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ABSTRACT

Biofl occulant exopolysaccharide (EPS) production by ten (10) cyanobacterial strains during their photoautotrophic
growth was investigated. Lyngbya sp. BTA166 and Anabaena sp. BTA35 produced highest levels of EPS along with
highest flocculating activity amongst the studied strains. 16S rRNA nucleotide sequencing and BLAST analysis of
nucleotide sequences were used to identify the cyanobacterial strains. The sequences were deposited in GenBank
and accession numbers were obtained as KJ830952 and KJ562184, respectively. Studies on the effect of incubation
period on EPS production revealed that highest EPS production was observed during stationary growth phase and
late phase of growth. Biochemical composition of the exopolysaccharides from the two potential strains was also
investigated. The cyanobacterial EPS consisted of soluble protein and polysaccharide that included substantial
amounts of neutral sugars and uronic acid. The flocculant bound a cationic dye, alcian blue, indicating it to be
polyanionic. The results of these experiments indicate that strains Lyngbya sp. BTA166 and Anabaena sp. BTA35
are good candidates for the production of EPS which could be utilized in industrial or commercial applications as
an alternative to synthetic and abiotic flocculants.
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INTRODUCTION

Flocculants are widely used in various industri@gigesses such as drinking water treatment, dovamtpgocesses,
wastewater treatment plants, and in different feraton processes [1]. Although chemical floccuahiave

numerous advantages of being effective in ternflbotulating efficiency, affordability and availdity, their usage
has been reported to be harmful to humans [2]etemt years, many studies have been undertakere wiftarent

microorganisms such as algae, fungi, bacteria atidcamycetes have been used in bioflocculant pribou¢3, 4].

In order to circumvent the health and environmeptablems attributed to inorganic and syntheticdldants,

flocculants produced by microorganisms have atithcbnsiderable scientific and technological aitbenin recent

years [5]. The interest in biotechnological methdalsthe production of bioflocculants lies in thesgibility of
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using different organisms to synthesize extracatlidubstances with different compositions [6, 7, 8&tural
flocculants having a plant or microbial origin, mas composed of polysaccharide, proteins, lipigeproteins and
lipopolysaccharide and flocculation by them invawhe polymer chain sticking to multiple particlesking an
aggregate large enough to settle down. Comparethémical flocculants, bioflocculants have unridaleenefits
because they are environmentally friendly, biodeghbde, nontoxic and harmless to human and aninsdthheand
free of the risk of secondary pollution.

Many strains of cyanobacteria produced substanigntities of exopolysaccharides [9, 10, 11]. 4t tbeen
suggested that EPS produced by cyanobacteria ¢xulaseful in various applications due to their watgding
capacity in soils and their ability to remove heawtals and solid materials from water reservdigs L3, 14].

As part of our exploration for new and novel bigflolants that could stand as alternatives to inbogand
synthetic flocculants, the present study reportsherbioflocculant-producing potential of freshwatganobacterial
strains and determine the influence of differeghtliquality and pH on EPS production, and assegstential
commercial application of cyanobacterial EPS.

MATERIALS AND METHODS

Cyanobacterial strains conditions and microscopic laservations

For this study, ten (10) fast-growing cyanobactestiains were obtained from the National Repogittor
Cyanobacteria and Microgreen algae (Freshwateth@finstitute of Bioresources and Sustainable praknt,
Imphal, Manipur, India. All of these strains wemggmally isolated from North-Eastern region of iadCultivation
was conducted in 250 ml Erlenmeyer flasks contgidi®0 ml of BG-11 medium [15]. The nitrate compadnefithe
medium was excluded for culturing heterocystouaissr except when otherwise indicated, but was desdufor
culturing all non-heterocystous strains. Batch weé were prepared for characterizing EPS produckiy
centrifuging a culture of a desired strain whileekponential growth, then transferring 50 mg ofwet biomass to
a flask containing 100 ml of culture medium. In@ted cultures were grown photoautotrophically at22& under
a light/dark cycle of 14/10 h at a light intensitf/54-67 pmol photon ifs*. Cultures were left undisturbed during
growth except for brief mixing twice daily for sidient mass transfer of media nutrients to, andreted
metabolites from, the organisms. Aliquots of cldtirere negatively stained using Indian ink (Hiraetldia) as
described by [16] as prior to their microscopic evation, in order to observe EPS. Microscopic oleéns
utilized an Axio Scope Al microscope coupled wibftware AxioVision 4.7.2. (Carl Zeiss, Gottingenei@any).

Exopolysaccharide assay and flocculating activityeist

Exopolysaccharides from the cell wall of cyanobaateere separated by putting two pins in the caltiasks and
kept in a magnetic stirrer for 15 min. The cellsgvenacerated and cell wall polysaccharides wereenbadelease
in the medium. Then, soluble EPS was separated ifitant cyanobacteria by centrifugation of cultua¢$600 X g
at 15°C for 20 min (Eppendorf, 5430 R, Germany)e Bapernatant was concentrated to one-fourth afriggnal

volume by drying in a hot-air oven (Universal Ovwet¥43, Narang Scientific Works, India) at 60°C 1@&-12 h. The
concentrated liquid was precipitated by the gradwlition of three volumes of cold ethanol and e kept at
4°C overnight [17]. The precipitate was washed évWdg suspension in cold ethanol, followed by céngation. The
gel-like pellet obtained after the final centriftiga was collected and put into a dialysis bag (@i membrane-
110, Himedia, India). The dialysis membrane waswith respect to the quantity of pellet obtained &ed with a
thread at both ends and was dialyzed against 5meduof distilled water overnight at room temperaturhe
dialysate was then dried at 60°C to a constanthtieig

The dialyzed EPS from two straingngbya sp. BTA166 andAnabaena sp BTA35, was analysed chemically. Total
neutral sugar content was estimated by Anthrondodef18], using glucose as a standard. Total selptbtein was
measured according to [19] using bovine serum albums a standard. EPS was hydrolysed for uronid aci
estimation. 1 mg of EPS was dissolved in 1 ml kstiwater, added 2.4 ml of sulphuric acid and igaacid
content from the hydrolysed EPS was determinedtsg@wtometrically using the Carbazole method [2Gith
galacturonic acid as a standard.

Bioflocculant capacity of the EPS extract was dateed by a little modification of Alcian blue bimdj assay [21].
Alcian blue 8GX (Himedia, India) was dissolved atancentration of 1 mg mlin 0.5 N acetic acid. After culture
centrifugation, 0.5 ml of supernatant containingsBfas diluted in 4.25 ml of 0.5 N acetic acid anthbined with
0.25 ml of the Alcian blue dye preparation. Afteéd &in incubation at room temperature, the solutices
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centrifuged at 2900 X g for 10 min and the optibahsity of the supernatant was determined at 61QUWx1800,
Shimadzu, Japan). Control assays contained Aldizaand acetic acid without any added EPS.

Flocculating activity was calculated as:
Flocculating activity = [(B-A)/B] X 100%,
Where A and B are the absorbance values of sampleantrol respectively at 610 nm.

Time course assay of EPS production
EPS production and biomass production were studiatifferent growth phases. Experiments were caroigt in
triplicates to reproduce the experiment and stahdaviations were also obtained.

Strain identification and phylogenetic affiliation

Genomic DNA was extracted by a modified Xanthogenaethod [22]. PCR amplification of 16S rRNA gene
sequences was performed using the universal foryearder 536F and reverse primer 1488R [23]. All PCR
reactions were performed in a total volume ofyb@ontaining 200uM dNTPs, 0.3uM of each primer, 1X Taq
buffer, 5 UTagq DNA polymerase, and gl of genomic DNA. Amplification was performed inthermal cycler
(Mastercycler gradient, Eppendorf, Germany). Afder initial denaturation at 95 °C for 5 min, the tore was
subjected to 28 cycles including final denaturat&and5 °C for 1 min, annealing at 55 °C for 1 mamd final
extension at 72 °C for 1 min. The PCR product wetected with standard agarose gel electrophor&stfirom
Scientific GEPS 200/2000, Switzerland), and quamatifon of PCR product was done with BioSpectromete
(Eppendorf, Germany). Sequences of both the dinestere aligned using the Clustal W program [24Y partial
16S rRNA gene sequence was compared with other kkig@ne sequences retrieved from the NCBI GenBaln&. T
identification was authenticated through BLAST sbaghttp://blast.ncbi.nim.nih.gov/ Blast.cgi). Thgolutionary
history was inferred using the Maximum Parsimonythud [25]. The MP tree was obtained using the Close
Neighbor-Interchange algorithm [26] with searchelein which the initial trees were obtained withe trandom
addition of sequences (10 replicates). All posgi@ontaining gaps and missing data were eliminfiat the
dataset (Complete Deletion option) and phylogeratilyses were conducted by using MEGA 4 softw2rg [

RESULTS

EPS production

10 different cyanobacteria used in this study idetl 05 heterocystous and 05 non-heterocystous diitons
strains. The strains that produced the maximum ER®bya sp. BTA166 andAnabaena sp. BTA35 contained a
thick surrounding capsule or slime layer that cdute medium within which they were grown to becdmghly
viscous. Both strains contained heterocysts. Higsd 2 illustrate thappearance of cyanobacterial filaments in the
absence and presence of Indian ink. The dye wasidea from the filaments and their EPS surroundirimg
caused some distension of vegetative cBlts EPS was visible in the absence of the IndianTile cells appeared
slightly larger in the India ink stained cells aheé unstained part around the organisms confirmegtoduction of
mucilaginous boundary of negatively charged EP#bkycyanobacterial strains.

EPS characterization and flocculating activity

All ten (10) of the examined cyanobacterial strairese screened for EPS production by separatingecwvering
large molecules from the supernatant of culturkgngbya sp BTA166 produced the highest level of
exopolysaccharide (1.20+0.08 mgtlfollowed byAnabaena sp BTA35 (1.12+0.06 mg ni). The total amount of
EPS includes the released polysaccharides in tldtumeor slime polysaccharides. The total EPS aocdcfllating
activity of the studied strains are indicated irbl€al.

Chemical analysis of the EPS extracted frioyngbya sp BTA166 andAnabaena sp BTA35 showed the presence
of significant levels of neutral sugars, total sséuproteins and uronic acid. The biochemical cositimn of EPS
for the two highest producing straingngbya sp. BTA166 andAnabaena sp. BTA35, was presented (Table 2).

Time course assay of EPS production

Results of growth experiments in BG-11 medium ré&ae#hat the organisms grew exponentially to aqueaf 20
days and then entered the stationary phase. Thenatated quantity of EPS increased during growtardime.
The maximum amount was obtained from the cultureday 28, several days after the organisms hadeshte
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stationary phase growth. EPS production increaseghidly for the first 20 days after inoculation]léoved by a
more rapid increase as the cultures approachedrstey phase. The rate of EPS production and flaotiactivity
with respect to the biomass concentrationLfgmgbya sp. BTA166 andAnabaena sp BTA35 were presented (Figs.
3 and 4).

Strain Identification and Its Phylogeny

The 16S rRNA gene sequenceslghgbya sp BTA166 andAnabaena sp BTA35 were found to have closest
proximity with Lyngbya sp. HQ41919%nd Anabaena sp. FM177480espectively. The 16S rRNA gene sequences
were deposited at NCBI GenBank with accession nusnasKJ830952and KJ562184for Lyngbya sp BTA166
and Anabaena sp BTA35, respectively. In the phylogenetic tree (Fig.the consensus tree inferred from 7 most
parsimonious trees is shown. Branches correspordipgrtitions reproduced in less than 50% treescallapsed.
The percentage of parsimonious trees in which fise@ated taxa clustered together is shown netkietdranches.
There were a total of 209 positions in the finakdat, out of which 209 were parsimony informatiMee clustering

in the dendrogram was well supported by bootstregyais and partly reflected the morphological &nity of the
organisms. The distances in the tree created byRBI& gene sequencing indicated the evolutionalgtienships
between the studied strains dnghgbya sp. andAnabaena sp. originating from distinct geographical sites.

DISCUSSION

There is a global need for biodegradable and rebkew#occulants to replace the chemical flocculairts
widespread use. Although bioflocculants hold gpeatential for broad real world applications, rejtgcchemical
flocculants with bioflocculants would require sificant reduction of their production costs. To thied, we set out
to screen and isolate novel bioflocculant produfrens different freshwater cyanobacterial strainsthis study, we
have characterized straihgngbya sp. BTA166 andAnabaena sp BTA35 for its growth and favourable conditions
for production of its bioflocculant.

Microscopic observations of negatively stained scedhowed the presence of a thick sheath or slirger la
surrounding the cyanobacteria examined in thisystiithe mucilage produced by the organisms prevetiied
staining of the negative stain, India ink, indiogtithe production of negatively charged EPS. Tlesgmce of non-
capsulated morphotypes of cyanobacteria is of afuichportance for the development of biotechnolabic
applications of cyanobacteria since the presendhick polysaccharidic investments imposes gretiicdlties for
the extraction of bioactive substances and fontbéecular biology studies of these strains [28].

In the strains ofSyanothece, Nostoc calcicola and Anabaena were reported to produce 1.77 mg'm0.7 mg mf*
and 0.055 mg mi of EPS, respectively [29, 30, 31]. The values okeerin the present study were among the
highest reported for any EPS-producing cyanobagteror EPS-producing lactic acid bacteria [32]. Hheins
utilized in this study produced large amounts ofSERlative to the amounts reported for other cyantsyia,
reaching 1.78 mg ritlof culture.Oscillatoria formosa was reported to produce 334.8 pg'rinl 24 days [33].

The highest flocculating activity observed in thigidy utilized EPS isolated fromyngbya sp. BTA166 and
Anabaena sp BTA35. Maximum EPS production occurred in the culturesstationary and late phase. Similar
results were also reported [34, 35, 36]. It waslist earlier that stage and age of cultures affeetproduction of
cyanobacterial intracellular polymeric substan@&# {vhich can be correlate with our present findingn the other
hand, entirely dissociated kinetics of cellularwtto and rate of EPS production Anthrospira platensis was also
demonstrate{B8].

A chemical analysis of the two strains with highEstS production demonstrated the presence of heutgars,
soluble proteins and uronic acid. Analysis of ER8dpction by the unicellular cyanobacteriu@yancthece sp.
isolated from a rice field of Vietnam, demonstrageconsiderable quantity of EPS that containecouarsugars and
uronic acid [39]. The presence of uronic acid inpanionic character to EPS, and the capacity afgdd groups
to bind water molecules can be exploited by thenatie industry for product formulations [40]. Incent years, the
heavy metal chelating ability of cyanobacterial BERS been widely exploited for treatment of wastewi1].

The flocculating activity of MMF1 isolated from theereening medium was 82.9% [42], which can be @B
with our present studied strains. For the induist@plications of p-KGO03, as the bioflocculant agemKG03
showed that more than 90% of the flocculating dgtivn kaolin suspension occurred at concentratiai®.5 mg 1
with the maximum at 1.0 mg1 [9]. Since the anionic density of the EPS is httied to carboxyl groups, Alcian
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Blue, a cationic dye with a high affinity for polyans was measured [43], to determine the apphicatf
bioflocculant. In the present study, cyanobacteB&S containing a high uronic acid content exhibitégh
flocculating activity.

Table 1: Total EPS production and flocculating actity of the ten EPS-producing strains

SN | Name of the strains EPS production (mg/ml)  Bioficculant activity
1 Lyngbya sg. BTA166 1.20+0.0i 81.04%

2 Anabaena sp BTA35 1.12+0.06 78.02%
3 Anabaena oryzae BTA109 1.05+0.09 62.08%
4 Lyngbya sp. BTA193 0.99+0.06 58.70%
5 Oscillatoria sp. BTA291 0.90+0.04 43.07%
6 Anabaena fertilissima BTA30 | 0.92+0.07 45.09%
7 Phormidium fragile BTA02 0.89+0.0 38.43%

8 Phormidium tenue BTA225 0.87+0.09 46%

9 Dichothrix sp.BTA833 0.08+0.08 18.3%
10 | Microchaete sp. BTA946 0.60+0.02 23.21%

Table 2: Biochemical composition of EPS in the twstrains with highest EPS productivity.

Cyanobacteria Total neutral sugar | Total soluble proteins | Uronic Acid

(ug mg*of EPS) (ug mg*of EPS) (ug mg* of EPS)
Lyngbya sp. BTA16€ | 145.40+3.07 67.42+2.0. 201.52+6.8(
Anabaena sp BTA35 | 106.37+5.26 44.96+3.05 183.6+7.50

Fig. 1: Brightfield microscope images of yngbya sp. BTA166 and in the absence (left panel) and
presence (right panel) of Indian ink.
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Fig. 2: Brightfield microscope images ofAnabaena sp. BTA35 in the absence (left panel) and presence
(right panel) of Indian ink.
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Fig. 3: Extracellular polysaccharide production andbioflocculant activity with respect to biomass
production ot.yngbya sp. BTA166.
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Fig. 4: Extracellular polysaccharide production andbioflocculant activity with respect to
biomass production dfnabaena sp. BTA35.
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Lyngbya sp.KI830952(BTA166)

100
Lyngbya sp HQ419195
7 100l Iynghyaaestuarii KJ161441
Anabaena spKJI562184(BTA35)
100 Anab sphaerica FM177480
100 Anabaena sphaerica FMI177479
100 Lyngbya aestuarii. HO832912

Lyngbya aestuarii. HQ)832912(2)

Iyngbya sp KC854785

Anab sp.KJ830948

Anabaena bergii FJ234839

100 Anab cylindrica HE974990

Synechococcas sp. KF157405

Fig. 5: Maximum parsimomy (Kimura) tree based on patial 16S rRNA gene sequence. The tree includes semces ofLyngbya sp. BTA166
and Anabaena sp. BTA3Sletermined in the present study (bold) with their espective NCBI accession numbeisJ830952and KJ562184
along with 10 sequences from NCBI GenBank databasgynechococcusp. was used as an out-group.

CONCLUSION

The bioflocculant produced bliyngbya sp. BTA166 andAnabaena sp BTA35 is composed of proteins and
polysaccharides and probably other constituentghvhave contributed to the high flocculation ofiahcblue from
the solution. In addition, the two strains havevehaood EPS producing potential, following highcitolation
activity and bioflocculant yield obtained in comisan to the yield and flocculation activity showm the other
reported cultures. Hence, bioflocculant produced thgse two strains have good potentials for indhlstr
applications.
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