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Cyanobacterial Exopolysaccharides: Their
Nature and Potential Biotechnological
Applications
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Introduction

cyanotacteria olue-green algae) are photosynthetic prokaryotic organisms which areunicells or 
.filarn:ntst Of great signiJicance biologically is the"zui-tat c"rtaincyanobacteria-can fix elemental nitrogen (Carrand Whitton, 

-19g2). 
Some cyanobacteria

are capable 
-of movement by gliding when in contact with the.ub.t i" leota *dwyane,l985)' some cyanobacteria have the ability to survive desiccation and extremes

oftem?eratur€,.and can grow at high pH and salinity (Flaibani ", ,i, tidSl. CV^nbacteria occur in most environments on earth. Their distribution in'freshwater anOmarine enyironment is cosmopolitan. Cya[obac0eria arc also cornrnonly founO in ttresoil and in rocks from the tropics to polar rcgions, and from temperaie c[mates toexfteme arid deserts, where they sometimes participate in the fonnation oi microUial
crustsormats (Bold and Wynne, 19g5;Mazor et a|.,1996). Anumber ofdiazohophic
cJanobacteria grow easily in association or symbiosis with cerfain green agae,liverworts, water fems, aud angiospenru @old and Wynne, 19g5).

Cyanobacteria have been known, for a long time, to produce large amounts ofexopolysaccharide (Drews and Weckesser, DSZI. necenUy, ttris masri"ve prodo"tion
has received increasing attention due to the potential application, ofth"r" luUrtu.r"""
as industrial gums, bioflocculants, soil conditioners-unO Uio*rt_t .*d to theirparticipation in symbiotic processes in plants, in the gliding mov"meniarrO in O"general interactions between microorganisms and their ha;itats (Bertocchi er a/.,1990; Painter, 1993;Monan et al., 1997; De philippis and Vincen)ini- t9gg).
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Many cyanobacteria are surrounded by mucilaginous extemal layers which have
been called capsule, sheath, mucilage, glycocalyx or slime. The exocellular mucilagi-
nous material is mairily polysaccharidic in nature. There is, however, no uniform
terminology for the extemal layers. There are three types ofexoPolysaccharide: (1) A
sheath, a thin uniform structured extemal layer immediately next to the outer
membrane, containing either concentric or radial fibres, according to the sfains. (2) A
capsule or slime (capsular or slime polysaccharide, CPS), more outer unstructured
zones. Differentiation between these two forms may be difficult. The capsular
polysaccharide is intimately associated with the cell surface and may be covalently
bound with welldefined limits. In contrast, slime polysaccharide is only loosely
associated with the cell surface without sharply defined limits. (3) Soluble poly-
saccharides (released polysacchadde, RPS), released by many cyanobacteria into the
media (Bold and Wynne, 1985; Bedocctr et al.,19m)-

Extraction of the sheath is usually achieved by differential sucrose gradient
centrifugation of the homogenized cells @ erlocchiet al.,l99O). Solubilization of the
CPS is achieved by warm water heatment of the cell pellet (Bertocchi et aL, 1990), by
washing with deionized water (Nakagawa et al., 1987t Plude et al., 191), by
resuspending ofthe cell pellet in low ionic strength buffer at 100'C (Filali Mouhim er
aL, 1993), or by a sodium chloride (1.5%) solution exhaction of the cell pellet at 60'C
(Vincenzini er aL, 1990; De Philippis et ar., 1993). RPSS are usually PreciPitated by
alcohol from cell-free sulrrnatants.

The aim of this review is to describe and discuss some important studies on both
classes of these potentially highly useful substarces - CPS and RPS - in literature to
date. These studies have indicated possible biotechnological applications of
cyanobacterial exopolysaccha.rides apart fr om highlighting some fu ndamental aspects
of their physiology and ecology.

Chemical properties of cyanobacaerial exopolysaccharirtes

We would like to stress that an exopolysaccharide preparation from a cyanobacterium
may not be homogeneous in terms of its chemical and physical properties' For
example, two t)?es of polysaccharide have been seParated from the RPS produced by
Anabaena flos-aquae A-37 by ion exchange cbromatography (Wang and Tischer'
1973). Gel permeation chromatography analysis demonstmted tbat Cyanosptra,
crlpsuhttoHPs coning from the cuitures run in opn ponds or in a completely stined
reactor was not homogeneous in size (Vincenzini e1 ql., Lg93). The RPSs of both

Chroococcus minutus and Nostoc insulare were fractionated by ion exchange
chromatography into neutral and acidic fractions (Fischer ?t aL, 1997). The RPS ftom

Aphanotheci halopirytica GR02 can also be fractionated into two major fractions by

ion exchange chromatogaphy (Li et ar., 2001).
The neutral sugars xylose, arabinose, fucose, rhamnose, galactose, glucose, mamose

and uronic acids are the major components oi both the RFSs (Tablis l5 l-15'3) attd

CPSs (Iables 15.445.A in the cyanobacteria investigated. In general, there is no

noteworthy difference in the major monosaccharide comPositions between

cyanobacterial RPSs and CPSs. Some cyanobacterial strains were analysed for sugar

comoositions of both RPSs and CPSs (Moore and Tischer. !964:\'/irrcerrzifi et al''
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CPSs in A, flos-aquae, Nostoc sp., palmella mucosa and C, caF!/ata show the same
monosaccharide composition (qualitatively and quantitatively; (Moore and Tischer,
1964;Yincenzin et a/., 1990). RpSs and CpSsn Oscillatoia ip. utd phormidium cf.

foveolanun MEU exhibit the same sugar composition in different molar mtios
(Gloaguen er aL, 1995a). By contrast, the monosaccharide compositions ofRpSs in
most cyanobacteria are different from tiose of CpSs.

RPSS in those strains that have been examined tbus far contain from 0 to 9 different
nextral monosaccha.rides, depending- on the particular str�un (Tables 1S.t_15.3).
Glucuronic and/or galacturonic acids are present in most cyanobactenal RpSs.
Hexose and pentose arc absent in tbe RpS of Microcystis weseniergii which consists
of only uronic acid (Fomi et al., 1997). Usually, glucose is the"dominant mono.
saccharide of the RpS although uronic acid, xylose, arabinose, fucose, rha$nose and
maonose are the dominant monosaccharides in some cyanobacterial RpSs. Galactose
is the dominant sugar only in Anabaena sphaerica RpS. Ribose, osamine, methyl_
sugar and unidentified residues are also present in several cyalobaclerial RpS s. There
is no obvious relationship between the monosaccharide compositions of RpSs and
cyanobacteria belonging to different orders or genera.

The cyanobacterial CpSs consist ofvarious neutral monosaccharides ranging from
two to as many as nine units depending on the examined strai\s (Tables 15.4_15.A.
Most cyanobacterial CPS s also contain glucuronic and./or galacturonic acids. Glucose
is dominant in all the strains except for three. The presence ofribose, osamine and an
unidentified residue in CpSs has been found in several saains. Just as with the RpS,
there is no obvious correlation between the monosaccharide compositions of CpSs
and cyanobacteria belonging to different orde$ or genen. It is n;teworthy that the
composition of the slime polysaccharide of M ic rocystis flos-a4ra? resembles that of
the plant polysaccharide pectin (plude et 4/., 1991).

The RPSs in several cyanobacteria contain protein. The CpSs of two cyanobacteria
also contain protein, The RpSs from several cyanobacteria are also charactenzed by
the presence ofpyruvate and acetate grcups. A most interesting featue is the presence
of sulphate groups in the RpSs aad CpSs ofmany strains, sinci sulphaie is thought to
be limited to polysaccharides produced by eukaryotic cells (SuOerhna, ffX;.

The study of the stxuctures of cyanobacterial exopolysaccharides is necessary rn
order to explain their physico-chernical properties. However, there have been only a
few studies on the structure of cyanobacterial exopolysaccharide. It has been proposed
that theRPS producedby c. capsuratahasabranched decasaccharide oroctasacchadde
repeating unit (Marra et al., l99O; Garozzo et al.,199g). The desiccation-tolerant
cyanobacterium Nostac commune DRH_I RpS possesses a l-4-linked xylogalacto_
glucan backbone with n-ribofuranose and 3_O_[(R)-1_carboxyethyl]_o_glucuronic
acid pendant groups (Helrn er a/., 2000). A possible backbone oithe maior'tiaction of
RPS ftom A. habphytica GROZ could contain glucose, arabinose, fuc-ose, mannose
and glucuronic acid with branch points at mannose, and the remaining glucose and
glucuronic acid are at terminal positions (Li et a1.,2001)- -f'lte 

CpS produced by the
thermophilic cyanobacterium Mastigocladus lamiuosus was deduced to have a
b{anched pentadecasaccharide repeating uoit (Cloaguen e, at., 1995b, lggil , lggg).
The presence of urooic acid in the side-chains was found in all four exopolysaccharides.
Taken as a whole, all these results clearly demonstrate the stmctural complexitv of
cyanobacrerial RPS and CPS.
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Cyanobacterial RpSs and CpSs often contain one to three pentoses, which areabsent in most ofpolysaccharides from otrer prokaryotic sourceJ(Suiierfand, f99a).Cyanobacterial RpSs and CpSs arc heteropolysacchUa"r, ."ri?*nch containfive or more monosaccharides- This is strikingly Oiff"r*i i"rn ",fr* microbialexopolysaccharides, which are either homopolysaccharides, oJit"-fryru.t _ia".composed of several different monosaccharides, commonly mo toli* rn no*U".(Sutherland, 1994).
Other microbial exopolysaccharides studied until recently are usually linear mole_cules, although some of them have side-chains fSi,,fr*i"rJ, 1994). Theabove-mentioned cyanobacterial exopolysaccharides are ai branciJ [tysa"crrarioes.The struchrrcs of cyanobacterial exopolysaccharides are more "oo,pio trr* rrror" orother microbial exopolysaccharides.

Physico-chemical properties

Fattom and shilo ( l 984a) demonstrated that all examined benthic cyanobacteria werehydrophobic, whereas all planktonic cyarobacteria t".t"a *"."'nya.ophilic. Thecapsule or slirne layers of some other cyanobacterial strains haye uts"o Ln ,"po.t"oto possess hydrophobic properties (Fattom and Shilo, tqgS; Bar-Or anJ Shito, tggs;Katznelson, 1989: Mazor et al., 1996; Kidron "t ot.., tOVe1. fn" iya-pfroUi"i,y i,confined to th€ o-ute1 surface layers. The presence of catiorx i, ilo.rury tr. ,fr"expression of hydrophobicity. Divalent cations are more efficient than monovalentcations itr affecting the expression of hydrophobicity (Fattom and Sfrito, t SS+o).Multivalent meral cations, such as CaL, Fe!, Airi Cpt-, M;;--;; Cor., "uor"
::iC_:tg*_"j^M-t"rocystis aerugirnsa K_3A CpS to ro.rn g.iiNJ"g vwa et aL,1987). The RPS ftom Cyanothece stain l6Som2 was also foiniio pir"r, g"Uiog
Ito1y.i":. 

Theaddition of drops of the RPS aqueous solution (lE iuTnl ,o O.OS fr,tFeCl, solution leads to the fonnation of stable gel beads. UnstaUte get Ueads areform:d after the addition of drops of the RpS uq,i"oo, ,ototiooiif *7ul ,o O.OS f"fCuCl, solution (De Phiippis et al., 1993\.
It has been proposed that metal biosorption can occur by the complexatron ofmetalions with cartronyl,_carboxyl, hydroxyl and sulphate goups i'n .yanoUacteriat

exopolysaccharides (Tease and Walker,- 1987). Sinie oxyien pr"r"nt ii "uruo*ylut"ions increases the anionic tendency, carboryl g.oup carra"ttraiiior" i"ta "utlonr.I nere ls ar least one uronic acid in the exopolysaccharide of most. cyanobacteria.
Thus, cartnxyl grcups are the main metal sequestering sites oi lianobacteriarexopolysaccharides. The predominance of galaciuronic aiia in U. lis_oquoe CtSsuggests that charge attraction to carboxyl groups contributes to Fe cation Uinding
@lude et al., 1991). The metal_binding meciranism oc"ring-in"inor_faiu,
Iaminosum is fast (Sampedro et al., 1995.5. The different Ni "aii.pii* uufu", fo,Aphanothece W. andRivzlana sp. present a species specific prop"ay larin_u,,of ,1995). The different compositions of cyanobacterial exopolysui"t *ii"r'r""rn to U"decisiye-in the metal-binding role played by these extemal ;nvelopes liampeoro "lal., 1995).

The RPSs ofcyanob acteiaAnabaena sp.N1444, Anabaena sp.pC-l, phormidium
sp. strainJ-1 andAnabaenopsis circularit pCC 6720 show flocculating actrvrty (Bar_
Or and Shilo, 1987; Choi et al., 1998). This activity is, at least in p"art, due to the
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presence of acidic carboxyl goups (Bar_Or and Shilo, l9g7). Tempemture, pH valueand cation concentration can affect the flocculating activity (Fattom and Shilo,
1984b: Choi et at.,lB8). The floccularing activities of the CiS i in phormraium sp.strain J-l and e. circultris pCC 6720 were also found (Bar_Or and Shilo, 1988).
_ By studying the role of cyanobacterial inoculation in maintaining soil struch'e, the
feinnip 

of a primary clay aggregation has been found as i consequence ofinteraction- between the exopolysaccharides produced by the two NoJroc strarns
AfS49 and KaS35 and &e morphological units of the ine soil fractron- This is
probably due to the interaction between the positively charged edges of the clay
particles, and the negatively charged cyanobacterial exopolysacctra;Ies 6atcfrini ,lal., 1996).

- The aqueous solutionof c. cqpsurata Rps has demonstrated some rather interest-
ing fteological properties. The shear dependent properties arejust about equiyalent to
those of xanlhan, and the time depndert properti", uo -or" ,i^il* to those ofplant
gum gnar (Ceslro er cL, 1990; Navarini er al., 199O, 1992). Anabaena sp. ATCC
33047 RPS and Alkemir 110 dispersions display quite similar viscosity and/or shear
thinning p(opefiies (Moreno eral,2000). The Spiruliru platensis CpS exhiUits a non_
{"yjg Uefavloy and a strong pseudoplistic properry (Filali Mouhim e, ar.,
1993). Tbe A. halophyrrca GR02 RpS is xanthan-like il its;hear thinning pmperties
Qvloris et al. , 2WD. The data sbow a biphasic effect of metal ion coucentratron on
M- flos-aquae CPS viscosity at pH7. The polysaccharide viscosity increases with
increasing metal ion concentration until a maximal viscosity occurs at a specifrc
concentration, and then the viscosity decreases witb further adctition of that ion. The
relative abilities of various metal salts to increase capsule viscosity are as follows:
cdct, Pb(No3)!, FeCl > MnC!> CuCII Caclr> NtCl (parker "tlt., :DlAy.

The data suggest that the solution coriforrnati-o n of C. capsulatq RiS is a ra.odom
coil.with a chain fl€xibiliry comparable to that of atginaL lCesaro et at., lgg)).
Atwbaena sp. ATCC 33047 RpS forms an intermediatsstructue between a random_
coil-polysaccharide and a weak gel in solution (Morcno er a/., 2000). The solution
conformation of the RPS produced by d. halophytica GRf2 is a risiiexha-risid rod
type polysaccharide (Monis el c!., 2001). The average moleculai mass of tb-e RpS
from Anabaena sp. NICC 330zl7 is 1�35 MDa (Moreno er a!. , 2000). The molecular
weightof A. halophrticaGR02 RpS is 2.1 MDa (Morris er aL, 2001). De philippis and
Vincenzini (198) have listed molecular masses of some other cyanobacterial
exopolysaccharides. These data indicate cyanobacterial exopolysaccharijes are macro-
molecules.

Stability of molecular and rheological prop€rti€s

C. capsulatq, cultivated under both continuous light and light-dark cycles in two
culture devices, an open pond and a completely stirred reactor (CSR), possesses the
capacity to release a xanthanlike RpS with quite stable molecular and rheological
properties. All RPS samples obtaioed from these cultures show the same monF
saccharide composition and relative proportions amoog sugru units. Several RPS
samples from C. cap.ralara taken from cultures at differcai stales ofgrowth also show
no significant variations in sugar composition and the relative piooortions of the
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with respect to culture age and conditions (vincenzini er aL, 1990, lg3). Although
gel permeation cblomatography demonstrated that RpS samples produced by cul-
tures run iD open ponds were more homogeneous in size than those obtained from
cultures grown in CSRS, no significant change in the flow properties was observed
among the aqueous solutions of the different RpS samples (Vinc enani et at.,1993).

It should be str€ssed that the sugarcompositions ofcyanobacterial exoDolysaccharides
may sligbtly vary, both qualitalively and quantitatively, with the age oithl culrure ard
growrh conditions. The proportion of galactose in CpSs extrac ted from S. ol.atensis
cultures ofdifferent ages is significantly different. This may be due to the variation of
the composition of the repetitive unit and/or of the proportion of different individuar
CPS (Filali Mouhim e, ql., 1993). After addition of acetare, valerate, glucose,
propionate or citmte to the gro,*th modium, the monosaccharide composition of the
RPS produced by A twbaena cylinfica loc varies slightly (k^u "t )1., 1996). m"
sugar composition of the RPS produced by Synechocystis pCC 6214 under different
culture ages is strikingly different (panoff et ql., lgg9).

F,cological rdles of cyanobacterial exopotysaccharides

It has been suggested that the ability of a microorganism to produce exopolysaccharide
is a dircct and logical rcsponse to selective pressures in the natural environment
(Dudman, 1977). Functions attributed to baciedal exopolysaccharides include their
participation in the anchorage of the bacterial cell to its substrate, protection asainst
desiccation, protection againsr phagocytic predation, the masking of antiboOy ricog_
nition, and preventionoflysis by otherbacteria and viruses (Iease and Walker, l9gi.
Additionally, it has been suggested that the exopolysaccharide may bind and affect
the penetration to the cell surface ofboth useful and toxic metal ions @udman, 1977),
create a microenvtonment that is suitable for the growth and survival of the organism
(S herland 1988), and eonstitute a possible barrier against toxios, or antibiotics
(Costedon e, a/., 1987). There are some rcports dealing with the ecological role of
cyanobacterial exopolysaccharide. The precise role played by cyanobacterial
exopolysaccharide is dependent on the natural environment of the cyanobactenum.

TOLERANCB TO DESICCATION

T\e N. cotnmune CPS functions as a physical barrier to the environment and an
infrastructure that pro[ects cells during desiccation and subsequent rehydration (Hill
et al-, 1994). "Ibe exopolysaccharide tends to be hygroscopic and to represent well_
mixed gels- It may decrease the rate of water loss from the celts and provide a
repository for water (Potts, 1994). The Fesence of side-chains which contain chareed
componeflt (uronic acid) rcnders cyanobacterial exopolysaccharides soluble in water
and improves the ability of cyanobacterial exopolysaccbarides to bind water mole_
cules (Sutherland, 1994). The water content of the CpS of Gloeothece sp. ATCC
27152 was found to be more than that of the bulk environment (Tease and Walker,
1987). An increased envelope thickness, observed in desiccated cultures of
Chroococcidiopsis, is probably useful in the prevention of \r,ater loss (Caiola €t al.,
1996).^lhe N. comnaae RPS undergoes shiking changes in rheological properties in
response to water availability (Potts, 1994, 1997). N- commane secretes copious
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amounts of exopolysaccharide. 'ftte N. convwnz Pdf]S. at low concentrations, pre_
vents the fusion of phosphatidylcholine membraae vesicles at 0% relative humidity
(-400 MPa) in the presence of fehalose and sucrose. The capacity of the RpS to
prevent membrane fusion, and the changes in rheological properties of rhe RpS in
response to water availability, constitute what are likely important mechanisms for
desiccation tolerance in the cyanobacterium (HjlI et al., 1997.).

ANTI-IJV

The yield of a large-scale CPS isolated from tfV-B inadiated N. camrzune cultures is
about three times higher than that fmm control culhres. The increased CpS accumu_
lation provides much Ionger effective path lengths for the absorption of radiation
@hling-Scbulz eraJ., 1997). Also, the increased CpS productionprovides a mahixfor
the UV-absorbing mycosporine, a water soluble Uv-AB-absorbing pigment and the
lipid-soluble Uv-protective pigment scytonemin, which are found within the glycan
matrix of N. commune (Hill et al., 1994; Bdhm et al.,1995; Ehling-schulz er aL,
1997). Howevef it is noteworthy that the CPS ofN. comrnune g"nerates significant
quantities of superoxide radicals upon UV irradiation, a feature which indicates that
the CPS is a significant source of damaging free radicals upon exposure to UV
inadiation (Shirkey et al.,2AW).

CHET,A.TINC CATIONS

The cyanobacterial exopolysaccharides arc known to interact strongly with cations.
Anacystis nidulans exhibits significant Ni adsorption (75%) (Asthana er aL, 1995).
The accumulation of heavy metals in CpS is also exhibited by p. lsminosum.Its
affinity sequence is Pb > Fe > Cd > Cu > Zn > Ni (Sampedro et al., 1995).
Approxirnately 30% of the iron added to the medium is accumulated in the M.
aenrginosa K-34 CPS (Nakagawa et aL, 1987). Since the ratio of Fe to Na in the
dialyseA M. flos-aqtae C3-4O CPS is 10 times that in the erotl,th medium. the Fe
adsorption is preferential (Plud e et al., l99l)- Mowan er al.l l99Z; las listed many
other cyanobacteria which can accumulate cations and heavy metals. It has been
suggestod that these polysaccharides could concentrate essential metal elements and
provide a rnicroenvironment rich in available metal cations around the cell (-aage,
1976). On the other hand, these exopolysaccharides rnay scavenge metals to use as
toxins to repel prcdators (Tease and Walker, 1987).

GLIDING MOTILITY

The mechanism of gliding movement is thus far not fully understood. It has b€en
suggested that the necessary propulsion for locomotion is caused by the steady
secretion ofslime (Bold and Wynne, 1985). The study on the cell walls offourgliding
filamentous Oscillatoriaceae species, as well as the combination ofstructural data and
light microscopic observations of slime secretion process of ph omidium ancinatu
and Anabaena variabilis, strongly suggests that the necessary propulsive force for
locomotion is directly genelated by shear forces between the surface hbrils and the
continuing flow of secreted extracellular slime. A sort of nore comotex was found to
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be the actual extrusion site ofthe slime (Hoiczyk and Baumeisrer, 1995, l99g). The
ability to secrete slime in Phormidium sp. has invariably been found so long as the
filaments display gliding morility. Conversely, the sheath, which is only produced in
old cultures, impairs the gliding mot ity of the filaments. various nutritional and
environmental factors may control which tJpe of exopolysaccharide is formed by the
Phormtulinnfiaments (Hoiczyk and Baumeister, 1995; Hoiczyk, l99g). It has been
spoculaled that the sbeath polysaccharide is secreted by thej unciional porc complexes
which are involved in the process of slime secretion: in this way, the cells may be able
to switch their porysaccharide production in response to different enyironmentar
stimuli (Hoiczyk, 1998).

FORMING MCROBIAL CRUST, BIOFII},I AND MAT

A key feature of microbial crusts in arid zones is the abundance of filamentous sheath-
forming and p,olysaccharide-excreting cyanobacteria, such x Microcoleus so..
Phormid.ium sp., and. Nostoc sp. (Zhotr et al., 1995;Mazor et at-, 1996: Kjdrcn et iI-.
I 999). The presence of a cmst cover leads to run_off of water on the dune, whereas no
run-off is generated on a crustless dune. The cyanobacterial exopolysaccharides play
a key mle in the formation of run-off as well as in protecting the crust,s microbial
community (Mazor etai., 1996).It has been suggested that run_off is formed because
of hydrophobicity of the exopolysaccharide, or pore clogging caused by swelling and
expansion of the exopolysaccharide (Kidron et al.,1g9). The microbial biofilm or
mat is formed by microorganisms living on a solid surface exposed to air or water. The
microbial exopolysaccharides present in adherent biofiln or mat play a major role in
microbial adhesion and in maintaining the structurc ofthe biofiln or mat (Sutherland-
1983). Cyanobacteria have been found to be included in the biofrlm oD areas ofroush
hill pasture in Southern Scotland (Sutherland, 1996). Cyanobacterial biofil;.
consisting of Phornidiwn, Lyngbya, Oscillatoria, Microcoleus, Aphanothece and
Scltonens, were also collected in the subtropical paft of Taiwan from wet and
irigated rocks, stone and concrele walls, and drains (Juttner and Wu. 2000).
Cyanobacterial mat, developing on the surface of groundwaier recharge basins in
Israel, tends to reduce the rate of deposition of effluent into the grund. photmidium
qutumrale is &minant in the mat. The remarkable clogging c apacity of p. autumnale
is thought to be rclated to its production ofexopolysaccbride (Katznel$on, 19g9). The
cyanobacterium Mfcroco.leus chthonoplaJres has also beem found to be Drevelalt in
the microbial mat in the Guangrao Saltworks of China. The remarkable permeation-
protecting capacity of M. chthonopbstes is related to its production of exopoly_
saccharide (Wu ard Liu, 1995).

FLOCCUI-ATING TIIE SUSPENDED CLAY PARTICLES

Phormi"dium sp. strain J-1, a benthic filamentous cyanobacterium, has been tound to
produce significant amounts of extacellular flocculants. This flocculant is a sulphated
heteropolysaccharide to which fatty acids and protein arc bound (Fattom and Shilo,
1984b; Bar-Or and Shilo, 1987). Extace[ular flocculants were also found to be
produced by the benthic cyanobacteria A. circularis pCC 6720 (Bar_Or and Shilo,
1987) and Oscillatoria sp. (Bender et al., 1994). Two planttoric cyanobacteria,
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Arcbaena sp.Nl444 urdAnabaenasp.pC-l can also produce extracellularflocculants
(Choi et al., 1998).

In the case of benthic cyanobacteri4 the exqetion of extracellular flocculants may
be of $eat importance in clarification of tuIbid wate, bodies to allow light to reach tbe
soil-water intedace. For example, the release of the fl crjculantby phormidium sp.
strain J-l was found to bring about the flocculation and subsequeni sedimentation of
the suspended clay particles, which hamper light penetration through the water
column to the cells (Fattom and Shilo, l9g4b). It was also found that ttie production
of extracellular cell-bound flocculants was related to the co-flocculation with sus_
pended clay particles by the benthic cyanobactetia phormidiwnsp. strain J_l and A.
circulais 672O.ltis suggested that the ability ofco-flocculation is conducive to the
attachment of cyanobacteria to the substrate (Bar-Or and Shilo, lggg).

SYMBIOSIS AND ASSOCIAfiON WTIH OTHER ORCANISMS

It has been found that glycoconjugates play an important role in cell recognition in the
Azolla-Anabaena symbiosis (Ladha and Watanabe, l9g4). Also, recent-clata indicate
that the significant changes in the compo sition of Nostoc putrctifonre slime poly_
saccharide, occurring at the developmental stage involved i; the establishment of the
Geosiphon symbiosis, could play a role in the specific recognition between the
symbiosis partners (S cbld'bler et a1.,1997). The mucilaginous layer ofNosroc 2S9B is
of great importance in the formation of a firm association witL th" -ot" of *h""t
plants. There is tight attachment ofthe isolated exopolysaccharide fromlvorroc 2S9B
to the root surface (Gantar et aL, 1995).

ADIIERENCE TO TI{E STJBSTRAIE

Cyanobacterial exoplysaccharide may function as bioadhesives. It is proposed that
the adherence of the benthic filamentous cyanobacteia phormidinz sp. strain J_I and
A- circulais 6720 to the substrate is facilitated by the hydrophobicity of the
exopolysaccharides. In old cultures the decrease in hydrophobicity of the
exopolysaccharides enables the cells to detach and colonize new surfaces (Bar_Or and
Shilo, 1988). The same adhesion mechanism has also been demonstrated in some
other benthic cyanobacteda (Fattom and Shilo, l9g4a). piarrri.dizz sp. strain J-l
produces a polymeric extracellular emulsifying agent (emulcyan) at the stationary
phase of growth. The emulcyan contains sog* Inoi"ti"s, prot"ins and fatty acids. It
has been suggested that emulcyan rnasl$ the hycfrophobicity of the exopolysaccharide,
thus causing dotachment of the cells. production of emultvan bv pharmidium cells
may serve as a dispersal strategy by this cyanobacterium (iattom and Shilo, 1985).

SOIL AC,GREGATION

The effects of CPS isolated from Nostoc nuscorum ot cvanobacterial mass inocula-
tion on a saline-sodic soil, a poorty structured silt loam soil and a clay-siltloam
mixture have been evaluated. Inoculation with living cyanobacterial mass increases
oxidizable C, soluble C, microbial activity and soil aggregate stability. These increases
are mainly due to the exopolysaccharide produced by N. rza,rcoram and increased soil
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microbial population (Rogers and Bums, 19.94: Caire et al.,1997; Cmo et at.,1997).It has also been foun d that osc tqtoia prorifica and N. corwnore can increase waterstability of aggegates when they are grown_separately on peoria loess soil (Bailey eral., 1973). Addirion of N. muscorum CpS ln"reasJs-tt " 

-Jmioil?t 
*"t"rotuUt"aggregales either by direcr glueing of,rhe partictes or Uf incJiing;tiuity of th"he[emtrophic microflora, which procuces more exopolysaccharide. Addition ofisolated CpS results in a fas[er a

cyanobacierial mass rno"u,u,,rn.Ti,3|gl1^T:Ti ii 
*il aggregate stabilitv than

duced by both treatrnen. *""il ilftff"':.:f#,'""utf; l,::ffif #:1,#T;and soil microbial activity (Cafue et at., lggT\.

OTHER ROLE5

A Ca,/Si rich extemal (pellicular) layer of the-glycan is suggested to act as a physicalbarrier to epiphytic bacteria on rhe surfac.^ "t u.'rorn-*"'Jolooil, iiirr "r"r, rss+1.The cyanobacierial exopolysaccharidemay n "",i"" ,, n*"rj"i" "iriiouring ,t "rr.Balkwilt- and Stevens (1980) have demonstrated ;;i;;;;;'^ sneneuum
?r"d:!l:"*y :rhigher than optimal-temperature or light intensity, to blue lighr, orto a pH below 5.5 or above 9 resultsin floccrr",iro or u "ii*". nli,if"i et al. (1999)h:v: dToostyeg.that the exono{111haride of tr;;o;;-iui,r?* r,o-"r"r*strains plays a decisive role in their abili ty to innu"nc" Ure ingir,ioo .1 3 o, ouof,niar.

Biosynthesis and production of cyanobacterial exopolysaccharides
Bacterial exopolysaccharides are svnthesized under a variety of gowth conditions andin d-itrerent growth phases, dependlg on the uu"t riu ,toa"a ti'otr,"ri*i, l 9E5). Thesynthesisofbacterialexopolysaccharidesir.o_pl"*.n"p""tinguJ*friy*""n.ia"
Aom Gram-negative bacteria studied^.to dale appea$ to involve essentially similarsyntheric processes (Whirfield, 1988). The p.i""n"" of,"u".a'u"iiil o. o"ot amonosaccharides in cyanobaclerial exopolysaccharide indicate",t "r" riuy l" " rno."complex biosynrhetic pathway in cyanoun"t*iu. rurty ,toJr", oit"-iioryr,*. i, orcyanobacteriar exopolysaccharides indicaie rhat,h"y,. d"ril;;;racerurarpolysac.charides of the samre composition j" A. fu;-rq;;:';.-i"r""ri'^o u^r,(Moore and Tischer, 1964, 1965).In A. ftos-aq;", ,h; il;lilid synthesizedpolysaccharide may diffuse thmugh the cell wuU, anU f"."L.J-iri"*tf,i sunounangmedium subsequently (Moore and Tischer, t SOS).Inconrrds;the quailiii" o,ff"."n"".incompositionofextracellularandintraceUur.pory."""frriirttJJ"'r'rgg"rttrr"r"

is aselectivemechanism ofexcretion ofpory*""t Ua"Gi.t"J ujirn ,rrrt. *"exopolysaccharide of A. flos-aquae is1lnugt t to L-. tt " .u;o. "na p-Jui,tlrphororyn-thesis (Moore and Tischer, 1965). The results indicate trat th; ,i ., Jt"O, n*u,ior,polysaccharide synthesis, and excretion are_surprir.et;;;; ;. ;; a4uoe andNa.rroc (Moore and Tischer, 1965; Mehta and Vuiay", idZty. fro-'iiii, ts.t-l S.O,we find the sugarcompositions of RpSs in mo* "y*ouu","iu -".",ni.iuory o,rr"."n,from.those_of the CpSs. The biosynthe-sis .."t urir_ oi nfS. i" ^"r,'!,""rU"","r1"could be differeot from that ofcpss. Different enviroomental, nut.itio"ui, it "orr""f unaphysical parameters affect biosynthesis and production- ,i-,i"- "r""ouu",".i"r
exopolysaccharide. All these effectr
deDendent. 

; on exopolysaccharide production a.re strain_



€

s
I

S h i f i h S h h
i.*  i t rdr ' t '
t  t  * r  t  b  i  i

EEgEEEEE

+  + ! E  +  +  +  +

|  |  + + + +  |  |

! !  +  + t d ! n

+ + + +  |  |  |  +

|  |  + +  |  !  |  +

I  t + t  I  I  t  I

I  r + t + t t  I

|  |  + +  |  |  t +

g$
5 ^ C s e
i i * n

$$$$fi$r t
s$s$$€Fs

388 P.I:ret al.

f,
it

it

6

it

e

it

it

E

it

$

' F F

T 8
.F .b

E r ,

? r .
' t E

c E

vi i;
r , 9

F E



389

aaaeaaggaeg$aaaega $n
i i l i l i3!!  ;  i i !  ;  ;  ! ;  ;si i
ssgf gggsgg$$$ggs3gFF f

+ + + + + + + + + + + + + + + + r + I + |

+ + +  |  +  + + + + + + + + + + + + +  ! ! +

E E i O  ! . r '  !  t  !  r 3 ! c  1 r . d  !  t E ' d  b e  9 r J  €

Cyarwb a c t e i al e x op o ly sac ch a ride s

+  +  +  +  +  +  +  +  +  +  +  + 1 6  +

+ + + + + + + +  |  + + + + + +  |

+ + + e + + + e + +  |  t + + +  I

+  I  I  +  t t  I  t t  I  t l ! + +  |  |  + +  I  I

+ + + + + + + + + + + + ++ + + +  + + +  I

+ + + + + + +

+ + +  I  +

+ + + + +

3  * B  P
F  i i >  _ ^ F  s

xP;  ;  S f  es i != ; ; -$$

lst.issgF$gEiEisle€,
$sssss s sssss ss sss SS if

Ie

6

p

(9

X

I

.'i
it

c

ii

e

it

9 g

: i 9
x 5

H €
< t s

6 i t

X ?

? ; r
9 9
'6 !a

'6[ "-

E ! )

_c --

p 3

3 E I

3 :  I

" ;  I
" i )  |
vi ir I
: 3  |
. C T  I



_ F  - S S
I !$$q ; ;B  $4
58**ItE' , ;  t l

ESESFE€3Jg
3
d

! o E

t +

+  |  +  I  +  |  I  I  + +

E  * E  +  +  +  + " o  ! !

I  I  t - + +

l r .

+ +

I  I  t + + + +  I  + r

+ +  t . r ,  I  I  |  |  + +

r  t . d  +  |  |  |  t

-  I  |  + + + + e

sF$$xsssieis

T

E

$

ct

390 P.Lt et al.

F
d . g

i r A
Lz a

d t
'.; 6

3 . ;

6 :

< i

> . 9

X H

9 :
E i f
E E
T E

; :

z E
; . J

: i l

f r E  I
E 6 ,  l
a . -  |
; E  I
6 6  |

d : . 9  |

# E  I
o i  I
tss  I
€ c  I' F C  I

F . q l
i >  |
.Y ii I

E H  I
; . ; l
q i u  I

; E  I
e B  I



Cyanobacteialexopolysaccharides 
3gl

MIROCEN SOIIRCE

Nitrogen staryation has been forosoi,zp"n'rf pi,;:;#r::,i$t!H"tj:';H;,##g:";e
330.t7 appears ro be Darricurarrv€nh*".d ""lJ;;;;di;;iroiiffJr"n,o_ro,n,

il*:*:'"*#T3:l}ll,Ti:l'1":o " th" ".u, (M;;;;;; o",l i',r',oo*"n
(Nicolaus eral., 1999). N-starvu.l^ltal -exoPolysaccharide Production of spiruirna
strain 1 6som2 and p. td;1{i=U,Utr,T,i:ilffi Tffi Ui.:Xf :sena, 1D2; De phir ippis et ar., rssjl. utsh Rps p.;;iJ" "i-il'i|.",_ "r. orcc33MZ was observed under diazorroph.ic conditions. Tn;-;;esJ; , combinednitrogen source leads to decreased nis p.oa*,ion,"*iri""i #*1""g "r, gr"*n(Moreno erat, 1998). The increaseinnitog-en-c".;;;;;#;"; 

rheabsenceof combined nitrogen cause the decrease of n.Ps proau"tion ii-a#in cytindica10c (I-ama et at., 1996). The same effe"t ," rh; ;;;;;";rriff#o" o*"",ionwas observed in pio rmidium,Anabaena ro*t"ro uoaanit"ii"p.friaf gli"ot"u,
1',13^!?),:-y:*t^um Rps production i" eonj";il;;; ^-,, o""u.wltn ruhogeD concentrations in th,
Maximum RpS production i. c:.:11'J---"1*efi1q]{nen 

(suao et 4t" less).
presence of NaNd, a,,h",;"s*y,;::j:ft'dr;,fl:ffi lffi J Jjfr:r, #"*is utirized adequatery, the Rps irodlction j"!Jl""/;;'; ;i i, "iili*,"a o, *"nature ofthe nitrogen source (iiscner and Davis. 19?1).

PHOSPITATE SOURCB

The absence of phosphate and the rncrease of phosphate content giye nse to thedecrease of toral exoporysacchari a" prra""t ii-'iir^iii^'iriili,ro, ", ,1,1999). The increase in pbosphare content i" t " e."*th *"di;ii* ri*Jj-u"o"" oototal exopolysaccharide production inA. torurosa.ro anoao"- r|. wsaF anaspirzrr'na (Nicoraus et at., teeg). The ab."""" rf ;;il; i;il;;;i"*o'n"**"in the total exopolysaccharide nrodugtio3 of Spirulina CNi""f""r""i,1, fSSSl.Phosphare limitarion causes a sisr;ficart eof,_"" *t otioni "'riliyo.u," ,yntrr".i.tn cyanothece sna'n l6som2 @e philippi, ", "r, is93).;;;;t;:,1il1 uu."n"" orphosphafe induces a strong decrease in toh.t^exopolysaccharide production of AnabaetnWSAFandA. rornlosc (Nicolaus erct, I999). Th; r"_;;;;iri",i"up-"",t""
was reported inA. c)lindrica l}C (I_amaer at,.r qsol. phospia;in"".iiri, "uur", noinfluence on the RpS production in.c...caprzlcta @e philippis e, al., lggl). Max.._mum exopolysaccharide production in,4. icropl,yr. frlN_ii[""r, i,i"" on*prro*,concentrations in rhe medium exceed 4o.gi tsuao "i"i. I-ii;;. 

"^",

SALINITY

The absence of NaCl causes a small decrease in total exopolysaccharide productionin Spirulrra (Nicolaus er aL, t 999). No erf""r on tf," u*oini,rinpil'.-"[r"o uy Ccapsutata a\d cyanothece strain l6Som2 ,j "";J;;';;;;;; ,"i*,r1, fo"Philiplis ercl., 1991, 1993). The optimurn Nacf "on""n#tionio. niio*""u"r r"A. hatophytia MN-rr and cyanothece sp. Arcc sn42 ;; ;;; ;; ;.ilo. ."..,.._
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tively (Sudo et at., 1995; rn!:: 
:,:, 

19??:IlCh NaCl concenratron causesoecreased RpS prodvctron in Anabaene sp. ATCC 33047 (M oreno et ql., 199g,t-

METAL IONS

MagDesium sbortage induces u.rir,r1"g:.""gncement of the RpS production int,:::;:::::,f il':lfi: #. :h'serr' rh"^,vil"ii"i"r'iu,uonyo,u,", io

;,";*r*',ffi rri*t},ilTt*.,'i*H1Tfi r*l$iEl'.'Jil"i
vyauothece strain l6som2 ,,-.,i"#,,loi 

on the. synthesis of carbohydrates in

!!:y",i;;,;_"if ":ff "l;,,J,'t"lJl;?:i,;$j"1#'*g,il
Fr:::?i"THl'i S:H:*:-l*' t e8ab)'-ne svntteJJoi""",ur'va,"*, in
I 33"' L!:*'i;:,'?";1i"il::"'"i*?T, ;J,5;"ffi::#n:ff"'ijXlllness of cations on RpS synthesir
Hg > Ni (Singh ", "r, tdrn].'"'" 

t" Nostoc sPongiarorme foliows the order cu >

OTHER CI{EMICAL PAIIAI\4ETERS

trrli#i:::E::fi *',' #;;:#o.s;:y:u 
tara is stimurated markedrv bv addition

po*iur"ippu"",ioT.-;;;:;;;;"t'pPts et aI" le96)' This is or ereat interest for
me contrary, some nut itiona o*illl^3f -Slyoxylate causes no effeci on growth. on

a:ff * jl:,*,.*lT*"* jifl *dl,Sffi :ii:i"yff tr:t#JffJ;
eaotion or aceui"];;;:;ff*t"ell 

multiplication (De riitooi" "raL, tig6).aon ^",tn a. "y i i, i i;;t ffi;H"ffi ffi;"h,T;fr gS';*;m ;rno-rmdtum ap. strain J_l is enhanshnrc,resab).ivoerrec;.;;;ffi ;f*".ilX"tr##-,1ili.::l:"J,rg;["fr il:rugner than opdmum @e philippis er.a/., l99l). M"*il; 
"Rpi*piooucrion 

incyanotnece sp. ATCC 5t 142 was found to o""* u, pn iffi iri ,1i.,, ,rn .

PHYSICAL PAXAMETERS

The RPS production in Anabaetn "? 
llgg 33047 is markedty enhanc€d by anrncrease in temperaturc (Moreno e, al, lgg). Conversely, th" io"r"*" in t".p"ru_rure causes a small decrcase in total exopolysaccfr*ral' p-j".iril"f n spirulina(Nfcoraus e/ at., t99et. The RpS produciioi;^ i*i"Jiir.xitt rr*, umar.kedty enhanced by an increase in illu",i"",i* M;;;; ri, ,!is"ia",no*"0w_rth contiruous iltumination, the lighvd_k "y"l* ;;";;;;;".iiii"ur" in ,oor

:I:I?:-"::hT9:^yi3td in phoiidium, e. ,,,,i* ^i"iilii",, ,0. *r*.(r\,rcoraus er a/., 1999)_ The CpS yiet a, tr. "oi"r-" ioil.*o?Ji1]fiu ,r"or","o
;1,;;;,rI 

"o*, *"e times higher than th" f;;;;;;il#.iu1iG-r"n",, ,,
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Optimal conditions for exoool
corncide with rhose for cel:.I "l]linT-ot 

otd"qon by some cyanobacreria do Dot
BK68K ceddy ;;;; : ; ffi ff:y ::me cvanobacteri4 'u"i u cyo,oth""" "p.
r rrunoruootrirll'tiiid.",'{i'..'f^li"i'otq(Ftaibametat.,r98e),phomidiumt-
rees, z00d;;;;;;#ffis',':'^131f rybaena sn. erccxan 1yo,,oo ",,)i.,
is limited by dirfe;;;;:'JllttYs the stationarv phase. in which growrhg;rypixri*'r*.;l*,m;:.;;#nr*t{ffi

Production of exopolysaccharide on a large scale
To eyaluate the technoloEici
exopotysaccharide on a taree .:1,ltT:ltf"t 

or productioo of cyanobacrerial
naipnytauN-ii ri#lfi,ili'i:.Y" 

investigations have been canied oul .4.

lf""#h,,"#t;".**m:1,Hff"{,=stTtr*tr[,;ffi:;

m*:+g;gwe;#;T*u,:'#s**,x,1**;l-st
""lri*,i- ryr,ii"l;;;;,#-* 

*d Nostoc nisutare were studied iD various
raooratory scale. Batch cultures irll.l.! 

n** were found to be suitable for th;
to hand;, ,* *i"ui. i"r'i"-1'^lliTf':t*'itt *'ith intem"l itiumination, easv
-orinrou.ty no,ollii-u". il"itjt*" 

scale productioo ln order to nroduce RpS
oeen tesM. cyanobacterial ".1r"t^T?*"t 

i,Tobilization culture sysrem has also
grown in 470-m.t anali:ii"i""iT Sobilized. on whib cottoo towelling and
However, ir does no, "pp"1r'i"*ii,8-it^Tllarent 

chambers made of potycarbJnate.

*:Ir*l*",,".J-;;;o;;:;",1';:""#:llil:ilffi :lKl?iJ:Hff fruflDer scale-up lhe immobilization chamU"^ (pi*t.. "r of,lSgii 
.. ,.

Potential blotechnological applicaaions

BIOFLOCCULAIIT

It lras been found that photmidiwn,sp.^strain 
J-l.and .4. circularis pCC 672O carr;"Jffi#ffi111Xrffi:1:$::;:'fli::uranrc ino mediunifr o,ii,on"" "*

shjlo, ts87). Atabq;r";o;;i.;Tfisrons 
(Fattom and shilo, 1984b; Bar-or and

lt:: i bflra! *u.r"," rpi.rfriry"ulYuce 
extraceuular flocculant. This flocculanr

\Lnot et a!-, t998). There are nr-u'p-t^1-l]T:uluting 
activity aDd thermal shbiliry

notcul-t", ,rct u, "i;;;#;Tlf-i:nlial 
uses for cvanobacterial extracellular

waterreservoin, was,";;;:;;;;:O 
*arer, reduction of suspended solid mauer in

r^nurrnraum sp. strai, t. t ",ae. ,i,J r}!,1'#^t:::::: ^"_t:" 
"' pond.s. Anabaena sp..

noccu ran b (A vni merech ",,i.:, r;;;: ;i,:;Hf Hi:.:ff l[5f H ;,j. H:l
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1988). This may be used to manage lakes and other bodies of water. Waler rich incyanobacteria nay be clarified through the addition of clay to the ilter, ana turtriOwatermay-be cladfied through the enhancementof cyanobacierial gro,..il 1ennir"l""het al.,1982t.

BIOPOLYMER

Microbial exopolysaccharides are ofsignificart comnrercial value, since they repres_ent inrercsting alrematives to the olant arid macroalg"" "*"p.t;;;;;;; haditionallyused,^in the food, tertile, painting, cosmetic, paper, pharmaceutical and oir industries.
:onlemryrary -commercial production of rnicrobial polysaccharides is built ontermentatio-n of heteroEophic bacteria. This pro."., {uir", .*f.nriu" o.g_i"substrates, Plotoautophic cyanobactena can grow on inorganic media. Cyanobacteriacould be a cheaper new source of these biofrlyrnen.

-.1ll"l: 
rolyjons_of tbe RpSs pmduced by t. capsutan andA. hatophytica cRO2snow xanthanJike physical urooenies (Cesnro er at, t9S0; N;vJj el af, tS9O,

1?92; t"torrir er at.,2Dt). Anabaeru sp. ATCC 33047 RpS and Alkemh 110dispe. rsions display quite similar viscosity andlor strear thinninlpro[rties. Alkemir1 I0 is widely used in the food industry as a stabilizer (Moren o et al.,Z(xxJ)- Ftomthese studies, it emerges thar cyanobaderiat ".6t;;;;;;"pir"., pro_i.ingp_roperties and potential for industial exploifation * "_ut.ifri.r, ,oUifir"r, o,thickening agents (De philippis andVincenzini, 199D. Aft;;;:t, irc "rruo*yrut"
Sroups present in most cyanobacrerial exopolysgccharides might # usJ for lir*ingto natuml or syntbetic potymers to generate new polysacihariAes with specialphysical prcperties.

It should be rnentioned ttre monosacchadde composition of CpS from ilf. /os-aquae C340 resembles that of the nlant polysaccharide pectii. p.",i", I _*_onfyused gelting ageot, requ'es ct "mi.a mojinc"tt; f;,:;il;iliatioos. Tr,epectin-like polysaccharide can be harvested ftomM.flos-aquae cellffi wasrring withdeionized. water, a simpler procedure than tt "t us"a to exract pectin frJ_ pf_t tir.u".This pecrin-tike potysaccharide may be more suitable for ci"ril;;;lj##il;pectin @1ude et at., 1991). ttre po:tentiat ,r. "f ril";;";;;#i* ,rro u""nreponed by De philippis and Vin;inzini (1998).

BIOACTIVE SUBSTANCB

SlnnateA polysaccharides can interfere with the absorption and Denetration ofviruses into host cells and inhibit variou. ,"rro"ird ,";;;;;;;JpLI", CN"t_irrriet al., 1987 ;Bagxaandlischner, I988). Cat"t"r rpt d;,;;;;;;;saccharide
from s- plarensrs, is known to inhibit tumour invasion and met*t"ri, 1i"ti.hi." "r or. ,
l3?j| T: 

presence of sulphated groups has indicated ttrat -"ny'cy-oou"teriutexoPolysaccharides possess promising potential applications in the pliarmaceutical
lndustry.

SOIL CONDITIONER

soil microbial polysaccharides are the most important substances influencing soit



i
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aggregate formation (Metting, rggg). The direct effe.ct of polysaccharides on soil
ryq:C4on is to bind soil particles into microaggregabs lCiest ire et at., tgl3,1 984). Th€.long-term effect of polysacchariO", oo iolt ugg..gurion may Ue a ,esult ofthe microbial mineralization of exoporysacchariaes and G firmution ot ttr"i, .i".o-
bial degradation products (piccolo and Mbagwu, l9g9; Hayn". ", oi., 1991; Rog"."
and Bums, 1994).

Cyanobacteri4 a common component of aU terrestrial habitats, have an inl.luence
on _soil structure and fertility, due to their exopolysaccharide_excreting capacrty as
well as dinitrogen-fixing actiyity. It was demonstrated that inoculation witr ry_fixingcyanobacterium N. muscorwn not only had a pronounced effect on soil physical,
ciemical, and biological properties, but also improved seedling emergence. Iuocula-
tioawith N. muscorun leads to a drastic itrcrease in soil polysicchari-de content anda subsequent improvement in soil aggregate, mainly dui ro exopolysaccharide
secreted by iV. mascozm (Rao and Bums. 1990; Rogers and B ums,l9b4;Caire et at.,
1997,; Cano et al-,1997). Compared with synthetic polyacrylamide soil conditioners
(Wallace and Wallace, 1986), much lower N. musc)rum application rates are neces_
sa4/ to achieve the sarne iucrease in lettuce emergence lRlgers and Bums, 1994).
Rice cultivation alters the soil skucture and r"ducerihe a-ouni ofsoil organic maner.
lnoculation with IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIo lypothrit tenuis aad N. muscorwa in post-harvest siil generates
the increase of soil organic matter content and an improved stability of soil aggregates
(Mt 16 et al., 1999').

cyambacteria are ubiquitous in soil, and may form a microbial crust or mat on the
surface of bare soil as primary colonizers. TheA contribution is signifrcant in desert
and s€mi-arid soils. Exopolysacchaddes excreted by these cyanobacieria arc tmportant
in the improvement of soil water, the provision of organic carbon, the stabilization of
soil, atd the de novo formation of soil (Flaibani et at., l9g9: Mazor et ql., 1996).
Exopolysaccharide-formiog \-fixing cyanobacteria and microalgae have been
oeveloped toJ use as a soil supplement to improye soil characteristics and crop
productivity(Barand Visnovsky, l99Z). Witb respecttothepotential ofcyanobacterial
exopolysaccharides in desert reclamation, one could refer to another review (painter,
1993). These studies indicate that the \_fixing cyanobacteria which produce
exopolysaccharides are a promising source of soil bioconditioner.

RBMOVAL AND RECOVERY OF DISSOLVED HEAVY MEIALS

Increasing contamination ofaquatic resources with heavy metals has become a major
global concem. A number of techniques, such as adsorption, chemical prectpitation,
chemical oxidation and reduction, ion-exchange and evaporative recovery, have been
used for removal and recovery of valuable or toxic metals from wastewaier (Singh er
al, 1998). Since these physico-chemical methods are very expensive, the application
of tiological methods is emerging as a viable altemative (Muraleedharan et a/.,
1991). Algae, bacteria, fungi, mosses, macrophytes and several higher plants have
been employed for metal recovery from water systems (Shannoriand Unterman,
1993; Singh er al, 1998). In an attempt to find mo{e economically viable biological
methods, much interesthas been focused on finding new organisms able to bind large
amounts of meral quickly. The metal binding capacity of algal and bacterial
exopolysaccha-rides is of major concem in metal removal (Irster e, a/., l9g4). Some
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:li*-1ai1 
which produce large amo-unrs of exopolysaccharides, could well bemportant in the removal and recovery of aissotvea tiavy rneJsBiosorption consists of two pha;3s: {l) passive ads".i i*lr,i"r, ,, generally a

liljl_:'l **": "d,:T{9". -j (2) active "pr,k", ;;'";;;'; ln.,gy."p"na"n,srow pmcess (Rai el aL, l99g). Thereis_no s:gnlncant Uiference io-rn"tuf ua"o.p,ion
TTT: 

u_11" ano- dead cyanobacteriat- ""ui i"o""tiig tr,"i ii" u*orpuon pro."..ooes nor necessarily involve cell 
letatolis-m (si"gh;,i, it89;i.tl,rou "r ot,1 995). The biosorption ofmetal ions by capsulated cy'anobact"riul-oufi u" au" .Anfyto the presence of rhe ca$oxvl g-up. ,oa nyAroiyt g.oops in ill cyanouact"riaCPSs. The CpS of Ci roococcus pqris is kno*n ,o fr""Jtfr" u.iiii',y*,o remove cu, Cd

1nd Zn (*s and Walker, 1984). heueatment;ibil;;;ffi;,";obacterium p.kaninosum wjth alkati leads to increased c., 6 ;; c, ;litii laro.p,ion. rr,"effect ofcalcium ions on tlrc adsorption of Cu, Cr and Zn mefat ionsby p.Iominosumcaq be. considercd negligible. The relatively ea., a"*d;ffiF"lt, zo _a c,metal ions from p. lqninoswn biomass should allow re_use of the biomass. Thesecharacteristics indicate that p. lam- tosum seems to be suitabl" io..r"ln p*"ri""fmetal depollution systerns, even in the presence of frigi*""""J"*o"* "t C*_(Sarn?edro er a/., 1995). Some immobilizea cyanouactei? r,uu" p.li"o "n",ir" inmetal remoyal from solution (Singh er at, l98i; Ft";;; ;;;i,"iiso; Mari"t _aRai, 1994). This provides the feasil ity oirrgr, ir"rn*, p.io"rjon'iiJ."p""t"o urr,imgortant reluiremenb for practicat systems.

";:ff.11":,T:iff ff f #"Hff ,ll:;H#l:Itrff "1?:;,#??,1;eutrophic takes, ponds and reserv_oin *-ra"io". I-arei ;;;['Lr ,[rn" ur"
lrodu:* during the frequent and extensive Mbrocy*is btooms (coftam andCarmichael, 1988). The a;ailable data indicate.lr;;#;;;;d can itrteractstrongly with cations due to the Dresence-of galactu.ronic acid iiaXag;^ "t at. , if�/tl ;D-oers and parker, I 988; plude er al , I 99 I ):Th;;;;;;;iu,,ilr"ii*oo*,"nr,nMicroclstis notonly has the excellent capacity for metal LmouAii 

-itio 
rr* gr"ua,q+b,f.*C-d,-g"n Ni,'(Rai er a/., 1998). rhe afEnity orrnrtril.iii,ior n"* i, urrogreater than for Cua (Singh e, ar., 1998). copper iii ii-i.Z*ii*rri"t*1gtvmdependent of its metabolic state. I{uthermore, heat-killed, HcHo-treated, and air_dned M. aeruginosa exhibirs substantial ,orption or "opfrf ;;d#;, and nickel(Parker er at., 1998). sorprion of metats a;j u. ""*gl,;or"i, iiii"*"u*. ,.aeruginosa has greater affinity for corrDe. r"rr^",- ^.,"-,^"1 l"_-i'_l-"-"1

"' orl I sssl. rb'.J;.}i;]};'J:p-f,:' 
followed bv nickel and zinc isubhasbree

used as metal biosorbant. 
Le nulsance cyanobacterium Microcystis may be

T: ":d sorption by cyanobacteria appears to be both species- and metal_specific. some exopolysaccharide-formrng cyanobacteria may be suitable candidaresfor removal and recovery of metal from contaminated water.

POTENTIAL APPLICATION RELATED TO ADHESION
Cyanobacteria may be immobilized in columrs for industrial processes due to theiradhesion to a solid surface (Fattom and Sfrifo, fg8+a). ihe iii"it "rir" p-p"ny ,
cyanobacterial exopolysaccharides L utso or i-po.tinc" i" ".i-,i"g ;.", *r""r"-tions between agronomically important plants and \_fixing c yanobicteia (Gantar et
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aI., 1995). In contmst, cyanobacteria a.re known to be pioneering fouling organismsdue torheir adhesive capacity (scott e/ ar., 1996). serious econo,ii"-tlrr", t uu" u""ncaused by rhe significanl marine biofouting 

^effects on ,t ip, anJ nari-Ju, .qu,prn"ntplaced in the marine environment @vans, Dt t;. CyanoUacte*l "^opJfyru""fran0",
may result in the detoxification of antifouling puinr, "*un"J "oirosion of steelsurfaces-and the conditioning of surfaces for subsequent coloniring org;nir_, 1S"or,et al., 1996). prevention of the formation of cyanobacteriat stirnJ o.?upsural fay"rcould be of great importance for antifouling technology.

Concluding remarks

Fundamenaal studies on cyanobacterial exopolysaccharides are relatively few in
yumb-er_comryred to other polysaccha.rides. There are indeed *"nf-gup, ,n oo.knowledge on fundamental questionssuch as the stucrure, physico*f,i-i"A p.op"r-ties and biosynthesis ofcyanobacterial exopolysaccharides. Thur, ."r"*"h i, u.g"ntlyneeded on these aspects. Arswers to tbese questions will not onlfi" otfuoau."n,diniercst, but also of critical importarce in diveloping appropriut" Ulot"ff,nofogy.

Although the monosaccharide composirions ;f e;o;;ly;ac"fra.iJe, pr"rent in nnumber of species of cyanobacteria have ueen aeterminia, onty trr. ,t u"lur", or rou.ofthem have thus far been presented. There i, - org"nt n".d to kno* _o." uUout tfr"structure of these porysaccharides. we know irtle about the biosynthesis ofcyalobacterial exopolysaccharides, Hence, research i, utro u.g"nUy n#a"a on O"biochemical steps ofexopolysaccharide biosynthesis in cyanoUi"t".i'u. a purti"of_fy
important question is whether the spthetic mechanisms 

-are 
siorifurio tt lse of otfre.bacterial exopolysaccharides. Another question is if the synthetic mechanism ofcyanobacterial RPS is different from that of CpS because tire monosaccnariae

compositions of RPSS in most cyanobacteria investigated are differcnt irom tfrose otCPSs. The ecological roles of some cyanobacteriJexopolysac"t rlO"lfruu" U""nproposed, but the precise role of many exoporysaccharidis is st l unclear, and morethan one role may be possible.
The data currently available indicale cyanobacterial exopolysaccharides have

::n*der.:b. J: 
biolThnological imponance, bu r turther s tudies are n"""rru.v to "udout"

the feasibility of their practicar application. The marked differences Jo the com-plexity-inmonosaccharide composition in cyanobacterial exopolyra""hJJr" "uggesrsome ofthem may p,ossess special chemicalor rheological properties _Jotfi" ""rfrin
qdvantages over other commercially available gums:Ho;v;r, "**nriu" ,,uOi", onthe stucture, the rheological properties, the molecular and rtreotogicA staUi[ty ofcyanobacterial exopolysaccharides to temperature, pH, and salt conJentrahon are allnecessary for establishing the potential of cyanobacteria as a n"* "our"" or nuto.ut
biopolymers. In terms of the utilization oi cyanobacterial "*o*irru"""tria", u,biosorbant, the natural systemis usually much more complex thun ia.ut "^p".i*"nt"l
systems. This may limit the practical application ofcyanobacterial exopolyslccbarides
as a metal-chelating agent. Thus, further work is needed to determine whether cyano_
bacterial exopolysaccharides have high and selective affiniries for metat rons in agiven natuml system. It is proposed that the use ofmicroscopic soil (edaphic) algae asbiofertilizers seems to offer the only realistic hope of halting and reversing desert
encrcachment in th€ semi-arid regions. The exopoiysaccharides produced byedaphic
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cyanobacteria are of central significance in soil neogenesis (painter, 1993). Funherfield_tests ofrheir water-retainiig and parti"l"_"ger"6;,id;;;;;; L essential forthe development of soil conditiJner biotechnotiiy.'
Exopolysaccharide mutants of cyanobac teiafiytechocyctis strain pCC 6g03 andCyanorhece sp. BK6SK have been successfully isolatej@an;ff ;d Joset, l9S9;Reddy et aL, L996).In order to makecyanob""r*ai"rp.U)ri"i*fr" more suitablefor cerrain applications, the production, ,*"rr" _JpiyiJ"iiJla prop".ty orcyanobacterial exopolysaccharide could be moafi "O tiuJugh g"netc-_eood.Cyanobacteria are known to be-lle-s:nlin "u"ry ""oryi "ir, including extremeenvironments (Can and Whiuon,,.l982]. This capaciry ol "y_oiu*n" i, of par-ticular intercsr, giving the possibility oi uuri"iog u"JJ.-"*pl'rlJ?ources for oreproduction of valuable chemicals. The productiion ,f *"p"fy."""lfr-a"s by somehalophilic-or halotolerant cyanobacrena suggests a possible approach to obtain newunder-explored resources from hvpersalln" enui-runents Gifi"iil mirrru, r sss,tt,"11 

!T. 1pri o: philippis ei ar., l ee3. t ee8; sujo er ;;;;Jome cyanobactena, such as N. commune in clin4 Aphanothece sacrum, Nostocvemtcosum, N. commune atird Brachutich;a in Japan,-have been utitJ.a u, u fru*food (I-ee, 1989). Spirulirc has become a most nuhitious food source because itco.ntains 
T:rch 

g:9d-quality protein as well as carotenoids, vitamiis,inry ucios arrarninerals (Hayashi and Hayashi, 1996). The success in tfr" "orn_Jr"iJproou"tion ofSpitatina.indicates that pmduction and "tilir"tir;; ;;;;;;; rcasonabteand practical. As a final comment, Splralir" l. " p-.i.irif*.rJJf". ti" commercial
qroductiol of high_value phycobilin pigmena ror m-tiuJft--roJiilrn . rnur, itappears to be reasonable to ca[v out a multi_product strategy;; *" "roy Ur" ur"of cyanobacterial exopolysaccharides.
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