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Stem canker and black scurf are diseases of potato caused by the fungus 

 

Rhizoctonia solani

 

. Spatiotemporal experimentation
and empirical modelling were applied for the first time to investigate the effect of antagonistic 

 

Trichoderma harzianum

 

on the dynamics of soilborne 

 

R. solani

 

 on individual potato plants. 

 

Trichoderma harzianum

 

 reduced the severity of symptoms,
expressed as ‘rhizoctonia stem lesion index’ (RSI), during the first 7 days post-inoculation when the inoculum of 

 

R. solani

 

was placed at certain distances (30–60 mm) from the host. For example, with inoculum at 40 mm from the host, RSI
was 6 and 40 with and without 

 

T. harzianum

 

, respectively. At later observation times, the antagonistic effect was
overcome. 

 

Trichoderma harzianum

 

 reduced the severity of black scurf on progeny tubers. Furthermore, the mean
number of progeny tubers per potato plant was reduced by the biocontrol treatment (means of 6·5 

 

±

 

 1·1 and 9·9 

 

±

 

 2·7
tubers per plant with and without 

 

T. harzianum

 

, respectively), as was the proportion of small (0·1–20·0 g) tubers (48%
and 66% with and without 

 

T. harzianum

 

, respectively). Additionally, there were fewer malformed and green-coloured
tubers in pots treated with 

 

T. harzianum

 

 than in those without 

 

T. harzianum

 

.
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Introduction

 

Stem canker and black scurf represent an economically
important disease complex of potato (

 

Solanum tuberosum

 

)
caused by the soilborne fungal plant pathogen 

 

Rhizoctonia
solani

 

 (teleomorph: 

 

Thanatephorus cucumeris

 

). 

 

Rhizoctonia
solani

 

 is carried over to the next growing season as sclerotia
(black scurf) on tubers and in soil. The disease is initially
manifested as lesions on potato sprouts and sometimes
death of sprouts, and as dark brown stem canker lesions
on underground stems of the potato plant and on devel-
oping stolons (Banville 

 

et al

 

., 1996). Black scurf develops
on progeny tubers later in the growing season. As a
consequence of this complex disease, malformed tubers
and changes in tuber size and number are often reported
(Banville, 1989; Read 

 

et al

 

., 1989), which may result in
considerable reduction in marketable yield (Weinhold

 

et al

 

., 1982; Banville, 1989).
While the tuber-borne inoculum of 

 

R. solani

 

 may be the
main source of infection, it can be efficiently controlled by
dressing seed tubers with fungicides (Hide & Cayley,
1982). However, the importance of soilborne inoculum is

also recognized (Frank & Leach, 1980; Tsror & Peretz-Alon,
2005), but less studied. Fungicide treatments applied to
seed tubers or soil may not provide effective control
against soilborne inoculum, especially in the case of high
levels of initial inoculum (Jager & Velvis, 1985; Brewer &
Larkin, 2005; Tsror & Peretz-Alon, 2005).

Biological control of 

 

R. solani

 

 by the soilborne fungus

 

Trichoderma harzianum

 

 and other members of the genus

 

Trichoderma

 

 is well known (Papavizas, 1985; Harman,
2006) and has been reported for infections of potato by

 

R. solani

 

 (e.g. Beagle-Ristaino & Papavizas, 1985; Tsror

 

et al

 

., 2001; Brewer & Larkin, 2005). Experimentation
has often concentrated on measuring the effect of biolog-
ical control agents (BCA) at a single time point or only on
a few observations of disease over time, usually at harvest.
This strategy gives valuable information on the effectiveness
of disease control and can be used to compare treatments,
but it gives little insight into developments during the grow-
ing season (Paulitz, 2000; Gilligan, 2002). More specifically,
it does not identify the phase at which the BCA is able to
control the pathogen or fails (Gilligan, 2002). More detailed
approaches are needed for the analysis of spatiotemporal
disease progress in the presence of the BCA.

In this study, the effect of the antagonistic fungus

 

T. harzianum

 

 on stem canker and black scurf of potato
was determined in a pot experiment. The aim was to use
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a combination of experiments and empirical modelling of
data to quantify and analyse the effect of the BCA on the
development of stem canker, both temporally and spatially,
on individual potato plants. This was done because stem
canker, although occurring early in the growing season,
may affect yield through reduced nutrient transport
within the plant (Hide & Cayley, 1982; Read 

 

et al

 

., 1989;
Scholte, 1989). An approach was adapted resembling that
of Bailey & Gilligan (1997), who used the pathozone
concept (i.e. the volume of soil surrounding a subterranean
plant organ within which the pathogen propagule must
occur if it is to have any chance of infecting the organ;
Gilligan, 1985) to quantify the spatiotemporal effect of
antagonistic 

 

Trichoderma viride

 

 on primary infection of
radish by 

 

R. solani

 

.

 

Materials and methods

 

Inoculum preparation

 

An isolate of 

 

R. solani

 

 [isolate R11, anastomosis group
(AG) 3] was obtained from a stem canker lesion of the
potato cultivar Posmo (Lammi, Finland). Inoculum was
prepared by adding 250 g quinoa seed (

 

Chenopodium
quinoa

 

), 500 g quartz sand (grade 0·5–1·2 mm, Optiroc
Ltd) and 275 mL reverse osmosis water into a bottle (1 L).
The bottle was sterilized by autoclaving for 1 h at 121

 

°

 

C.
The autoclaving was repeated once after 24 h. Pieces of
agar (10 mm in diameter) cut from the growing edge of a
5-day-old colony of 

 

R. solani

 

 grown on potato dextrose
agar were added into the bottle, which was then incubated
in the dark at 22

 

°

 

C for 3 weeks. The bottle was shaken
daily to ensure even colonization of the seeds by the
fungus. Following incubation, and immediately before
use, the inoculum was diluted with non-sterile moist
quartz sand at a ratio of 1:1 by weight in order to reduce
the high initial inoculum density of 

 

R. solani

 

.
For the inoculum of 

 

T. harzianum

 

, a commercial
preparation (isolate T-22, Trianum-G, Koppert BV) was
used. It contained 1·5 

 

×

 

 10

 

8

 

 spores g

 

–1

 

 preparation. To pro-
vide an additional food base for the antagonist, it was
added to a sterile, moist seed-sand mixture, that consisted
of 120 g amaranth seeds (

 

Amaranthus cruentus

 

), 480 g

quartz sand and 330 mL reverse osmosis water, which
were added into a bottle (1 L) and autoclaved twice at
121

 

°

 

C for 1 h, with 24 h between autoclavings. A total of
98 g of Trianum-G was added into the bottle, followed by
incubation in the dark at 22

 

°

 

C for 2 days. The bottle was
shaken daily to ensure even colonization of the seeds by
the fungus. In the experiments, 4 g of antagonist inoculum
kg

 

–1

 

 moist sand was used. Prior to incubation, the antag-
onist inoculum contained approximately 1·4 

 

×

 

 10

 

7

 

 spores
g

 

–1

 

 inoculum.

 

Experimentation

 

Pathogen-free minitubers of potato cv. Bintje (5–7 g in
weight, Finnish Seed Potato Centre Ltd) were sprouted
in the dark at room temperature until the sprouts were
2 mm long. For the experiments on stem canker, a single
minituber was placed in a 2·5-L (160 mm diameter)
plastic pot on sand to a depth of 100 mm. Sand was pre-
ferred to soil as the growth medium in order to exclude
small-scale variations in both physical and biological
properties, including unaccounted nutrient supply. Sand
was moistened with 2‰ Vihannes-Superex fertilizer
(N:P:K 

 

=

 

 9:5:31, Kekkilä) at a rate of 100 mL kg

 

–1

 

. A ring
(10 high 

 

×

 

 10 mm wide) of 

 

R. solani

 

 inoculum was placed
on the sand horizontally at varying distances away from
the sprout (0–60 mm at 10-mm increments, Fig. 1). With
this arrangement, the stem grew upwards through the
sand in the centre of the ring, which, albeit artificial in
shape, especially when compared to the inoculum occur-
ring in fields, minimized the volume of soil where there
may have been host growth towards the inoculum, and
thus ensured that the observed disease dynamics were
dominated by horizontal growth of 

 

R. solani

 

 towards the
host in order to infect it. The amount of inoculum
increased linearly with increasing distance from the host
(a total of 1·4, 4·1, 6·8, 9·6, 12·3, 15·0 and 17·8 g of
inoculum at distances 0, 10, 20, 30, 40, 50 and 60 mm from
the sprout, respectively). The pot was filled with moist sand.
Inoculum of 

 

T. harzianum

 

 was added (

 

+

 

T

 

) into sand by
mixing thoroughly. Sand only, without the 

 

T. harzianum

 

inoculum (–

 

T

 

), was used as the control. The pots were
placed in the greenhouse in a completely randomized

Figure 1 Schematic representation of placement 
of soilborne inoculum of Rhizoctonia solani at 
different distances (r = 0, 10, 20 ... 60 mm) 
from the potato host. The inoculum ring 
measuring 10 × 10 mm in height and width 
(shaded area) was placed horizontally around 
the potato (black circle).
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design. A transparent plastic bag was placed over each pot
for the duration of the experiment in order to prevent the
surface of the sand from drying. A hole was pierced in
the plastic to allow unrestricted growth of potato stems.
The pots were watered twice weekly with 2‰ Vihannes-
Superex fertilizer. Plants were scored destructively and
visually assessed for symptoms such as lesions, discoloration
and death of (unemerged) sprouts at 7, 14, 21, 28, 35, 42
and 49 days post-inoculation (d.p.i.). These symptoms
were collectively called ‘stem canker’ for simplicity. The
proportion (%) of the stem affected by the symptoms was
scored according to Weinhold 

 

et al

 

. (1982) and each
potato stem placed in one of the following severity classes:
0%, 1–5%, 6–25%, 26–50%, 51–75% or 76–100% of
the subterranean part of the potato stem affected. For
each plant, disease severity was then expressed as the
‘rhizoctonia stem lesion index’ (RSI) (Weinhold 

 

et al

 

.,
1982) by taking the midpoint value of the appropriate
severity class. Usually, a single stem was produced by a
minituber. Some minitubers (12%) produced two or
three stems. As the stems were located close to one
another (less than 5 mm apart), the effect of multiple
stems on estimates of distance between inoculum and host
was considered negligible. Accordingly, in these cases, an
average RSI was calculated for each plant: the number of
stems in each class was multiplied by the midpoint of
the class, and the sum of the values obtained was divided
by the total number of stems (Weinhold 

 

et al

 

., 1982).
Thus, the maximum possible RSI value for each plant was
88 (midpoint of the class 76–100%). These data were
used to quantify change in the mean RSI with increasing
distance of 

 

R. solani

 

 inoculum from the host for each
treatment (with and without 

 

T. harzianum

 

) at each time of
observation. There were five pots for each treatment
combination (presence/absence of 

 

T. harzianum

 

, distance,
sampling day). The experiment was carried out twice,
totalling 490 pots for each experiment.

In the experiment aiming to test the effect of the
antagonist on black scurf of tubers and their yield, a single
minituber was placed in a 7·5-L (250 mm in diameter)
plastic pot on sand to a depth of 100 mm. A ring (10
high 

 

×

 

 10 mm wide) of 

 

R. solani

 

 inoculum was placed on
the sand horizontally 30 mm from the sprout (Fig. 1),
after which the pot was filled with sand. Inoculum of

 

T. harzianum

 

 was added (

 

+

 

T

 

) into sand by mixing thor-
oughly. Sand only, without the 

 

T. harzianum

 

 inoculum
(–

 

T

 

), was used as the control. The pots were placed in the
greenhouse in a completely randomized design. There
were 10 pots for each treatment in the experiment.
Covering and watering of the pots took place as described
above. Stems of the potato plants were cut off 13 weeks
after planting and the pots were left in the greenhouse for
3 weeks. The progeny tubers were assessed for the severity
of black scurf according to Dijst (1985): 0 

 

=

 

 free of
black scurf, 1 

 

=

 

 very lightly, 2 

 

=

 

 lightly, 3 

 

=

 

 moderately
or 4 

 

=

 

 heavily infested with black scurf. For each
plant, the number of progeny tubers and the weight of
each tuber were measured. This experiment was not
repeated.

The pot experiments took place in the greenhouse in
order to provide standardized experimental conditions.
The experiments were carried out with 16 h light in a
24-h cycle (light intensity 150–200 

 

µ

 

mol s

 

–1

 

m

 

–2

 

 at the level
of plant height) at 17 

 

±

 

 2

 

°

 

C, which is within the temperature
range at which infection of potato by 

 

R. solani

 

 AG-3 is
most efficient according to the previous studies (Carling
& Leiner, 1990). The temperature range suitable for the
growth of 

 

T. harzianum

 

 is 10–34

 

°

 

C (according to the
manufacturer, Koppert BV).

 

Data modelling and statistical analyses

 

Profiles for non-linear change in the mean RSI with
distance of inoculum of 

 

R. solani

 

 from the host, 

 

RSI

 

(

 

r

 

),
were summarized by a critical exponential model for each
sampling day. The model was of the form:

(1)

The model described an initial increase in RSI followed
by a subsequent decay to zero (lower asymptote). The
parameter 

 

A

 

 described the RSI when the inoculum was
placed at the host surface (

 

r

 

 

 

=

 

 0), 

 

B

 

 was a measure of the
rate of increase in the RSI with increasing distance of inoc-
ulum from host, and 

 

C

 

 described a rate of decrease in the
RSI with increase in distance.

The effect of 

 

T. harzianum

 

 on RSI was determined by
testing for common parameters of model 1 between
pairs of profiles (

 

+

 

T

 

, –

 

T

 

) at each sampling time (7, 14,
21 ... 49 d.p.i.) separately. This was done by parallel curve
analysis (PCA), as outlined by Gilligan (1990) and briefly
described here: The fit with common parameters for both
treatments (i.e. no significant difference between the
treatments) was tested against fits in which all the para-
meters were separate for both treatments (i.e. significant
difference between the treatments). Subsequent tests with
combinations of separate parameters were carried out to
identify which of the parameter(s) differed between the
treatments. An 

 

F

 

-test was used to compare the residual
deviances between different fits. The non-linear least
squares fitting procedure from the 

 

genstat 

 

statistical
software package (VSN International Ltd) was used for
model fitting and for the PCA.

A three-dimensional non-linear response surface sum-
marizing changes in the profiles over time was constructed
for each treatment (+T, –T). For this, model 1 was fitted
to each individual profile (+T, –T), and separate estimates
of the parameters A, B and C were obtained for each
sampling time. Model 1 was then tested for common
parameters over the seven sampling times by PCA for each
treatment (+T, –T) separately. Trends in those parameters
that changed over time according to PCA were further
described by appropriate non-linear functions and incor-
porated into model 1. Differences in parameter trends
between the +T and –T treatments were tested by PCA.

In order to quantify how the presence of T. harzianum
affected the development of RSI profiles over time, the
furthest distance of inoculum from the host from which
infection is still possible (term R; Bailey & Gilligan, 1997)

RSI r A Br Cr( )  (  ) exp( )= + −
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was determined by quantifying the furthest distance and
density of inoculum of R. solani from the host beyond
which the RSI was less than 30. Selection of this value was
based on the report by Weinhold et al. (1982), in which
yield losses on marketable progeny tubers and an increase
in the percentage of cull tubers were observed when RSI
exceeded 30. The development of furthest distance and
density of inoculum from the host over time causing RSI
30 was quantified by solving R iteratively for each
sampling time (t) by setting RSI(R,t) = 30 in the response
surface model 1 with time-varying parameters. It was
further summarized by fitting a monomolecular model to
the values of R generated by iteration for each treatment
(+T, –T ) separately. The model was of the form: 

(2)

with κ the upper asymptote of the curve, β the rate para-
meter and δ the locational parameter of the curve (x-axis
intercept). Comparison of the development of furthest
distance and density of inoculum from the host over time
beyond which the RSI exceeded 30 between the +T and
–T treatments was performed by PCA.

Because of the low levels of black scurf present on the
progeny tubers, black scurf severity classes 0 and 1 were
combined, as were classes 2 and 3 (Dijst, 1985). No prog-
eny tubers in black scurf severity class 4 were observed in
the experiment. The tubers were divided into two classes
according to their weight: 0·1–20·0 g and 20·1–61·0 g.
The effect of T. harzianum on black scurf severity and tuber
weight was determined by the χ2-test. The effect of T. har-
zianum on the number of progeny tubers per plant was tested
by the Mann-Whitney U-test. The analyses were carried
out using the spss statistical software package (SPSS Inc.).

Results

Stem canker

Preliminary investigation of the data showed no differences
with respect to the different treatments between the repeated
experiments (results not shown). Hence, the results reported
here are based on the combined data from both. The
antagonist T. harzianum significantly reduced the severity of
stem canker (RSI) at the start of the experiment (7 d.p.i.)
(Fig. 2). This was associated with an increase in the parameter
C describing the rate at which RSI decreased towards zero
with increasing distance of inoculum of R. solani from
the host in the presence of T. harzianum (Table 1). The
effect could be seen especially at distances further away
from the host (30–60 mm) (Fig. 2). The presence of T.
harzianum did not affect RSI when inoculum was placed
at the host surface (quantified by the parameter A), nor
did it affect the rate of initial increase of RSI at 7 d.p.i.
when inoculum was placed at distances further away from
the host (quantified by the parameter B) (Fig. 2, Table 1).

At 21 d.p.i., RSI increased in the presence of the antag-
onist and was little affected by distance, as compared to
the treatment where no antagonist was added (Fig. 2).
The difference between the treatments was reflected as an
increase in the value of parameter B of model 1 with
T. harzianum (Table 1). At other observation times (14,
28, 35, 42 and 49 d.p.i.), there were no differences in RSI
between the +T and –T treatments (Fig. 2, Table 1). The
RSI remained below 70 throughout the experiment in
both treatments (Fig. 2).

There were trends in the values of all three parameters
(A, B and C) of model 1 over time in both treatments

Figure 2 Effect of the distance of inoculum of 
Rhizoctonia solani from the potato host on mean 
rhizoctonia stem lesion index (RSI) (Weinhold 
et al., 1982) in the presence (�) or absence (�) 
of Trichoderma harzianum. However, for ease of 
interpretation, the RSI class values (0–88) on the 
y-axis have been replaced with the observed 
mean disease values 0–5 (1: 1–5%; 2: 6–25%; 
3: 26–50%; 4: 51–75%; 5: 76–100% of 
subterranean part of potato stem affected). 
Each point represents the mean of 10 replicates. 
Bars represent the standard error of the mean. 
Lines show the critical exponential function 
fitted to the data. Estimated parameters are 
given in Table 1.

R t t( )  (   exp( (   )))= − − −κ 1 β δ
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(PCA: F18,28 = 9·50, P < 0·001 and F18,28 = 4·38, P < 0·001,
for the +T and –T treatments, respectively). Parameter A
increased asymptotically with time and was described by
a monomolecular function (Fig. 3). This trend shows that,
for both treatments, RSI changed little over time when the
inoculum was placed at the host surface, after an initial
increase between 7 and 14 d.p.i. The trend in A did not
differ between the +T and –T treatments (PCA: F3,8 = 0·05,
P > 0·05). Rate parameters B and C decreased exponen-
tially to a lower asymptote over time, as after an initial
decrease between 7 and 14 d.p.i., the parameter values
were also little affected by time (Fig. 3). Rate of increase
in RSI with distance (described by parameter B) was
approximately two orders of magnitude higher than the
subsequent decrease in RSI with further distances
(described by parameter C). The relatively low values of
parameter C reflect the fact that whilst the distance
between the inoculum and the host increased, RSI

Table 1 (a) Summary of parallel curve analysis and (b) estimated 
parameters for fits of a critical exponential modela to changes in the 
mean ‘rhizoctonia stem lesion index’ (RSI) (Weinhold et al., 1982) with 
increasing distance of inoculum of Rhizoctonia solani from the potato 
host at different times of samplingb, in the presence (+) or absence (−) 
of Trichoderma harzianum. Information from every replicate (n = 10) 
was used in the analysis
(a)

(b)

d.f. Residual deviance Significance

Day 7
Common curve 137 119434 –
Varying C 136 110329 P < 0·01
Day 21
Common curve 137 50629 –
Varying B 136 46312 P < 0·01
Day 35
Common curve 137 48210 –
Varying A, B and C 134 46790 n.s.
Day 49
Common curve 137 67679 –
Varying A, B and C 134 64921 n.s.

Parameter values

A ± SE B ± SE C ± SE

Day 7
+T. harzianum 10·0 ± 6·3 6·2 ± 1·5 0·074 ± 0·011
−T. harzianum 10·0 ± 6·3 6·2 ± 1·5 0·051 ± 0·0072
Day 21
+T. harzianum 46·9 ± 3·0 0·15 ± 1·2 0·0048 ± 0·022
−T. harzianum 46·9 ± 3·0 –0·23 ± 0·80 0·0048 ± 0·022
Day 35
+/−T. harzianum 34·5 ± 3·8 0·23 ± 0·62 0·0056 ± 0·0010
Day 49
+/−T. harzianum 48·1 ± 4·6 1·2 ± 0·84 0·017 ± 0·0077

aRSI(r) = (A + Br)exp(–Cr), where RSI is the rhizoctonia stem lesion 
index, r is distance of inoculum from host, A = RSI when r = 0, and B and 
C are rates of increase and decrease, respectively, with increasing r.
bFor brevity, results are shown only for selected times.
SE, standard error; n.s., not significant.

Figure 3 Changes in estimated parameter values over time for the 
rhizoctonia stem lesion index (RSI) profiles described by the critical 
exponential model, RSI(r) = (A + Br)exp(–Cr), in the presence (�) or 
absence (�) of Trichoderma harzianum. Fitted curves relate changes 
in parameters A (RSI when distance r = 0), B and C (rates of increase 
and decrease, respectively, with increasing r) to time (dashed line and 
solid line, presence and absence of T. harzianum, respectively). Fitted 
models and parameter estimates are given in the text (models 3a and 
3b, presence and absence of T. harzianum, respectively).
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changed very little because of an increase in the amount of
inoculum with increasing distance. In models describing
trends in parameters B and C, the y-axis intercept differed
between the +T and –T treatments (PCA: F1,10 = 33·28,
P < 0·001 and F1,10 = 21·97, P < 0·01, for B and C,
respectively).

The response surfaces summarizing the dynamics of
RSI with distance and over time were described by the
model:

(3)

where in the presence of T. harzianum

(3a)

and in the absence of T. harzianum

(3b)

The shapes of the surfaces were similar both in the
presence and absence of T. harzianum (Fig. 4). RSI
changed little over time after an initial increase between 7
and 14 d.p.i. The surfaces showed the initial controlling
effect of T. harzianum on stem canker on day 7 post-
inoculation. At other observation times post-inoculation,
RSI decreased similarly with increasing distance of R. solani
inoculum from the host when T. harzianum was absent
and when it was present (Fig. 4).

The furthest distance from the host (and density) of
inoculum beyond which RSI was less than 30 increased in

a monomolecular fashion over time in both +T and –T
treatments (Fig. 5). It increased more rapidly when
T. harzianum was absent (Fig. 5), which was associated
with a higher value of the rate parameter β of model 2
(Table 2). Parameter δ also differed between the treat-
ments (Table 2), which shows that the increase started
earlier when T. harzianum was absent than when it was
present (Fig. 5). However, parameter κ representing the

Figure 4 Change in mean rhizoctonia stem lesion index (RSI) with distance of inoculum of Rhizoctonia solani from the potato host and over time, in 
the presence (�) or absence (�) of Trichoderma harzianum. However, for ease of interpretation, RSI class values (0–88) on the y-axis have been 
replaced with observed mean disease values 0–5 (1: 1–5%; 2: 6–25%; 3: 26–50%; 4: 51–75%; 5: 76–88% of subterranean part of potato stem 
affected). Each point represents the mean of 10 replicates. For clarity, error bars have been omitted. Lines show the critical exponential function 
fitted to the data. Estimated parameters are given in the text.

RSI r t A t B t r C t r( , )  ( ( )  ( ) ) exp( ( ) ),= + −

A t t
B t t
C t t

( )  (   exp( (   ))),
( )   exp( )  ,
( )   exp( )  ,

= ⋅ − − ⋅ − ⋅
= ⋅ − ⋅ + ⋅
= ⋅ − ⋅ + ⋅

426 1 18 69
45720 09 12
64 06 002

A t t
B t t
C t t

( )  (   exp( (   ))),
( )   exp( )  ,
( )   exp( )  .

= ⋅ − − ⋅ − ⋅
= ⋅ − ⋅ + ⋅
= ⋅ − ⋅ + ⋅

426 1 18 69
1897 0 09 12
23 06 002

Figure 5 Change in the distance and density (R) of inoculum of 
Rhizoctonia solani from the potato host over time beyond which mean 
rhizoctonia stem lesion index (RSI) was less than 30, in the presence 
(�) or absence (�) of Trichoderma harzianum. Lines show the 
monomolecular function fitted to the values of R (dashed line and solid 
line, presence and absence of T. harzianum, respectively). Estimated 
parameters are given in Table 2.
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upper asymptote of model 2 did not differ between the +T
and –T treatments (Table 2). These dynamics resulted in
the R. solani inoculum being able to cause RSI 30 from a
further distance from the host if T. harzianum was absent
than if it was present (45 mm vs. 22 mm, respectively) at
7 d.p.i. (Fig. 5). However, from 21 d.p.i., this predicted
distance was 73 mm regardless of treatment (Fig. 5).

Black scurf and tuber yield and quality

There were fewer tubers belonging to the black scurf
severity classes 2 and 3 in pots treated with T. harzianum
than in controls, suggesting that the antagonist decreased
the severity of black scurf on progeny tubers (Fig. 6a).
Furthermore, the mean number of progeny tubers per
potato plant was decreased by the biocontrol treatment
(means of 6·5 ± 1·1 and 9·9 ± 2·7 tubers per plant for
+T and –T treatments, respectively, Mann-Whitney’s
U(0·05, 18) = 18·5, P < 0·05), as was the proportion of small
tubers (0·1–20·0 g) (Fig. 6b). Additionally, there were
malformed and green-coloured tubers in pots without

Figure 6 Effect of Trichoderma harzianum 
(a) on the severity of black scurf on progeny 
tubers (χ2 = 12·547, d.f. = 1, P < 0·001) and 
(b) on the size distribution of progeny tubers 
(χ2 = 5·366, d.f. = 1, P < 0·05) of potatoes 
infected with Rhizoctonia solani. (c) Progeny 
tubers in the presence (+) or absence (−) of 
T. harzianum.

Table 2 (a) Summary of parallel curve analysis and (b) estimated 
parameters for fits of a monomolecular modela to describe change in 
the distance and density (R) of inoculum of Rhizoctonia solani from the 
potato host over time beyond which the mean rhizoctonia stem lesion 
index (RSI) is less than 30, in the presence (+) or absence (−) of 
Trichoderma harzianum
(a)

(b)

d.f. Residual deviance Significance

Common curve 11 257·5
Varying β and δ 9 0·1160 P < 0·001

Parameter values

κ ± SE β ± SE δ ± SE

+T. harzianum 73·3 ± 0·037 0·34 ± 0·0037 5·9 ± 0·014
−T. harzianum 73·3 ± 0·037 0·40 ± 0·0101 4·6 ± 0·060

aR(t) = κ(1 – exp(–β(t – δ))), where R is the furthest distance and 
density of inoculum from the host, t is time, κ is the upper asymptote of 
the curve, β is the rate parameter and δ is the x-axis intercept.
SE, standard error.
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T. harzianum, whereas these were not present in pots
treated with T. harzianum (Fig. 6c).

Discussion

Biological control of R. solani on potato has been demon-
strated in many studies (e.g. Tsror et al., 2001; van den
Boogert & Luttikholt, 2004; Brewer & Larkin, 2005).
However, very few studies have investigated in detail how
the spatiotemporal dynamics of soilborne R. solani are
affected by a biological control agent. This is crucial for
predicting and optimizing the success of biological con-
trol, especially when the strategy aims to reduce the initial
inoculum through inundative control (Paulitz, 2000). In the
present study, the effect of the antagonistic fungus, T.
harzianum, on the dynamics of stem canker was determined
both spatially and temporally on individual potato plants.

A critical exponential model was fitted to the empirical
data on the severity of stem canker in order to summarize
and analyse the disease dynamics as affected by distance
of inoculum from the host, inoculum density and the
presence of the BCA. Model-fitting enables quantitative
comparison of treatment effects. When model parameters
have a biological interpretation, they can be used to make
inferences e.g. on the efficacy of biological control on dis-
ease dynamics (Gilligan, 1990). The severity of symptoms
in the underground parts (sprouts and stem) was
expressed as ‘rhizoctonia stem lesion index’ (RSI). It was
found to decrease with increasing distance of inoculum
from the host during the early phases of disease devel-
opment (7 d.p.i.), both in the presence and absence of
T. harzianum, probably because the hyphae of R. solani
growing towards the host had not yet fully reached it. This
result was in accordance with the theory on pathozone
dynamics (Henis & Ben-Yephet, 1970; Tomimatsu &
Griffin, 1982; Gilligan, 1985; Gilligan & Bailey, 1997),
although the present study measured spatiotemporal
changes in disease severity, rather than in the probability
of primary infection, and the effects of distance on disease
severity were confounded by increasing inoculum density
with distance (Gilligan, 1985).

Trichoderma harzianum significantly reduced the severity
of stem canker during the first week of the experiment.
RSI decreased faster with increasing distance of inoculum
from the host (30–60 mm) when the antagonist was
present than in the control, where R. solani could proceed
without interference from T. harzianum. The controlling
effect by the antagonist at 7 d.p.i. was reflected in a higher
value of the parameter C in the critical exponential model.
This parameter describes the rate at which the severity of
disease decreases towards zero with increasing distance of
inoculum from the host. It has marked effects on the
furthest distance of inoculum from which infection of the
host is still possible, i.e. pathozone extent decreases with
increasing values of the parameter (Bailey & Gilligan,
1997). Accordingly, at 7 d.p.i., T. harzianum reduced the
furthest distance of R. solani from the host beyond which
RSI exceeded 30. When inoculum of R. solani was placed
at the host surface or close to it (characterized by parameters

A and B of the critical exponential model, respectively),
the pathogen was able to overcome the antagonistic effect
of T. harzianum even at 7 d.p.i. This may be explained by
the higher density of hyphae of R. solani closer to the host
at the start of the experiment, as compared to the hyphal
density of inoculum placed further away. Additionally,
host exudation may have increased the growth and
inoculum potential of R. solani close to the host (Cook &
Baker, 1983). Overall, the ineffectiveness of T. harzianum
in controlling stem canker in the above case suggests that
for the optimization of biological control in this pathosys-
tem, higher amounts of the BCA need to be placed close
to the potato plant.

At the later observation times (14–49 d.p.i.), the
antagonist either had no effect or its presence increased
stem canker severity. At these times, stem canker severity
was in general little affected by distance, which suggested
that even the greatest distance (60 mm) between the
inoculum and the potato stem was readily overcome by
mycelial growth of R. solani. The predicted furthest dis-
tance of R. solani from the host beyond which RSI would
exceed 30 increased monotonically to 73 mm, regardless
of treatment. Monomolecular evolution of the maximum
extent of pathozone influence over time was also found by
Bailey & Gilligan (1997) in a system where primary infec-
tion by R. solani on radish was controlled by T. viride. In
their study, the antagonist reduced the maximum patho-
zone extent by 39%. The similarity of the dynamics in the
current study and that of Bailey & Gilligan is attributable
to the similar development of disease over time, as
summarized by the critical exponential model.

The observed transient effect of T. harzianum in sup-
pressing disease progress may be partly explained by the
large amount of initial inoculum of R. solani in the form
of quinoa seeds that provided an artificial nutrient-rich
food base for the pathogen. Additionally, competition by
R. solani for nutritional amendment used in the prepara-
tion of inoculum of T. harzianum may have occurred,
making the activity of the antagonist seem short in dura-
tion. If the amendment (food base of T. harzianum) had
been present in pots without the antagonist, this might
have increased symptom severity in controls and caused
the difference. However, preliminary experiments did not
support this scenario. Trichoderma harzianum may have
also switched from vegetative hyphal growth to the
production of conidia and chlamydophores (Papavizas,
1985). This, in turn, may have reduced its biological
control efficacy (Orr & Knudsen, 2004) at later stages of
the experiment.

The severity of stem canker never exceeded RSI 70,
from the possible maximum value of 88, although the
inoculum density at greater distances away from host was
very high. This may have been caused by a spatial limita-
tion in the form of decrease in mycelial density of R. solani
and exhaustion of nutrients during growth towards the
host, as well as a temporal limitation through decreasing
host susceptibility before contact was made by the inocu-
lum and the infection process started (Frank & Leach,
1980; Gilligan & Bailey, 1997). Potato stems are known
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to become less susceptible to R. solani after they emerge
(van Emden, 1965). The majority of the potatoes emerged
within 14 days of the start of the experiment. Placement
of inoculum as a ring at the level of the growing sprout
rather than as a cylinder may have facilitated the escape
of the host from disease.

Results also suggested that the antagonist reduced
black scurf on progeny tubers and decreased the pro-
portion of small tubers. This effect on black scurf is in
accordance with previous studies, where T. harzianum
and strains of other Trichoderma spp. were found to
reduce the incidence of black scurf and the numbers and
viability of both tuber-borne and soilborne sclerotia of
R. solani in controlled and field conditions (Beagle-
Ristaino & Papavizas, 1985; Tsror et al., 2001; Brewer &
Larkin, 2005). However, the reduced proportion of small
progeny tubers in the presence of T. harzianum is the first
time that a positive effect of the antagonist on tuber size
distribution has been reported. Rhizoctonia solani is
known to cause branching of stolons and late tuber
initiation (Hide et al., 1985), which are reflected as an
increase in the number of small and malformed tubers and
reduced commercial value of the yield (Hide et al., 1985;
Scholte, 1989). Stolons remained susceptible to R. solani
during growth (Glendenning, 1965), which suggests that
T. harzianum may have protected them against the
damage by R. solani. While the current experiment was
only preliminary, the difference between the T. harzianum-
treated and -untreated plants was very apparent, suggesting
that there could be potential for improvement in tuber size
distribution by T. harzianum in field conditions, as verified
in further field studies (Wilson et al., unpublished data).

Taken together, the analysis of spatiotemporal dynamics
of severity of stem canker caused by R. solani on individual
potato plants revealed a transient, alleviating effect by
antagonistic T. harzianum at 7 p.d.i. At later stages of the
experiment, the antagonist effect on stem canker was
overcome. The antagonist also had a readily observed
positive effect on the quality and quantity of progeny
tubers, as it suppressed both components of the disease.
This type of BCA could provide an optimal biocontrol
strategy (Brewer & Larkin, 2005). The present study
concentrated on soilborne inoculum of R. solani, against
which chemical control measures have been considered
less effective than against tuber-borne inoculum. It was
shown that quantification of spatiotemporal disease
dynamics on individual potato plants using mathematical
models with biologically meaningful parameters can be
used to identify how the dynamics of stem canker are
affected by the presence of a BCA. Further work should be
aimed at quantifying the effect of T. harzianum on spatio-
temporal dynamics of stolon infection by R. solani, as
the current study showed a marked positive effect by the
BCA on the quality of progeny tubers.
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