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Abstract  

Sustainably managed soils can increase soil quality, biodiversity, and reduce soil erosion and nutrient losses. In 
several regions of China, long-term monocultures such as watermelon are leading to severe degradation of soil 
biological functions due to contamination by dominant and deleterious microbes, particularly Fusarium spp., 
resulting in decreased soil productivity and quality. 
The main goal of this study was to assess a new bio-organic fertilizer in monoculture areas by testing the interac-
tions between Fusarium oxysporum f. sp. niveum and microbial communities to inhibit it. The results showed 
that the tested organism significantly reduced Fusarium wilt in a watermelon monoculture plantation in China. 
The rate of wilt incidence following bio-fertilizer treatment was decreased by 70% at 63 days and the Fusarium 
counts in the watermelon rhizosphere declined too. Moreover, total abundance of bacteria increased, but total 
abundance of actinomycetes decreased.
The beneficial microbes increased and became dominant while deleterious microbes, particularly Fusarium 
spp., were inhibited. The main conclusions of this study were that: i) a controlled bio-organic fertilizer stim-
ulated the growth of ecologically beneficial microbes and naturally existing autochthonous antagonistic mi-
crobes; and, ii) the beneficial population structure and soil functions recovered following the reconstruction of 
functional microbial communities. Our results will add more useful information to understand how long-term 
crop monocultures can lead to detrimental effects on the soil microbial communities that will, in turn, affect the 
growth of plants and normal soil functions.
Keywords: Fusarium oxysporum f. sp. niveum, bio-organic fertilizer, watermelon monoculture, biological soil 
contamination.
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1. Introduction

Soils play a major role in providing mineral nutrients, 
water and a substrate to plants, and soil properties af-
fect the health of natural and agroecosystems as well 
as human health. Soil quality is threatened by increas-
ing human populations and the fact that most culti-
vable land is intensively used (Khaledian et al., 2016). 
Therefore, we have to protect this resource and invest 
efforts into research about soil health (Zornoza et al., 
2015). Modified soil physical parameters (porosity, 
near-saturated hydraulic conductivity, aggregate sta-
bility and soil structure) have resulted from uninter-
rupted agricultural production, but these management 
systems (planting grasses and trees, irrigation etc.) do 
not always affect crop yields (Costa et al., 2015). 
In China, long-term monoculture has led to severe soil 
sickness and as a consequence, high concentrations of 
accumulated Fusarium oxysporum in watermelon pro-
ducing soils (Wu et al., 2010). Soil bio-fertility and 
productivity decline when this pathogen accumulates 
in the soil profile. Fusarium oxysporum Schleicher: 
Fr. f.sp. niveum (E.F. Smith) W. C. Snyder & H. N. 
Hans. is the most important soil-borne pathogen that 
decreases watermelon production worldwide (Wu et 
al., 2009). 
Fusarium-infested soil affects normal production 
functions by decreasing yield because the soil becomes 
unhealthy and is no longer suitable for cultivation (Ut-
khede, 2006). A non-chemical method for crop protec-
tion against phytopathogenic fungi can be biocontrol 
via antagonistic organisms (Singh et al., 1999; Jimtha 
et al., 2016). Since the last century, organic fertilizers 
have been recommended for controlling Fusarium wilt 
in infested soils (Fulton, 1927). It appears that blend-
ing many microbes could be more effective than using 
one strain for promoting plant growth (Ahemad and 
Kibret, 2014; Jimtha et al., 2016). Another applied so-
lution is the use of composted organic wastes as soil 

amendments (Calleja-Cervantes et al., 2015). Organic 
fertilizers not only supply organic matter to the soil, 
they also help: (1) form soil aggregates (Yazdanpanah 
et al., 2016); (2) improve soil porosity, bulk density 
and water holding capacity (Burrell et al., 2016); (3) 
conserve and increase the microbial diversity (Dig-
nam et al., 2016); (4) remediate heavy metal and 
polycyclic aromatic compounds in contaminated soils 
(Chen et al., 2015); and, (5) promote crop growth 
(Sirohi et al., 2015; Debiase et al., 2016). Microbes 
introduced with organic fertilizers may inhibit plant 
pathogens (Wu et al., 2015; Ling et al., 2016). 
Over the last few decades, little attention has been 
paid to the microbial-based ecological remediation 
of Fusarium-infested soils in watermelon plantations 
by using bio-organic fertilizers containing antagonis-
tic (e.g. Paenibacillus polymixa and/or Trichoderma 
harzianum) and organic amendments through the reg-
ulation of beneficial and deleterious autochthonous 
microbes (Marín-Benito et al., 2014). Therefore, the 
main goals of this work are to: (1) assess the effective-
ness of a new organic fertilizer; and, (2) investigate 
the remediation and functional recovery mechanisms 
in Fusarium-infested soils amended with the new bio-
organic fertilizer. The hypotheses of this work are 
related to: (1) bio-organic fertilizer as inhibitor of del-
eterious soil microbes; and, (2) bio-organic fertilizer 
as tool to rebalance the soil microbial ecology and to 
restore the production function of sick soils.  

2. Materials and Methods

2.1. Experimental design and conditions

This research was conducted under laboratory condi-
tions in a completely randomized block, which was 
designed with five replications with watermelon 
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plants as described in Table 1 (Wu et al., 2009; Cao et 
al., 2011). For this research, Fusarium-infested sam-
ples from yellow sandy loam soils (Table 2), classified 
as Alfisols were collected. Samples were collected 
from the top ayers of soils in which watermelons were

grown continuously during a natural cycle of five 
years in Shanghai (China), and healthy (Fusarium-
free) soil from neighboring watermelon-cultivated 
soil was also collected (soil free of watermelon, E 
31º00 N121º45).

 

ID Treatments  Observations 
CK Untreated  - 

CF 
Applying chemical 
fertilizer 

Containing equal amounts of N, P, and K + 
0.1% organic fertilizer, which was blended 
with: 
 (NH4)2SO4 (18.0% N) Ca(H2PO4)2 
 H2O (52.6% P2O5,)  
 K2SO4 (60% K2O) 

0.1% OF 
Applying 0.1%organic 
fertilizer 

 
Treatment based on the weights of wet soil-
filled pots, with the same metric used hereafter 0.5% OF 

Applying 0.5% organic 
fertilizer 

0.1% 
BOF  

Applying 0.1% organic 
fertilizer and 
antagonistic microbes Treatment conducted with organic matter with 

antagonistic microorganisms 
 0.5% 

BOF 

Applying 0.5% organic 
fertilizer and 
antagonistic microbes 

Table 1. Treatments applied to the Fusarium-infested soils in this study. CK: untreated soil; CF: soil with chemi-
cal fertilizer; 0.1% OF: soil with 0.1% organic fertilizer; 0.5% OF: soil with 0.5% organic fertilizer; 0.1% BOF: 
soil with 0.1% organic fertilizer and antagonistic microbes; and, 0.5% BOF: soil with 0.5% organic fertilizer and 
antagonistic microbes.

*Bio-organic fertilizer (BOF) means suitable living microbes and their spores were mixed with organic fertilizer when pig or 

chicken manures were fermented.

 

Soil Type (units) 
Organic 
matter 
(g kg-1) 

Total N 
(g kg-1) 

N 
(g kg-1) 

P 
(mg kg-1) 

K 
(mg kg-1) 

pHH2O 

Fusarium-infested soil 41.73 1.21 25.01 6.2 392.68 8.02 
Non-planted soil 24.50 1.15 20.59 4.69 262.21 6.08 

Table 2. Chemical properties of the tested soils.
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Soil samples were air-dried and passed through a 
2 mm-mesh screen. All fertilizers and antagonistic 
microbes were mixed thoroughly with Fursarium-
infested soil before transplanting to ensure homoge-
neity. Chemical fertilizer was dissolved in 100 mL 
distilled water to mix and then blended with half of 5 
kg potted soil and subsequently mixed with the other 
half of the 5 kg of potted soil. The 100 mL antago-
nistic microbes (Trichoderma guizhouense GenBank 
accession number: GQ337429 and Panaebacillus 
polymixa GenBank accession number: GU377210.1) 
suspension was added to the one third of the 5 kg 
of potted soil to blended and then the blended soil 
was mixed with the left soil thoroughly. Watermelon 
seeds (Citrullus lanatus Thunb. Matsum. & Nakai, 
Chinese commercial name Zaojia 84-24) were sur-
face-disinfected by applying 2% sodium hypochlo-
rite solution for 15 min and then dipped in 50 °C 
sterile water for 10 min to promote germination. The 
disinfected seeds were placed on moist filter paper in 
a Petri dish at 30 °C until germination. Ten germi-
nated seeds were sown into each pot.
Two weeks later, 8 seedlings were selected for the ex-
periment. The soil was sprayed with 150 ml of distilled 
water per pot every 2 days during the first 3 weeks and 
then with 300 ml thereafter. All the pots were distrib-
uted randomly throughout a greenhouse with natural 
light conditions. The temperatures were kept at a max-
imum of 35 °C during the day and at 21 °C at night. 
The pathogen Fusarium oxysporum f. sp. niveum was 
isolated and identified from Fusarium-infested soil 
and watermelon seedlings before the experimentation 
phase. The Fusarium wilt incidence for watermelon 
cultivated soils and its symptoms were observed and 
identified 63 days from the treatment. Wilting leaves 
and the discoloration of vascular tissue in the water-
melon root transection were used as elementary di-
agnostic symptoms for Fusarium wilt in watermelon 
(Wu et al., 2009, 2010). 

2.2. Fertilizers and antagonistic microbes, and soil 
analysis

The applied bio-organic fertilizer consisted of or-
ganic fertilizer fermented from soybean cakes, and 
characterized by the properties described in Table 
2, and it contained antagonistic microbes, namely 
3×109 viable Paenibacillus polymyxa spores per 
gram of organic fertilizer and 5×106 viable conidia 
of Trichoderma guizhouense per gram of organic 
fertilizer (Wu et al., 2009).
Komada selective medium was used for the isola-
tion, identification and enumeration of Fusarium spp. 
(Komada, 1975). The enumeration of culturable soil 
microbes was performed as described by (Wu et al., 
2009, 2010). Standard dilution plate methods were 
used to count the strain, in which the suspension 
concentrations were serially diluted from 10-6 to 10-8 
for bacteria, 10-4 to 10-6 for actinomycetes, and 10-2 
to 10-4 for other fungi and Fusarium spp. propagules.  
The rhizosphere soil was sampled 63 days from the 
treatmentand the wilt incidence was recorded using 
a watermelon plant disease index. The effects of the 
treatments on culturable microorganisms in the wa-
termelon rhizosphere were tested at the same time. 
Two plants were randomly selected from each pot to 
investigate the rhizosphere microflora. The roots were 
cut and weighed after removing the excess soil by 
shaking the plant gently. They were subsequently: i) 
washed by vortexing them in sterile distilled water; ii) 
blotted dry; and, iii) weighed again. After determin-
ing the amounts of suspended soil, the rhizosphere 
suspension was diluted in a series from 10 to 10-8. A 
0.1 ml suspension was then plated on 2% malt agar 
(18 g of agar, 20 g of malt extract, and 1000 ml of 
distilled water) that was acidified to a pH of 5.5, and 
chloramphenicol (150 mg L-1) was added to suppress 
bacteria. The plates were incubated at 28 °C, and most 
isolates were obtained five days later, but the plates 
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were continuously examined over 3-4 weeks to isolate 
the slow-growing microorganisms. 
The morphological identification of microbial iso-
lates was conducted according to classical macro- and 
microscopic criteria based on cultural features (Wu 
et al., 2009, 2010, 2015). Bacterial physio-chemical 
reactions were also observed (Gordon et al., 1973; 
Speller, 1978). Actinomycetes were identified from 
classical macro-and microscopic criteria and physio-
chemical reactions (Shirling and Gottlieb, 1966; 
Hasegawa et al., 1983). The morphological identifica-
tion of fungal isolates was conducted using classical 

micro- and macroscopic criteria, including cultural 
features (Webley, 1973). Fusarium spp. was identified 
using supplementary literature (Booth, 1971).
The soil microbial species abundance, richness, and 
diversity indices were calculated to show the effect 
of biocontrol inoculants on resident soil populations 
(Natsch et al., 1997). To compare the treatment ef-
fects, diverse indices (species richness and species 
abundance indices) were used. Margalef’s diversity 
measure (Equation 1) and Shannon’s index (Equation 
2) were applied as species richness indices (Girlanda 
et al., 2001).

𝐷𝐷𝑀𝑀𝑀𝑀 = (𝑆𝑆 − 1)/𝑙𝑙𝑙𝑙𝑙𝑙 
Equation 1

 

𝐻𝐻´ =  −𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑖𝑖  (𝑙𝑙𝑙𝑙 𝑝𝑝𝑖𝑖) 
Equation 2

In the Margalef’s index, S is the number of taxa and N the total number of individuals. In Shannon’s index, pi 
is the proportion of individuals in the ith species. 
To measure the species abundance indices, Simpson’s index (Equation 3) and Berger-Parker’s index (Equation 
4) were applied. 

 

𝐷𝐷 =  𝑆𝑆𝑈𝑈𝑈𝑈 [𝑛𝑛𝑖𝑖 (𝑛𝑛𝑖𝑖 − 1]/[𝑁𝑁(𝑁𝑁 − 1)] 
Equation 3

𝑑𝑑 =  𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚/𝑁𝑁 Equation 4

In the Simpson’s index, N is the total number of 
individuals and ni stands for the total number of 
organisms of a particular specie. Berger-Parker’s 
index was also used to indicate the proportional im-
portance  of  the  most  abundant  species  from  the 

formula, where Nmax is the number of individuals in 
the most abundant species (Girlanda et al., 2001). 
An analysis of the dominant soil microbes was per-
formed by standard dilution plate method (Wu et al., 
2009, 2015).
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2.3. Statistical analysis and data process

The values for the watermelon plant wilt percentage and 
microbe counts (CFU) were expressed as means ± stan-
dard deviation. A one-way analysis of variance (ANO-
VA) of the rate of Fusarium wilt in watermelon and the 
diversity indices were calculated with SPSS 23 (IBM, 
USA). Least significant difference tests were used for 
post-hoc comparisons, and the significance levels were 
set at P < 0.05.  

3. Results

3.1. Effect of bio-organic fertilizer on the Fusarium 
wilt of watermelon plants 

Bio-organic fertilizer (BOF) significantly inhibited 
Fusarium wilt in watermelon plants. The incidence 
rate of wilt for the CK at 63 days from the treatment 
was 70%. The rate of wilt for treatments CF, 0.1% 
OF, 0.5% OF, 0.1% BOF and 0.5% BOF decreased to 
61.3%, 40.3%, 31.7%, 30.3%, and 20.7% in compari-
son with the control treatment, respectively (Figure 1). 
The rates of wilt for all OF and BOF treatments were 
lower than in the CF.

 3.2. Microflora analysis and evaluation of microbial 
abundance into the soil and rhizosphere

Margalef’s species richness, Shannon’s, Simpson’s 
and Berger-Parker’s indices were used independent 
of the cultivation history (Table 3): before trial and 
63 days from the treatment.
The planting of watermelons and the application of 
fertilizers affected the quantities of culturable micro-
organisms in the rhizosphere and bulk soil, particularly 
for OF and BOF treatments. Applications of CF, OF 
and BOF affected the quantities and dynamic equilib-
rium of culturable microorganisms in the rhizosphere 
(Table 3). Compared with the healthy soil (Table 4) 
the CFU or microbial abundance of total culturable 
bacteria in Fusarium-infested soil was lower, whereas 
the CFU of culturableactinomycetes, other fungi and 
Fusarium spp. was higher. The total bacterial count 
in Fusarium-infested soil declined by 22.8% relative 
to its value in healthy soil; however, the CFU of total 
actinomycetes increased by 117.4%, with total fungi 
elevated by 473.5% and total Fusarium spp. increased 
by 157.7% in comparison with that of healthy soil, 
respectively (Figure 2).

Figure 1. Rate of watermelon plant wilting at 63 days from the treatment. CK: untreated soil; CF: soil with chemical fer-
tilizer; 0.1% OF: soil with 0.1% organic fertilizer; 0.5% OF: soil with 0.5% organic fertilizer; 0.1% BOF: soil with 0.1% 
organic fertilizer and antagonistic microbes; and, 0.5% BOF: soil with 0.5% organic fertilizer and antagonistic microbes.
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 Soil Type Margalef Shannon Simpson Berger-Parker 

Before 
trial 

Non-cultivated soil 2.32±0.22a 0.01±0.00a 50.91±4.77a 1.00±0.1a 
Infested soil 2.45±0.29a 0.13±0.02b 48.99±5.85a 1.00±0.12a 

63days  
from the 
treatment 

Non-watermelon-cultivated 
soil 

2.71±0.84b 0.11±0.03b 49.79±15.43a 1.00±0.31a 

Infested soil 2.78±0.13b 0.55±0.02d 50.91±2.29a 0.99±0.04a 

CF 2.74±0.14b 0.35±0.02c 51.30±2.61bc 0.99±0.05a 

0.1% OF 2.65±1.20b 0.13±0.06b 51.73±23.35bc 1.00±0.45a 

0.5% OF 2.60±0.50b 0.10±0.02b 51.80±9.90bc 1.00±0.20a 

0.1% BOF 2.61±0.52b 0.10±0.02b 51.80±10.29bc 1.00±0.20a 

0.5% BOF 2.54±0.52b 0.06±0.01a 51.87±10.69bc 1.00±0.21a 

Table 3. Effects of bio-organic fertilizer on microbial species diversity in treated soil. The same letters were not 
significantly different in post-hoc tests (P < 0.05). CK: untreated soil; CF: soil with chemical fertilizer; 0.1% OF: 
soil with 0.1% organic fertilizer; 0.5% OF: soil with 0.5% organic fertilizer; 0.1% BOF: soil with 0.1% organic 
fertilizer and antagonistic microbes; and, 0.5% BOF: soil with 0.5% organic fertilizer and antagonistic microbes.

 

  Bacteria (107 CFU) Actinomycetes (105 CFU) Fungi (103 CFU) Fusarium spp (103 CFU) 

Untreated

Fusarium-

infested 

soil 

Total abundance 145.3±13.6 4.6±0.43 3.4±0.49 2.6±0.51 

Dominant taxa 

B. subtilis: 32.5±8.2 

B. badius: 22.1±5.7 

B. mycoides: 

51.6±8.6 

B. pasteurii: 8.4±1.2 

NocardioidesPrauser (1976): 

2.8±0.3 

MicropolysporaLechevalieret 

al.(1961): 0.7±0.03 

RhizopusEhrenberg: 0.5±0.05 

Aspergillus effusesTiraboschi: 0.3±0.01 

RhizoctoniaDC. Ex Fr: 0.7±0.12 

Stysanusstemonites (Pers.) Corda: 0.1±0.01 

BerkleasmiumZobel: 0.8±0.12 

Penicilliumsimplicissimum (Oud.) Thom: 

0.8±0.11 

F. merysimoides: 

0.1±0.01 

F. fusarioides: 0.4±0.1 

F. oxysporumf. sp. 

niveum: 0.01±0.00 

Fusarium-

infested 

soil 

Total abundance 112.2±13.4 10.0±2.65 19.5±2.28 6.7±1.75 

Dominant taxa 

B. subtilis: 10.1±3.2 

B. badius: 10.6±2.7 

B. mycoides: 

47.5±6.7 

B. pasteurii: 17.5±2.8 

NocardioidesPrauser (1976): 

8.4±1.51 

MicropolysporaLechevalier et al. 

(1961): 6.8±1.34 

RhizopusEhrenberg: 9.8±1.2 

Aspergillus effusesTiraboschi: 1.1±0.08 

RhizoctoniaDC. Ex Fr: 5.6±1.3 

Stysanusstemonites (Pers.) Corda:1.1±0.05 

BerkleasmiumZobel: 0.4±0.01 

Penicilliumsimplicissimum (Oud.) Thom: 

1.4±0.06 

F. merismoides : 

1.5±0.13 

F. fusarioides: 1.1±0.1 

F. oxysporumf. sp. 

niveum: 

2.2±0.18 

Table 4. CFU (abundance) of total microorganisms and count of dominant populations of microorganisms in the 
soil before the trial (means ± SE).

*Means with the same letters were not significantly different in post-hoc tests (P < 0.05).
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Figure 2. CFU (abundance) of total microorganisms in the watermelon rhizosphere 63 days from the treatment. 
CK: untreated soil; CF: soil with chemical fertilizer; 0.1% OF: soil with 0.1% organic fertilizer; 0.5% OF: soil 
with 0.5% organic fertilizer; 0.1% BOF: soil with 0.1% organic fertilizer and antagonistic microbes; and, 0.5% 
BOF: soil with 0.5% organic fertilizer and antagonistic microbes.
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The count of the dominant bacterial populations 
decreased from healthy soil to Fusarium-infested 
soil. The CFU values of B. subtilis, B. badius, and 
B. mycoides decreased by 68.9%, 52%, and 7.9%, 
respectively. However, the B. pasteurii value in-
creased by 108.3%.
The CFU of the dominant actinomycetes populations 
increased from healthy soil to Fusarium-infested 
soil. Some of these actinomycetes, namely Nocardi-
oides (Prauser, 1976) and Micropolyspora Lecheva-
lier (1961), increased by 200% and approximately 
871.4%, respectively. 
An increase in the CFU of the dominant fungal popu-
lations in Fusarium-infested soil was found. In com-
parison with the healthy soil, the CFU of Rhizopus 
Ehrenberg, Aspergillus effuses Tirabschi, Rhizoctonia 
DC. Ex Fr., Stysanusstemonites (Pers.) Corda, and 
Penicillium simplicissimum (Oud.) Thom. increased 
by 1860%, 266.7%, 700%, 1000%, and 75%, respec-
tively. However, Berkleasmium was reduced by 50%.
The dominant Fusarium spp. population was F. fu-
sarioides in CK soil. An additional two Fusarium 
spp., namely F. fusarioides and F. oxysporum f. sp. 
niveum, were also common Fusarium populations in 
Fusarium-infested soil, particularly FON (Fusarium 
oxysporum f. sp. niveum).

3.3. Microflora analysis: evaluation of abundance 
and dominant populations after the treatment

At 63 days from the treatment, the CFU of total cul-
turable bacteria for the OF and BOF treatments were 
higher than that of the CK (Figure 2). The highest was 
for the 0.5% BOF treatment with 13.4 107 CFU g-1 soil 
and the lowest CK (2.7 107 CFU g-1 soil). The highest 
number of culturable actinomycetes was in the CK 
treatment (13.2 106 CFU g-1 soil) and, the lowest were 
0.1% OF and 0.1% BOF with <6 106  CFU g-1 soil. The 
culturable fungi count was reduced for CF, 0.1% OF 
and 0.5% OF compared to CK. The fungal counts for 
0.1% BOF and 0.5% BOF increased. The CFU of the 
total Fusarium spp. for CF was slightly less (1.9 104 

CFU g-1 soil) than that of CK (1.9 104 CFU g-1 soil), but 
the OF and BOF treatment values all declined sharply, 
particularly for 0.1% BOF and 0.5% BOF, showing 1.5 
104  CFU g-1 soil and 1.1104 CFU g-1 soil, respectively.
Information related to the CFU of dominant micro-
bial populations in the watermelon rhizosphere at 63 
days from the treatment can be noted in Table 5. The 
CFU of B. subtilis was increased in all treatments, but 
not in CF. The CFU of B. badius also declined, with 
the exception of OF and BOF (with 400-700 times the 
value of CK).
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Bacteria (107 CFU) Actinomycetes (105 CFU) Fungi (103 CFU) Fusarium spp. (103 CFU) 

CK 

B. subtilis:8±2.6 

B. badius:4.5±0.3 

B. mycoides:17.3±2.3 

B. pasteurii::4±1.1 

NocardioidesPrauser (1976):6.2±1.2 

MicropolysporaLechevalier et al. (1961): 6.1±2.1 

Re:0.2±0.03 

Ae:0.0±0.0 

Rh:0.5±0.06 

Ss:0.0±0.0 

Bz:0.0±0.0 

Ps:0.3±0.02 

F. merismoides:0.7±0.15 

F. fusarioides:2.3±0.7 

F. oxysporumf. sp. niveum:2.9±0.07 

CF 

B. subtilis: 33.7±8.1 

B. badius:3.2±1.1 

B. mycoides:20.9±1.5 

B. pasteurii::11.5±3.1 

 

NocardioidesPrauser (1976):05. ±0.07 

MicropolysporaLechevalier et al. (1961): 5.2±2.1 

Re:0.2±0.02 

Ae:0.2±0.02 

Rh:0.6±0.1 

Ss0.0±0.0: 

Bz:0.0±0.0 

Ps:0.7±0.15 

F. erismoides:2.5±0.7 

F. fusarioides:3.1±0.6 

F. oxysporumf. sp. niveum:3.1±0.6 

0.1%OF 

B. subtilis:25.9±3.9 

B. badius:13.8±3.2 

B. mycoides:26.5±4.1 

B. pasteurii::15.0±2.0 

NocardioidesPrauser (1976):2.9±1.1 

MicropolysporaLechevalier et al. (1961): 3.9±0.2 

Re:0.6±0.1 

Ae:0.1±0.01 

Rh:0.7±0.15 

Ss:0.3±0.02 

Bz:0.2±0.02 

Ps:2.8±0.5 

F. erismoides:2.6±1.1 

F. fusarioides:1.9±0.3 

F. oxysporumf. sp. niveum:1.5±0.2 

0.5%OF 

B. subtilis:26.4±5.1 

B. badius:16.7±3.8 

B. mycoides:28±5.1 

B. pasteurii::38.6±9.7 

NocardioidesPrauser (1976): 0.7±0.06 

MicropolysporaLechevalier et al. (1961): 0.5±0.1 

Re:2.1±0.7 

Ae:0.0±0.0 

Rh:0.7±0.2 

Ss:0.5±0.1 

F. erismoides:0.8±0.1 

F. fusarioides:0.7±0.1 

F. oxysporumf. sp. niveum:1.0±0.15 

Table 5. CFU (abundance) of dominant microbial populations in the watermelon rhizosphere at 63 days from the treatment.

*The values are means ± SD, n=3.CK, Untreated Fusarium-infested soil; CF, Fusarium-infested soil treated with chemical fertil-

izer; 0.1% OF, Fusarium-infested soil treated with 0.1% organic fertilizer; 0.5% OF, Fusarium-infested soil treated with 0.5% or-

ganic fertilizer; 0.1% BOF, Fusarium-infested soil treated with 0.1% organic fertilizer containing antagonistic microbes; and 0.5% 

BOF, Fusarium-infested soil treated with 0.5% organic fertilizer containing antagonistic microbes.**Re: Rhizopus Ehrenberg; Ae: 

Aspergillus effuses Tiraboschi; Rh: Rhizoctonia DC. Ex Fr; Ss: Stysanus stemonites (Pers.) Corda; Bz: Berkleasmium Zobel; and 

Ps: Penicillium simplicissimum (Oud.) Thom.
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The CFU of B. mycoides declined when watermelon 
was planted, but increased for the BOF treatment. 
The CFU of B. pasteurii with 0.5% BOF was higher 
than in CK.
Nocardioides, an actinomycete, was decreased rela-
tive to that of CK for OF and BOF. Micropolyspora 
was not the dominant population in healthy soil, but 
it dominated after watermelon planting. For the OF 
and BOF treatments, the CFU decreased to only ap-
proximately 1/4 of that of the CK.
Rhizopus Ehrenberg was nearly unchanged for all of 
the treatments. Aspergillus effuses Tiraboschi was 
suppressed by CF and OF and stimulated by BOF. 
Rhizoctonia DC. Ex Fr. decreased in a rate-depen-
dent manner, which was approximately 50% lower 
than that of CK. In addition, Stysanus stemonites 
(Pers.) Corda increased with increased fertilizer ap-
plication  rate,  particularly for  the BOF,  which was

approximately 50% higher than that of CK. After 
watermelon planting, Berkleasmium Zobel decreased 
with fertilizer treatment. Penicillium simplicissimum 
(Oud.) Thom. changed little in CF and OF, but it de-
creased in BOF, which declined by approximately 
45.5% and 70.0% for the 0.1% BOF and 0.5% BOF 
treatments, respectively.
Finally, results of dominant Fusarium spp. popula-
tions in the watermelon rhizosphere 63 days from the 
treatment can be observed in Figure 3. F. merismoi-
des was also inhibited by OF and BOF, particularly 
0.5% BOF, which decreased the fungus by approxi-
mately 88.1%. Additionally, the CFU of F. fusariodes 
decreased with increasing application rates of BOF 
and OF, which reduced the fungus by approximately 
50.0%. Finally, the FON was decreased by 75.0%-
87.5% in 0.1% OF and 0.5% BOF treatments in com-
parison with that of CK.
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Figure 3. Dominant Fusarium spp. populations in the watermelon rhizosphere 63 days from the treatment. CK: 
untreated soil; CF: soil with chemical fertilizer; 0.1% OF: soil with 0.1% organic fertilizer; 0.5% OF: soil with 
0.5% organic fertilizer; 0.1% BOF: soil with 0.1% organic fertilizer and antagonistic microbes; and, 0.5% BOF: 
soil with 0.5% organic fertilizer and antagonistic microbes.
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4. Discussion

Bio-organic fertilizer significantly reduced the Fu-
sarium wilt of watermelon. However, its mechanism 
was different. In the present study, the BOF inhibited 
soil pathogens and other possibly harmful microor-
ganisms and stimulated some ecologically beneficial 
microbes. It also promoted the growth of indigenous 
microorganisms in Fusarium-infested soil. It changed 
the diversity of the microorganism communities, both 
in the watermelon rhizosphere and in infested bulk 
soil, and both for autochthonous microbes and al-
lochthonous microbes. However, our earlier results 
(Wu et al., 2009, 2010) indicated that BOF increased 
the resistance of watermelon plants by promoting 
defense-related enzyme activities, thereby decreasing 
the Fusarium spp attack on the host. The obtained re-
sults were also consistent with those of previous work 
(Cao et al., 2011), showing that the final biocontrol 
effectiveness resulted from soil microbial ecologi-
cal remediation but differed in terms of its biological 
mechanism.
The continuous cultivation of watermelon plants leads 
to an increase in pathogens and a resulting decrease in 
ecologically functioning microbes, especially benefi-
cial bacteria, which leads to decreased soil functions 
and productivity. The results of this study showed that 
although the number of bacteria in Fusarium-infested 
soil decreased greatly, no significant difference in spe-
cies richness was found between Fusarium-infested 
and healthy soils before the trial, whereas there was 
a significant difference in the index based on the pro-
portion of species abundance (Shannon’s index). This 
finding revealed that the continuous cultivation of wa-
termelon caused a change in culturable microorgan-
isms, leading to a disturbance in the inherent micro-
bial equilibrium of the soil. However, little change in 
the microorganism species was observed. By adding 
species to the soil ecosystem, the species number in-

creases the community-level stability, resulting in new 
interactions between the species and the environment, 
and a link between sub-communities through species-
species interactions that has no effect on the commu-
nity-level stability (Ives et al., 2000). The organic 
fertilization systems increased the microbial biomass, 
shifted the structure and composition of the soil mi-
crobial community, and stimulated the microbial ac-
tivity when compared with that of inorganic. Organic 
fertilization results in a more effective increase in soil 
organic matter content and microbial activity, and bio- 
and chemical soil properties are improved relative to 
chemical fertilization. In many ways soil biochemi-
cal, micro- and biological properties are more suitable 
than physical and/or chemical properties for estimat-
ing alterations in soil quality and thereby tracking soil 
degradation . In this study, the application of fertilizer 
and BOF affected the dynamic balance of microbes 
that were established in a microcosm of watermelon 
soil. A significant difference was observed in the pro-
portional abundance of species (Shannon’s index) 
for the watermelon rhizosphere between all treat-
ments and the control after BOF. However, there was 
no significant difference for other diversity indices 
(Margalef’s, Simpson’s and Berger-Parker’s indices). 
This finding showed that the application of CF, OF 
and BOF affected the quantities of culturable micro-
organisms in the rhizosphere and bulk soil, with OF 
and BOF especially facilitating microbial restoration 
to a normal level. Furthermore, significant differences 
were obtained for the species richness (Margalef’s 
index), dominance measure (Simpson’s index), and 
proportional abundance of species (Shannon’s index). 
Our results were also confirmed by Cao et al. (2011), 
where the abundance of fungi and G+ bacteria were in-
creased by sheep manure and legume cover crop treat-
ments. It has also been shown that treating soil with 
organic fertilizers results in higher concentrations of 
microbial biomass and DNA contents (Rehman et al., 
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2016). In a study by 454 pyrosequencing revealed the 
presence of OTUs attributed to bacteria, yeasts and 
filamentous fungi in organically amended soils. Pro-
teobacteria, Bacteroidetes and Firmicutes exhibited a 
significant dominance in the first 5 days, whereas As-
comycota became dominant 90 days after the organic 
amendment, with organic and inorganic fertilization 
producing similar grapevine yields.
It also implied that the application of OF and BOF can 
inhibit the harmful microbes, resulting in an increase 
in ecologically beneficial microbes and maintaining 
the normal ecological function of the soils. The soil 
functions were decentralized and assigned to small 
groups in the organic amendment soils. Long-term 
organic amendment supported stronger functional po-
tentials and more interactions within the soil commu-
nity relative to long-term chemical-only fertilization. 
This may be related to the soil stability and buffering 
capacity benefits derived from organic amendments, 
which explains the correlations intertaxa and between 
major groups and functional traits. This allows us to 
gain a more integrated understanding of microbiome 
and ecological rules guiding soil communities fos-
tered by fertilization regimes (Ling et al., 2016). If 
biodiversity manipulations are less well controlled, 
then the biodiversity effects are weaker; and the ef-
fects of biodiversity variation on processes are weaker 
at the ecosystem level relative to the community level 
and negative at the population level (Balvanera et al., 
2006). There have been many attempts to make use of 
biocontrol measures for the suppression of soil-borne 
plant pathogens. These attempts frequently involve the 
organisms into soil, which antagonizes the pathogens 
in vitro; these procedures try to disturb the microbio-
logical equilibrium through the simple introduction of 
individual isolates into the environment. The antibiot-
ics that are secreted by microorganisms may influence 
microbial diversity (Wardle, 2006). However, it is not 
surprising that the added microorganisms have often 

failed to become established, because biological co-
operation and antagonisms within the ecosystem can 
control and regulate the composition of the microflora. 
Moreover, the climax population reflects the physical 
and chemical properties of the habitat. It is possible to 
alter the composition of the microflora by modifying 
the habitat, and subsequently, these microbial changes 
may destroy soil-borne plant pathogens (Mitchell and 
Alexander, 1961). Hydrolytic enzymes and antibiot-
ics may play a key role in the antagonistic action of 
Trichoderma harzianum against fungal phytopatho-
gens (Schirmböck et al., 1994).
In the present study, OF and BOF suppressed fungal 
growth and facilitated the recovery of ecologically 
beneficial bacteria in the rhizosphere and bulk soil. 
The results showed that there were natural, indigenous 
antagonistic microorganisms that maintained the in-
herent and natural balance of the ecosystem.
In our research, BOF synergized the relations among 
the ecologically beneficial, dominant populations of 
the rhizosphere and bulk soil. The CFU of the domi-
nant pathogen populations in the watermelon rhizo-
sphere decreased with the application of OF and BOF. 
Indigenous antagonistic microbes naturally co-exist 
and co-evolve with pathogens in soil. However, in 
most cases, they do not dominate because of unfavor-
able environmental conditions. The correction of these 
unfavorable conditions surely helps in the growth and 
action of these autochthonous antagonistic microor-
ganisms. Fusarium spp. are antagonized by antifungal 
substance(s) and cannot infect bottle gourd and tomato 
plants growing in association with the inoculated plants 
because the roots of the different plants are in close 
contact with one another (Komada, 1975). Applying 
indigenous fungi during integrated control to reduce 
disease offers unusual opportunities for integration 
with other management systems because, simply, the 
fungi are always there (Singh et al., 1999). In the soil 
ecosystem, those dominant species act as controllers 
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of ecosystem function, and they can provide tempo-
rary resistance to reductions in the ecosystem function 
when species loss is nonrandom. However, with the 
concurrent loss of beneficial interactions among rare 
and uncommon species, the most diverse community 
components may experience additional species loss 
and ecosystem dysfunction in the long term (Smith 
and Knapp, 2003).
In agricultural fields, diversified populations of aero-
bic endospore-forming bacteria, actinomycetes and 
fungi occur and may directly and indirectly improve 
crop productivity (Brian and Gardener, 2004). Many 
microorganisms, for example Bacillus and Paeni-
bacillus spp., can stimulate plant health in different 
ways. By secreting antibiotic metabolites, certain mi-
crobial populations inhibit plant pathogens and pests, 
and others may directly promote crop host defenses 
before infection. In addition, many strains can aid in 
nutrient uptake by plants (Brian and Gardener, 2004). 
These strains share key roles in maintaining the soil 
ecological function, fertility and productivity. Soil mi-
crobial populations and their functions related to nutri-
ent cycling contribute substantially to the regulation of 
soil fertility and the sustainability of agroecosystems. 

5. Conclusions

Indigenous, antagonistic microorganisms are naturally 
present in watermelon soils. They contribute to a sta-
ble and well-functioning soil ecosystem that can sup-
port watermelon monoculture plantations. However, 
ecologically beneficial microbes can be severely in-
hibited by Fusarium oxysporum. Bio-organic fertilizer 
was shown to directly suppress Fusarium oxysporum 
f. sp. niveum and facilitate the growth of ecologically 
beneficial microbes, particularly by stimulating the 
growth and activities of indigenous, antagonistic mi-
crobes. This led to the reestablishment of equilibrium 
in the soil microbial ecosystem and recovery from pro-

ductivity losses due to sick soils. The use of bio-organ-
ic fertilizers to recover normal soil functions that were 
lost during soil sickness should be further investigated.
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