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This study aimed to investigate the plant growth-promoting and biocontrol potential of a grass culture with 
Paenibacillus ehimensis KWN8 on tomato. For this experiment, treatments of a chemical fertilizer (F), a bacteri-
al grass culture (G), a 1/3 volume of G plus 2/3 F (GF), and F plus a synthetic fungicide (FSf) were applied to to-
mato leaves and roots. The result showed that the severity of Alternaria solani and Botrytis cinerea symptoms 
were significantly reduced after the application of the bacterial grass culture (G and GF) and FSf. In addition, 
root mortality in G and GF was lower compared to F. Tomato plants treated with G or GF had better vegeta-
tive growth and yield compared to F. Application of G affected the fungal and bacterial populations in the 
soil. In conclusion, treatment with a bacterial grass culture decreased disease severity and increased tomato 
growth parameters. However, there were no statistically significant correlations between disease occurrence 
and tomato yields. This experiment presents the possibility to manage diseases of tomato in an environmen-
tally friendly manner and to also increase the yield of tomato by using a grass culture broth containing P. 
ehimensis KWN38.
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Introduction

Tomato (Solanum lycopersicum) is one of the most im-
portant vegetables and is consumed fresh or as processed 
foods, such as pastes, sauces, juices, or dehydrated desserts 
(Bergougnoux, 2014). It is a rich source of vitamin C, carot-
enoids, folic acid, ascorbic acid, flavonoids, α-tocopherol, 
and potassium that are required for humans (Riso et al., 2004; 
Willcox et al., 2003). Tomato is often infected with several 
plant pathogens, such as bacteria, viruses, and fungi, causing 
plant diseases that pose serious yield restraints (Foolad et al., 
2008). In South Korea, the planted area of tomato is steadily 

increasing (5,270 ha in 2010). Due to this increase in the cul-
tivation area of tomato, the occurrence of various diseases 
is also increasing. In particular, fungal diseases of tomato are 
severe (Kang et al., 2011). The early blight disease of tomato, 
caused by Alternaria solani (Ellis and Martin) Jones and Grout 
is one of the foliar diseases of tomato in greenhouses and 
open fields (Jones et al., 1991). This pathogen has the ability 
to rapidly spread on the aerial parts of tomato plants, caus-
ing serious leaf blight and even complete defoliation (de 
la Noval et al., 2007). Gray mold disease of tomato, caused 
by Botrytis cinerea, usually occurs on stems of tomato plants 
and girdles the stem by producing phytotoxic compounds 
and cell wall-degrading enzymes (Williamson et al., 2007). 
In conventional farming systems, excessive use of synthetic 
fungicides to control fungal diseases hampers food safety 
and the environment. Since the biocontrol of plant fungal 
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diseases by antagonistic strains substantially reduces the 
use of chemical pesticides, it is a preferable alternative for 
safer crop production systems (Trabelsi and Mhamdi, 2013). 
Thus, several studies have focused on the biological control 
of plant pathogens using antagonistic microorganisms. 
Some bacteria genera such as, Paenibacillus, Bacillus, and 
Pseudomonas, not only control plant fungal diseases but also 
promote plant growth (Ahemad and Khan, 2012; Chaudhry 
et al., 2013; Myresiotis et al., 2014). 

The genus Paenibacillus, first defined by Ash et al. (1993), 
occurs in a variety of environments, such as soil, water, the 
rhizosphere, and plant roots (Lal and Tabacchioni, 2009). 
Some species of this genus have gained attention in agri-
culture because of their ability to control plant diseases and 
promote plant growth (Nielsen and Sorensen, 1997). Many 
Paenibacillus species produce antimicrobial substances 
considered as natural pesticides, which can affect a broad 
spectrum of microorganisms (von der Weid et al., 2003), and 
are antagonists against plant root pathogens (Bloemberg 
and Lugtenberg, 2001). In addition, several species of Paeni-
bacillus produce extracellular organic secondary metabolites 
and cell wall-degrading enzymes, such as chitinase and cel-
lulase, and proteases, in the culture broth. These enzymes 
have direct inhibitory effects on the growth of several plant 
fungal pathogens, including A. solani and B. cinerea (Filho et 
al., 2010; Huang et al., 2013; Naing et al., 2014a; Shaheen et al., 
2011; Zhao et al., 2011). The control of soil-borne plant fungal 
and bacterial pathogens by Paenibacillus ehimensis has been 
previously reported (Algam et al., 2013; Son et al., 2009; 
Naing et al., 2014a, 2014b). P. ehimensis KWN38 was isolated 
from the rhizosphere of pepper at the seashore of Jellanam-
do, Korea, and showed strong antifungal activities against 
several plant pathogens (Naing et al., 2014a). In our previous 
studies, we have developed a grass culture medium that can 
support mass production of P. ehimensis KWN38 on a com-
mercial scale (Naing et al., 2014b). However, successful con-
trol of both underground and aerial diseases of tomato by P. 
ehimensis in greenhouse or field conditions has not yet been 
investigated using the developed grass culture medium with 
P. ehimensis KWN38. Therefore, the aims of this study were to 
determine the effects of P. ehimensis KWN38 culture broth on 
fungal disease incidence, plant growth, and tomato yield in 
greenhouses, as well as to elucidate the dynamics of bacte-
rial and fungal populations in the root zone and soil enzyme 
levels.

Materials and Methods

Greenhouse experiment. The experiments to investi-
gate the effect of a bacterial grass culture on tomato growth 
and fungal disease control were carried out in the green-
houses of Chonnam National University in Gwangju, Korea. 
Soil type at this site is a loam (http://soil.rda.go.kr/geoweb). 
The tomato cultivar used was Younghwa (Daenong Com-
pany). Tomato seeds were sown in bed soil (Bio bed soil I, 
Heong Nong Seed, Korea) in 54×45 mm2 plastic cell plug 
trays, and then grown at 24°C and 60% relative humidity in 
an artificially illuminated room (12,000 lux) with a 16-h pho-
toperiod. Twelve four-week-old seedlings were transplanted 
in a plot with a raised bed with a row spacing of 0.6 m and 
a plant spacing of 0.4 m within rows on August 21 of 2013. 
The experimental area of one plot was a 2.5×1.0 m2. The 
experiment was arranged in a randomized complete block 
design (RCBD) with four treatments and three replications. 
Treatments were bacterial grass culture (G), chemical fertil-
izer (F), 1/3 volume of G plus 2/3 F (GF), and F plus synthetic 
fungicide (active ingredients include 45% carbendazim and 
9% Metalaxyl-M, Lidochamgold, Seongbo Chemical) (FSf). To 
prepare G for use in this experiment, a grass culture medium 
(g/l; fresh Kentucky blue grass powder 178; urea 2.8; single 
superphosphate 8.8; potassium chloride 1.6; magnesium 
sulfate 1.0; calcium chloride 1.0; yeast 0.1; sodium molybdate 
0.05; zinc sulfate 0.06; crab shell powder (Purne Co., Korea) 
0.8; gelatin powder (Geltech Co., Korea) 0.2) was autoclaved, 
inoculated with P. ehimensis KWN38 and incubated for 5 
days at 30°C (Naing et al., 2014b). The F treatment (10.2: 
5.15: 6.1 kg; N: P2O5: K2O per 1,000 m2) was applied directly 
to soil using urea for N, mono superphosphate for P2O5, and 
potassium chloride for K2O by the chemical fertilizer recom-
mendation for greenhouse tomatoes in Korea on July 21, 
September 21, and October 21 of 2013. A half amount of 
the total chemical fertilizer for each F, FSf, and GF treatment 
was applied to the soil by side-dressing as a basal applica-
tion before transplanting the seedlings, while the remaining 
half was divided into two more side dressings applied one 
and two months after transplanting the seedlings. Chemical 
fertilizer was dissolved with distilled water and used. The GF 
treatment received 1/3 volume of G with 2/3 amount of F. 
Ninety-seven ml and 32 ml of G were treated weekly to the 
root zone of each tomato plant in the G and GF, respectively, 
treatments for 16 weeks. After the FSf treatment was pre-
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pared by dissolving 1.0 g fungicide into 1 l of distilled water, 
it was applied at the same time in each plot. Three additional 
sprays in all treatments were applied to the foliar portion of 
the plants every 20 days between 60 days after transplanting 
(DAT) and 90 DAT after the first symptoms of early blight and 
gray mold disease occurred on the leaves and stems. For fo-
liar application, a half amount of the total chemical fertilizer 
for F was applied after dissolving with distilled water. Ninety-
seven ml and 32 ml of G were applied to the leaf surface of 
one tomato plant in the G and GF, respectively. The soil mois-
ture conditions were maintained at moisture contents not 
lower than 50%. In order to maintain the soil moisture, irriga-
tion was applied to the furrow. Soil moisture was measured 
by an HMM-200 Pro (Hanyoung Systems, Korea). Side shoots 
were removed weekly to maintain a single stem, which was 
trellised using a wire. 

Measurement of growth and disease incidences in 
tomato plants. Three random plants from 12 plants in 
each treatment were sampled to measure the vegetative 
growth and yield parameters at 30, 60, and 90 DAT. The 
results were expressed as an average per plant. The plants 
were cut at their base for measuring height and fresh weight. 
Plant height was measured by a measuring tape. Shoot fresh 
weight was measured with a digital electric weight balance 
(SW-1S, CAS Inc., Korea). The soil around the base of the stem 
was dug deeply by a spade and both the root and soil sam-
ples were collected. The roots were washed under running 
tap water and fresh weights were measured immediately 
after blotting dry. Dry weights were measured using the 
digital electric weight balance after the samples were kept 
in a drying oven at 70°C for 72 h. To obtain yield parameters, 
the fruits were harvested, and the total number and weight 
per plant were recorded at 30, 60, and 90 DAT. Natural oc-
currences of Alternaria solani and Botrytis cinerea were inves-
tigated. The level of fungal disease incidence was calculated 
as the ratio of diseased leaf number per total leaf number. 
When a clear blight disease symptom was observed on a leaf 
surface, the leaf was considered as diseased. The level of gray 
mold disease was calculated from the ratio of diseased stem 
length per total stem length. At final sampling (90 DAT), root 
samples from four different locations per plant were washed 
and assayed for root mortality caused by Phytophthora root 
rot, according to the modified method of Knievel (1973). 
Dried fresh roots (500 mg) were added to a 25-ml conical 

tube (SPL Life Sciences, Korea) containing 10 ml of 0.6% 
2,3,5-triphenyltetrazolium chloride in 0.05 M phosphate buf-
fer (pH 7.4), and incubated for 24 h in the dark at 30°C. After 
incubation, roots were rinsed twice with deionized water. 
Formazan present in the root was extracted twice with 95% 
ethanol at 70°C for 4 h. Combined extracts were adjusted to 
a final volume of 20 ml with 95% ethanol. Absorbance was 
read at 490 nm with a UV-spectrophotometer (UV-1650PC, 
Shimadzu, Japan). A standard curve was constructed using 
different proportions of living roots and killed roots to calcu-
late root mortality.

Total bacterial and fungal populations in soil. When 
the plants were sampled for measurement of growth param-
eters at 90 DAT, 500 g soil samples from around the roots of 
plants were collected. After the soil samples were air-dried 
in a dark room, they were sieved through a 2-mm sieve. One 
gram of soil sample was serially diluted to 10-4 and 10-5 times 
by sterilized distilled water and each soil sample suspension 
(100 µl) was spread on tryptone soy agar (TSA) and potato 
dextrose agar (PDA) plates for counting the culturable bacte-
rial and fungal populations. To prevent bacterial growth, 0.2 
g/l streptomycin sulfate was added into PDA medium just 
before pouring into Petri dishes. Each assay was performed 
with three replications.

Enzyme activity in soil. For assays of enzyme activity, 
the same soil samples as described above were used. De-
hydrogenase activity (DHA) was determined following the 
method of Tabatabai (1982) with little modification. Three 
grams of soil, 0.3 g CaCO3, 500 ml of 3% 2,3,5-triphenyltetra-
zoliumchloride (TTC) solution, and 1.25 ml pure water were 
added to a conical tube and the cap was tightly closed. The 
samples were incubated for 24 h at 37°C. Ten milliliters of 
methanol was added to the mixture and shaken for 1 min, 
and the upper methanol layer was filtered through What-
man No. 2 filter paper. This filtering was repeated four times 
until the reddish color disappeared from the soil. DHA, in 
terms of 1,3,5-triphenylformazan (TPF) formation, was deter-
mined spectrophotometrically at 485 nm. A standard curve 
was made from 0-20 mg/ml of TPF. The results were ex-
pressed as g TPF/g dry sample. Cellulase activity assay in the 
soil was performed using the method of Deng and Tabatabai 
(1994). Briefly, a soil sample (1 g) was incubated with 6.5 ml of 
sodium acetate buffer (50 mM, pH 5.5), 3 ml of 1% carboxy-
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methyl cellulose (CMC), and 0.2 ml toluene at 30°C for 24 h. 
The mixture was filtered through Whatman No.2 filter paper. 
The filtrate (500 ml) and 1.5 ml of 3,5-dinitrosalicylic acid (DNS) 
solution mixture were heated in boiling water for 5 min. The 
amount of reducing sugars in the mixture was measured at 

550 nm using a spectrophotometer (UV-1650 PC, Shimadzu). 
Each assay was carried out using three replications. 

Statistical analysis. Experimental data were analyzed us-
ing standard analysis of variance (ANOVA) followed by least 

Table 1. Vegetative growth and yield parameters of tomato plants as affected by different treatments

DAT Treatment
Plant height 

(cm)

Plant fresh 
weight

 (g/plant)

Plant dry 
weight

 (g/plant)

Root fresh 
weight

 (g/plant)

Root dry 
weight 

(g/plant)

Fruit number 
per plant

Fruit weight
(g/plant) 

30

F 193.3 A 364.0 A 48.6 A 18.5 A 3.8 A 24.8 A 228 A
FSf 207.7 A 461.0 A 58.3 A 20.5 A 4.0 A 22.0 A 246 A
G 198.5 A 492.0 A 65.6 A 20.6 A 4.3 A 24.6 A 257 A

GF 193.0 A 437.0 A 60.3 A 18.6 A 4.2 A 24.7 A 230 A
LSD 51.0   237.5   24.5   4.5   0.9   15.0   196  

60

F 264.0 a 555.4 b 81.8 b 19.9 b 4.3 b 26.8 b 475 b
FSf 260.0 a 718.7 ab 99.4 ab 24.2 ab 4.7 ab 27.2 b 435 b
G 263.0 a 675.5 ab 100.4 ab 25 a 5.2 a 39.1 a 618 a

GF 246.0 a 735.3 a 103.9 a 21.8 ab 4.9 ab 39.2 a 517 ab
LSD 42.4   178.0    21.1   4.8   0.9   10.5   138  

90

F 270.0 Z 571.0 Z 78.3 Z 24.2 Z 7.4 Z 21.2 Z 442 Z
FSf 288.0 Z 721.0 Y 114.3 Y 27.9 YZ 9.4 Y 22.5 Z 456 YZ
G 294.0 Z 751.0 Y 119.4 Y 31.2 Y 10.6 Y 29.0 Y 536 Y

GF 277.0 Z 679.0 Y 107.7 Y 29.1 YZ 9.5 Y 27.7 Y 484 YZ
LSD 45.6   100.8   25.2   6.9   1.8   5   90.2  

DAT, days after transplanting; Chemical fertilizer (F), bacterial grass culture (G), 1/3 volume of G plus 2/3 F (GF), and F plus synthetic fungicide 
(active ingredients 45% carbendazim 45% and 95 metalaxyl-M, Lidochamgold, Seongbo Chemical) (FSf). The experiments to investigate the 
effect of a bacterial grass culture on tomato growth and fungal disease control were carried out in the greenhouses of Chonnam National 
University in Gwangju, Korea. Soil type at this site is a loam (http://soil.rda.go.kr/geoweb). The tomato cultivar used was Younghwa (Dae-
nong Company). Tomato seeds were sown in bed soil (Bio bed soil I, Heong Nong Seed, Korea) in 54×45 mm2 plastic cell plug trays, and then 
grown at 24°C and 60% relative humidity in an artificially illuminated room (12,000 lux) with a 16-h photoperiod. Twelve four-week-old 
seedlings were transplanted in a plot with a raised bed with a row spacing of 0.6 m and a plant spacing of 0.4 m within rows on August 21 
of 2013. The experimental area of one plot was a 2.5×1.0 m2. The experiment was arranged in a randomized complete block design (RCBD) 
with four treatments and three replications. Treatments were G, F, GF and FSf. To prepare G for use in this experiment, a grass culture me-
dium (g/l; fresh Kentucky blue grass powder 178; urea 2.8; single superphosphate 8.8; potassium chloride 1.6; magnesium sulfate 1.0; cal-
cium chloride 1.0; yeast 0.1; sodium molybdate 0.05; zinc sulfate 0.06; crab shell powder (Purne Co., Korea) 0.8; gelatin powder (Geltech Co., 
Korea) 0.2) was autoclaved, inoculated with P. ehimensis KWN38 and incubated for 5 days at 30°C. The F treatment (10.2: 5.15: 6.1 kg; N: P2O5: 
K2O per 1,000 m2) was applied directly to soil using urea for N, mono superphosphate for P2O5, and potassium chloride for K2O by the 
chemical fertilizer recommendation for greenhouse tomatoes in Korea on July 21, September 21, and October 21 of 2013. A half amount of 
the total chemical fertilizer for each F, FSf, and GF treatment was applied to the soil by side-dressing as a basal application before transplant-
ing the seedlings, while the remaining half was divided into two more side dressings applied one and two months after transplanting the 
seedlings. Chemical fertilizer was dissolved with distilled water and used. The GF treatment received 1/3 volume of G with 2/3 amount of F. 
Ninety-seven ml and 32 ml of G were treated weekly to the root zone of each tomato plant in the G and GF, respectively, treatments for 16 
weeks. After the FSf treatment was prepared by dissolving 1.0 g fungicide into 1 l of distilled water, it was applied at the same time in each 
plot. Three additional sprays in all treatments were applied to the foliar portion of the plants every 20 days between 60 days after transplant-
ing and 90 DAT after the first symptoms of early blight and gray mold disease occurred on the leaves and stems. For foliar application, a half 
amount of the total chemical fertilizer for F was applied after dissolving with distilled water. Ninety-seven ml and 32 ml of G were applied to 
the leaf surface of one tomato plant in the G and GF, respectively. The results did not indicate a cumulative value, but average per plant. LSD, 
Least significant difference. Means with a common letter in the same column and sampling time are not significantly different each other 
at the 0.05 level.
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significant difference tests (P<0.05) using statistical analytical 
software (SAS, version 9.2, SAS Institute Inc., Cary, NC, USA). 
Correlation analyses were performed between leaf infection, 
fruit weight, and shoot fresh weight of tomato planted at 90 
DAT in the G treatment. The treatments were arranged in a 
randomized complete block design, with twelve seedlings in 
a plot with three replicates of each treatment. All assays were 
repeated once and also included three replicates per treat-
ment.

Results

Growth and yield parameters of tomato plants. Shoot 
weights, root weights, fruit number, and fruit weights of 
tomato plants were not significantly different among treat-
ments at 30 DAT. Plant height was not significantly different 
at all observation times. However, at 60 DAT shoot fresh and 
dry weights in GF were greater than those of F. Moreover, 
root fresh and dry weights and fruit number and weights in 
G were significantly different compared to the control F (Table 
1). At 90 DAT, treatments G, GF, and FSf had greater shoot 
fresh weights and root dry weights than those of F. The num-

ber of fruits in G and GF was significantly different compared 
to F and FSf. Fruit weight in G was higher than that in F, while 
fruit weight in GF and FSf were not different compared to 
that in other treatments. 

Root mortality. Tomato roots of treatments had differ-
ent mortality percentages. Treatment F showed the highest 
mortality value (32.2%), which was significantly different 
compared with the other treatments (Fig. 1). Application of G 
reduced root mortality by 48.4% in comparison with F. 

Fungal disease incidence on leaves and stems of toma-
to plants. Leaves and stems of tomato plants in all treat-
ments did not show symptoms of foliar or stem diseases at 
the early growth stage until 30 DAT. However, the symptoms 
of early blight disease caused by A. solani and gray mold dis-
eases caused by B. cinerea were observed on the lower leaves 
and stems of tomato plants in all treatments at 60 and 90 
DAT (Fig. 2A, C, E, F). The level of early blight disease in F was 
more severe that of G (Fig. 2A, B). This disease was confirmed 
by the morphology of symptoms observed on both upper 
and lower leaf surfaces (Fig. 2C, D). The level of fungal disease 
incidence was significantly highest in F at both observation 
times (Table 2). At 60 and 90 DAT, treatment G reduced early 
blight disease by 43 and 64%, respectively, and gray mold 
diseases by 55 and 44%, compared to F. At 60 DAT, G, GF, 
and FSf had the same protection level against early blight 
and gray mold diseases. 

Correlations between disease incidence and growth 
parameters. At 90 DAT in the G treatment, the correlation 
coefficients between diseases and growth parameters are 
shown in Table 3. Diseased leaves and shoot fresh weights 
were strongly and significantly correlated (r=1.000, P<0.01). 
Diseased stem and shoot length were negatively correlated 
(r=-0.999, P<0.05). No significant correlations were observed 
between diseased leaves and stems, and fruit number and 
weight. As the disease occurred on leaves, the shoot fresh 
weight increased. Shoot length decreased with the increase 
in disease incidence on the stems. Fruit number and weight 
were not affected by the incidence of disease on leaves and 
stems.

Bacterial and fungal populations in the soil. A sig-
nificant population of P. ehimensis KWN38 was observed on 

Fig. 1. Root mortality of tomato plants treated with chemical fertil-
izer (F), F and synthetic fungicide (FSf), grass culture (G), and 1/3 
volume of G plus 2/3 F (GF) treatment at 90 days after transplant-
ing. For the assay of root mortality, dried fresh roots (500 mg) were 
added to 25 ml of conical tube (SPL life science, Korea) containing 
10 ml of 0.6% 2,3,5-triphenyltetrazolium chloride in 0.05 M phos-
phate buffer (pH 7.4) and incubated for 24 h in the dark at 30°C. 
After incubation, roots were rinsed twice with deionized water. 
Formazan present in the root was extracted twice with 95% etha-
nol at 70°C for 4 h. Combined extracts were adjusted to a final vol-
ume of 20 ml with 95% ethanol. Absorbance was read at 490 nm 
with a UV-spectrophotometer (UV-1650PC, Shimadzu, Japan). A 
standard curve was made using different proportions of living 
roots and killed roots to calculate root mortality.
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TSA for G and GF (Fig. 3A). Total bacterial CFUs in G and GF 
were significantly higher than those in F and FSF at 60 and 
90 DAT (Fig. 4A). Fungicide treatment had the lowest CFUs 
at all observation times. Seven different fungal species were 
observed in the soil from treatment F (Fig. 3B). The highest 
fungal colony numbers were found in treatment F at 30 
and 90 DAT (Fig. 4B). G and GF had lower numbers of fungal 
colonies than in F at 60 and 90 DAT. G reduced fungal colony 
numbers in soil by 35 and 45%, compared to the popula-
tions in F at 60 and 90 DAT. 

Enzyme activity in soil. DHA in F, G, and GF was higher 
than the activity in FSf at 30 and 60 DAT. At 90 DAT, G and 
GF had higher enzyme activities than in FSf but were not dif-
ferent from that in F (Fig. 5). Soil cellulase activity in the root 
zones of tomato plants was not significantly different across 

treatments at 30 DAT. Enzyme activity in GF was significantly 
higher than in the other treatments at 60 DAT. On the final 
sampling day (90 DAT), treatments G and GF showed higher 
cellulase activity than F and FSf (Fig. 6). 

Discussion

Increased plant growth and yield of tomato induced by 
different genera of plant growth-promoting rhizobacteria, 
such as Pseudomonas, Bacillus, and Paenibacillus, have been 
reported (Almaghrabi et al., 2013; Khan et al., 2012). In the 
present study, the increased root fresh and dry weights of 
tomato plants treated with P. ehimensis KWN38 (in G and 
GF) compared to the weights of non-treated plants in F and 
FSf at 60 DAT suggests that P. ehimensis KWN38 is also a 
growth-promoting bacterium. Larger root systems might 

Fig. 2. Tomato plants with healthy leaves in treatment G (A), plants with leaves of early blight in F (B), symptom of early blight disease on 
upper leaf surface (C), symptom of early blight disease on lower leaf surface (D), healthy stem of tomato plant in G (E), and gray mold disease 
symptom on the stem of tomato plant in F (F). G: bacterial grass culture, F: chemical fertilizer.
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be the main reason for the increased shoot weights and fruit 
weights at 90 DAT. One of the mechanisms of growth pro-
motion in this experiment may be related to the production 
of indole-3-acetic acid by P. ehimensis KWN38 (Naing et al., 
2014b). 

The accumulation of antagonistic bacteria in soil influenc-
es the health of plants. In disease-suppressive soils, fungal 
pathogens are highly suppressed by the accumulation of an-
tagonistic strains, mainly through direct control mechanism 
such as antibiosis (Mazzola, 2002). Significant populations of 
P. ehimensis KWN38 were recovered on PDA from the G and 
GF treatments, confirming accumulation of the antagonistic 
strain. Lesser numbers of soil fungal colonies in G and GF 
compared to those in F may be regarded as the suppression 
of fungal growth and spore production in soil by secondary 
metabolites produced by P. ehimensis KWN38. Some genera 
of important plant pathogens, like Fusarium, Rhizoctonia, 
Phytophthora, and Alternaia, were recovered from the soil in 
F and their morphologies were clearly distinctive from other 
unknown fungi. In addition, the accumulation of fungal pop-
ulations in F caused increased root mortality compared to 
the other treatments, which might have resulted in the lower 
shoot and root growth in F at 90 DAT. Lower root efficiency 
for plant nutrient uptake could be the principal factor that 
decreased fruit set, fruit retention, and fruit weight per plant 
in F (Table 1). 

DHA in soil is one of the most important enzymes to pre-
dict the overall microbial activity of soil (Gu et al., 2009; Lee 
et al., 2000). Measurement of DHA is considered a good and 
adequate measure of microbial oxidative activities in soil. In 
this experiment, DHA was proportional to the population of 
microorganisms in soil because more bacterial populations 
were observed in G, GF, and F (Fig. 4A, 5). Although the fun-
gal populations in G and GF at 90 DAT were lower than that 
in F, the DHAs of these treatments were not significantly dif-
ferent. This result shows that bacterial DHA mainly contribut-
ed to the increased soil DHA, rather than enzymes produced 
by fungi. Consistently lower DHA in FSf was considered to be 
due to the suppression of the soil microbial community by 
the applied synthetic fungicide, as different fungicides sig-
nificantly decreased soil DHA in a previous report (Chen et al., 
2001). 

Cell wall-degrading enzymes, such as chitinase, b-1,3-
glucanase, and cellulase, play a major role in plant fungal 
disease protection (Ordentlich et al. 1988; Richter et al., 2011; 

Table 2. The disease incidence level of early blight on leaves and 
gray mold on stems of tomato after different treatments

DAT Treatment Diseased leaf (%) Diseased stem (%)

60

F 18.3 A 20.5 A
FSf 5.5 B 7.8 B
G 7.8 B 11.2 B

GF 9.5 B 12.6 B
LSD 5 7.1

90

F 35.5 A 39.4 A
FSf 18.3 C 15.2 C
G 22.6 BC 17.3 BC

GF 24.3 B 25.5 B
LSD 4.9   8.9  

DAT, days after transplanting; Chemical fertilizer (F), bacterial grass cul-
ture (G), 1/3 volume of G plus 2/3 F (GF), and F plus synthetic fungicide 
(active ingredients 45% carbendazim 45% and 95 metalaxyl-M, Lidoch-
amgold, Seongbo Chemical) (FSf). The experiments to investigate the ef-
fect of a bacterial grass culture on tomato growth and fungal disease 
control were carried out in the greenhouses of Chonnam National Uni-
versity in Gwangju, Korea. Soil type at this site is a loam (http://soil.rda.
go.kr/geoweb). The tomato cultivar used was Younghwa (Daenong 
Company). Tomato seeds were sown in bed soil (Bio bed soil I, Heong 
Nong Seed, Korea) in 54×45 mm2 plastic cell plug trays, and then grown 
at 24°C and 60% relative humidity in an artificially illuminated room 
(12,000 lux) with a 16-h photoperiod. Twelve four-week-old seedlings 
were transplanted in a plot with a raised bed with a row spacing of 0.6 m 
and a plant spacing of 0.4 m within rows on August 21 of 2013. The ex-
perimental area of one plot was a 2.5×1.0 m2. The experiment was ar-
ranged in a randomized complete block design (RCBD) with four treat-
ments and three replications. Treatments were G, F, GF and FSf. To 
prepare G for use in this experiment, a grass culture medium (g/l; fresh 
Kentucky blue grass powder 178; urea 2.8; single superphosphate 8.8; 
potassium chloride 1.6; magnesium sulfate 1.0; calcium chloride 1.0; 
yeast 0.1; sodium molybdate 0.05; zinc sulfate 0.06; crab shell powder 
(Purne Co., Korea) 0.8; gelatin powder (Geltech Co., Korea) 0.2) was auto-
claved, inoculated with P. ehimensis KWN38 and incubated for 5 days at 
30°C. The F treatment (10.2: 5.15: 6.1 kg; N: P2O5: K2O per 1,000 m2) was 
applied directly to soil using urea for N, mono superphosphate for P2O5, 
and potassium chloride for K2O by the chemical fertilizer recommenda-
tion for greenhouse tomatoes in Korea on July 21, September 21, and 
October 21 of 2013. A half amount of the total chemical fertilizer for each 
F, FSf, and GF treatment was applied to the soil by side-dressing as a bas-
al application before transplanting the seedlings, while the remaining 
half was divided into two more side dressings applied one and two 
months after transplanting the seedlings. Chemical fertilizer was dis-
solved with distilled water and used. The GF treatment received 1/3 vol-
ume of G with 2/3 amount of F. Ninety-seven ml and 32 ml of G were 
treated weekly to the root zone of each tomato plant in the G and GF, 
respectively, treatments for 16 weeks. After the FSf treatment was pre-
pared by dissolving 1.0 g fungicide into 1 l of distilled water, it was ap-
plied at the same time in each plot. Three additional sprays in all treat-
ments were applied to the foliar portion of the plants every 20 days 
between 60 days after transplanting and 90 DAT after the first symptoms 
of early blight and gray mold disease occurred on the leaves and stems. 
For foliar application, a half amount of the total chemical fertilizer for F 
was applied after dissolving with distilled water. Ninety-seven ml and 32 
ml of G were applied to the leaf surface of one tomato plant in the G and 
GF, respectively. The level of fungal disease incidence is calculated as the 
ratio of diseased leaf number per total leaf number. LSD, Least significant 
difference. Means with a common letter in the same column and sam-
pling time are not significantly different each other at the 0.05 level.
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Shetty et al., 2009). The microbial cellulolytic activity in soil in-
dicates soil health and quality because it efficiently degrades 
soil organic matter to supply other microorganisms (Toresani 
et al., 1998; Zhao et al., 2005). The increased soil cellulase 
activity due to P. ehimensis KWN38 inoculation in this study 
agrees with Jung et al. (2004), who reported enhanced cellu-
lase activity due to the inoculation of P. illinoisensis to the root 
zone of pepper. P. lentimorbus B-30488r inoculated tomato 
plants increased the production of defense-regulated genes 
and showed more resistance to early blight disease caused 
by A. solani (Khan et al., 2012). Thus, this mechanism of sys-

temic induced resistance might explain the reduction of 
early late blight disease in P. ehimensis KWN38-treated plants 
compared to the non-treated control plants (Table 2).

Paenibacillus species have a growth inhibitory effect over 
a wide range of fungal genera, including Phytophthora, Fu-
sarium, Alternaria, and Botrytis (Budi et al., 2000; Jung et al., 
2004; Khan et al., 2012). Production of important antibiotics 
by different species of Paenibacillus was reported (Huang et 
al., 2013; Li and Jensen, 2008; Qian et al., 2012). In our previ-
ous report, the supernatant of a bacterial grass culture broth 
contained chitinase, b-1,3-glucanase, cellulase, protease, and 

Table 3. Correlation analyses were performed between disease incidence and growth parameter of tomato plants at 90 DAT in G treatment

Diseased 
leaf

Diseased 
stem

Shoot 
length

Shoot fresh 
weight

Shoot dry 
weight

Root fresh 
weight

Root dry 
weight

Fruit 
number

Fruit  
weight

Diseased leaf 1.000
Diseased stem -0.700 1.000
Shoot length 0.723 -0.999* 1.000
Shoot fresh weight 1.000** -0.700 0.723 1.000
Shoot dry weight 0.966 -0.491 0.519 0.966 1.000
Root fresh weight 0.933 -0.397 0.427 0.933 0.994 1.000
Root dry weight 0.913 -0.349 0.379 0.913 0.988 0.999* 1.000
Fruit number 0.979 -0.541 0.569 0.979 0.998* 0.987 0.977 1.000
Fruit weight 0.984 -0.564 0.590 0.984 0.996 0.982 0.971 0.999* 1.000

*,** Significant at the 0.05 and 0.01 probability levels, respectively. Each value is the Pearson’s correlation coefficient (r).

Fig. 3. Colonies of bacteria from soil of G on tryptone soy agar medium (A). Arrows show a significant population of Paenibacillus ehimensis 
KWN38 indicated in early morphology with a bright milky color (black arrows) and the shrunken surface of colonies at later days (white 
arrows). The colony shape and color were compared with that of directly cultivated P. ehimensis KWN38 on TSA. P. ehimensis KWN38 was 
regarded as having the same shape and color. Colonies of fungi on potato dextrose agar medium inoculated from the soil of F (B). G: bac-
terial grass culture, F: chemical fertilizer.
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butanol-soluble antifungal metabolites (Naing et al., 2014a). 
This could be the primary factor that reduced the incidence 
of early leaf blight and gray mold diseases on the aerial parts 

of tomato plants in G and GF. In the same context, the lower 
root mortality in G and GF than in F is considered to be re-
lated to the high population of P. ehimensis KWN38 in the 
rhizosphere, the secondary antimicrobial metabolites, and 
the exogenous cellulase produced in the grass culture broth. 
However, in this experiment, no significant correlations were 
statistically observed between disease incidence and tomato 
yield. 

In conclusion, tomato plants treated with full-strength or 
diluted bacterial grass cultures suppressed the incidence of 
two important fungal diseases and reduced the mortality of 
roots compared to untreated control plants. Moreover, these 
plants had better vegetative growth and yield. All results, 
including suppression of the soil fungal population, sug-
gest that the application of a grass culture with P. ehimensis 

Fig. 4. Population of bacteria (A) and fungi (B) in the rhizosphere of 
tomato plants treated with chemical fertilizer (F), F and synthetic 
fungicide (FSf), grass culture (G), and 1/3 volume of G plus 2/3 F 
(GF). LSD, least significant difference. Means are from six replicates. 
Mean with a common letter in the sampling time are not signifi-
cantly different each other at the 0.05 level. A half amount of the 
total chemical fertilizer for each F, FSf, and GF treatment was ap-
plied to the soil by side-dressing as a basal application before trans-
planting the seedlings, while the remaining half was divided into 
two more side dressings applied one and two months after trans-
planting the seedlings. However, GF treatment was received with 
2/3 concentration of the fertilizer recommendation. Ninety-seven 
ml and 32 ml of G were treated weekly to the root zone of each to-
mato plant in the G and GF, respectively, treatments for 16 weeks. 
F was treated after it was dissolved with distilled water. After the 
FSf treatment was prepared by dissolving 1.0 g fungicide into 1 l of 
distilled water, it was applied at the same time in each plot. Three 
additional sprays in all treatments were applied to the foliar por-
tion of the plants after transplanting and 90 DAT after the first 
symptoms of early blight and gray mold disease occurred on the 
leaves and stems. 

Fig. 5. Dehydrogenase activities in soil of tomato plants treated 
with chemical fertilizer (F), F and synthetic fungicide (FSf), grass cul-
ture (G), and 1/3 volume of G plus 2/3 F (GF). LSD, least significant 
difference. Mean from six replicates. Mean with a common letter in 
the sampling time are not significantly different each other at 0.05 
level. A half amount of the total chemical fertilizer for each F, FSf, 
and GF treatment was applied to the soil by side-dressing as a bas-
al application before transplanting the seedlings, while the remain-
ing half was divided into two more side dressings applied one and 
two months after transplanting the seedlings. However, GF treat-
ment was received with 2/3 concentration of the fertilizer recom-
mendation. Ninety-seven ml and 32 ml of G were treated weekly to 
the root zone of each tomato plant in the G and GF, respectively, 
treatments for 16 weeks. F was treated after it was dissolved with 
distilled water. After the FSf treatment was prepared by dissolving 
1.0 g fungicide into 1 l of distilled water, it was applied at the same 
time in each plot. Three additional sprays in all treatments were 
applied to the foliar portion of the plants after transplanting and 90 
DAT after the first symptoms of early blight and gray mold disease 
occurred on the leaves and stems.
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KWN38 is a reliable alternative for synthetic fungicides to 
control aerial and root fungal pathogens in tomato. 
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