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Citrus melanose is one of the most important diseases in
orchards cultivating citrus in the world. Although the dis-
ease does not cause yield loss, the profitability of the infected
fruits is often reduced in the fresh-market, resulting in eco-
nomic loss. In this study, disease reduction was proven by
pre-treatment with Pseudomonas putida strain THJ609-3.
In order to illustrate mechanism of the disease reduction by
the bacterial strain, the infection behaviors of Diaporthe citri
and necrosis deposit of plant tissue were observed using a
fluorescence microscope. On the leaves pre-treated with the
strain THJ609-3, germination rates of D. citri conidia were
significantly decreased compared to those of the untreated
control. Scanning electron microscopical observations showed
that bacterial cells were attached to the surface of fungal hy-
phae. Furthermore, morphological change of germ tubes of
the conidia was detected. These results suggest that the di-
sease reduction may be caused by the direct antifungal ac-
tivity of the bacterial strain on the leaf surfaces.

Keywords: bio-fungicide, biological control, melanose, Sat-
suma mandarin

Introduction

Melanose caused by Diaporthe citri F.A. Wolf (asexual phase:
Phomopsis citri H. Fawc) is one of the most important dis-
eases in citrus growing areas of the world (Mondal et al.,
2007). Although it does not cause yield loss, it reduces pro-
fitability of the fresh-market. In Florida, USA, serious loss
by melanose has been reported in fresh-market of grape-
fruit (Timmer et al., 1998). In Korea melanose usually occurs,
from June to August in the orchard cultivating Satsuma man-
darin in Jeju, which is the most popular citrus cultivar in the
island (Kwon et al., 2003). The infection rate of the fruits by
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the pathogen could reach to 95% in adult citrus trees when
there were no applications of control measures (Hur and
Park, 2005).

The inoculum is produced in pycnidia on old dead twigs, not
on any of the living tissues (Whiteside, 2000). The pathogen
invades on leaves, twigs, and fruits at extended wetting pe-
riods and high temperatures (Agostini et al., 2003). Although
ascospores serve to disseminate the disease widely, it seems
not to play a critical role as a major inoculum (Mondal et
al., 2004).

Most of the protection strategies against melanose in Sat-
suma mandarin depend on chemical treatment such as di-
thiocarbamate (Mancozeb®), whose amount of usage reaches
65% of the total amount of chemical usage in the citrus in Jeju
(Kim et al., 2005). In some orchards, copper products have
been applied for reducing melanose, which often results in
frequent occurrence of side effects such as phytotoxicity
(Hyun et al., 2005). Therefore, alternative control measures
for this disease are highly demanded due to the occurrence
of fungicide resistant pathogens or environmental problems
caused by indiscreet application of fungicide. Moreover, con-
sumer interest in the safety of fresh agricultural products
has increased.

Biological control using effective microorganisms has been
known as an environmentally friendly method in plant pro-
tection (Martins et al., 2013; Nawrocka and Malolepsza, 2013).
One biological control may rely on using plants expressing
induced systemic resistance (ISR), which is mediated by plant
growth promoting rhizobacteria (PGPR) (Sang et al., 2014).
In the last decade, disease control by ISR has been inten-
sively studied in many anneal crop plants because it cir-
cumvents all the problems associated with chemical con-
trol (Zehnder et al., 2001).

However, only a few strudies have reported biological con-
trol in citrus trees. In our previous study two effective bac-
terial strains against melanose on citrus leaves were selected
(Ko et al., 2012). In this study disease inhibition on the citrus
leaves by Pseudomonas putida strain THJ609-3 was inves-
tigated using a fluorescens microscopy. Also, the bacterial
strain attached on the melanose pathogen was observed via
the use of a scanning electron microscopy.

Materials and Methods

Plant

The seedlings of Satsuma mandarin (Sunmyeong®, Nongwoo
Bio, Korea) which was grafted with the root of trifoliate or-
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ange, were planted in plastic pots (@ 25 cm, 40 cm high)
filled with commercial soil (Tuksimi®, Nongwoo green Tec.,
Korea) sterilized at 80°C for 4 h. The seedlings were grown
in a greenhouse maintained at 60% relative humidity (RH),
25%1°C, with 4,000 lux illumination during day time and
20£1°C at night. The seedlings were watered every 3 days
and fertilized once a week with 30 ml of a complex fertilizer
Choroc Nala® (N-P-K, 30-10-10, Bokyung Nongsan, Korea)
as recommended for commercial usage.

Sections of the tops of the branches, containing 5-6 leaves
were detached from the seedling with a sterile blade and were
put in a flask containing distilled water. These branches were
used for fungal inoculation and for the fluorescence and
electron microscopical observation.

Treatment of plants with bacterial isolate and fungicide

The reduction of disease severity by bacterial strain Pseu-
domonas putida THJ609-3 against melanose was screened
using the method described in Ko et al. (2012). The bacterial
strain was freshly grown on trytic soy agar (TSA) medium
at 28°C for 48 h. Suspension of the bacterlal strain was pre-
pared at the concentration of 1.0 x 10° CFU/ml, and each
flask of a citrus branch was sprayed with the bacterial sus-
pension. In order to evaluate the efficacy of the bacterial
strain, solution of a commercial fungicide Dithianon® was
sprayed at the concentration of 1 g/L as a control. The treated
citrus branches were sustained at room temperature for 6 h
until fungal inoculation.

Pathogen

Citrus melanose pathogen Diaporthe citri was grown on po-
tato dextrose agar medium at 25°C for 14 days. To induce
conidia the plates were incubated under fluorescence lamp
at the same temperature for 7 days. After conidial forma-
tion, 10 ml distilled water was poured into each culture plate
and harvested conidia with a loop. The conidial suspension
was filtered through two layers of miracloth, and the con-
centration of conidia was adjusted to 1.0 x 10° conidia/ml
for inoculation with fungal pathogen.

Fungal inoculation and assessment of citrus melanose dis-
ease

The conidial suspension of D. citri containing 0.01% Tween
20 was sprayed onto upper and lower surfaces of the leaves
of untreated and bacterial strain pre-treated citrus branch.
The inoculated plants were kept in a dew chamber main-
tained at 100% RH in the dark at 28 + 1°C for 48 h and
then transferred to a growth chamber maintained at 60% RH
and at 23/28°C (night and day, respectively) until symp-
toms of melanose appeared. The level of disease severity was
determined at 7 days after the fungal inoculation by count-
ing the lesion number per leaf. Three independent experi-
ments were carried out with three replications containing 5
citrus branches each.

Fluorescence microscopic observation of the infection
structure on the leaf surface

Microscopic observations of infection behavior of D. citri

and necrosis deposits of plant tissue on the surface of in-
fected citrus leaves were performed at 3 days after fungal
inoculation. Staining of the leaf tissues was carried out as
described by Jeun et al. (2000). The infected part of leaf
was cut out with a razor blade in size of 1 x 3 mm’, and
fixed in 2% (v/v) glutaraldehyde in 0.05 M phosphate buffer
(pH 7.4) for 2 h. After washing with the phosphate buffer
three times for 10 min each, the sections were stained with
0.5% (w/v) aniline blue for 20 min to detect callose forma-
tion at the penetration sites. After washing with the buffer,
the leaf disks were stained with 0.02% Uvitex 2B (w/v)
(Diethanol) for 20 min, which is a fluorochrome for 1,3-p-
glucans. After washing, the leaf disks were mounted on
glass slides with 50% glycerin.

The infection structures of D. citri were observed using a
fluorescence microscope (Olympus, Japan) equipped with
a ‘U’ exciter cube-filter and an ultraviolet epifluorescence
filter set (BP 400-440, FT 460, LP 470). Total numbers of
conidia and germinated conidia were counted and necrosis
depositions were determined on the leaves pre-treated with
rhizobacterial isolates and non-treated. Germination rate (%)
was calculated as (number of germinated conidia) / (total
number of conidia) x 100. And necrosis rate (%) was cal-
culated as (number of necrosis deposits) / (total number of
conidia) x 100. Five leaves were randomly detached from
five plants for each experiment and three independent ex-
periments in total were performed.

Scanning electron microscopic observation of the fungal
structure on the leaves

Pre-treated with the bacterial strain and non-treated leaf
surfaces of citrus leaves were observed at 3 days after ino-
culation with D. citri using a scanning electron microscope
(SEM 435 VP, Leo 40 Electron Microscopy Ltd., UK)

The inoculated leaves were cut into 0.4 x 0.6 mm” using a
sterile blade. Fixation, dehydration and embedding of the
roots were performed according to Hayat (1989). The leaf
samples were fixed in 2% (v/v) glutaraldehyde in 0.05 M
phosphate buffer (pH 7.4) for 2 h. After washing with the
same phosphate buffer for 10 min three times each, post
fixation was performed in 2% (v/v) osmium tetroxide in
phosphate buffer for 2 h at room temperature. After wash-
ing three times, the samples were dehydrated through an
alcohol series (25, 50, 70, 90, and 100% two times for 30
min each). The samples were gently dried using a critical
point drier (CPD 030, BAL-Tec). Samples were mounted on
metallic stubs, gold-coated (~100 A) with a sputter coater
(Polaron Sputter Coat System, Model 5001, England) and
viewed under SEM 435 VP at 20 kV. The numbers of bac-
teria attached fungal conidia and germ tubes were randomly
selected and counted.

Statistical analyses

The evaluation of disease severity of citrus branches after
inoculation with D. citri was carried out as 3 separate ex-
periments at different (n=9).

Under the fluorescence microscopic observation the num-
ber of necrosis deposits on the infected citrus leaves and
the number of fungal conidia and germ tubes were statisti-



Fig. 1. Leaves of citrus plants pre-treated with H,O (A), pre-treated with
bacterial strain P. putida THJ609-3 (B) and commercial fungicide Dithi-
anon® (C). The concentration of the bacterial suspension and the solution
of fungicide were 1.0 x 10° CFU/ml and 1 g/L, respectively. The photo-
graphs were taken at 7 days after inoculation with suspension of mela-
nose pathogen D. citri at the concentration of 1.0 x 10° conidia/ml. The
experiments were carried out with three independent replications.

cally analyzed using Duncan’s multiple range tests (DMRT).
Statistical analysis of the experimental data was conducted
using the Statistical Analysis System (SAS institute, version
9.0).

Under the scanning electron microscopic observation the
number of bacterial cells attached to the fungal conidia and
hyphae from the bacterial strain treated and untreated cit-
rus leaves was compared using a paired t-test. Significance
levels of P = 0.001 were used for the statistical test.

Results

Suppression of disease severity by pre-treatment with bac-
terial strain

On the non-treated plants, the typical melanose symptom
was observed at 7 days after inoculation with D. citri. Many
lesions were found on the untreated control leaves (Fig.
1A). In contrast to control leaves, the lesion numbers were
apparently decreased at the same time on the leaves pre-
treated with P. putida THJ609-3 (Fig. 1B). These results
showed that disease severity of melanose may be suppressed
by treatment with the bacterial strain. On the leaves pre-
treated with the commercial fungicide no lesions were ob-
served at 7 days after the fungal inoculation (Fig. 1C) indi-
cating strong suppression of disease development by the
fungicide.

Fig. 2. Fluorescent microscopic observations of infection behavior of
melanose pathogen D. citri on the leaves of citrus plants pre-treated with
H,O (A), bacterial strain P. putida THJ609-3 (B) and commercial fungi-
cide Dithianon® (C). The concentration of the bacterial suspension and
the solution of fungicide were 1.0 x 10° CFU/ml and 1 g/L, respectively.
The images represented the citrus leaves at 3 days after 1noculat10n with
the suspension of D. citri at the concentration of 1.0 x 10° conidia/ml.
The experiments were carried out with three independent replications.
Abb.: C, conidium; E, epidermal cell; Gt, germ tube (bars = 20 pm).
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Fluorescent microscopic observation of the infection struc-
ture on the leaf surface

The infection behavior of D. citri was observed on the leaf
surfaces of the citrus leaves both pre-treated with the bac-
terial strain P. putida THJ609-3 and non-treated. On the
leaves of untreated leaves conidia and germ tube, which
were stained with Uvitex 2B, could be observed (Fig. 2A).
Also, necrosis deposits of epidermal cell were found at the
site of conidia located (Fig. 2A, double arrows). About 20%
of epidermal cells was necroses at the site of conidia lo-
cated (Fig. 3). Lots of conidia were counted on the leaf sur-
faces (Fig. 3) of which 20-40% were germinated at 3 days
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Fig. 3. Number of necrosis, number of conidia and germination rate of
conidia on the leaves of citrus plants pre-treated with H,O, bacterial strain
P. putida THJ609-3 and commercial fungicide Dithianon®. The concen-
tratlon of the bacterial suspension and the solution of fungicide were 1.0
x 10° CFU/ml and 1 g/L, respectively. The necrosis deposits, total coni-
dia on the leaf disk and the germinated conidia were counted at 3 days
after 1noculat10n with the suspension of D. citri at the concentration of
1.0 x 10° conidia/ml. Germination rate was calculated as (number of ger-
minated conidia) / (total number of conidia) x 100 (%). Different letters
indicate significant differences (P < 0.05) according to Duncan’s multiple
range test.
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Fig. 4. Scanning electron microscopical observations of melanose patho-
gen D. citri on the leaves of citrus plants pre-treated with H,O (A) and
bacterial strain P. putida THJ609-3 (B). The concentration of the bacte-
rial suspension was 1.0 x 10° CFU/ml. The images represented the citrus
leaves at 3 days after inoculation with the suspension of D. citri at the
concentration of 1.0 x 10° conidia/ml. Abb.: C, conidium; Bt, bacterial
cell; Gt, germ tube (bars = 5 pum).

after fungal inoculation (Fig. 3). The inoculated leaves were
covered with the fungal hyphae two days later (date not
shown).

On the leaves pre-treated with P. putida THJ609-3, mor-
phological change of the fungal hyphae could not be ob-
served compared to those of untreated control leaves (Fig. 2B).
However, the necrosis rate was decreased in all experiments
compared to the untreated control leaves (Fig. 3) indicat-
ing that the bacterial strain play a role in reduction of the
necrosis deposits. The number of conidia was not distinctly
decreased (Fig. 3), which indicates that the reduction of the
number of conidia on the leaf surface could not be the main
factor for suppression of disease severity. Remarkably, ger-
mination rate of the conidia was significantly decreased in
all experiments (Fig. 3), supporting that the pre-treatment
of the bacterial strain may suppress the germination of the
fungal conidia.

On the Dithianon® pre-treated leaves the germ tubes were
rarely found (Fig. 2C) and the germination rate was appa-
rently decreased compared to those of untreated control
leaves (Fig. 3). However, the number of conidia observed
on the leaf surface was not apparently decreased (Fig. 3).
Consequentially, necrosis of the epidermal cells was very
rarely found in all experiments, less than not only untreated
control but also the bacterial strain pre-treated leaves (Fig. 3).

Scanning electron microscopic observation of the fungal
structure on the leaves

In order to illustrate the role of bacterial strain on disease
suppression, the leaves pre-treated with bacterial strain were
observed under a scanning electron microscope after ino-
culation with D. citri. On the untreated leaves the conidia
was germinated and grown on the leaf surface. There were

Table 1. Numbers of bacterial cell attached on the fungal surface on the
leaves of citrus plants pre-treated with bacterial strain and untreated after
inoculation with D. citri

Treatment” Number of bacterial cells t-test
P. putida THJ609-3 3.6+23 2
Untreated 0.4+ 0.6

* The concentration of bacterial strains were 1.0 x 10° CFU/ml.
':.Means + standard deviation from 10 randomly selected SEM images.

Significant difference between the bacterial strain treated and untreated plants at
the 1% probability level by ¢-test

no bacterial cells surrounding the conidia and term tube
(Fig. 4A).

On the leaves pre-treated with P. putida TH]609-3 some bac-
terial cells, which were probably cells of P. putida THJ609-
3, were attached to the surface of not only the fungal con-
idia but also the germ tube (Fig. 4B and Table 1). Some germ
tubes were morphologically changed, indicating the fungal
germ tube reacts to the bacterial cells and the direct anti-
fungal activity of the bacterial cells.

Discussion

Application with effective bacteria is one of the strategies
for plant protection by which the usage of chemical fungi-
cides can be reduced in agriculture (Nawrocka and Malo-
lepsza, 2013). The efficacies of PGPR for reducing disease
severity have been reported in many interactions between
anneal plant and plant pathogen (Nawrocka and Malolepsza,
2013). In comparison, in a perennial plant such as citrus
plant, only a few studies on ISR were carried out. Further-
more, it was very hard to test whether a certain bacterial strain
can promote the growth of a shrub like citrus plant.

In this study pre-treatment with the effective bacterial
strain P. putida THJ609-3 caused the reduction of the total
number of melanose lesions on citrus leaves (Fig. 1). This
reduction of melanose lesions may be due to the antifungal
activity of the bacteria rather than resistance induction me-
diated by the bacteria. Anyway, these results can indicate
that the bacterial strain have potential efficacy to protect the
melanose disease in a perennial citrus plants. Many studies
have revealed biological control by the antifungal activity
of bacterial strains (Ma et al., 2008; Wei-wei et al., 2008;
Sowndhararajan et al., 2012).

Infection behaviors of plant pathogen were often observed
on the leaf surface of many plants expressing ISR by PGPR
(Jeun et al., 2004; An et al., 2010). Mostly, there were no
differences on germination rates or appressorium formation
rates of fungal pathogen compared to those of untreated
control. For example, in cucumber plants pre-treated with
Serratia marcescens 90-166 or Pseudomonas fluorescens 89B61
the germination rate and appressorium formation rate of
the anthracnose pathogen Colletotrichum orbiculare were
not decreased compared to untreated control plants (Jeun
et al., 2004). Also, in tomato plant pre-treated with B. gladioli
TRH 423-3, Miamiensis avidus TRH427-2, and Acinetobacter
quenomosp KRJ 502-1 no differences were found in infec-
tion behavior of Phytophthora infestans (An et al., 2010).

However, the germination rate of melanose pathogen on
the leaves pre-treated with P. putida THJ609-3 was signifi-
cantly decreased in all replicated experiments (Fig. 3). Also,
the necrosis rate on the bacteria pre-treated leaves was re-
duced (Fig. 3). These results indicate that, unlike ISR ex-
pressing plants, the suppression of the fungal germination
by the bacterial pre-treatment may cause the reduction of the
necrosis rate i.e. disease severity. Similar results have been
shown in other studies. In canola, a bacterial strain Bacillus
subtilis QST713 could decrease the germination and via-
bility of Plasmodiophora brassicae resting spores (Lahlali et
al., 2011).



In contrast, the number of conidia of the melanose patho-
gen was not decreased on the citrus leaves pre-treated with
the bacterial strain (Fig. 3). It seemed that the bacteria could
not affect the adhesion of the fungal pathogen on the leaves.

In summary, pre-treatment with the bacterial strain P. pu-
tida THJ609-3 could reduce melanose disease on citrus
leaves. The mechanisms of disease reduction by the bacterial
strain P. putida THJ609-3 may lay on the suppression of
the germination of the fungal conidia and the direct anti-
fungal activity to the fungal hyphae. Further studies may be
needed to illustrate clearly the mechanisms of disease reduc-
tion by the bacterial strain in citrus plants. Probably, other
defense response genes such as PR-proteins or growth pro-
moting gene such as plant hormones could be involved (van
Loon, 2007). Also, the production of anti-fungal substance
phytoalexins may be related the resistance expression medi-
ated by the bacterial strain (Bowles, 1990; Maurhofer et al.,
1994).
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