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Previous studies have addressed the management of
phyllosphere pathogens by leaf and root-associated
microbes. The present study evaluated the effect of the
foliar application of three strains of Bacillus spp. on
plant growth and fruit quality. The application of a
bacilli spore preparation significantly improved leaf
growth parameters such as leaf thickness and photo-
synthesis capacity, indicating that bacilli treatment di-
rectly promoted leaf growth. In addition, foliar treat-
ment resulted in an improvement in the key indicators
of fruit quality including water, glucose, and sucrose
contents. The present results suggest that foliar spray-
ing of beneficial bacilli is a potential treatment of wide
application for the improvement of apple quality. Foliar
application of bacilli preparation as effective plant
growth-promoting rhizobacteria broadens the spectrum
of their availability for orchard application.
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Apple cultivation, which occurs mainly in the central region

of Korea, started flourishing after the country's economic

development and the accompanying improvement in the

dietary habits of the population. Apple farmers faced an

increasing demand for a better quality apple. To improve

the quality of crops, many scientists focused on the mana-

gement of plant diseases, which for some time had depend-

ed mostly on agrochemicals due to their effectiveness.

However, the biological control of various diseases affect-

ing apple cultivation is considered a feasible alternative

method to replace the use of agrochemicals (Andrews, 1992).

Among biological control agents, fluorescent pseudomonads

have received considerable attention from many research

groups because this bacterial group possesses a versatile

metabolism and utilizes various substrates released by the

leaves and roots (Andrews and Harris, 2000; Weller, 1988).

Moreover, Pseudomonas fluorescens and Pseudomonas

putida have short generation times and a strong mobility,

allowing them to rapidly colonize roots and provide pro-

tection against leaf pathogens, as well as enabling their

adaptation and their fitness in the phyllosphere (Kinkel,

1997). Field assessment of wild-type and genetically

engineered ice nucleation-deficient (Ice−) mutants of Pseudo-

monas syringae for the control of frost damage elicited by

P. syringae Ice+ strains has been reported as a successful

example of biological control (Lindow, 1987; Wilson and

Lindow, 1994). In contrast, Bacillus spp. are considered to

have a lower potential as biocontrol agents than Gram-

negative bacteria because bacilli typically have longer gene-

ration times and are isolated at lower population densities

from plant roots than Pseudomonas spp. (Emmert and

Handelsman, 1999; Weller, 1988). 

However, recent reports provided evidence that Bacillus

spp. also elicited plant growth promotion or suppression of

plant diseases (Emmert and Handelsman, 1999; Jacobsen et

al., 2004; Katiyar and Goel, 2004; Kim et al., 1997, Kloepper

et al., 2004; McSpadden-Gardener, 2004). Bacillus species

offer several advantages over Gram-negative bacteria, includ-

ing long shelf life under starvation or unfavorable condi-

tions due to their ability to form endospores. Several com-

mercial products such as Quantum, Kodiak, BioYield, Epic,

Rhizo-Plus, Serenade, Subtilex, and System 3 originated

from Bacillus spp. are commercially available in the U.S.

and in other countries (Lucy et al., 2004; McSpadden-

Gardener, 2004). Among the bacilli products, B. subtilis

QST-713 produces more than 30 lipopeptide antibiotics and

is marketed under the trade name Serenade; it is used

mainly for the control of foliar diseases (AgraQuest, Davis,

USA). Increasing numbers of bacilli strains or their meta-

bolites have been reported to be effective in the control of

foliar diseases like early leafspot, Cercospora leaf spot, grey

mold and fire blight (Broggini et al., 2005; Collins and

Jacobsen, 2003; Gueldner et al., 1988; Hang et al., 2005;

Kiewnick and Jacobsen, 1998; Kokalis-Burelle et al., 1992;

Toure et al., 2004). The foliar application of a mixture of a
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polysilicon surfactant and an endophytic Bacillus cereus

strain isolated from annual crops significantly suppressed

the disease severity of black pod rot caused by Phyto-

phthora capsici of cacao (Thebroma cacao) (Melnick et al.,

2008). The mechanism responsible for disease control was

concluded to be the induction of systemic resistance based

on the absence of bacteria on leaves that showed significant

disease reduction. Similarly, the leaf surface-inhabiting

bacterium B. mycoides Bac J was shown to induce the

repression of Cercospora leaf spot in sugar beet. Disease

suppression was not associated with the direct inhibition of

pathogen growth, but rather to the indirect induction of a

plant defense response, leading to the production of plant

pathogenesis-related protein isoforms including chitinase,

β-1,3-glucanase and peroxidase (Bargabus et al., 2002).

However, to date, bacilli have not been used to improve

the fruit quality of woody trees. The objective of the present

study was to test whether bacilli spore-based bioprepa-

rations can be used to promote the growth of apple trees

under field conditions. The biopreparation was evaluated for

its potential for improving fruit quality with respect to water,

glucose and sucrose contents, as well as its capacity to

improve physical growth parameters. Moreover, the foliar

spraying method was assessed for its compatibility with

conventional agrochemical application protocols in apple

fields.

Materials and Methods

Bacilli spore preparation. Three bacilli preparations

consisting of industrially formulated endospores were used

in the experiments. The preparations contained a final con-

centration of above 1 × 107 colony forming units (CFU) per

g of dry weight sample. The formulation of three bacilli is

referred to as a biopreparation. The biopreparation used in

the current study was supplied by China Agriculture

University, Beijing, China. The three bacilli included strains

B83-10, M22 and B-319. Strain B83-10 was isolated from

Chinese cabbage and identified as B. cereus. Strain B83-10

previously showed severe yield-increasing activity on

Rapeseed. Strain M22 was isolated from sugar beet and

identified as B. cereus. Strain M22 showed growth pro-

motion activity on several kinds of plant. Strain B-319 was

isolated from apple tree which was identified as B. brevis.

Previous experiments showed that strain B-319 has signi-

ficant biocontrol effect on apple mould core disease, apple

altermaria leaf spot and apple ring rot under field condition.

The 10–15 year old apple (Malus domestica) cultivars

Fuji and Hongro were used in the present study. The bio-

preparation was incorporated into the regular agrochemical

schedule in the apple field located in Boeon (36o, 26'07.84'',

127 44'32.42''E) Chungchungnamdo, South Korea. During

2009, the farmers sprayed the biopreparation 10 times from

May 16 and 17, every two week iterval, until October 29.

The leaf samples were collected on June 24. The photosynthetic

capacity was measured using a chlorophyll meter (SPAD-

502, Minolta, Japan). Leaf thickness was evaluated with an

Electronic Digital Micrometer (Chicago Brand, USA). At

harvest time, on October 14, 2009, the apples were harvested

and the glucose and sucrose contents were measured using

a YSI 2700 SELECT™ Biochemistry Analyzer (YSI Life

Sciences, Yellow Springs, Ohio, USA) following the

manufacturer’s instructions (www.ysilifesciences.com). The

sweetness was determined by Atago PAL 1 Digital Pocket

Refractometer (Atago, Tokyo, Japan, www.atago.net) after

a 1 ml drop-inoculation of macerated apple fruit.

Statistical analysis. Data was subjected to analysis of

variance using JMP software (SAS Institute Inc., Cary, NC).

Significance of effects of bacilli biopreparation treatment

was determined by the magnitude of the F value at P = 0.05.

When a significant F value was obtained for treatments,

separation of means was accomplished using Fisher's pro-

tected least significant difference (LSD) at P = 0.05. Results

of repeated trials of each experiment outlined above were

similar. Hence, one representative trial of each experiment

is reported in the result section.

Results 

To assess the three strains of Bacillus spp. that were isolated

from Chinese cabbage and showed plant growth promotion

capacity on the diverse plant species previously to increase

the plant growth by foliar straying under field condition,

spore biopreparations containing three bacilli strains were

used for field testing of apple trees. In the Boeun province,

S. Korea, three apple fields were selected for the appli-

cation of the biopreparation on the foliar part of trees. The

spray-application of the biopreparation a total of 10 times

resulted in an overall improvement in tree leaf biomass and

high fruit yield (data not shown). The apple trees used for

the present experiments were relatively old trees, some of

them older than 10 years of age. Observation of the trees

did not reveal differences between those treated with the

biopreparation and the control treatments during the assess-

ment conducted between June and July 2009. During a visit

to the apple orchard, a farmer mentioned that bioprepa-

ration-treated apple trees produced significant thick and

dark leaves than untreated control. Photographs of the apple

trees were used to show the effect of the treatment due to

the difficulties in quantifying the number of fruits in each

apple tree (Fig. 1). Panel (A) of Fig. 1 shows trees that had

been treated with the biopreparation exhibited a higher

number of apples per tree and increased leaf biomass
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compared to control untreated control trees (panel (B) in

Fig. 1). Evaluation of the leaf thickness in treated and

untreated trees revealed significant differences (Fig. 2).

Surprisingly, the biopreparation treatment increased leaf

thickness by as much as 155% compared to untreated

controls (Fig. 2A). This increase in leaf tissue biomass

could result in changes in the rate of photosynthesis due to

the higher number of chlorophyll cells present in the

leaves (Fig. 2B). The effect of the biopreparation on the

quantification of photosynthetic rate was assessed using a

portable photosynthesis meter, which showed a 150%

increase of chlorophyll a content in biopreparation-treated

leaves (Fig. 2B). The treatment of leaves with bacilli

spores increased the water and glucose contents of the

apples by 123% and 117%, respectively (Fig. 3A and 3B).

Interestingly, apples derived from biopreparation-treated

trees showed 15.5o brix while the control apples measured

14.7o brix (Fig. 3C).

Discussion

Here we provide new evidence that the bacilli spore based

biopreparation used significantly enhanced the growth of

apple leaves at mid-season and improved fruit quality para-

meters such as sweetness and moisture contents relative to

untreated (control) trees of the same age. Few reports exist

to date on the direct enhancement of growth parameters

through the foliar application of bacteria. The two commer-

cially available bacilli products Serenade, based on B.

subtilis QST 713, and Biopro, based on B. subtilis strain

BD 170, have a wide application on annual and seasonal

plants (Broggini et al., 2005; Ngugi et al., 2005). More

recently, the induction of systemic resistance by foliar

application of bacilli has been reported (Jacobsen et al.

2004). However, there is no data on effect of foliar appli-

Fig. 1. Effect of bacilli spore preparation on apple growth. The
biopreparation at 107 CFU/g spray was applied to the foliar parts
of apple trees cv. Fuji from May 16 to October 27, 2009, every
two weeks through the use of an automatic spray machine. (A)
Representative photograph taken 6 months after the first foliar
application of the biopreparation. (B) Representative photograph
of the control plant taken around the same date. 

Fig. 2. Leaf growth promotion by foliar application of bacilli
spore. The leaf growth parameters including leaf thickness and
chlorophyll contents were measured 3 months after the initial
application of the biopreparation. (A) Enhancement of leaf
thickness by the biopreparation. (B) Enhancement of chlorophyll
a fluorescence by the biopreparation. The mean values of five
replicates are shown. Asterisks indicate statistically significant
differences compared to untreated control plants (P = 0.05).
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cation of rhizobacteira in order to increase fruit quality as

well as plant growth promotion. The present study assessed

whether the promotion of leaf growth by bacilli spores

could result in physiological changes in the fruit. The fruit

content of water, glucose, and sucrose was assessed as an

index of the physiological changes occurring in the fruit

because these three factors can play a critical role in apple

quality for consumers. The enhanced rate of leaf growth

induced by the biopreparation increased photosynthesis

rates leading to increased glucose production, which result-

ed in the accumulation of water and sucrose in the fruit.

Strikingly, the sucrose content of the biopreparation treated

apple fruits differed as much as 0.8o brix compared to

control treatment. A 0.8o brix difference can be differentiat-

ed by the human tongue. Consumers are sensitive regarding

sucrose content and moisture, and they experience the per-

ception of a sweeter and crispier fruit when eating apples

with higher contents of sucrose and water, respectively.

The present findings raise two interesting questions, the

first one regarding the mechanisms underlying the effect of

the bacilli spore on apple leaf growth and the second one

regarding whether one of the three strains is a major player

or if they are more effective when used in combination. The

possibility that the three strains that were previously iso-

lated as plant growth-promoting rhizobacteria (PGPR) can

be secreted plant growth hormones like auxin and cytokinin

cannot be excluded. Previously, PGPR strains, including two

bacilli that were capable of producing two plant hormones,

auxin and cytokinin, contributed to promote growth para-

meters such as shoot length and diameter in young apple

trees and improved fruit yield (Astantas et al., 2007).

However, the plant responses to PGPR were not examined

in this 2007 study. In the present study, the three bacilli

strains used in the biopreparation were not evaluated for

their capacity to secrete plant hormones like auxin and

cytokinin. Alteration of leaf physiology by epiphytic bacteria

has not been reported frequently. An increase in the water

permeability of leaf cuticles of English Ivy (Hedera helix)

and Cherry Laural (Prunus laurocerasus) by Pseudomonas

aeruginosa, Xanthomonas campestris and Corynebacterium

fascians isolated from leaf surfaces was previously report-

ed. These results suggest that the introduced bacteria can

enhance the availability of water and dissolved compounds

in the leaf surface, thus improving phyllosphere conditions

(Schreiber et al., 2005). A previous study from our group

revealed that the three bacilli used in the present study

secrete the reactive oxygen species scavenging enzyme Mn-

superoxide dismutase (SOD) (Wang et al., 2007). Another

possible mechanism for the growth promotion effect on

apple trees is the volatile emission from bacilli strains that

previously reported by Ryu et al. (2003). Volatile emissions

from three bacilli strains promoted the growth of tobacco

plants in vitro (data not shown). The findings of a previous

study from our group show that exposure of Arabidopsis

leaves to volatile compounds from Bacillus subtilis GB03

caused a significant increase in leaf thickness (Zhang et al.,

2006). The use of a DR5::GUS auxin indicator plant and

auxin inducible gene expression revealed the involvement

of auxin signaling in this induction of leaf growth. The

effect of each individual strain on plant growth can be

Fig. 3. Improvement of apple quality by foliar application of
bacilli spore. Water, glucose, and sucrose contents were evaluated
6 months after the first foliar application of the biopreparation.
The biopreparation at 107 CFU/g was sprayed on the foliar part of
apple trees cv. Fuji every two weeks from May 16 to October 27,
2009, through the use of an automatic spray machine. (A)
Enhancement of the fruit water content by the biopreparation. (B)
Enhancement of the glucose content by the biopreparation. (C)
Enhancement of the sucrose content by the biopreparation. The
means of five replicates are shown. Asterisks indicate statistically
significant differences as compared to untreated control plants (P
= 0.05).
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evaluated through the use of each strain independently.

Further study revealed that bacterial volatile elicited induc-

tion of systemic resistance (Ryu et al., 2004). However

previous studies have shown that the combination treatment

with several strains produces more consistent and effective

results than single treatment for biological control and

growth promotion (Kang et al., 2007; Raupach et al., 1996).

Because the improvement of apple quality is a critical

factor in apple production, the use of the biopreparation

formulation reported in the present study may provide an

environmentally friendly method that will integrate well

with other approaches to improve apple quality. 
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