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Abstract

Penicillium digitatum, a postharvest pathogen of green mold rot of citrus fruit generally
contaminates in orchard through packing house. This study aims to use mixtures of antagonistic
yeast and bacteria in combination with baking soda (sodium bicarbonate) as a biological control
product to control fruit rot pathogen in citrus during postharvest storage. After screening for the
antifungal activity P. guilliermondii BCC5389 and Bacillus subtilis ABS-S14 showed strong
antagonistic activity toward the fungus pathogen in vitro and in vivo. B. subtilis ABS-S14 and 1-
2% NaHCO; (w/v) completely inhibited mycelial growth and spore germination of P. digitatum.
At 106 to 108 cell/ml of P. guilliermondii BCC5389 inhibited fungal mycelium growth and spore
germination of 93.89% and 100%, respectively. A sodium bicarbonate solution has no effect on
growth of both antagonistic microorganisms. The potential of using P. guilliermondii BCC 5389
or B. subtilis ABS-S14 by themselves or in combination for the control P. digitatum in citrus, and
their effects on postharvest quality of fruit were investigated. . Fruit efficacy test revealed that
the percentage of disease incidence on fruits treated with the combined antagonists was
remarkedly reduced. Rapid colonization of P. guilliermondii was observed in the wounds during
the first day to 6 days at 25°C, whereas B. subtilis increased marginally over 3 days. The
populations then stabilized for the remaining incubation period. The combination did not impair
any of the quality parameters of fruit after storage at 25°C for 7 days. The mixtures of
antagonist were clearly induced activity of chitinase and [3-1,3-glucanase enzymes in the citrus
rind within 24 h. Interestingly, inoculation with P. digitatum alone also induced the elicitation of
both enzyme activities in the citrus flavedo tissues during 12-48 h. In parallel, the expression of
genes that coded for glucanases as well as chitinase, were enhanced by the antagonists in the

citrus rind during the first 3 h following pathogen inoculation.

Keywords: Penicillium digitatum, Bacillus subtilis, Antagonistic microorganism, Sodium bicarbonate, chitinase,

-1,3-glucanase
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Lauvlsnﬁvl,ﬂmuagdq@ 124 TILN9 LATRARIN 48 TALNI W) LN VaILaw kNN VA RENATIN 72
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ABS-S14, uaz P. digitatum IANSLTIALINWALNININNG P. digitatum {Ne98En9L@87 T9aziinng
a%wal,auvlw“l,ﬂamagaq@ 2 179R8 N 12 Uaz 48 TALNI NNWUITAAFIN 72 T lad

AT1APLEARI AV LW s LWAN1,3-NaAUUEAALIAIINIDVDS Burner (1964) Tagsin

A8E19NHFNAY laminarin lT&ULEATNAB carboxymethyl chitosan-remazol brilliant  violet



solution (CM-Chitosan-RBV) Jauan@iavadian lrilasiindiat e sananaunusuiaas uuls
water bath Nigmanndl 35 asenimaiBos win 30 WAl nuurgalizedemduluiniben
NRINWBULANRNITAZANE dinitrosalicylic acid (DNS) 0.2 ml uaz azGiantwinas anadudn 0.1
M pH 5.0 duluiuden uazvihlidussngmngiives anuwduinau shldiadinmiganau
{ o aa ¥ é 1 a
usafl 540 nm SumarInuendliazesenlodannuanasgunglas laswiliwiinfaniay
& A . A ' . . A a \ o

uboddenitelulasluavad reducing sugar ANNANANIERY laminarin lunilswfiwuin msan
ihmsaisewlsd wedn-1,3-nganuslddanuuandrsiulunnninuud mssiaawlodiud-
1,3-nganuswuluiaibafiaduluninuudnld p. guiliermondii BCC 5389 S14 uaz Ugnia P.
. a ] { { o A £ { < a

digitatum FUFanasganiviIniaudau g 12 Talas uaziinud 24 uaz 48 Tlud J9aadianm
849 VozLAEnU vInudnle B. subtilis ABS-S14 S14 uaz UaniTa P. digitatum \haibaRaduil
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Table 1 Gene sequences downloaded from GenBank with accession numbers. These
sequences have been used for the designing of the primers adopted in quantitative real time

PCR

Gene name Primer GenBank accession number

Chitinase (CHI 1) Forward AF090336
5-AATGTTGCTAGCATTGTGACTCC-3
Reverse
5-GCAGCATTCAGAAACGCATCT-3’
[-1,3-glucanase Forward AJ000081
(GNSL) 5-TTCCGACGGATCGTTAAGTTACC-3
Reverse
5-CCACCCACTCTCTGATATCACG-3
Elongation factor Forward AY498567
1-alpha (EF 1) 5-GGTCAGACTCGTGAGCATGC -3

Reverse

5-CATCGTACCTAGCCTTTGAGTACTTG-3

a (3 > a ™ A a £Z
MILEAIDDNVBITUGIEMTIAUINIUNITFILATIZADU [ARLUS (CHI) UAZILEN-1,3-NQALUE
A (% 1 = a a s 6
(GLU) NUABNHA&Y WUAMNLANAIWANTLRAIBDNVEIEU ARLUR 1aUITAUNTRILATIZNA
~ o ~ &l & A A e v A rg ~ \ a A )
sluluaumadm‘nL@Ju@‘nﬂg\}ﬂLﬁaiﬂuazmaﬂamamu wie daniesiiNssatnadsawuiniiseey
= { Q QI J 1 Q QI/
M3 FILATIERALAR AN WIAENIILRAIDDNUDIEW CHI INNT®DENITIALSINAIIIN 6 T LUILAL
~ < P o o & v A o A A PN a A
ARIN 9 TILNY UUNTZAUMIFILATIZHREW CHI luauwﬂgﬂmammmﬂmimwugmq@w 3
Tluuan uazdangaasifl 9 Tlusndsanmadgniza adsbfianuszdunsdansiulu
a & & A a e ') A A LA A A &4 v
nIinudndanisanuasdaiadnunuuuaiiisswuiinmsazansesiivi 3 T LUINILIARRIAN
msﬂgﬂL%agamﬂ%oLﬂuﬁmaﬂmm‘%wLuuﬁﬁana'nfma@iams*’ﬁ'ﬂﬁwmnmmaaﬂmaoﬁu"lﬂ
a A a a v = eal a = & &
AuuslaIUNaUNUINIIBADKY  MILFAIaaNTBIEY GLU lumeuu@wU@ﬂmaﬁLLaz
A & A ' a A £ < ) a £ 4 ) A A
HRALNDI0E1LALUNANNT LY 6 T2 INILINLAZIZAUNIILRAIDANIANTUA 9 TALNY v nIn
& & A A o o a a ' & A 4
wudnlanienuazuuafiBeiuns auvadin GLU Wuadenaim 6 TALUININ WAL
AAAI TN 9 slu‘*umzﬁ‘n%‘nLuwﬁﬁﬂﬁﬂL%amLﬁmau’NLamﬁa NINLUWANHINNWIZHINLTDD
A & AaA A o o & a £ ' & A <4 o °
HRALAZLUATISUIZAUNIFIATIERE GLU [ANTUENITIALSAN 3 T2 INILINRAIINNINTT

ﬂgm%a
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o &
ANDLLDI

Ha9INNINARBI MEIBANTUINTLEAI8aNUIHWIUITAL RNA transcript Wae enzyme
. Aa U % A U 7 a A6 1A 6 dly 1

activity maavlﬂmuauazmm-1,3-ﬂ§mmauuwaauLaJamzqumm;aumﬂﬂgﬂﬂmaxmaﬂﬂa
1309712% 8 NINLUUAAINNINN 2 dadltuagualatglwitwIngdwitwinunlilaUSanm
\aibafiisawasdanisana daznaududdgwimanienasida waznengann lasawizduly
nuidanlumald wazmilienziuendinvesenloinisesiius: Real-Time quantitative RT-
PCR @adMMigsadNiaiuninin anlaIasdanazAinaassanasinwiwtiizaiaiagneni
PINNAANNUAKET LAZAIINARINTININATY 2 Jau FailunanIadasinans e wlSunos
o \ A v g | ° A A o &
mamaLLa:auﬂizmm‘nVLmuLﬂum@ﬂﬂwmmmmmi‘n@aaoLmyugmmnmmmﬂLauI@

6 a A a a % d“VL U
xUasUaILUANISY NARDUUIZTANTAINW U1 MITLRNAFNIIATINTH be

Table 2 Effect on antagonistic yeasts and bacterial on abundance of defense related transcripts

and enzyme activity

Treatment Treatment agents
T1 Sterile distilled water
T2 P. digitatum
T3 B. subtilis ABS-S14
T4 P. guilliermondii BCC 5389
T5 B. subtilis ABS-S14+ P. digitatum
T6 P. guilliermondii BCC 5389+ P. digitatum
T7 Mixture of P. guilliermondii BCC 5389 +B. subtilis ABS-S14
T8 Mixture of P. guilliermondii BCC 5389 + B. subtilis ABS-S14 +

P. digitatum

12



Output
A Aaa 6
MUTDUNAINUNANUNLLRY

1. Reprint
Sangwanich, S., Sangchote, S. and Leelasuphakul, W. (2013) Biocontrol of Citrus green
mould and postharvest quality parameters. International Food Research J. 20(6), 3381-

3386. Scopus

2.  Manuscript

Comparative roles of antagonism and induced systemic resistance to control the growth of
green mold on citrus fruit by Bacillus subtilis ABS-S14 endospores, its cyclic lipopeptide
antibiotics and chitosan (under revision after submission to the Postharvest Biology and
Technology journal)

3 International Proceeding

Sangwanich, S., Sangchote, S. and Leelasuphakul, W. (2013). Effect of Pichia guilliermondii
on Penicillium digitatum and green mold rot in mandarin cv.Shogun from Thailand. Acta
Hort.973, ISHS, 77-80.

4 Reprint-National Journal

Sangwanich, S., Sangchote, S. and Leelasuphakul, W. (2010). An Application of
Antagonistic Microorganisms and Sodium bicarbonate to Control Green Mold Rot

Disease (Penicillium digitatum) of Citrus. Agricultural. Sci. J. 41 (2) (Suppl.): 57-60.

13



Date: Jun 23, 2014

To: "wichitra leelasuphakul" wichitra.l@psu.ac.th
From: lan Ferguson ian.ferguson@plantandfood.co.nz
Subject: Your Submission

Ms. Ref. No.: POSTEC-D-14-00288
Title: Comparative roles of antagonism and induced systemic resistance to control the growth of green mold on citrus fruit by
Bacillus subtilis ABS-S14 endospores, its cyclic lipopeptide antibiotics and chitosan

Postharvest Biology and Technology

Dear Wichitra,

The reviewers have commented on your above paper, indicating that the topic is appropriate for publication in Postharvest

Biology and Technology, but the manuscript is not acceptable for publication in its present form.
Would you be able to provide me with a revised manuscript that address all the issues raised by the reviewers? If you choose
to submit a revised manuscript, please also provide a point-by-point explanation of the changes made and your response to the

reviewers' and my comments, which follow.

If you wish to forward a revised manuscript for further consideration, please submit the revision along with your explanatory

comments within 8 weeks.

To submit your revision, please do the following:

1. Go to: http://ees.elsevier.com/postec/

2. Enter your login details:

kkkkkk

Your username is:

If you need to retrieve password details, please go to:

http://ees.elsevier.com/postec/automail_query.asp

NOTE: Upon submitting your revised manuscript, please upload the source files for your article. For additional details regarding

acceptable file formats, please refer to the Guide for Authors at: http://www.elsevier.com/journals/postharvest-biology-and-

technology/0925-5214/guide-for-authors

When submitting your revised paper, we ask that you include the following items:

Manuscript and Figure Source Files (mandatory)

We cannot accommodate PDF manuscript files for production purposes. We also ask that when submitting your revision you

follow the journal formatting guidelines. Figures and tables may be embedded within the source file for the submission as long

as they are of sufficient resolution for Production.For any figure that cannot be embedded within the source file (such as *.PSD

14



Photoshop files), the original figure needs to be uploaded separately. Refer to the Guide for Authors for additional information.

http://www.elsevier.com/journals/postharvest-biology-and-technology/0925-5214/guide-for-authors

Highlights (mandatory)

Highlights consist of a short collection of bullet points that convey the core findings of the article and should be submitted in a
separate file in the online submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum
85 characters, including spaces, per bullet point). See the following website for more information
http://www.elsevier.com/highlights

Graphical Abstract (optional)

Graphical Abstracts should summarize the contents of the article in a concise, pictorial form designed to capture the attention of

a wide readership online. Refer to the following website for more information: http://www.elsevier.com/graphicalabstracts

3. Click [Author Login]
This takes you to the Author Main Menu.

4. Click [Submissions Needing Revision]

Please note that this journal offers a new, free service called AudioSlides: brief, webcast-style presentations that are shown

next to published articles on ScienceDirect (see also http://www.elsevier.com/audioslides). If your paper is accepted for

publication, you will automatically receive an invitation to create an AudioSlides presentation.

| look forward to receiving your revised manuscript.

Yours sincerely,

lan Ferguson

Receiving Editor

Postharvest Biology and Technology

Editor's comments:

Please note that the editorial process varies considerably from journal to journal. To view a sample editorial process, please
click here:

http://ees.elsevier.com/eeshelp/sample_editorial_process.pdf

For further assistance, please visit our customer support site at http://help.elsevier.com/app/answers/list/p/7923. Here you can
search for solutions on a range of topics, find answers to frequently asked questions and learn more about EES via interactive
tutorials. You will also find our 24/7 support contact details should you need any further assistance from one of our customer

support representatives.

15



Elsevier Editorial System(tm) for Postharvest Biology and Technology
Manuscript Draft

Manuscript Number:

Title: Comparative roles of antagonism and induced systemic resistance to control the growth of green
mold on citrus fruit by Bacillus subtilis ABS-S14 endospores, its cyclic lipopeptide antibiotics and
chitosan

Article Type: Research Paper

Keywords: B. subtilis; P. digitatum; Cyclic lipopeptides; Chitosan; Peroxidase, L-Phenylalanine
ammonia-lyase

Corresponding Author: Dr. wichitra leelasuphakul, Ph.D.
Corresponding Author's Institution: Prince of Songkla University
First Author: Waewruedee Waewthongrak, B.Sc.

Order of Authors: Waewruedee Waewthongrak, B.Sc.; Supachai Pisuchpen, Ph.D.; wichitra
leelasuphakul, Ph.D.

Abstract: The suppression of green mold disease caused by P. digitatum, in mandarin fruit by the
antagonistic action of B. subtilis ABS-S14, a crude extract from its culture medium, cyclic lipopeptide
antibiotics (CLPs) and chitosan were tested together with their abilities to elicit the accumulations of
the plant defense related enzymes, Peroxidase (POX) and L-Phenylalanine ammonia-lyase (PAL). Both
B. subtilis ABS-S14 endospores and a crude extract from its growth medium showed strong
antagonistic activities against P. digitatum. The HPLC profiles of the crude extract indicated that the
antifungal compounds produced by this strain of B. subtilis consisted of three clusters of the iturin A,
fengycin and surfactin families of CLPs. The in vitro and in vivo inhibitory effects of the partially
purified iturins and fengycins on the retardation of the growth of P. digitatum were demonstrated,
whereas the surfactins had no direct effect. Efficacy tests, using bacterial endospores, the crude extract
and chitosan showed significant reduction of fruit decay compared to those found in the presence of
individual CLPs, and it was clearly demonstrated that the B. subtilis ABS-5S14, itself and its crude
extract and chitosan each induced the activities of POX and PAL in the infected flavedo tissues of
mandarin fruit. They also co-enhanced the protection of fruit from the green mold pathogen P.
digitatum.

Suggested Reviewers: Wojciech ] Janisiewicz Ph.D.

Research Plant Pathologist, Biological Approaches for Managing Diseases of Temperate Fruit Crops
CRIS Work U, USDA-ARS Appalachian Fruit Research Station

wojciech.janisiewicz@ars.usda.gov

His research interest and expertise in postharvest biology.

Joseph L Smilanick Ph.D.

Plant Pathologist, San Joaquin Valley Agricultural Sciences Center, USDA ARS 9611 South Riverbend
AvenueParlier, California 93648-9757

joe.smilanick@ars.usda.gov



He has conducted a research on the biology and control of postharvest plant pathogens of citrus fruit,
and has a deep understanding of many technical aspects of the production and handling of many tree
crops.

Alejandro Pérez-Garcia Ph.D.

Professor, Departamento de Microbiologia, Facultad de Ciencias, Universidad de Malaga, Campus
Universitario de Teatinos s/n, E-29071 Malaga, Spain

aperez@uma.es

His reserach has been emphasized on the Iturin-like Lipopeptides in the biological control of Bacillus
subtilis Against bacterial Diseases of Cucurbits.

Xiao Dong Zheng Ph.D.

Professor, Department of Food Science and Nutrition, Zhejiang University, Hangzhou 310029,
People's Republic of China

xdzheng@zju.edu.cn

His group has been working on the synergistic effect of chitosan and Cryptococcus laurentii on
inhibition of Penicillium expansum infections.

Shiping Tian Ph.D.

Professor, Key Laboratory of Photosynthesis and Environmental Molecular Physiology, Institute of
Botany, Chinese Academy of Sciences, Nanxincun 20, Xiangshan, Beijing 100093

tsp@ibcas.ac.cn

His group has conducted a research on the effects of chitosan and oligochitosan on growth of two
fungal pathogens

and physiological properties in pear fruit.

Opposed Reviewers:



Cover Letter

Department of Biochemistry,
Faculty of Science,
Prince of Songkla University
P.O. Box 3, Kho Hong
Hat Yai, Songkla 90112. Thailand
May 15, 2014

Dr. I.B. Ferguson

Hortresearch

120 Mt. Albert Road, Private Bag 92 169

Mt Albert, Auckland, New Zealand

Fax: +64 9 815 4202

E-mail; iferqguson@hortresearch.co.nz

Dear Editor,

Please find attached the manuscript entitled “Comparative roles of antagonism and
induced systemic resistance to control the growth of green mold on citrus fruit by Bacillus

subtilis ABS-S14 endospores, its cyclic lipopeptide antibiotics and chitosan”.

All authors in this paper agree to submit this work to Postharvest Biology and
Technology Journal and this work has not been published or submitted to another journal.
The novelty and significant contribution of the submitted work are briefly described and
the transfer of copyright from the author to the publisher would be made. Please let me

know if some alterations will be made before it will be accepted.

I am grateful for your kind attention and looking forward to hearing from you soon.

Yours sincerely,

Wichitra Leelasuphakul
Email: wichitra.l@psu.ac.th


mailto:iferguson@hortresearch.co.nz

*Highlights (for review)

Highlights

e Families of iturin A, fengycin and surfactin are the major CLP antibiotics present in crude
extracts of B. subtilis ABS-S14 culture medium.

e Fengycin and iturin A were responsible for the inhibitory activity of B. subtilis against P.
digitatum.

e Antibiosis is the dominant mechanism mediating the reduction of P. digitatum induced
fruit decay in mandarin fruits together with elicitation of induced systemic resistance, as
detected via increases of POX and PAL activity, after treatment by the antagonistic

bacteria, its crude antibiotics and chitosan.



*Manuscript

Click here to view linked References

10

11

12

13

14

15

16

17

18

19

20

21

Comparative roles of antagonism and induced systemic resistance to control the

growth of green mold on citrus fruit by Bacillus subtilis ABS-S14 endospores, its

cyclic lipopeptide antibiotics and chitosan

Waewruedee Waewthongrak ?, Supachai Pisuchpen ® and Wichitra Leelasuphakul **

% Department of Biochemistry, Faculty of Science, Prince of Songkla University, Hat Yai,

Songkhla, Thailand, 90112

® Department of Material Product Technology, Faculty of Agro-Industry, Prince of

Songkla University, Hat Yai, Songkhla, Thailand, 90112

Corresponding Author

Name: Wichitra Leelasuphakul

Postal address: Department of Biochemistry, Faculty of Science, Prince of Songkla

University, Hat Yai, Songkhla, Thailand, 90112

Tel: +66 74 288284; Fax +66 74-446656

E-mail address: wichitra.l@psu.ac.th

Highlights

e Families of iturin A, fengycin and surfactin are the major CLP antibiotics present in
crude extracts of B. subtilis ABS-S14 culture medium.

e Fengycin and iturin A were responsible for the inhibitory activity of B. subtilis
against P. digitatum.

e Antibiosis is the dominant mechanism mediating the reduction of P. digitatum

induced fruit decay in mandarin fruits together with elicitation of induced systemic


http://ees.elsevier.com/postec/viewRCResults.aspx?pdf=1&docID=5597&rev=0&fileID=153003&msid={0B9D4B75-B2A0-451D-B7E4-0FAA2D682E48}

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

resistance, as detected via increases of POX and PAL activity, after treatment by the

antagonistic bacteria, its crude antibiotics and chitosan.

Abstract

The suppression of green mold disease caused by P. digitatum, in mandarin fruit by the
antagonistic action of B. subtilis ABS-S14, a crude extract from its culture medium,
cyclic lipopeptide antibiotics (CLPs) and chitosan were tested together with their abilities
to elicit the accumulations of the plant defense related enzymes, Peroxidase (POX) and
L-phenylalanine ammonia-lyase (PAL). Both B. subtilis ABS-S14 endospores and a
crude extract from its growth medium showed strong antagonistic activities against P.
digitatum. The HPLC profiles of the crude extract indicated that the antifungal
compounds produced by this strain of B. subtilis consisted of three clusters of the iturin
A, fengycin and surfactin families of CLPs. The in vitro and in vivo inhibitory effects of
the partially purified iturins and fengycins on the retardation of the growth of P.
digitatum were demonstrated, whereas the surfactins had no direct effect. Efficacy tests,
using bacterial endospores, the crude extract and chitosan showed significant reduction of
fruit decay compared to those found in the presence of individual CLPs, and it was
clearly demonstrated that the B. subtilis ABS-S14, itself and its crude extract and
chitosan each induced the activities of POX and PAL in the infected flavedo tissues of
mandarin fruit. They also co-enhanced the protection of fruit from the green mold

pathogen P. digitatum.
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1. Introduction

The use of biocontrol agents classified as GRAS (Generally Regarded as Safe) can
include antagonistic organisms like B. subtilis, their metabolites and chitosan to control
postharvest decay of citrus fruits caused by green and blue molds (P. digitatum and P.
expansum), respectively has been extensively studied (reviewed in Palou et al., 2008).
Numerous strains of B. subtilis have been grouped with the plant growth promoting
rhizobacteria each of which can increase the growth of host plants and also elicit plant
defense mechanisms (Haas and Défago, 2005). Some B. subtilis strains that can inhibit
fungal pathogens (antagonists) and/or elicit defense responses (elicitors) in plant tissues
have been considered to be promising biocontrol agents for postharvest diseases of fruits
and vegetables. The in vitro and in vivo inhibitory effects of B. subtilis against different
types of pathogenic fungi in fruits have been demonstrated for P. digitatum
(Leelasuphakul et al., 2008), Gaeumannomyces graminis var. tritici (Ggt) (Liu et al.,
2009), Fusarium verticillioides (Cavaglieri et al., 2005), Botrytis cinerea, Monilinia laxa
and M. fructicola (Yanez-Mendizéabal et al., 2011). It is also well known that the
efficiency of B. subtilis to control pathogenic microorganisms in plants results from their
abilities to produce several kinds of extracellular enzymes, e.g. B-1,3-glucanase
(Leelasuphakul et al., 2006), cyclic lipopeptide antibiotics (CLPs) (reviewed in Ongena

and Jacques, 2008) and volatile organic compounds (Chaurasia et al., 2005, Arrobela et
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al.,, 2010). Many of these compounds are commonly reported to have powerful
antimicrobial activity and/or act as signaling molecules to induce plant immune systems
that include several kinds of defense related enzymes (reviewed in Raaijmakers et al.,
2010). An alternative method to control postharvest disease is to use chitosan, a
derivative of chitin which is one of the most abundant biopolymer sources in nature.
Chitosan when applied to fruits or vegetables has been shown to have antimicrobial
activity and can also activate the induced systemic resistance (ISR) phenomenon in
various plants including citrus (Chien et al., 2006, reviewed in Zhang et al., 2011).

Plant defense related enzymes associated with ISR include peroxidase (POX) and L-
phenylalanine ammonia-lyase (PAL) both of which are involved in the production of key
components of plant disease resistance mechanism such as secondary metabolites of the
phenylpropanoid metabolic pathways including lignin, suberin and phytoalexins. All of
them play important roles in the defense mechanisms of plants during pathogen infections
(Arfuaoi et al., 2007). Changes in POX activity are generally used as markers for ISR and
it has been identified as a pathogenesis-related (PR) protein after pathogen infection or
induction by an elicitor (Reuveni et al., 1990, Xue et al., 1998). Thus, prior to developing
an antagonistic B. subtilis as an efficient biocontrol agent against postharvest green mold
disease of mandarin using chitosan as a wettable coating agent, the following objectives
of the present study were 1) to monitor the in vitro and in vivo inhibitory effects of B.
subtilis, its crude extract, and CLPs against green mold disease and 2) to compare this

with the ability of chitosan to suppress green mold disease caused by P. digitatum, and 3)
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to monitor the elicitation of the accumulations of POX and PAL activities in wounded

flavedo tissues of mandarin after challenge with P. digitatum.

2. Materials and Methods

2.1. Microorganisms

Antagonistic B. subtilis ABS-S14 used in this investigation was isolated from soil
collected from citrus groves around the south of Thailand and its antifungal activity was
screened on potato dextrose agar (PDA) plates (Sangwanich et al., 2013). B. subtilis was
streaked on nutrient agar plate and incubated at 37°C for 18 h before starting
experiments.

P. digitatum was isolated from decayed mandarin fruit and identified. It was
maintained on PDA plates with periodic transfers through mandarin fruit to maintain its
pathogenicity (Leelasuphakul et al., 2008). Prior to conducting the experiment the fungus
was transferred to infect sterilized mandarin fruit to maintain its aggressiveness as a
pathogen and reisolated. A suspension of P. digitatum conidial was prepared from a 7
day-old culture. The spore concentration was determined with a hemocytometer using a
compound light microscope (40X), and adjusted to 10* spores mL™ by dilution with

sterile distilled water.

2.2. In vitro assay of antagonistic activity of B. subtilis endospores and its cell-free

culture supernatant
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The ability of B. subtilis endospores and its sterilized cell-free culture supernatant to
inhibit the growth of P. digitatum was explored using the dual-culture and agar well
diffusion assays (Perez et al., 1990), respectively. The B. subtilis cells were harvested
from overnight bacterial cultures in Luria-Bertani broth (LB) by centrifugation at 8,000
rpm, and were streaked approximately 1 cm away from the growing edge of 2 day-old
fungal colony. Cell-free supernatant was collected by centrifugation of a 3 day-old
bacterial culture in LB, and sterilized by autoclaving at 121°C for 15 min. Two cavities
(0.5 cm diameter) were made at approximately 1 cm away from the edge of a 2 day-old
fungal colony. Aliquots of 45 pL of sterilized supernatant were added to the cavities, and
further incubated at 25°C. The percentage of mycelial growth inhibition was calculated

using the formula of Gamliel et al. (1989) after being incubated at 25°C for 5 days.

2.3. HPLC analysis of B. subtilis crude extract and CLP isolation

B. subtilis crude extract was prepared from a 3 day-shaken LB culture at 35°C. The
cell-free culture supernatant was collected and a crude extract was conducted following
Leelasuphakul et al. (2006). CLPs present in the crude extract were first separated using
preparative thin-layer chromatography (PTLC; Silica gel 60 Fz54 1 mm thickness, 20x20
cm, Merck, Germany) with the mobile phase of chloroform-methanol-water (v/v,
65:25:4). One mL of crude extract (30 mg mL™) was spotted onto the PTLC plate. The
CLPs bands were visualized by exposure to UV light and subsequently sprayed with
water. The Ry values of the compounds were compared to those of the pure lipopeptides,

surfactin, and iturin A obtained from B. subtilis (Sigma). Each 1 cm wide horizontal band
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was removed from the TLC plate, and the compounds were extracted from silica gel
twice with five times 80% ethanol. The combined extracts were dried at 65°C, weighed
and re-dissolved in 80% ethanol. The CLP antibiotics obtained from B. subtilis crude
extract were separated and identified by reverse phase high performance liquid
chromatography (RP-HPLC) on a Chromolith® 100 RP-18e column (dimensions 4.6x100
mm, particle size 5 um, Merck, Germany) using an Agilent 1200 HPLC system (Agilent,
California, USA) consisting of quaternary pumps and photodiode array detector. The
mobile phase consisted of 0.1% trifluoroacetic acid in MiliQ water and acetonitrile. The
gradient elution solvent system was programmed as follows: 35% acetonitrile at O min to
80% acetonitrile at 60 min at a flow rate of 1.0 mL min™. The peaks in the effluent were

detected at 210 nm.

2.4. In vitro antifungal activity of B. subtilis crude extract and CLPs

The antifungal activity of the B. subtilis crude extract and CLPs was tested using a
disc diffusion assay (Leelasuphakul et al., 2008). The 20 uL of the test antibiotics (1 and
5 mg mL™) was dropped onto paper disc (0.6 cm diameter), and placed approximately 1
cm away from the edge of a 2 day-old fungal colony growing on a PDA plate, and further

incubated at 25°C for 5 days.

2.5. Inhibitory effect of chitosan on growth of P. digitatum

2.5.1. In vitro test
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The 2 g of chitosan (95% deacetylated, Food grade) was dissolved in 2% glacial
acetic acid, adjusted to pH 5.6 with 2 M NaOH, and sterilized by autoclaving at 121°C
for 15 min. Chitosan solutions (0, 0.1, 0.5, 1, 5 mg mL™) were mixed with the pre-
warmed PDA, and the mixtures were poured into the Petri dishes. Actively growing
mycelia plugs (0.1 cm diameter) were placed onto the center of each PDA plate

supplemented with chitosan and incubated at 25°C for 5 days.

2.5.2 In vivo test

Shogun mandarin oranges (Citrus reticulate Blanco cv. Shogun) of uniform maturity,
and size were selected, and washed with tap water, then immersed in 1% sodium
hypochlorite for 5 min, and finally rinsed with sterile distilled water. After air drying at
room temperature, the surfaces were cleaned with 70% ethanol, and then a 0.5 cm circle
of five wounds (3 mm depth) were made on the fruit equator by puncturing with a sterile
needle. Chitosan solutions of 1, 5 and 10 mg mL™ in sterile distilled water were prepared.
The fruits were coated by swirling in 1 mL solution of chitosan, and air-dried at room
temperature for 2 h prior to adding aliquots (20 pL) of P. digitatum conidial suspension
(10* spores mL™) onto the wound. The individual treatments were placed and sealed in a
plastic box containing a cup of water to maintain a high humidity and all boxes were
incubated at 25°C. The fruit was checked for disease incidence on the visible signs of a
lesion with a diameter >0.5 cm at the inoculation point. The percent decay was calculated
by summing the number of fruits with an average lesion of >5.0 cm diameter

woundx100/total number of inoculated wounded fruit (Leelasuphakul et al., 2008). There
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were three replicate trials of 5 fruits per treatment with complete randomization. All the

fruit experiments were performed twice.

2.6. Efficacy test for B. subtilis, its crude extract, purified CLPs and chitosan as

biocontrol agents against P. digitatum

Based on the in vitro antifungal activity, B. subtilis endospores, crude extract and
purified CLPs, and chitosan were further investigated with regard to their efficiencies to
control the growth of P. digitatum on mandarin fruit. The endospore suspension of B.
subtilis was prepared from a 3 day-old bacterial culture, and the vegetative cells were
heat-killed by incubation at 80°C for 30 min. The endospores were harvested by
centrifugation at 8,000 rpm for 30 min and washed 3 times with sterile distilled water.
The endospore suspension of B. subtilis was adjusted to 10> CFU mL™ by comparing
with the absorbance of a McFarland No 0.5 filter.

Efficacy tests were conducted as previously described. The 20 pL aliquots of the
solution was dropped into the artificial wound and allowed to dry for 2 h prior to adding
20 L of the P. digitatum conidial suspension. The first experiment set (T1-T4) was the
co-application of P. digitatum with B. subtilis endospores (T2), crude extract (10 mg mL"
Y (T2), fruits were coated with chitosan (10 mg mL™) (T3), and Imazalil, (500 ppm)
(T4). Sterilized water was used as a healthy control (T5), and only P. digitatum was
applied as a pathogen inoculated control (T6). The second experiment for the efficacy test
for the B. subtilis CLPs on P. digitatum co-inoculated fruits including addition of: 1 mg

mL™? of iturin A, fengycin, and surfactin solutions onto the wound followed by the
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addition of P. digitatum conidial suspension. Healthy and pathogen inoculated control
treatments were included. Disease incidence and percent decay were measured as

previously described.

2.7. Enzyme activity assay

Following treatments from the fruit efficacy assay, flavedo tissues obtained from
circle 1 cm away for the site of inoculation of the mandarin peel were collected at 0, 24,
48 and 72 h of incubation time. Acetone powders (AP) were prepared (Ballester et al.,
2006) from flavedo tissues. The 5 g of flavedo tissues were ground to a fine powder
under liquid nitrogen, and then transferred to 50 mL of cold acetone. The homogenate
were filtered though a Whatman No.1 filter paper using vacuum suction pump and the
sample residues were washed once with cold acetone. The resulting AP was air-dried at
room temperature overnight and kept at -20°C.

AP (50 mg) was extracted with 1.5 mL of the supernatant (100 mM phosphate buffer,
pH 6.0). The plant supernatant was collected by centrifugation at 12,000 rpm at 4 °C for
15 min. Protein concentration in the supernatant was determined according to Bradford
(1976). For the peroxidase assay, a mixture of 200 uL of supernatant, 1,774 uL of
extraction buffer and 6 uL of 20 mM guaiacol (Merck, Germany) were used as a blank
for the spectrophotometer prior to adding 20 uL of H,O, The absorbance at 470 nm was
recorded every 15 sec for 2 min. The maximum slope of the curve (AA470/ATime) was

used to calculate units of enzyme activity, which was expressed in Units mg protein™.
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PAL activity was determined by measuring the conversion rate of L-phenylalanine to
trans-cinnamic acid at 37°C. PAL protein was extracted from 50 mg of AP with 1.0 mL
of Tris-HCI buffer (100 mM, pH 8.5) containing 20 mM f-mercaptoethanol. The assay
mixture containing 20 pL of enzyme extract and 500 pL of 0.1 M L-phenylalanine
(Sigma-Aldrich®, Missouri, USA) in a total volume of 2 mL was incubated at 37°C. After
1 h of incubation, the enzyme reaction was stopped by adding 100 pL of 1 N HCI. The
absorbance of the reaction mixture was detected at 290 nm. PAL activities were
determined from a cinnamic acid standard curve (Silva et al., 2004). Units of enzyme

activity were expressed as nmole of trans- cinnamic acid h™ g AP™.

2.8. Statistics analytical
The statistical analysis of variance of percent infection data and differences among

treatments was carried out using Duncan's new multiple range test (P= 0.05).

3. Results and discussion

3.1. Antifungal activity of B. subtilis and its cell free culture supernatant on P. digitatum
Strong antagonistic activities were obtained by B. subtilis strain ABS-S14 and its cell-
free culture supernatants against the mycelial growth of P. digitatum. Growth of P.
digitatum on culture medium was reduced by 96.2 and 90.9 percent after exposure to B.
subtilis and cell-free culture supernatant, respectively. The growth of P. digitatum

mycelium was limited and it did not spread through the plate or grow across B. subtilis
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colonies or the wells containing the bacterial cell-free culture supernatants. The findings
of this study were consistent with those of various other strains of B. subtilis and their
cell free culture supernatants that showed strong antifungal properties and completely
inhibited growth of different types of plant pathogenic fungi including P. digitatum
(Palou et al., 2008, reviewed in Droby et al., 2009 ). One possible explanation for this
phenomenon is the ability of B. subtilis strain ABS-S14 to produce a broad spectrum of
cyclic lipopeptide antibiotics and release them into the culture medium as shown by a

number of other workers (Asaka and Shoda, 1996, Lee et al., 2012).

3.2. The antagonistic role of B. subtilis crude extract and CLP antibiotics in inhibiting P.

digitatum growth on agar plate

The antifungal activity of the antibiotic compounds produced from a B. subtilis crude
extract obtained from a cell-free supernatant during the lag phase growth of the bacteria
at 72 h were confirmed. Upon RP-HPLC, it was evident that there were three main
groups of peaks of the crude extract obtained from the B. subtilis ABS-S14 (displayed in
Fig. 1). This confirmed the existence of the CLP families; iturin A (A), fengycin (B) and
surfactin (C) at Retention time of 7.4 to 14.6 min, 23.2 to 39.1 min and 45.4 to 51.5 min,
respectively. This finding of the RP-HPLC profile of CLPs corresponded to those derived
from the methanolic extract of B. subtilis strains UMAF6614 and UMAF6639 (Romero
et al., 2007a) and a butanolic extract from B. subtilis strains PCL1608 and PCL1612
(Cazorla et al., 2007). In addition, the high effectiveness of the crude extract from B.

subtilis strain ABS-S14 at 5 and 10 mg mL™ to suppress P. digitatum growth with
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inhibitions of 81.6% and 94.1%, respectively was demonstrated (Fig. 2). Furthermore,
both the hyphae and the conidia of P. digitatum exhibited abnormal structures during the
development of myecelia, including mycelium swelling and conidial germination after
exposure to the crude extract, while only normal structures of the mycelia, hyphae and
conidia were observed in the control treatment (data not shown). It has been reported that
the swelling and morphological damage of conidia was detected in the presence of
antibiotics such as iturin, fengycin and surfactin (Romero et al., 2007b, Ruangwong et al.,
2012). The strong antagonistic effect of the purified CLP was considered to be associated
with iturin A and fengycin. This work has shown that P. digitatum, a green mold was
most sensitive to the iturin A and fengycin from B. subtilis ABS-S14 at 1 mg mL™ 91.8
and 72.6 % fungal inhibition, respectively. In contrast, surfactin had no inhibitory effect
on the growth of P. digitatum. The presence of a major protective role for fengycin and
iturin A purified from B. subtilis ABS-S14 as demonstrated in this study confirmed the
results from previous work (Hu et al., 2007), whereas surfactin purified from B. subtilis
ABS-S14 showed no inhibitory effect against P. digitatum. This was a similar result to
the work reviewed by Ongena and Jacques (2008) although they reported that surfactin
did inhibit Rhizoctonia solani (Asaka and Makoto 1996). Hence, the antifungal activity of
the crude extract was attributed to the iturin A and fengycin families. The strong evidence
from observations with a light microscope indicated that fengycin and iturin A acted on
cell membranes as exhibited by the formation of pores in the fungal mycelia and their
disrupted walls. Fengycin action may be based on the transition state as proposed by

Deleu et al. (2008). Meanwhile, iturin A produced by B. subtilis ABS-S14 did pass


http://dict.longdo.com/search/on%20the%20other%20hand

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

through the fungal cell wall and induced the formation of ion conducting pores as

reviewed by Ongena and Jacques (2008).

3.3. Invivo and in vitro inhibitory effects of chitosan on the growth of P. digitatum

A concentration dependent inhibition of the mycelial growth of P. digitatum by
chitosan was demonstrated. The chitosan 1 and 5 mg mL™ gave 100% fungal inhibition.
An approximately 96% and 31% fungal inhibition were demonstrated in plate containing
0.5 and 0.1 mg mL™ chitosan, respectively (Fig. 3). The diameter of the fungal colony of
the control plate was 20.5 mm, while its size was reduced to 4.8 mm with 0.5 mg mL™
chitosan, and 16.8 mm with 0.1 mg mL™ chitosan. P. digitatum did not grow at all on the
plate supplemented with either chitosan at 1.0 or 5.0 mg mL™ Such a result was
consistent with the observation of Rappussi et al. (2009), who found that 1% chitosan
completely inhibited the growth of Guignardia citricarpa in vitro. The strong evidence
provided in this experiment confirmed that chitosan can exert a strong inhibitory effect
on fungal growth by damaging the plasma membranes of the mycelia and spores (Liu et
al., 2007). This effect may be related to chitosan having polycationic charges that
enabling it to interact with negative charges in the fungal cell wall that cause a leakage of
cell components and subsequently lead to cell death (Bautista-Banos et al., 2006, Gracia-
Rincon et al., 2010). Further investigation of the development of disease in chitosan
coated mandarin fruits with respect to retardation of fungal growth on the inoculated
fruits revealed a significant reduction of decay after treatment with chitosan. However,

protection was not as complete as seen with fruits treated with imazalil. The symptoms of
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green mold infection that appeared on the fruits treated with P. digitatum alone gradually
increased and showed 80% decay at day 6. An almost equal disease incidence (26%) and
percent decay (26 and 20%) was achieved in the treatments with coatings of 5 and 10 mg
mL™ chitosan, respectively. Meanwhile, disease symptoms were still detected on 46%
fruits coated with chitosan at lower concentration (1 mg mL™). This result indicated that
an effective inhibitory concentration of chitosan was 5-10 mg mL™ for a fruit coating that
would control green mold decay of postharvest mandarin fruit. However, a lower
concentration of chitosan such as 1 mg mL™ showed complete inhibition only on the in
vitro antifungal activity. The present findings seem to be consistent with other research
where 1% (w/v) chitosan was shown to control postharvest disease in many kinds of
crops, including Botrytis cinerea in table grapes (Romanazzi et al., 2002) and Monilinia
fructicola in peaches (Casals et al., 2012). The antifungal activity of chitosan on
mandarin fruit may be attributed to a layer of chitosan forming a surface film in this
experiment, since it was reported that a 3 M thick layer of chitosan was used in apple to
act as a barrier between the crop surface and the pathogen, and subsequently decreased

the chance for the pathogen to penetrate (Du et al., 1998; Romanazzi et al., 2002).

3.4. Effect of B. subtilis and its crude extract on fruit decay compared to that by chitosan

An in vivo antifungal assay was performed to compare the abilities of B. subtilis
endospores, crude extracts, chitosan and a chemical fungicide (Imazalil 500 ppm) to
reduce the symptoms and development of green mold disease in fruits inoculated with P.

digitatum. One week following application the B. subtilis endospores (108 CFU mL™) and



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

its crude extract (10 mg mL™) showed equal effectiveness in controlling disease by
approximately 70%. As shown in Fig. 4, the disease incidence and percent decay in the
chitosan (10 mg mL™) treatment was similar to that of the bacterial endospores. There
was no disease incidence or decay found in healthy control and infected fruit treated with
imazalil. Also the antifungal effects of the CLPs produced by the B. subtilis were
confirmed by this in vivo experiment. When fengycin and iturin A were applied
separately to the P. digitatum inoculated fruit with, the reduction in decay of the
mandarin fruits was 60 to 65% on day 5. On day 6, decay was detected in the fruits
treated with the B. subtilis endospores or crude extract. These experiments provided
additional evidence for the key roles of the two CLPs purified from the B. subtilis crude
extract as did previous previous findings that the antagonistic activity of B. subtilis and B.
amyloliquefaciens toward the fungal pathogens was associated with both the iturins and
fengycins (Romero et al., 2007b, Liu et al., 2011). It was also shown that on day 4, the
fungal inoculated mandarin fruit treated with surfactin developed decay symptoms as
quickly as those found in the P. digitatum inoculated mandarin fruits. Hence the
endospores from the antagonistic B. subtilis ABS-S14, and its crude extract were highly
effective in suppressing P. digitatum growth not only on the normal growth medium, but
also their ability to suppress disease symptoms in the inoculated fruit. The results
presented here indicate the potential to use B. subtilis endospores, crude extract and
chitosan for the biocontrol of postharvest disease caused by P. digitatum on mandarin

fruit.
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3.5 Induced defense-related enzyme activity

To assess if the development of resistance was associated with the induction of the
disease resistance enzymes, PAL and POX enzyme assays were carried out after infection
by the pathogen. The roles of PAL and POX proteins in plant tissues associated with
disease resistance were verified in this experiment. Treatments of mandarin fruits with B.
subtilis ABS-S14, its crude extract and chitosan to enhance regulation of antifungal
compound production such as phenolic metabolic products (lignin), and phytoalexins
during infections by pathogens as previously mentioned (Cai et al., 2008) were carried
on. It was a surprise to find that the crude extract obtained from B. subtilis ABS-14 had
the most potent inducing effect on these key enzymes (POX and PAL) that are associated
with the ISR in flavedo tissues of mandarin after attack by P. digitatum (Fig. 5). It was
also of interest that the observed changes in the activities of the two enzymes with
different inducers were different. Among the various treatments not only was the highest
activity of PAL found in fruits treated with crude extract, but the increase began within
48 h and reached its highest level (261.6 mmole h™g AP™) at 72 h. The greatest increase
in the POX activity was also observed (389.9 Units mg protein™) at 72 h after treatment
with the crude extract. It was also remarkable that, the POX activity detected in the
flavedo tissues induced by the crude extract of B. subtilis was about 8.6 and 4.7 fold
higher than occurred in the treatments with its endospores and chitosan, respectively.
This was 9.1 fold higher than that found in the sterile water control treatment at 72 h.
Only a slight increase of POX activity was found in mandarin fruit treated with P.

digitatum alone after 48 h. Apart from the interesting finding on the enzyme induction by
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the bacterial crude extract alone, POX activity increased markedly starting from 48 h in
the fruits treated with the bacterial endospores and chitosan, then showed a rapid decline
of enzyme activity at 72 h. POX activity in fruits treated with chitosan also reached a
maximum at 48 h. PAL induction with chitosan was maximum at 48 h, then declined.
Only a reasonable induction of PAL activity was observed in treatments with B. subtilis
endospores, its crude extract and pathogen alone. The elicitation of PAL and POX
activities in flavedo tissues by the antagonist B. subtilis ABS-14 and its metabolites
obtained from this study was in agreement with several other studies. It has been shown
that the activities of the defense related enzymes are enhanced in plants upon treatment
with B. subtilis in a similar way to the POX and PAL in cucumber plants (Chen et al.,
2010), hot pepper (Nakkeeran et al., 2006) rice (Jayaraj et al., 2005), and in tomato
(Recently, Li et al., 2008). Nevertheless, results from this study have indicated that
infection of P. digitatum was able to induce activity of POX and PAL in agreement with
the report of Ballester et al. (2006). However, we have demonstrated that there was a
higher activity of the POX and PAL in pathogen infected mandarin flavedo tissues
induced by B. subtilis and its active antifungal product and this may be attributed to it
being more resistant to P. digitatum development. Several studies have indicated that B.
subtilis can act as an elicitor to trigger plant defense mechanism. It has been shown that
induction of ISR by B. cereus in pigeon pea, produced defense related enzymes such as
PAL, POX and polyphenol oxidase (Dutta et al., 2008).

In addition to its antifungal activity, chitosan is involved in activating the ISR immune

system in plants as we have now shown that it can increase the activity of defense related
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enzymes PAL and POX in flavedo tissues and also protect against P. digitatum
infections, (Fig. 5). This finding is consistent with other research work i.e., a significant
increase of PAL activity in table grapes was shown when treated with 1% chitosan
(Romanazzi et al., 2002). Induction of POX activity in flavedo tissues by chitosan could
help to control P. digitatum infections (Meng et al., 2010). Rappussi et al. (2009) have
also demonstrated that CHI, GLU, POX and PPO activity was induced by chitosan in
“Valencia” oranges that resulted in an increase of resistance against Guignardia
citricarpa. The ability of both B. subtilis ABS-14 its antibiotics and chitosan to inhibit
fungal growth and disease caused by P. digitatum indicates that both could be developed
as agents to protect mandarins from postharvest green mold disease in a similar way to
the use of Cryptococcus laurentii and chitosan to efficiently inhibit P. expansum in apple

fruits (Yu et al., 2007).

4. Conclusions

Results of this study have indicated that not only did B. subtilis strain ABS-S14 and
its antibiotics exhibit a strong antagonistic property to P. digitatum growth, but chitosan
also greatly inhibited the growth of P. digitatum both in vitro and in vivo. Microscopic
examination of the morphology of treated fungi showed that the bacterial crude extract
caused severe damage to the cell walls of the mycelia and conidia. The efficiency of B.
subtilis ABS-S14, and its crude extract produced a reasonable disease reduction and
enhanced mandarin POX and PAL enzyme levels in response to pathogen attack have

been intensively discussed. The antagonistic ability of bacteria B. subtilis ABS-S14 to
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prevent fruit decay definitely related to its ability to produce CLPs and stimulating
defense mechanism in mandarin fruit. Finally, the results from this study have confirmed
that B. subtilis ABS-S14, its CLPs and chitosan can control green mold fruit decay of
mandarin fruit. Further investigation on in vivo antibiotic synthesis of B. subtilis ABS-
S14 after application on the pathogen inoculated fruit and the environmental conditions
for the antagonist microorganism to produce antibiotic CLPs and act as an elicitor of
defense related gene expression would offer further insights into the molecular events of

elicitation of plant disease resistance against pathogen attack.
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Figure caption

Fig. 1. HPLC chromatograms of crude extract obtained from cell-free supernatants
of B. subtilis ABS-S14. The 20 ug of crude extract was injected to a LiChrospher® 100
RP-18e column. The elution was carried out with a stepwise gradient from 35%-90% of
acetonitrile and 0.1% TFA at a flow rate of 1.0 ml min™ and peaks were monitored at 210
nm. The type of CLP detected were identified based on their retention times (RT) and

corresponding peak areas comparing with commercial standards (Sigma-Aldrich).

Fig. 2. Effect of a crude extract from B. subtilis on the growth of P. digitatum after 5
days incubation at 25°C. A: 80% ethanol only; B: Aliquot of 10 mg/mL bacterial crude

extract from a 3 day old cell free supernatant from B. subtilis ABS-S14.

Fig. 3. Effect of chitosan at various concentrations on growth of P. digitatum in vitro.

In each treatment, vertical bars represent standard error from mean of three replications.
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Fig. 4. Effect of B. subtilis ABS-S14 and its crude extract on controlling green mold
rot disease. Disease incidence (A) and percent decay (B) in mandarin fruit were

determined every day after incubated at 25°C at 95% RH for 7 day.

Fig. 5. Induction of defense related enzymes in mandarin flavedo obtained from
various treatments. POX (A) and PAL (B) activity in mandarin flavedo tissue at 0 to 72
h after inoculation with P. digitatum. In each treatment, vertical bars are the mean values

of three replications, vertical lines within bar = standard error
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