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Abstract In the region of Murcia (southeast Spain), sweet
pepper has been grown as a monoculture in greenhouses for
many years. Until 2005, when it was banned, soils were
disinfested with methyl bromide (MB) to control pathogens
and to prevent soil fatigue effects. The genus Fusarium
plays an important role in the microbiological component
associated with yield decline in pepper monocultures. In the
present study, soils were treated with manure amendments,
alone (biofumigation, B) or in combination with solariza-
tion (biosolarization, BS), with or without the addition of
pepper plant residues. The B and BS treatments were com-
pared with a treatment using MB. The extent of disinfesta-
tion was measured from the density of Fusarium spp.
isolated from the soil before and after the respective treat-
ments. Three different species were systematically isolated:
Fusarium oxysporum, Fusarium solani and Fusarium
equiseti. The repeated use of manure amendments with
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pepper crop residues, without solarization, was unable to
decrease the Fusarium spp. density (which increased from
2,047.17 CFU g~! to 3,157.24 CFU g~' before and after
soil disinfestation, respectively), unlike MB-treated soil
(in which the fungi decreased from 481.39 CFU g~! to
23.98 CFU g’l). However, the effectiveness of the repeated
application of BS in diminishing doses (with or without
adding plant residues) on Fusarium populations (reductions
greater than 72%) was similar to or even greater than the
effect of MB.

Keywords Fusarium spp. - Manure amendments -
Biosolarization - Pepper

Introduction

Sweet pepper (Capsicum annuum L.) has been grown as a
monoculture in greenhouses in Murcia (southeast Spain)
for many years [29]. The crop-growing season runs from
November/December to August/September [30].

To control the main pathogens of the crop (Phytophthora
spp. and Meloidogyne incognita Chitwood) [48] and to
avoid crop decline effects [56] associated with repeated
monoculture, soils used to be disinfested every year with
methyl bromide (MB) until it was banned in 2005 [49].
Losses in yield of 20% have been attributed to the lack of
disinfestations after two consecutive sweet pepper crops in
soils without soil-borne pathogens [18]. Bouhot [6]
reported this effect in horticultural crops and referred to
“soil fatigue” (soil sickness according to Katan and
Vanachter [25]) as a reduction in plant development and a
loss of productive capacity. Hartemink [22] described
losses of yield in many soils associated with the intensifica-
tion or crop repetition, which can be recovered with soil
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disinfestation or the addition of organic matter. The mitiga-
tion of soil fatigue with soil disinfestation underlines the
importance of the microbiological component of soils [6],
which is, perhaps, even more important than any change
produced in their chemical and physical properties [41].
This effect, which is specific to sweet pepper [20] and with
a very strong microbiological character [31, 32], may be
associated with a build-up of the density of non-pathogenic
fungi during the growing season [33], Fusarium spp. being
of particular relevance in this respect, as supported by pre-
vious observations [54]. In other crops, such as sugar cane,
this phenomenon is called yield decline [7, 8, 16] or soil
fertility decline in the soils of Sub-Saharan Africa [22]. In
sweet pepper, Fusarium species seem to have no parasitic
implications per se [2]. According to Bonanomi et al. [5],
non-pathogenic Fusaria are common components of soil
microbial communities and are strongly antagonistic to
pathogenic Fusaria. In crops such as ginseng, Fusarium
solani (Mart.), Fusarium oxysporum (Schlechtend.) and
Fusarium equiseti (Corda) are reported to cause seed decay
and the damping-off of seedlings [43].

Since the prohibition of MB, finding alternatives has
been a great challenge [24]. One such alternative, the appli-
cation of amendments of different origin (biofumigation, B)
alone [8] or in combination with soil solarization (biosolar-
ization, BS), has been broadly studied in many crops as a
method of soil disinfestation [3, 15, 45] and its effective-
ness has been demonstrated.

Biofumigation (B) is a term that refers to the suppression
of soil-borne pathogens and pests by decomposing organic
material, including agricultural by-products or manure
[14,27, 35]. The volatile chemicals released during the
process have the capacity to reduce fungal, bacterial and
nematode pathogens [39] and weeds [34]. The response of
pathogen populations to organic manure amendments may
be a reliable indicator only for some organic matter types,
e.g. crop residues and wastes with a low C/N ratio [5]. Soil
solarization (S) is a hydrothermal method based on trapping
the radiant energy of soil by placing plastic sheets on moist-
ened soil during periods of high ambient temperature
[4, 11], and, as such, it is indicated for areas characterized
by a warm climate [52]. Heating the soil surface over a
period of several weeks helps to control pathogenic fungi
and phytoparasitic nematodes, but may also have several
indirect effects on soil biota, increasing competition or
stimulating the density of thermal-tolerant organisms [10].
The combination of these two treatments, B and S, is called
biosolarization (BS) and is considered to be a suitable soil
disinfestation method for sweet pepper greenhouses
[18, 21, 42, 50]. The effectiveness of soil disinfestation has
been shown to be stable with time [19, 20]. Other beneficial
aspects of BS are that the chemical and physical properties
of soil are enhanced [13, 50] and that good levels of
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pathogen control are achieved, accompanied by an accept-
able marketable yield, the overall effects being similar to
those of MB [50].

The effect of soil disinfestation on fungal populations in
general [33] and on Fusarium populations in particular has
been assessed. In this work, the effect on the genus Fusar-
ium is only part of the overall effect of fumigation measured
on total non-pathogenic fungi in greenhouse-grown sweet
pepper. The main objective of this research was to evaluate
the effect of organic amendments, with or without S and the
repeated application, on the diversity and density of soil
populations of Fusarium spp. in sweet pepper crops and to
compare the results with those obtained using MB.

Materials and methods
Treatments and experimental design

The experiments were performed over 3 years in green-
house A and over 1 year in greenhouse B. Both green-
houses are located at the same experimental station, in the
middle of a pepper-growing area at Campo de Cartagena,
Murcia (southeast Spain), with a mean annual temperature
of 20°C and an average rainfall of 300 mm. The soil is clay
loam, with the following characteristics: pH 7.5 and 2.15%
organic matter in greenhouse A and pH 7.8 and 1.83%
organic matter in greenhouse B. When soil sampling began
in 2001, a monoculture of pepper had been grown for
2 years in greenhouse B and for 4 years in greenhouse
A. The soil of both greenhouses was infested by M. incognita.
The effect of the application of a variety of organic amend-
ments, alone or in combination with S, has previously been
evaluated for the main pathogens of the crop [29, 57]. All
treatments based on the addition of manure amendments,
alone (B) or in combination with S (BS), were compared
with the use of MB (Table 1). In two treatments in green-
house B, the use of plant residues, in combination with
manure amendments (B + pepper plant residues) or with
biosolarization (BS + pepper plant residues), was evalu-
ated. A randomised complete-block design with three repli-
cates was used in each greenhouse. In greenhouse B, four
treatments were evaluated in 2003. While the same number
of treatments were also evaluated in greenhouse A in 2001
and 2002, five treatments were assessed in greenhouse A in
2003. In the case of BS, in greenhouse A, a repetition of the
process was evaluated in the same plots every year (BS
2nd, 3rd, 4th, 5th and 6th reiteration). The BS plots that, in
a particular year, had been subjected to “x” reiterations
were noted to have been subjected to “x + 17 reiterations of
BS the following year, although at the same time, the rate
of amendment was reduced each year, while the C/N ratio
was maintained. The organic amendment reduction
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Table 1 Description of the treatments applied in the two greenhouses to determine the effects on Fusarium spp. populations
Treatment™>*, application dose? Active ingredient/amendment Plastic mulch®  Ist”™  2nd 3rd

Greenhouse B
MB:Pic (98:2), 30 g m >
(BS) 2nd reiteration, 5 + 2.5¢
(BS) 2nd reiteration + plants, 5 + 2.5
B 2nd reiteration + plants, 5 + 2.5
Greenhouse A
MB:Pic (98:2), 30 g m~>
(BS) 2nd reiteration, 5 + 2.5
(BS) 3rd reiteration, 4 + 2
(BS) 4th reiteration, 3 + 1.5
(BS) 5th reiteration, 2 + 0.5
(BS) 6th reiteration, 2 + 0.5

Methyl bromide:chloropicrin (98:2)

Fresh sheep manure + chicken manure

Fresh sheep manure + chicken manure + pepper plant residues

Fresh sheep manure + chicken manure + pepper plant residues

Methyl bromide:chloropicrin (98:2)

Fresh sheep manure + chicken manure
Fresh sheep manure + chicken manure
Fresh sheep manure + chicken manure
Fresh sheep manure + chicken manure

Fresh sheep manure + chicken manure

X

VIF X

PE X

PE X

X X X

PE Xe X
PE X X

PE X X X

PE X X

PE X

2 B biofumigation

b § solarization

¢ Plants plant residues of the previous pepper crop that are incorporated into the soil

d Application doses of biosolarization are expressed as kg m~2 of fresh sheep manure + chicken manure (FSM + CM)

¢ VIF virtually impermeable film, PE polyethylene
T 1st, 2nd and 3rd year of study of the effect

¢ Plots subjected to two reiterations of BS (BS 2nd reiteration) in year 1 were the same ones subjected to three reiterations of BS (BS 3rd reitera-
tion) the following year (year 2) and the same ones that had been biosolarized for four reiterations (BS 4th) in year 3. Plots biosolarized for three
times (BS 3rd reiteration) in year 1 were the same ones subjected to four reiterations (BS 4th) the following year (year 2) and five reiterations (BS
5th) in year 3. The methodology of the process was exactly the same for plots that had been biosolarized for four times in year 1

programme was: 7.5 kg m~? for plots previously subjected
to two applications of BS, 6 kg m~2 for plots subjected to
three applications of BS, 4.5 kg m~? for plots subjected to
four applications of BS and 2.5 kg m~2 for plots subjected
to five or six applications of BS. The surface of each plot
was 54 m? in greenhouse A and 60 m? in greenhouse B.
The soil was prepared with deep ploughing, the same as
when chemical fumigation is to be performed. Soils fumi-
gated with MB (30 gm™2 year™!) during the preceding
three growing seasons received 2.5kgm™2 of manure
(2kgm~2 of fresh sheep manure, FSM, + 0.5 kg m~2 of
chicken manure, CM) to maintain the organic matter level.
The applied manure had the following characteristics every
year: pH 8.24 and EC 5.06 dS m~! for sheep manure and
pH 7.44 and EC 5.50 dS m~! for chicken manure, organic
C content of 403 g kg~! for sheep manure and 247 g kg ™!
for chicken manure, total N 25.2 gkg™! and 27.0 gkg™',
total P 5.8 gkg~! and 34.2 g kg~ !, and total K 26.4 g kg™
and 18.4 gkg™'!, respectively. The mixed manure was
added to the soil to a depth of 20 cm using a rotary tiller
and, just after the incorporation of the organic amendments,
a drip-irrigation system was installed to moisten the soil
(using 3 Lh~! emitters spaced 0.40 m apart in the same
row, with 0.50 m between drip rows). Subsequently, a plas-
tic cover was applied (for BS treatments) and the soil was

irrigated for 3h on two consecutive days. The soil
remained covered by plastic sheets for about 10 weeks
(Table 2). Therefore, the only chemical product used (MB)
was applied in November, when the soil was covered for
about 7 days, just before the beginning of a new growing
season. MB (Metabrom, 98% a.i., Dead Sea Bromide,
Israel) at 30 g m~2 was applied as a cold fumigation. In BS
plots, the soil remained covered by a transparent, low-
density polyethylene film (PE, 50 pm) and the MB-treated
soils were covered by a co-extruded, three-layer, virtually-
impermeable film (VIF, composed of two polyethylene lay-
ers with one polyamide film, 50-pm thick, in the middle).

In Table 2, the dates of collecting soil samples before
and after the fumigation treatments are indicated for both
greenhouses and for the different years of the study (in the
case of greenhouse A).

Soil sampling

Populations of Fusarium spp. were estimated in each plot
before and after treatment as colony-forming units per gram
of soil (CFU g™ h.

Five points were selected randomly from the upper
15 cm depth in each plot. A soil sub-sample (approximately
250 g) was taken from each point and the five sub-samples
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Table 2 The dates of the beginning of the fumigation process and removal of plastic covers (when used) and the dates of collecting soil samples

before and after fumigation treatments

Greenhouse Application Date of soil sampling Date of application Date of removal Date of soil sampling
year before treatments of manure of plastic mulches after treatments

A 2001 5 August 28 August 29 October 3 December

A 2002 12 August 14 August 4 November 5 December

A 2003 12 August 12 August 3 November 22 December

B 2003 28 July 18 August 28 October 1 December

were mixed together. Samples (1,250 g) were air-dried in
the laboratory for 1 week, crushed and sieved (0.2-mm
mesh size).

Isolation, quantification and identification of Fusarium spp.

Fusarium population densities in soil samples were
assessed by dilution plating, using Komada medium [28].
Although this medium was designed to be selective for
Fusarium oxysporum, it is also suitable for the recovery of
several other species of Fusarium from soils [3, 43, 47, 54,
56]. Each soil sample was held in a plastic bag that was
shaken just before carrying out the next step. For each sam-
ple to be analysed, four plastic flasks were prepared with
10 g of soil each. Each flask was weighed before and after
analysis [46, 51]. The difference determined the weight of
the analysed soil in each flask. Ten millilitres of medium
cooled at 40°C were poured into each Petri dish and then a
small amount of soil (20 mg per plate) was transferred to it.
The plate was rotated by hand in a broad and slow, swirling
motion to disperse the soil suspension [12, 47]. Four Petri
dishes were prepared for each plastic flask: 16 dishes per
soil sample or repetition (one repetition corresponds to one
block in the greenhouse; 48 dishes per fumigation treat-
ment). The plates were incubated under continuous fluores-
cent light at 25-28°C for 5-7 days. Then, the number of
Fusarium colonies was counted and classified as F. oxyspo-
rum, F. solani and F. equiseti. The Fusarium population
density was expressed as the number of colony-forming
units (CFUs) per gram of dried soil (mean of 16 replicates).
Fusarium species were identified according to Gerlach and
Nirenberg [17], Nelson et al. [38] and Nelson [37], using a
microscope at 100400 x magnification. With respect to the
identification of the three species, F. oxysporum on
Komada medium shows rapid growth and the white aerial
mycelium becomes tinged with purple. On the same
medium, F. solani growth is rapid, with abundant aerial
mycelium. The surface is soon covered with confluent spor-
odochia that give the surface a cream, blue—green or blue
colour. The growth of F. equiseti is also rapid, with dense
aerial mycelium that is white at first and becomes tan to
brown as the culture ages. The description is similar using
potato dextrose agar (PDA) medium [38].
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Statistical analysis

The statistical treatment of data was carried out using the
STATGRAPHICS Plus 5.1 statistical package software
(StatPoint, Inc., 2325 Dulles Corner Boulevard, Suite 500
Herndon, VA 20171, USA). The data obtained were sub-
jected to statistical analysis using analysis of variance
(ANOVA), comparing the means of the treatments with the
least significant difference (LSD) test (P <0.05). The
J(x + 0.5) transformation was used to normalise the data
for all of the analyses.

Results and discussion

Three species of Fusarium were isolated systematically
from the soil sample in Komada medium in the 3 years of
the study: F. oxysporum, F. solani and F. equiseti. Gener-
ally, the most common species isolated was F. solani, for
all treatments, before and after the disinfestation treat-
ments. F. moniliforme was sporadically isolated in only one
analysis (2.78 CFU g~ !; in greenhouse A before disinfesta-
tion treatment with MB in the first year of study, Table 4),
and, for this reason, was not expressed in the analysis.

The columns labelled “Before” in Tables 3—6 represent
the density of soil Fusarium spp. isolated just before the
fumigation treatments. These data are related to the accu-
mulative density after one sweet pepper crop. The columns
labelled “After” in Tables 3—6 refer to the density of Fusar-
ium spp. isolated after the fumigation treatments and it is
related to the density before the plantation of a new sweet
pepper crop.

For greenhouse B (Table 3), when the applications of
manure amendments (with or without a plastic cover and
with or without the addition of pepper plant residues of the
previous crop) were compared, the results showed that only
the second year of BS with plant residues was able to
reduce the Fusarium spp. inoculum to approximately the
same extent as MB, although the percentage of inoculum
reduction was inferior (72% reduction compared with MB
95.02% reduction). In addition, it is important to indicate
that only BS was able to reduce F. solani populations, pre-
sumably the species that was mainly responsible for the
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Table 3 Fusarium spp. density (colony-forming units per gram of soil [CFU g~' of soil]) isolated in plots before and after the application of each
treatment in greenhouse B

Species MB? (B"S°) 2nd (BS) 2nd + plantsd B 2nd + plants
Before After Before After Before After Before After

F. oxysporum 21.57b° 0.84a 1.23a 98.32b 3.08a 13.45a 99.00a 191.38b
4.48%" 3.50% 2.36% 93.15% 4.97% 79.68% 4.83% 6.06%

F. solani 433.90b 23.14a 49.52b 3.12a 52.74b 343a 1,864.98a 2,931.08b
90.13% 96.49% 95.06% 2.95% 85.21% 20.31% 91.10% 92.83%

F. equiseti 25.91b 0.00a 1.34a 4.10a 6.06a 0.00a 83.18b 34.77a
5.38% 0% 2.57% 3.88% 9.79% 0% 4.06% 1.10%

Total 481.39b 23.98a 52.10a 105.54b 61.89b 16.88a 2,047.17a 3,157.24b
100% 100% 100% 100% 100% 100% 100% 100%

2 MB 30 methyl bromide 30 g m—2

b B application of manure amendments

¢ § solarization, BS biosolarization, 2nd second reiteration of performing biosolarization treatment
4 Plants plant residues of the previous pepper crop that are incorporated into soil

¢ Values are the means of three replicates. Mean values of the same row, followed by the same letter, before and after each treatment, do not differ
significantly, according to the LSD test (P < 0.05). The /(x + 0.5) transformation was performed to normalise data

T Percentage of isolation of each species with respect to the total is indicated in the same column

Table 4 Fusarium spp. density (colony-forming units per gram of soil [CFU g~! of soil]) isolated in plots before and after the application of each
treatment in greenhouse A during the first year of study

Species MB? (B"S°) 2nd reiteration (BS) 3rd reiteration (BS) 4th reiteration
Before After Before After Before After Before After
F. oxysporum 2,231.30b¢ 0.00a 2,084.25b 0.00a 2,545.43b 4.23a 3,733.79b 3.56a
43.49%° 0% 34.20% 0% 23.02% 3.49% 55.89% 31.98%
F. solani 2,497.57b 182.67a 3,767.66b 0.00a 7,744.59b 116.77a 2,589.10b 7.57a
48.69% 97.35% 61.82% 0% 70.05% 96.50% 38.75% 68.01%
F. equiseti 397.84b 4.96a 241.89b 0.00a 765.67b 0.00a 357.55b 0.00a
7.75% 2.64% 3.96% 0% 6.92% 0% 5.35% 0%
Total 5,126.72b 187.63a 6,093.81b 0.00a 11,055.70b 121.00a 6,680.45b 11.13a
99.94%" 100% 100% 100% 100% 100% 100% 100%

2 MB 30 methyl bromide 30 g m—2
b B application of manure amendments

¢ S solarization, BS biosolarization, 2nd second reiteration of performing biosolarization treatment, 3rd third reiteration and 4th fourth reiteration
of the process

4 Values are the means of three replicates. Mean values of the same row, followed by the same letter, before and after each treatment, do not differ
significantly, according to the LSD test (P < 0.05). The \/(x + 0.5) transformation was performed to normalise data

¢ Percentage of isolation of each species with respect to the total is indicated in the same column
f The total density of Fusarium spp. does not include F. moniliforme isolated in the soil sample

crop decline effects attributed to the Fusarium genus.
However, Fusarium showed an increased density in plots
repeatedly biofumigated with manure and pepper plant res-
idues of the previous crop. Particularly, in the latter case,
the initial Fusarium spp. density before carrying out soil
fumigation was higher (2,047.17 CFU g~!) with respect to
the other treatments (481.39 CFU g’1 for MB,
52.10 CFU g~! for BS 2nd and 61.89 CFU g~! for BS

2nd + plants). In most cases, F. solani was the most abun-
dant species isolated both before and after disinfestation
treatments, although F. oxysporum provided two excep-
tions to this (Table 3).

In greenhouse A, all BS treatments and their reiterations
had the same effect as MB in 2001 and 2002 (Tables 4 and
5), with even better percentages of reduction (>96%) of the
Fusarium spp. inoculum. In 2001 in particular, all
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Table 5 Fusarium spp. density (colony-forming units per gram of soil [CFU g~! of soil]) isolated in plots before and after the application of each
treatment in greenhouse A during the second year of study

Species MB? (B°S®) 3rd reiteration (BS) 4th reiteration (BS) 5th reiteration
Before After Before After Before After Before After
F. oxysporum 50.92b¢ 0.00a 0.00a 0.00a 2.72a 0.00a 0.00a 0.00a
3.20%° 0% 0% 0% 1.14% 0% 0% 0%
F. solani 1,536.26b 0.00a 0.00a 0.00a 232.06b 0.00a 0.00a 0.00a
96.79% 0% 0% 0% 97.58% 0% 0% 0%
F. equiseti 0.00a 0.00a 9.46b 0.00a 0.96a 9.47b 0.00a 0.00a
0% 0% 100% 0% 0.40% 100% 0% 0%
Total 1,587.18b 0.00a 9.46b 0.00a 237.75b 9.47a 0.00a 0.00a
100% 0% 100% 100% 100% 100% 0% 0%

2 MB 30 methyl bromide 30 g m—2
b B application of manure amendments

¢ S solarization, BS biosolarization, 3rd third reiteration of performing biosolarization treatment, 4th fourth reiteration and 5zh fifth reiteration of
the process

4 Values are the means of three replicates. Mean values of the same row, followed by the same letter, before and after each treatment, do not differ
significantly, according to the LSD test (P < 0.05). The \/(x + 0.5) transformation was performed to normalise data

¢ Percentage of isolation of each species with respect to the total is indicated in the same column

Table 6 Fusarium spp. density (colony-forming units per gram of soil [CFU g~

treatment in greenhouse A during the third year of study

of soil]) isolated in plots before and after the application of each

Species MB? (B"S°) 2nd reiteration (BS) 4th reiteration (BS) 5th reiteration (BS) 6th reiteration
Before After Before After Before After Before After Before After
F. oxysporum  26.80a% 189.09b  12.23a 11.33a 69.86b 0.00a 45.94b 3.53a 5.40a 18.21a
22.77%° 97.58% 1.73% 55.13% 34.84% 0% 6.22% 41.38% 2.27% 54.93%
F. solani 83.20b 2.83a 612.86b 7.52a 100.23b 1.41a 688.09b 4.99a 221.75b 9.29a
70.72% 1.46% 86.85% 36.59% 49.99% 100% 93.16% 58.49% 93.56% 27.56%
F. equiseti 7.64a 1.84a 80.50b 1.69a 30.40b 0.00a 4.53b 0.00a 9.83a 6.19a
6.48% 0.94% 11.40% 8.22% 15.16% 0% 0.61% 0% 4.14% 18.36%
Total 117.63a  193.77a  705.59b 20.55a 200.49b 1.41a 738.56b 8.53a 236.99b 33.70a
100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

* MB 30 methyl bromide 30 g m~>
> B application of manure amendments

¢ S solarization, BS biosolarization, 2nd second reiteration of performing biosolarization treatment, 4tk fourth reiteration, 5th fifth reiteration and
6th sixth reiteration of the process

4 Values are the means of three replicates. Mean values of the same row, followed by the same letter, before and after each treatment, do not differ
significantly, according to the LSD test (P < 0.05). The \/(x + 0.5) transformation was performed to normalise data

¢ Percentage of isolation of each species with respect to the total is indicated in the same column

treatments involving repeated application of BS led to sig-
nificantly decreased (P <0.05) Fusarium spp. densities
(with starting amounts of above 6,000 CFU g~ soil), again
with better effectiveness than MB (with starting amounts of
above 5,000 CFU g~! soil, Table 4). The effect on BS plots
in the second year of application (BS 2nd reiteration) must
be emphasised, since no Fusarium colony was isolated on
Komada medium for any plot after this treatment. In the
following year, 2002, all treatments reduced the Fusarium
spp. density, the plots subjected to 4 years of repeated
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biosolarization (BS 4th reiteration) being particularly effec-
tive. The analyses made for plots that had been biosolarized
five times (BS 5th reiteration) pointed to the absence of Fusar-
ium spp. colonies either before or after soil disinfestation.

In 2003, MB did not produce any significant differences
(P > 0.05) between the pre- and post-fumigation popula-
tions (Table 6). However, all treatments involving repeated
application of BS significantly decreased (P < 0.05) Fusar-
ium populations, with reductions exceeding 90%, although
the average Fusarium spp. density before fumigation
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treatments was below 1,000 CFU g~ in all cases. In repeat-
edly treated BS plots, Fusarium populations were signifi-
cantly reduced (P < 0.05) and the effect was the same every
year, underlining the stability of the effect.

Selective analysis of Fusarium spp. was performed to
better differentiate the species and to provide a quantitative
comparison between treatments. Fusarium species are not
all equally adapted to survival in soil. Burgess [9] separated
the genus into three groups according to the mode of sur-
vival: air Fusaria, soil Fusaria and Fusaria of subterranean
habitats. Soil Fusaria show some characteristics that make
them suitable to life in this substrate. Both F. solani and
F. oxysporum are included in this group. Fusarium equiseti
is a cosmopolitan, soil-inhabiting fungus that has frequently
been reported in arid and semi-arid regions [9, 47].

The addition of soil to a medium in sub-fusion state has
been used to study the dynamics of the most common spe-
cies of Fusarium. However, the dilution plate method [58]
has some weaknesses, due to its selectiveness for some
Fusarium species and some propagules in the soil [46].
McMullen and Stack [36] reported that the recovery of
Fusarium was consistently influenced by the isolation tech-
nique and not by variable site factors (grazed/ungrazed or
cultivated field) or sampling year. On the other hand, some
authors, such as Parkinson et al. [40], suggest that it is
impossible to devise a single isolation technique by which
all fungal forms present in the soil can be isolated, since
any isolation technique is selective to a certain extent.
Despite these limitations, the technique has been used in
qualitative studies of soil fungi from cultivated soils:
tomato crops [54], asparagus [44, 57], soybean [26], maize
[53], ginseng [43] or carnation [54, 59, 60], and from
uncultivated soils: prairies [36], Pinus [46] and beach sands
[55]. The main advantage is its great simplicity and speed.
As Santos et al. [51] mentioned, the medium used has high
selectivity for Fusarium species and it is easy to differenti-
ate some of them based on pigmentation, aspect and colony
growth rate. This method has also been used by Blok et al.
[3] and is particularly suited to the analysis of soils from
southeast Spain.

Soils in southeast Spain tend to be alkaline and the
annual average temperature is relatively high, aspects
which are very similar to places such as Egypt [1] and quite
favourable for Fusarium spp., which may account for its
high frequency. According to Steinkellner and Langer [53],
environmental conditions such as climate, soil moisture,
soil type and fertility are known to affect microbial soil
populations and especially the range of Fusarium isolated
from soil [9]. The genus Fusarium survives better in soil in
dry than in wet conditions and may prefer a combination of
such conditions with high temperatures.

Comparison of mean values of the isolated colonies for
the different microenvironments reveals that there was no

difference in species composition of the Fusarium spp.
between chemical (MB) and non-chemical treatments
(B and BS). Fusarium oxysporum, F. solani and F. equiseti
were the only species isolated systematically, with F. solani
being the most abundant and frequent Fusarium species
isolated from soil repeatedly cultivated with sweet pepper.
In this sense, the results obtained contrast with those of
other works, where F. equiseti [43, 53] or F. oxysporum
[23, 26, 47], respectively, were the common species iso-
lated. In soils cultivated with tomato (another horticultural
crop which is intensively cultivated in the region of Mur-
cia), F. oxysporum was isolated abundantly and frequently,
while F. oxysporum and F. roseum were the prevalent spe-
cies in areas near cultivated soils [40]. All of these aspects
seem to implicate F. solani as playing an essential role in
the decline effects specific to sweet pepper crops.

The results indicate the following: BS has the same or an
even better effect than MB for reducing populations of
Fusarium spp., particularly when a moistened manure
amendment is covered with a plastic film. In this sense, the
results are similar to those of Blok et al. [3], who observed
significant reductions in the CFU g~! of F. oxysporum in
plots cultivated with asparagus [3] and where organic
amendment was incorporated and a plastic cover applied.
With regards to the repetition of BS, the stability of the pro-
cess with time was evident (Tables 4-6), and the Fusarium
density was consistently reduced every year during which
the method was repeated in the same plots, with the same
effectiveness as (Tables 5 and 6) or even better than MB
(96.34% reduction, Table 4). A representative example is
the 2-year application of BS (BS 2nd year), the effect of
which was studied three times (Tables 3, 4 and 6). The only
time the Fusarium density increased was in greenhouse B
(Table 3), where, it must be emphasised, the inoculum lev-
els before the fumigation treatment were much lower
(52.10 CFU g_l) than in other cases, such as greenhouse A
in 2001 (6,093.81CFUg™!; Table4) and 2003
(705.59 CFU g~!; Table 6).

The results point to high Fusarium densities at the end of
a growing season, which could be related with “soil
fatigue” (Table 4) before soil disinfestation. Moreover, it
might be an indicator of a cumulative effect that is produced
in the absence of fumigation. In this sense, preliminary
works have shown that, when some isolates of F. solani are
used to inoculate young plants, symptoms such as yellow-
ing and a reduction in plant growth have reoccurred [26].

With only one exception in plots subjected to 2 years of
BS (Table 3), the effect of BS on Fusarium populations was
the same, regardless of the amount of amendment added.
A comparison of the same treatment with (BS 2nd + plants)
or without (B 2nd + plants) a plastic cover highlights the
action of the plastic: without it, the Fusarium density sig-
nificantly (P < 0.05) increased (64.84% higher). Results
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with B alone are similar to those obtained by Scopa et al.
[52] for S, indicating that this practice is beneficial to soil
microflora, although other authors maintain that soil tem-
peratures of around 50°C are detrimental to microbial bio-
mass. In conclusion, the results contribute to our
understanding of the effect of this non-chemical, simple,
safe and effective method of soil disinfestations, which can
be considered as suitable for organic agriculture, reducing
or even eliminating Fusarium populations in soil to an
extent that is similar and comparable to that obtained with
MB. However, more studies are needed to understand
the functionality of Fusaria and their repercussion on the
loss of diversity with BS treatments and its continued
reiteration.
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