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Abstract

A rangeof naurally occurring organsms are available for the biological contol of cyanobacgria: including vir-
uses bactria, fungi, acinomyceésand protozoa. Developmentof thes organsms as biological contol agens
involvesisolation from environmenal sanples, characteisation of anti-cyanobacteral activity, microcosm and
large-<alke field experimens and final developmentof a biological contol lake managemendtrategy. Two groups
of antagonist arecondderedin detil — acinomyceés(e.g.Streptomyce®xfoliatus modeof acion by producton
of alytic agent)andprotozoa(Nuclearia delicatulaandNassua tumida, modeof acion by predaton). Theeffect
ivenesof biologicalcontol agensin thelake ervironmenidepend®onarangeof biologicalandphysco-chemcal

factas. Various strategiescanbe implementedto optimise their activity.

Introduction

Blooms of freshwater cyanobactera, patticulady in
the generaMicrocysis and Anabaena have causd
increaing problemsin recentyears Thes have fre-
quently resuted in a deterioration of water quality,
with adwerse effectson lake ecology livegock, hu-
manwater supply and recreaitonalamenty. Themod
directform of contol involvestheappicaiton of agi-
cides but this is expensve and potenialy damagng
to the environment.Even wherechemicaltreatments
have no immediatedamagingeffectson lakes there
is therisk of accumulatiorof harmful concentrations
in botom sediment (Mason, 1996). An aternaive
approacHor the direct elimination of nuisancealgae
involvesthe application of biological control agents.
In this context, they may be defined as microbial or-
ganisms that have the ahility to destroy, or limit the
growth of, tamgetalgae. This paperwill consder the
investigation and potertial use of such agernts in the
contol of cyanobaatriain the lake environment

Range and mode of action of potential biocontrol
agerts

Activity of potenia biocontol agent rangesfrom
highly specificparagtism to non-gecificreleag of ex-

tracelular lytic producs. Potenia biocontol agens
include viruses, baceria, fungi, acinomyceées and
protzoa.

Viral agents

The first isdation and partial purification of a virus
of cyanobacatria (cyanophageyas by Safferman&

Morris (1963). The cyanophagewas caled LPP-1
becausit lysed speciesof the generaLyngbya,Plec-
tonema and Phomidium Subsquentsearchesfor
cyanophagesn aworld-widescale have madeit clear
thatthey are extremely widespreadin both freshwater
andmarineenvironmentqOhki & Fujita, 1996;Padan
etal., 1967).Therole of cyanophageim determining
the cyclic bloomsof cyanobacgria, and their potenial

useashiocontol agens, hasbeensuggesedeversince
these viruseswere discovered.

The rapid generaibn time of cyanophagesnakes
them attractive agents for controlling blooms of cy-
arpbacteria.In the caseof LPP-DUNY, for examfe,
the generaiton time is 10 h and the burg sizeis about
100 phageparticlesfor eachinfectedcell making up
the Plecbnena boryanumfilament(Daft etal., 1970).

An important consderaion in the potenia use
of cyanophagess biocontol agens is the rapid ap-
pearanceof redstant hod mutants(Padané& Shilo,
1973).Thee mayhave changesn thealgal cel envel-
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ope,preventing phageadsrption (Padanet al., 1967).
Barnetetal. (1981)isolated two typesof Plectonema
resistam to wild-type LPP-DUNZ however resistam
host strains were susceptible to attackby mutart cyan
ophagestrainsandit was suggesedthatmutantphages
maypresent amethodfor thecontol of cyanobaatria.
Thehigh degreeof hod specificity, occurrenceof res
istant hog mutants andeffectof environmenél facbors
all contribute to the complexity and unpredictability
of cyanobaatrial/phageinteracionsin the field. Dif-
ficulties involved with producinglarge amountsof
activeinoculumalso preentproblemsin the effective
use of cyanophagess biocontol agens in the lake
ervironment

Bacteial agents

Bacteriawhich canlyse cyanobacteriave beenasso-
ciatedwith suddendeclinesin cyanobaatrial biomas
(Fallon & Brock,1979),athoughno conclusionswere
reachedsto whetherthebacterisactedastheprimary
caustive agent(pathogen$ or wheterthey were act
ing as saprophyes decompoing deadalgal material
resuting from other primary processes.Datft et al.
(1975)foundadirectstatistical correbtion (5% level)
betweenthe chlorophyl-a concentation of eightbod-
ies of water andthe abundanceof lytic baceria. Cy-
anobacteriolytidbacteriaappearto actin threemajor
ways: producton of extra-celular producs; contact
lysisand entrapment lysis.

The culture filtratefrom a Bacillus sp., isolatedby
Reim etal. (1974),wasfoundto lyse seven generaof
cyanobaatria (including Anabaenaand Microcydis).
The heat stahlity and small molecuar size of the
diffugble inhibitory facor suggesed that it was an
artibiotic substance. In a later study, complex volat-
ile producs releagd by Bacillus sp. were shown to
beparicularly inhibitory to filamenbuscyanobactria
(Wright & Thomp®n, 1985). Wright et al. (1991)
subsequenty implicated isoamyl acohol (3-mehyl-
1-butanol) as one cyanobacteriolytio/olatile product.
Recently two speciesof Flexibacer (F. flexilis and
F. sanct) were isdated from domestic sevage and
found to lyse the cyanobacatrium Oscillatoria willi-
amsii (Sallal,1994).Inhibition of photogntheticelec-
tron trangort reactons glycolate dehydrogenasand
nitrogenase activity were observed. An extracelldar
metaholite in the cell filtrate cawsedgrowth inhibition
(Sallal, 1994). Slab gel electrophoress was used to
idenify thecompoundasalysozyme.

Daft et al. (1985) quesionedthe significanceof
generdly releagd extracelular lytic compoundsin
naure due to rapid dilution and subsquentloss of
actiity. Morespecificbacterial/ganobacteriadssoci-
ations wherethe acivity of lytic compoundss more
localised may be more efficient. Two particular types
of association,bacterialattachmen{contactysis) and
enrapmentof cyanobactria (enrapmentlysis), have
beenstudiedin detail.

Daft & Stewart (1971) isolated four strains of
Myxobaceriales (desgnated CP 1-4) which causd
lysis of over 40 strains (from all orderg of cyanobac-
teria, causng disruption within 20 min of contact
Although no detectableextracellular products were
producedby the CP isolates, it was suggesed that
enzymeson the bacterial surface might be effect-
ive in causng lysis. Lysis of bacterialcell walls has
beendemongrated usng an enzyme extracied from
Myxobacer (Ensgn & Wolfe, 1965).

The effectivenes of contactlysis dependson a
numberof facors including popubton levels of the
algaeand myxobaceria, and nutrientstatus of thewa-
ter medum. Whenintroducedinto laboratary cultures
or field samplesof cyanobacteriaat leas 10° cells
ml~1 myxobaceria were requied to cau® signific-
antalgal cel lysis (Daft & Stewart, 1971;Daft etal.,
1975; Shilo, 1970).Fraleigh & Burnham(1988)pos
tulatedthat above 10° cells ml—1predation will occur,
with little dependence on inorganic nutriert concen
traions or hog densty. Below this popuktion level
the growth of the predabr popultion may be related
to the inorganic nutriert status of the water. Fallon &
Brock(1979)suggesedthatlytic baceria popultions
of <10 cells ml~lwere insufficient to cau® signi-
ficantcel lysis in naural hod popubtions and that
low densties of lytic bacteriaencounteredhn the en-
vironmert may be dueto insuficiert inorganic fertility
(Fraleigh & Burnham,1988).

Burnhamet a. (1981) dexribed cyanobacotrial
lysis by a memberof the Myxococcugroup (Myxo-
coccusxanthus dedgnaed strain PC02), in which
the cyanobaatrium Phomidiumluridumvar. olivacea
was entrappedand encapslated within colonies of
the bacterium. The colonial spheruks entrappedthe
cyamobacteral prey and then lysedthe cells by the
relea® of a‘l ysozyme’-ikeenzyme.

Fraleigh & Burnham(1988)tested the effecive-
nes of myxococcalpredationin natural cyanobac-
terial populationsover a range of natural densties
and nutrientconcentrationsgains two senstive cy-
anobacterigNostoc muscorum and Phomidium lur-



idum). Thereaullts suggesed a thredold myxococcal

densty for significant cell lysis by M. fulvus and

that concentationsof inorganitc nutriens in eutrophic

lakes mightbeinsufficientto supportgrowth of myxo-

coccalpopulationgo this thresiold densty. Burnham

etal. (1984)suggesedthatwheninitial predatordens

ities were less thanthe threshold densty, the myxo-

cocci may derive their necesary organic nutrients

from secretons producedby cyanobacgrial hods or

by preying on the cyanobaatria withoutsignificanty

reducihg thenumberof cellsin the hog popubtion.
Daft etal. (1985)consderedmyxococcito be po-

tertially the bestbacteral biological control agents of

bloom-forming phytoplankion on the bass of seven

atributes which they condderedwould make an or-

gansm agoodpredabr. Thes were:

(1) adaptabilityto variationsin physcal conditions

(2) ability to seachor trap;

(3) capacity and ability to multiply;

(4) prey consumption;

(5) ability to survivelow prey densities;

(6) wide hod range;

(7) ability to reppondto changesn thehod.

Fungal pathogers of cyanobacteria

Paradtism of a cyanobacteriunfOscillatoria agardhii
var. isothrix) by the chytidiaceousfungus Rhim-
phidium plankbnicum was first demonsrated by
Canter & Lund (1951). More recently Daft et al.
(1985) consderedthe chytridiaceousfungi to be of
limited usein the biological control of bloom-forming
organisns becaug of the apparentobligate nature
of theseparasitesand difficulties in their large scale
culture.

Safferman& Morris (1962) tested 142 cultures
of non-chytid fungi and found that 4.2% formed
producs which demonsrated specific antagonistic ef-
fectson eithergreenalgaeor cyanobacteriarhestudy
of non-chytidfungiantgonistic to cyanobaatriawas
coninuedby Redhead& Wright(1978).Sixty-two out
of 70 pure cultures able to lyse cyanobactria were
fungi repregning the generaAcremonium Emeicel-
lopds, and \erticilliu m. All isolateslysedAnabaena
flosaquaeand,in mod cass several otherfilament-
ousandunicellular cyanobaatria.

Lysis of cyanobacatriaby AcremoniumandEmei-
cellopsis sp. was associated with the formation of
diffusble heatstable extra-celular facbrs Redhead
& Wright (1980) extracied and partialy purified the

163

B-lactamantibiotic cephalosporin C from liquid cul-

turesof thefungi Emericellgsis sadmosynnemata and
Acremaniumkiliense. Theg authorssuggesedthatthe

isolates probably produced small quantities of anti-

biotic, which affect cyanobacteriakells only when
they arein close proximity to the fungus(antbiotics
may concentate to antagonstic levels in the mucous
sheah surrounding mary cyanobacatria), asoccursin

the aggregatesproducedin agtatedliquid culture.

Antagonism of cyanobacteria by actinomycetes

Actinomyceg antagonéts of cyanobaatria have been
isolated from both freshwater and soil ervironmens.
Investigations on reservoirs have shown Steptonmy-
cesto be the mog commongenusof acinomyceé
foundin freshwater sites (Silvey, 1973),occurringin
the bottom sedmerts asseiatedwith vegetation and
along the shoreline frequently asseiatedwith mats of
cyanobacteriar greenalgae.Growth in the various
typesof aguaic ervironmentis aso dependenbnthe
naural biological productvity of the water. Studies
of South-westernUnited States reserwirs have shown
that the greater the primary productvity, as measired
by C14 uptake and ATP measiremens, themorecopk
ousthe actinomycetalevelopment(Silvey & Roach,
1975). Thoughclearly associated with cyanobacgria
(andableto use dgaeasa nutrientsource)the exact
placethat acinomyceesoccupiedin the biodynamc
cycle could not be compktely evaluaied. Daft et al.
(1985)also mentonedthe lack of detiled studiesof
cyanobacteria-actinomycetateractions

Soilisolatesof actinomycetemayalso have potent
anti-oyanobacterialproperties Saferman& Morris
(1962)assayed the culture filtrate of soil-isolated ac-
tinomycees for anti-microbial propertes and found
that 213 out of 403 strains teded showed inhibitory
effects 90% of thes agentsdisplayedspecific effects
agains the cyanobacteriaVariousactinomyceteasol-
atescould effectively eliminate growth of cyanobac-
teria (including speciesof Anacysis, Fremyella Lyn-
gbya Nostoc, PhomidiumandPlectonema Whyte et
al. (1985)foundthat Streptomycesachromayeneswas
themainspeciesn sal thatlysedAnabaenaylindrica
andTolypothrix tenuis. Al-Tai (1982)desribedan ac-
tinomycete(ANG6) isdatedfrom Iragi sal which had
avery wide hod range.The extracelular producs of
ANG were able to lyse cyanobactria, fungi, backeria
and greenalgae. Resistant cyanobacteriatells were
notfound.
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In a generalsurvey, thelytic propertes of various
isolatedstrains of Streptomyceshave beencompared
with those of other acinomyceésand myxobaceria
(Salton,1955).Relatively little appliedwork hasbeen
carriedout on the potentialuse of actinomycetess
biocontol agens. Work by Martin (1976),in attempts
to develop cheapand environmertally sak algal con-
trol proceduresreallted in the isolation of an acin-
omycetestrain which was specifically lytic agains
cyanobacteriabut not again$ several bacterial teg
species It wasfound that cell-free filtrates from the
actinomgetehadlytic actvity againsthreeAnabaena
strains. A few studies have beencarried out on the
effectivenes of actinomyceteagainsg bloom-forming
cyanobaatria(Bershovaet a., 1968;Rubenchi et al .,
1965).Actinomyceesmayalso beindirecty involved
asbiocontrolagentsin theinhibition of cyanobacteria
by barley straw, wherethey are partof a wide range
of micro-ogansms that produceanti-cyanobaatrial
subgances(Newman& Barrett, 1993)

Protozoanpredators of cyanobacteria

Within aquatic ecaystens protozoahave an important
role in the reducton of phytoplankion popuktionsby
grazng (Caner et al., 1990; Pace& Orcutt, 1981).
Cyanobaatria in paricular provide a suitable food
sourcefor several generaof protozoa,including the
ciliate Nassua (Caner et a., 1990), the flagelate
Ochrononas(Cole & Wynne, 1974) and the amoe-
bae Acanthanoeba(Wright et al.,, 1981), Mayorella
(Laybourne-Rrryetal., 1987)andNuclearia (Yamo-
moto, 1981).

Predaton of cyanobaatria by protozoahasbeen
observed in sampks taken directy from the naural
environment(Canter et al., 1990; Cook et al., 1974;
Laybourn-Rrry et al., 1987), in laborabry experi
mens (Dryden & Wright, 1987; Yamomob, 1981)
andin biocontrol field experiments(Brabrandet al.,
1983). Suchwork hascontibuted to our undersand-
ing of cyanobaatria—prozoaninteractons provid-
ing informaion on the range of protozoa capabé
of grazing cyanobaatria (Dryden & Wright, 1987)
andtheir potenial role in biocontol (Brabrandetal.,
1983). The effectivenes of protozoa as biocontol
agens will dependupona numberof facbors — in-
cluding protozoangrowth and grazing rates, predaton
specificity, cyanobacteriagrowth ratesand predation
rates by higher organisms such as copepodson the
protozoa(Brabrandet a., 1983).
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Figure 1. General schene for the teging and development of
biocontrolagentsto be used againg lake cyanobacteriaThe central
patt of the scherre (work caried outin thelabotoly) is illustrated
to theright of theflow diagram.

Casestudieson two typesof potential biocontrol
agert: actinomycetesand protozoa.

A generalschemefor the testing and developmentof
biocontol agens to be used against lake cyanobac-
teriais outlinedin Figure 1. This scheme is broady
similar to thedevelopmenbf biocontol agens against
othertargetorganisms(e.g.plant pathogenc bactria;
Sigee, 1993), and follows a well-defined sequence.
This involves: isdation of naturally occuring an-
agongtic strains from environmensl sampkes (Fig-
ure 1a,b); subculture, purification and idertification of
particularisolateg(Figurelc); characteriationof anti-
cyanobaatrial acivity in the laborabry (Figure 1d);
small-scale (microcosn) and large-<ale field trials
(Figure 1e); and finally developmentof a biocon-
trol strategy and use of the biocontol agens in lake
managementThe final stage (Figure 1f) would al-
mog certinly also involve commerca producion
of the biocontol agens, with asessment of cod-
effectivenes and bulk producton.

The following sectin considers examples of two
paricular groupsof antgonist, with quite different
modesof action:actinomycetesndprotozoa.

Actinomycetes

The ability of selectedsolatesof actinomyceteantag
oniststo control popubtionsof cyanobactriahasbeen
examinedin both laboraory (algallawn andliquid cul-
ture experimens) andfield (microcosn) experimens.



Laborabry studies provide a rangeof useful inform-
ation on the acivity of potenia biocontol agens,
including the rangeof algaethat are lysed, changes
incyanobaatrial andacinomyceepopubtionsduring
the interacton sequencelevel of antagonst inocum
requredfor compktelysis and modeof acion.

Actinomycees were isolated by appling dilute
samples o soil or freshwater to agar cultures o cy-
anobacteridalgallawns), thenstreakingmaterialfrom
areashowing lysisonto yeas—dextrosemedum (10g
yeas extract; 10 g D-lucose; 1000 ml distilled wa-
ter). Actinomycees were purified by picking single
colonies and repeatedlysub-culturing. Pure strains
werethenre-tesed againg agarculturesof the same
cyanobacteriakpecies One specific isolate, Step-
tomycesexfoliatus strain RG12, proved particularly
effective in laborabry experimens and was used as
the major test organism.

Algallawnsprovidearapid and corvenientmetod
to deermine the range of algal speckis that are
lysed by particular actiromycete isdates, ard have
beenwidely used by previousworkers(Al-Tai, 1982;
Burnhamet al., 1981;1984;Daft etal., 1975;Martin,
1976; Stewart & Daft, 1977; Yamamob & Suzuki,
1990).

Theagal lawn assay canbeusedin variousways.
Details of one commony used approachare shown
diagrammatically in Figure 2a, with anexanpleillus-
tratedin Figure2b. Replicatecores(0.5cm diameter)
were cut from 3-week-obl S. exfoliatus agarcultures
andinverted onto lawns of cyanobacgria, so thatant-
agonst and cyanobactrium were in direct contact
Corescut from un-inocubtedplateswere usedascon-
trol. Preparaitonswere incubaged at 20°C, coninuous
5001ux light andexaminedafter 3 days any yellow-
ing or clearing of the treatmentcomparedo control
being recordedaspostive. The speedof development
and diameter of the lysis zone also gives a meas
ure of antagonisic effectivenes underthe prevailing
experimentl condtions

Nine out of 13 cyanobaatria tested were lysed
within 3 days by S. exfoliatus, including membersof
the major bloom forming generaAnabaena Micro-
cydis and Oscillatoria. Filamenbus and unicelular
cyanobaatriawere equaly susceptble. Coloniesof S.
exfoliatus were observed growing over the cyanobac-
terial lawn. Clearlysis zoneswere seenbeyond the
leadihg edge of acinomycee growth, indicaing an
extracelldar lytic procesqFigure 2b).

Antagonist isolateswere tested agang a rangeof
cyanobaatriain liquid culture, underdifferentphys
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Figure 2. Algal lawn assay for teging actinonycete isolates (a).
Diagramof technique,using antagonis cores The cyanobacterial
lawn comprises a uniform layer of algaeoverlying the agarand was
normelly usedwithin 24 h of production.Coresfrom actinonycete
cultures were inverted ontothealgallawn and their activity assessed
in tems of lytic actvity. (b) Appeaanceof lawn assay, 5 days
after inverdon of coresfrom S. exfoliatus culture onto a lawn of
Lyngbyasp. Notelysis zonesextendingfrom the edgeof actinony-
cetegrowth. The centralcontrol core (no actinonycete)hasno lysis
zone.

ical condtions and algal/antagonst ratios. Results
from atypical liquid culture experimentareshown in
Figure3. S exfoliatus was culturedfor 3 daysin inor-
gant salts-starch medium then5ml (10° CFU ml—1)
addedto replicak flaks containing 100-ml cultures
of Anabaenaylindrica. Incubaton wasat20°C, con-
tinuouslight (10001ux) with coninuous(100r.p.m.)
gtirring. As contols, 5 ml sterile acinomycee growth
medumwere addedo replicae A. cylindrica cultures.
Coloniesof S exfoliatus wereobserved as discrete
flocculesin thealgal culture, frequenty direcly asso-
ciatedwith algal filaments Over a period of 7 days
the preence of acinomyceé antagongt sharply re-
ducedthe biomassof A. cylindrica, as measired by



166

7]
"~

z
E ]
3 7 e Comyel (5 o seke
3 / growh meday)
g 1
ﬁ // — Ardayxid reated
g ‘{/ 15 el beety)
- £
& s
s
£ 0
A (I 2 b B o
-3

Figure 3. Liquid culture assay for teging actinonyceteisolates (a)
Effectof Streptomycesexfoliatus strainRG12onthegrowth (change
in optical densty) of Anabaenacylindrica in 100 ml of medium.
(b) Appearanceof antagonis treated(left flak) and control (right
flask) 7-day cultures of Anabaenacylindrica desribedin (a). Lysis
of thecyanobacteriunin the preenceof antagonisreallts in almost
conyplete cleaing of thealgalculture.

optical densty (Figure3a) andchlorophyl-a concen-
tration, leadng to amost complete cleaiing of the
cyanobacatrial culture (Figure 3b). S. exfoliatus ini-
tially resuted in filament fragmentation, followed by
cel lysis. Heterog/sts were apparerly unafecied by
antagonistreatmentand accumulatedss single cells
in lysedcultures. In parallel experiments, lysisof Ana-
baenacultureswas accanplished by the addition of
aslittle as0.05 ml S. exfoliatus inocuum (10° CFU
ml~1) in 100ml of algal culture.

The possible use of antagonists for ervironmensl
contol of cyanobactria can be tested progresively
usng a sequenceof experimentl approachedaborat

Figure 4. Testing of actinonyceteisolateson environmentallawns
Testing of fouractinonyceteisolateson an algal lawn obtainedfrom
an ervironmental (bloom) sanple. The lawn (composed largely of
Microcydis aeruginos), shows large lysis zonesaround two ant-
agonis cores(right/left), but the top and bottom cores have little
actwity (seealso Figures2a,b).

ory testirg of pure cultures of environmental isdates,
laboratoryteding of freshly-collectedervironmental
(phytoplankbn) samples (Figure 4), small (micro-
cosm) and large (mesacosm) enclosed-volume ex-
perimens in lakes and finaly testing in the open
water against natural blooms. In the eaty stages of
antgonist testing there is probaby mog value in
contolled, replicaed|aborabry or microcosn exper
iment. Simply adding biological contol organisms
to openwatersmay createunforeenproblemsdueto
variables notrecreagdin laborabry experimens.

Environmendl teging of S. exfoliatus hasso far
progressedvia intermedate laboratary studiesto the
microcosn stage. Laboraory trials with freshly isol-
ated field samples, usng both lawn (Figure 4) and
liquid culture assay, have demonsrated clear lysis
of lake phytoplankibn — including Microcygis and
Anabaenaloomsamples.

Microcosms provide a useful intermedate stepto-
wards largerscale environmendl experimens. They
involve antagongt testing under physcal and biolo-
gical condtionsthat approximat to the natural state
andthat the effect of thes agens can be quantfied
within a definedvolumeof lakewater The volumesof
microcosnsusedto test S, exfoliatus variedfrom very
small (350ml) to 5 I, with all experimens plus con-
trols carriedout in triplicate. Addition of antagonis
culture to such microcosns confaining dominant cy-
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Figure 5. In situ (microcosm) lake experiment. Streptormycesex-
foliatus strain RG12was addedto laboratory-culturedMicrocysgis
aeruginos within dialyss tubing (350ml). Algal biomass (determ
ined as chlorophyll-a) showed a 60% decea in the preenceof
antagonis

anobacteritypically reaultedin asignificantreduction
in algalpopuktion,normaly decreaig to about50%
of theinitial level over a 1-2-weekperiod(Figureb).

Protozoa

Studies are currenty in progres to assess the po-
tertial biocontrol activity of culture callection strains
of two speckes of protozoa: the amoebaNuclearia
delicatula (CCAP 1552/1, Figure 6a) and the ciliate
Nassua tumida (CCAP 16502, Figure 6b), both of
which are known to feed on cyanobacteriaSo far,
the investication hasmainly involvedlaboratory stud-
ies to determine predaton rangeandthe dynamcs of
protozoanélgalinteractons thoughsome small-scale
preliminaryfield work hasbeencarriedout.

The potenial use of N. delicatula andN. tumida
as biocontol agens of different nuisance algae was
assesseih liquid culture. Cultures of different algae
were inoculted with protozoaand maintainedunder
stafic condtionsat 20°C, with a diurnal regime of 15
h light/8 h dark to simulate the natural environmert.
Changesin the popuktion of algae were monitored
throughopticaldensty with acolorimeterandthe pro-
tozoanpopukbtion determined by direct couns on a
Sedgevick Rafter countingcell.

The reaults have shown that N. delicatula grazes
arangeof culturedand ervironmenél isolates of Os-
cillatoria sp. and Anabaenaspp. (but not Microcysis
aemnginos), wheread\. tumida hasonly proved act
ive against Oscillatoria spp. The feedng preferences
of the amoeba and the ciliate appearto be filamen-
ous cyanobaatria, shown in Figure 6a, b, where
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Figure 6. Protozoanantagoniss of cyanobacteria.(a) Light mi-
crograph of Nucleaia delicatula grazingon Anabaenaflos-aquae
(x300); (b) Light micrographof Nassula tumidagrazng on Oscil-
latoria sp. (x150).

both species of protbzoaare attachedto the end of
a cyanobactria filament which is being ingeged.
Lack of ingegion of other cyanobacterianay relate
to facrssuchas the non-flamenbushabt, cel size,
insufficient nutrient source and producion of algal
toxins

The grazing efficiencies of the protozoawere in-
vestigatedin laboratary cultures by varying the ab-
solute andrelative popubtionsof algaeand protozoa
underdifferenternvironmentalconditions Reaults ob-
tained from one of theseexperiments, involving N.
delicatula and an environmertal isdate of Anabaena
sp., areshown in Figure 7. The experimentwas car
ried outin agrowth cabinetundersimilar conditionsto
those notedearlier with threereplicateflasks for each
combnation of algal andprotozoanpopuhbtions Daily
measiremens of optical densty, chlorophyl ‘a’ and
protozoancount were madeover the 10-dayexper
mentalperiod.Initial populationevelsof N. delicatula
(100, 500 and 1000 cels mI~1) were teged againg
three starter levels of Anabaenasp. (40, 204 and
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Figure 7. Predatorprey expeiiments, usng labomtory cultures. The ability of differentinoculumlevels of Nucleara delicatulato controlthe
growth of Anabaenasp. in laboratorycultureis shown for threestarterlevels of algal population,with regpective chlorophyll‘a’ concentrations
of 40 ug m—1 (@), 204 g mi—1 (b) and 572 ug m—1 (c). In eachcas, protozoawere addedto give overall initial populationlevels of 100,
500and1000cellsmi~1. Algal populationlevels are given as the meanchlorophyll-a’ concentation (+ SD) of threereplicateflasks.



5729 chlorophyl ‘a’ | =%, Figure7a, c). Thehighes
chlorophyl ‘a’ levelusedwasfarin exces of thatnor
mally occurrhgin analgal bloom. The reallts show
that the ability of N. delicatula to reducecyanobac-
terial populationlevels under laboratoryconditions
dependn the initial populationsof both organisns
As expected N. delicatula was typically mog effect-
ive a high protozoanandlow algal popuktion levels,
with rapid reduction of all three algal biomasslevels
at 10000 protozoaml~1. Experimens such as this
give someideaof the protozoaninoculm requredto
contol differentcyanobaatria popubtionsin alake
ervironment

As with the actinomycetestudies,microcosmtest-
ing allows differentspecies or strains of antagonét
and algae to be broughttogetherat definedinitial
popubtion levels and undercontrolled nutrient con-
ditions but interacing underambient ervironmenél
condtionsof temperatireand light regime. Prelimin-
aryexperimenthave beencarriedatalocalfreshwater
site using submerged dialysis tubes with a capacity
of 350 ml. Thes were suspendedfrom a wire mesh
floating platform, andwereseparatelyinoculatedvith
thecyanobactriaOscillatoria sp. (chlorophyl ‘a’ 645
ug 1=1) or Anabaendlos-aquae(chlorophyl ‘a’ 678
ng 1=1) plus either stetle protozoan medum (control)
or protozoanculture (treatmen). The results showed
a clear reducton in the popuhtions of Oscillatoria
sp. and Anabaendlos-aquaefollowing addition of N.
delicatula. Aswith the laborabry-bagd experimens,
the initial agal levels were substartially higher than
those normally encounteredinderbloom conditions
In eachexperiment.the protozoarpopulationshowved
amarkedincreag, which wasmod pronouncediuring
theinitial phaseof rapid algal decline.

Role of biological contr ol in the lake environment

Biological contol of cyanobaatria repregnt a po-
tential shortterm measire to reducethe popuktion,
or preventthebuild-up, of nuisancealgal popubtions
This is in contrast to long term control strategies such
asnutriert limitation (bottom-up control) and bioma-
nipulation (top-davn contol), which involve more
fundameral alterations to the lake ecoystem. The
biocontol agens condderedin this paperhave either
beenrecently isolated from environmental samples
(acinomyceey, or were originally derived from the
freshwater environment(protozoa). Thes native or-
gansms have not undegoneary deliberat genetc
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manipulation or gene enhancenert. The addition of
such agentsto the lake canthusbe viewed asan al-
teration to the existing balarce of organisns aread/
presen within the ecasystem This alteration is invari-
ably temporary, with reversion of the ecesystemto its
original statewithin arelatively short period of time.

Biological control of cyanobacgria, like biological
contol of other nuisanceorganisms(plant pahogenc
baceria andfungi, insectpeds, weed$ hasa number
of adwentagesover the other major type of imme-
diate control, chemtal contol. Biological contol
can be highly speciic to the target organism, with
no dedruction of other organsms and with no direct
chemicalpollutionthatmight affecthumansPotential
disadrantagesinclude limited destuction of the target
organsm, limited survival of the agentor its removal
by other organiams and problems with large-cale
producton, storageand applcation of the biocontol
agent.

Laborabry studies are an important agpectof the
generalschemefor developmentof biocontol agens
outlinedin Figure 1, providing useful information on
agecs such as mode of acion, effect of physco-
chemical factors progres of control actvity and
requred antagonst inocuum levels. In the ca® of
Streptomycegxfoliatus, for exampk, laborabry stud-
ies showed that activity involved a lytic diffusible
agen} producton of which was genetcaly stable—
persisting over repeatedsub-culturing. This is in con-
trastto Streptomycessolatesobtainedby Redhead
Wright (1978) which log cyanobaaotriolytic acivity
after four tranders Althoughformaiton of the Iytic
agentn S exfoliatus occursndependaty of the pres
erce of cyarobactera, the ahility to destroy these
organems is probably an advantge to the antagonst
sinceacinomyceé growth is promoied.

Althoughlaboraory studieshave animportant part
to play in biocontol work, reailts obtainedshould be
viewedwith cautionif they areto be interpretedin the
lake conext. Laborabry data cannotsimply be extra-
polatedto the freshwater environmert. This is shown
with both of the ca® studiespresntedin this paper
wherethe anti-gyanobacteria¢ffectivenes of theant-
agonégtsin themicrocosn environmentvasmuchless
thanin laboratary cultures. Inthe caseof Streptomyces
exfoliatus, addition of 0.05 ml Streptomycesculture
(~10° CFU ml—1) to 100ml of laborabry Anabaena
cylindrica culture (50 ug I~ 1chlorophyl-‘a’) achieved
completeinhibition within 12 days.

Similar (2000-fold) dilutions of antgonist were
not effective in the lake, whereinoculum levels of
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250 ml in 5 | lakewater were requied for signific-
ant reducton in the cyanobaatrial popuktion. Dif-
ferencesbetweenthe effectivenes of cyanobacterial
antgonists in laborabry culturesand the lake envir-
onmentmay relateto anumberof generaffactors The
importantonesare:

(1) the effects of the lake ervironment (physco-
chemcal and biotic) on antagonst popubtons
growth rate andantagongtic acivity;

(2) effects of the lake ervironmenton cyanobacerial
regpongto antagonsts;

(3) Differencesin the distribution of cyanobacteia
andantagongts within the lake ecoystem.
Separaton in the popuhktionsof these two groups

of organems(e.g.loss of antagonistsfrom surfacewa:

tersdueto sinking, replacementf surfacealgaefrom
the hypolimnion) will limit the biocontol acivity of
angonists.

The mog importnt test for any potential biocon-
trol agentmug beits effectivenesin theernvironment,
where the above facbrs are encounéred underthe
prevailing lake conditions In spite of thes limit-
ations both of the antgonists (acinomycees and
protozoa)detailed in this paperdid have a significant
biocontol effectin lake microcosns at the appropri
ate inocuum level. Other workers have also carried
outdirectervironmensl teging, paricularly with viral
and backria antagonsts. Using 5000-galon tanks
Jackon & Sadecek(1970) examinedinteractionof
cyanophagé.PP-1 with Pleconena boryanum They
concludedthat cyanophagebad the potenial to pre-
vent growth of their hogs undernatural conditions
Daft etal. (1975)tested 15 fresh algal bloomsfrom
variouswaters agang Myxobacer CP-1, in eachcas
obtaining clearlysis. Two environmen8l experimens
subequenty confirmedthe effecivenesof thisantag-
onist. In thefirst, 3 | of Microcygis aeruginosa were
taken from thetop 0.5 m of thereservoir and addedto
eachof four polythenerayswhich werefloatedsemi-
submegedon thewater. A log pha® culture of CP-1
was added to two of thetraysto give aninitial concen
tration of 10% mi—1. Within 96 h chlorophyl-‘a’in the
treamens had decinedto negligible amouns. In the
secondexperiment 2001 of reserwir was portioned
off using polythenesheetng. One areawas sprayed
with CP1to 10° mI~L. Within 60 h therewas an dmost
compkteloss of chlorophyl from thetreakdarea.

Various field studies have also beencarried out
on the use of barley straw to control cyanobaaotria,
the activity of which may involve microbial action.
Althoughthe use of straw has beenpropo®d as an

inexpensve and ervironmentallyacceptablgorm of
contol (Ridge & Barret, 1992; Ridge et al., 1999)
practical resuts have beenenatic, with field studies
proving succesful in some ca®es (Everall & Lees
1996)but notothers(Kelly & Smith, 1996).

Practical applications

In caeswherea paricular biocontol agentis shown
to be consistertly effectivein environmert testirg, the
next pha® would be full-scale field trials (including
complete ervironmental analysis), commercial cost
assessmentand evaluaion of how the biocontol agent
could be used in lake managementin assessing the
practcal use of such antagonsts for contol of cy-
anobacterian thelake, apectssuchas frequeny and
timing of application, mode of application (formu-
lation and method of dispersal) and implications for
water processiig are all importart.

The volumeof inocuum requred per unit areaof
lake surfaceis als relevant. In the cae of Stepto-
mycesexfoliatus minimum inocuum levels obtained
in laborabry and microcosn experiment (see above)
would trandate to requiredlevels of 5x 10° and5x 10°
| of antagonst inoculim perhectare(treatmentof top
metre of water coumn, total volume approximately
10000m? ha1). Thes amouns of biocontol agent
requireddo not soundencouragig, either in terms of
cog or ea® of producton and appicaton,andwould
sugges that simple addition of antagonis cultureto
contol establishedgrowthsof cyanobacatriain alarge
bodyof lakewater is notfeasble. The potenia use of
suchbiocontol agensin lake managemerghould not
be dismissed, however, sincesmaler volumesmay be
possiblein somecircumgances Thefollowingmaybe
appropréate:

1. Control of developing (pre-bbom)cyanobaatrial
popuktions Applicaion of such agent may be
most effective during build-up of blooms, rather
thanunderfull bloom conditions This would re-
quire very careful monitoring of the increasg of
cyanobacteriapopulationswithin the epilimnion,
including the movement of the® organsms to
surfacewaters from the hypolimnion.

2. Application to smal water bodies including mu-
nicipal ponds and smal amenty lakes, where
the overall amountof inocuum required would
obvioudy belessthanlargerlakes and resrvoirs.

3. Improved typesof biocontol agent The effect
ivenes of particular biocontol agens may be



improved in various ways, including the use
of genetcaly-engheeredorgansms (e.g. with
higher growth rates improved synthess of anti-
cyanobaatrial compound.

4. Improved methods of appicaion. One problem
notedin the microcosmexperimentswith S. exfoli-
atuswas thatantagonét flocculestendedo sink in
the water column. Maintenanceof the antagonst
in suspenson, by atachmento afloaing subgrate
such a straw, would ensure thatthe agentstaysin
the surfacealgal zone.

5. Mixture of agens. Combining differenttypes of
biocontrol agent might offer greaterflexibility in
acontinuousy changinglake ervironment Daft et
al. (1985) have pointed out that a such mixture,
offering differentmodesof attack, may offer the
beg chanceof preventingproblemcyanobacterial
bloomsin eutrophic lakes

6. Use with othertechnijues Experiencewith other
biocontol situations hasshown that such agens
arebed usedin conjuncionwith otherapproaches
andnotin isolation. The use of biological control
agens in lake and reerwir managemenshould
be regardedasjust one of a numberof available
control measiresthat form part of an integrated
managemeryolicy.
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