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ABSTRACT

The present research was conducted to evaluate the ability of Bacillus subtilis
to supress Fusarium wilt disease of banana in BioricharTM amended soil
under different soil moisture regimes. Banana plants were inoculated with
different volumes of Bacillus subtilis (0, 20, 40 and 60 mL) given at concen-
tration 108 CFU mL−1 and subjected to three water stress levels based on
field capacity (FC) viz. well watered (100% FC), mild stress (75% FC), and
severe stress (50% FC). Banana plantlets were inoculated with Fusarium oxys-
porum one week after Bacillus subtilis were applied. The results showed that,
minimum percentage of disease incidence in banana plants was recorded
at high Bacillus subtilis rate (40 mL and 60 mL) at 50% FC. However, at 75%
FC and 100% FC conditions, disease incidence increased from 35.28% to
45.09% following the time. Proline content showed 0.33% high under 75%
FC compared to 50% FC at 45 DAT and similar trend was observed at 90
DAT. Malondialdehyde (MDA) content in banana plants was high in control
treatment than those inoculated with Bacillus subtilis. 100% FC condition
gave significantly higher net photosynthesis (14.95%), stomatal conductance
(60.47%), transpirations rate (54.58%) and vapor pressure deficit (14.14%)
compared to 50% FC at 45 DAT. However, values of net photosynthesis at 90
DAT were 30.07% and 20.79% lower at 50% FC and 100% FC, respectively
in comparison to the values recorded at 45 DAT as pathological process
progressed. Inoculation of Bacillus subtilis @ 60 mL increased photosynthesis
rate by 9.07% as compared to non-inoculated plantlets at 100% FC at 45 DAT.
However, no significant difference observed when the plants were inoculated
by Bacillus subtilis @ 40 mL and @ 60 mL under 75% FC condition. There-
fore, inoculation of Bacillus subtilis @ 60 mL could be a promising biological
control agent that can trigger resistance against Fusarium wilt in susceptible
Berangan banana under water stress condition.
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1 Introduction

Fusarium wilt of banana caused by Fusarium oxyspo-
rum is one of the serious fungal diseases that affect
banana production worldwide (Lin et al., 2008). A
variety of control approaches have been conducted to
fight against this disease such as the use of fungicide,
biological control, and transgenic plantlets (Ghag
et al., 2015). However, all have limitations. The use
of chemical approaches strongly correlated with envi-
ronmental contamination and has adverse effects on
human health, which has also raised significant con-
cerns (Khan et al., 2017). Development of resistance
transgenic plant require time and not permanent be-
cause pathogen mutate or recombine to overcome
host plant resistance (Khan et al., 2017). As an alter-
native sustainable agriculture approaches, the antag-
onistic rhizobacteria against Fusarium wilt were stud-
ied. Some important and most commonly used rhi-
zobacteria include Bacillus spp. and Pseudomonas spp.
(Haas and Défago, 2005). Bacillus subtilis which is
also considered as plant growth promoting rhizobac-
teria was found able to reduce soil borne pathogen
through multiple mechanisms (Ongena and Jacques,
2008).

However, it was found that direct inoculation of
rhizobacteria into the soil may lead to poor activity
of this microbe (Alabouvette et al., 2006). In order to
overcome this problem, application of organic amend-
ments were attempted to achieve better results (Sara-
vanan et al., 2003). Supplementation of media with
organic amendment can provide nutrients and in-
crease survival of some microbes such as Actinobacter
spp, Rhizobium spp, Bradyrhizobium and Mesorhizo-
bium in the soil (Ahemad and Kibret, 2014). Noble
and Coventry (2005) stated that biochar amendment
can effectively suppress disease caused by soil-borne
pathogen. Amending biochar based compost also can
improve the quality of agricultural land in impover-
ished and low fertility regions (Manickam et al., 2015).
BioricharTM is an organic biochar fertilizer developed
through a composting process using a combination of
rice husk and empty fruit bunch biochar with selected
high nutrient substrates and enhanced with effective
microbes, zeolite and plant enzymes. BioricharTM

having similar characteristics as biochar and usually
used as fertilizer based. Combination of various nutri-
ents in BioricharTM intended to increase effectiveness
of this product to shorter maturity period, increase
yield production and maintain good quality of fruits
(Manickam et al., 2016). In recent years, many studies
had been conducted on biochar amendment as a tool
for an effective control of plant diseases (Graber et al.,
2014). However, there is little information about the
interactive effect of rhizobacteria with biochar and/or
compost, particularly under water stress conditions.

Besides diseases, water stress in banana is one of
the main problems which require serious attention.
In Malaysia, limited water source and growing com-
petition for unpolluted water reduced growth per-
formance of banana. Many crop experienced deficit
water stress which negatively affect the plant’s pro-
duction. Water stress results in root injury, blockage
to the xylem, ameliorate normal stomata function,
and damage to the cuticle (Ayres, 1978). It is difficult
to separate the direct effects of an excess or water
deficit in the field on susceptibility to disease from
the indirect effects caused by change in the soil wa-
ter status (Kramer, 1983). However, It is generally
believed that water stressed plants are more suscep-
tible than unstressed plants to attacks by pathogens
since the nature defense mechanism in stressed plant
reduced when major plant’s mechanism become re-
stricted (Ghaemi et al., 2011). Several studies in Ara-
bidopsis, bean, grapevine have shown that water stress
increase the vulnerability of plant to fungal infection
(McElrone et al., 2001; Mayek-PÉrez et al., 2002; Mohr
and Cahill, 2003; Prasch and Sonnewald, 2013). Ac-
cording to Ghaemi et al. (2011) stated that disease
incidence of tomato caused by F. oxysporum increased
as water stress level increased. Yadeta and Thomma
(2013) discussed that F. oxysporum infect the plants
through roots. First infection occur through xylem
vessel, caused necrosis on the corm, restricted the wa-
ter movement in the vascular bundles and eventually
resulted in lethal wilting of the infected plant. Con-
versely, Ramegowda et al. (2013) and Hatmi et al.
(2014) reported that water stress enhances the de-
fense response of plants against pathogen. In view
of the current problem therefore, it is important to
understand the impact of combined water stress and
the cognate defense strategies by using rhizobacteria
inoculated in BioricharTM amended soil by banana
plants to circumvent the concurrent onslaught of wa-
ter stress and FOC infection.

2 Materials and Methods

2.1 Experimental treatment and design

This study was conducted under rain shelter at Field
2, Faculty of Agriculture, Universiti Putra Malaysia
(UPM), Serdang, Selangor. One month old banana cv.
Berangan plantlets were transplanted in the polybag
of 40 cm × 40 cm size contained Bungor series soil
which had been mixed thoroughly with BioricharTM

at the rate of 4.5 t ha−1. The recommended amount
of BioricharTM was applied based on plant density
in the field of 2500 plants per ha with distance 2 × 2
m2. The treatments were two factorial (water stress
and Bacillus subtilis) arranged by split plot design
with three replications. The plants were subjected to
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different level of water stress given based on field ca-
pacity viz. well watered (100% FC), mild stress (75%
FC), and severe stress (50% FC), and inoculated with
different volume of Bacillus subtilis (0, 20, 40, and 60
mL) at concentrations of 108 CFU mL−1. The physic-
ochemical properties of studied soil were presented
in Table 1.

2.2 Inoculum preparation

Pure isolates of Bacillus subtilis and F. oxysporum were
obtained from the culture collection of Department
of Plant Protection, Faculty of Agriculture, Universiti
Putra Malaysia. The preparation of inoculum was
made using modified method Fishal et al. (2010). In
preparing aqueous antagonist suspensions, isolates
were grown on nutrient agar (NA) (Biolab) at 27 ◦C
for 24 h. A loop of each culture was then transferred
to a 250 mL conical flask containing 50 mL of Tryptic
soy (TSA, Difco Laboratories, Detroit, USA), and incu-
bated on an orbital shaker (125 rpm) for 48 h at 25 ◦C.
Cultures were centrifuged for 15 min at 750 g using a
Labofuge GL. The pellets finally adjusted to 108 CFU
mL−1 using hemocytometer. The bacteria suspension
was diluted with 1:10 of distilled water and applied
about 100 mL per plant as soil drenching. Meanwhile,
F. oxysporum was cultured on potato dextrose agar
medium at 25 ◦C in incubator for 7 d. Then, 8 mm
disc was excised from the cultured, suspended in dis-
tilled water and quantified using a hemocytometer.
The inoculation of plantlets with F. oxysporum was
made by application of 40 mL inoculum at concentra-
tion 108 CFU mL−1 as soil drenching.

2.3 Disease incidence assessment

Disease incidence (DI) was made followed Cachinero
et al. (2002) and observed at weekly basis. Severity
symptoms on individual plants were rated on a scale
from 0 to 4, according to the percentage of foliage
with chlorosis or necrosis in acropetal progression:
0 = no browning (necrotic) symptom on leaf pieces,
score 1 = necrotic symptom less than 25%, score 2 =
necrotic symptom between 25–50%, score 3 = necrotic
symptom 50–75%, and score 4 = necrotic symptom
>75%, leaf pieces have completely rotten. Observa-
tion for internal symptom was made using scale 0–4:
0 = healthy; 1 = 5–10% discoloration of vascular area;
2 = 10–20% discoloration of vascular area; 3 = 30–50%
discoloration of vascular area, and 4 ≥ 50% discol-
oration of vascular area. DI for both external and
internal symptom was calculated using the equation
by Cachinero et al. (2002) as follow:

DI =
ni × si
N × S

× 100 (1)

where, DI = disesede incidence (%), ni = number of
banana plants with ith score of symptoms, si = the

value of the ith score of symptoms, N = total number
of tested banana plants, and S = the highest value of
score of symptoms (Cachinero et al., 2002).

The infected banana plantlets were identified fol-
lowed Yusnita (2004) as immune (Im) if DI = 0%; re-
sistance (Rs) = if 0%<DI<5%; moderately resistance
(Mr) = if 5%<DI<10%; moderately susceptible (Ms)
= if 10%<DI<25%; susceptible (Sc) = if 25%<DI<50%;
very susceptible (Vs) = if DI>50%.

2.4 Biochemical assay

Proline content in the leaves was determined fol-
lowing method of Bates et al. (1973) by using fresh
leaf sample and expressed as proline per gram fresh
weight. On the other hand, the level of lipid peroxi-
dation was measured in terms of malondialdehyde
(MDA) content, a product of lipid peroxidation fol-
lowing method of Heath and Packer (1968) and the
results were expressed as µmol MDA g−1FW.

2.5 Determination of leaf gas exchange

Leaf gas exchange measurements which includes pho-
tosynthetic rate (µmol CO2 m−2s−1), stomata con-
ductance (mol m−2s−1), transpiration rate (mmol
m−2s−1) and vapour pressure deficit (VPD) (mol H2O
m−2s−1) were performed in fully expanded leaves
using an infrared gas analyzer (IRGA) (LI-6400XT
Portable Photosynthesis System, LI-COR, Lincoln,
NE, USA) according to Dias et al. (2017).

2.6 Statistical analysis

The collected data were subjected to analysis of vari-
ance (ANOVA) using Statistical Analysis System (SAS
9.4) and the entire means were evaluated by using
least significant difference (LSD) test at significant dif-
ference, P<0.05. Correlation analysis was performed
to establish relationship between vapour pressure
deficit versus stomatal conductance and stomatal con-
ductance versus transpiration.

3 Results and Discussion

3.1 Effect of treatments on disease inci-
dence

Table 2 indicates that disease incidence of Fusarium
oxysporum as influenced by water stress and Bacillus
subtilis treatment. There were no significance interac-
tion between water stress and B. subtilis application at
45 DAT on percentage of leaf damage but significant
at 90 DAT. Analysis of variance at main plot revealed,
significance difference for disease incidence at 90 DAT.
Disease incidence were found increased from 6.85%
at 45 DAT to 42.79% at 90 DAT under well watered
(100% FC) conditions. An increased up to 57.40% was
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Table 1. Selected physicochemical properties of studied soil (Bungor series) and BioricharTM

Properties Soil BioricharTM

Sand (%) 44 –
Silt (%) 9.91 –
Clay (%) 46.08 –
pH (1:2.5 water) 5.2 7.23
Cation exchange capacity (1 M NH4OAc, pH 7) cmol(+) kg−1 4.12 12.92
Organic C (Dry Combustion) (%) 1.85 12.39
N content (Dry Combustion) (%) 0.18 1.32
Exchangeable K (1 M NH4OAc, pH 7) (mg kg−1) 22.2 151.6
Exchangeable Ca (1 M NH4OAc, pH 7) (mg kg−1) 8.14 10.04
Exchangeable Mg (1 M NH4OAc, pH 7) (mg kg−1) 1.51 12.21

Table 2. Percentage of leaf damage, disease incidence and resistance of banana cv. Berangan at 45 and 90 DAT

Leaf Damage (%) Disease Incidence (%) Resistance†

45 DAT 90 DAT 45 DAT 90 DAT 45 DAT 90 DAT

Main plot (water stress)
Severe stress: 50% FC 10.73 15.2 10.73 18.23b Ms Ms
Mild stress: 75% FC 4.89 27.89 4.89 46.46a Rs Sc
Well watered: 100% FC 6.85 25.26 6.85 42.79a Mr Sc

LSD0.05 NS NS NS 21.37*

Sub plot (B. subtillis)
B0: 0 mL 9.58 30.16a 9.58 48.73 Mr Sc
B20: 20 mL 6.68 23.78b 6.68 37.25 Mr Sc
B40: 40 mL 7.51 20.32bc 7.51 30.58 Mr Sc
B60: 60 mL 6.2 16.87c 6.2 26.76 Mr Sc

LSD0.05 NS 5.88** NS NS

Significance interaction NS * NS NS

Means followed by the same letters within a column is not significantly difference at P = 0.05 by least signifi-
cant difference (LSD) with n=36. * and ** significantly difference at P = 0.05 and P = 0.01, respectively, and NS=
not significant.

†
Rs = Resistance, Mr = Moderately resistance, Ms = Moderately susceptible, Sc = Susceptible.

observed under well watered condition compared
to severe stress condition at 90 DAT. These results
suggested that the severity of disease increased when
the soil is moist. The plants were observed to have
uneven growth with associated leaf yellowing that
caused stunted of plant growth. According to Ghaemi
et al. (2011) F. oxysporum and possibly Verticillium
wilts are apparently favored by wet soils but illustrate
some special problems in interpretation. However,
Linford (1928) and Ryker (1935) reported that Fusar-
ium wilt of peas and celery were shown to be more se-
vere in wet than in dry soil. These reports apparently
contradict earlier ones by Gilman (1916) and Hum-
bert (1918) for Fusarium wilt of tomato, who observed
severe disease following hot dry weather and little
or non during cool moist weather. However, among
the sub plot means significance difference was ob-
served for percentage of leaf damage at 90 DAT. Non-
inoculated B. subtilis (control) was 44.06% increase

in leaf damage as compared to inoculation at 60 mL.
Inoculation of B. subtilis at high rate apparently de-
creased leaf damage and disease incidence. Based on
the results, it was found that the resistance of disease
is high at 45 DAT as there was no obvious infection
symptoms observed but as time progress and at 90
DAT the resistance reduced significantly. The banana
plantlets at 90 DAT were marked susceptible to the
disease as the disease intensity were 25%<DI<50%
followed Yusnita (2004). Meanwhile, the plants status
at 45 DAT marked moderately resistance at different
B. subtilis application. The increase resistance against
F. oxysporum at higher B. subtilis possibly because the
higher number of spore produced. The spore may
increase root exudate and volatile compound against
F. oxysporum.

The disease incidence and development for ev-
ery week interval was presented in Fig. 1. There was
a gradual increased in disease incidence with time.
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Table 3. Proline and malondialdehyde (MDA) content in foliar tissue at 45 and 90 DAT as affected by water
stress and Bacillus subtilis application

Proline content (µmol g-1g−1 ) MDA content (µmol g−1)

45 DAT 90 DAT 45 DAT 90 DAT

Main plot (water stress)
Severe stress: 50% FC 21.04c 21.12 1.41a 1.11a
Mild stress: 75% FC 21.12a 21.16 1.25b 0.88c
Well watered: 100% FC 21.05b 21.13 0.91c 1.02b

LSD0.05 0.0084*** NS 0.133** 0.0463***

Sub plot (B. subtillis)
B0: 0 mL 21.08b 21.34 1.50a 1.27a
B20: 20 mL 21.09a 21.08 1.06b 0.98b
B40: 40 mL 21.07c 21.06 1.09b 0.97b
B60: 60 mL 21.05d 21.07 1.11b 0.82c

LSD0.05 0.0007*** 0.137** 0.095*** 0.040***

Significance interaction *** NS *** ***

Means followed by the same letters within a column is not significantly difference at P = 0.05 by least signifi-
cant difference (LSD) with n=36. ** and *** are significantly difference at P = 0.01 and P = 0.001, respectively,
and NS= not significant.

Table 4. Photosynthesis, stomatal conductance, transpiration rate and vapour pressure deficit (VPD) as affected by
water stress and Bacillus subtilis application at 45 and 90 DAT

Photosynthesis Stomata conduc. Transpiration rate VPD

(µmol CO2 m−2 s−1) (mmol m−2 s−1) (mmol H2O m−2 s−1) (mol H2O m−2 s−1)
45 DAT 90 DAT 45 DAT 90 DAT 45 DAT 90 DAT 45 DAT 90 DAT

Main plot (water stress)
Severe stress: 50% FC 19.29b 13.49b 0.1 0.21b 1.01b 3.84b 1.01a 1.90a
Mild stress: 75% FC 22.14a 16.16ab 0.25 0.44a 2.19a 5.55a 1.04a 1.48b
Well watered: 100% FC 22.68a 17.90a 0.25 0.43a 2.23a 6.19a 1.17a 1.62ab

LSD0.05 2.85*** 2.69*** 0.35*** 0.18*** 0.68*** 1.13*** 0.96*** 0.28***

Sub plot (B. subtillis)
B0: 0 mL 20.50b 14.75b 0.18 0.30b 1.52b 4.61b 1.01 1.73
B20: 20 mL 21.26a 15.78a 0.20 0.36a 1.81a 5.16ab 1.08 1.67
B40: 40 mL 21.90a 16.48a 0.21 0.39a 1.96a 5.48a 1.14 1.64
B60: 60 mL 21.82a 16.47a 0.21 0.39a 1.94a 5.53a 1.07 1.63

LSD0.05 0.74** 0.88*** NS 0.04*** 0.26** 0.64* NS NS

Significance interaction NS * NS NS NS NS NS NS

Means followed by the same letters within a column is not significantly difference at P = 0.05 by Least Significant
Difference (LSD) with n=36. *, ** and *** significantly difference at P = 0.05, P = 0.01 and P = 0.001, respectively, and
NS= not significant.
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Banana plantlets showed first symptom of disease
in week 3 after challenged inoculated with F. oxyspo-
rum. The highest percentage of first disease incidence
was recorded for treatment 75% FC + 0 mL B. sub-
tilis (36%) followed by treatment 75% FC + 20 mL
B. subtilis (27%). Banana plantlets started showing
foliar symptom of Fusarium wilt with occurance of
yellowish streak and necrosis started from the edge
of the leaves and progress inwards then spreading
inwards gradually. The banana plantlets without B.
subtilis inoculation under mild stress (75% FC) con-
dition showed fastest and highest disease incidence
as compared to other treatment. In contrast, banana
plantlets with highest B. subtilis inoculation of 40 mL
and 60 mL under severe stress condition (50% FC)
showed lowest disease incidence. Cao et al. (2011)
observed a reduction in disease incidence by 49–61%
from F. oxysporum infection in cucumber plant after
inoculated with B. subtilis SQR 9. They also observed
increased in shoot height from 67.4 to 99.3 cm and
two fold increased in plant biomass by inoculation of
B. subtilis SQR 9.

3.2 Effect of treatments on biochemical
changes

Accumulation of proline and MDA in plants is a main
strategy against oxidative stress and disease infection.
Table 3 shows proline content and MDA content in
foliar tissue at 45 and 90 DAT as affected by water
stress and B. subtilis application. Analysis of variance
at main plot showed significance difference between
water stress level on proline content and MDA con-
tent at 45 DAT and 90 DAT. Severe stress (50% FC)
showed 12.69% and 7.58% high in MDA content at 45
and 90 DAT respectively as compared to well watered
condition. However, proline content showed 0.33%
high under mild stress (75% FC) compared to severe
stress (50% FC) at 45 DAT. Proline content also was
0.57% high under well watered (100% FC) at 90 DAT
compared to severe stress (50% FC).

Proline content did not show apparent significant
variation at both water stress and B. subtilis inocula-
tion although statistical analysis showed significant
differences between the treatments. However, MDA
content in non-inoculated B. subtilis was found higher
at both 45 and 90 DAT as compared to plant inoc-
ulated with B. subtilis. The increased result could
be because of plant’s reaction to reduce deleterious
effect of water stress and protect membrane injury
from pathogen effect. When the plant exposed to
pathogen infection, the plant concomitantly induce
programmed cell death and produced reactive oxy-
gen species to counteract the infection (Apel and Hirt,
2004).

Recently, it was reported that F. oxysporum infec-
tion resulted in increased activities of antioxidant en-
zymes together with increased levels of reactive oxy-

gen species and lipid peroxidation in cucumber roots
(Ye et al., 2006). The incorporation of water stress and
F. oxysporum infection was believed to increase accu-
mulation of MDA content as a defense mechanism
process. Accumulation of MDA content in stress plant
and plant experienced pathogen infection is regarded
as an indicator of cellular damage (Dallagnol et al.,
2011). Many reports showed the deleterious effects
of reactive oxygen species, whose production is stim-
ulated under water stress (Blokhina, 2003). Reactive
oxygen species cause lipid peroxidation, and conse-
quently membrane injuries, protein degradation and
enzyme inactivation (Sairam et al., 2005).

3.3 Effect of treatments on leaf gas ex-
change parameter

According to Table 4, results shows that there were
no significance interaction between difference levels
of water stress and B. subtilis on net photosynthesis,
stomatal conductance, transpiration rate and VPD
at 45 DAT. Comparison of water stress at main plot
means revealed well watered (100% FC) significantly
higher in net photosynthesis by 14.95%, stomatal
conductance by 60.47%, transpiration rate by 54.58%
and VPD by 14.14% compared to severe stress (50%
FC). Among the sub-plot treatments, plants inocu-
lated with B. subtilis have higher net photosynthesis
and transpiration rate compared to non-inoculated.
Whereas no significance different recorded for stom-
atal conductance and VPD. These results were in ac-
cordance with Zhang et al. (2008) which found an
increased in photosynthesis of Arabidopsis plant as a
result of B. subtilis inoculation. The modulation of en-
dogenous abscisic acid signaling and the production
of other phytohormone were believed to affect physi-
ological changes in the plant. The decreased in pho-
tosynthesis and transpiration rate in non-inoculated
B. subtilis, could be triggered by F. oxysporum infec-
tion and water stress effect. Dong et al. (2002) found
a reduction of photosynthesis accompanied with in-
creased in stomata closure which restricted water loss
through transpiration in infected banana by F. oxyspo-
rum.

The infected plant usually developed secondary
effect through disturbance function of chloroplast.
At 90 DAT there were significance interactions be-
tween different levels of water stress and B. subtilis
on net photosynthesis but no significance interac-
tion for stomatal conductance, transpiration rate and
VPD. However, comparison at different levels of wa-
ter stress showed that well watered (100% FC) were
24.91% and 37.95% high in value for net photosynthe-
sis and transpiration rate compared to severe stress
(50% FC). The data of net photosynthesis at 90 DAT
also reduced progressively compared to 45 DAT. The
decreased trend in net photosynthesis continued as
the F. oxysporum infection process progressed. The



Din et al. Fundam Appl Agric 3(3): 515–524, 2018 521

0

10

20

30

40

50

W
k
0
1

W
k
0
2

W
k
0
3

W
k
0
4

W
k
0
5

W
k
0
6

W
k
0
7

W
k
0
8

W
k
09

W
k
1
0

W
k
1
1

W
k
1
2

Time (week)

D
is
ea
se

in
ci
d
en

ce
(%

)

WWB0

WWB20

WWB40

WWB60

MSB0

MSB20

MSB40

MSB60

SSB0

SSB20

SSB40

SSB60

Figure 1. Disease incidence of Berangan plantlets pre-inoculated with different rates of Bacillus subtilis at
different water stress level on weekly basis observation after challenged inoculated with Fusarium
oxysporum. WWB0= well watered + 0 mL; WWB20= well watered + 20 mL; WWB40= well watered +
40 mL; WWB60= well-watered + 60 mL; MSB0= mild stress + 0 mL; MSB20= mild stress +20 mL;
MSB40= mild stress + 40 mL; MSB60= mild stress + 60 mL; SSB0= severe stress + 0 mL; SSB20= severe
stress + 20 mL; SSB40= severe stress + 40 mL; SSB60= severe stress + 60 mL.

r = −0.93, p < 0.001

(a)

0.2

0.4

0.6

1.25 1.50 1.75 2.00

VPD (mol H2O m−2s−1)

S
to
m
at
a
co
n
d
u
ct
an

ce
(m

m
ol

m
−
2
s−

1
)

r = 0.92, p < 0.001

(b)

3

4

5

6

7

8

0.2 0.3 0.4 0.5 0.6

Stomata conductance (mmol m−2s−1)

T
ra
n
sp
ir
at
io
n
ra
te

(m
m
ol

H
2
O

m
−
2
s−

1
)

Figure 2. The correlation analysis between (a) vapour pressure deficit (VPD) and stomata conductance, and (b)
stomata conductance and transpiration rate.



Din et al. Fundam Appl Agric 3(3): 515–524, 2018 522

value of photosynthesis at 90 DAT was 30.07% and
20.79% lower at severe stress (50% FC) and well wa-
tered (100% FC) in comparison to 45 DAT. Decreased
in photosynthesis simultaneously decreased transpi-
ration rate. The effect of F. oxysporum in suppresses
photosynthesis had been studied in tomato and wa-
ter melon plant but focused on external hypha pen-
etration (Lepoivre, 2003). However, the immediate
causal in the changes of pigment-protein complexes
and structural damage to photosynthetic membrane
remain unclear. It is observed that vapor pressure
deficit (VPD) was high in severe stress (50% FC) com-
pared to well watered and mild stress at 90 DAT. In-
creased in VPD simultaneously decreased stomatal
conductance and transpiration rate. Bunce (1997) also
reported an increase VPD concomitantly decreased
stomata conductance.

3.4 Correlation between vapor pressure
deficit and stomata conductance

Fig. 2(a) shows a significant negative correlation be-
tween VPD and stomatal conductance. Stomatal con-
ductance reduced consistently as VPD increased. Un-
der severe stress (50% FC), non-inoculated B. sub-
tilis treatment showed lowest stomata conductance
as in comparison with well watered (100% FC). Far-
quhar (1978) earlier stated that stomatal conductance
decreased directly when vapor pressure deficit in-
creased as a result of stomata closure in limited water
condition.

However, Grassi and Magnani (2005) reported the
same results of reduced in stomata conductance with
respect to increase in vapor pressure deficit in the leaf
of oak tree under water stress. The possible causal of
this trend could be explained by alteration in the rate
of abscisic acid (ABA) delivery to the guard cell which
subsequently caused changes in the transpiration sur-
rounding area of stomata (Bunce, 1997). Previously,
Timmusk et al. (2014) stated that rhizobacteria like
B. subtilis potentially stimulate synthesizing of phy-
tohormone such as abscisic acid (ABA), gibberellic
acid, cytokinins, and indole-3-acetic acid (IAA) which
increased drought tolerance in the plant.

The result for correlation analysis between tran-
spiration rate and stomatal conductance was shown
in Fig. 2(b). Transpiration becomes increased as the
stomatal conductance increased but decreased when
stomatal conductance reached threshold value. Tran-
spiration rate started to increase from 2.90 to 7.34
mmol H2O m−2s−1 as the stomatal conductance in-
creased from 0.14 to 0.67 mmol m−2s−1. However, it
is observed that, transpiration rate decreased from 7.0
to 6.0 mmol H2O m−2s−1 when the stomatal conduc-
tance value reached 0.60 mmol m−2s−1. Inoculation
with B. subtilis could be the reason for this relationship
since B. subtilis induce production of phytohormone
such as cytokinin. A study by Farber et al. (2016)

found the relationship between cytokinin application
on transpiration and stomata on tomato plant. Appli-
cation of cytokinin promotes transpiration indirectly
and increase stomata density of that plant. Increase
cytokinin applications directly enhance transpiration
by increase in stomata density, thus slow down leaf
senescence. Such response by the plant was mainly to
minimize water loss. Ilgin and Caglar (2009) also sug-
gested that disturbances on the stomata were directly
followed by a decreased in transpiration rate.

4 Conclusions

Based on this study, we found that BioricharTM

amended soil enhanced with Bacillus subtilis incorpo-
ration of F. oxysporum on banana cv. Berangan under
water stress condition significantly reduce disease
incidence, alters biochemical changes and leaf gas ex-
change. Inoculation of B. subtilis at a high rate (60 mL)
potentially reduced disease incidence up to 35.28%
and 35.16% at both 45 and 90 DAT. However, it was
found that disease susceptibility increased under well
watered condition as compared to severe stress con-
dition potentially because of F. oxysporum more fa-
vored under wet soils. Increased in MDA content in
non-inoculated B. subtilis was found as a respond to
reduce deleterious effect of water stress. Decreased
in net photosynthesis and stomata conductance was
observed as pathological process progressed. Despite
of that, the integration of compost (BioricharTM) and
application of B. subtilis could be a promising biolog-
ical control agent that can trigger resistance against
Fusarium wilt in susceptible Berangan banana under
water stress condition.

Acknowledgements

The authors wish to thank Greenearth Intl Holdings
Sdn Bhd for supplying BioricharTM fertilizer, all lab
staff in Department of Crop Science for helping in
data analysis and School of Graduate Studies as a
sponsorship for Grant Research Fellowship (GRF).

References

Ahemad M, Kibret M. 2014. Mechanisms and appli-
cations of plant growth promoting rhizobacteria:
Current perspective. J King Saud Univ 26:1–20.
doi: 10.1016/j.jksus.2013.05.001.

Alabouvette C, Olivain C, Steinberg C. 2006. Bio-
logical control of plant diseases: The European
situation. Eur J Plant Pathol 114:329–341. doi:
10.1007/s10658-005-0233-0.

Apel K, Hirt H. 2004. Reactive oxygen species:
Metabolism, oxidative stress, and signal trans-

http://dx.doi.org/10.1016/j.jksus.2013.05.001
http://dx.doi.org/10.1007/s10658-005-0233-0
http://dx.doi.org/10.1007/s10658-005-0233-0


Din et al. Fundam Appl Agric 3(3): 515–524, 2018 523

duction. Ann Rev of Plant Biol 55:373–399. doi:
10.1146/annurev.arplant.55.031903.141701.

Ayres PG. 1978. Water relations of diseased plants. In:
Water and Plant Disease. Academic Press, New
York. p. 1–60. doi: 10.1016/b978-0-12-424155-
8.50007-9.

Bates LS, Waldren RP, Teare ID. 1973. Rapid deter-
mination of free proline for water-stress studies.
Plant Soil 39:205–207. doi: 10.1007/bf00018060.

Blokhina O. 2003. Antioxidants, oxidative damage
and oxygen deprivation stress: a review. Ann
Bot 91:179–194. doi: 10.1093/aob/mcf118.

Bunce JA. 1997. Does transpiration control
stomatal responses to water vapour pressure
deficit? Plant Cell Environ 20:131–135. doi:
10.1046/j.1365-3040.1997.d01-3.x.

Cachinero JM, Hervas A, Jimenez-Diaz RM, Tena M.
2002. Plant defence reactions against fusarium
wilt in chickpea induced by incompatible race 0
of Fusarium oxysporum f.sp. ciceris and nonhost
isolates of F. oxysporum. Plant Path 51:765–776.
doi: 10.1046/j.1365-3059.2002.00760.x.

Cao Y, Zhang Z, Ling N, Yuan Y, Zheng X, Shen B,
Shen Q. 2011. Bacillus subtilis SQR 9 can con-
trol Fusarium wilt in cucumber by colonizing
plant roots. Biol Fert Soils 47:495–506. doi:
10.1007/s00374-011-0556-2.

Dallagnol L, Rodrigues F, Martins S, Cavatte P,
DaMatta F. 2011. Alterations on rice leaf
physiology during infection by Bipolaris oryzae.
Australasian Plant Path 40:360–365. doi:
10.1007/s13313-011-0048-8.

Dias KGdL, Guimarães PTG, Neto AEF, Silveira
HROd, Lacerda JJdJ. 2017. Effect of magnesium
on gas exchange and photosynthetic efficiency
of coffee plants grown under different light lev-
els. Agriculture 7:85–93. doi: 10.3390/agricul-
ture7100085.

Dong YH, Gusti AR, Zhang Q, Xu JL, Zhang LH. 2002.
Identification of Quorum-Quenching N-Acyl
Homoserine Lactonases from Bacillus species.
Appl Environ Microbiol 68:1754–1759. doi:
10.1128/aem.68.4.1754-1759.2002.

Farber M, Attia Z, Weiss D. 2016. Cytokinin activ-
ity increases stomatal density and transpiration
rate in tomato. J Exp Bot 67:6351–6362. doi:
10.1093/jxb/erw398.

Farquhar G. 1978. Feedforward responses of stomata
to humidity. Australian J Plant Physiol 5:787–
800. doi: 10.1071/pp9780787.

Ghaemi A, Rahimi A, Banihashemi Z. 2011. Effects of
water stress and Fusarium oxysporum f. sp. lycop-
erseci on growth (leaf area, plant height, shoot
dry matter) and shoot nitrogen content of toma-
toes under greenhouse conditions. Iran Agril
Res 29:51–62.

Ghag SB, Shekhawat UK, Ganapathi TR. 2015.
Fusarium wilt of banana: biology, epidemi-
ology and management. International Jour-
nal of Pest Management 61:250–263. doi:
10.1080/09670874.2015.1043972.

Gilman JC. 1916. Cabbage yellows and the relation of
temperature to its occurrence. Ann Missouri Bot
Garden 3:25–81. doi: 10.2307/2990072.

Graber E, Frenkel O, Jaiswal A, Elad Y. 2014. How
may biochar influence severity of diseases
caused by soilborne pathogens? Carbon Manag
5:169–183. doi: 10.1080/17583004.2014.913360.

Grassi G, Magnani F. 2005. Stomatal, mesophyll
conductance and biochemical limitations to
photosynthesis as affected by drought and
leaf ontogeny in ash and oak trees. Plant
Cell Environ 28:834–849. doi: 10.1111/j.1365-
3040.2005.01333.x.

Haas D, Défago G. 2005. Biological control of soil-
borne pathogens by fluorescent pseudomonads.
Nat Rev Microbiol 3:307–319. doi: 10.1038/nr-
micro1129.

Hatmi S, Gruau C, Trotel-Aziz P, Villaume S, Rabe-
noelina F, Baillieul F, Eullaffroy P, Clément C,
Ferchichi A, Aziz A. 2014. Drought stress
tolerance in grapevine involves activation of
polyamine oxidation contributing to improved
immune response and low susceptibility to
Botrytis cinerea. J Exp Bot 66:775–787. doi:
10.1093/jxb/eru436.

Heath RL, Packer L. 1968. Photoperoxidation in iso-
lated chloroplasts: I. Kinetics and stoichiometry
of fatty acid peroxidation. Arch Biochem Bio-
phys 125:189–198.

Humbert J. 1918. Tomato diseases in Ohio. Ohio Agri
Exp Sta Bull 32.

Ilgin M, Caglar S. 2009. Comparison of leaf stom-
atal features in some local and foreign apricot
(Prunus armeniaca L.) genotypes. Afr J Biotechnol
8:1074–1077.

Khan N, Maymon M, Hirsch A. 2017. Combat-
ing Fusarium infection using Bacillus-based an-
timicrobials. Microorganisms 5:75–87. doi:
10.3390/microorganisms5040075.

http://dx.doi.org/10.1146/annurev.arplant.55.031903.141701
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141701
http://dx.doi.org/10.1016/b978-0-12-424155-8.50007-9
http://dx.doi.org/10.1016/b978-0-12-424155-8.50007-9
http://dx.doi.org/10.1007/bf00018060
http://dx.doi.org/10.1093/aob/mcf118
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-3.x
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-3.x
http://dx.doi.org/10.1046/j.1365-3059.2002.00760.x
http://dx.doi.org/10.1007/s00374-011-0556-2
http://dx.doi.org/10.1007/s00374-011-0556-2
http://dx.doi.org/10.1007/s13313-011-0048-8
http://dx.doi.org/10.1007/s13313-011-0048-8
http://dx.doi.org/10.3390/agriculture7100085
http://dx.doi.org/10.3390/agriculture7100085
http://dx.doi.org/10.1128/aem.68.4.1754-1759.2002
http://dx.doi.org/10.1128/aem.68.4.1754-1759.2002
http://dx.doi.org/10.1093/jxb/erw398
http://dx.doi.org/10.1093/jxb/erw398
http://dx.doi.org/10.1071/pp9780787
http://dx.doi.org/10.1080/09670874.2015.1043972
http://dx.doi.org/10.1080/09670874.2015.1043972
http://dx.doi.org/10.2307/2990072
http://dx.doi.org/10.1080/17583004.2014.913360
http://dx.doi.org/10.1111/j.1365-3040.2005.01333.x
http://dx.doi.org/10.1111/j.1365-3040.2005.01333.x
http://dx.doi.org/10.1038/nrmicro1129
http://dx.doi.org/10.1038/nrmicro1129
http://dx.doi.org/10.1093/jxb/eru436
http://dx.doi.org/10.1093/jxb/eru436
http://dx.doi.org/10.3390/microorganisms5040075
http://dx.doi.org/10.3390/microorganisms5040075


c© 2018 by the author(s). This work is
licensed under a Creative Commons.
Attribution-NonCommercial 4.0
International (CC BY-NC 4.0) License

The Official Journal of the
Farm to Fork Foundation
ISSN: 2518–2021 (print)
ISSN: 2415–4474 (electronic)
http://www.f2ffoundation.org/faa

Din et al. Fundam Appl Agric 3(3): 515–524, 2018 524

Kramer PJ. 1983. Cell water relations. In: Water Rela-
tions of Plants. Academic Press Inc, New York,
USA. p. 23–56. doi: 10.1016/b978-0-12-425040-
6.50005-9.

Lepoivre P. 2003. Phytopathogie: bases moleculaires
de biologiques des pathsystemes et fondement
des strategies de lutte. De Boeck & Presses
Agronomiques de Gembloux (Eds.), Brussels,
Belgium :149–167.

Lin YH, Chang JY, Liu ET, Chao CP, Huang JW, Chang
PFL. 2008. Development of a molecular marker
for specific detection of Fusarium oxysporum f. sp.
cubense race 4. Eur J Plant Pathol 123:353–365.
doi: 10.1007/s10658-008-9372-4.

Linford M. 1928. A Fusarium wilt of peas in Wisconsin.
Agri Exp State Res Bull. 85.

Manickam T, Cornelissen G, Bachmann R, Ibrahim
I, Mulder J, Hale S. 2015. Biochar application
in malaysian sandy and acid sulfate soils: Soil
amelioration effects and improved crop produc-
tion over two cropping seasons. Sustainability
7:16756–16770. doi: 10.3390/su71215842.

Manickam T, Ibrahim IZ, Halim NFA. 2016. Biorichar:
Biochar-Based Organic Fertilizer. Soil Science
Research Center, MARDI.

Mayek-PÉrez N, GarcÍa-Espinosa R, LÓpez-
CastaÑeda C, Acosta-Gallegos JA, Simpson
J. 2002. Water relations, histopathology and
growth of common bean (Phaseolus vulgaris L.)
during pathogenesis of Macrophomina phaseolina
under drought stress. Physiol Mol Plant Pathol
60:185–195. doi: 10.1006/pmpp.2001.0388.

McElrone AJ, Sherald JL, Forseth IN. 2001. Ef-
fects of water stress on symptomatology and
growth of Parthenocissus quinquefolia infected by
Xylella fastidiosa. Plant Dis 85:1160–1164. doi:
10.1094/pdis.2001.85.11.1160.

Mohr PG, Cahill DM. 2003. Abscisic acid influences
the susceptibility of Arabidopsis thaliana to Pseu-
domonas syringae pv. tomato and Peronospora
parasitica. Funct Plant Biol 30:461–469. doi:
10.1071/fp02231.

Noble R, Coventry E. 2005. Suppression of soil-
borne plant diseases with composts: A re-
view. Biocontrol Sci Technol 15:3–20. doi:
10.1080/09583150400015904.

Ongena M, Jacques P. 2008. Bacillus lipopeptides:
versatile weapons for plant disease biocon-
trol. Trends Microbiol 16:115–125. doi:
10.1016/j.tim.2007.12.009.

Prasch CM, Sonnewald U. 2013. Simultaneous appli-
cation of heat, drought, and virus to Arabidop-
sis plants reveals significant shifts in signaling
networks. Plant Physiol 162:1849–1866. doi:
10.1104/pp.113.221044.

Ramegowda V, Senthil-Kumar M, Ishiga Y, Kaundal
A, Udayakumar M, Mysore K. 2013. Drought
stress acclimation imparts tolerance to Sclerotinia
sclerotiorum and Pseudomonas syringae in Nico-
tiana benthamiana. Int J Mol Sci 14:9497–9513.
doi: 10.3390/ijms14059497.

Ryker T. 1935. Fusarium yellows of celery. Phytopath
25578–600.

Sairam RK, Srivastava GC, Agarwal S, Meena RC.
2005. Differences in antioxidant activity in re-
sponse to salinity stress in tolerant and suscepti-
ble wheat genotypes. Biologia Plantarum 49:85–
91. doi: 10.1007/s10535-005-5091-2.

Saravanan T, Muthusamy M, Marimuthu T. 2003. De-
velopment of integrated approach to manage the
fusarial wilt of banana. Crop Prot 22:1117–1123.
doi: 10.1016/s0261-2194(03)00146-7.

Timmusk S, El-Daim IAA, Copolovici L, Tanilas T,
Kännaste A, Behers L, Nevo E, Seisenbaeva G,
Stenström E, Ülo Niinemets. 2014. Drought-
tolerance of wheat improved by rhizosphere
bacteria from harsh environments: Enhanced
biomass production and reduced emissions of
stress volatiles. PLoS ONE 9:e96086. doi:
10.1371/journal.pone.0096086.

Yadeta K, Thomma B. 2013. The xylem as bat-
tleground for plant hosts and vascular wilt
pathogens. Front Plant Sci 4:97. doi:
10.3389/fpls.2013.00097.

Yusnita S. 2004. Metode inokulasi dan reaksi ke-
tahanan 30 genotipe kacang tanah terhadap
penyakit busuk batang Sclerotium. Hayati 11:53–
58.

Zhang H, Xie X, Kim MS, Kornyeyev DA, Holaday S,
Paré PW. 2008. Soil bacteria augment Arabidopsis
photosynthesis by decreasing glucose sensing
and abscisic acid levels in plants. Plant J 56:264–
273. doi: 10.1111/j.1365-313x.2008.03593.x.

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
http://www.f2ffoundation.org/faa
http://dx.doi.org/10.1016/b978-0-12-425040-6.50005-9
http://dx.doi.org/10.1016/b978-0-12-425040-6.50005-9
http://dx.doi.org/10.1007/s10658-008-9372-4
http://dx.doi.org/10.3390/su71215842
http://dx.doi.org/10.1006/pmpp.2001.0388
http://dx.doi.org/10.1094/pdis.2001.85.11.1160
http://dx.doi.org/10.1094/pdis.2001.85.11.1160
http://dx.doi.org/10.1071/fp02231
http://dx.doi.org/10.1071/fp02231
http://dx.doi.org/10.1080/09583150400015904
http://dx.doi.org/10.1080/09583150400015904
http://dx.doi.org/10.1016/j.tim.2007.12.009
http://dx.doi.org/10.1016/j.tim.2007.12.009
http://dx.doi.org/10.1104/pp.113.221044
http://dx.doi.org/10.1104/pp.113.221044
http://dx.doi.org/10.3390/ijms14059497
http://dx.doi.org/10.1007/s10535-005-5091-2
http://dx.doi.org/10.1016/s0261-2194(03)00146-7
http://dx.doi.org/10.1371/journal.pone.0096086
http://dx.doi.org/10.1371/journal.pone.0096086
http://dx.doi.org/10.3389/fpls.2013.00097
http://dx.doi.org/10.3389/fpls.2013.00097
http://dx.doi.org/10.1111/j.1365-313x.2008.03593.x

	Introduction
	Materials and Methods
	Experimental treatment and design
	Inoculum preparation
	Disease incidence assessment
	Biochemical assay
	Determination of leaf gas exchange
	Statistical analysis

	Results and Discussion
	Effect of treatments on disease incidence
	Effect of treatments on biochemical changes
	Effect of treatments on leaf gas exchange parameter
	Correlation between vapor pressure deficit and stomata conductance

	Conclusions

