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Introduction

Cumin (Cuminum cyminum L.), one of the old-
est spices, is grown extensively in the arid and
semi-arid regions of India in the winter season
(November–March) under assured irrigation on
more than 300,000 ha (Singhal, 1999). It is also
cultivated in Argentina, Bangladesh, Bulgaria,
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Egypt, Pakistan and Turkey. Diseases and improp-
er soil fertilization are the two major reasons for
low productivity. In the arid regions of India, ap-
proximately 40% of total yield loss is due to a wilt
caused by Fusarium oxysporum f. sp. cumini (Lod-
ha et al., 1986). Due to a high incidence of this
fungus in conducive soils, farmers are often com-
pelled to abandon cumin cultivation altogether
after 3 successive years of cropping. In the ab-
sence of a wilt-resistant genotype, the only alter-
native is to use physical and biological means of
control (Lodha, 1995; Mawar and Lodha, 2002).
However, a knowledge of the quantitative and
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qualitative aspects of inoculum dynamics is nec-
essary to improve the efficacy of such methods of
controlling a soil-borne disease. Studies of popu-
lation dynamics over time and space have two
basic goals: a) to identify recurring patterns in
the dynamics of a population; b) to understand
how such patterns are generated.

Nash and Synder (1962), Burke et al. (1972)
and Dryden and Alfen (1984) studied the distri-
bution of Fusarium solani f. sp. phaseolina in the
soil and found that the fungus was distributed
uniformly throughout the ploughed layer (0–30
cm) and that the fungal population tended to de-
crease with soil depth as the bulk density of the
soil increased. A knowledge of the survival and
population dynamics of F. oxysporum in a field
soil in the presence of other micro-organisms is
important because those other micro-organisms
may render the soil suppressive of F. oxysporum.
Hopkins et al. (1987) reported that a soil became
suppressive of Fusarium wilt of watermelon
when a monoculture of a particular watermelon
cultivar was grown on it. Larkin et al., (1993)
studied the population dynamics and chlamy-
dospore germination of F. o. f. sp. niveum, as well
as the colonization of watermelon roots by this
fungus in relation to other micro-organisms in
the soil and found that fungal populations re-
mained stable in monoculture soils over a 6-
month period, though they increased somewhat
initially, and remained at higher levels when
added to conducive soils.

At present, information on F. o. f. sp. cumini
(Foc) in relation to other micro-organisms in the
soil is lacking. The present investigation was un-
dertaken to study how various biotic and abiotic
factors influence the population dynamics of Foc
in arid soils with and without a cumin crop.

Materials and methods
Description of the test site

The experiment was conducted at the Central
Arid Zone Research Institute, Jodhpur, India, dur-
ing 1999–2001 on a field containing loamy sand
soil (85% sand, 8.9% clay, 5.5% silt) with 0.03% total
nitrogen; 0.25% organic carbon; 9 g g-1 Olsen-P at
pH 8.1; electrical conductivity 0.88 d Sm-1

(soil:water ratio 1:2.5); bulk density 1.56 g cm-3 and
10.4% moisture holding capacity.

Inoculum preparation

A virulent pathogenic strain of Foc, isolated
from infected roots of cumin, was multiplied in bulk
on a 5% corn meal:sand medium for 15 days at
30+2°C. The spores of Foc (conidia and chlamy-
dospores) so produced were passed through a 300
mesh (53 µm) sieve. The infected material left in
the sieve was first examined under the microscope
to ensure that it contained only chlamydospores,
and was then mixed with several kg of field soil to
prepare Foc-infected soil. The infected soil was left
for 10 days in bright sunlight (37–41°C) for fur-
ther stabilization before use.

Survival of Foc and other microbes

For survival studies, experimental plots (1�1
m) were artificially infested with Foc inoculum in
the second week of November 1999. Inoculum mul-
tiplied as above was mixed with 2 kg of field soil
per plot and ploughed uniformly to a depth of 30
cm with a hand spade. The plots were of two types:
1. soil planted with cumin and 2. fallow soil. Each
soil treatment was replicated thrice. Initial sam-
ples were taken before sowing at 0–25 cm depth.
The Foc population was determined by serial di-
lution on modified peptone-PCNB medium (Pa-
pavizas, 1967). White restricted colonies of Foc,
which later turned pinkish, were easily distin-
guishable from other formae speciales because of
their distinct shape and size. Six Petri dishes were
used for each sample. Cumin seeds of the cv. RZ19
were sown on December 4, 1999 and on Novem-
ber 25, 2000 in the planted plots. These plots were
watered regularly during crop growth; the fallow
plots were not watered. Weeds were removed by
hand soon after emergence. Three soil samples
were collected randomly from each replication
with a tubular probe (2.5 cm) on the 12th–16th of
each month at 3 different depths, 0–5 cm, 6–15
cm and 16–25 cm beginning from December 1999
to March 2001 until harvest of the cumin crop.
Proper care was taken to avoid any injury to the
growing plants. Half of the soil samples were used
for gravimetric moisture determination, while the
remaining half was air-dried and processed for mi-
crobial analysis. Soil-moisture data were calcu-
lated to volumetric water content. Total microbi-
al populations were determined by serial dilutions
on Peptone-PCNB medium (Foc), Martin’s Rose
Bengal agar (fungi), Thornton’s agar (bacteria)
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and Ken-Knight agar (actinomycetes). Six Petri
dishes (90 mm) per medium were used to count
each category from one soil sample. The means of
six Petri dishes were considered one estimate per
replicate per soil treatment (cumin/fallow). Fre-
quently, selected colonies were lifted, multiplied
on Potato dextrose broth to establish pathogenic-
ity on cumin seedlings. Minimum and maximum
soil temperatures were recorded at all three
depths at 2 p.m and 4 p.m. Weekly meteorologi-
cal data were recorded throughout the test peri-
od at the agro-meteorological observatory of the
Institute located some 200 m from the test site.

Statistical analysis

Correlation coefficients were calculated and
multiple regression equation (step-wise) were
constructed in relation to microbial population,
soil temperature and soil moisture, to study fac-
tors influencing the population dynamics of Foc
in the presence and absence of a cumin crop (Sne-
decor and Cochran, 1967). Path coefficient anal-
ysis was carried out according to the method giv-
en by Deway and Lu (1959). A path coefficient is
a standardized partial-regression coefficient; as
such it measures the direct influence of one var-
iable upon another and permits the separation
of the correlation coefficient into components of
direct and indirect effects. Whereas correlation
simply measures mutual association without re-
gard to causation, the path coefficient analysis
specifies the causes and measures their relative
importance.

Results
Soil temperature and moisture

The temperature in the top soil layer was al-
ways higher than at the other depths (Fig. 1a). In
the summer months it reached 56°C in May, and
after a decline in July–August, increased again to
50°C in October. At a depth of 15 cm, temperature
ranged between 27.8 and 49.1°C and remained al-
ways 4.1–14.4°C lower than that in the top soil lay-
er (Fig. 1b). At a depth of 25 cm, the soil tempera-
ture was invariably higher at 4 p.m. than at 2 p.m,
and was 2.7–11.1°C lower than at a 15 cm depth,
ranging from 21.2 to 43.4°C (Fig. 1c).

In general, the lowest soil moisture was at 0–5
cm soil depth, but it increased with increasing soil

depth throughout the experimental period with or
without a cumin crop (Fig. 2 and 3).

Population dynamics of Foc and other microbes

Plots planted with cumin
The population density of Foc was greatest at

0–5 cm depth, and tended to decline with increas-
ing soil depth. Population density ranges were 2.3–
15�103 cfu g-1 at 0–5 cm soil depth (average 7.9�103

cfu g-1), 2.3–6.6�103 cfu g-1 at 6–15 cm soil depth
(average 4.9�103 cfu g-1) and 2.3–4.3�103 cfu g-1 at
16–25 cm soil depth (average 2.9�103 cfu g-1) (Fig.
2). The initial population of 2.3�103 cfu g-1 gradu-
ally increased in soil planted with cumin, reach-
ing 8.6�103 cfu g-1 soil in April 2000 after the har-
vest of the crop. The population did not fluctuate
on fallow soil from April to November, remaining
in the range of 8.3–9�103 cfu g-1 soil. After sowing
of the second cumin crop in November 2000, Foc
populations further increased and reached 15�103

cfu g-1 soil by the end of the second season. There
was a 6-fold increase in the population of Foc in
the top soil layer of plots planted with two succes-
sive cumin crops.

Populations of bacteria, fungi and actinomyc-
etes followed a trend similar to that of Foc during
the growth of cumin plants in the first season at
0–5 cm soil depth, but the greatest increase at this
depth was that of the actinomycetes (Fig. 2a). Un-
like Foc, these microbes tended to increase in fal-
low soil from April to November, after an initial
decline in summer. During the second cumin crop,
there was a sharp decline in actinomycetes, but
populations of individual groups of microbes were
generally higher after the harvest of second crop
than after the first. Foc populations were signifi-
cantly correlated with maximum soil temperature
(r=0.50), bacteria (0.51) and the microbial popula-
tion (0.53). Path coefficient analysis revealed that
only maximum soil temperature and total bacte-
ria had a maximum positive direct effect on Foc
(Table 1). But the positive effect of bacteria was
nullified by the total microbial population, which
had a maximum negative indirect effect.

A similar upward trend in the Foc population
size was also found at the 6–15 cm soil depth dur-
ing crop seasons, and even in the fallow field (Fig.
2b). But the increase in these cases was signifi-
cantly less than that at the top layer. During first
cumin season, the populations of all three groups
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Fig. 1. Soil temperatures recorded during the test period at soil depths of 5 cm (a), 15 cm (b) and 25 cm (c).

of microbes also increased, with the greatest in-
crease in total fungi. However, in the fallow field
total actinomycetes and bacteria increased consid-
erably at this depth, but then remained almost sta-
tionary even after the second cumin crop, except
in case of total bacteria, which declined sharply.

Variations in the Foc population were signifi-
cantly correlated with maximum soil temperature
(r=0.64), minimum soil temperature (0.55) and to-
tal fungi (0.76), while there was a significant neg-
ative correlation of the Foc population with soil
moisture (-0.59). In path coefficient analysis, max-
imum soil temperature had the highest direct ef-
fect on the Foc population followed by total micro-
bial population, while total bacteria and minimum

soil temperature had the greatest negative direct
effect (Table 1). The greatest negative indirect ef-
fect of the microbial population was also that of
total bacteria.

At the 16–25 cm soil depth, the rate of increase
in the Foc population in the field with the first and
second cumin crop was slower than that at the two
lesser depths. Among microbes there was a dra-
matic increase in total fungi and bacteria, but the
actinomycete population remained almost station-
ary after the first cumin harvest (Fig. 2c). A sud-
den upsurge in actinomycetes came at the end of
the test in the fallow field, contrasting with a de-
cline in total fungi and bacteria. However, this
upsurge did not occur after the second cumin har-
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Fig. 2. Mean monthly levels of soil moisture, and presence of Fusarium oxysporum f. sp. cumini, and other micro-
bial populations at different soil depths, in fields planted with cumin (a) at 0–5 cm soil depth; (b) at 6–15 cm, and
(c) at 16–25 cm.
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vest. None of the studied factors were significant-
ly correlated with the Foc population. In path anal-
ysis too, the highest negative direct effect of total
bacteria was counterbalanced by the positive di-
rect effect of the microbial populations. As a re-
sult, a high residual factor (0.82) was calculated
at 16–25 cm soil depth.

To quantify the contribution of each factor
on the Foc population, regression analysis was
carried out at different soil depths. The multi-
ple regression equations after eliminating non-
significant factors so obtained were as follows
(P<0.05):

0–5 cm: Y $ = - 25.02 + 0.92x1 - 0.64x2 + 29.21x4

+ 0.80x5 + 2.63x6 - 2.89x7 (R2 = 0.81)
6–15 cm: Y $ = 0.83 + 0.18x1 - 0.14x2 - 0.30x3 - 32.27x4

- 3.24x6 + 3.23x7 (R2 = 0.55)
16–25 cm:Y $ = 5.21 - 0.07x1 - 0.02x3 - 30.66x4 - 0.54x5

- 3.20x6 + 3.11x7 (R2 = 0.69)
Where Y $, x1, x2, x3, x4, x5, x6 and x7 represent

Foc size, maximum soil temperature, minimum soil
temperature, soil moisture, total bacteria, total
fungi, total actinomycetes and total microbial pop-
ulation, respectively. At soil depths of 0–5, 6–15
and 16–25 cm, therefore, the test factors account-

Table 1. Direct and indirect effects of certain factors influencing Fusarium oxysporum f. sp. cumini populations at
different soil depths in fields planted with cumin.

Soil temperature Soil Microbial               Factor Bacteria Fungi Actinomycetes
Max Min moisture population

0–5 cm
Max 2.06 1.76 -1.61 0.61 0.08 0.58 0.66

Soil temperature
Min -1.73 -2.00 1.65 -1.06 -0.31 -0.21 -1.07

Soil moisture 0.29 0.30 -0.37 0.07 0.03 0.09 0.07
Bacteria 7.03 12.43 -4.53 23.81 13.08 0.39 23.68
Fungi -0.02 -0.02 0.02 -0.04 -0.08 -0.05 -0.04
Actinomycetes -1.45 -0.95 -0.88 -2.71 -6.17 -8.92 -3.54
Microbial population -7.59 -12.47 4.91 -23.59 -14.25 - 2.89 -23.72
Residual factor = 0.41

6–15 cm
Max 0.91 0.84 -0.61 0.37 0.30 0.14 0.38

Soil temperature
Min -0.71 -0.77 0.54 -0.49 -0.27 -0.08 -0.48

Soil moisture 0.19 0.21 -0.29 0.15 0.08 -0.02 0.14
Bacteria -35.47 54.89 42.87 -85.23 -44.12 -25.87 -84.80
Fungi -0.02 - 0.02 0.02 -0.04 -0.08 -0.05 -0.04
Actinomycetes -1.45 -0.95 -0.88 -2.71 -6.17 -8.92 -3.54
Microbial population 37.19 56.15 -42.25 88.38 51.03 35.28 88.82
Residual factor = 0.39

16–25 cm
Max -1.13 -1.12 0.65 -0.63 -0.54 0.16 -0.61

Soil temperature
Min 0.47 0.47 -0.26 0.25 0.22 -0.07 0.24

Soil moisture 0.04 0.04 -0.08 0.03 0.02 -0.01 0.02
Bacteria -42.99 -40.38 28.94 -76.70 -62.58 11.61 -75.88
Fungi -0.73 -0.70 0.51 -1.24 -1.52 0.79 -1.14
Actinomycetes 1.80 1.86 -2.77 1.83 6.34 -12.12 0.06
Microbial population 42.25 39.53 -26.90 76.63 58.10 -0.42 77.46
Residual factor = 0.82
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Fig. 3. Mean monthly levels of soil moisture, and presence of Fusarium oxysporum f. sp. cumini and other microbial
populations at different soil depths in fallow fields (a) at 0–5 cm soil depth; (b) at 6–15 cm, and (c) at 16–25 cm.
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ed for almost 81, 55 and 69% respectively of varia-
tions in the Foc population.

Plots left fallow
In the fallow plots, the population of Foc also

decreased with increasing soil depth. At a depth
of 0–5 cm, Foc density was 2.2–2.4�103 cfu g-1

(average 2.3�103 cfu g-1) (Fig. 3a). At a 6–15 cm
depth it was 1.8–2.3�103 cfu g-1 and at a 16–25
cm depth 1.4–2.3�103 cfu g-1, with averages of
1.9 and 1.5�103 cfu g-1 respectively (Fig. 3b and
c). In general, these population ranges were con-
siderably lower than those in plots planted with
cumin. At soil depths of 0–5 and 6–15 cm, the
Foc population remained almost stationary
throughout the experimental period, but at the
lowest depth it declined from 2.3�103 cfu g-1 to
1.6�103 cfu g-1 within a month and remained sta-
tionary thereafter.

Unlike Foc levels, the populations of total bac-
teria, fungi and actinomycetes at 0– 5 cm soil depth
varied in different months (Fig. 3a). There was a
sudden upsurge in total bacteria and fungi at this
depth during the rainy season months, which de-
clined in subsequent months, but at the end of the
test in March the final population of all three
groups of microbes was still two or three times what
it had been at the start. None of the factors was
significantly correlated with Foc population levels.
In path coefficient analysis, the minimum soil tem-
perature had the greatest negative direct effect on
the Foc population, followed by maximum soil tem-
perature (Table 2). A high residual factor (0.80) was
calculated for this depth.

At a 6–15 cm soil depth fluctuations in all three
groups of microbes were much like those in the top-
soil layer. Total bacteria and total fungi were again
at maximum levels during the rainy season
months, but total actinomycetes were highest in
the winter months (Fig. 3b). However, a 200% in-
crease in the total bacteria and fungi was calculat-
ed at the end of the experiment, while total actin-
omycetes remained almost at their initial level. No
correlation of any of these factors with the Foc pop-
ulation was found. In path coefficient analysis, to-
tal bacteria had the highest direct effect on the Foc
population while the total microbial population had
the highest negative direct effect (Table 2). At this
depth the residual factor was also high (0.75).

At the lowest soil depth (16–25 cm), relatively

high soil moisture led to an increase in total bacte-
rial and fungal populations, so that in the rainy
season the total bacterial population increased
fourfold. The total actinomycetes population re-
mained stationary during this period (Fig. 3c), but
in the later winter months it suddenly increased,
and in the final samples, populations of all the three
groups of microbes were significantly higher than
they had been at the start of the test. At this depth
also, none of the studied factors were significantly
correlated with the Foc population. In path coeffi-
cient analysis, total bacteria had the highest neg-
ative direct effect on the Foc population, followed
by the total microbial population. However, maxi-
mum indirect effects of total bacteria and microbi-
al populations were also produced by microbial
population and total bacteria respectively. This
depth also had high residual factor (0.93). The
multiple regression equations (step-wise) were
(P= <0.05):

0–5 cm: Y $ = - 2.22 - 0.04x1 - 0.03x3 - 1.72x4 - 0.02x5

- 0.15x6 + 0.17x7 (R2=0.57)
6–15 cm: Y $ = - 1.08 + 0.01x1 + 0.18x3 + 0.32x4 +

0.01x5 + 0.05x6 - 0.03x7 (R2=0.40)
16–25 cm:Y $ = - 2.33 + 0.02x1 - 0.02x2 - 0.10x3 +

0.05x4 + 0.01x5 - 0.01x7 (R2=0.13)
Thus at the 0–5 and 6–15 cm soil depths almost

57 and 40% of all variations in the population of
Fusarium were accounted for by the test factors,
whereas at a depth of 16–25 cm these factors ac-
counted for only 13% of variation.

Discussion

Factors influencing the population dynamics of
Foc in soils with and without a cumin crop are vi-
tal to understanding the ecology of this important
Fusarium in aridisols. A single cumin crop led to a
2.5-fold increase in Fusarium, a second crop to a
3.7-fold increase. This explains why wilt incidence
increases with the number of years when a sus-
ceptible crop has been grown in a given field: each
year the Foc population in the field increases and
this increase is correlated with a rise in wilt inci-
dence (Mawar and Lodha, 2002). Lodha (1995) also
reported a 1.4-fold increase in Foc population lev-
els after two successive crops of cumin. The still
greater increases found in the present study are
probably to be attributed to the high initial inocu-
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lum levels (the most important factor affecting
Fusarium wilt) and to subsequent increases in the
fungal population. In general, a higher initial in-
oculum level of a soil-borne wilt pathogen hastens
wilt onset and increases severity (Elmer and Lacy,
1987; Ben-Yephet et al., 1996). Hall and Philips
(1992) likewise found that after seven successive
bean crops the population density of F. solani f. sp.
phaseoli increased from <1.7 cfu g-1 to about 660
cfu g-1, a more than 300-fold increase.

 Since the highest Foc levels were in the top-
most soil layer, and since the fungus population
size was positively correlated with the highest soil

temperature and with total bacteria in the present
study, it is clear that there was less competition
from actinomycetes and total fungi, and this en-
hanced the survival of Foc propagules. Soil bacte-
ria can lyse the hyphae (Huber and Anderson, 1966)
and may stimulate the formation of new chlamy-
dospores (Ford and Trujillo, 1967). A release of
chlamydospores from decaying infected tissues, a
low soil moisture and less organic matter, with con-
sequently smaller population of some microbes
competing with Foc propagules could account for
the greater density of Foc in the top layer of soil.
Burke et al. (1972), on F. solani f. sp. phaseoli, re-

Table 2. Direct and indirect effects of certain factors influencing Fusarium oxysporum f. sp. cumini populations at
different soil depths in fallow fields.

Soil temperature Soil Microbial               Factor Bacteria Fungi Actinomycetes
Max Min moisture population

0–5 cm
Max 0.75 0.62 -0.09 0.09 -0.06 -0.08 0.08

Soil temperature
Min 1.10 1.32 0.27 -0.52 0.07 0.58 -0.46

Soil moisture 0.01 0.01 -0.07 0.00 -0.01 -0.00 0.00
Bacteria 0.04 0.14 -0.03 0.35 0.22 -0.04 0.35
Fungi 0.06 0.00 -0.01 -0.04 -0.07 -0.03 -0.04
Actinomycetes 0.01 0.05 -0.00 -0.01 -0.05 -0.13 -0.02
Microbial population 0.02 0.09 -0.02 0.26 0.17 0.05 0.02
Residual factor = 0.80

6–15 cm
Max 0.21 0.19 -0.10 0.09 0.13 -0.04 0.09

Soil temperature
Min 0.21 0.23 -0.14 0.12 0.17 -0.06 0.12

Soil moisture -0.09 0.11 0.19 -0.08 -0.09 0.01 -0.08
Bacteria -2.60 3.18 -2.75 6.08 2.31 1.51 6.06
Fungi 0.16 0.19 -0.13 0.10 0.27 -0.00 0.10
Actinomycetes -0.18 -0.25 0.07 0.22 -0.01 0.90 0.26
Microbial population -2.67 -3.25 2.85 -6.29 -2.53 -1.89 -6.31
Residual factor = 0.75

16–25 cm
Max 0.77 0.76 -0.37 0.04 -1.48 -0.20 0.45

Soil temperature
Min -0.83 -0.84 0.41 -0.51 1.27 0.22 -0.48

Soil moisture 0.13 0.13 -0.28 -0.12 0.09 -0.00 0.09
Bacteria 6.07 5.86 -3.28 -20.16 9.58 0.56 9.50
Fungi 0.00 0.00 -0.02 -0.21 0.02 0.08 0.03
Actinomycetes -0.31 -0.32 0.01 1.06 0.07 1.20 0.22
Microbial population -5.94 -5.72 3.39 19.77 -9.98 -1.91 -10.06
Residual factor = 0.93
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ported that the density of this fungus also tended
to decline with soil depth.

In aridisols, the highest density and survival of
Macrophomina phaseolina also occurred at 0–5 cm
soil depth (Lodha et al., 1990). However, the posi-
tive correlation of Foc density with maximum as
well as minimum soil temperature at a 6–15 cm
soil depth in cumin-planted fields accounted for
earlier findings that wilt incidence was greatest
between the third week of January and the first
week of February, since it is precisely at this peri-
od that the roots reach a depth of 10–15 cm (Math-
ur and Mathur, 1966). The negative correlation of
soil moisture with Foc propagules at this depth
suggested that soil moisture induced changes in
the soil microbial population, and that this in turn
affected the Foc propagules. The low residual fac-
tor at both these soil depths (0–5 and 6–15 cm)
suggested that no other factor was of greater im-
portance in influencing the survival of Foc prop-
agules. However, the absence of a significant cor-
relation of Foc density with any of the factors stud-
ied, along with the high residual factor found in
path coefficient analysis, indicated that survival
of Foc propagules at the 16–25 cm soil depth was
not influenced by these factors. In general, a sta-
tionary Foc population in the absence of a wilt-sus-
ceptible cumin crop was a clear indication that the
soils had only low levels of antagonists making
them susceptible to severe forms of the wilt. Con-
ducive soils had high levels of F. o. f. sp. niveum
because populations of general bacteria, actinomyc-
etes and fluorescent Pseudomonads tended to be
greater in suppressive soils than in conducive soils
(Larkin et al., 1993).

In our experiment, variations in the population
levels of specific antagonists in different months
of the study were not examined. A significant in-
crease in actinomycetes antagonistic to Foc was
found in cruciferous-residue-amended soil of our
region (Sharma et al., 1995). Similarly the finding
that cruciferous-residue-amended heated soils, con-
tained enhanced populations of Aspergillus versi-
color that were strongly antagonistic to Foc prop-
agules (Israel and Lodha, unpublished data) is
another sign that certain biocontrol agents specif-
ic to a hot and dry arid climate can be exploited by
incorporating them as organic amendments into
nutrient-deficient sandy soils. The possible role of
specific antagonists to counter survival of Foc prop-

agules opens up a new avenue of research in con-
ducive aridisols.
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