacumcv Samsun NN). Pollen germination was inhibitedclindrospermopsin between 5 and 1Qap mi™*

[78]. The inhibition of tobacco pollen germinatiomay be amenable for development as a bioassay for
cylindrospermopsin, although this would require ra-goncentration step for the monitoring of envimamtal
samples.

Enzyme Bioassay

Microcystins and nodularins are reported to inhfisittein phosphates (PP) 1 and 2A [79]. In this ,whg protein
phosphatase inhibition assay has proved to be sitisenscreening method for microcystins and nodoga
Microcystins bind equally well with PP1 and 2A. ke versions of PP1 and 2A bioassay were basedhen
quantitation of’P-phosphate released from a radiolabelled subgBate81]. This bioassay was sensitive to sub-
nanogram levels of microcystin and nodularin. Thethmd has also been used successfully for quaotitatf
microcystins in environmental samples such as drintwater before and after water treatment [81jnBeensitive
enough, this method was not used widely becausigeafise of radioactive substrate, which necessitgecialized
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laboratory equipment and regulations. The refingnoérihis method was introduced by An and CarmicHia2]

who used a colorimetric protein phosphatase inbibiassay which avoids the complications of usiagjgactive
materials. The use of the protein phosphatase itidribassay is extremely helpful to confirm toxjcibf

microcystins in environmental samples. The noneaclive bioassay may therefore be used increasiioglyhe

routine screening of water samples, as shown bydWwtal.[83]. It is however, noteworthy, that false positiand
negative results can be obtained using PP1 and RR24Ays, and expert staff should perform the usthexfe
enzyme assays before making any general staterWmeover, this bioassay can be applied to micracyst
nodularins and their variants only.

Bioassays for neurotoxins use inhibition of acdtglin esterase (ACE) enzyme, which is a neuro recgB4].
This is a sensitive method and is the only altéveato the mouse bioassay currently available foatexins.
However, the assay is not selective as it candd$ect other toxicants, such as organophosphomedbgesticides
in the environmental samples such as surface wifers

Enzyme Linked Immuno Sorbant Assay (ELISA)

The Enzyme-Linked Immuno Sorbant Assay (ELISA) teghe is currently the most promising method fqida
sample screening for microcystins and nodularinsabse of its sensitivity, specificity and ease pémtion. A
large number of environmental samples can be seceerithin no time. This assay is based on monotlona
polyclonal antisera raised in rabbits against bexdarum albumin (BSA) conjugated to microcystinstbier toxins.
Sheng et al. [85] showed that polyclonal antibodjeserated by immunization with MC-LR-BSA showedddo
cross-reactivity with microcystins-LR, -RR, -YR, FL-LW and nodularin. The detection limit of 0.12 L.
corresponding to MC-LR was achieved. Earlier, Nageit al.[86] produced six monoclonal antibodies against
microcystin-LR. Among them, M8H5 antibody showedss-reactivity with microcystin-RR, -YR, -LA, [D-As]
microcystin-LR, [Dhal microcystin-LR, glutathione conjugate of microtigsLR, mono methyl ester of
microcystin-LR, nodularin and 6(Z)-ADDA microcystlR. It should be noted that this antibody alscctedo the
non-toxic mono methyl ester of microcystin-LR gigira false positive result. Using a commercially ikade
monoclonal antibody, MC10E7, a more sensitive cditipe ELISA method has been developed by Lindrtesle
[87] with detection limits of 4 ng L for water samples. In a typical ELISA bioassag #éntibodies are fixed to the
walls of the wells of a microtiter plate. The fistep involves binding of the calibrators (a noxi¢amicrocystin-LR
surrogate at different concentrations), a negatorgrol and the samples to the antibodies in thiiswghe addition
of a microcystin-enzyme conjugate binds to the iaing antibodies. After thorough rinsing, the comication of
bound enzyme is measured colorimetrically in an SA.Imicroplate reader. The microcystin concentrati®n
inversely proportional to the color intensity [49].

Development of immuno-diagnostic systems for theect®on of PSPs such as saxitoxins has been aiorethd
routine monitoring of shellfish from the marine @wment though can be applied in freshwaters f8p Both
polyclonal and monoclonal antibodies have beenuywred, although none have shown cross-reactivitly afit the
known variants. Kralovec et al. [89] developed aeldLISA technology for detecting saxitoxin, whielas based
on non-covalent immobilization of free saxitoximeTefficacy of this technology was demonstratec @olyclonal
rabbit anti-saxitoxin antibody and compared witboaventional ELISA of saxitoxin using saxitoxin-bo& serum
albumin conjugate as the coating antigen. A degadtimit of 35pM mi™ was found by this method. Micheli et al.
[90] produced polyclonal antibodies from rabbitsmiomized with saxitoxin-keyhole limpet hemocyaniresRlts
showed the saxitoxin detection limit to be 3 andptOmi* for direct and indirect ELISA formats, respectixel
Though, ELISA techniques look promising for detewtiof cyanotoxins in drinking waters, they are estricted
use. Antibodies against all possible variants gidbetoxins and anatoxins are still not availablerdbver, the
ELISA kits and consumables are far more expensiga ainy other bioassay system.

B. Methods of removal of toxins from drinking water supplies

Using surface water contaminated with cyanobadtee#is and/or dissolved toxins, as drinking orreational

purposes, different approaches of water treatmenheeded. First, intact cyanobacterial cells dordes are to be
removed from water without causing damage to this,cg the toxin contained within the cells is mefeased to
the water. A typical full-scale water treatmentntlaises co-agulation-sedimentation, duel mediaafiin and
chlorination [91]. Processes such as settling, aladign, filtration and flocculation can achievefesaemoval of
algal cells from drinking water, and these methods/ be used in combination to remove the algal hl@ells.

However, there seems to be some disagreement iiteteture regarding the efficiency of conventibtraatment
(C/FIS, filtration, chlorination) for cyanobactdrigells removal. Some papers report the occurrericeell lysis,
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release of intracellular toxins and taste and octwmpounds [18, 92], while others refer no releaesuxh
compounds to the water [93, 94]. However, the remhefficiencies oMicrocystiscells have been shown from 58%
to 90% by the conventional treatments, and showwati duch procedures are not effective for extrhyeel toxin
removal [95]. Fig. 4 shows the schematic of wateatment with reference to cyanotoxins.

Coagulation/flocculation with alum is being usedridaide. Coagulants such as aluminum sulphateicfsuiphate,
ferric chloride and polymerized coagulants as pallyminum chloride have been successfully used riesting
algal-rich waters. Studies suggest that pre-polizedrcoagulants have some advantages over metabsgjulants:
better overall treatment efficiency, better flockparation, wider working pH range, lower sensiivib low
temperatures and lower residual metal-ion conceoir§96, 97]. Chow et al [95] showed removal\df aeruginosa
by alum flocculation method without damaging thétuned cells. Ribau-Teixeira and Rosa [98] showeal tan
aluminum pre-polymerized coagulant of high basidigs the potential of removing single cells Microcystis
aeruginosayielding very high chlorophylé removal (93-98%), with very less toxin releasevader (8—15%) when
coupled with dissolved air flotation. Sedimentatfon removal of cyanobacterial bloom cells might be a good
idea, as the buoyant cells and colonies tend tat ftm the surface. The dissolved air flotation (DA$- widely
considered more effective than sedimentation inttbatment of algal-rich water. According to Lamakt [18]),
flock blanket clarification had shown approximat8l§% removal oMicrocystiscells while DAF removed 98% in
the presence of other algae. The same high DAF vehwefficiencies forMicrocystis aeruginosand Anabaena
circinalis [99] and for Chlorella and Cyclotella [100] have been reported. C/F/DAF process showed bist
cyanobacterial removal efficiencies, higher tha®92as well as the lowest residuals for lower optio@agulant
dose. Extra cellular microcystins were practicalbt removed from the water by both processes, buelease of
toxins fromMicrocystiscells during treatment was found [98]. These expents were performed with cultured
single celledMicrocystis aeruginosaultures, and it will be worth investigating if naal populations oMicrocystis
would also be removed effectively by this procegisen that high amount of mucous is associated wWithr
buoyant colonies.

Another method for removal dlicrocystis aeruginosaells from raw water is by ultrasonic removal. Zpat al,
[11] showed that algal cells could be effectiveynoved by sonication and gas vesicle collapse twasrtain
mechanism. However, higher ultrasonic power angj loradiation caused cell lysis and increased tineunt of
microcystins in water. Ultra-filtration is able temove microorganisms (>99.99%), but a point ofceon is the
possible release of cell-bound cyanotoxins dudécshear of the feed pump. Ultra-filtration expexnts carried out
with a dense cell-culture &flanktothrix agardhiiand with a bloom oP. rubescengn Germany showed release of a
maximum of 2% of the cell-bound microcystin, froletcells into the medium. Thus, the removal of ¢ebls
resulted in a removal of cell-bound microcystirogér 98% [101].

The second step needed for water treatment isféotizfely remove dissolved toxins i.e. microcystiRemoval of
microcystin through the sand filters was shown ¢opimarily through biological degradation procassdsing
polymerase chain reaction (PCR), biofilm, extradi@imn one of the sand filters that had effectivedynoved the
microcystins, was shown to contain bacteria withntirA gene. Detection of this gene provided additionadence
that biological degradation of microcystin was fiignary removal mechanism [102].

Chlorination of water is a long established metfarddisinfection of drinking water. According to iSét al. [103]
microcystins (MCs) in water can be directly anceefively removed by active chlorine transfornieditu from the
naturally existing Clin water resource using electrochemical methothnium coated with RuQand TiQ was
used as the anode. The results suggested thathigientrations of MC-RR and MC-LR in aqueous solutould
be synchronously decomposed within 15 min of etdgsis. The qualitative analysis showed that thetdggeptide
ring and the Adda group of both treated MCs weranged. Almost complete removals could be obtaimethé
case of indirect electro-oxidation with situ electro-generated active chlorine from @l water [103].

The oxidation of the microcystins was related te thlorine exposure of the sample waters followtimg trend:
microcystin-YR>microcystin-RR>microcystin-LR>micrgstin-LA  [104]. Though results suggested that
chlorination at an adequate chlorine dose is vBectve for the removal of microcystin in raw watere-oxidation

of the cell itself with chlorine must be avoide@chuse it frequently causes toxin release fromeadga produce tri
halomethanes during water treatment [105]. Theriidotreated water was not toxic to mouse as shoyithe
histological examinations except the cases wheimdrigdspermopsin was present in the water sampleg].[1t is
recommended that further toxicological studies #dhbe performed with chlorinated cyanobacterialisohs.
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Holst et al. [107Jdemonstrated that indigenous microorganisms insd#dément of a water recharge facility were
capable of degrading microcystin. At oxic or mierophilic (<2% @) conditions, microcystin added to sediment
slurries was reduced to 70% of its original condidn in 1-2 weeks, and to 96% after 7 weeks. Adix&
conditions and with addition of nitrate, the degioh was significantly stimulated, reducing migystin to 80%
within a day. The simultaneous production giONin the samples suggests that the microcystinadiegion was
coupled to dissimilative nitrate reduction. Sincgliéers and sediments beneath drinking water regasroften are
anoxic, nitrate respiration may be an importantpss in removal and detoxification of microcystins.

Figure 1- Histology of mouse liver architecture (40 X magnification) after i.p injection of Microcystis bloom
extract (a) control liver injected with phosphate luffered saline and (b) liver of mouse injected wittbloom
extract equivalent to 10 mg cell dry weight colle&d from Lake Kundam, India.

NH, normal hepatocytes with nucleus; DH, degener&iepatocytes; VA, vacuolation.
w = i i = -

(a) NH
(b)
OH
VA

Three human probioticgactobacillus rhamnosustrains GG and LC-705, amgifidobacterium lactisstrain Bb12,
were also found to bind the cyanobacterial peptickén microcystin-LR from water solutions [108]. &Hhighest
removal percentage was observed with heat-trdatdthmnosustrain GG for microcystin-LR.

Addition of catalysts to water treatment is alsgomd choice for the removal of toxins, though mafsthe work
dealt with removal of microcystins only. Some treaht methods used the combined UV/ hydrogen peeoxid
(H20,) system. The combined UV{B, process proves to be an effective technology far temoval of
microcystins. The ultra violet radiations lead twtocatalysis of the microcystins and the reacisoenhanced by
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electron acceptor (®,) [109, 110]. Similarly, UV induced photocatalysis combination with TiQ effectively
destroys microcystin-LR in aqueous solutions, hawvewon-toxic by-products were detected. Yuan efldll]
showed degradation of MC-LR following the additiari ferrate as the indirect electron acceptors te th
photocatalytic process. Low ferrate dose addedhéophotocatalytic process, yielded a significarttagrtement in
the photocatalytic rate and the efficiency coulditeeased to 100%:errate treatment may be an effective and
practical method for the removal of cyanobactgrggitide toxins from eutrophic waters, especialllgiolr hold high
total organic carbon [112]. Compared the effecteflll) and Fe(VI) on the photocatalysis rate, grecess of
Fe(Vl)-assisted photocatalytic degradation of MC-L&pparently existed the synergistic effect and the
photocatalysis rate constant of Fe(VI)/UV/EiProcess was higher than Fe(lll)/UV/Ti®y 2.5 times and than
UV/TIO, by 4.4 times, but an overdose of ferrate will régttne rate due to the short circuiting reactioasMeen
Fe3+ and Fe2+ and the lower absorption of UV ligtite pH had a remarkable influence on the reactida of
detoxification of microcystin-LR and pH 6.0 was kéuoial to the photocatalytic process [111].

Figure 2- Release of hepatic enzymes after adminiation of a LD, dose of MC-RR purified from a
Microcystis bloom () against saline control ) in India
The enzymes were assayed using commercially aleak#b (Merck, India) and enzyme activity is presd as
mean * SE international unit per ml of blood ser8&OT=serum glutamate oxalloacetate transaminaG&Ts
serum glutamate pyruvate transaminase, LDH= lactltkydrogenase and ALT=alkaline phosphatase

18 r ]

15 F

12

Enzyrne activity (110 ml')

u ] ]
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The use of activated carbon has been increasegatztial remover of toxins from water by adsarptiMaatouk
et al. [113] showed total elimination of cyanobaietiecells and the low concentration of hepatotexihrough the
combined action of pre-ozonation and adsorption powdered activated carbon. However, pre-chlorimatio
followed by powdered activated carbon removed dBl§6 of hepatotoxindVarhurst et al. [114] showed that a low-
cost activated carbon from the pan-tropical mulijmse drumstick tree Moringa oleiferg removes the
cyanobacterial hepatotoxin microcystin-LR in quiative amounts from water in batch adsorption gri®lendleton
et al. [115] compared activated carbon of two typglke wood carbon and the coconut carbon and fdlatthe
wood-based carbons adsorb more microcystin thandbenut-based carbons. The simple reason behadstkhat
the wood carbons contain both micropores and messpwhile the coconut carbons contain micropordy. on
Falconer et al. [116] showed that the toxicity cbbke removed by both powdered and granular activeaéebon,
with and without chlorination, alum flocculatiomd polyelectrolyte addition. Bhaskar et al. [11vhkeated three
grades of active carbon namely 40, 60 and 80 CT@hfr removal efficiency of MC-LR from contamimeak water
and found 80 CTC carbon to be most efficient in aeimg MC-LR from contaminated water. Lee et al. §lL1
employed TiQ-coated granular activated carbon for the remo¥dll6-LR from water. The granular activated
carbon provided high surface area for rapid adsmrpif MC-LR and TiQ particles degraded the toxin showing a
synergistic effect. Adsorption of toxins by soilvér bank filtration) has been proposed by Pendletbal. [115] as

a low cost yet effective method for degradatiomdidrocystins and nodularins in water. The soildwtite high clay
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and/or organic carbon contents had the higher moiuhdsorption coefficients. The implications Bank filtration
are that higher water pH values and lower salisitiél enhance thé situ mobility of the toxins, resulting in an
increased distance of filtration through the rivemmk before toxin free water could be abstractedhfaman
consumption [115]. Another method shows mixingwfface water and ground water reduces the hazatdsed by

toxic cyanobacterial blooms in the reservoir [119].

Figure 3- A schematic overview of water treatmenttsategy to remove algal cells and toxins from freslvater sources
Raw water contaminated with cyanobacterial bloom

|

1. Removal of algal cells

Coagulation Filtration
{sedimentation

Ultrasonication

Coagulants DAF

2. Removal of dissolved cyanotoxins

Nanofiltration  Adsorption Catalysis Chlorination
Soil Activated Photo- Photocatalysis
(River bank) carbon catalysis combined with
‘ ‘ ‘ chemical cTtaIysts

Drinking water

Ribau-Teixeira and Rosa [120] suggested the remo¥allicrocystis aeruginosacells as well as associated
microcystins by a dissolved air flotation (preced®sd coagulation/flocculation)—nano-filtration (NEequence.
DAF-NF sequence is found to be a safe barrier agdin aeruginosaand microcystins in drinking water. In
addition, it ensures an excellent control of p&ticdisinfection, by-products formation, and othecropollutants
that may be present in raw water. Pawlowicz et[H21] investigated various filters for effectivemeval of
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microcystin-LR from the water and found carbonefit to be most effective. Ribau-Teixeira and Rdk22]
investigated the influence of nano-filtration foyanotoxins removal, namely the neurotoxic anat@iamad the
hepatotoxic microcystins and found that NF memlsare an effective barrier against anatoxin-a aiwdotystins
in drinking water. Anatoxira and especially microcystins were almost completemoved. Anatoxira removal
was governed by electrostatic interactions andcsténdrance, whereas for microcystins the lattaswhe main
mechanism.

Recently, a biological removal method for cyanobeat toxins has been proposed by Tsuji et al. [1ZBe
method used the bacterial strains Sghingomonasp. and show that MC-LR and MC-RR were completely
degraded with in a day, when these bacterial strai@re immobilized with a polyester resin. Thoulge method
seems promising, need further investigations foraeal of cyanobacterial cells as well as non-migstia types of
cyanotoxins. Since most of the methods claim affeatemoval of cyanotoxins from water, the anabfticheck of
water for safe drinking level is however requiredascertain the removal of toxins and nontoxicitypp-products
generated due to the degradation of toxins.

CONCLUSION

Bioassay methods are particularly relevant to wateks agencies, as their prime mandate is to Keepaxin level
below the safe level guidelines proposed by WHOweMer, analytical techniques such as reverse ghR&€ and
MALDI TOF are required in order to identify and ouify the cyanotoxins in the source water. Once, tthxin is
identified, appropriate bioassay can be chosendbasethe biological activity of toxin as well asetfiacilities
available. Detection of toxin is equally importamttreated waters for monitoring purposes. It stdug noted that,
those bioassays, which provide results faster ame mppropriate, then the assays, which last foeri®n one day.
Daphnids and shrimps are excellent organisms tarubéoassays because they are sensitive to changeater
chemistry and are simple and inexpensive to groanimquarium. They are parthenogenic and matytesira few
days and because daphnids are transparent, is#bp®to conduct bioassays using endpoints ottzer death. For
example, through a microscope their somatic growtart rate or feeding behavior etc. can be obdef48].
Biochemical tests and ELISA methods are more peeaigl useful for waterworks and most of the toximmis can
be identified in raw as well as treated water inywv&ort time. However, such methods have limiteglications
when the compounds other then toxins (microcystime)present such as protease inhibitors along tivthioxins.
Though, every method has its own limitation, a coration of bioassays can be adopted in cases where then
one type of toxin is suspected, or where one teghmis not sufficient to identify all the variants.

So many methods are adopted worldwide for the rafaofvtoxins in raw water. Since most the methodsussed
effectively remove toxins from the raw water, teicfues in which no external chemical is added to wheer,
should be adopted. Biological sand filtration ainder bank filtration are some of the methods whiat only
effectively remove cyanotoxins and other toxic sabses from water, are cheap as well as environfnienidly
methods. It should be however, noted that someogicdl control program should be introduced to weter
reservoir, so that toxic cyanobacterial blooms lsarcontrolled and the aquatic ecology can be maieda Various
studies showed that some species of aquatic gramasime toxic cyanobacteria without getting affddby it. A
mixotrophic flagellateOchromonas danic#és able to ingest and digelsticrocystis aeruginosaingle cells [124].
Fulton and Pearl [125] found a rotifBrachionus calyciflorug?allas to be able to ingest and survive on a diet o
toxic Microcystis aeruginosghough on the contrary the same species were fotutg most sensitive towards a
toxic strain ofAnabaena flos-aquaj26]. Some rotifers can graze on cyanobacteriaowit getting affected by it
[41]. The second approach for biological controltokic cyanobacteria may be the application oflafiathic
interactions between a toxic and non-toxic cyantdy&c[12]. Algicidal compounds from cyanobactesiech as one
from Oscillatoria laete-virenswhose algicide effectively eliminates and detdyidlicrocystisblooms; yet lack
presence of any type of toxic metabolite [74, SBigchi, Pers. Comm.] can be introduced to the mratgervoir.
However, strains should be introduced only afteppr screening for non-production of other toxictabelites.
Genetically modified strains, which lack toxin-prmihg genes, may provide a better solution in tagard. The
biological control of toxic cyanobacterial bloomlwiot only provide support to the waterworks, il help in
protecting the environment too.
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