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ABSTRACT

Micro-organismsisolated from composts were assayedin vitro for
inhibition of mycelial growth and conidium germination of Fusarium
culmorum. Eleven bacterial isolatesinhibited mycelial growth, and of
these seven al so inhibited germination of conidia. However, inhibition
of mycelial growth was only reproducible for three bacteria. Five
fungal isolateswerefound to have antagonistic effectsonF. culmorum
mycelial growth. Of thesefive, threeisolates gave reproducibl e results
and also suppressed germination of F. culmorum conidia. An oat
seedling bioassay wasdevel oped to determinethepotential of microbial
antagonists for use as seed treatments against F. culmorum in soil
inoculated with the pathogen. Threebacterial isolateswere sel ected for
methodology development for in vivo evaluations. The effect of F.
culmorum inoculation technique, growth substrate and assessment
method were investigated.
Keywords: Fusarium culmorum, biological control, in vitro testing,

bioassay.

INTRODUCTION

Fusarium culmorum (W.G. Smith) Sacc. infects awide range of host plants and
is an ubiquitous soilborne pathogen with preference for temperate environmental
conditions (Gordon 1960). This fungus causes pre-emergence seedling blight, root
and foot rot and head blight in cereals, brown patch of turf, foot rot of asparagus,
carnation, leek and pea, and storage rots of apple, potato, sugar beet and bulbs (Booth
and Waterson 1964). In cereals, F. culmorum can cause disease from sowing through
to harvest, especialy in dry, warm soils. It isthe most damaging pathogen of wheat,
causing roots to darken and dry, with plants easily broken off at ground level (Wiese
1977).

Crop rotation, pathogen-free seed, removal of plant debris and fungicide seed
treatmentsare several management strategiesthat can be used for control of Fusarium
diseases. More recently, research has been directed towards developing biological
control methods for these diseases (Hervas et al. 1998; Calistru et al. 1997). In
greenhouse experiments, wheat seedlings have been protected from root diseases by
seed treatment with fungal antagonists from the genera Trichoderma, Fusarium,
Aspergillus, Nigrospora, Penicilliumand Chaetomium(Teperi etal. 1998). Suppressive
soils can give biological control of Fusarium diseases (Alabouvette 1999) and
composts have been found to suppress Fusariumspp. (Hoitink et al. 1993, Filippi and
Pera 1987).

The objective of this research was to isolate micro-organisms from disease
suppressive composts (Walter et al. 1995) for in vitro evaluation of their ability to
inhibit mycelial growth and conidium germination of F. culmorum. A glasshouse
bioassay was devel oped to assess selected antagonists for their potential to control
F. culmorumwhen applied as seed treatments.
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MATERIALS AND METHODS

Bacteria and fungi were isolated onto Difco Potato Dextrose Agar (PDA) from
five Fusarium disease-suppressive composts (M. Walter, unpubl. data) using the
dilution platingtechniqueof Wakelinetal. (1998). Intotal, 112 bacterial and 29 fungal
strains were isolated and stored at 4°C on PDA slopes.

Three F. culmorumisolates were used; Fus15 and Fus16b were from cereal hosts
and PR305 wasfrom tomato. Single conidium isolateswere prepared (Windels 1992)
and stored on carnation leaf agar slopes (Burgess et al. 1988) at 4°C. In mycelia
inhibition assays, the isolates were grown for 1 week on oatmeal agar (OA) at 20°C
withaphotoperiod of 12 h. Inall assays, plateswereincubated under these conditions.
Mycelium inhibition assays

Totest forinhibitionof mycelial growth of F. culmorum, each bacteria isolatewas
spot-inoculated at four equidistant points around the edges of three PDA plates
containing acentrally placed 7 mm mycelia plug (mycelium side down) from one of
thethree F. culmorumisolates. Plateswere assessed after 6 daysusing ascalefrom 1-
4 where 1=bacterial colony completely overgrown by Fusarium, 2=overgrown but
bacterial colony visible, 3=grown to the edge of the bacterial colony and 4=inhibition
zone.

Each fungal antagonist was tested against the three F. culmorum isolates for
mycelial inhibition. Seven millimetremycelial plugs(myceliumsidedown) fromboth
an antagonist and aF. culmorumisolate, were placed on opposite sides of one OA and
one PDA plate. Plates were assessed after 14 days using a scale from 1-5 where
1=antagonist completely overgrown by F. culmorum, 2=antagonist growing over
FusariumwithF. culmorummycelium collapsed, 3=myceliaintergrowing, 4=mycelia
grown upto each other and stopped and 5=inhibition zone. Experimentswererepeated
for the most antagonistic bacterial and fungal isolates to evaluate reproducibility
(referred to as Test 1 and Test 2).

Conidium germination inhibition assays

Bacterial and fungal isolates found to inhibit mycelial growth of F. culmorum
were further tested for their ability to reduce colony formation from F. culmorum
conidiausing agerminationinhibition assay. Steriledistilled water containing 0.01%
Tween 20 (Tween water) was poured over 2-week-old sporulating plates of
F. culmorum grown on OA at room temperature (18-25°C) under alight bank (TLD
58W/33 Philips, 12 h photoperiod). Conidiawere harvested with aglassrod then the
solution wasfiltered into acentrifuge tube using asterilefunnel lined with sterilelens
tissue (Whatman 105). The test tubes were centrifuged at 1500 g for 2 min. The
supernatant was decanted, centrifuge tubes filled with Tween water, shaken and
centrifuged again. This washing procedure was repeated twice. Numbers of conidia
in each Fusarium suspension were adjusted after haemocytometer counts to reach a
final conidium concentration of 10% and 10* conidia/ml. Conidium suspensionsof the
three Fusarium isolates were then mixed at aratio of 1:1:1.

Bacteria affecting mycelial growth of F. culmorum were selected and grown
overnightin 10 ml potato dextrosebroth (Difco) onan orbital shaker (120rpm) at room
temperature. A 10-fold dilution series (to 10°%) was prepared for eachisolatein sterile
Tween water. For enumeration, three 10 ml droplets of each bacterial dilution were
pipetted onto a PDA plate. After 1-2 days bacteria colony forming units (CFU) were
counted.

For germination inhibition, three 10 ml droplets of each bacterial dilution were
pipetted ontothree PDA platesand allowed todry. Ononeplatebacterial dropletswere
overlaid with 5 ml of the F. culmorum mix containing 10° conidia/ml; on the second
platewith 5 ul of theF. culmorummix containing 10* conidia/ml and on thethird plate
with 5 ul Tween water (bacterial control). Fusarium culmorum controls were set up
by applying a series of 10 pul Tween water droplets onto PDA plates, allowing them
to dry and then overlaying the droplets with 5 pl of each concentration of the F.
culmorum mix as well as the three single F. culmorum isolate suspensions at both
concentrations. Plates were assessed after 4 days for the presence of F. culmorum
mycelium using a scale from 1-5 where 1=no Fusarium mycelium visible within the

© 2000 New Zealand Plant Protection Society (Inc.) www.nzpps.org  Refer to http:/Amww.nzpps.org/terms_of_use.html



Organics and Biocontrol 73

bacterial droplet, 2=Fusarium mycelium visible within the droplet, 3=Fusarium
mycelium visible outside the dropl et (sparse), 4=Fusariummycelium visible outside
thedropl et (medium) and 5=Fusariummyceliumvisibleoutsidethedropl et (vigorous).

Fungal antagonistsaffectingF. culmorummycelial growthwerefurther eval uated
in the germination inhibition assay by preparing conidium suspensions of 10°, 107,
106, 10° and 10* conidia/ml from three week old test fungi (antagonists). Five 10 ml
droplets of each antagonist conidium suspension were pipetted onto two PDA plates
for each dilution and alowed to dry. The droplets were overlaid with a5 ml droplet
of the F. culmorum inoculum as described for the bacterial germination inhibition
assay. Antagonist controls consisted of five droplets of each antagonist conidium
suspension overlaid with Tween water. Fusarium culmorum controls consisted of
Tween water droplets overlaid with the F. culmorum conidium suspensions. Plates
were assessed after 4 days for F. culmorum mycelium using a scale from 1-5 where
1=no Fusarium mycelium visible; 2=sparse Fusarium mycelia growth; 3=medium
Fusariummycelial growth; 4=vigorous Fusariummycelia growth and 5=Fusarium
covering the plate. Experiments were only conducted once.

Glasshouse bioassay

Three bacterial isolates were selected for methodology development for in vivo
evaluations. Theeffect of F. culmoruminoculum concentration, growth substrate and
assessment method were investigated.

Bacterial isolateswere inoculated onto PDA and grown for 10 daysat 20°C at 12
h photoperiod. To each plate 10 ml of sterile potassium phosphate buffer were added
and the surface of the plate was rubbed with a glass rod to harvest the bacteria. The
bacterial suspensions were centrifuged for 20 min at 16 000 g and the pellet re-
suspended in potassium phosphate buffer. Bacteria were enumerated as described
above by dilution plating.

Mechanically dressed organically-grown oat seeds (80) were surface sterilised in
a0.3% sol ution of sodium hypochlorite solution (pH 6.5) for 5min, thoroughly rinsed
intapwater, |eft todry and then placedintothetest bacterial suspensionsamended with
0.1 g of methyl-cellulose (BDH) and mixed for 10 min. The seedsdried overnight in
a laminar-flow cabinet. The control treatment consisted of a seed-coating with
phosphate buffer amended with methyl-cellulose. Bacterial |oading on the seedswas
determined by washing seeds in phosphate buffer and dilution plate counts of the
washing solutions.

F. culmorum soil inoculum was prepared by soaking oat seeds (volume of
approximately 100 ml) overnight in water, autoclaving the seeds and inocul ating with
20 ml F. culmorum (Fus16b) conidium suspension (>10° conidia/ml). The seedswere
incubated for 1 week and used as soil inoculum. Conidium loading on seeds was
determined by washing seedsin phosphate buffer and haemocytometer counts of the
washing solutions.

Two glasshouse bioassays were conducted using one (non-sterile soil) or three
growth substrates (standard potting mix, non-sterile soil and sterile soil). The soil
(Wakanui silt loam) was collected from Lincoln University field research area and
sterilised by autoclaving.

Polythene planter bags (PB 1%/2) were filled with the growth substrates. The
effects of F. culmorum inoculation technique and inoculum density on seedling
infection were evaluated in non-sterile soil. Thefirst inoculation method consisted of
placing oneinoculum seed at adepth of 25-30 mm, covering thiswith 1-3 mm soil and
planting the surface sterilised oat seed on top. The other methods consisted of mixing
zero, four, eight or 16 inoculum oat seedsinto the soil and planting oat seedsat adepth
of 25-30 mm. For each treatment two planter bagswere used and ninesurfacesterilised
oat seeds were planted in each bag.

In experiments evaluating growth substrate and bacterial seed coating on
F. culmorum disease development, the first inoculation method was used. Nine
surface sterilised seeds were planted into two to four replicate bags/treatment.
Controls consisted of autoclaved inoculum seeds plus oat seeds coated with methyl-
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cellulose (nil control) andinoculum seeds plus oat seeds coated with methyl-cellulose
only (Fusarium culmorum control) for each growth substrate.

In al experiments planter bags were examined weekly for seedling emergence,
browning of leaf tips and wilting of seedlings. After 6 weeks the seedlings were
removed. The subcoronal internode and approximately 20 mm of stem base of each
seedling was removed, surface sterilised in 1% sodium hypochlorite solution for
30 s, rinsed in sterile water, dried, cut in half and plated onto PDA. The plates were
assessed after 1 week for the presence of Fusarium.

Datawasanal ysed using analysisof variance. A ssessment methodswerecompared
using Pearson’s Correlation Coefficient.

RESULTS
Mycelial inhibition

After 6 daysF. culmorumcontrolscompletely covered theplates. Eleven bacterial
isolates (Codenos 18, 22, 26, 28, 33, 34, 62, 76, 89, 94 and 100) from 120 tested were
found to inhibit (score 4) mycelium growth of at least oneF. culmorumisolatein at
least one of the duplicate tests. Of these, three (isolate nos 28, 89 and 100) inhibited
al F. culmorumisolatesin both testsand two bacteria(isolate nos 33 and 62) inhibited
two of the F. culmorumisolates consistently in both tests.

After 14 daysincubation F. culmorumand antagonist controlscompletely covered
PDA and OA plates, with al fungal colonies sporulating profusely. Five fungal
isolates (nos 113, 114, 120, 140 and 141) were found to have an antagonistic effect
(score 2 or 5) on F. culmorum mycelial growth on both agar substrates in Test 1.
Of thesefive, only three (isolate nos 113, 114 and 120) showed reproducible effects
(score2)inTest 2, withthefungal antagonistisol ates 140 and 141 producinginhibition
zones (score 5) in Test 1 only. Inhibition of F. culmorum mycelial growth by
antagonistic fungi was affected by agar type (P<0.05).

Germination inhibition

Inall Fusariumculmorumecontrols, F. culmorumcolonieswereformed from each
droplet. Of theeleven bacterial isol ates showing someeffect onF. culmorummycelial
growth, nine isolates (nos 18, 22, 26, 28, 62, 76, 89, 94 and 100) also affected
F. culmorum germination (score 1 or 2) in at least one of the duplicate experiments.
Fusarium culmorum conidium concentration and bacterial concentration affected
F. culmorum germination (P<0.05). Bacterial inhibition of F. culmorum conidium
germinationwasdifferent between tests, with higher bacterial concentrationsrequired
to inhibit F. culmorum germination in Test 2. Only bacterial isolate 89 consistently
suppressed F. culmorum conidiagermination at both pathogen concentrationsin both
tests.

Intestsfor theeffectsof fungal antagonistsonF. culmorumconidiumgermination,
all antagonists and Fusarium culmorum controls formed colonies covering
plate surfaces within 4 days. Of the five fungal antagonist isolates affecting
F. culmorum mycelia growth, three isolates (nos 113,114 and 120) also affected
F. culmorum conidium germination (score 1), with fungal isolate 120 requiring the
least conidiato suppress F. culmorum germination at the two concentrations tested.
Both F. culmorum conidium concentration and fungal antagonist concentration
affected (P<0.05) F. culmorum germination.

In summary, from the in vitro assays on F. culmorum mycelial growth and
germination inhibition, two bacterial isolates (nos 89 and 62) consistently inhibited
F. culmorum mycelial growth and spore germination. Similarly, three antagonistic
fungi (isolate nos 113, 114 and 120) consistently affected F. culmorum mycelial
growth and spore germination. Three bacterial isolates (62, 89 and100) were sel ected
for development of plant bioassays. Best performing bacterial and fungal isolatesare
currently identified to species level but thisinformation is confidential.

Glasshouse bioassays

Average F. culmorum concentration on oat seeds used asinoculum was 1.9 x 10°
conidia/seed. The different soil inoculation methods used for F. culmorum did not
affect (P>0.05) oat seedling emergence (>80%). There was no difference (P>0.05)
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between inoculation methods on F. culmorum disease development as assessed by
browning of seedling tips, however increasing the amount of seed inoculum mixed
into the soil increased wilting (P<0.05). The number of dead plantswas highest (38%)
in pots where inoculum seed and oat seed were planted together compared to pots
where inoculum seeds were mixed into the non-sterile soil (P<0.05).Colonisation of
subcoronal internode and stem base by F. culmorumwas not affected (P<0.05) by the
F. culmorum inocul ation method.

Growth substrate had no effect on seedling emergence (P>0.05). However,
seedling emergence was different (P=0.05) between uninoculated (nil control) and
F. culmoruminoculated (F. culmorumcontrol) growth substrates, averaging 78% and
58% respectively. In contrast to the observed seedling emergence effect, there were
no differences (P>0.05) between the two control treatments for browning of tips,
wilting, and col oni sation of the subcoronal i nternodesand stem bases of seedlings. No
colonisation of subcoronal internodes and stem bases, wilting or browning of tips of
seedlings were observed in the nil controls of the sterile soil.

Whilst the type of growth substrate did not affect seedling emergence, it affected
browning of tips, wilting, and plant tissue col oni sation of oat seedlings (P<0.01), with
increased wilting of seedlings grown in non-sterile soil. Seedlings grown in potting
mix expressed approximately four times as much browning of tips than seedlings
grown in non-sterile or sterile soil. Seedlings grown in sterile soil had the highest
colonisation of F. culmorum on the subcoronal internodes and stem bases.

Theaverage concentration of thebacterial i solate nos 62, 89 and 100 on coated oat
seeds at the planting datewas approximately 1.2x10° CFU/seed. Compared to control
treatments, bacterial seed coating did not reduce F. culmorum colonisation of the
subcoronal internodes and stem bases, wilting or browning of tips of seedlings
(P>0.05), nor did the bacterial seed coating improve seedling emergence (P>0.05).

Comparison of assessment methods resulted in significant correlations between
wilting and browning of tipsof seedlings (r=-0.51; P=0.001); wilting and col onisation
of subcoronal internodes and stem bases (r=0.31; P<0.05); aswell asbrowning of tips
of seedlings and colonisation of subcorona internodes and stem bases (r=0.3;
P<0.05).

DISCUSSION

Invitromycelial and germinationinhibitionassayswereuseful screeningtechniques
for ng potential antagoni st activity against threeF. culmorumisol ates. However,
the germination inhibition assay did not assess conidium germination of F. culmorum
isolates directly, but determined their ability to establish coloniesfrom conidiawhen
challenged with bacteria or conidiafrom fungal antagonists. The duplicate tests a'so
gave a good indication on the reproducibility of results which is essentia for
assessment of any potential biological control agent. Although thethreeF. culmorum
isolates did not differ in pathogenicity to oat seedlings, bacterial and fungal activity
inhibiting mycelial growth of F. culmorum isolates was isolate-specific. This was
expected, as Fusarium species are known to be highly variable (Windels 1992) and
therefore a mix of isolates was used in this study.

For further evaluation of bacterial antagonists a glasshouse assay was devel oped
to aid selection prior to field evaluations. A wide range of inocul ation techniques and
disease eval uations have been published and partially reviewed by Windels(1992).1n
situ, biological control agents need to be able to overcome or function within diverse
soil parameterssuch assoil type, disease pressure, temperatureand moisture. An assay
mimicking ‘natural’ conditionsand asimpl e assessment method, which a so could be
used in field trials, was desired. Pathogen inoculum placed close to seeds was found
to provide ahigher, more even disease pressure than mixing inoculuminto thegrowth
substrate. For pathogen inoculum, infested seeds were chosen. This resembles a
natural source of infection, providing both mycelial and conidial inoculum.

Inthisstudy, growth substrateinfluenced F. culmoruminfection of oat seedlings.
This is in agreement with Bell et al. (2000) who found that growth medium and
inoculation method of the biological control agent affected seedling emergence.
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Burgesset al. (1988) also reported on soil parametersinfluencing severity of disease
caused by F. culmorum. This emphasises the need to test potential biological control
agents under different environmental and soil conditions.

There was evidence of the presence of F. culmorum in the non-sterile soil and
potting mix. Seedling disease occurred in all growth substrates for all treatments,
except for thenil control treatment of sterilised soil. Fusarium speciesare widespread
with saprophytic and pathogeni c strains. Assessmentsdid not allow for differentiation
of Fusariumspecies. Thishighlightstheneed for careful selection of growth substrate
and monitoring of ‘ background’ diseaselevels. Sterilisation of soilsby pasteurisation,
fumigation or autoclaving usually allows the pathogen to proliferate (Burgesset al.
1988). Some soils may betoxic after sterilisation (Armstrong and Armstrong 1975),
but the healthy seedlings in the nil control of the sterile soil treatment suggest that
autoclaving did not result in phytotoxicity.

Bacterial seed coating did not reduce disease under the conditionstested. Disease
pressure may have been too high, the antagonist inoculum level too low, antagonist
applicationinefficient (Bell et al. 2000) and/or infection might have been moresevere
in dry conditions (plants were watered sparingly) (Booth 1971). However, these
experiments were not designed to eval uate the interactions between disease pressure
and antagoni st appli cation method and concentrati on but to designasimpleglasshouse
bioassay suitable for future studies.

Symptomsused to evaluate F. culmorumwilt are diverse and often controversial.
For example, Armstrong and Armstrong (1975) recommended that external wilt
symptoms are the best criteria for evaluation, whereas Swanson and Van Gundy
(1985) recommended assessments of vascular cross sections of roots. In the present
study, all assessments were suitable for disease measurement as shown by their high
correlations with each other.

In future studies evaluating biological control agentsfor F. culmorum control on
cerealsin glasshouse and field assays, we recommend the use of seedling emergence
combined with wilting assessments. Thiswill allow the design of larger experiments
with more replicates compared to the time-consuming task of root harvesting,
washing, surface sterilisation, dissection and final assessments on agar.

ACKNOWLEDGEMENTS
We thank the Foundation for Research, Science and Technology for funding,
Biograinfor supply of oat seeds, Stojan Ganev and Mark Braithwaitefor sourcing and
identification of F. culmorum isolates, and Phil Broadhurst (recently deceased) for
helpful discussions on F. culmorum inoculum production and storage.

REFERENCES

Alabouvette, C., 1999. Fusarium wilt suppressive soils. an example of disease
suppressive soils. Australas. Plant Pathol. 28: 57-64.

Armstrong, G.M. and Armstrong, J.K., 1975. Reflections on the wilt fusaria. Annu.
Rev. Phytopathol .13: 95-103.

Bell, JV., Stewart, A. and Rowarth, J.S., 2000. Application method and growing
medium affectstheresponseof cucumber seedlingstoinocul ationwithTrichoderma
harzianum. Australas. Plant Pathol. 29: 15-18.

Booth, C., 1971. The genus Fusarium. Commonwealth Mycological Institute, Kew,
Surrey, England. 58 pp.

Booth, C. and Waterson, J.M., 1964. Fusarium culmorum. CMI| Descriptions of
Pathogenic Fungi and BacteriaNo. 26. Commonwealth Agricultural Bureaux. 2

pp-

Burgess, L.W., Liddell, C.M. and Summerell, B.A., 1988. Laboratory manual for
Fusarium research. 2" ed. Univ. Sydney, Australia. 156 p.

Cadlistru, C., McLean, M. and Berjak, P., 1997. In vitro studies on the potential for
biological control of Aspergillusflavusand Fusariummoniliformeby Trichoderma
species. Mycopathologica 139: 115-121.

© 2000 New Zealand Plant Protection Society (Inc.) www.nzpps.org  Refer to http:/Amww.nzpps.org/terms_of_use.html



Organics and Biocontrol 77

Filippi, C. and Pera, A., 1987. The role of the telluric microflora in the control of
Fusariumwilt of carnation grown in soils with bark composts. Biol. Wastes 27:
271-279.

Gordon, W.L., 1960. Thetaxonomy and habitat of Fusariumspeciesfromtropical and
temperate regions. Can. J. Bot. 38: 643-658.

Hervas, A., Landa, B., Datnoff, L.E. and Jimenez-Diaz, R.M., 1998. Effects of
commercial and indigenous microorganisms on Fusarium wilt development in
chickpea. Biol. Control 13: 166-176.

Hoitink, H.A.J., Boehm, M.J. and Hadar, Y., 1993. Mechanisms of suppression of
soilborne plant pathogens in compost-amended substrates. Pp 601-621 In:
I nternational Composting Research Symposium, H.A.J. Hoitink and H.M . Keener
(Eds); Renaissance Publications, Worthington, USA.

Swanson, T.A. and Van Gundy, S.D., 1985. Influences of temperature and plant age
on differentiation of races of Fusarium oxysporum f. sp. tracheiphilium on
cowpea. Plant Dis. 69: 779-781.

Teperi, E., Keskinen, M., Ketoja, E. and Tahvonen, R., 1998. Screening for fungal
antagonists of seed-borne Fusarium culmorumon wheat using in vivo tests. Eur.
J. Plant Pathol. 104: 243-251.

Wakelin, SAA., McCarthy, T., Stewart, A. and Walter, M., 1998. In vitro testing for
biological control of Aphanomyces euteiches. Proc. 51st N.Z. Plant Prot. Conf.:
90-95.

Walter, M., Frampton, C.M., Elmer, P.A.G. and Hill, R.A., 1995. Pathogenicity and
control using composts of Aphanomyces euteiches pearoot rot. Proc. 48th N.Z.
Plant Prot. Conf.: 308-313.

Wiese, M.V., 1977. Compendium of wheat diseases. APS Press, Minnesota, USA.
Pp 52-53.

Windels, C.E., 1992. Fusarium. Pp 115-128 In: Methods for Research on Soilborne
Phytopathogenic Fungi, L.L Singleton, J.D. Mihail and C.M. Rush (Eds); APS
Press, St Paul, Minnesota, USA.

© 2000 New Zealand Plant Protection Society (Inc.) www.nzpps.org  Refer to http:/Amww.nzpps.org/terms_of_use.html



