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中文摘要 

瓜類細菌性果斑病  (bacterial fruit blotch) 由細菌性果斑病菌  (Acidovorax 

avenae subsp. citrulli, Aac) 所引起。種子為其初級感染源，高溫、下雨等因素會造成

病原菌快速蔓延，導致嚴重的經濟損失。傳統法會將種子浸泡在低濃度鹽酸或是次

氯酸鈉等化學藥劑藉以抑制果斑病原菌，但衍生出對環境非友善或是食品安全疑慮

等問題。本研究的目的為評估一株具有防治植物病害的潛力菌株搭配菊科植物添加

物後對於瓜類細菌性果斑病的防治效果。根據對峙培養的實驗結果，潛力菌株與菊

科植物添加物之處理組可成功抑制果斑病原菌的生長，然而除去菌體的上清液則無

抑制效果，顯示其拮抗效果來自於活菌。我們進一步探討菊科植物添加物對於潛力

菌株的微生物生理影響，結果顯示菊科植物添加物不僅可促進潛力菌株的生物膜生

成能力，也提高菌體活性。在盆栽試驗發現，預先接種潛力菌株或是接種潛力菌株

搭配菊科植物添加物的美濃瓜種子其病徵較為輕微，而且植株內的 Aac的數量都較

未接種組低。全基因解序結果顯示該潛力菌株基因體大小約為 4.00 Mb，經過序列

比對與功能註解分析，潛力菌株含有約 3,900 條蛋白質編碼基因 (protein-coding 

gene)，包括數種抗生物質相關基因。此外，基因體中亦含有與生物膜形成相關的同

源基因，這些基因與促進植物生長和生物防治有著密切關係。綜合上述結果，潛力

菌株與菊科植物添加物的配方具有成為防治細菌性果斑病潛力的綜效型生物製劑。 

 

關鍵字：細菌性果斑病、果斑病原菌、土壤根際潛力菌株、菊科植物添加物、生物

防治 
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Abstract 

Bacterial fruit blotch (BFB) of curcubits is caused by Acidovorax avenae subsp. 

citrulli (Aac) which is a seed-borne pathogen and cause serious threat in cucurbit industry 

worldwide. Although seed treatments with hydrochloric acid or sodium hypochlorite can 

suppress Aac infection, they generally fail to eradicate the bacterium. The aim of this 

study was to evaluate the synergistic effects of an elite rhizobacterial strain and 

Asteraceae plant additive on inhibition of BFB. Under in vitro antagonistic test, both 

rhizobacterial strain and the combination of rhizobacterial strain with Asteraceae plant 

additive could inhibit Aac. We noted that the supernatant of rhizobacterial strain did not 

inhibit Aac, suggesting the biocontrol effectiveness derived from the living cells. We 

further investigated the effects of Asteraceae plant additive on physiological activities of 

rhizobacterial strain. We found the plant additive enhanced not only its biofilm formation, 

but also the cell vitality. In pot experiments, while pre-treating the melon seeds with either 

single-strain (rhizobacterial strain) inoculant or with the mixed treatment (rhizobacterial 

strain + plant additive) showed higher inhibitory effects against BFB than that without 

inoculation. The complete genome of rhizobacterial strain was analyzed by next 

generation sequencing. The results of whole genome sequencing indicated that 

rhizobacterial strain has one circular chromosome that is around 4.00Mb with 3,900 

protein-coding genes, including several antibiotic-related genes. In addition, we also 

identified the homologous genes related to biofilm formation that is associated with the 

beneficial traits of growth promotion and biocontrol activities. Taken together, the 

rhizobacterial strain formulated with Asteraceae plant additive can act as a potential 

biocontrol agent against BFB. 
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Introduction 

Bacterial fruit blotch 

Bacterial fruit blotch (BFB), which is caused by a gram-negative bacterium 

Acidovorax avenae subsp. citrulli (Aac), is the most economically considerable 

bacterial disease of cucurbits (such as watermelon, melon, squash, cucumber, etc.) in 

the world (Langston Jr et al. 1999; Martin et al. 1999; Somodi et al. 1991). BFB 

outbreaks occurred in commercial watermelon fields in Florida, USA in 1989, and the 

disease has become devastating threat (Somodi et al. 1991). After the outbreak, the 

disease began to spread and extend the host range in worldwide (Isakeit et al. 1997;  

Langston Jr et al. 1999;  Martin et al. 1999). The annual yield loss of watermelon 

suffered from BFB in USA reached up to 50% (Hopkins 1995; Somodi et al. 1991), 

resulting in marketable watermelon fruit losses of over $100,000 to individual growers 

(data provided by Crop Protection Compendium. Wallingford, UK, www.cabi.org/cpc). 

Curcubits are one of the most important crop in Taiwan. The cultivation region is about 

25,000 hectares per year. The cultivation region of watermelon and melon are about 

12,448 and 4,394 hectares, respectively (趙 2007). The watermelon seeds of export 

trade accounts for approximately 23% to total seeds import market value (關 et al. 

2015). The import value of watermelon and melon seeds have been up to three million 

dollars and five million U.S. dollars in Taiwan in recent ten years (data provided by 

National Statistics, Taiwan R.O.C; 胡 2017). The outbreak of bacterial fruit blotch 

was observed in the south of Taiwan during 1992 to 1993 (唐 1997). Up to 80% of 

marketable fruit were suffered from BFB around Taiwan in 1997 (Cheng et al. 2000). 

The pathogen detection and controlling BFB are considered to as important strategies 

to make sure the seed health before products launch (關 et al. 2015).  

http://www.cabi.org/cpc
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Symptoms of BFB on susceptible fruits begin with small water-soaked lesion and 

later extend into larger lesion and crack (Burdman and Walcott 2012). The primary 

source of inoculum of BFB is mainly infested seeds. The pathogen is easily spreaded 

between plants by rain, high humidity, use of overhead irrigation (Bahar and Burdman 

2010). Growers often assume that the vegetable seed they buy meets 

minimum health standards. The ability to treat seed with suitable disinfectants would 

mean a huge saving in money for seed companies due to current losses of 

contaminated seed and also provide extra protection for the plant to 

against disease. The young seedlings and fruits are highly susceptible to Aac, and 

usually suffer from cotyledon infection and seedling blight. When weak infection 

occurs, symptoms might not be detected, and the seedlings are transplanted into the 

field. Since mature plants are relatively tolerant to the pathogen, the infected plants may 

show weak or no symptom (Burdman and Walcott 2012; Hopkins 1995). These will 

cause the seed suppliers mis-judge the contaminated seeds as health.  

Since Aac was a serious seed-borne pathogen, exclusion of the bacterium from the 

field and the use of pathogen-free seeds were the most effective control strategy (Latin 

1996). The control option for eradicating the pathogen was seed fermentation, multiple 

applications of a copper-containing bactericide and acid treatments (peroxyacetic acid, 

hydrochloric acid and sodium hypochlorite, etc.) (Guzman et al. 1991; Hopkins et al. 

1996; Hopkins et al. 2003). Copper-containing bactericide had effectiveness on 

controlling the disease development. However, slight phytotoxicity was observed with 

the application of copper-containing bactericide (Guzman et al. 1991). Although seed 

treatments like fermentation, hydrochloric acid, and sodium hypochlorite can suppress 

Aac inoculum, they generally fail to eradicate the bacterium (Hopkins et al. 2003; Rane 

and Latin 1992). 
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Bacillus spp. are one of the most common biocontrol agents which is an excellent 

option to fight against plant pathogens 

For good agronomic and cultural practices, growers rely on chemical pesticides 

application (Agrios 2005; Baker 1987). Although chemical pesticides can effectively 

control plant pathogens, they generally bring the negative impacts on environment and 

even on human health. The issue has been the growing concern of environment friendly 

methods and healthy food. However, scientists have been interested in biological 

control strategies with microorganisms for their environmental safety and viable 

method to control the plant diseases (Cook 1993). The organisms are able to suppress 

plant pests and pathogen are referred as biological control agents (BCAs). Several 

bacteria and fungi have been reported as BCAs against plant pathogens (Broadbent et 

al. 1971; Chowdhury et al. 2015; Harman et al. 1991; Merriman et al. 1974; Tjamos et 

al. 2004; Weller 1988).  

Numerous biocontrol mechanisms for antagonizing plant pathogens have been 

studied widely, including the production of inhibitory compounds (Islam et al. 2005;  

Keel et al. 1990; Lanteigne et al. 2012; Yoshihisa et al. 1989), induction of resistance 

in plant tissue (Cook 1993) and lytic enzyme production for hydrolyzing variety of 

polymeric compounds (Bull et al. 2002; Palumbo et al. 2005). For example, 

pseudomonads are known for the antibiotic 2, 4-diacetylphloroglucinol (DAPG) 

production with antifungal, antibacterial activity (Keel et al. 1990; Lanteigne et al. 

2012). Bacillus cereus strain UW85 can produce multiple antibiotics, such as 

zwittermicin (Milner et al. 1996; Silo-Suh et al. 1994) and kanosamine (Milner et al. 

1996) to suppress the plant disease development. The determinants and pathways of 

induced resistance stimulated by biological control agents have been characterized. A 

number of microbial products have been identified as elicitors of systemic acquired 
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resistance (SAR) and induced systemic resistance (ISR), including chitinase, β-1, 3-

glucanase, siderophore, lipopolysaccharides, and 2, 3-butanediol, and other volatile 

substances (Bargabus et al. 2002; Bargabus et al. 2004; Doornbos et al. 2012; Leeman 

et al. 1995; Pieterse et al. 2014; Ryu et al. 2004; Wu et al. 2015).  

Among the bacterial antagonists, Bacillus spp. are one of the extensively-used 

bacteria in plant disease control. They are known for multiple advantages for plant 

disease due to antagonistic activity and endospore formation which are highly 

resistance to extreme environment to prolong the longevity (Borriss 2015; Elliott et al. 

2001; Romero et al. 2007; Sansinenea and Ortiz 2011). They have been used for 

protecting plant species like tomato, maize, strawberry, etc. (Bacon and Hinton 2002; 

Choudhary and Johri 2009; Essghaier et al. 2009; Shafi et al. 2017). In the members of 

Bacillus spp., B. amyloliquefaciens and B. subtilis are the most efficient biological 

control agents so far. B. amyloliquefaciens was separated from Bacillus subtilis as a 

new species (Priest et al. 1987) and has been reported as BCAs controlling bacterial 

fruit blotch (Jiang et al. 2015). B. amyloliquefaciens produces a variety of antibacterial 

and antifungal antibiotics, and cyclic lipopeptides (LPs) such as surfactin, iturin and 

fengycin (Ongena and Jacques 2008). Both iturin and fengycin were shown to play 

major roles in biocontrol ability toward Podosphaera fusca infecting melon leaves 

(Romero et al. 2007). Moreover, surfactin produced by Bacillus spp. was reported to 

mediate antibacterial activity, colonization and suppress BFB development (Fan et al. 

2017).  

In this study, the bacterium B. amyloliquefaciens strain WF02 originally isolated 

from the soil collected at Wufeng Mountain, Taiwan, was used to as the potential 

biocontrol agent against bacterial fruit blotch. WF02 was demonstrated to secrete 

siderophore proteins to restrict the proliferation and root colonization by phytopathogen. 
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It is also reported to protect tomato suffering from the bacterial wilt by inducing plant 

systemic immunity, such as SAR and ISR (Huang et al. 2016). The biocontrol 

effectiveness of WF02 on BFB was evaluated in this study. 

 

The bioactivities of Bidens pilosa (BP) 

Natural products, such as plant extracts, contain various antimicrobial compounds 

to provide unlimited opportunities for controlling microbial growth. Bidens pilosa L. is 

a species which belongs to plant family Asteraceae, commonly used as an ingredient in 

foods and medicines for human and animals (Bartolome et al. 2013; Pozharitskaya et 

al. 2010). It is an easy–to–grow, edible and safe plant so that the United Nations Food 

and Agriculture Organization (FAO) promoted the cultivation of B. pilosa in Africa in 

the 1970s (Bartolome et al. 2013). It contains various secondary compounds. Around 

200 compounds comprising aliphatics, flavonoids, terpenoids, phenylpropanoids, 

aromatics, porphyrin and other compounds have been identified from this plant (Lima 

Silva et al. 2011).  

The extracts of B. pilosa showed highly effectiveness on antibacterial and 

antifungal activity. One study indicated the compound polyyne, (R)-1,2 

dihydroxytrideca-3, 5, 7, 9, 11-pentayne, from this plant effectively suppressed the 

growth of several drug-resistant bacteria Staphylococcus aureus N315 (MRSA) and 

Enterococcus faecalis NCTC12201 (VRE) (Tobinaga et al. 2009). Different extraction 

solvents, procedures and plant sources might cause different antimicrobial activities. 

For example, methanol extract of B. pilosa roots showed antagonistic activity against 

Candida albicans while there was no inhibitory effects of the extract obtained from 

Papua New Guinea (Khan et al. 2001). The hot water extracts of B. pilosa displayed 

more effective antibacterial activities against the plant fungal pathogens, such as 
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Corticium rolfsii, Fusarium solani and Fusarium oxysporu, than those extracted by 

essential oils (Deba et al. 2007). However, none of the active compounds against fungi 

have been confirmed so far (Bartolome et al. 2013).  

Previous studies have shown that the antioxidant compounds, such as quercetin 3-

O-rutinoside, chlorogenic acid, 3, 5-Di-O-caffeoylquinic acid and so on, were found in 

the crude extracts of B. pilosa, indicating the antioxidant activity potential of B. pilosa 

extracts (Chiang et al. 2004). The antioxidant activities of various plant extracts were 

demonstrated to contribute to food storage or effect on viabilty of microbes (Michael et 

al. 2010; Xue et al. 2014). Plant extracts from oleoresin mixtures were considered as 

antioxidants that could improve the viability of Lactobacillus delbrueckii subsp. 

bulgaricus in nonfat yogurt (Michael et al. 2010). Xue et al. research group examined 

the shelf life of a biocontrol fungal strain Esteya vermicola and found out that the shelf 

life of this inoculant could be improved by additing the herbal extracts containing 

eleven kinds of herbs, such as Fructus Trichosanthis, Radix Angclica, Polygala 

Tenuifolia, etc. (Xue et al. 2014). Due to the multiple bioactivities of the extracts, one 

of the aims of this study is to apply the extract of B. pilosa as an additive in the potential 

biocontrol agents and evaluate its effects.  
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Objectives of the study 

The aim of the study was to develop an effective biocontrol agent to reduce the 

seed-to-seedling transmission of bacterial fruit blotch (BFB) of melon. The elite strain 

B. amyloliquefaciens strain WF02 was formulated with different concentrations of the 

phytogenic additive B. pilosa. We evaluated their biocontrol potential by in 

vitro antagonism assays as well as by pot experiments. To elucidate the effects of B. 

pilosa on bacterial physiology, we examined the growth curve, biofilm formation 

ability and the cell vitality of WF02. For further functional analysis of the essential 

genes in WF02, we performed next-generation sequence analysis. 
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Materials and Methods 

Bacterial strains, media and growth condition 

Bacillus amyloliquefaciens strain WF02 (designated as WF02) used in this study 

was isolated from Wufeng mountain (Taichung county, Taiwan, 242051.0800N, 

12042048.5700E) (Huang et al. 2016). Bacillus subtilis strain Y1336 (designated as 

Y1336) was derived from a commercial biocontrol product BIOBAC®  WP (BION 

TECH INC., Taiwan), which was reported to be able to suppress bacterial wilt on 

tomato plants, Fusarium oxysporum, Phytophthora palmivora, etc. (Yang et al. 2012; 

石 2008), was used for control treatment. B. amyloliquefaciens strain BPD1 (designed 

as BPD1) was provided by Dr. Feng-Chia Hsieh (Product Development Division, 

Taiwan Agrculture Chemicals and Toxic Substances Research Institute). BPD1 were 

reported to be able inhibit the fungal pathogen growth, such as Rhizoctonia solani, 

Botrytis cinera, etc. (謝 et al. 2003). For preparation of respective above inoculant, a 

single bacterial colony was selected, inoculated into 3 mL of LB broth, and incubated 

for 24 h at 37°C (200 rpm). Then, 10 µl of above broths was sub-cultured to another 3 

mL of LB broth at 37°C (200 rpm). After 24 h incubation, 0.1 ml of the above broths 

were inoculated into 250-mL Erlenmeyer flasks containing 50 mL of fresh medium for 

8 h at 37°C (200 rpm).  

The BFB pathogen of melon, Acidovorax avenae subsp. citrulli (designated as 

Aac), was isolated from melon and provided by KNOWN-YOU SEED CO., LTD. For 

preparation of Aac inoculant, a single bacterial colony was selected, inoculated into 3 

mL of LB broth, and incubated for 24 h at 37°C (200 rpm). Then, 10 µl of above broths 

was sub-cultured to another 3 mL of LB broth at 37°C (200 rpm). After 24 h incubation, 

0.1 ml of the above broths were inoculated into 250-mL Erlenmeyer flasks containing 

50 mL of fresh medium for 8 h at 37°C (200 rpm). 
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Preparation of plant materials 

The oriental melon (Cucumis melo L. var. makuwa cv. “Silver Light”) is one of 

the most economically cultivated cucurbits widely grown in the tropical and subtropical 

climatic countries (Choi et al. 2012). Seeds of “Silver Light” were obtained from 

KNOWN-YOU SEED CO., LTD (Kaohsiung, Taiwan). The seeds were surface-

sterilized with 1% HCl for 20 min, and rinsed three times with sterile distilled water. 

The sterilized seeds were then inoculated with 20 ml Aac bacterial suspension (OD600 

= 0.3) for 5 min, and later treated with WF02 and various dose of BP extracts under a 

continuous vacuum (73 cmHg) in a desiccator. Each pots with the surface diameter 4.5 

cm and a depth of 4.5 cm, were filled in soil containing 80% Fine Peat and 20% Perlite 

Mix (BVB Substrates, the Netherlands). Pots were spaced on the greenhouse benches 

under conditions of 25~27°C and 70~80% of relative humidity (RH). Plants were 

harvested after ten days (1 to 2 leaves stage). The crude extracts of B. pilosa were 

provided by Dr. Wen-Chin Yang (Agricultural Biotechnology Research Center, 

Academia Sinica, Taiwan). Crude extracts were stored at -20°C and dissolved in LB 

medium or sterile ddH2O which only for cell vitality assay. 
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In vitro antagonistic ability of biocontrol agents 

Antagonists were confirmed using the filter paper method described by Sinclair 

and Dhingra (1995). Bacillus spp. strain WF02, Y1336 and BPD1 were used to evaluate 

the antagonistic abilities to inhibit Aac. In addition, extract of B. pilosa was 

supplemented with WF02 at final concentrations of 300 and 600 ppm, which was 

according to the effective dose in preliminary assays. 81.3% 

KASUGAMYCIN+COPPER OXYCHLORIDE (1000X Ksm+oxc) (Great victory 

chemical Industry CO., LTD) and 100 ppm nalidixic acid were used as positive controls 

for inhibiting Aac (Cheng et al. 2000; 陳  2014). The pathogen was cultivated as 

mentioned above. OD600 of the Aac suspension was adjusted to 0.3 (approximately ~108 

cfu/ml), and 100 μl of it was evenly spread over the LB agar plate. The bacterial strains 

for testing were incubated as mentioned above. OD600 of respective bacterium was 

adjusted to 1.0 (approximately ~108 cfu/ml) (Huang et al. 2016), and 20 μl of the 

individual suspension was added to the sterile filter paper disk (8 mm) placed on the 

LB plate with Aac lawn. Twenty microliter of the extract of B. pilosa as well as the 

commercial pestcide Ksm+oxc at 1:1000 dilution were also spotted on the sterile paper 

filter disk, respectively. The testing plates were incubated at 37°C for 48 h. The 

inhibition zone was determined by measuring the diameter of inhibition zone as 

described by Lightbown (1954). 
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Effects of BP on growth of strain WF02 cultivated on LB agar 

Strain WF02 was incubated as mention above. OD600 of the bacterial suspension 

was adjusted to 1.0 (approximately ~108 cfu/ml) and 100 μl of it was evenly spread 

over the LB agar plate. Crude extracts of BP was dissolved in LB broth with following 

final concentrations: (i) high concentration: 12,500, 25,000, 50,000, 100,000 and 

200,000 ppm; (ii) low concentration: 300, 600, 1,000, and 2,000 ppm. Twenty 

microliter of respective dose of BP, fresh LB broth as well as 100,000 ppm ampicillin 

was added to the sterile filter paper disk (8 mm) placed on the LB plate with WF02 

lawn. Ampicillin and LB were used as positive and negative control, respectively. The 

testing plates were incubated at 37 °C for 48 h. The inhibition zone was determined by 

measuring the diameter of inhibition zone as described by Lightbown (1954). 

 

Effects of BP on growth of strain WF02 cultivated in LB broth 

Strain WF02 was incubated as mention above. Using 100 µL of the prepared 

culture was inoculated to 50 mL of LB broth containing 600, 5,000, 25,000, 200,000 

ppm BP (250-ml flask), respectively. Place the flask of the remaining WF02 in a 37 °C 

shaking incubator. Remove 1ml of bacterial suspension for cell counting at 0, 2, 4, 6, 8, 

12, 16 and 24 h incubation. Subsequently, serial dilution was conducted to count the 

cell number. Take 100 µl of the diluted bacterial suspension, spread with glass beads 

on LB agar plates and incubated at 37°C. The number of CFUs per milliliter was 

calculated using the following formula described by Miles et al. (1938): Average CFU 

per milliliters = Average number of colonies for a dilution × 100 × Dilution factor. 
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Biofilm assay  

Biofilm formation assay was performed according to a protocol proposed by 

Merritt et al. with some modifications (Merritt et al. 2011). A single bacterial colony of 

WF02 was selected, inoculated into tube containing 3 mL of LB broth, and then 

incubated at 37°C and shaken (200 rpm) overnight. For sub-culturing, the above culture 

broth (3 ml) was taken, and inoculated into 250-mL Erlenmeyer flasks containing 50 

mL of LB for 8 h incubation. OD600 of the suspension was adjusted to 1.0 

(approximately ~108 cfu/ml), and 10 μl of the suspension was added to plastic tube 

containing 3 ml LB with or without BP extract (high concentration: 12,500, 25,000, , 

50,000, 100,000 and 200,000 ppm; low concentration: 50, 100, 200, 300, 600, 1,000 

and 2,000 ppm, respectively). Bacteria were incubated at 37°C in darkness. For biofilm 

quantification, the broth in the tube was slowly emptied and then rinsed with sterile 

distilled, deionized water (DDW) to remove the incomplete biofilm. The biofilm 

formed on the surface of tube was stained with 3.5 ml of 0.1% crystal violet for 15 min. 

The crystal violet solution was removed, and the tube was washed with DDW three 

times prior to observation. Subsequently, 3.5 ml of absolute ethanol was added into 

each tube and sonificated for 20 min to release the dye from the biofilms. Following, 

the absorbance at 570 nm was determined by using Ultraspec 2100 pro UV/visible 

spectrophotometer (Amersham Biosciences). The cell number of each tube was also 

calculated by colony counting on serial dilution plate. 
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Bacterial cell vitality test 

A simple resazurin-based assay was performed as described by Lee et al. (2016) 

to evaluate the bacterial vitality of WF02 in the presence of BP extract. Strain WF02 

was incubated in 250-ml flask containing 50 ml LB broth at 37°C under shaking (200 

rpm) in darkness for 8 h. OD600 of the suspension was adjusted to 1.0 (approximately 

~108 cfu/ml), and 7.5 μl of the bacterial suspension was added to individual 96-well 

filled with 135 µl reagent. This reagent contained both carbon and nitrogen sources, 

including complete L2 medium (Suzuki et al. 2007) and 7.6 mM ammonium sulfate 

with 0.01% (w/v) resazurin dye (Sigma-Aldrich, St. Louis, MO, USA). Fifteen 

microliter (15 µl) of the BP extract (50, 100, 200, 300, 600, 1,000 and 2,000 ppm 

respectively) dissolved in ddH2O was added to the reagent. The reactions were 

conducted under light-shielded conditions and were incubated at 37°C for 15 h. Cell 

vitality (i.e., metabolic activity) was confirmed through the changes in the color of 

resazurin. These color changes were from blue (oxidized, resazurin) to purple/pink 

(reduced, resorufin) and then to colorless (hydroresorufin). The cell vitality of strain 

WF02 was getting higher as the color getting lighter. Subsequently, the cell number of 

each tube was also calculated by colony counting on serial dilution plate. 
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Evaluation of the seed treatments with chemistry or biology for controlling BFB 

    WF02 and Aac were pre-cultured in LB broth at 37°C overnight, respectively. 

Cultures were sub-cultured in 50 ml flask at 37°C for 8 h (WF02: OD600 = 1.0, 

containing ~108 cfu/ml; Aac: OD600 = 0.3, containing ~108 cfu/ml). Melon seeds were 

surface sterilized with 1% HCl for 20 min and washed with sterile water for 20 min. 

After air-drying overnight, the seeds were incubated with 20 ml of Aac suspension 

under a continuous vacuum for 20 min to cause the pathogen can be localized under the 

seed coat (Fessehaie and Walcott 2005). Aac treated seeds (n = 40 seeds/treatment) 

were air-dried overnight at room temperature, and subsequently vacuum infiltrated with 

10ml biocontrol agents for 20 min (eight treatments: healthy seedlings, Aac inoculated 

seedlings, WF02, 300 ppm BP, 600 ppm BP, WF02+300 ppm BP, WF02+600 ppm BP, 

81.3% KASUGAMYCIN+COPPER OXYCHLORIDE). In the healthy seedlings 

treatment, seeds were merely soaked with 10 ml of LB broth. The treated seeds were 

sowed in pots, which were placed on the greenhouse benches under 25-27°C with 

approximately 70-80% relative humidity, and 16 h of light daily. After 10 days 

culturing, bacterial fruit blotch symptoms (necrosis and water-soaking) were appeared 

on the melon leaves. Severity of disease for cotyledons of individual plant was 

determined by the descriptive scale (Cheng et al. 2000), with scores ranging from 0 to 

4 (0 = no symptoms; 1 = small necrotic lesions on less than 1/3 of the cotyledon; 2 = 

necrotic lesions 1/3 to 2/3 of the cotyledon; 3 = large spreading lesions, greater than 2/3 

of cotyledon; 4 = dead plant, as shown in Fig. M-1). The disease index, disease 

incidence and biocontrol efficacy were obtained by the following formula:  
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Biocontrol Efficacy (%) = [(disease index of control plants – disease index of  

                    antagonist treated plants) /disease index of control] ×100% 

 

Disease Incidence (%) = (number of diseased plants / total number of plants in each  

 treatment ) ×100%.  

 

Disease index = Ʃ (disease severity × number of corresponding disease severity   

melon cotyledons)/(the highest disease severity × total number 

of melon cotyledons) × 100% 

 

 

 

 

Figure M-1. The category of disease severity on the melon leaves. 

The disease severity was determined by the descriptive scale from range 0 to 4 

according to the percentage of lesion area.  

 

 

 

 

 



doi:10.6342/NTU201804077

 16 

Quantifying the population of Aac in leaves 

To extract Aac from the infected leaves, cotyledons of 10 plants were collected 

and weighted after 10 days harvesting. The modified method for pathogen extraction 

was performed according to the protocol proposed by Jiang et al. (2015). The mixed 

leaf tissue was suspended in 40 ml PBS solution containing 8 g/L NaCl, 0.2 g/L KCL, 

1.42 g/L Na2HPO4 and 0.24 g/L KH2PO4 (Dulbecco and Vogt 1954) with shaking (200 

rpm) for 30 min at room temperature. To count the cell number of Aac, 100 µl of the 

diluted bacterial suspension was spreaded on the AacG semi-selective agar plates using 

glass beads, and incubated at 37°C for two days. The contents of AacG medium was as 

follow: [containing, per liter: 0.5 g KH2PO4, 2 g Na2HPO4·12H2O, 2 g (NH4)2SO4, 5 g 

L-glutamic acid, 12.5 mg bromothymol blue, 15 g agar, 20 mg ampicillin, 25 ppm 

cycloheximide] (陳 2014). L-glutamic acid is the main source of nitrogen nutrient in 

the selective medium. The amino acid will be utilized to produce alkali compounds by 

A. avenae subsp. citrulli, thus the medium containing bromothymol blue would turn 

green into blue color. The number of CFUs/ml per gram of cotyledon weight was 

calculated using the following formula described by Miles et al. (1938) : Average CFU 

per milliliters = Average number of colonies for a dilution × 100 × Dilution factor. 

Subsequently, the average CFU/per milliliters are divided into total gram of leaves in 

each treatments. A range of 30 to 300 colonies/plate was suggested for suitable number 

for counting on plates for counting (Breed and Dotterrer 1916).  
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Genomic DNA extraction 

Cultivation of strain WF02 was as mention above. After 8 h incubation at 37°C, 

100 µl of the bacterial suspension was removed to a 2 ml microtube and centrifuged at 

9,000 g for 5 min. After removing the supernatant, a sterile stainless bead (4 mm 

diameter) was added to the tube. The tube containing bacterial pellet was frozen by 

liquid nitrogen, then homogenized by SH-100 tissue grinder (Kurabo industries LTD.) 

immediately with shaking vigorously (700~800 rpm) for several times until the pellet 

turned into powder. Bacterial DNA was extracted and purified using the Presto™ Mini 

gDNA Bacteria Kit (Geneaid Biotech Ltd., Taiwan) according to the manufacturer’s 

instructions. The quantity and quality of the extracted DNA was assessed by UV 

spectrophotometry (Nanodrop, ND-1000, J&H technology Co., Ltd). High quality 

DNA (concentration > 600 ng/μl; A260/230 > 2.0; A260/280 = 1.8~2.0) was prepared 

for sequencing of MiSeq (Illumia) system and PacBio RSⅡ (Pacific Biosciences) 

platforms. Agarose gel electrophoresis (0.7%) was performed to analyze the 

completeness of genomic DNA. 
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Whole genome sequencing and assembly 

Genomic DNA of WF02 was sequenced by both MiSeq (Illumia) system and 

PacBio RSⅡ (Pacific Biosciences) platforms at Genomics BioSci & Tech. Co., Ltd 

(Taipei, Taiwan). In total, 2,062,995 reads were produced from Illumia system with an 

average read length of 301 bp. The average read length of the PacBio with maximum 

read length of about 57,544 bases. The raw Illumia reads were trimmed at first position 

from 5’end and 3’end that has a quality score lower than 20 with average length of 270 

bp. These trimmed Illumia reads and PacBio reads were used as the input for SPAdes 

Genome assembler version 3.11.1 with the default parameter (Bankevich et al. 2012). 

The reads were assembled into one contig with a total size of 4,026,648 bp. 

 

Genome annotation and average nucleotide identity (ANI) 

 The circular chromosome was rotated and used dnaA as the first gene according 

to Bacillus amyloliquefaciens SQR9 that is known for plant growth promoting and 

biocontrol characteristic (Zhang et al. 2015). The programs RNAmmer 1.2 (Lagesen et 

al. 2007), tRNAscan-SE-1.3.1 (Lowe and Eddy 1997) and PRODIGAL (Hyatt et al. 

2010) were used for gene prediction. Functional annotation of protein coding genes was 

based on BlastKOALA/KEGG (Kanehisa et al. 2016), homologous genes in B. 

amyloliquefaciens SQR9 (Zhang et al. 2015) as identified by OrthoMCL (Li et al. 2003) 

with a BLASTP (Camacho et al. 2009) e-value cutoff of 1e-15 and an inflation value of 

1.5, BLASTP searches against NCBI non-redundant (nr) database (Benson et al. 2015). 

For average nucleotide identity (ANI), the multiple sequence alignment was based on 

MUSCLE (Edgar 2004) and the sequence identities were calculated using PHYLIP 

(Felsenstein 1989). CIRCOS (Krzywinski et al. 2009) was used to plot the final 

annotated chromosomes and show the GC-skew and GC content. 
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Results 

In vitro antagonistic assay against Aac by strain WF02 

To understand the biocontrol potential of WF02, in vitro antagonistic assay against 

Aac was examined. Two commercial strains (B. subtilis strain Y1336 and B. 

amyloliquefaciens strain BPD1) were introduced for comparison. In addition, 81.3% 

KASUGAMYCIN+COPPER OXYCHLORIDE (1000X) which was reported to 

successfully inhibit Aac growth was used as a positive control (Cheng et al. 2000). The 

diameter of the clear area surrounding the individual colony (inhibition zone) was 

determined, and the antagonistic result was shown in Fig. 1 and Table 1. WF02 revealed 

antagonistic activity against Aac, and the expected antagonistic effect of this strain was 

larger than that of BPD1, and smaller than that of Y1336.  

 

 

 

 

 

 

 

 

Figure 1. In vitro antagonistic activity against Aac by three strains of Bacillus 

species. 

Zones of growth inhibition for Acidovorax avenae subsp. citrulli on LB medium. LB : 

negative control treatment. Ksm+oxc : commercial pesticide at 1:1000 dilution. WF02 

and BPD1 are Bacillus amyloliquefaciens strains. Y1336 is a commercial strain of 

Bacillus subtilis. 
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Table 1. In vitro inhibitory activity of three strain of Bacillus species against Aac. 

 

 

 

 

 

Values are mean inhibition zone (mm) ± S.D of three replicates. Means within a 

column followed by different letters are statistically significant by Tukey's test at P < 

0.05. 

  

In vitro antagonistic assay against Aac by the BP extraction  

We evaluated the effects of BP extraction on the growth of WF02 by in vitro 

antagonistic assay. Since ampicillin has been demonstrated to have antibacterial effect 

on Bacillus amyloliquefaciens (Kadaikunnan et al. 2015), 100,000 ppm of ampicillin 

was used as a positive control. As shown in Fig. 2, ampicillin showed 18.4 ±0.54 mm 

inhibition zone. No antagonistic activity was observed while treating with either high 

concentration (12,500~200,000 ppm) or low concentration (300~2,000 ppm) of BP. We 

deduced that BP extraction does not influence the growth of WF02.  
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Figure 2. Antagonistic test of BP extraction against strain WF02. 

WF02 suspension (~108 cfu/ml) was spreaded on the LB agar plate. Sterile filter paper 

disks (8mm) were placed on agar. (A) Disks contained high concentrations of BP 

extraction (12,500~200,000 ppm). a: 100,000 ppm ampicillin (positive control); b: LB 

(negative control); c: 200,000 ppm BP; d: 100,000 ppm BP; e: 50,000 ppm BP; f: 

25,000 ppm BP; g: 12,500 ppm BP (B) Disks contained low concentrations of BP 

extraction; h: 2,000 ppm; i: 1,000 ppm; j: 600 ppm; k: 300 ppm. 

 

Effects of BP extraction on the growth of strain WF02 in broth 

To evaluate the effects of BP extraction on WF02 growth, LB broth supplemented 

with high (25,000 and 200,000 ppm, respectively) and low (600 and 5,000 ppm, 

respectively) concentrations of BP extraction were used to determine the growth curve 

of strain WF02. The initial inoculating concentration of strain WF02 was approximately 

106~107 CFU/ml. As shown in Fig. 3, rapid exponential growths were exhibited in the 

treatments of WF02 and WF02+5,000 ppm BP, and achieved stationary state (~108 to 

109 CFU/ml) at 6 h after inoculation. On the other hand, the growth of the WF02+600 

ppm BP treatment remained static in the initial 2 h, and then the growth increased 

A B 
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rapidly and achieved stationary state (~108 to 109 CFU/ml) at 8 h after inoculation. We 

noted the growth of WF02+25,000 ppm BP was also retarded in the initial 2 hours, and 

the growth rate was slower than the other treatments. It reached the steady state at 10 h 

after inoculation. We also found that the growth of WF02+200,000 ppm BP treatment 

was completely inhibited. According to the result, less than 5,000 ppm of BP did not 

influence the growth of strain WF02 during 24 h of incubation. By contrast, that would 

be significantly inhibited while treating with more than 25,000 ppm of BP extraction.  

 

 

Figure 3. Effects of BP (600 ppm~200,000 ppm) on bacterial growth of strain 

WF02. 

Four doses of BP extraction (625, 5000, 25,000, 200,000ppm) were used to determine 

the growth curve of strain WF02 during 24 h. Values are mean cell number ± S.D of 

three replicates. 
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Effects of BP on biofilm formation of strain WF02 

    Colonization of plant surfaces by bacterial inoculants plays an important role in 

plant disease control. Biofilms are highly structured microbial communities on surfaces. 

The microbes inside are engulfed by a self-produced extracellular matrix consisting 

of proteins, polysaccharides and/or extracellular DNA (Costerton 1995; Das et al. 

2013). The presence of biofilm improves the root colonization of beneficial bacteria 

and biocontrol efficacy (Bais et al. 2004; Kearns et al. 2005). To understand the effects 

of BP on the biofilm formation of strain WF02, we conducted a modified biofilm assay 

(Merritt et al. 2011). As shown in Fig. 4A, the bacterial biofilm formation of WF02 was 

enhanced by the addition of BP. Moreover, we determined the cell number of WF02 

after biofilm formation (Fig. 4B). Intriguingly, there was no significant difference 

among the treatments (Tukey's test at P > 0.05). This result suggest that while treating 

WF02 with BP at the concentrations of 300 ppm to 2,000 ppm does not influence the 

bacterial growth, furthermore, can improve the bacterial biofilm formation. 
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Figure 4. Effects of BP on biofilm formation of strain WF02. 

(A) The biofilm formation was measured at OD570 in treatment with 300~2,000 ppm 

BP. Values are mean OD570 ± S.D of three replicates. Different letters are statistically 

significant by Tukey's test at P < 0.05. (B) The cell number of strain WF02 in each 

treatment. Values are mean cell number ± S.D of three replicates. No significance was 

observed between five treatments (Tukey's test at P > 0.05). 
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Effects of BP on cell vitality of strain WF02 

To evaluate the cell vitality of individual treatment, we performed a resazurin-

based assay. Strain WF02 was cultured in the L2 broth with nutrient deficiencies, and 

the BP at different concentrations (50~2,000 ppm) acted as nutrition additives. As 

shown in Fig. 5A, the sample solution turned dark blue to light purple or pink after 15 

h of incubation. Strong intensity of reactions (values around 3 to 4) were occurred at 

relatively high concentrations of BP (600 ppm~2,000 ppm). We found that the living 

cell number was significantly decreased (from 7.0 log CFU/ml to 2.5 log CFU/ml, 

approximately equivalent to 107 to 103 CFU/ml) after incubation while no BP was 

added (WF02 only) (Fig. 5B). On the other hand, the living cell numbers were 

maintained approximately at 106 to 107 CFU/ml after 15 h incubation while treating 

WF02 with concentration of BP at 1,000 ppm and 2,000 ppm. On the other hand, while 

treating WF02 with BP at the concentrations lower than 300 ppm, the living cell 

numbers were significantly reduced after 15 h incubation in comparison with those in 

variant dose of BP. Taken together, These results indicated that proper dose of BP could 

be the nutrient source for strain WF02 growth during incubation in the nutrient-deficient 

environments. 
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Figure 5. Effects of BP (50~2,000 ppm) on the cell vitality of strain WF02. 

(A) Resazurin-based assay. The color changes were from blue (oxidized form, 

resazurin) to purple/pink (reduced form, resorufin) and then to colorless 

(hydroresorufin). For numerical interpretation in all cases, “0” designated negative 

reactions, and “1-4” designated positive reactions with different intensities. “L2” 

indicates that L2 broth without BP. (B) The cell number of strain WF02 in each reaction. 

Values are mean cell number ± S.D of three replicates. Means with the different letters 

are statistically significant by Tukey's test at P < 0.05. The asterisks means statistically 

significant compared with each reaction at 0 h by student t test (**P < 0.01, ***P < 

0.001). 
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In vitro antagonistic ability of the supernatant of strain WF02  

We collected the cell free supernatant from the broth of WF02 at 8 h, 24 h and 48 

h after incubation. As shown in Fig. 6, none of the supernatant could inhibit the 

pathogen growth, indicating only living bacterium had antagonistic activity. To develop 

a more effective microbial inoculant, we referred to the above results and applied BP 

additive with 300 ppm and 600 ppm, respectively, to the broth of WF02. Since nalidixic 

acid and the chemical pesticide KASUGAMYCIN+COPPER OXYCHLORIDE 

(1000X 81.3% Ksm+oxc) were reported to inhibit the growth of A. avenae subsp. 

citrulli (Cheng et al. 2000; 陳 2014), we used them as positive controls in this study. 

However, we didn't observe inhibitory effect on Aac by the chemical pesticide 

(Ksm+oxc) treatment, which was contrary to the result shown in Fig 1. This contradict 

result might due to the impurity of the pesticide. The impurities of pesticide may affect 

to the toxicity of the pesticide (Ambrus et al. 2003; Armenta et al. 2005). As shown in 

Fig. 6B, the individual treatment with WF02 and BP showed antagonistic activities 

against Aac. However, the diameters of the inhibition zones were not influenced by the 

concentrations of BP, indicating that the antagonistic effects were not dose related. In 

addition, we didn't observe any antagonistic activity by the BP additive (300, 600 ppm) 

itself (Fig. 6B-g, h). It indicates that adding BP to WF02 neither improving the 

antagonistic activity toward WF02 on the plate, nor affecting the inhibition activity of 

WF02.  

 

 

 

 

 



doi:10.6342/NTU201804077

 28 

 

 

 

 

 

 

 

Figure 6. Cell free supernatant of strain WF02, live cell of WF02 and BP in vitro 

antagonistic activity against Aac. 

(A) Dual test of cell free supernatant of WF02 (8 h, 24 h, 48 h) against Aac. LB was  

used as negative control. (B) Antagonistic assay of eight treatments against Aac. a: LB; 

b: KASUGAMYCIN+COPPER OXYCHLORIDE (commercial pesticide, 1000X 

81.3%); c: 100 ppm nalidixic acid; d: WF02; e: WF02+300 ppm BP; f: WF02+600 ppm 

BP; g: 300 ppm BP; h: 600 ppm BP. 
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In vivo biocontrol efficacy of WF02+BP treatment  

Melon seeds (cv. silver light) were treated individually with various doses of BP, 

WF02 broth, as well as the combination of WF02 and BP. These seeds were sowed in 

the horticultural soil and cultivated for 10 days to evaluate their efficacy against Aac. 

Water-soaked lesion area was usually appeared on the cotyledons after 6 to 10 days of 

growth (Fig. 7). The germination rates as well as the disease severities of the individual 

treatment were shown in Fig. 8. The disease severity of individual plant was categorized 

into five groups (from 0 to 4) according to percentage of the lesion area (Fig. M-1). The 

percentage of inoculated leaves was represented the disease severity for each treatment 

according to the lesion area on each leaves (Mutka et al. 2013). Accordingly, the 

biocontrol effect is considered to be increased in correspondence to the decrease of the 

value. There was no significant difference in the seed germination rate among the 

treatments in respective trial (higher than 80%). It indicates that inoculating with WF02 

or WF02+BP does not influence the seed germination activity, even those treated with 

relatively high concentrations of BP (> 25,000 ppm) (Fig. 8A, 8C, 8E).  

We noted that additing high concentrations of BP (> 25,000 ppm) to WF02 broth 

inhibited the growth of this bacterium (Fig. 3). However, while melon seeds were pre-

treated with high dose (> 25,000 ppm) of BP, or with the mixed inoculants (WF02 + > 

25,000 ppm BP) exhibited decent biocontrol effects on BFB (Fig. 8B). In consideration 

of disease controlling efficacy as well as the processing expense, we would like to select 

suitable inoculant formulation with relative low concentration of BP. We found that 

solely treating 600~5,000 ppm dose of BP failed to inhibit Aac, and around 50%~80% 

seedlings were dead (Fig. 8D). On the other hand, as long as the above individual dose 

of BP supplemented with WF02 could effectively reduce the lesion area on the leaves 

of melon seedlings, suggesting Aac was inhibited. Among the treatments, we found that 
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either the WF02 or the WF02+600 ppm BP could suppress the disease development 

more effectively than the other WF02+BP treatments (Fig. 8D). In a different lot of 

experiment, we found that WF02+300 ppm showed similar biocontrol effect with that 

of WF02+600 ppm (Fig. 8F). The discrepant values of disease severity in individual 

treatment, such as the groups of Aac infected as well as those of the WF02 inoculated 

seedlings shown in Fig. 8D, 8F were resulted from different biological repeat. 

We further assessed the biocontrol effects of the eight treatments shown in Fig 8F 

by three indexes. As shown in Table 2, the commercial pesticide Ksm+oxc treatment 

showed the highest control efficacy (~99.49%) to suppress the disease development, 

resulted in the lowest disease incidence (~0.98%) and disease index (~0.36%). 

Although the control efficacies of the microbial inoculant treatments were not as high 

as that of the chemical pesticide, those of the WF02 single inoculant as well as the 

WF02+BP (300 or 600 ppm) mixed inoculant could achieve more than 69%. In addition, 

these treatments could significantly reduce the disease incidence rate from ~96% to 

~53%, as well as reduced the disease index from ~68% to ~21% in comparison with 

that of the Aac infected group.  
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Figure 7. Biocontrol efficacy on melon seedlings exerted by different treatments.  

Forty seedlings for each treatment were used to evaluate the biocontrol efficacy against 

BFB. Eight treatments were as following: healthy seedlings, Aac infected seedlings, 

WF02, 300 ppm BP, 600 ppm BP, WF02+300 ppm BP, WF02+600 ppm BP, Ksm+oxc. 
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Figure 8. The seed germination and biocontrol effects on melon seedlings exerted 

by different treatments.  

Melon seeds were treated with WF02 (approximately 108 CFU/ml) and BP with 

different concentration ranges. (A-B) 25,000~200,000 ppm; (C-D) 600 ppm~5,000 

ppm BP; and (E-F) 300 ppm and 600 ppm. Ksm+oxc was the commercial pesticide 

A 

E F 

C D 
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used as a positive control. Categories 0-4 indicate the severity of disease observed in 

the leaf area (Fig. M-1). 0 = no symptoms; 1 = small necrotic lesions on less than 1/3 

of the cotyledon; 2 = necrotic lesions 1/3 to 2/3 of the cotyledon; 3 = large spreading 

lesions, greater than 2/3 of cotyledon; 4 = dead plant. The percentage of inoculated 

leaves was exhibiting the lesion covering 0 (healthy plants), < 1/3, 1/3~2/3, > 2/3 of the 

leaves area and dead plants. 

 

 

Table 2. Biocontrol effects of different inoculated seed treatments. 

Biocontrol efficacy/Chemical-control efficacy, disease incidence and disease index 

were performed to evaluate the biocontrol effects. Values of each indicate were mean 

± S.D of three replicates. Values with the different letter within the same line are 

significantly different at P < 0.05 according to Tukey’s test. 
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Reduction of Aac cell numbers by biocontrol treatments 

As shown in Fig. 9, the chemical pesticide treatment (Ksm+oxc) could likely 

completely inhibit the Aac on the leaves. On the other hand, although the microbial 

inoculants could not inhibit Aac as good as chemical pesticide treatment, the single 

(WF02) or the mixed inoculants (WF02+300 ppm BP and WF02+600 ppm BP) could 

significantly reduce the cell number of Aac in comparison with that of Aac infected 

leaves (Fig. 9). We noticed that although the Aac cell numbers of the microbial 

inoculant treatments maintained at high value (approximately107~108 CFU/g leaves), 

the disease incidences and severities were significantly reduced (Table 2). It suggests 

that in spite of the high population of Aac was still existed on the leaves of seedlings 

after treating with the WF02 derivative inoculants, the virulence of Aac is effectively 

repressed. This finding remains to be elucidated. 
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Figure 9. Extraction of Aac cells from inoculated melon leaves. 

Twenty cotyledons of each treatment were collected and soaked in 40 ml PBS with 

shaking for 30 min to extract Aac. The bacterial suspension was diluted and spreaded 

on AacG semi-selective agar plate. The cell number per gram of cotyledons was 

acquired from colonies calculating. Values are the mean cell number ± S.D of three 

replicates. Values with the different letter are significantly different at P < 0.05 

according to Tukey’s test. 
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General genome features of strain WF02 

 The general features of WF02 and other relevant strains of B. amyloliquefaciens 

were summarized in Table 3. The complete genome of WF02 comprises one circular 

chromosome of 4,026,624 bp with a GC content of 46.5% (Figure 10). Genome analysis 

showed that the genome contained 3,873 protein-coding genes, 9 rRNA operons, 86 

tRNA genes. The protein-coding genes cover 88.7% of the genome and have an average 

length of 922 bp (Table 3). We noted that the genome size of WF02 was somewhat 

bigger than that of B. amyloliquefaciens FZB42 that is a well-known biocontrol 

bacterium against fungal and bacterial pathogens (Borriss 2011; Chen et al. 2007).  

  

Table 3. Genomic features of the WF02 and the other B. amyloliquefaciens 

strains. 
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Figure 10. Genome map of B. amyloliquefaciens WF02. 

From outer to inner circle, (1) antimicrobial compounds related gene clusters (NRPS 

and PKS) were categorized into different colors; (2) protein-coding regions on the 

forward strain; (3) protein-coding regions on the reverse strain; (4) rRNA; (5) tRNA; 

(6) GC skew purple (above average) and orange (below average); (7) GC content in 

dark blue (above average) and light blue (above average). 
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Genes encoding secondary metabolites of biocontrol function  

B. amloliquefaciens strains are known for their diverse of secondary metabolites 

production, such as those of cyclic lipopeptides (LPs): surfactin, iturin and fengycin 

(Ongena and Jacques 2008). These metabolites were reported to be involved in 

suppressing harmful microbes in the plant rhizosphere (Chen et al. 2007). According to 

the genomic analysis, WF02 possesses 9 genes clusters which contribute to synthesis 

of antimicrobial metabolites are approximately 8% of the whole genome (Fig. 10, Table 

4). These clusters are also present in the other B. amyloliqefaciens strains, FZB42 and 

SQR9, which are known for the biocontrol characteristics (Chen et al. 2007; 

Chowdhury et al. 2015; Zhang et al. 2015). The gene clusters of the non-ribosomal 

peptide synthases (NRPSs) were found, such as the antimicrobial lipopepetides 

surfactin (BAWF02_03200-03230, BAWF02_03250), bacillomycin D which is an 

antibiotic of iturin group (BAWF02_17610-17640), fengycin (BAWF02_17870-

17910). In particular, the gene cluster of fengycin synthetase (fenABCDE) showed low 

identities (61.6~71.8%) to those in B. amyloliquefaciens SQR9 and B. 

amyloliquefaciens FZB42 (61.6~71.9%). Besides, WF02 also harbors the putative iron-

siderophore bacillibactin (BAWF02_28790-28830), and antimicrobial compound 

bacilysin (BAWF02_35690-35720, BAWF02_27980) related genes. The gene cluster 

of bacilysin except bacA gene (BAWF02_27980) showed high identity to that in SQR9 

(~99%) and in FZB42 (~98.7%). The bacA gene which is within the bacilysin gene 

cluster displayed low identity to that in B. amyloliquefaciens SQR9 (54.1%) and in B. 

amyloliquefaciens FZB42 (53.8%). The gene clusters encode the polyketide synthase 

(PKS) for difficidin (BAWF02_22040-22180), macrolactin (BAWF02_13880-13960) 

and bacillaene (BAWF02_13310, BAWF02_16460-16580) were also identified in the 

genome. The volatile compounds (VOCs) produced by rhizobacteria, such as acetoin 



doi:10.6342/NTU201804077

 39 

and 2, 3-butanediol were reported to trigger induced systemic system (ISR) in plants 

(Yi et al. 2016). The gene ydjL (BAWF02_05810), nowadays renamed bdhA, which is 

responsible for encoding acetoin reductase/butanediol dehydrogenase (Nicholson 

2008), and alsDRS (BAWF02_34020-34040) that is involved in the synthesis of acetoin 

(Renna et al. 1993). In total, we estimated that there was 317.4 kb of genes with respect 

to the synthesis of the antimicrobial compounds in the genome of B. amyloliquefaciens 

WF02.  
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Putative biofilm formation related genes were present in genome of strain WF02 

 Bacteria are capable of forming structured multicellular communities, such as 

biofilms (O'Toole et al. 2000). Biofilms produced by rhizobacteria are often associated 

with plant protection traits (Chen et al. 2013). Genes of the regulatory pathways in 

controlling biofilm formation were identified in the genome of WF02 (Table 5). The 

key gene in the regulatory network is biofilm repressor SinR (sinR, BAWF02_23050). 

SinR suppresses the espA-O (BAWF02_32370-BAWF02_32510) gene cluster that is  

associated with the enzymes of exopolysaccharide producing, as well as the tapA-sipW-

tasA (BAWF02_23060-BAWF02_23080) operon that is responsible for making sugar 

and protein for synthesis of biofilm matrix (Chu et al. 2006; Kearns et al. 2005). Under 

biofilm inducing condition, the transcription of the matrix synthesis related genes was 

depressed in the presence of the anti-repressor SinI (sinI, BAWF02_23040). SinI 

antagonized to SinR and activated by a master regulator (spo0A, BAWF02_22670) (Bai 

et al. 1993; Newman et al. 2013). SinR also acted together with other regulator proteins 

like AbrB and DegU (abrB, BAWF02_00410; degU, BAWF02_33490), which were 

also present in WF02. 
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Discussion 

Several literatures have shown the antagonistic ability of Bacillus species against 

BFB, such as B. amyloliquafaciens, B. subtilis, B. pumilus and B. methylotrophicus (Fan 

et al. 2017; Horuz and Aysan 2018; Jiang et al. 2015; Santos et al. 2006). Jiang et al 

(2015) revealed that B. amyloliquafaciens 54 could control BFB by increasing the 

expression of the defense-related genes PR1 and accumulating the hydrogen peroxide 

in the plants. This was the first report for biocontrolling BFB by B. amyloliquafaciens. 

In this study, B. amyloliquefaciens strain WF02 showed effective biocontrol activity 

against Aac both in vitro and in vivo (Fig. 1 and Fig. 8). We also used B. subtilis Y1336 

as a positive control strain against BFB for it showed prominent inhibitory effects on 

Aac in the in vitro test, although there was no related report with respect to this trait 

(Yang et al. 2012; 石  2008) (Fig. 1). B. amyloliquafaciens BPD1 was another 

commercial strain, which was also applied in this study, however, it showed least 

inhibitory ability among the three Bacillus spp. strains (Fig. 1). In a previous study 

reported by Fan and colleagues, a mutant of B. subtilus 9407 (ΔsrfAB) that was defected 

in surfactin-production resulted in a significant decrease in colonization, swarming 

ability as well as the inhibitory ability of Aac (Fan et al. 2017). It suggests that surfactin 

plays an important role in suppressing the Aac activity. WF02 also possesses surfactin 

related genes (BAWF02_03200-03230, BAWF02_03250), whether its antagonism 

against Aac via surfactin remains to be elucidated. 

To enhance the biocontrol efficacies exerted by single BCA, there has been 

increasing interest recently among researchers in using mixtures of BCAs (Jayakumar 

et al. 2007; Lopez‐Reyes et al. 2016; Xu et al. 2011). As shown in Fig. 8B, we found 

that high concentrations (> 25,000 ppm) of BP could successfully suppress the disease 

development of Aac directly, however, they also retarded the growth of WF02 (Fig. 3). 
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It suggests that too much BP will harm the normal growth of WF02. On the other hand, 

while treating WF02 with BP improved the amount of biofilm formation of this 

bacterium (Fig. 4). Sandasi et al. (2010) also reported that the extracts of Aloe vera, 

Thymus vulgaris, or Vaccinium macrocarpon could enhance the biofilm formation of 

Listeria monocytogenes ATCC 19111. The enhancement of the biofilm formation may 

due to the presence of certain compounds in the plant extracts, such as lectin (Sandasi 

et al. 2008). Previous studies have also indicated that supplementation of several kinds 

of additives, such as skim milk, herbal extracts could improve the cell viability of 

biocontrol agents (Szczech and Maciorowski 2016; Ting et al. 2009; Xue et al. 2014). 

As shown in Fig. 5, we also noted that treating WF02 with 600 to 2,000 ppm of BP 

could effectively improve the cell vitality of this bacterium. Therefore, we deduced that 

BP could bring synergistic effects on biocontrol efficacy by enhancing the biofilm 

formation and cell vitality of the BCA WF02. 

According to Fig. 6A, the cell-free supernatant of WF02 broth did not show 

inhibitory effect on pathogen after 8 to 48 h incubation. Since this result was contrary 

to that shown in Fig. 1, suggesting that the presence of WF02 living cells was necessary 

to confer the antibacterial effect against Aac. This phenomenon was due to the 

following possibilities: (i) there was no active ingredient (AI) presented in the 

supernatant, or the amount of AI in the supernatant was too low to inhibit Aac (Acuña-

Fontecilla et al. 2017) (ii) the potential volatile organic compounds (VOCs) or AIs 

produced by the living cells were eliminated during the preparation of cell-free 

supernatant. It has been reported that the amounts of VOCs would be lost by 20% to 

70% during the freeze-drying process while treating the extraction detergents like 

alcohol, sulfur, or aldehydes (Her et al. 2015). We have not identified the potential AIs 
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of WF02, and it would be further investigated for elucidating the inhibitory mechanism 

against BFB. 

    Since BFB is a seed-borne disease, early protection is effective to prevent 

breakouts before sowing the seeds in soil (Latin 1996). Seed treatments are treating the 

biological, physical and chemical agents and techniques applied to seed to provide 

protection and improve the establishment of healthy crops (Govindaraj et al. 2017), 

which are convenient, generally inexpensive, and familiar applying methods for 

farmers (Leggett et al. 2011). When bioprotectants applied in seed treatment trials, the 

biocontrol strains have the potential to colonize on the emerging roots and produce 

antibiotics against pathogens (O’Callaghan 2016). In the pot experiments in this study, 

the melon seeds pre-treated with WF02 individually, as well as with combination of 

them showed significant inhibitory effects on Aac infection (Fig. 8, Table 2). As shown 

in Table 2, the biocontrol efficacies (%) were ranging approximately 70% to 75%. 

These values were much higher than those exerted by B. amyloliquefaciens 54 against 

Aac FC440 on watermelon plants (61.3%), as well as B. subtilis 9407 against A. avenae 

subsp. citrulli MH21 on melon plants (61.7%), respectively (Fan et al. 2017; Jiang et 

al. 2015). We noticed that the disease incidence (%) and disease severity (%) were 

enormously decreased in comparison with that of the Aac infected seedlings (Table 2), 

and the lesion areas on the cotyledons were reduced significantly (Fig. 7 and Fig. 8). 

According to the results with respect to cell vitality and pot experiments (Fig. 5 and Fig. 

8), we selected 600 ppm BP for developing effective biocontrol agent. Intriguingly, 

although the cell numbers of Aac were significantly reduced by WF02 and the 

combined treatments (Fig. 9), the pathogen number still maintain at 107~108 CFU/g 

leaves. It seems like the pathogenicity of Aac would be reduced by these treatments, 

and further studies are necessary.   
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 The genome of WF02 has giant gene clusters that are linked to the features of 

biocontrol, such as those with respect to non-ribosomal peptide synthetases like 

surfactin, bacillomycin D, fengycin, secondary compound bacilysin, difficidin, 

bacillaene, macrolactin and volatile organic compounds acetoin and 2, 3-butandiol (Fig. 

10, Table 4). The genes comprised in the fengycin cluster (fenABCDE) showed low 

identity to those in strain SQR9 (61.6~71.8%) and in strain FZB42 (61.6~71.9%) while 

displayed high identity (~99%) to those in Bacillus velezensis NJN-6. bacA 

(BAWF02_27980) which is comprised in the bacilysin cluster also displayed low 

identity to that in B. amyloliquefaciens SQR9 (54.1%) or in B. amyloliquefaciens 

FZB42 (53.8%). However, this gene was closely related to that in B. amyloliquefaciens 

LFB112 (100% identity), which was identified as being B. amyloliquefaciens subsp. 

plantarum and applied as probiotics to animal production and welfare (Borriss et al. 

2011; Cai et al. 2014). The total size of these gene clusters accounted for 8% of genome, 

which is smaller than that of B. amyloliquefaciens strain FZB42 (8.5%) and SQR9 

(9.9%) (Chen et al. 2007; Zhang et al. 2015). However, that of B. subtilis was only 5% 

(Chowdhury et al. 2015). These gene clusters could produce the secondary metabolites 

like NRPS, PKS, peptide antibiotics and VOCs like acetoin and 2, 3-butandiol, 

revealing the antifungal and antibacterial activities (Chen et al. 2007; Ongena and 

Jacques 2008; Yi et al. 2016; Zhang et al. 2015). However, except acetoin and 2, 3-

butandiol, the genes responsible for volatiles synthesis are still unknown (Wu et al. 

2015). Besides, In addition, we also identified the putative genes involved in biofilm 

formation (Table 5). The biofilm formation ability of WF02 was also demonstrated in 

Fig. 4, indicating the potential for root colonization. However, the additional analysis 

is necessary to understand how conserved they are relative to FZB42 and SQR9 as well 
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as the similarity to biocontrol related genes in FZB42 and SQR9 which are already 

known for biocontrol features.  

 

Summary 

We evaluated the biocontrol effects of WF02 in combination with the phytogenic 

additive BP for controlling BFB. BP can bring the synergistic effects for WF02 on 

biofilm formation and cell vitality improvement. WF02 genome contains the predicted 

antimicrobial-related genes, indicating the potential for antimicrobial characteristics. 

However, the antagonistic mechanism of WF02 still needs further researches to clarify. 

Our study showed the first report of B. amyloliquefaciens strain with plant extract 

additives applied as seed treatment to control BFB. 
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Conclusions and Future Prospects 

In this study, we developed a potential biocontrol agent in combination with the 

elite biocontrol bacterium WF02 and the phytogenic additive BP to confer antagonistic 

effects against Aac for suppressing the Bacterial fruit blotch (BFB) in melon. WF02 

showed antagonistic activities against Aac both in vitro and in vivo. The presence of 

living WF02 cells was necessary to suppress the growth of Aac. According to the pot 

experiments, the single inoculant (WF02) and the combined treatment (WF02+BP) 

showed high biocontrol efficacies and could reduce the disease incidence and index 

significantly. Moreover, the population of Aac was also remarkably decreased by the 

biological treatments. Although low concentrations of BP did not have antagonistic 

effects on controlling the BFB disease, it brought the positive effects on the physiology 

of WF02, such as enhancing the formation of biofilm and increasing its cell vitality. 

We identified the antimicrobial and biofilm related genes in the genome of WF02. Due 

to the complete genome sequence of WF02, it allows us to further investigate the 

antimicrobial mechanisms of WF02 and the physiological effects of BP on WF02 in the 

future. To extend the application, biocontrol efficacies in the field and antagonistic 

ability against various kinds of plant pathogens are necessary to be evaluated.   
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