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Abstract 

Potential antagonists of Fusarium solani f. sp. pisi (Fsp) were selected from soil samples with varying 
degrees of receptivity to this pathogen. They were tested against Fsp isolate 48 (Fs48), in increasingly 
complex systems. Most species tested in vitro were able to antagonize Fs48. No relation could be estab- 
lished in vitro between the receptivity of the soil from which an isolate originated and its antagonism to 
Fs48. In soils naturally infested with pea root rot pathogens, which were stored humid at 4 ~ for a period 
longer than a year, various isolates of Fusarium, Gliocladium and Penicillium spp. were able to reduce 
root rot. After sterilization of these soils, only Gliocladium roseum isolates, added at 105 conidia g-J dry 
soil, significantly reduced disease severity and prevented root weight losses caused by Fs48 at 104 conidia 
g-1 dry soil. In soils in which the biota were activated by growing peas before the assays, doses of 106 
and 107 of G. roseum were required to reduce root rot. In these soils, the antagonistic effects of fluores- 
cent pseudomonad strains from soil of low receptivity to Fsp were variable. Some strains of fluorescent 
pseudomonads, from soil moderately receptive to Fsp and from highly infested soils, were also able to 
reduce root rot. Disease suppression by pseudomonad strains was more evident in the absence than in 
the presence of Aphanomyces euteiches in the root rot pathogen complex. The role of receptiveness of 
the soil with regard to potential antagonists is discussed. 

Introduction 

Fusarium solani (Mart.) Sacc. f. sp. pisi (Jones) 
Snyder & Hansen (Fsp) is a major pathogenic 
fungus of pea in the Netherlands, causing foot rot 
and dry root rot, further referred to as root rot. It 
is prevalent in the traditional pea growing area and 
shows a remarkable physiological specialization 
to its host. Although root rot in peas has been 
associated with a low lime content and bad soil 
structure [Labruy~re and Riepma, 1954], it affects 
crops in fields with good agronomical properties 
nowadays as well [Oyarzun et al., 1993]. 

The effect of soil on the activity of soil-borne 
pathogens and on the resulting disease has become 
more apparent in recent years. This effect is called 

soil receptivity, SR [Alabouvette et al., 1982]. 
With respect to a particular disease, soils may be 
ranged from suppressive to conducive. Many soil 
characteristics have been reported to influence 
the level of SR [Rouxel, 1991] and low SR is 
often related to the activity of microbial popula- 
tions [Louvet et al., 1976; Rouxel et al., 1977; 
Alabouvette et al., 1977; Sher and Baker, 1980: 
Alabouvette, 1990]. Attempts have been made to 
identify the micro-organisms involved and to 
exploit them in biocontrol measures [Baker, 1990]. 

Recently, conspicuous differences in SR to Fsp 
were found [Oyarzun et al., 1994a], which opened 
the possibility to investigate the antagonistic 
activity of microflora associated with soils of low 
receptivity - synonymous to suppressive - in 
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natural, highly infested soils considered to be 
highly receptive or conducive to Fsp. 

Common soil fungi and bacteria, including 
actinomycetes, might have an antagonistic poten- 
tial towards Fsp. Some species pertaining to 
these groups have already been documented to 
control root rot in peas or in other legumes. The 
fungus Penicillium oxalicum, dusted on pea seed 
showed a protective effect against the complex of 
root-infecting pathogens in laboratory trials 
[Kommedahl and Windels, 1978], but under field 
conditions its effect was variable [Windels, 1981; 
Windels and Kommedahl, 1982]. Soil infestation 
with Penicillium spp and Trichoderma viride con- 
trolled lentil root-rot caused by F. roseum [Lin 
and Cook, 1979]. Non-pathogenic F. oxysporum 
isolates were reported to control root rot caused 
by F. solani in bean [Lechappe et al., 1988], in red 
clover [Walz-Borgmeier, 1991] and in peas 
[Oyarzun et al., 1994b]. Parke [1991] and King 
and Parke [1993] reported control of Pythium 
damping-off and common root rot (Aphanomyces 
euteiches) in pea by Pseudomonas eepacia and P. 
fluorescens in glasshouse and field experiments. 

Actinomycetes are well known to antagonize 
pathogens with chitinous cell walls like Fusarium 

spp. [Campbell, 1989]. Van der Spek [1968] 
reported the successful reduction of root rot 
severity in soils highly infested with F. solani by 
the use of Actinomyces spp. 

The aims of this study were: (i) to study the 
microbial composition, particularly that known to 
be associated with antagonism, of field soils with 
low (SLR) and high (SHR) receptivity to F. solani 
f. sp. pisi; (ii) to select potential antagonists and 
(iii) to assess their effects on disease suppression 
in naturally infested soil where Fsp occurred. 

Materials and methods 

The pathogen. In experiments with Fusarium 
solani f. sp. pisi (Fsp), a monosporic culture of the 
virulent isolate Fs48 (provided by Dr. J. M. Kraft, 
Washington State, USA) was used. The culture 
was maintained either on Carnation Leaf Agar 
(CLA) for immediate use or by lyophilisation. 

Soils. Soil samples with different abiotic and phy- 
topathological characteristics were used (Table 1). 
A water retention curve was available for each 
(disturbed) soil. A diversity of soil types and 

Table 1. Characterization of  field soil samples for their receptivity to Fusarium solani f.sp. pisi (SR; SLR = low, SHR = high), 
composition of root rot complex, disease index (DI), frequency of pea and legume cropping in field history, some abiotic char- 
acteristics of soils and soil type 

sample code SR Pathogens Root-rot DI b Frequency c ~ SoiP type 

Fs Ae Tb B F Pea Leg. C/N pH Or.m % Lime % 

CTF SLR + - + 0.5 - 0 0 26 7.6 2.3 7.7 hlo 
ROC SLR + 0.9 1.5 2 4 13 7.4 1.7 2.8 hlo 
MA1 SLR + 0.6 1.9 2 2 14 7.3 3.7 4.6 hcl 
CTE SHR + + - 5.0 4.0 10 10 23 7.3 2,3 7.7 hlo 
HA1 SHR + + - 4.4 2.5 2 2 13 7.5 3.5 4.9 hcl 
JON SHR + 3,7 1.3 3 3 16 7.5 2.0 4.0 slo 
BER SHR + - - 3.5 2.9 2 4 12 7.4 9.5 1.5 hcl 
HER SHR + - + 4.0 4.0 3 4 14 7.2 3.4 8.3 hlo 
HOE SHR + + - 4.0 1.4 1 5 12 7.5 2.1 4.0 11o 
HIL SHR + + - 3.5 1.2 2 5 15 7.4 3.2 1,0 slo 
DHO SHR + + - 4.1 0.7 2 3 15 7.4 2.0 7.8 hlo 
HUL SHR + + - 4.0 1.7 4 5 14 7.3 2.5 5.4 lcl 

Fs = Fusarium solani, Ae = Aphanomyces euteiches, Tb = Thielaviopsis basicola; presence = +, absence = - ,  
b The root rot severity was determined as disease index (DI) in bioassays (B) and in a pea crop in the field (F) during the last 

pea cropping year (1986-1987). 
c Frequency of pea and total legumes in the field during the last twenty years. 
o C/N = carbon/nitrogen ratio; Or.m % = percentage organic matter; Lime % = percentage carbonates. 

Soil type: hcl = heavy clay; hlo = heavy loam; lcl = light clay; 11o = light loam; slo = sandy loam. 
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pathogens producing a high level of root rot 
disease in peas was used to test antagonists. The 
presence of Fsp, the varying composition of the 
pea root rot pathogen complex and the difference 
in receptivity to Fsp were used as criteria for 
selecting the soils. A soil sample was considered 
to be highly receptive (SHR) if pea strongly 
responded to soil infestation with Fsp or if the 
sample had a high natural root rot inoculum poten- 
tial. The soils were part of a sample set from com- 
mercial fields used to investigate soil receptivity 
to pea root rot pathogenic fungi [Oyarzun et al., 
1994a]. 

Microbial populations in rh&osphere and roots of 
peas grown in soils with different receptivity 
levels. Fungi, bacteria and actinomycetes were 
enumerated from pea rhizosphere soils (rs) and in 
and on the roots (rhizoplane: rp), respectively. Soil 
samples with low (CTF, ROC, MA1) and high 
(CTE, HA1, JON, BER, HER, DHO, HUL, HIL, 
HOE) receptivity to Fsp [Oyarzun et al., 1994a] 
were examined. 

Four minipots (4 x 4 x 12 cm) were filled with 
a known amount of the sieved soil samples. Four 
surface-sterilized pea seeds, cv Allround, were 
sown at 1.5 cm depth. After sowing, soil water 
content was carefully raised to water holding 
capacity. The pots were placed in a dark growth 
room at 22 ~ until the plants had germinated. 
After emergence the pots were transferred to a 
climate room with an air temperature of 24/20 ~ 
(day/night), 12 h light at 90 W m -~ and 80% RH. 
Three weeks after sowing, the root system had 
almost completely invaded the soil, which was 
then considered to be a rhizosphere soil. For 
enumeration in the rhizosphere, the soil was 
separated from the roots in Erlenmeyer flasks 
containing 400 ml of 0.1% sterile sodium pyro- 
phosphate solution. Roots were then additionally 
washed in 100 ml 0.1% sodium pyrophosphate. 
This suspension was added to the former soil 
suspension and shaken on a rotary shaker for 
10 rain at 200 rpm. Tenfold serial dilutions of 
the suspensions were made with 0.1% sodium 
pyrophosphate and these were plated on culture 
media. 

For enumeration in the rhizoplane, roots were 
dried on filter paper and weighed, sampled 
for dry matter determination and macerated in 

0.1% sodium pyrophosphate (rate 1:10 w/v) in a 
Braun blender (maximum speed) for 2 min. Dry 
weight was determined after drying at 70 ~ for 
48 h. 

Appropriate dilutions were plated on the 
following media. Isolation of Fusarium spp. was 
performed on Selective Fusarium Agar (SFA) 
containing 20.0 g D-(+)-glucose, 0.5 g KHePO4, 
2.0 g NaNO3, 0.5 g MgSO4.7H20, 20.0 g agar, 25 
mg dichloran (Allisan, 50% a.i.), 100 mg strepto- 
mycin, 10 mg tetracyclin, in 1 1 de-ionized water 
[Burgess and Liddell, 1983]. Trichoderma and 
Gliocladium spp were detected on Selective 
Solidified Medium (SGM) made of 39 g PDA, 
50 mg chloramphenicol, 2 ml triton X-100, 500 
mg sodium-propionate, 100 mg fongilan (50% 
furalaxyl) in 1 1 de-ionized water. Tryptone Soya 
Agar (TSA) at 1/10 strength was used for the total 
bacterial counts [Lawley et al., 1983]. Fluorescent 
pseudomonads were detected on Gould's S1 
medium [Gould et al., 1985] and colonies enu- 
merated under near UV (365 nm). The Chitin 
Oatmeal Agar (COA) method [Miller et al., 1989] 
was used for the isolation and counts of actino- 
mycetes. Gould's S 1 and fungus media were incu- 
bated at 24 ~ and scored after 7 days. Other 
media were incubated for 10 days at 20 ~ 

Selection of candidate antagonists. From the rhi- 
zosphere and the rhizoplane, numerous fluorescent 
pseudomonads and actinomycete colonies were 
selected at random and purified by subculturing. 
Fungal colonies showing antibiosis were selected 
in addition to random selections. Fungal isolates 
originated from SLR only. 

Various isolates of actinomycetes and pseudo- 
monads, originating from soil samples with dif- 
ferent levels of receptivity to Fsp, other than those 
characterized in Table 1, were additionally used 
for these experiments. 

Actinomycetes were kept in COA. Fluorescent 
bacteria were transferred to 10% Tryptone Soya 
Broth (Oxoid) containing 10% glycerol and frozen 
to -80 ~ until use. 

In vitro antagonism to E solani f sp. pisi 

Fungi. Twenty-one isolates from SLR samples 
were tested against Fs48 in Petri dishes. Fsp was 
grown for 2 weeks on Czapek Dox agar (CDA; 
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33.4 g Czapek Dox Medium (Oxoid) and 20 g agar 
in 1 1 de-ionized water) at 25 ~ under near UV 
(365 nm). Other fungal isolates were grown on 
PDA (39.0 g PDA (Oxoid) in 1 1 de-ionized water) 
for 7 days at 25 ~ Mycelial disks of 5 mm were 
taken from the edge of vigorously growing 
colonies and placed on Malt Agar (MA) in two 
ways: (i) antagonist and pathogen next to each 
other in the middle of the Petri dish ('juxta 
position'), (ii) the two fungi 2.5 cm from each 
other ('dual culture'). All combinations were repli- 
cated four times. An angular interaction and 
inhibition of mycelial growth was calculated 
[Lechappe et al., 1988] after an incubation 
period of 8 days. Monosporic cultures of fungal 
isolates were sent to the Centraalbureau voor 
Schimmelcultures, CBS, at Baarn for final identi- 
fication. 

Bacteria. Twenty-three isolates of fluorescent 
pseudomonads were subcultured on King's B 
medium, KBM [King et al., 1954] and individu- 
ally tested for their ability to inhibit the mycelial 
growth and spore germination of Fs48 on agar 
plates of KBM. Three equidistant agar disks 
(5 mm diameter) of the candidate antagonists 
were placed in a Petri dish containing KBM and 
incubated for 48 h at 25 ~ before adding the 
pathogen. The addition of Fs48 was performed in 
two ways, (i) a mycelial disk of the pathogen 
grown on CDA was placed in the centre of the 
plate (2 cm from the antagonist disks) and (ii) 
about 0.5 ml of Fs48 spore suspension, adjusted 
to 5 • 10 4 spores m1-1, was evenly sprayed onto 
the medium. The tests were replicated four times 
and incubated at 25 ~ After six days, the size 
of a zone of growth or germination inhibition was 
scored. 

Actinomycetes. Thirty-one isolates were tested 
for their ability to inhibit spore germination of 
Fs48 on COA medium. The confrontation was 
made as described above for fluorescent pseudo- 
monads. 

Antagonism in soil. Due to insufficient inoculum, 
actinomycete isolates and some fungal species like 
Mortierella, were not further tested in soil. In all 
experiments, antagonists were evaluated for their 
ability to reduce root rot and their effect on plant 
weight. 

Fungal antagonism in soil. Nine fungal isolates 
were selected for antagonism against naturally 
present Fsp or against Fs48 introduced into the 
soils after sterilization. Inoculum of the pathogen 
was obtained from Petri dishes containing CDA, 
incubated at 25 ~ under black light for three 
weeks. A mixture of macro- and microconidia was 
suspended in sterilized de-ionized water, filtered 
through cheese cloth and adjusted to the proper 
concentration. 

Experiment 1. Samples of three soils (CTE, 
HA1, JON), sterilized by y-radiation (4 Mrad) and 
non-sterilized, were used. Moist soil samples used 
in this experiment were stored at 4 ~ for a period 
of longer than one year. 

Isolates used in this experiment were: 
Gliocladium roseum Grl, Gr2, Gr3; Penicillium 
aurantiogriseum (Pa); Penicillium cf. griseo- 
fulvum (Pg); Fusarium oxysporum (Fol, Fo2, Fo3) 
and Fusarium culmorum (Fc). Inoculum was 
prepared by growing Gliocladium and Fusarium 
on PDA for 18, respectively 10 days at 25 ~ 
Penicillium was grown on MA at 25 ~ for 10 
days. Conidia were suspended in sterilized de- 
ionized water, filtered through cheese cloth and 
adjusted to the desired concentration. 

The soil samples were infested with 105, 4 x 105 
or  10 6 spores g-J of dry soil for Fusarium, 
Gliocladium and P enicillium isolates, respectively. 
The conidial suspensions were atomized onto the 
soil. As a control, part of each soil sample, ster- 
ilized and non-sterilized, was treated with sterile 
water. The soil samples were incubated for 15 days 
in darkness at 22 ~ Then, Fs48 was added to the 
sterilized soil at 10 4 spores g-1 dry weight. 

Two pea seeds, cv. Allround, were sown in 
minipots (2 • 4 • 12 cm) at 1.5 cm depth. After 
emergence, the pots were placed in tanks and 
randomized over five blocks in a split-split-plot 
design with soil conditions (sterilized/non-steril- 
ized) as main plots and soils as subplots. The 
experiment lasted one month in a semi-automatic 
test device described earlier [Oyarzun et al., 
1994b] under the same experimental conditions as 
described above. 

Plants were harvested by cutting them off at 
soil level. All roots were cleaned with running 
tap water and assessed for symptoms of root rot 
(disease index) on a scale from 0 = no necroses 
to 5 -- 100% necrotic roots [Oyarzun, 1991]. Fresh 



weight was determined, a number of roots sampled 
to determine the dry weight and the rest used to 
study colonization. 

To study the colonization of pea roots by the 
pathogen and its antagonists, a sample of three 
roots per treatment was surface-sterilized for 3 
min in 0.5% sodium hypochlorite with 5% ethanol 
and rinsed three times in sterile water. The roots 
were placed in sterile de-ionized water ( l : l  0 w/v) 
and blended for 2 rain in a Braun blender 
(maximum speed). The suspension was filtered 
through cheese cloth. Serial dilutions were plated 
in triplicate on PDA for the enumeration of colony 
forming units (cfu). 

Experiment 2. G. roseum isolates Grl, Gr2 and 
Gr3, were further tested in natural soils. Prior to 
this experiment the soil biota were activated by 
growing peas in containers with 25 kg of soil for 
45 days. The resulting condition of the soil is 
termed 'activated'. To account for the nutrients 
removed by the plants, the soil was slightly fer- 
tilized. The plants were uprooted and the soil was 
gently dried and sieved through a 4 mm mesh 
screen. 

Spore suspensions of the antagonists were 
prepared and added to the soils as described pre- 
viously. The isolates were introduced into the soils 
CTE, HA1, JON, BER and HER at 10 6 spores g-i 
dry soil. 

Experiment 3. Experiment two was repeated 
with soils HER, HIL and HOE, at 10 7 spores g-~ 
dry soil. Experimental conditions and treatments 
were as described before. The design was a split- 
plot with soils as mainplots and Gliocladium 
isolates as the subplots. Treatments were repli- 
cated four times and objects randomized in blocks. 

Bacterial antagonism in soil. Fluorescent pseudo- 
monads were tested for their ability to control root 
rot in naturally infested soil by seed-coating and 
by addition to soil. 

The bacteria were grown on fresh KMB agar 
in Petri dishes, which were inoculated by flooding 
with 5 ml of a turbid suspension. Plates were incu- 
bated at 25 ~ for 2 days and bacteria were 
washed from the agar surface with 5 ml sterile 
water. The bacterial cell number was determined 
by measuring the optical density of the suspension 
at 620-630 nm. Parallel to this measurement the 
suspension was used for a plate-count. A calibra- 
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tion curve of the density was calculated and the 
inoculum density was adjusted. 

Seed coating. For seed coating, pea seeds were 
surface-sterilized, rinsed in sterilized water and 
dried overnight under a sterile air stream. A bac- 
terial suspension of 2 x 109 cfu ml -~ was diluted 
with 1% methylcellulose (1:1 v/v) to a final 
inoculum density of 1 x 10 9. The resulting sus- 
pension was mixed with pea seeds (5 ml of the 
suspension per 10 g of seed). The control con- 
sisted of seed coated with rnethylcellulose only. 
Coated seeds were placed in a Petri dish and dried 
overnight under a sterile air stream. The number 
of colony forming units was determined by mac- 
erating 10 seeds in a mortar and pestle with 100 
ml of phosphate buffer (pH 7.2) and plating 0.1 
ml of appropriate dilutions of the homogenate on 
KMB. Coated seeds contained about 108 cfu per 
seed. 

Three soils were used, HA1, HER and JON, 
representing Fsp + Aphanomyces euteiches (Ae), 
Fsp + Thielaviopsis basicola (Tb) and Fsp alone 
respectively. Sowing, statistical design and exper- 
imental conditions were as described for the 
experiment with G. roseum in natural soil. 

Soil application. In this experiment, bacterial sus- 
pensions (108 cfu g-I dry soil) were added to the 
soils HER, DHO and HUL by atomizing the sus- 
pensions. Pea seeds were sown immediately. Soils 
DHO and HUL were both naturally infested with 
Fsp and Ae. The experimental conditions were not 
changed. As a control, soil was treated with sterile 
water. 

Statistical analysis. Analysis of variance was 
carried out with the statistical program Statistix 
[Anonymous, 1985]. Least significant differences 
(LSD) were calculated at a significance level of 
P = 0.05. Inhibition values of growth or germina- 
tion at 0 and 100% were excluded from the 
analysis. If trended residuals were present and the 
range of percentages exceeded 40 an arcsin ~/x 
transformation was used [Little and Hills, 1979]. 
Unless otherwise stated, means are averages of 
four replicates. Numbers of micro-organisms in 
soil or roots were compared by analysis of 
variance after logio(x + 1) transformation. 
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Results 

Microbial populations in rhizosphere and roots of  
peas grown in soils with different receptivity 
levels. The microbial populations in soils of low 
and high receptivity to Fsp showed some differ- 
ences (Table 2 A, B). In the rhizoplane, the 
number of Fo was highest in ROC, one of the soils 
in the SLR group. The highest number of 
Fusarium spp and actinomycetes were present in 
the rhizoplane of plants in MA1. The number of 
total bacteria, including fluorescent pseudomonads 
and of Gliocladium and Penicillium were below 
the detection level of 10  -4 in the SLR group. In 
contrast, the number of these species was some- 
times high in the rhizoplane of plants in the group 
of SHR. F. solani was well represented in the rhi- 
zoplane in conducive soils but also in two of the 
three soils in the SLR group. 

In the rhizosphere, the highest number of actin- 

omycetes and of Fusarium spp. and F. oxysporum, 
respectively, was observed in CTF and ROC 
(Table 2B). Both soils belong to the SLR group. 
Bacteria as well as Gliocladium and Penicillium 
were clearly present in SLR. In contrast with the 
results in the rhizoplane, bacteria in the rhizos- 
phere of SLR were the highest. In general, species 
of Fusarium and Gliocladium were well repre- 
sented in the rhizosphere of SHR. 

In vitro antagonism to E solani f sp. pisi 

Fungi. Of the 21 fungal isolates tested for antag- 
onism to Fs48, 11 inhibited the mycelial growth 
of the pathogen in dual culture or juxta position 
(Table 3). In dual culture, a pre-contact growth 
reduction of Fs48 was observed by the Penicillium 
isolates only. In this test, isolates of G. roseum 
produced discoloration and disturbance of the 
Fs48 colony. The growth inhibitory effects were 

Table 2. Number  of colonies ~ in the rhizoplane (A) and the rhizosphere (B) of  21-day-old pea plants, grown in soil of  low and 
high receptivity to Fusarium solani f. sp. pisi. The populations were enumerated  by the dilution plate method 

(A) Soil sample 

low receptivity (SLR) h igh receptivity (SHR) 

Isolates CTF ROC MA1 CTE HA1 JON BER HER DHO HUL HIL HOE 

F. solani 91 abcd 50 bcde * 18 bcde 9 ef  
F. oxysporum 60 b 690 a 28 b nd nd 
Other Fusarium nd 5 cd 188 a nd nd 
Gliocladium sp nd nd nd nd nd 
Penicillium sp nd nd nd nd nd 
Total bacteria * * * * 1 de 

Total pseudomonads  2 de * 1 de * 2 ef  
Fluorescent  psd. * * * * * 
Act inomycetes  35 ab 5 ef  48 a 11 cde 10 f 

(B) 
F. solani 7 c 6 c 7 c 8 bc 21 ab 
F. oxysporum 3 ab 5 a 3 ab 1 bc 1 bc 
Other Fusarium nd 8 a 4 abc 3 bcd 6 ab 
Gliocladium sp 4 abc 2 cd nd 2 cd 4 abc 
Penicillium sp nd 1 c 15 a 2 cd 6 b 
Total bacteria 63 a 6 c 20 b 3 d 2 e 
Total pseudomonads  20 a * * 3 b 1 bc 
Fluorescent  psd. 3 b * * 1 bc * 
Act inomycetes  21 a * 2 c 4 b * 

1 6 6 a  6 d e f  5 0 a b c  5 0 a b c  6 8 a b  11 cde * 
nd 11 bc 8 bc 25 b nd 5 bc nd 
nd 2 c d  nd 8 b c  1 4 b  2 c d  nd 

18 b nd 50 a 37 a 7 b nd nd 
3 a b  1 5 a  nd nd nd 2 a b  nd 
5 c  2 4 b  5 6 a  5 4 a  2 7 b  2 0 b  2 d  
4 d  2 1 b  * 1 5 0 a  11 c 8 c  * 
1 bc 21 a * 1 bc 1 b * * 
7 d e f  5 e l  1 4 a b c  1 6 a b  1 3 c d e  3 f g  1 g 

2 5 a  5 c  7 c  6 c  10abc  l d  l d  
l b c  l b c  nd l b c  2 a b  l b c  nd 
1 de 1 d e  nd 3 b c d  2 c d e  2 c d e  2 c d e  
4 a b c  2 b c d  nd 11 abc 1 3 a  9 a b  4 b c d  
2 b c  nd nd n d c  1 c 2 b c  4 b  
I f  4 c d  5 c  5 c d  2 e  * * 
2 b  2 b  7 b  1 2 a  2 2 a  * * 
�9 2 b  7 b  l b c  7 a  * * 
3 b  l c  4 b  * l d  l d  * 

Number  of colonies of: fungi 104, pseudomonads  106, bacteria 108 and act inomycetes  108 g-~ of root dry weight. 
nd: not detected at the selected dilution, Data were statistically analyzed by A N O V A  after logL0(x + 1) transformation.  
Row values followed by the same letter are not significantly different  (P < 0.05, based on LSD). The * represent averages less 

than 0.5 colonies at the selected dilution, which were ignored. 
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Table 3. In vitro inhibition (% of control) of mycelial growth 
of Fusarium solani f. sp. pisi (Fs48) in dual culture and in 
juxtaposition by various fungi isolated from rhizosphere (rs) 
or rhizoplane (rp) of pea in soils of low receptivity to Fsp. 
Observations were made 6 days after incubation on MA 

Candidate Source of Test 
antagonists isolates 

dual culture juxtaposition 

Penicillium CTF rs a 21 b 98 a 
aurantiogriseum 
P. griseofulvum ROC rs 20 b 0 
Mortierella sp ROC rs 0 50 c 
Mortierella sp MA1 rs 0 62 bc 
Fusarium oxysporum CTF rs 0 44 c 
F. oxysporum ROC rp 0 25 d 
F. oxysporum MAI rs 0 19 d 
F. culmorum MA1 rp 32 a 70 b 
Gliocladium roseum CTF rs 3 c 0 
G. roseum ROC rs 3 c 0 
G. roseum ROC rp 3 c 0 

a Soil code. 
For each test, values followed by the same letter(s) are not 
significantly different (P <_ 0.05, basd on LSD). 0 values was 
ignored. 

slight. No effects were found in juxta position. In 
juxtaposition only, the F. oxysporum isolates were 
able to reduce the growth of Fs48. 

Bacteria. Nineteen of the 23 fluorescent pseudo- 
monad isolates significantly inhibited mycelial 
growth of Fo48 (Fig. 1). When the spore suspen- 
sion was sprayed, no germination of Fs48 occurred 
in 14 cases, whereas in all other cases a zone of 
spore inhibition of variable size occurred. 

Actinomycetes. Thirty of the 31 isolates sig- 
nificantly reduced the spore germination of Fs48 
(P < 0.05; data not shown). 

Fs48 was inhibited by the different actino- 
mycetes and fluorescent pseudomonad isolates, 
irrespective of the receptivity of the soil from 
which they were isolated. 

Fungal antagonism in soil 

Experiment  1. Infestation of the sterilized soils 
CTE, HA1 and JON with Fs48 led to severe root 
rot disease similar to that caused by Fsp and other 
naturally occurring root-rot pathogens in non- 
sterilized soils (Table 4). The disease severity was 

significantly reduced by all isolates tested after 
introduction into the non-sterilized soils. 

In sterilized soils, the disease reduction was 
always significantly less than in non-sterilized 
soil. The three isolates of F. oxysporum were able 
to reduce the root-rot severity in the sterilized soil 
HA1 significantly. Fol and Fo2 were effective in 
JON soil and only Fo2 reduced root necrosis in 
CTE. These disease reductions were not reflected 
in the plant dry matter weight (Table 4). Plants 
grown under these treatments showed poorly 
developed roots. F. culmorum caused rotting of 
most seeds and is not represented in the tables. 

With the exception of P. aurantiogriseum in soil 
HA1, no reduction of root-rot caused by Fs48 was 
achieved by Penicillium isolates. Penicillium spp 
did not cause an increase in dry matter. 

The most consistent disease reduction was 
obtained with isolates belonging to G. roseum, 
with a positive effect (P < 0.05) on total plant dry 
weight (Table 4) and root dry weight (P < 0.05; 
data not shown). 

From plants grown in soils infested with G. 
roseum and Fs48, neither of these fungi could be 
isolated from inside the roots, but Fs48 was 
frequently recovered from plants grown in soil 
treated with the other species (data not shown). 

Exper iment  2. Gliocladium roseum. In this 
experiment G. roseum isolates, Grl, Gr2 and Gr3 
were introduced into naturally infested, 'activated' 
soils (CTE, HA1, JON, HER and BER) at 106 

spores g-1 dry soil. Under such conditions, the sup- 
pressive effect of the G. roseum isolates was neg- 
ligible. Only in soil JON was significantly less 
root rot found than the control (Fig. 2). The dry 
weight of plants correspondingly increased (P < 
0.05). For the three G. roseum isolates, the plant 
dry weight did not differ from the control grown 
in sterilized soil. 

Experiment  3. A t  an inoculum density of l07 

spores g-~ dry soil, the isolates of G. roseum sig- 
nificantly antagonized the indigenous root rot 
pathogens, but their efficacy depended on the soil 
(P < 0.05) as illustrated in Fig. 3. In addition, the 
isolates increased the dry weight of peas in all 
three tested soil (P _< 0.05; data not shown). Figure 
4 illustrates the root rot alleviation by G. roseum 
isolates. 
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Fig. I. In vitro inhibition of mycelial growth (as percentage of the control) of Fusarium solani f.sp. pisi, Fs48, by fluorescent 
pseudomonad isolates originating from soils with low (SLR), moderate (SMR) and high (SHR) receptivity to Fs48. Significant 
differences are indicated by different letters above columns (P < 0.05, based on LSD). 

Table 4. Antagonistic effects of fungal isolates on (A) the root rot severity (DI, 0 = healthy, 5 = 100% necrotic roots) and (B) 
plant dry weight (g) of pea grown in sterilized (st) soils artificially infested with Fusarium solani f.sp. pisi (Fs48 104 spores.g -~ 
dry soil) and in non-sterilized soils (n.st) highly infested with root-rot pathogens 

Antagonists a 

Sample Soil Grl Gr2 Gr3 Pa Pg Fol Fo2 Fo3 Ref 
code condition 

A CTE st 1.66 1.94 2.92 4.02 4.14 4.05 3.62 4.20 4.44 
n.st 0.16 0.16 0.20 0.26 1.58 0.32 0.30 0.50 4.34 

JON st 1.68 2.24 3,06 4.39 4.63 3.76 3.88 4.02 4.38 
n.st 0.34 0.42 0.36 0.42 0.70 0.42 0.66 1.08 4.14 

HA1 st 0.38 0.62 0.46 3.12 4.00 3.57 2.92 2.68 4.40 
n.st 0.14 0.32 0.24 0.14 0.20 0.68 0.38 1.52 4.26 

B CTE st 1.05 0.98 1.10 0.65 0.69 0.60 0.62 0.58 0.71 
n.st 0.93 0.79 0.80 0.72 0.73 0.72 0.77 0.65 0.76 

JON st 1.06 0,93 0.93 0.40 0.54 0.53 0.79 0.71 0.69 
n.st 0.91 0.97 0.98 0.82 0.84 0.86 0.76 0.65 0.77 

HAl st 1.06 0.93 1.00 0.68 0.67 0.47 0.70 0.70 0.67 
n.st 1.06 0.86 0.89 0.83 0.83 0.54 0.80 0.55 0.51 

LSDI: 0.55; LSD2:0.15 

" Antagonist species are G. roseum = Grl,  Gr2, Gr3; Penicillium aurantiogriseum (Pa), Penicillium griseofulvum (Pg), Fusarium 
oxysporum = Fol,  Fo2, Fo3. Ref st = sterile soil with Fs48; Ref n.st, non sterilized soil containing Fsp and other root rot pathogens. 
LSD 1 valid for all comparsons of DI; LSD z valid for all comparisons of dry weight (P _< 0.05). 
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Fig. 4. Root rot symptoms of pea plants growing in a highly infested soil (GI7 = HOE) without (left plant) and with incorpora- 
tion of Gliocladium isolates (+Grl, +Gr2, +Gr3) to the soil. 

Bacterial antagonism in soil D i s c u s s i o n  

Seed coating. When applied as a seed coating, 
none of the 23 bacterial isolates reduced the 
disease severity in the soils HER and BER. 
However, in soil JON, treatment with isolates 1, 
2 and 6 (from SLR), 7 (from SHR) and 8 and 11 
(from a soil with moderate receptiveness, SMR) 
led to a significantly lower root rot severity (Fig. 
5a). Other isolates showed no antagonism (data 
not shown). The isolates 2, 6, 7, 11 increased shoot 
and root dry weight, while isolate 8 only increased 
the root dry weight (P < 0.05). 

Soil application. In this experiment the soils HER, 
DHO and HUL were treated with a bacterial 
suspension. In the soils HER and HUL none of 
the tested isolates significantly reduced disease 
severity, but in soil DHO some isolates were effec- 
tive. Some of these were different from those 
effective with seed coating in JON. The isolates 
1, 2, 7 did not antagonize successfully, but the 
isolates 3, 12 and 16 in addition to 6, 8 and 11 
showed good control (Fig. 5b). The isolates 8 
and 12 significantly increased plant dry weight, 
whereas the isolates 6 and 16 increased the stem 
weight only. 

Microbial populations in soils with different recep- 
tivity. This study showed quantitative and quali- 
tative differences between the microflora of soils 
of low (SLR) and high receptivity (SHR) to Fsp. 

The high number of Fs in the rhizoplane of two 
SLR was remarkable. In SLR, Fs did not or hardly 
provoked root rot. Therefore, Fs was saprophytic, 
even antagonistic or if pathogenic, inhibited in its 
ability to cause disease. F. oxysporum was most 
abundant in SLR samples, in particular in the rhi- 
zoplane of ROC (Table 2A). This is consistent 
with observations made in Fusarium wilt sup- 
pressive soils [Alabouvette et al., t982]. 

The high number of bacteria in the rhizosphere 
of SLR was in contrast with their virtual absence 
in the rhizoplane. The opposite occurred in SHR. 
The high number of bacteria in the rhizoplane of 
SHR may be associated with saprophytic growth 
on diseased roots. 

The highest number of Penicillium and aetino- 
mycetes was found in the pea rhizosphere of SLR, 
but their abundance was soil dependent. In the pea 
rhizoplane of SLR, actinomycete populations were 
consistently high, in contrast to the virtual absence 
of fluorescent pseudomonads and Gliocladium 
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spp. In fact, the last two species were often present 
in SHR, indicating that they were not able to 
inhibit the pathogenic activity of Fsp and related 
root rot pathogens. 

In vitro antagonism to F. solani f .  sp. pisi. All 
fungal isolates selected from SLR affected the 
growth of Fs48 on agar, but in different ways. F. 
culmorum overgrew it, especially in juxtaposition 
tests where competition for nutrients starts imme- 
diately after putting both fungi on the artificial 
substrate. The pre-contact growth reduction of 
Fs48 by Penicillium spp. suggests antibiotics are 
involved. With G. roseum isolates in dual culture, 
the discoloured mycelial inhibition zone in Fs48 
might be due to enzymes or toxins which work 
over a short distance [Barnet and Lilly, 1962] and 
cause the death of the pathogen. The most relevant 
effect of G. roseum was caused by its ability to 
locally interfere with the colonies of Fs48 by post- 
contact antagonism, as was suggested for this 
species by Deacon and Berry [1992]. F. oxysporum 
isolates were able to reduce the growth of Fs48 
in juxtaposition only. This indicates a better sapro- 
phytic ability of Fo on the artificial substrate. 

The lack of relationship between the receptivity 
of the soils from which fluorescent pseudomonads 
and actinomycetes were isolated and their antag- 
onistic ability in the in vitro tests, suggests that 
in the SHR some factor(s) impede or invalidate 
their antagonism. The relatively large number of 
isolates of these species showing antagonistic 
activity stresses their potential importance in bio- 
logical control. 

Fungal antagonism in soil. In the first experiment, 
the disease suppression by fungal antagonists was 
more successful in naturally infested soils with a 
complex of root rot pathogens than in sterilized 
soil which was infested with Fs48 only. The strong 
reduction of root rot in naturally infested soils was 
remarkable. Probably the freshly cultured antago- 
nists had a higher energy status than the indige- 
nous pathogenic microflora of the soil samples, 
favouring the antagonist when plant energy was 
becoming available. However, no change in the 
receptivity has been observed in samples stored 
for a year [Alabouvette et al., 1979]. 

The antagonistic activity of G. roseum isolates 
in sterilized and in naturally infested soil was 

clear. The absence of Fs48 from pea roots after 
surface sterilization may be a result of the ability 
of G. roseum to inactivate Fs48. Berry and Deacon 
[1992] pointed out that this antagonistic behaviour 
of G. roseum would enable it to reduce competi- 
tion for the underlying substrate and suit its role 
as a secondary colonizer of organic substrates. 
Although the effect of the three isolates in 
increasing plant dry weight was similar on the 
tested soils (P _< 0.05), their effect on root rot 
severity was soil dependent. 

Despite a significantly reduced disease severity 
of plants grown in naturally infested soil treated 
with Penicillium and F. oxysporum, these species 
did not enhance plant dry matter weight. The root 
system was less dense, but this was not accompa- 
nied by necrosis. 17. culmorum, which in vitro 
tests completely inhibited Fs48, severely attacked 
the pea seeds in the soil. The few plants which 
'escaped', grew vigorously and were healthy. 

In the experiment where the natural microflora 
was activated by previous pea cropping, soft rot 
became dominant in soils CTE and HA1 and G. 
roseum isolates did not suppress root rot as in the 
first experiment, despite the higher density of the 
antagonist used. G. roseum isolates were still able 
to control root rot in one of the three soils, JON. 

In the next experiment, a successful control was 
obtained by increasing the density (107 spores g-l 
dry soil) of the three G. roseum isolates in the 
activated soils, HER, HIL and HOE. In HER, the 
pathogen T. basicola causing black rot occurred 
besides Fsp, whereas the other two soils were also 
infested with A. euteiches. This density effect sug- 
gested that a 'no escape' condition is required for 
an effective control of the pathogenic microflora, 
including soft rot causing pathogens. Oyarzun et 
al. [1994b] reported that selective control of one 
individual pathogen might create an ecological 
vacuum, which possibly stimulates the activity of 
other pathogens. The observed antagonistic effects 
of G. roseum suggest that a high dose may help 
to overcome 'disease trading'. 

Bacterial antagonism in soil. The control of root 
rot by fluorescent pseudomonads depended on the 
soil used. The ability of pseudomonad isolates to 
suppress root rot did not correlate with the recep- 
tivity of the soil from which they originated. 

Factors such as soil water availability, soluble 



Ca, pH and soil type have important implications 
for soil receptivity and the role of pseudomonads 
as antagonists [Rovira et al., 1992]. Under our 
experimental conditions, soil water was main- 
tained at a high level and pH of the soils ranged 
from neutral to alkaline, conditions favourable to 
bacteria. The differences between isolates in 
reducing disease when used as seed or soil treat- 
ment, indicate that place and energy supply for the 
antagonist and competitive ability in respect to the 
other microflora also determine their effectiveness. 
Isolate 8, however, was highly effective in con- 
trolling root rot in pea both as soil application and 
as seed coating. 

When the bacteria were coated onto seed, 
isolates of fluorescent pseudomonads successfully 
controlled root rot in soil JON, where Fsp was 
typically occurring singly. In HER, with a domi- 
nant population of Z basicola, no disease sup- 
pression was observed by seed or by soil 
applications. This is in contrast to the frequent 
reports of good control of T. basicola by 
Pseudomonas [D6fago et al., 1990; Parke, 1991; 
Reddy and Patrick, 1992; Rovira et al., 1992]. In 
soil applications, antagonism was also observed in 
soil DHO which had a remarkably high carbonate 
content (7.8%) and a high initial population of 
Pseudomonas spp. The latter suggests that a high 
dose might be necessary to obtain an effect. Tu 
[1992] found a strong development of a sapro- 
phytic bacterial population after liming the soil 
and consequently pea root rot intensity was 
reduced. 

Concluding remarks. We are aware that screening 
antagonists in vitro does not necessarily predict 
their performance in natural conditions. Biocontrol 
agents are living entities with particular needs 
and ecological requirements. In our study, various 
of the selected antagonists were effective in 
more complicated conditions. Several species were 
very antagonistic in vitro, particularly species 
of actinomycetes and Mortierella. Insufficient 
inoculum production of these species impeded 
further experiments. 

Our experiments confirmed that the dose of the 
antagonists and the opportunities for competition 
influenced their effectiveness. The soil clearly 
affected the ability of isolates to suppress root rot. 
These findings support the opinion of Moore et al. 
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[1983], that the development of disease suppres- 
sion depends on the relative receptiveness of the 
soil to the microbiological entities. 

The lack of relation between the antagonistic 
activity of Pseudomonas isolates and the recep- 
tivity of the soil from which they originate seems 
to invalidate the preferred use of SLR to obtain 
antagonists. Antagonists can also be obtained from 
highly receptive soils. Ineffective isolates obtained 
from SLR are not or not singly responsible for low 
receptivity. Therefore, to successfully control soil- 
borne pathogens in pea, it is necessary, after selec- 
tion of antagonists in the laboratory, to develop 
the application and management of biocontrol 
systems on a case by case basis, taking into 
account the natural soil receptivity to pathogens 
and antagonists. 
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