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Abstract: There is a growing interest in using biocontrol agents to control fungal diseases and
increase the production of jujube fruit (Zizyphus jujua Miller var. inermis Rehder). The purpose of this
study was to use Bacillus licheniformis PR2 to inhibit fungal diseases and promote fruit production
in jujube orchards. B. licheniformis PR2 secreted 92.4 unit/mL of chitinase, which inhibited fungal
phytopathogens through hyphal alterations with swelling and bulbous structures. B. licheniformis PR2
also inhibited mycelial growths of fruit fungal pathogens Botrytis cinerea, Colletotrichum gloeosporioides,
and Phytophthora nicotianae by 81.3%, 60.1%, and 67.0%, respectively. B. licheniformis PR2 increased
jujube fruit yield by 17.9 kg/tree by reducing rotting damage caused by fungal pathogens, with
a yield 3.2 times higher than that achieved by the control without PR2 treatment. In addition,
B. licheniformis PR2 produced auxin, which promoted cell division after flower fertilization, thus
increasing fruit length and diameter by 1.2-fold compared to those of the control. These results
confirmed that eco-friendly B. licheniformis PR2 could effectively control fungal diseases in jujube
orchards and improve its fruit size and yield.

Keywords: antagonistic bacteria; biocontrol agent; lytic enzyme; fungal pathogens; auxin; fruit yield;
jujube cultivation

1. Introduction

The fruit of the jujube (Zizyphus jujua Miller var. inermis Rehder) is known to con-
tain several components such as phenolic compounds, minerals, polysaccharides, vita-
min complexes, and dietary fiber with high nutritional or health-promoting values [1–3].
Several of these substances are biologically active compounds known to have positive
effects on human health, such as antioxidative and immunoregulatory activities and heart
disease preventing effects [1,3]. There are around 170 species of jujube. They grow pri-
marily in regions with warm climates [4]. Jujube fruit has thin skin and high sugar and
moisture contents. Because of these features, it is highly susceptible to fruit cracking
and fungal diseases [5]. There are 30 major fungal pathogens, including Botrytis cinerea,
Colletotrichum gloeosporioides, and Phytophthora nicotianae that cause diseases of jujube fruits
(see Figure 1D) [5,6]. Fungal diseases can destroy crops and render them unsellable. Thus,
the use of fungicides is arguably the most important disease management method in
orchard crops [7]. However, most fungal diseases are difficult to eradicate and disease
outbreaks can continue to occur across several growing seasons. They often originate
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from spores that have lain dormant over winter. In addition, regular use of fungicides
can pose a risk to the environment due to residues that persist in soils or migrate into
waterways [8–11]. Fungicide pollution can adversely affect the health of terrestrial and
aquatic ecosystems. For instance, long-term use of copper-based fungicides has resulted
in copper accumulations in the soil, harming soil organisms such as earthworms and
microorganisms and posing potential risks to long-term soil fertility [11,12]. To ensure
crop sustainability, growers must strike a balance between controlling fungal disease risks
and protecting ecosystems. This need is driven by increasing community expectations for
governments and industries to protect environmental assets during their operations [13].
In addition, from a marketing perspective, consumers are increasingly pressuring agri-
cultural industries to demonstrate environmental consciousness when performing food
production activities [14].
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The risk to the environment posed by the use of fungicides in crop production
has received relatively little research attention compared to studies devoted to other
types of agrochemicals such as insecticides and herbicides. However, plant growth-
promoting rhizobacteria (PGPR) have attracted the attention of many researchers because
they can inhibit the occurrence of fungal diseases and simultaneously increase the pro-
ductivity of crops [5,15,16]. PGPR include a variety of genera, including Azotobacter spp.,
Azospirillum spp., Pseudomonas spp., Lysobacter spp., and Bacillus spp. that help plants both
directly and indirectly [16,17]. Direct effects of PGPR include increasing soil nutrient con-
tent by fixing atmospheric nitrogen and solubilizing phosphorus [16–22] as well as enhanc-
ing root development by phytohormone auxin secretion [5,16,17,21–28]. In particular, auxin
can promote root hair development and improve nutrient uptake [5,16,17,21–28], thereby
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enhancing the photosynthetic activities of plants [16,29,30]. The improved photosynthetic
activity can lead to accumulations of various compounds, including sugar in the fruit, thus
enhancing fruit yield and quality [16,29]. Meanwhile, PGPR can indirectly boost plant
health by limiting mycelial growths of fungal pathogens by promoting structural decom-
position of fungal hyphae and enhancing immunity using lytic enzymes [5,16,27,28,31,32].
Chitinases, in particular, can effectively suppress the occurrence of fungal diseases by
disassembling chitins that make up most of the fungal hyphae and by inducing abnormal
growth such as expansion, decomposition, and folding of the fungus [5,27,28].

When applying agricultural chemicals, it is inevitable that farmers’ sprays will drift
beyond their targets. Much of the lost chemical will enter local soils and water resources,
causing adverse environmental effects [8,9,11,12]. Many researchers have used PGPR in-
stead of fungicides in the attempt to control fungal diseases [5,15,27,28] and improve
yields of fruits such as raspberry, apple, strawberry, and cherry [5,18–20,33]. Kwon
et al. [5] have used Lysobacter antibioticus HS124 to control major fungal diseases that
severely damaged jujube fruit production in orchards, thus improving fruit production and
quality. L. antibioticus HS124 is known to secrete chitinase, which inhibits the growth of
B. dothidea, B. cinerea, and C. gloeosporioides and increases fruit yield by 2.9 times compared
to control [5]. However, farmers demand antagonistic bacteria that can control fungal
diseases and improve cultivated jujube fruit production and quality more effectively than
L. antibioticus HS124. Therefore, the objective of this study was to investigate the effects
of using Bacillus licheniformis PR2 as a candidate biocontrol agent to prevent fruit fungal
diseases, particularly diseases caused by B. cinerea, C. gloeosporioides, and P. nicotianae, thus
increasing the production of jujube fruits.

2. Materials and Methods
2.1. Antagonistic Bacteria Growth

B. licheniformis PR2, a bacterial strain used in this study, was obtained from Purne Inc.
(Jangseong, Jeonnam Province, Korea). It was originally isolated from a land cultivated
with pepper. These bacteria were subcultured in 30 g/L tryptic soy broth (TSB) medium
(Daejung Chemicals, Siheung, Korea), mixed with 20 g/L agar (Daejung Chemicals), and
1 L distilled water, and incubated at 30 ◦C for 3 days. Then, a single colony from the fresh
culture medium was pre-inoculated into TSB (TSB, 30 g/L; distilled water, 1 L) and cultured
for 3 days. Thereafter, 100 µL of a pre-inoculated B. licheniformis PR2 culture (107 colony-
forming unit (CFU)/mL) was inoculated into 100 mL pink casitone (PC) broth containing
3 g/L of fertilizer (Purne), 0.2 g/L of MgSO4·7H2O (Shimakyu’s Pure Chemicals, Osaka,
Japan), 0.2 g/L of KH2PO4 (Daejung Chemicals), 0.1 g/L of NaCl (Daejung Chemicals),
3 g/L of sucrose (Beksul, CJ CheilJedang, Incheon, Korea), 0.6 g/L of chitin powder (Purne),
0.6 g/L of yeast extract (Daejung Chemicals), 3 g/L of pancreatic digest of casein (Neogen,
Lansing, MI, USA), and 1 L of distilled water. This mixture was stirred at 130 rpm at 30 ◦C
for 10 days. The culture was collected daily and each collected sample was inoculated onto
a PC agar medium to count CFUs.

2.2. Production of Chitinase by B. licheniformis PR2

To examine chitinase activity at different incubation times, B. licheniformis PR2 was
cultured in PC broth at 30 ◦C for 10 days in a shaking incubator at 130 rpm. Samples
were collected daily and centrifuged at 10,000 rpm for 10 min to obtain supernatants. The
supernatants were investigated for chitinase activity on each sampling day. Chitinase
activity was measured following the method of Lingappa and Lockwood [34] using a
solution of 50 µL of B. licheniformis PR2 supernatant, 450 µL of 0.2 M sodium acetate
buffer (pH 5.0), and 500 µL of 0.5% colloidal chitin. After 1 h incubation at 37 ◦C, the
reaction was terminated by adding 200 µL of 1 N NaOH (Yakuri Pure Chemicals, Kyoto,
Japan). The mixture was centrifuged at 12,000 rpm for 10 min at 4 ◦C to remove colloidal
chitin. Then, 750 µL of supernatant was mixed with 1 mL Schales’ reagent (0.5 M sodium
carbonate and 1.5 mM potassium ferricyanide). After adding 250 µL of distilled water and
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reacting at 100 ◦C for 15 min, the amount of reducing sugar was quantitatively analyzed
at 420 nm using an ultraviolet (UV) spectrometer (Shimadzu, Kyoto, Japan). One unit
of enzyme activity was determined as the quantity of enzyme that released 1 µmol of
N-acetyl-glucosamine per hour at 37 ◦C. Each experiment was conducted in triplicate and
repeated three times.

2.3. Inhibition of Fungal Pathogens by B. licheniformis PR2

The following pathogenic fungi: B. cinerea, C. gloeosporioides, and P. nicotianae, used in
this study, were obtained from Korea Agricultural Culture Collection. These three fungi
were cultured on potato dextrose agar (PDA) at 25 ◦C for 7 days. The antagonistic activ-
ities of B. licheniformis PR2 against the three fungi were investigated by the dual culture
method. PDA agar plates were inoculated on one side with 5 mm of phytopathogenic
fungi, and streaked with B. licheniformis PR2 at a distance of 4 cm from the fungal pathogen
on the same plate, and the plates incubated at 25 ◦C. Phytopathogenic fungi were incu-
bated for different lengths of time depending on the fungal pathogen: B. cinerea, 5 days;
C. gloeosporioides, 6 days; P. nicotianae, 7 days. For the controls, plates inoculated with re-
spective the fungal pathogen without B. licheniformis PR2 were used. The inhibition of
fungal growth by B. licheniformis PR2 was measured using the following formula: inhibition
(%) = [(α − β)/α] × 100, where α was the radial growth of the phytopathogenic fungus
on the control plate and β was the radial growth of fungus on the dual-culture plate. For
the treatment group, radial growth was measured from the source of fungus inoculum
towards the bacteria colony. The experiments for fungal growth inhibition were performed
in triplicate. To examine the effects of B. licheniformis PR2 on hyphal morphologies of fungal
pathogens, a small piece of mycelium taken from the border of fungal pathogens colony
inhibited by B. licheniformis PR2 was used. The deformation of hyphal structures were
observed under a light microscope (Olympus BX41TF, Tokyo, Japan).

2.4. Production of Indole-3-Acetic Acid (IAA) by B. licheniformis PR2

The amount of IAA production by B. licheniformis PR2 was quantified using Salkowski’s
method [35] with UV spectrometers. B. licheniformis PR2 was cultured in a medium con-
taining 0.1 g/L crab shell powder (Purne, Jangseong, Korea), 0.2 g/L Na2HPO4 (Daejung
chemicals, Siheung, Korea), 0.1 g/L KH2PO4 (Daejung chemicals, Siheung, Korea), 0.5 g/L
NaCl (Daejung chemicals, Siheung, Korea), 0.1 g/L NH4Cl (Yakuri pure chemicals, Kyoto,
Japan), 0.05 g/L MgSO4 7H2O (Shimakyu’s pure chemicals, Osaka, Japan), 0.05 g/L CaCl2
2H2O (Daejung chemicals, Siheung, Korea), 0.01 g/L yeast extract (Purne, Jangseong, Ko-
rea), and 0.1 g/L L-tryptophan (Junsei chemical, Tokyo, Japan). The broth was inoculated
with 1 mL/L of B. licheniformis PR2 culture (107 CFU/mL) and cultured at 130 rpm in a
shaking incubator at 30 ◦C for 10 days. To quantify IAA, samples were collected daily
for 10 days. For quantification, 1 mL of supernatant was collected by centrifuging the
sample at 12,000 rpm for 10 min at 4 ◦C. The collected supernatant was mixed with 2 mL of
Salkowski’s reagent and 0.2 mL phosphoric acid. Subsequently, the reaction mixture was
incubated at room temperature under dark conditions for 25 min. The IAA concentration
of each sample was measured at 530 nm using a UV-spectrometer. Each experiment was
conducted three times.

2.5. Descriptions of Study Area and Field Conditions

The experimental sites of a jujube orchard were located (35◦84′69” N, 128◦80′40” E) in
Gyeongsan City, Gyeongbuk Province, Korea (Figure 1A). The study area in Gyeongsan
City had a mean temperature of 14.8 and 14.5 ◦C in 2019 and 2020, respectively. The annual
precipitation at this site was 995.7 and 1307 mm in 2019 and 2020, respectively. The primary
soil type in the experiment area was sandy loam.

In the jujube orchard, a rain shelter with transparent vinyl was installed above the
tree crowns to prevent fruits from falling due to rain (Figure 1C). Jujube trees were ap-
proximately 50 years old. Their heights were pruned to an average of 4 m. Their average
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diameter at breast height was 15 cm [5]. The experimental field was arranged using a
rectangular plot design measuring 12 m wide and 20 m long with a distribution of 15 trees.
The following two treatment groups were used in the field experiment: (1) control without
B. licheniformis PR2 and (2) B. licheniformis PR2 inoculation (Figure 1B). There were two
plots and a buffer (4 m wide × 20 m long) between plots (Figure 1B).

A total of 75 mL of B. licheniformis PR2 (109 CFU/mL) was inoculated into a 250 L
pink broth (PB) (fertilizer, 3 g/L; MgSO4·7H2O, 0.2 g/L; KH2PO4, 0.2 g/L; NaCl, 0.1 g/L;
sucrose, 3 g/L; chitin, 0.6 g/L; yeast extract, 0.6 g/L) and cultured at 50 ◦C for 7 days.
After the 7 days, it was diluted with tap water (1:2 v/v) and applied to the root rhizosphere
14 times over 2–3 weeks from April to October in 2019 and 2020, respectively. The bacterial
culture was diluted with tap water and applied at a rate of 50 L/tree.

2.6. Chlorophyll Content Analysis and Jujube Fruit Production

In order to investigate the chlorophyll content and fruit rotting damage, fruit char-
acteristics, and yield, three standard trees with similar crown size and flowering amount
in May 2019 were selected in each treatment group. Chlorophyll content was measured
once per month from June to September in 2019 and 2020, respectively, using a chlorophyll
meter (SPAD-502 Plus; Minolta, Tokyo, Japan). To obtain the average chlorophyll content
for each sample, the content in 25 leaves taken from all sides of the middle height of the tree
was measured. The chlorophyll content was expressed as soil plant analysis development
(SPAD) value.

To investigate fruit rotting damage and yield, all jujube fruits of three standard trees
were harvested in each group in October 2019 and 2020, respectively. Jujube fruits were
collected into plastic boxes. Healthy fruits and rotting fruits infected with fungal diseases
were separated and weighed, respectively. Fruit rotting damage was measured using the
following formula: fruit rotting rate (%) = [β/(α + β)] × 100, where α was the weight of
healthy fruits and β was the weight of rotting fruits infected with fungal diseases. Healthy
fruits were transported to a laboratory. Fruit characteristics, such as length and diameter,
were measured for 30 randomly selected fruits from three standard trees of each group
in 2019.

2.7. Statistical Analysis

Statistical analyses were performed to determine the effects of B. licheniformis PR2 on
chlorophyll content, fruit rotting rate, fruit characteristics, and yields using SAS software,
version 9.4 (SAS Institute Inc., Cary, NC, USA). Results are reported as mean ± standard
deviation based on Student’s t-test with significance set at p < 0.05.

3. Results
3.1. Inhibition of Fungal Pathogens by B. licheniformis PR2
3.1.1. Changes in Chitinase Activity

B. licheniformis PR2 growth increased slowly for 6 days and then increased rapidly
7 days after inoculation when the maximum growth of 50.8 × 107 CFU/mL was observed
(Figure 2A). Subsequently, its growth rate quickly decreased until the end of the experiment.

Chitinase activity of B. licheniformis PR2 increased sharply for 2 days after inoculation
to 72.5 unit/mL, and then gradually to a maximum of value 92.4 unit/mL on 8 days after
incubation (Figure 2B).
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cated normal hyphal growth only in the control group (Figure 4A), but abnormal growths 
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Figure 2. (A) Cell growth pattern and (B) chitinase activity of B. licheniformis PR2.

3.1.2. Inhibition of Fungal Pathogen Growth by B. licheniformis PR2

B. licheniformis PR2 inhibited the growth of each phytopathogenic fungus as follows:
B. cinerea by 81.3%, C. gloeosporioides by 60.1%, and P. nicotianae by 67.0% (Figure 3A).
In addition, light microscopic observations of hyphae of these phytopathogenic fungi
indicated normal hyphal growth only in the control group (Figure 4A), but abnormal
growths such as swelling and bulbous structures were observed in B. licheniformis PR2 in
treated groups (Figure 4B).
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3.2. Fruit Development by B. licheniformis PR2
3.2.1. Auxin Production

B. licheniformis PR2 produced auxin (Figure 5). The IAA concentration increased on
the 4th day of inoculation, eventually reaching a maximum value of 206.3 mg/L on the 7th
day (Figure 5). IAA concentration remained relatively stable from the 9th to the 10th day
after inoculation.
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3.2.2. Chlorophyll Content

Inoculation with B. licheniformis PR2 increased chlorophyll contents in jujube tree
leaves, leading to significantly higher contents in treated groups compared to the controls
(Figure 6). Specifically, the average chlorophyll content in jujube trees inoculated with
B. licheniformis PR2 was 36.8 units, approximately 1.2 times higher than the content in
control trees, i.e., 30.4 units.
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3.2.3. Fruit Rotting Rate, Characteristics, and Yields

The rotting damage of jujube fruits appeared simultaneously in all treatments, limiting
the yield of jujube fruits (Table 1). The average rotting damage rate in control fruits was
40.4%, while the average fruit rotting rate in the treatment group was 13.3%, which was 3.0
times lower than that control (Table 1). Among treated trees, the average length of jujube
fruit inoculated with B. licheniformis PR2 was 38.5 mm, 1.2 times longer than that of the
control (33.1 mm; Table 1). The average diameter of fruits from treated trees was 29.9 mm,
1.2 times larger than that of control fruits (25.7 mm). Regarding the fruit yield, trees treated
with B. licheniformis PR2 produced an average of 17.9 kg/tree, which is 3.2 times higher
than the control yield at 5.6 kg/tree (Table 1).

Table 1. Average jujube fruit rotting rate, length, diameter, and yield of jujube fruit in three standard
trees with or without treatment with B. licheniformis PR2.

Treatment Fruit Rotting
Rate (%)

Fruit Characteristics (mm) Fruit Yield
(kg/Tree)Length Diameter

Control 40.4 ± 7.9 * 33.1 ± 3.9 * 25.7 ± 2.8 * 5.6 ± 2.9 *
Bacterial inoculation 13.3 ± 4.8 * 38.5 ± 2.5 * 29.9 ± 2.4 * 17.9 ± 8.2 *

* Difference between treatments significant at p < 0.05 by Student’s t-test. For fruit rotting rate and fruit yield,
values are means± standard deviation for 2019 and 2020 harvest seasons. Fruit characteristics were only analyzed
in 2019 (n = 30).

4. Discussion

Recently, researchers have shown an increasing interest in using biocontrol agents to
control fungal diseases in cultivated jujube orchards, which also leads to increased fruit
production [5]. The use of PGPR to control phytopathogens and enhance plant growth
has been widely reported over the years, with well-established mechanisms to explain the
fascinating phenomenon by which they benefit the plants [5,15–22,27,28]. However, many
biocontrol agents that produced good results under control laboratory conditions do not
provide lasting solutions under complex field conditions. In the Republic of Korea, farmers
demand strong antagonistic bacteria that can control fungal diseases and improve fruit
production in jujube orchards. B. licheniformis PR2 used in this study secreted 92.4 unit/mL
of chitinase (Figure 2B) and caused growth inhibition of fruit fungal pathogens, B. cinerea
by 81.3%, C. gloeosporioides by 60.1%, and P. nicotianae by 67.0% (Figure 3). Based on
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the observed reduction in fruit rotting rate from 40.4% to 13.3% (Table 1). The present
findings indicate that B. licheniformis PR2 has a strong antifungal activity and can be applied
to effectively control major fruit fungal pathogens in jujube. Moreover, treatment with
B. licheniformis PR2 increased jujube fruit production 3.2 times compared to the control
group (Table 1). These findings indicate that B. licheniformis PR2 could be a successful
PGPR that can be applied as a biocontrol control alternative to fungicides against major
fruit fungal pathogens in jujube, reduce losses caused by fruit rotting damage, and also
improve fruit production. Specifically, chitinases produced by B. licheniformis PR2, causes
cell wall lysis of fungal pathogens and can inhibit phytopathogenic spore germination,
which reduces fruit rotting incidence and severity [36].

Moreover, like most PGPR, B. licheniformis PR2 produced auxin (Figure 5) and in-
creased chlorophyll content, which indicate the possibility of enhanced nutrient uptake
that could have led to the observed increase in fruit production (Table 1) [16,29]. Basset
Mia et al. [30] observed that when banana plants were inoculated with Bacillus sphaericus
UPMB, the chlorophyll contents increased 1.3 times. Chlorophyll contents indicate po-
tential photosynthetic activity. Thus, enhanced photosynthetic activity leads to improved
fruit quality and size [16,29]. Similarly, in this study, treatment with B. licheniformis PR2
resulted in significantly improved jujube fruit quality characteristics (in terms of desired
size and shape) and yields compared to tress in the control group (Table 1). The results of
the current study also supported the observations of Medrano et al. [29], who reported
that grapevine yield increased 2.2 times when photosynthetic activity was increased by
30%. In addition, the secreted auxin (Figure 5) is known to act at the time of cell division
after flowers are fertilized [23,24,26]. Hence, inoculation with B. licheniformis PR2 could
have improved jujube fruit characteristics by accelerating crucial physiological processes,
leading to enhanced productivity.

5. Conclusions

The results of the current study revealed that B. licheniformis PR2 secreted chitinase,
which could have reduced the loss caused by fruit rotting damage, thereby improving fruit
yield. In addition, B. licheniformis PR2 secreted auxin, which could have promoted cell
division, nutrient uptake, and flower fertilization, leading to improved fruit quality (size
and shape) in jujube.
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