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Abstract

Artificial inoculation experiments were carried out at 25◦C to determine the effects of inoculum density ofFusarium
oxysporumf.sp. ciceris races 0 (Foc-0) and 5 (Foc-5) and susceptibility of chickpea cultivars P-2245 and PV-61
on development of Fusarium wilt.Foc-5 proved much more virulent thanFoc-0. Increasing the inoculum density
of F. oxysporumf.sp.ciceriscaused an exponential reduction in disease incubation period and a monomolecular
increase of disease incidence and the area under the disease intensity progress curve. The extent of these effects
was highest in the most conducive ‘P-2245’/Foc-5 combination and decreased in the less susceptible ‘PV-61’ and
for the less virulentFoc-0, in that order. For ‘P-2245’/Foc-5, the highest disease intensity was attained with 6
chlamydospores g−1 of soil, the lowest inoculum density in the study. One thousand chlamydospores g−1 of soil of
the same race were needed to attain a comparable disease intensity in ‘PV-61’. Twenty thousand chlamydospores g−1

of soil of Foc-0 were required for maximum disease intensity in ‘P-2245’.
The disease intensity curves were adequately described by the Gompertz model. Using this model, a response

surface for disease intensity was developed, in which the model parameters are expressed as a function of both time
from inoculation and inoculum density. This response surface confirmed that the final amount of disease intensity
increases in a monomolecular relationship with increasing inoculum density and showed that the relative rate of
disease progress increases exponentially with increasing inoculum density of the pathogen.

Introduction

Chickpea (Cicer arietinumL.) is an important, high
protein food crop in many areas of the world (Saxena,
1990). Fusarium wilt, caused byFusarium oxysporum
Schlechtend.: Fr.f.sp.ciceris (Padwick) Matuo & K.
Sato, is the most important soilborne disease of
chickpea throughout the world particularly in the
Indian subcontinent, the Mediterranean basin, and
California (Haware, 1990; Nene and Reddy, 1987).

Attacks by this pathogen can destroy the crop com-
pletely (Halila and Strange, 1996; Haware and Nene,
1980), or cause annual yield losses which amount to
10% in India (Singh and Dahiya, 1973) and Spain
(Trapero-Casas and Jiménez-D́ıaz, 1985) and 40% in
Tunisia (Bouslama, 1980). Disease symptoms in a
highly susceptible cultivar develop within 25 days after
sowing, but can occur up to podding stage. Early
wilting causes more loss than late wilting, but seeds
from late-wilted plants are lighter, rougher, and duller
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than those from healthy plants (Haware and Nene,
1980).

Fusarium wilt of chickpea is best managed by the
use of resistant cultivars (Jalali and Chand, 1992; Nene
and Reddy, 1987), the effectiveness of which is com-
plicated by the occurrence of pathogen races. Haware
and Nene (1982) first identified races 1–4 in India.
Three additional races, 0, 5, and 6, were later iden-
tified in southern Spain (Jiḿenez-D́ıaz et al., 1989b).
Race 0 induces a progressive foliar yellowing com-
pared to the severe leaf chlorosis, flaccidity, and early
wilt induced by races 1–6 (Jiḿenez-D́ıaz et al., 1989b).
Both syndromes arise as a result of vascular infec-
tions (Trapero-Casas and Jiménez-D́ıaz, 1985). Race
0 occurs in California, Spain and Tunisia; races 1 and
6 were found in California, Morocco and Spain and
race 5 has been reported from California and Spain
(Halila and Strange, 1996; Jiḿenez-D́ıaz et al., 1989b;
R.M. Jiménez-D́ıaz, unpublished).

The annual variation in severity of chickpea root
diseases has been attributed to differences in temper-
ature and inoculum density in the soil (Gupta et al.,
1987; Westerlund et al., 1974). Field observations on
disease development in Andalucia, southern Spain,
suggested that Fusarium wilt incidence and severity
were enhanced by warm, dry soils occurring in crops
sown in spring time (Trapero-Casas and Jiménez-
Dı́az, 1985). Field experiments in microplots artifi-
cially infested with races 0 and 5 ofF. oxysporumf.sp.
cicerisat Córdoba, southern Spain, also indicated that
advancing chickpea sowing from early spring to early
winter slowed down the development of Fusarium wilt
epidemics, delayed the epidemic onset, and minimized
the final amount of disease (Navas-Cortés et al., 1998).
However, the net effect of this disease management
practice was also influenced by the susceptibility of the
chickpea cultivar and the nature and inoculum density
of theF. oxysporumf.sp.cicerisrace.

In laboratory studies, Bhatti and Kraft (1992) re-
ported that the incidence of wilt symptoms increased
linearly with increasing inoculum density of the
pathogen, the most severe wilt reaction occurring at
an inoculum density of 5000 propagules g−1 of soil
(Bhatti and Kraft, 1992). Similarly, Sugha et al. (1994)
observed that an increase in inoculum load accelerated
development of chickpea wilt, while lower concen-
trations delayed the expression of wilt symptoms.
However, the nature of the pathogen race, which might
influence the disease-incidence–inoculum-density
relationship, was not considered in these studies.

A better understanding of the influence of inoculum
density on disease, as related to pathogen race, may
lead to better prediction of disease development and to
the development of more efficient disease management
strategies. The present study was undertaken to deter-
mine the effects of cultivar susceptibility and inoculum
density of races ofF. oxysporumf.sp.ciceris inducing
yellowing or wilting in chickpea, on development of
Fusarium wilt.

Materials and methods

Fungal isolates and inoculum production

Monoconidial cultures ofF. oxysporumf.sp. ciceris
isolates Foc 7802 (race 0,Foc-0) and Foc 8012 (race 5,
Foc-5) were stored in sterile soil tubes at 4◦C. Active
cultures were obtained from aliquots of a soil culture
placed on potato dextrose agar (PDA) and incubated at
25◦C and a 12-h photoperiod of fluorescent and near-
UV light at 36µE m−2 s−1.

Inoculum consisted of chlamydospores produced
in dry chickpea stem debris artificially colonized by
the fungus. Stem debris was collected from healthy
plants of the chickpea cultivar Blanco Lechoso in a
disease-free field near Córdoba and stored in sacks in
a dry place at 4◦C until used. Chopped, autoclaved
(121◦C, 30 min, twice), chickpea straw was placed in
a sterile nutrient solution (5 mM KNO3 + 0.5% glu-
cose) (Harris and Ferris, 1991) in 225-ml flasks at a
rate of 10 g/30 ml solution and infested with 1 ml of a
microconidial suspension. Microconidia were obtained
from F. oxysporumf.sp.ciceriscultures on PDA incu-
bated at 25◦C and a 12-h photoperiod of fluorescent
and near-UV light at 36µE m−2 s−1 for 10 days. The
chopped, infested straw was incubated for 2 weeks,
transferred aseptically into sterile paper bags and
air-dried for 1 month. Pieces of chickpea straw exten-
sively colonized by the fungus were ground to a very
fine powder in a rotating mill (Cyclotec 1093 Sample
Mill Tecator, Tecator AB, Ḧogan̈as, Sweden), sieved
through a 0.5 mm pore sieve, and the powder (aver-
aging 60–100µm in diameter) used to infest an auto-
claved soil mixture at the appropriate proportion. The
occurrence of chlamydospores of the fungus in the
infested straw powder was confirmed by microscopic
observations. Inoculum density ofF. oxysporumf.sp.
cicerisin the infested powder was determined by dilu-
tion plating on V8 juice–oxgall-PCNB agar (VOPA)
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Fusarium-selective medium (Bouhot and Rouxel,
1971). Each of three 0.1-g samples of the infested straw
powder was placed in a vessel containing 100 ml of ster-
ile 0.1% water agar and stirred in a blender for 1 min.
One ml of this suspension was spread on to each of four
plates of VOPA. The plates were incubated at 25◦C
and a 12-h photoperiod of fluorescent and near-UV
light at 36µE m−2 s−1 for 3–7 days, and the number of
F. oxysporumcolonies that grew on the selective me-
dium counted. The number of colonies ofF. oxyspo-
rum formed per gram of sampled powder was used to
calculate the density of chlamydospores in the infested
powder assuming that each colony had developed from
a single chlamydospore.

Chickpea plants and inoculation

Chickpea cultivars P-2245 and PV-61 were used.
‘P-2245’ and ‘PV-61’ are ‘kabuli’ (large, ram-head
shaped, beige seeds) chickpeas representative of those
used in the Mediterranean region. ‘P-2245’ is highly
susceptible toFoc-0 andFoc-5, while ‘PV-61’ is mod-
erately resistant toFoc-0 and susceptible toFoc-5
(Jiménez-D́ıaz et al., 1989a). Seeds were surface-dis-
infested in 2.5% NaOCl for 3 min and germinated on
autoclaved layers of filter paper in moist chambers at
25◦C for 48 h. Germinated seeds, selected for unifor-
mity (length of radicle= 1–2 cm), were sown in 15 cm
clay pots (four plants per pot) filled with an autoclaved
(121◦C, 1 h, twice) soil mixture (clay loam/sand/peat,
1 : 1 : 1, vol/vol/vol), artificially infested withFoc-0 or
Foc-5 at the appropriate inoculum density.

Inoculum density ofF. oxysporumf.sp.ciceris

The infested powder of chickpea straw was incorpo-
rated into the autoclaved soil mixture at the appropri-
ate proportion to achieve an inoculum density of 0,
50, 100, 200, 1000, 2000, 4000, 10,000 and 20,000
chlamydospores g−1 of soil of Foc-0, and 0, 6, 12, 24,
50, 100, 500, 1000, 2000, 8000 and 25,000 chlamy-
dospores g−1 of soil of Foc-5. Soil in control pots
received an amount of non-infested straw powder sim-
ilar to that of infested powder used for the correspond-
ing inoculum density. The inoculum density ofFoc-0
andFoc-5 in the infested soil mixture was determined
before use by plating on VOPA medium. Plants were
grown in a growth chamber adjusted to 25± 1 ◦C,
60–90% relative humidity, and a 14-h photoperiod of

fluorescent light at 360µE m−2 s−1 for 48 days. Plants
were watered as needed and fertilized weekly with
100 ml of Hoagland’s nutrient solution (Hoagland and
Arnon, 1950).

Disease assessment and data analyses

Three experiments were carried out, each one included
cultivars P-2245 and PV-61 as well asFoc-0 and
Foc-5. The inoculum density of the pathogen varied
among experiments. However, an inoculum density of
2000 chlamydospores g−1 of soil of Foc-0 and of 50
chlamydospores g−1 of soil for Foc-5 was used in all
experiments, to test the reproducibility of results. All
experiments were conducted following a factorial treat-
ment design arranged in four randomized complete
blocks, each treatment consisting of three pots and four
plants per pot. Analysis of variance of common treat-
ments did not show significant differences(P ≥ 0.05)
among experiments. Further analysis was performed
on the pooled data from the three experiments.

Disease reactions were assessed by the incidence
and severity of symptoms. Each plant was assessed
for symptom severity at 2-day intervals using a 0–
4 rating scale according to percentage of foliage
with yellowing or necrosis in acropetal progression
(0 = 0%, 1= 1–33%, 2= 34–66%, 3= 67–100%,
and 4= dead plant). Upon termination of experiments,
the pathogen was isolated from stem segments of
symptomless plants to determine the occurrence of
vascular infections. Stem pieces were cut into 5- to
10 mm-long pieces, surface-disinfested in 0.2% NaOCl
for 2 min, plated on VOPA, and incubated at 25◦C
and a 12-h photoperiod of fluorescent and near-UV
light at 36µE m−2 s−1 for 3–5 days. Incidence of foliar
symptoms,I (on a 0–1 scale) and severity data,S
(categorized from 0 to 4) were used to calculate a
disease intensity index (DII ) by the following equa-
tion:DII = (

∑
SiNi)4−1Nt , whereSi = symptom sever-

ity; Ni = number of plants withSi symptom severity;
andNt = total number of plants. Thus,DII expresses
the mean value of disease intensity at any given moment
as a proportion of the maximum possible disease.
The accumulatedDII over time in days from the date
of inoculation was used to obtain curves of disease
progress. The nonlinear form of the Richards and
Gompertz models was evaluated for goodness-of-fit
to the entire set ofDII progress data using nonlinear
regression analysis. For analyses, non-zero points for
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DII in experimental units and the averageDII values of
the four replicated blocks were used.

A standardized area under theDII progress
curve (SAUDPC) was calculated by trapezoidal
integration method standardized by the duration of
disease development in days (Campbell and Madden,
1990). To describe the effects of inoculum density
(ID) on the SAUDPC, the monomolecular model
SAUDPC (ID)=KU {1.0− B exp[−rm log(ID)]} was
fitted to data whereKU is the asymptote for the
maximum SAUDPC,B is a constant, andrm is the
relative rate of SAUDPC increase overID. Similarly,
to describe the effects ofID on the disease inci-
dence (DI), the monomolecular model DI (ID)= 1.0−
Bexp [−rm log(ID)] was fitted to the data;B is a con-
stant, andrm is the relative rate of DI increase overID.

An incubation period (IP) for disease development
was established as the number of days taken forDII
to become> 0. To describe the effects of inoculum
density on theIP, the expanded negative exponential
model IP(ID)=C exp[−r I log(ID)]+KI was fitted to
data, whereIP is the incubation period in days,C is
a constant,r I is a rate ofIP decrease,ID is the inocu-
lum density in soil, andKI is the asymptote for the
minimum IP.

Regression analyses were conducted by the least-
squares programme for nonlinear models of the Statis-
tical Analysis System 6.08 (SAS Institute Inc., Cary,
NC). Coefficient of determination (R2), the mean
square error, the asymptotic standard error associated
with the estimated parameter, and the pattern of the
standardized residuals plotted against either predicted
values or the independent variable were used to evalu-
ate the appropriateness of a model to describe the data.
The standard errors of the parameters obtained from
regression analyses were used to compare the effects
of chickpea genotypes as well asF. oxysporumf.sp.
ciceris races on disease development (Campbell and
Madden, 1990).

Results

Both the inoculum density and race ofF. oxysporum
f.sp. ciceris significantly influenced the quantitative
development of Fusarium wilt in the two chickpea
cultivars. No disease developed in ‘PV-61’ grown in
soil infested withFoc-0, in spite of the high inocu-
lum densities used. For the remaining chickpea cultivar
× pathogen race combinations, disease intensity (DII )
for both the wilt (‘P-2245’/Foc-5, ‘PV-61’/Foc-5) and

Figure 1. Progress of Fusarium wilt disease in two chickpea cul-
tivars grown in soil infested with different inoculum densities of
F. oxysporumf.sp.ciceris races 0 and 5. Each point is the mean
DII calculated with data from four randomized blocks each with
three pots and four plants per pot at 2-day intervals. The solid
line represents the predicted disease progress curve calculated
by the Gompertz function. (A) Cultivar P-2245 grown in soil
infested withF. oxysporumf.sp.cicerisrace 0. (B) Cultivar P-2245
grown in soil infested withF. oxysporumf.sp. ciceris race 5.
(C) Cultivar PV-61 grown in soil infested withF. oxysporum
f.sp.cicerisrace 5.

yellowing (‘P-2245’/Foc-0) syndromes increased with
the increase in inoculum density in soil (Figure 1).

The incubation period (IP) of the disease decreased
exponentially with the increase in inoculum density of
both Foc-0 andFoc-5 in soil (Figure 2A) irrespective
of the cultivar used, the shortestIP occurring for the
most conducive interaction, i.e. cultivar P-2245 grown
in soil infested with the wilt-inducingFoc-5. The IP
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in cultivar P-2245 inoculated withFoc-5 was always
shorter than that in cultivar PV-61, and the difference
between theIP in the two cultivars infected byFoc-5
decreased with the increase in inoculum density. Con-
versely, for disease reaction within a comparable range
of inoculum density of eitherF. oxysporumf.sp.ciceris
race, the highestIP always occurred in cultivar P-2245
grown in soil infested with the yellowing-inducing
Foc-0, irrespective of inoculum density in soil
(Figure 2A). Both theKI and r I parameters of the
IP–ID negative exponential model were significantly
(P< 0.05) influenced by the chickpea cultivar and
F. oxysporumf.sp.ciceris race. The highest values of
both the maximumIP (KI asymptote) and the rate of
IP decrease occurred in cultivar P-2245 grown in soil
infested withFoc-0 (Figure 2A).

Disease incidence and SAUDPC were also
influenced both by the chickpea cultivar and
F. oxysporumf.sp. ciceris race. Disease incidence
showed a monomolecular-type of increase with the
increase in inoculum density in soil, except for the ‘P-
2245’/Foc-5 combination for which a disease incidence
higher than 97% occurred at any inoculum density. Dis-
ease incidence in ‘PV-61’ grown in soil infested with
Foc-5 ranged from 25% to 100%, as compared to that
in ‘P-2245’ grown in soil infested withFoc-0 which
ranged from 85% to 100% (Figure 2B). Also, SAUDPC
values increased with the increase in inoculum density
in soil according to the monomolecular model (Fig-
ure 2C). The estimated asymptotic value of SAUDPC
(KU parameter) was highest in the most conducive
interaction, i.e. ‘P-2245’/Foc-5, and it decreased in the
disease reaction of the less susceptible ‘PV-61’ to the
same race, as well as in that of the highly susceptible
‘P-2245’ to Foc-0, in that order. The relative rate of
SAUDPC progress with increasing inoculum density
was significantly higher (P< 0.05) in cultivar PV-61
inoculated withFoc-5 than in any other cultivar–race
combination. Conversely, SAUDPC in cultivar P-2245
progressed with increasing inoculum density at a
rate which was not significantly different(P ≥ 0.05)
between the two races of the pathogen (Figure 2C).

In order to analyze Fusarium wilt development over
time as influenced by inoculum density ofF. oxysporum
f.sp. ciceris, the nonlinear form of both the Richards
and Gompertz models was fitted to the observed
DII progress curves. The Richards model offered an
improved fit to disease progression data compared to
the Gompertz model, which lacked the shape param-
eter. However, for most of theDII progress curves
studied, the estimated value of the shape parameter

Figure 2. Relationship betweenID of F. oxysporumf.sp.ciceris
races 0 (Foc-0) and 5 (Foc-5) and the following parameters of
Fusarium wilt development in chickpea cultivars P-2245 and
PV-61. (A) IP, calculated as the number of days untilDII
became> 0. (B) DI. (C) SAUDPC. Each point is the mean of
data from four randomized blocks each with three pots and four
plants per pot. The solid line represents the predicted function cal-
culated by the expanded negative exponential model (A) and the
monomolecular model (B and C). Underlined parameter values
are significantly different (P< 0.05).

in Richards function was not significantly different
from 1. Since the Richards model, as a general-
ized form of growth curve, becomes closer to the
Gompertz model as the shape parameter approaches 1,
for further analyses the Gompertz functionDII (t) =
KG exp[−B exp(−rGt)] was used whereDII is the dis-
ease intensity index,KG is the asymptote parameter,
B is a constant of integration,rG is the relative rate
of disease increase, andt is the number of days after
inoculation. Appropriate descriptions ofDII increase
over time were obtained with the Gompertz model
(Tables 1–3).DII progress curves for the different
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Table 1. Nonlinear fit of the Gompertz function to the increase of Fusarium wilt disease intensity over time in chickpea
cultivar P-2245 inoculated withF. oxysporumf.sp.cicerisrace 0

Inoculum density
(chl. g−1)

Parameter estimatesa Statisticsb Residual plotsc

KG±SE B±SE rG±SE MSE R2

50 0.7748± 0.0328 60.87± 16.29 0.1162± 0.0079 0.000630 0.991 R
100 0.8167± 0.0308 96.26± 6.55 0.1245± 0.0001 0.000508 0.993 R
200 0.8800± 0.0001 12.99± 1.69 0.0871± 0.0042 0.000755 0.990 R?

1000 0.9600± 0.0001 27.20± 0.71 0.1149± 0.0001 0.000443 0.997 R
2000 1.0000± 0.0000 107.93± 17.96 0.1478± 0.0057 0.001115 0.992 R?
4000 0.9000± 0.0001 19.90± 2.71 0.1096± 0.0042 0.000581 0.994 R?

10,000 1.0000± 0.0000 58.97± 1.81 0.1286± 0.0001 0.000794 0.993 R?
20,000 1.0000± 0.0000 98.99± 2.44 0.2015± 0.0001 0.000174 0.999 R

aKG=Asymptotic value ofDII ; B= constant of integration;rG= rate parameter; SE= asymptotic standard error for
the parameter estimates.
bR2=Coefficient of determination; MSE= final mean square error.
cStandardized residuals plotted againstDII values observed or predicted from nonlinear regression analysis. Patterns of
residuals with a random scatter (R) or scarcely non-random scatter (R?), after visual inspection of residual plots.

Table 2. Nonlinear fit of the Gompertz function to the increase of Fusarium wilt disease intensity over time in chickpea
cultivar P-2245 inoculated withF. oxysporumf.sp.cicerisrace 5

Inoculum density
(chl. g−1)

Parameter estimatesa Statisticsb Residual plotsc

KG±SE B±SE rG±SE MSE R2

6 0.9974± 0.0001 212.30± 28.51 0.1924± 0.0042 0.000365 0.998 R
12 1.0000± 0.0000 254.59± 5.10 0.1714± 0.0001 0.000260 0.998 R
24 0.9792± 0.0001 517.34± 24.31 0.2193± 0.0001 0.001072 0.994 R?
50 1.0000± 0.0001 85.44± 0.22 0.1929± 0.0012 0.000313 0.998 R

100 0.9962± 0.0073 175.90± 0.03 0.2227± 0.0001 0.000361 0.998 R
500 1.0000± 0.0000 69.80± 3.54 0.2382± 0.0001 0.001262 0.993 NR

1000 1.0000± 0.0000 204.51± 6.93 0.2525± 0.0001 0.000343 0.998 R?
2000 1.0000± 0.0000 4602.60± 124.35 0.4839± 0.0001 0.000172 0.999 R
8000 1.0000± 0.0000 722.77± 22.81 0.4055± 0.0001 0.000284 0.998 R

25,000 1.0000± 0.0000 23087.01± 106.5 0.6249± 0.0001 0.000461 0.997 R

a,b,cSee Table 1.
NR – Non-random scatter.

chickpea cultivars–F. oxysporumf.sp.cicerisrace com-
binations, together with the fitted Gompertz model are
illustrated in Figure 1. For this model, the cumula-
tive amount of disease at the inflection point is given
by DII(t ip)=KG 0.37 and the time taken to reach it
(tip) is given bytip= ln(B)r−1

G (Madden and Campbell,
1990).

A response surface forDII progression as a func-
tion of both time from inoculation and inoculum den-
sity was developed with a two-stage method (Hau et
al., 1985). Using the Gompertz function in the first
step, the time component was separately analyzed for
each inoculum density data subset (Tables 1–3). In the
second step, the influence of inoculum density on the

estimated values of the three Gompertz parameters, the
asymptoticDII (KG), the constant of integration (B),
and the rate parameter (rG) were analyzed.

The estimated values ofKG increase asymptotically
with ID approaching the maximum possible value
of 1.0. The relationship betweenKG andID can be well
described by the monomolecular modelKG(ID) =
1 − c1 exp[−c2 log(ID)] (Figure 3A). The estimated
values for the rate parameter,rG, showed an exponen-
tial increase with increasing inoculum densities in soil,
so thatrG can be modelled by the functionrG(ID) =
c3+ c4 exp[c5 log(ID)] (Figure 3B). As expected, no
relationship was found between the estimated values
for the third parameter,B (Figure 3C), and thereforeB



141

Table 3. Nonlinear fit of the Gompertz function to the increase of Fusarium wilt disease intensity over time in chickpea
cultivar PV-61 inoculated withF. oxysporumf.sp.cicerisrace 5

Inoculum density
(chl. g−1)

Parameter estimatesa Statisticsb Residual plotsc

KG±SE B±SE rG±SE MSE R2

6 0.1756± 0.0051 372.24± 79.70 0.1580± 0.0025 0.000169 0.914 R
12 0.2742± 0.0007 92.09± 7.60 0.1266± 0.0011 0.000105 0.981 NR
24 0.4101± 0.0082 10.77± 0.53 0.0700± 0.0001 0.000252 0.972 NR
50 0.6027± 0.0060 46.97± 1.26 0.1345± 0.0001 0.000073 0.999 R

100 0.7143± 0.0001 291.13± 7.55 0.2068± 0.0001 0.000123 0.999 R
500 0.7621± 0.0001 98.47± 40.36 0.2395± 0.0196 0.001414 0.987 R?

1000 0.9431± 0.0001 266.96± 6.83 0.2321± 0.0001 0.000190 0.999 R
2000 0.9200± 0.0001 76.42± 17.07 0.2476± 0.0116 0.000713 0.995 NR
8000 1.0000± 0.0000 386.10± 9.49 0.3368± 0.0001 0.000205 0.999 R

25,000 1.0000± 0.0000 285.19± 7.70 0.3348± 0.0001 0.000252 0.998 R

a,b,cSee Table 1.
NR – Non-random scatter.

Table 4. Nonlinear fit of response surfaces as a function of time andID for the increase of a Fusarium wiltDII in
chickpea cultivars P-2245 and PV-61 inoculated with races 0 and 5 ofF. oxysporumf.sp.ciceris(Foc)

Parameter estimatesa Statisticsb Residual plotsc

KG(ID) B (ID) rG(ID) MSE R2

c1± c2± c6± c3± c4± c5±
SE SE SE SE SE SE

Cultivar P-2245 /Foc race 0
9.5651 1.8886 33.9566 2.92E-06 2.1794 0.1096 0.007149 0.935 R

12.2987 0.7251 3.0490 2.59E-07 0.0077 0.0039
Cultivar P-2245 /Foc race 5
1.0000 1.0000 189.4743 0.1477 0.2027 0.0000 0.007061 0.961 R
0.0000 0.0000 38.9258 0.0066 0.0048 0.0000

Cultivar PV-61 /Foc race 5
2.1123 0.9790 67.9609 0.0971 0.2368 0.0024 0.004417 0.971 R
0.1368 0.0567 18.2366 0.0046 0.0142 0.0127

aA response surface was determined from the original data set using the functionDII (t, ID) = KG(ID) exp{−B(ID)×
exp[−rG(ID)t ]}. The parametersc1–c6 of this function were simultaneously estimated for each chickpea cultivar
andF. oxysporumf.sp. ciceris race combination The relationship betweenKG and ID was well described by the
monomolecular modelKG(ID)= 1− c1 exp[−c2 log(ID)]. The estimated values for the rate parameter,rG, was mod-
elled as a function of inoculum density in soil according torG(ID)= c3 + c4 exp[c5 log(ID)]. No relationship was
found between the estimated values for the third parameter,B, andID, thereforeB can be regarded as a constant, i.e.
B(ID)= c6. SE= asymptotic standard error for the parameter estimates.
bR2=Coefficient of determination; MSE= final mean square error.
cStandardized residuals plotted againstDII values observed or predicted from nonlinear regression analysis. Patterns
of residuals with a random scatter (R), after visual inspection of residual plots.

can be regarded as a constant, i.e.B(ID)= c6. Based
on results from the two-stage method, a response sur-
face could be determined directly from the original data
set (Hau et al., 1985) using the functionDII (t, ID) =
KG(ID) exp{−B(ID) exp[−rG(ID)t ]}. Parameters (c1–
c6) in that function were simultaneously estimated for
each chickpea cultivar–F. oxysporumf.sp.cicerisrace
combination (Table 4, Figure 4).

The threshold ofID for disease to develop was
influenced both by the nature of theF. oxysporum
f.sp. ciceris race and susceptibility of the chick-
pea cultivar (Figures 1 and 4). In the cultivar–race
combination most conducive for disease development
(‘P-2245’/Foc-5), the maximum finalDII value was
attained even at a very low initial inoculum density, i.e.
6–50 chlamydospores g−1 of soil (Figures 1B, 3A and
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Figure 3. Relationship betweenID of F. oxysporumf.sp.ciceris
races 0 (Foc-0) and 5 (Foc-5) and the estimated parameter val-
ues of the Gompertz model adjusted to Fusarium wilt developed
in chickpea cultivar P-2245 and PV-61. (A) The asymptoticDII
(KG). (B) The rate parameter (rG). (C) The constant of integration
(B). The solid line represents the predicted function calculated by
the monomolecular model (A) and the expanded negative expo-
nential model (B). ParameterB was regarded as a constant (C).

4B). On the contrary, when the moderately susceptible
cultivar PV-61 was grown in soil infested with the
same wilt-inducingFoc-5, the maximum disease inten-
sity occurred only with an inoculum density of at least
1000–2000 chlamydospores g−1 of soil (Figures 1C,
3A and 4C). Conversely, when the highly suscep-
tible ‘P-2245’ was inoculated with the yellowing-
inducing Foc-0, the maximum disease intensity was
attained with an inoculum density of 20,000 chlamy-
dospores g−1 in soil, only (Figures 1A and 4A).

When data from all chickpea cultivar–F. oxyspo-
rum f.sp.cicerisrace experimental combinations were
pooled together, the estimated values for the relative
rate ofDII increase,rG, and SAUDPC decreased expo-
nentially and linearly, respectively, with the increase

Figure 4. Surface response forDII of Fusarium wilt in chickpea
cultivars caused by races ofF. oxysporumf.sp.cicerisas a func-
tion of both time from inoculation andID.(A) Cultivar P-2245
grown in soil infested withF. oxysporumf.sp.cicerisrace 0. (B)
Cultivar P-2245 grown in soil infested withF. oxysporumf.sp.
ciceris race 5. (C) Cultivar PV-61 grown in soil infested withF.
oxysporumf.sp.cicerisrace 5.
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Figure 5. Relationship between time from inoculation to reach
the inflection point (TIP) and the following parameters for disease
intensity progress curves in chickpea cultivars P-2245 and PV-61
inoculated with different inoculum densities ofF. oxysporumf. sp.
ciceris race 0 (Foc-0) and 5 (Foc-5). (A) The estimated relative
rate parameter of Gompertz model forDII increase over time (rG).
(B) SAUDPC. The solid line represents the predicted function
calculated by the linear model (A) and the expanded negative
exponential model (B). Numbers displayed near each data point
indicate the inoculum density as number of chlamydospores g−1

in soil.

in the time period needed for the cumulativeDII to
reach the inflection point of the adjusted Gompertz
function (Figure 5). That is, disease reactions with the
most delayed onset had the lowest SAUDPC, and there-
fore the least disease intensity. Disease reactions with
earlier onset and higher disease intensity developed
on cultivar P-2245 grown in soil infested with higher
inoculum densities of the wilt-inducingFoc-5. Con-
versely, disease reactions which were most delayed and
with the least disease intensity were those which devel-
oped in either of the chickpea cultivars inoculated with
the lowest inoculum density ofFoc-5, or in ‘P-2245’
inoculated with low or intermediate inoculum densi-
ties of the yellowing-inducingFoc-0. Both for ‘PV-
61’ inoculated withFoc-5 and ‘P-2245’ inoculated
with Foc-0, the relative rate ofDII progress and the

final DI increased steadily with inoculum within the
higher range of inoculum densities in the study (i.e.
1000 chlamydospores g−1 of soil or more forFoc-5,
and 4000–10,000 chlamydospores g−1 of soil forFoc-0
(Figure 5).

Discussion

The role of initial inoculum density of soilborne fungi
in disease development has been well documented
in many pathosystems. Generally, for Fusarium wilt
diseases, increasing the amount of initial inoculum
enhances disease severity and reduces the time required
for maximum disease development (Ben-Yephet et al.,
1996; Bhatti and Kraft, 1992; Harris and Ferris, 1991;
ICRISAT, 1989; Martyn and McLaughlin, 1983; Sugha
et al., 1994; Zote et al., 1996). However, the influence of
virulence in the pathogen race and susceptibility in the
host cultivar on that relationship has not been addressed
in many cases.

In this study, development of severe disease in chick-
pea cultivar P-2245 required much less inoculum den-
sity of the wilt-inducing raceFoc-5 compared to that
of the yellowing-inducing raceFoc-0 (Figures 1 and
2). This clearly indicates thatFoc-5 was much more
virulent thanFoc-0 to susceptible chickpea, irrespec-
tive of the disease syndrome induced in the plant.
This difference in virulence betweenFoc-0 andFoc-5
could be associated with the genetic nature of these
races, as indicated by the grouping of the isolates into
two distinct clusters when subjected to random ampli-
fied polymorphic DNA analyses (Kelly et al., 1994).
Differences in several of the stages during the plant–
pathogen interaction might account for the difference
in virulence betweenFoc-0 andFoc-5 observed in our
study. One of these would be the faster and more
extensive colonization of xylem vessels in ‘P-2245’
root and stem bases byFoc-5 compared toFoc-0, as
revealed in histological studies (Jiménez-D́ıaz et al.,
1989a).

Increasing the inoculum density ofF. oxyspo-
rum f.sp.ciceris influenced development of Fusarium
wilt in chickpea through an exponential reduction
of the time for disease onset (decreasingIP) and
a monomolecular increase of the overall amount of
disease (increasing disease incidence and SAUDPC)
(Figure 2). However, the extent of these effects
was significantly influenced both by virulence of the
pathogen race and susceptibility of the chickpea cul-
tivar. Thus, effects onIP and SAUDPC were high-
est in the most conducive cultivar–race combination
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(‘P-2245’/Foc-5), and decreased in the less susceptible
cultivar, PV-61, and for the less virulentFoc-0 race, in
that sequence (Figures 1 and 2).

Sugha et al. (1994) reported that an increase in
inoculum load ofF. oxysporumf.sp.cicerisaccelerated
the progress of Fusarium in chickpea and that lower
inoculum concentrations delayed the expression of wilt
symptoms. Similarly, Bhatti and Kraft (1992) showed
that severity of Fusarium wilt of chickpea increased
with increasing inoculum density of the pathogen, with
severe disease developing at 25 and 30◦C at 500 and
1000 propagules g−1 of soil. However, the nature of
theF. oxysporumf.sp.ciceris race used was not spec-
ified in these studies. The present results showed that
a threshold of inoculum density ofF. oxysporumf.sp.
ciceris depended on the virulence of the pathogen
race and susceptibility of the chickpea cultivar. Thus,
for the most disease-conducive ‘P-2245’/Foc-5 com-
bination, the highest amount of disease was attained
with 6 chlamydospores g−1 of soil which was the low-
est inoculum density ofFoc-5 used. Conversely, 1000
chlamydospores g−1 of soil of the same race were
needed to attain a comparable amount of disease in the
less susceptible cultivar PV-61. Likewise, some 20,000
chlamydospores g−1 of soil of the less virulentFoc-0
were required to attain the highest amount of disease
in the highly susceptible ‘P-2245’ (Figures 1 and 4).

The influence of cultivar susceptibility on the rela-
tionship between inoculum density ofF. oxysporum
f.sp.cicerisand development of Fusarium wilt in chick-
pea was also found in greenhouse experiments with
F. oxysporumf.sp. ciceris race 1 and chickpea culti-
vars JG-62 and K-850 in India (ICRISAT, 1989). While
disease incidence in the susceptible ‘JG-62’ increased
from 30% at an inoculum density of 33 propagules g−1

of soil up to 100% with 483 propagules g−1 of soil or
higher, in the partially resistant ‘K-850’ a minimum of
483 propagules g−1 of soil were required to produce
10% disease incidence, and 43% disease incidence was
attained with 3283 propagules g−1 of soil, the highest
inoculum density of the pathogen used.

Results from the present study allowed the develop-
ment of a response surface function for disease devel-
opment over time as influenced by inoculum density
(Figure 4). Such a surface is based on the Gompertz
model, in which the model parameters are expressed
as a function of the pathogen inoculum density. This
response surface confirmed that in the chickpea/F.
oxysporumf.sp.cicerispathosystem the final amount
of disease increases in a monomolecular relationship

with increasing inoculum density, except in the most
susceptible cultivar for which a low inoculum density of
the most virulent race saturates the system (Figure 3A).
Similarly, the response surface indicated an exponen-
tial increase in the relative rate of disease progress with
increasing inoculum density of the pathogen, except for
the least conducive ‘P-2245’/Foc-0 combination. This
relationship suggests a synergistic interaction within
Foc-5 propagules at high inoculum densities for the rate
of disease development over time, the effect of such an
interaction being more pronounced in the most suscep-
tible cultivar (Figure 3B).

Our results have practical implications for strategies
of Fusarium wilt management in chickpeas, includ-
ing biological control, development and use of resis-
tant cultivars, and cultural practices. Protection from
disease conferred by seed treatment with a conidial
suspension of non-pathogenicF. oxysporumcan be
annulled by high inoculum densities ofFoc-5 (Herv́as
et al., 1995; 1997). Similarly, high inoculum densi-
ties of the pathogen can overcome a valuable partial
resistance (delayed wilting) (ICRISAT, 1989), which
is controlled by homozygous recessive alleles at either
of two loci or by a dominant allele at a third locus
(Upadhyaya et al., 1983). Such a partial resistance is
expressed under field conditions (Jiménez-D́ıaz et al.,
1991), and may be of interest because yield loss in late
wilting genotypes is expected to be lower than in early
wilting genotypes (Haware and Nene, 1980). Further-
more, late wilting genotypes have important implica-
tions in breeding for resistance toF. oxysporumf.sp.
ciceris, as complete resistance can be obtained from
crosses involving only late wilting parents (Singh et
al., 1987). Thus, while screening chickpea genotypes
for partial resistance toF. oxysporumf.sp. ciceris an
appropriate inoculum density of the pathogen must be
used in order to avoid that level of resistance being
undetected (Figures 1C and 3A) (ICRISAT, 1989). The
importance of pathogen inoculum density in Fusar-
ium wilt resistance screening has been pointed out in
several pathosystems (Alou et al., 1974; Martyn and
McLaughlin, 1983).

Fusarium wilt of chickpea can be managed by choice
of sowing date (Jalali and Chand, 1992; Navas-Cortés
et al., 1998). Under the Mediterranean environment
prevailing in southern Spain, changing the chickpea
sowing date from early spring to early winter sig-
nificantly delayed epidemic onset, slowed down epi-
demic development, and reduced the final amount of
disease (Navas-Cortés et al., 1998), and consequently
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the loss of seed yield caused by Fusarium wilt
(J.A. Navas-Cort́es and R.M. Jiḿenez-D́ıaz, unpub-
lished). However, as shown by results from this
research, the benefits provided by such a cultural prac-
tice for Fusarium wilt management can be overridden
if a cultivar too susceptible to the disease is used, or if
soils where a highly virulent race of the pathogen pre-
vails are present, or both (Navas-Cortés et al., 1998).
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Jiménez-D́ıaz RM, Trapero-Casas A and Cabrera de la Colina J
(1989b) Races ofFusarium oxysporumf.sp. ciceri infecting
chickpeas in southern Spain. In: Tjamos EC and Beckman CH
(eds) Vascular Wilt Diseases of Plants, NATO ASI Series, Vol
H28 (pp 515–520) Springer-Verlag, Berlin
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