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These authors contributed Volatiles exist ubiquitously in nature. Volatile compounds produced by plants and microorganisms confer

equally to this work. ¢ inter-kingdom and intra-kingdom communications. Autoinducer signaling molecules from contact-based
© chemical communication, such as bacterial quorum sensing, are relayed through short distances. By contrast,
biogenic volatiles derived from plant-microbe interactions generate long-distance (>20 cm) alarm signals for
sensing harmful microorganisms. In this review, we discuss prior work on volatile compound-mediated diag-
nosis of plant diseases, and the use of volatile packaging and dispensing approaches for the biological control
of fungi, bacteria, and viruses. In this regard, recent developments on technologies to analyze and detect mi-
crobial volatile compounds are introduced. Furthermore, we survey the chemical encapsulation, slow-release,
and bio-nano techniques for volatile formulation and delivery that are expected to overcome limitations in
the application of biogenic volatiles to modern agriculture. Collectively, technological advances in volatile
compound detection, packaging, and delivery provide great potential for the implementation of ecologically-
sound plant disease management strategies. We hope that this review will help farmers and young scientists
understand the nature of microbial volatile compounds, and shift paradigms on disease diagnosis and man-
agement to aromatic (volatile-based) agriculture.
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Ape) A3 v Azlel] gl T2 Aol ABA MBS 23] F2o] thulshy] iste] F9lel Qi 2 Folut o2
IREE 4= Qle Aotk dRkF o2 Fr|So 2 HAEAIE & FO AESo0A B A1 Z (waming signal)}& U, 5 A3kE
o|31A| F B2 AA o] obx] EA317|= gthBoland, 4 A EH(protease inhibitor) 5 12| AYAFSHA THETE &
1995). A& =01, Aol 17 Daql ¢fyote} 272 Da)l 71 Fof| Q34 AEo] Aibst= sidEds L5 rad=se

2HY tolg =2l 375 e SAAIN o= &3y
= S4S 7L Atk EOE A7, 279 H2Eo R 4
A 7tz 2Y 2GS =0l it &afi e FAN E500x
EAgttHBoland, 1995). o3t A EH Y] 315Hd 2=
chasith g Sol Ale] HUBAL dag, A2 uds,
Ysied, WS SR, Foluh Ak g SR BRE
t}(Schulz2} Dickschat, 2007). Al4-& 12} HjAHE E, &g, 3
AL A EAL 5= F5He] ol e B8-S A eTHSchulz
9} Dickschat, 2007). Alsto]€lof| = 2t SE/dEdof izt &
T vl wol ZggE]o] Q= ¥ LA archaea)z HAY
A= (protest)o]] gt A= Tt)A| H3P=| 2L cHWeisskopf
S, 2021). o] = = AN RS F= VA A=ntED
1) 2= B AH(gas chromatography-mass spectrometry,
GC-MS) 2. 2 Rls =tk (Farag 5, 2017).

WA A rERAY S B Qo= g AE
T SE T2 oAl A Y] S it A= ¥
R o]AEE ZPE|)cHKishimoto 5, 2005; Miekisch 5, 2004;
Sholberg®} Randall, 2007). £35], 21719] 3= st A
T 4 g0l thet A7k WE A 0 2 AEgick chop
4 2708 oA BE WA 584 o] QXS = 4]
3 2 AYE=A] 97} & =o] QJchMaBberge} Hatt, 2018). 5
EolA2 A EAY 78A % o5 QAR 59 Bh-g-of Tt
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(Elmassry$} Piechulla, 2020; Miekisch 5, 2004). 3}A]9t & 25
oAb B-50] it U BT 5 E-n| 4 ETe) A5t go]
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off thgt A7 X7 AEE g A7t SA =] itk
A2 A= FHEAEEE SAAR U= (green leaf
volatile)o]] 2]t 7HgHIo(indirect defense) 7| Zo| @Wo] H 11E]
T (Heil, 2014; Scala 5, 2013; Ul Hassan 5, 2015). Al &-& F£&2
A< 7HlshE 250 340 QsfiA g 6719 =TS
AYArgtet o] & Foto] M-S ErEole =243 (cry-for-help
signal) & HUjA ZF o 2HE A4S BB FAl, %

=
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< Aol =H, HIPVE T3] 22359 340 gt HolgA]
of| =gte]o] QIA] g¥ar, A=l theh HaL Al e = A-gsthe] 4
E9] A =38 4= thKishimoto 5, 2005; Sholberg
2} Randall, 2005, 2007). o]} tju|lo] FLoll= Al ET} AFs
2h-&5h= Alat, Zlat, violg]2of SJsiA AHEA AlEollA Tt
SolAl= FIEEES T nERANETTAEEE
(microbe-induced plant volatiles, MIPV)o|2}aL Stch(Sharifi 5,
2018). o] gt =22 ol -850 AE8S AdsiA
U HASHE o] ARESE o= Utk whEbA 200010]] S0 2T A 9
EAS o83 71t 729 7He /el tiet &+
7h 3 E AL ek 7 E oA PEEES Tl 285tk
22V S 5 (@78 R) HEARF7 sl ol&st=
e F7Ied e = ggste= 23 Aottt
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d7IsEe HAt

AP EES AEol A=ste] A= WS WS A
200393} 200449 Ryu 50| Al E AE R Ao (plant growth-
promoting rhizobacteria, PGPR)o] AJAFsH 3| ERlof 9]
ot AR T WA = (induced systemic resistance)
£ H 33k o] FZo|thRyu 5, 2003, 2004). o] AZof|A] ¥
TE=EY a5 &9 AAs] fJsto] - Z2olEE 2
22 ZYSHRT I-EE 0| E= 7Y ol s = RES
E Uro] gHEofl= PGPRE FF5taL thE &= 2 4
=2 W71 FAE BESE W, 345 F A=Y AR
of ) o] AFro] AFH| FdE= A TSI Ryu
5+ 2003). o] % PGPRo| AJ4tst= A =4ES GCMSE &
Asto] 2F AARJIAR 2,3-FEt]&(2,3-butanediol)Z 574
skQict o] 2N A2 Aloj = vt A £3 anpt B
ek Alete] 2,3-Fets ik F=o) a4 fARE =4
Holslo] YA BARS 1A X5 Aol 9 F¢-
AEEZ] a7 AbRR= A TESHATHRyu 5, 2003). ©]
ojX AtollA] FLS A AT 2,3- Rt &5 Z2g
of 71t o] 4% FEHS Yo 7|= Alet<l Pectobacterium
carotovorum subsp. carotovorumol] gt A1 &-2] A3t go] &
7¥sto] AEHEGo] FE= AS FEEHUAGRyu 5,
2004). o5 A7|2 @2 Aol o2 Al S Kol 9
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(microbial volatile organic compounds, mVOCs) DBE- A&t
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FAAY Aol et 371 A7 agt Aol
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29l 3y UL AR theba Aol AAste 3
AEEY A 7 e T2 Y & Qo] Al =2
(bacterial volatile compound, BVC)#}al Y EtHAudrain 5,
2015). = BRI 2 745 A2 G F B Aol A u]gEo] 3
el 02 Bl o] AT ofeld AL A%
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BAME sk, A7 L A7 5 HeE a0 ALy B
54 79 A2 A Aok HUEel 498 A2 Fi
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Ao] glom] MR AREuTA Fol Wishs 3-ame] A3
5 HAE AR F 2F dAA B 22L& 7171 dEA
o5} & 75430 St Prosen®} Zupancic-Kralj, 1999; Santos
} Galceran, 2003). 0|23t & S 53| 9J5to] w5 A7}
AYeFE Y B BAN o] aTEglck TAA RS
H(solid phase micro extraction, SPME)-2 - 2FA7) ZEE A
(fibenE Al =2A1A Y B82S F2ABIAL £4178H]9
A 2Bl Al FH e 2 EEt AR glo] 37150l e
3y 2L sk FHT 4 Uk o] UrkProsenst
Zupandci¢-Kralj, 1999). 2 GC-MSL} A g5} (SPME-GC-MS) 2]
3, 97, oA 5 ohdet EokollA -85 QltkDeng
5 2004; Havenga®} Rohwer, 2000; Miekisch &, 2004; Sholberg
<9} Randall, 2005). SPME-GC-MSH 9] A0 1171w 7% A3} g}
ol el st glo], o] BATo] Helgl AR 54
3y BUS DR U9 Belstel B4 o) fslt
SPME-GC-MS7} A}719] Ao B sl 7]7]7F 117}o]
I FAZE £ AX Fd@ el vz AE5h7|oll= $7H
RloFo] ZAfaHTh 1 o9 GCMS A28S S5k 2J5A
] Yse) et AEL $Xsl7) 93 A7 Bas)
whiolck o] & Fu3}] 915) Aksenov (201412 Frig GC
2} differential mobility spectrometry (DMS)E 2351t o]
WS o] &5te] ey Fof 1A= = A E= polymerase
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chain reaction 7]4ke] ZIthH 3} S A8t Atk A=2 3H0ls519]
thAksenov =, 2014). Contreras =(2008)-& Xi%’,é_]%kﬂ‘ﬁ(low
thermal mass GC)& ©]-&35}9] 13 kg ©|3}2] Sh& GCT
(toroidal ion trap mass analyzer)-MSE 7JEHgil o] & & H OF
o)zl A A Alo] 7Hssl At Contreras 5, 2008).
AF7HA] AFe GEMSE o] 83 A2 A 5 shte
7171 W A= HEE 7HA| AL Sl 2ol B 7t EA 6]
of stz @ e}l EAolgt= Holrt 1A X AU
2zt 221l 2hojH 2|7} AP It WA, SPMEL 527
S A& AFE=TF-E o3t 54 Al7]ol HA A5 &
A7ollA A4S AFshs F OA AR B2 o213t &
o] ATk AAZtze 2 Mstsh s S-S wdeiAl s a3t
th= Aotk Lindinge} Jordan (1998)2 3] &3 A|2&E Al
AlZHon-line) 2.2 B X35}17] Y3l proton-transfer-reaction mass
spectrometry (PTR-MS)E- 7331t} (Blake 5, 2009). PTR-MS
Q)0 = Beck 5(2015)-2 Fh-& GCTMSe|| 52 vl5 A|AE|(dy-
namic needle trap system)2 =¢J5}o] A& 3JEbd EXo] 2o}
ol IR HLE 7J A5 THBeck 5, 2015).
olefat 7145 e 7F B 27| otk ATAEL 4]
29 ATS ) LAZAE} 1T A2 B SPME-
GC-MSH, 7153 GCG-DMS £} GCGTMS, 18|17 L2)o] 4]
o] 7k-5%F PTR-MSH, QjollA] et B o]ejof| = 3y =

Hm |z r&
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power(identification of
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Quick response
Portable devices
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based VOC-
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Binding targe molecules

On-line detection

Analytical technologies for
volatile compound-based
diagnosis

Microbial volatile

A& AAH o2 = 2ukdF st HAlA (electronic nose, E-
nose) 7|4 52 o]83le] Wat 2| - A/7bh 0 2 3ty o}
7 3 =4S T8 ThFig. 1) (Cellini 5, 2021). o] th&
oA A E F3l A stAle

eI S BT 71U IS TITE ARl AN
SHe AMHBAL Fokol ABFS WAL PP 712

oo 2 ol 2io] Rlstol 75 0] Sick Sk
olefat Ago] 7153t AshHL UYE F Solal upol out
AFEHE) Fo| Aslolo} s}ul, A5 FALHEBA

o 4= Gl W GOMS7} B astek. ool Al Al

=
e THOE 37 AEA HddT EY AE Hede R

HF oA Weise 5(2012)

Sof| MlaAHFH ¥ (bacterial leaf spot)& 4oz
£ Xanthomonas campestris pv. vesicatoria®] 3|94 &
Z Ao A B A5} decan-2-one, undecan-2-on,
dodecan-2-ones ketoned} methylketone® 31328 3
ket 50017 S BAS AEIT, 1% 7 EFHO

2 YERE 10-methylundecan-2-one& &-213}tH Weise 5,

2012). 8] Yo A= 2 2AIE do7l= AR vljo]l SH

2 in vitro

3-Methylbutanal
cis-4-Decanal
B-lonone
a-Farnesene
MeSA

Etc.

Decan-2-one
Toluene
10-Methylundecan-2-one
2,3-Butanedione
2-Methyl-2-propanol
1-Hepten-3-ol

Etc.

Microbial-induced
plant volatiles
(From plant)

compounds
(From pathogen)

Fig. 1. Analytical technologies for volatile compound-based diagnosis. Solid phase microextraction (SPME) combined with gas chromatog-
raphy-mass spectrometry (GC-MS) contributes high analytical performance without pre-extraction processes. To apply volatile compound
detection outside the laboratory, potable detection methods, such as GC-differential mobility spectrometry (DMS), GC-toroidal ion trap
mass analyzer (TMS), proton-transfer-reaction mass spectrometry (PTR-MS), and electronic nose (E-nose), are needed. These methods pro-
vide rapid data acquisition. PTR-MS and E-nose techniques are more powerful through online-based analysis. The smartphone-based vola-
tile organic compound (VOC) sensing platform is a portable device that responds quickly to target molecules. These technologies allow the
diagnosis of plant diseases by microbial volatile compound and microbe-induced plant volatile detection.
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H(fire blight)& ¥.©7|+= Erwinia amylovora<= in vitro 271
o] A 2,3-butanedione, 3-methyl-1-butanol, 2,3-butanediol,
phenylethyl alcohol, 3-hydroxy-2-butanone, 2-methyl-1-pro-
panol& AAkst= Aol grg FchSpinelli 5, 2012). o] & E3
2 ol g3fe] TolA] EnoseS Fate] SAPRE Atatels
A= 5o e et

791Ut o] W Wi A4 7] %1 H(bacterial
canken) ] Q21421 Pseudomonas syringae pv. actinidiae] 73
2 in vitro 279 4 1-undeceneo] u}# LA EZE U5
FHCellini 5, 2016). Aol Mo do7]= F7HA] &2l
Mgl ZARS-H (brown rot)I} 122]4-2-H(ring rot)2 2}
Z} Ralstonia solanacearum} Clavibacter michiganensis©l 2]

3f| GtEIch Blasioli 5-(2014)-2 R. solanacearum©] 23 9% 7+
Aol A 574 &
3-ethyl-3-methylpentane, 1-chloroctane, benzothiazole
= AN S| violeuntA Sy EF = ey, C
michiganensis7} Z+8E Aol A 2714 &2 2-propanol 2}
tolueneS AR A vhA Y 2= dreie
(Blasioli %, 2014).

2, 1-hepten-3-ol, 3,6-dimethyl-3-octanone,

MIPV 7|t A=H FICL %‘/\1 A==l MIPVEE 1
o] Al

_i_ £

e = S EAS =3 LPEHSharlfl , 2018). Al &2
At Aol digt Hhso = 3 4 ey, o] EX] 2
AE9] HY-S Z7IX)7|= AHE-2 3t} (Frost 5, 2007; Kishi-
moto 5, 2006). TH|FA = %v’tOﬂ T A A AE
I A AlEo] A= o E AR EES ARt Ao]
t}(Sharifi 5, 2018). & L&A= tﬁ It A<t 2ol
ofsto] AE=AI7F Batst= 384 2 AE Aol il 270
e

AFol| A Asts At A= EFHEHS A4 2ol
ZHZE3 & ocimenex} 7+ sesquiterpenes”| WAE Q1AL 74
A £359] 7% oxylipin F=A7} 9-AM5HA| Ul tHCastelyn
5, 2014). Al ZoH-L- A0 7|= Botrytis cinereal] 733, ©7|
AR o S22 vehts A &322, 3-methylbu-
tanal, cis-4-decenal, 2-methyl-1-butanol, 2-methyl-1-propanol,
1-octen-3-one, 1-octen-3-ol7} v}o] 2u}AZE A|ot=] ¢ tHVan-
dendriessche 5, 2012). =gH-S ¥ ©7]= Magnaporthe grisea
o] A% e
& Z Ao A 1-hexadecene, 1-octadecene, quinic acid, 1,2-ben-
zenedicarboxylic acid-bis(2-ethylhexyl) ester7} HZE]Q]ch 47}
2 AL 27149 A7-E Balo] £IY Heko] 0|87}

A At

&7z (finger millet, Eleusine coracana) 21 &4

N

Alet89 A-e-olls & AT ol tigt a7 A5H
Stk 3FA|9F Huang 5-(2003)2 YAl Pseudomonas syringae

(¢]

pv. tomato DC3000%} P. syringae pv. maculicola ES4326 & 1|
713 A1 E21 ll(Nicotiana tabacum)ol] ZHAA LS o] A&
A7} methylsalicylic acid (MeSA)2} methyl jasmonate (MeJA),
sesquiterpenes”| AALETH= A& SISt 71F41EQ
ofj71&d o]l P. syringae pv. maculicola® HE3}9- Al p-io-
none$} a-farnesene & AYAFSIATY. P. syringae pv. maculicola
Y 1A} (virulence facton & A|AA| FLgE o717 ol
Z12 1] 7|0 AHAE|R] oI MeSA7| AAFE|QITHAttaran
,2008). o]2|gt AE 35t Altol Bl7|FE A&l
A= Wl MeSAZ} MIPVE] Hiol etz AME-E 4= Q=
A& HojErh

Hj &} Apattof ] A SH= S-S E. amylovoradl] 2]3) A
gt} Spinelli 5(2010)2 E-nose A|AES o]83le] ZFAE
Aot AR EANA fele A2 HEY 20| $2)4 o]
7t Sk A& BB, vhol uts] FLHBAR hex-
enal isomer®} 2,3-butanediol-Z B tHCellini 5, 2018).

9] AEelA] BEZ) ol kA Ay BUSE WUR
Ago) 4R GL olsheti] £8-S F Aoleku YztEw,
F3 29714 Aol ol 48 4= 912 Flolekn ek

RERLREA] ot 4%
BT ALE A 7)1 4
HHO R A WS G2 T PHO B o]
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T HHEA Al vE ATEEETNA Al #
W=l tiet A77F gl el 71wl 047101]*13: Al
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FIPEA BVCE Relsto] 24 U] AL L %
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ALk U] U olAste] AR W WA EU 4 9)
L ATFUE 2T TR IR Y BARE
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o 5ot AYY RS AN B ik 43
tHAvalos =, 2018; Kim =, 2013; Lammers <, 2022). 2| 3}
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5 o
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o
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o
—{ (
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= 1= O ~1

ZHA] 52 B8 kg IS =oF e B ZA 24 7ER7F 9 2-heptanone, 3-methyl 1-butanol, 2-ethyl-1-hexanol 5

ER QISR d2LF 5 TP, 4% Y

A0 2 7|ttt

ﬂﬂ- Ml FRH BVCE nIBE 3 FHILEE

2]
7P A7t %W‘Ol Y= o] Frh(Table 1). l’%‘ e 3 AldoA= BVCTE REA st “lil%
Eis

Z_}-_Q_ ]_o:] Eﬂ—q_/\-]k]‘:’

A weluieo) Austua s He %
(fungicide) 2 & 4= glom], 72 279 FA 4732 °f
ABAL EA] ol olAFT ko] BasH: YFE

= o
= dimethyl sulfide 52 3}-& £33}l Qlth(Poveda, 2021) acH
3 fgh S 21§ 7)3fel
20| 28 7]&F
of| thsliAl= oF2 F71HA% A7t JJJ%PX] gk 2 Azt
&‘o/\l?b—, o|F F5to] HIRLA +

A& 2,4-Di-tert-butylphenol, benzothiazole, 2-nonanone, Abol 22 Ao AFe] HLL ARt A2 By
Table 1. Direct effects of microbial volatile organic compounds against fungal and bacterial pathogens
Emitter microbes Target pathogens Major volatile Inhibitory mechanisms References
compounds
Against fungal pathogen(s)
Arthrobacter agilis UMCV2  Botrytis cinerea Dimethylhexadecylamine  Inducing a component deficiency of  Veldzquez-Becerra
membrane lipids in the mycelium etal.(2013)
Streptomyces sp. S4-7 Botrytis cinerea Caryolan-1-ol Perturbation of endomembrane Choetal. (2017)
system by disrupting sphingolipid
synthesis and vesicle trafficking
Pseudomonas sp. SPS-41 Ceratocytis fimbriata 2-Methyl-1-butanol Morphological changes in mycelium  Zhang et al. (2019)
3-Methyl-1-butanol and spores and a loss of cellular
Phenylethyl alcohol contents
Bacillus spp. Sclerotinia minor Dimethyl disulfide Destruction of cell membrane Tyagi et al. (2020)
Pseudomonas spp. morphology and ultra-structure by
inhibiting ergosterol synthesis
Saccaromyces cerevisiae Collectotrichum gloeosporiodies 2-Methyl 1-butanol Increase peroxidation in the cell Rezende et al.
Collectotrichum acutatum 3-Methyl 1-butanol membrane to induce oxidative stress  (2015)
and increase non-selective perme-
ability of the plasma membrane
Pseudomonas spp. Phytophthora infestans S-Methyl methane Perturbations of sulfur metabolism, Chinchilla et al.
Thiosulfonate protein translation and redox (2019)
balance
Trichoderma spp. Sclerotinia sclerotiorum Unidentified Suppression of fungal growth by Ojaghian et al.
inducing oxidative stress (2019)
Bacillus velezensis VM10 Sclerotinia sclerotiorum 2-Undecanone Destruction of morphology and Massawe et al.
Bacillus velezensis VM11 ultra-structure of mycelium and (2018)

Bacillus amyloliquefaciens
VM42
Bacillus subtilis CF-3

Streptomyces alboflavus TD1

Streptomyces yanglinensis

3-10

Alcaligenes faecalis N1-4

Collectotrichum gloeosporiodies 2,4-Di-tert-butylphenol

Aspergillus flavus Dimethyl trisulfide
Benzenamine

Aspergillus flavus 2-Methyl butyrate
Aspergillus parasiticus

Aspergillus flavus Dimethyl disulphide
Methyl isovalerate

attenuate pathogenicity

Disruption of hyphal and cell mor-
phology, and decrease of cell
membrane fluidity and integrity;
Inhibition of pathogenic enzyme
secretion

Destruction of hyphal and conidial
morphology and inhibition of
aflatoxin production

Suppression of mycelium growth and
spore germination; Inhibition of
aflatoxin production

Suppression of mycelium growth and
spore germination; Inhibition of
aflatoxin production

Zhao et al. (2019)

Yang et al. (2019)

Lyu et al. (2020)

Gong et al. (2019)

Continued
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Table 1. Continued

Emitter microbes

Target pathogens

Major volatile
compounds

Inhibitory mechanisms

References

Against bacterial pathogen(s)
Serratia plymuthica 1C1270

Pseudomonas fluorescens
B-4117

Pseudomonas fluorescens
Q8r1-96

Bacillus subtilis FA26

Pseudomonas fluorescens
WR

Bacillus amyloliquefaciens
SQR-9

Bacillus amyloliquefaciens
FZB42

Bacillus artrophaeus LSSC22

Agrobacterium tumefaciens

Agrobacterium vitis

Clavibacter michiganensis

Ralstonia solanacearum

Ralstonia solanacearum

Ralstonia solanacearum

Dimethyl disulfide

Benzaldehyde
Nonanal
Benzothiazole,
Acetophenone
Toluene
Ethyl benzene
m-Xylene
Benzothiazole
2-Decanol
2-Tridecanol
1-Undecanol
Dimethyl disulfide
Benzaldehyde
1-Methyl naphthalene
2-Nonanone
2-Undecanone
2-Tridecanone
Heptadecane
Nonanal
n-Hexanoic acid
Oleic acid
Phenylethyl alcohol

Phenol, 4,4-(1-methylethyli-

dene)bis-
Benzaldehyde

Unidentified

Unidentified

Inhibition of virulence traits including
chemotaxis, biofilm formation, plant
root colonization, and production of
exopolysaccharide

Inhibition of virulence traits including
chemotaxis, biofilm formation, plant
root colonization, and production of
exopolysaccharide

Destruction of cell morphology and

1,2-Benzisothiazol-3(2H)-one ultra-structure, and alteration of

1,3-Butadiene

transcription expression level of
PhcA, type lll secretion system, type
IV secretion system, exopolysaccha-
ride and chemotaxis-related genes

Dandurishvili et al.
(2011)

Rajer et al. (2017)

Raza et al. (2016b)

Raza et al. (2016a)

Tahir et al. (2017)

Bacillus sp. FA26 Xanthomonas oryzae pv.

oryzae

Decyl alcohol

3,5,5-Trimethylhexanol

Repression of cell motility and
virulence related-gene expression

Xie et al. (2018)

31 QJtHCho 5, 2017; Zhang 5, 2019). TESH 4F E212 1
Hto] S £ A=l HaliE Eol= A2 = ¥Rl
(Massawe =, 2018; Zhao 5, 2019).

BVCE Al|2zdf /48401l e oF7|ste] HeAdX+Y
A& AA| Gt} Arthrobacter agilis UMCV2 g2 BVCSl
dimethylhexadecylamine-& Botrytis cinerea®] 2rA]& F4
8 421 eicosanoic acid®} (Z)-9-octadecanoic acide] 2&2
of7]5}of Alzute] 2 (integrity)S St AR
A gtcH(Velazquez-Becerra 5, 2013). Streptomyces sp. S4-7

o

2l caryolan-1-ol B. cinerea®] 2T A A A, & FA
s AR 4TS Asfisto] Date] At 4§
A A3tcHCho 5, 2017). 3 Pseudomonas sp. SPS-412]
2-methyl-1-butanol, 3-methyl-1-butanol, phenylethyl alcohol
= Ceratocystis fimbriata, Alternaria alternata, Phytophthora
capsici® RS Z+7+ 89.5%, 82.6%, 63.5% A5+, C.
fimbriata®] ZA1e} ZAL0] Al 0] Pl WES op|she A
o] gelE|ith(Zhang 5, 2019). 20204 Tyagi 52 BVCs 5 3}
1}l dimethyl disulfideS o]83}0] EntEo] Fad L o



8 Research in Plant Disease Vol. 28 No. 1

7|2 Sclerotinia minor®] A5A| A& AAISHA o™, 4}
wol, FOAE Aot The] of 70%9] A AL OIS
= AL #elsleh E3F dimethyl disulfide= Xt Al Z2}2)]
374521 ergosterol 2] AHJ A AR WEH-S 2F 80%
Z0] S, minor?] HAF FE| 2 Z oML (ultra-structure)2] ¥
B op7Isto] B&2 AdfsiH, o] & Foto] #AMY A= F
22 519 719 oAl 4= Sloiek

AR U B AL A ES) HtAEHAE oprlstel Wt
9] 55 A3lett). Saccaromyces cerevisiae -2 SEAAEZRI
2-methyl 1-butanol, 3-methyl 1-butanol-& k&< (Collec-
totrichum gloeosporiodies, C. acutatum)®] A|3Z9t-g- 3HAH} 51
AL EHAE fstal, Asid f-55 ob7Iste] AR A%
2 AI5H= AL 2 FIEQItHRezende 5, 2015). TS BVC =
3}L}¢l S-methyl methane thiosulfonate= P, infestans2] 3 of
AR (sulfur metabolism), TH2 M, ALSH-3HY 3 (redox
balance)ol] F3F-E Fo #AR] S AISH= Aol &4l
%AcH(Chinchilla 5, 2019). Alx9] $/dE2 8T of 2} Xt
O] AW EHANNE FARSE @Ato] TEE Tt Trichoderma.
ceramicum, T. atroviride, T. viridescens, T. virens, T. koningii, T.
koningiopsis2] VOC= o3 L2 4ksla 491 glutathi-
one S-transferase - XA} W&-S F7HIA dAR] 44 o
A= AL 2 321 ItHOjaghian 5, 2019).

AL EL2 A EY Y S S0 HAS &Y
2=t} Bacillus spp. $2 2-Undecanone& HA} A 3Eo) &4
Aka0] S35 Fi=sto] A (S. sclerotiorum) o] wtAHY
3l S ISt FALe] FEjoll HEE oF715k= A
o] ZRI= AT E3H Al f oxalic acid] %25 #|sfsto]
Hate] HEES AAE = eol FelE M (Massawe 5,
2018). S-AFHA, Bacillus subtilis CF-3-2 2,4-di-tert-butylphenol
S Hu]3to] EAE(C. gloeosporioides)2] A} M| Z2] &

£ 9sto] Bao Asfohe, TAe] HeA #d ax
pectinase, cellulase)®] £8] E3F oA|5}= Ao BHelxQlct
Zhao %, 2019).

o= AU EELS e 8 5 Tl ZAIE olst
= Xt 1 Zgto] ofsf A= Xt F4(mycotoxin) & &
& 4= Utk Streptomyces alboflavus TD1-2 dimethyl trisulfide
2} benzenamine AJAHS- F3Y| Aspergillus flavus2] T EZE 2]
of U] HAE of7|sto] wALY] S AAgtTh ER, of
ZetE Al(aflatoxin) & A -A7ke] AEA-S Asfieto] I
B AAFS E9 & 9IrHYang 5, 2019). §AF3HA S,
yanglinensis 3-102] 2-methyl butyrate 2 QA H 0 2 3=
BVCs= G320 AR ol ms)E F+= A. flavusS} A. parasiticus

A

4
sl
3

(
(

of A AR} EA ot g oAt o} ZekE Al A A
Apo) W e ANE 4 9heol SIEeITHlyu 5, 2020). B,
Alcaligenes faecalis N1-4 2] BVCQ] dimethyl disulphide%}
methyl isovalerate= A. flavus2] FAHY T EXHoLE oA
T SOl oFESEAl AR BRE Aste] SA4EZEY
S Aol = 3ItHGong 5, 2019).

BVCo]| ofgt A= et AH Asfsta, Bt
o BEEE Eq A I e =S E T U E
o8 5 2HE0) Aol Brofsh= B ko] AsAset

il

M 28l BVCE o]- &3t A E2894 Al HAl= 2011
Dandurishvili 5o 98l & R 1=t A& F+<
Pseudomonas fluorescens®} Serratia plymuthica®] BVG= E
ulE ¥ S (tomato crown gall)S oF7|ol= BRI
Agrobacterium tumefaciens} A. vitis®] A& TAAIFH S
], dimethyl disulfide7} % A|H#+EZZ ATt
(Dandurishvili 5, 2011). B. subtilis FA26-> benzaldehyde, non-
anal, benzothiazole, acetophenoneZ W4tsle] A E8A
= (bacterial ring rot)2] B2 C. michiganensis A37< #]
sfstis 0] SHIEiickRajer 5, 2017). thEH EPHAT
2l R. solanacearum®) ®A| = Pseudomonas<:3} BacillusZ; Al
9] BVCE ©]&-5tof Aol thgt A-17F 3= Ak P. fluo-
rescens WRZ} Bacillus amyloliquefaciens SQR-9+= 212} 10714
L 97}A] Al AW EES 285k R solanacearum®] A
A= dAlets Aoz FRIE AU EES T2 R. sola-
nacearum-2 A1 EA| 2-H Ut 7He] HE A, 7] HAZUA}
2 Z}8-5l+= polygalacturonase®] AJAto] Zh4sl= Ao 2 &
A=Ak T3, Fe] R2h 9 AEu 40 BAE HUd ¢
2ol A3 2Jthd-F(exopolysaccharide) 9] S A8fi5}o],
o] Hgol FdFS PIE 5 = A2 2 FIEITHRaza
%, 20164, 2016b). S-AF5HA|, Tahir 5(2017)-& A4 benz-
aldehyde, 1,2-benzisothiazol-3(2H)-one, 1,3-butadiene& A}
A3t 229 Bacillus spp.S E 1181 tHTahir 5, 2017). 9+9]
A3} frAFSHA Bacillus spp. -3 $EEdS Bete] ¥
YAof Tof3t= PhcA (HHQPAI R A1}, global virulence
regulator), A|3& Eu]A]AE(type lll secretion system), A|4
& HEHA|2HE(type IV secretion system), A|EZ LTt 35
“J(chemotaxis) T&H FHALS] HALE HAAA A& EA
L ZFol= Ao =2 It T3} Bacillus spp. S IS
A8 R. solanacearum A|3E 2] |} AJE U] n]A|FLZ(ultra-
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structure) S HZSHA| HPAIA A2 440 dF= HA|
=702 SIERth ofeie AT We] ATHERE op]
3= Bacillus sp. FA26 w55 ©]-83F Xanthomonas oryzae pv.
oryzae WA A4 A=At Bacillus sp. FA26+= 3]
A} decyl alcohol®} 3,5,5-trimethylhexanol2 £H]3}] X. ory-
zae pv. oryzae M| 22| FEE HPAIZ|2L, HEA T {32
O @S AAste] ¥ WS Eol= AL = FlEUHXie
=, 2018)

A E - =] MY Al A Aot B
Ao 7 Bofahs Fo] SIT W N 2& Foko 2 27}
A7} oh e T A0 2 | SHh Ee R Be] Pl BVCTH
Bacillus2} Pseudomonas<:o]] A|gtE]o] 8= T, th= &9
BVCE o|-&3t FANHEA A7t +HEHH M2 Al =
Ao] 371% Y AL 1S £ S A2 AZE 3
T ol thel= 285171 SIsiAl ol=gt 239 P
27H4.0 2 G7tstel 1% thet oFlzt glieA) Bl ki o

o] Alwlofof Tk

o]

AN

ﬂ
nx
0X
Mo
u
=2
lo
%
1>
Mo
rg

HRrEREANEY). ATd=
atoll AR A £ Bt obyzh Al=9) Mt
o

i)
lo
1

o
o ¢
Jo ok
1
2_1‘
2
RO
%
et
ok
[

=

Rt Al EHY RS
004'd Ryu 59] dAtol 4] 2= ALl om, o] 3 AlEH
1S 913 =2 vES 2HAAE Tl Wrof B2
Y= 3 gicH(Table 2). BVCo]| &3t A5 F%1
717 a7} A&, theFgt ol s
HY 4= Q7] fiizel, 71 ke ol vhE
1 ek o = =24 Qi) sEA|RE a3t} 7]

&S = 7HR] AL Qi
ZlZ0l| st SEXEH: 2,3-Butanediol-& T F 2] Al
TAEEF stz A5 AZA] Al A= &
Ao 2 HkA)|E 4= Q)th(Table 2). Cortes-Barco 5-(2010a)-&
2R,3R-butanediol-& ©]-8-3}o] BEAW-& oF7|3}+= Collecto-
trichum orbiculare®]| thh GHje] HIFE ¥H-3-3S &21s6H%
o, gufjo] AAA R AL o2l HRE Fote] HYh-go] &
AotEY = AL HEh olF, 252 of7]1A°] A (Agrostis
stolonifera)& Ao 2 3712 YA 2 (Microdochium
nivale, Rhizoctonia solani, Sclerotinia homoeocarpa)®l gt
2R,3R-butanediol?] A1 &E-2] S = HAUF2- 2 A3}, 14
I}, A2ZAY O A2 E Foho] A= HeRh-g-o] &3t
=ths AL A5l tHCortes-Barco 5, 2010b). 20143 D'
Alesandro 5~ £-5=5=0]] -2/ oF7|81= Setosphaeria

HS o
N
re
zl
o,
i)
o
my ©
o
ot
il
ox,
it
i)
)

Ir

N

ér&zjﬁi&r
o °
Eﬂ—ir
o)

M >
of o
rir
ok
N
i)
rO

o
T
=)
lu

(1] Ll.l 1
)
2
lo

turcica®l] 3t 2,3-butanediol®] HEZZ F3}IE FQl515 2
™, 2016\ Sharifi®} Ryu+= 2,3-butanediolo] Rp AR AL} of &
# AZE E3}9] Botrytis cinereaol] T3t o 7|3t HHZZoj|
oftth= As H sk

2,3-Butanediol &jof| nE-2 theket FU Y=L Foto
Aol gt A1 &2 "I S&5tth(Table 2). B. cereus C1L
9] dimethyl disulfide2 G e} S=<=of A3 o|H(B.
cinerea)@} YuFE1(Cochliobolus heterostrophus)ol] Tk 21 &
9] "y A a1-E of7|sl%tHHuang 5, 2012). Pseudomonas
aeruginosa PM12-2 3-hydroxy-5-methoxy benzene methanolS
dRAkSlo] BOLE o] Al 52 H-2 oF7|3}= Fusarium oxysporum
of tsto] EntE ] WS AeAIFoH, F7HAQl AFE F
stof A4t BA=E Fote] WS anE =gt A
o] ¥r&l i ch(Fatima®} Anjum, 2017). AR E=d= 2 &
72 A S 1-octen-3-0l-L o 7| At o] A AR ALY} o Dl
AZE Foto] ANFHoI Bt AAZY EoE =t
S thKishimoto =, 2007).

SR AS B A2 WIS e AP 3
R+t Ao} Fejsto] Adsh| d57] "ol F7Hd B
3t 71" AT 2 Q5}e) ol & E9f dimethyl disulfidex} ZHo|
YR S22 PR a e} AEREA S A 7RI 9
7] W Zell, 71& 2t BVCE L= AEF=ARE 7
offtof| s 2AbslE Bo7F QUvk ES Al 2l 24 =
2 Qof|, X+t 2l Y 2ol gt AlEHGF K| gt A
T obd B3 Hlo| Wk A9 3 Edo sl 7t
2Rl A7} Y ETHA, thefEt Al E o] F7t= UEE 7t
T30 A& Ao = Az

MZofl gt REXEY: Ryu 5(2004)8] Ei1 o] %
2,3-butanediol®} acetoing v E-2] EZHQ FA A&
woiE AR AR AR, A, vholelag YAt
02 A7} L) °o]F Pseudomonas chlororaphis 06
a2 AH&3F Aol A 2R,3R-butanediolFto] Faj Aol
gk AEHY S a5 7= Ao] FRIE 0], o]/ 9|
FEjoll wet 2 a3t Aold o S E¢lskithHan
2006). T3} 2R, 3R-butanediol 41 E2] AFz| Al Ak} o2l

£ Folo] 48 HolEd WS fESOm, JARL
2 Fofah] gk 202 SelEigitHan 5, 2006). Bheiol
Song 5-(2019)¢] HA-Lof|A] 2,3-butanediol& 20]o] AFALAL
AZE 5ol oAt ALY E (P, syringae pv. lachrymans)
of gt W SHAEIE Hol= A2 Hoj, BVC| 23t 4]
EAAS-S 7|5 AlEof wEh Aold 4 Yl dAIsHlT
(Song &, 2019).

[

o o off
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2,3-Butanediol2] A-ELE2121 acetoino]] &3t Al EHS =3
2 Ryu 5(2004) ©]%, Rudrappa 5(2010)¢]| 3} B. subtilis FB17
el BVCE o] 83 Aol A A= ST Acetoin of7]
] AAi ogdll ARE AEY HYSHINESS &
=3} P. syringae pv. tomato DC30009] &3} ¥y sh= At
4ERby ] BAS S % tHRudrappa -5, 2010). Acetoin®] 2]
gt Al HAR #AY S ol B2t A= Peng 5(2019)0f] &Jsf
acetoing I YALSH= B, velezensis ST FFE 0|25}
A5 T3S o] A4 acetoin X Hwtof Thgt of7]
el et W= FEstlon, AlE AlZ Mt
AP 913 TAkShas AR D AT AHHES O] A7l 2
2 A ZZ(callose deposition)S ZXIAIA AlddSwbge] i
A& Eol= A& eIstsitHPeng 5, 2019).

1 9] Paenibacillus polymyxa E681 -2 tridecane2 o}|7]%
tjo] are] A4l AARAY, oDl AEE B3 P syringae pv.
maculicola®l tigt HEZFZlo] Tofst= AL 2 RIS
(Lee 5, 2012). 2013 Song¥} Ryuo]l 2J&f m A= 3 L4
E72?1 2-butanoned} 3-pentanolo] 20]|9] AARA H2E
Foto] oolmurato] i A8 Wl AN A
© 2 FRIFSITE ©]%, 3-pentanol AA| 13570l 28
sho Al A F-HH(X. axonopodis pv. veicatoria)oll Hgt B
AR E SIS A, Akl GARA A2E 13 W
A=A TNE Hol= Ao 7 FHelx|thHChoi 5, 2014). 2017
W Tahir 52 R. solanacearumE 273 Asf|shn] gl o] W=
%= & 5 Q= B8-S B stk Al 7H4] Bacillus sppoll A
94 benzaldehyde, 1,2-benzisothiazol- 3(2 H)-one, 1,3-bu-
tadiene, albuterol, 1,3-propanediole2 ]9 A E2H2 oF
718t= R. solanacearum it AAE A st sAofl A=At
A28 Fojol Hile] melg FAAE Aoz SRIEs,
Age) Fy B2 £ A2 WeEA LS ST 5
Ak A ERAEZIZ T Ampelomyces sp.£} Cladosporium
sp= FLA= LS TAFSEA P syringae pv. tomatol] T3t ©f
71the] WelER] B2 =5 srHNaznin 5, 2014). 5 41
9] AYSZ 5 3 EA-2 m-cresolT} methyl benzo-
ate BHe1E|glom, Arej A4k} A ABAL AR E Fte] o]
Atie] Wi E 7L oprlahs 2o 2 Shelsigck

2,3-Butanediol> Al &f-¢lto] Wilst= g E4=
Z A AL A& WYt (e.g., P. carotovorum subsp.
carotovorum ) GA] 2,3-butanediolS A= Fo = &
e Stk WUT L SHHIA(<pH 621 A% ofmBekx
E(apoplast) & T eBAA FHO2 WE] 95t
2,3-butanediol Aakeit). dzre|shd $4(>pH 7)2 3

Ao AR BAEY BHS F/HIA HUR 4
o =82 % 4 9lrk A=) ot W ewe] 23 butanediol
2 oA TESH= Aol A obdl 7hel dhart A
sith. YR AFAT}Eo =W, FA+ 2 2,3-butanediol
2 WUFHP. carotovorum subsp. carotovorum)2] HLAIAA}
2 RsmAE: Aalstel, 412 W §e7e] 42 oAlshs Aol
gkl }ithH(Broberg 5, 2014; Koiv 5, 2013). 0|83t A1} &2
Fqste] 2SR, (1) AR ofWT ARGl FL
Y9 2,3-butanediolZ HA HE3st=X7} T3] Hlct
(Chung 5, 2016). o]= Al&o] Fo+t< HA HET Al A=
O] HASZ HE-g-o] Yofuf theFgt HYtofl thet A= A
YA = FH HYwe] HY8S B30l AES E3sARL
B WA FS5Hd AlEo] TR olAAE #7 A
o o] WAIE S julaiek. ) E3h, S0l Golto] £y
3} 2,3-butanediol@] xof th3t ZA} B as| HQlch A
A=, 2,3-butanediol2 o]/ AA = EA517] Tl Zofl AletF<
ztolof| Sl A& thE o] JAAIE AL, 1AE = S A
otk F7H4Ql A& §3+4 2,3-butanediol?] &3t 714
2 vreichel s elo] 44 2188 4 9l Zo Wold otk
Hro[2{ A0l gt S=XEH: B. amyloliquefaciens IN937a
2l 3-pentanol& 115-98] HARES-S FXIA|A 20| BA}o]
3 vlo]z] 2 (Cucumber mosaic virus)o]] thst HA-S 7ZHAA1Z
T Sleol ZTRAEE 3l EIsHsitHChoi 5, 2014). 2R,3R-
butanediol®} 2S,3S-butanediol 11304 A2 AL AFAR
AL gl oA WA AT AGE Fote] 20| BAjol2
Hho2]2, gl Exjo]3 Hiol2| L, EntEgsleluyuElolg
2~(Tomato yellow leaf curl virus), T EH}o]2| 2 (Pepper
mottle virus), EFFERPY Al HHFo]# 2 (Tomato spotted wilt
virus)ol] that BA-E A7 ]= Aol SIEHIT: A& Al
I Ztg Aol Hlshe], S EAS 083 A EHlelg A
g WAl tiet At obd 27Ig A ot A E=E vt
3 E FE ALYELDS AlEHtolg| i) HEst= 7 A
T7} L asith "ol A WA= W F stuEe A4
AEES NSk ol Itk SRR FE7Eoll= B2 Al
& P Q= sk do] Stk o] & S8 flste] A=
A o] 83 FEAAS A3t Hoh Ao = Hlo]
o

Supg 2R Wgo 2HE 4B B 5 E Bt oha, 3}
So] AAFalE otk oAl 0 At 2L 27} TAMAHES] A
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Aol Y= Fol A2 FAFIN 7198 = Utk B. velezen-
sis GBO3 Y522 HFA(Ocimum basilicum) 2] 73S 7
Sk FAlol| &Fu]AdE2] o-terpineold} eugenol Q] g4 742} 2
Hll 5 108 S7HA1A vRE o] FAF e 7191g 4= lthBanchio
5 2009). E3Y, Bacillus spp= 2t2H|E]e] 48 FFuldEel g
ZH|2] A= (frambinone)] AA|2] 4-hydroxybenzylidene
acetone< g5, k=] o] FAF/Lol 7|2th(Feron 5,
2007). P. fluorescens ALEB7B<1-2 benzaldehyde & 'THilsto] oF-§-
21521 A2 (Atractylodes lancea)?] TGS Z1& oF7 |83} FAl0

T2 oFg Aus TR oAl 2do S ST,
AFSHA, P. fluorescens spp= BVCE TAlsto] H#TIE Q] =0 o
Al 29 fl&(methol)o] F2 S7MAA 2Ha9] 8 ¥
XA 4= g1tk (Santoro 5, 2011; Zhou 5, 2016).

2129 4% 9 olof 3 A dgEe F= BV diRt
Troll vlsted, BEAE S0 A&2] Fdof ojudt Y= A
A0l Higt At obd F-E537 Aok whebA £ BVC
A= 0l 2= F2o A= Gl e F7H =
A7} E Qo) ERE, A AEdt o), BVCGE 2H=2) S8

Table 2. Induced systemic resistance by microbial volatile organic compounds against fungal, bacterial and viral pathogens

Volatile compounds Target pathogens

Signaling

References
pathway

Receiver plants

Against fungal pathogen(s)
2R,3R-Butanediol Collectotrichum orbiculare

2R,3R-Butanediol Microdochium nivale
Rhizoctonia solani
Sclerotinia homoeocarpa
2,3-Butanediol
2,3-Butanediol

Dimethyl disulfide

Setosphaeria turcica
Botrytis cinerea

Cochliobolus heterostrophus

Nicotiana benthamiana JA and ET Cortes-Barco et al.

(2010a)
Agrostis stolonifera JAand ET Cortes-Barco et al.
(2010b)
Zea maize Not-tested D’'Alesandro et al. (2014)
Arabidopsis thaliana SA(?),JAand ET  Sharifi et al. (2016)
Zea mays Not-tested Huang et al. (2012)

Botrytis cinerea Nicotiana benthamiana
3-Hydroxy-5-methoxy Fusarium oxysporum Solanum lycopersicum ~ SA Fatima and Anjum (2017)
benzene methanol
1-Octen-3-ol Botrytis cinerea Arabidopsis thaliana JAand ET Kishimoto et al. (2007)
Against bacterial pathogen(s)
2,3-Butanediol Pectobacterium carotovorum subsp. carotovorum  Arabidopsis thaliana ET Ryu et al. (2004)
2,3-Butanediol Pseudomonas syringae pv. lachrymans Cucumis sativus JA Han et al. (2006)
2R,3R-Butanediol Pectobacterium carotovorum subsp. carotovorum  Nicotiana tabacum SA Song et al. (2019)
Acetoin Pseudomonas syringae pv. tomato Arabidopsis thaliana SAand ET Rudrappa et al. (2010)
Tridecane Pseudomonas syringae pv. maculicola Arabidopsis thaliana SA, JAand ET Leeetal.(2012)
2-Butanone Pseudomonas syringae pv. lachrymans Cucumis sativus JA Song and Ryu (2013)
3-Pentanol Pseudomonas syringae pv. lachrymans Cucumis sativus JA Song and Ryu (2013)
3-Pentanol Xanthomonas axonopodis pv. veicatoria Capsicum annuum SAand JA Choi et al. (2014)
Benzaldehyde Ralstonia solanacearum Tobacco SA Tahir et al. (2017)
1,2-Benzisothiazol-3(2 H)-one
1,3-Butadiene
Albuterol
1,3-Propanediole
m-Cresol Pseudomonas syringae pv. tomato Arabidopsis thaliana SAand JA Naznin et al. (2014)
Methyl benzoate
Against viral pathogen(s)
3-Pentanol Cucumber mosaic virus Capsicum annuum SA,JAand ET Choi et al. (2014)
2R,3R-Butanediol Tomato yellow leaf curl virus Capsicum annuum SA,JAand ET Kong et al. (2018)

2S,3S-Butanediol Tomato spotted wilt virus

Pepper mottle virus

SA, salicylate; JA, jasmonate; ET, ethylene.
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ohjet 22| 43 3 AAel= FAHe G E 4 Uk
whebd, A0 2 4 % 440 BVCE A3 o]
@ 27} A7k Bas) welc,
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AlZ WREZI 57}

2003-2004d Ryu Fof &Jsf BVCT} A1&2] A4 2 HYA|
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of 537} ol o] WAKSHE CO, Hjo] o7} s =7
o] A& 0w WAL gtk AR of7] =&oA ndE
$7 CO7H 4B oA RS FAA A2 AR &
Zof| #oftria ¥ st tH(Hao 5, 2016; Kaigt Piechulla,
2009; Zhang 5, 2021). SHAIEE o)} H]5:% =9 CO,
£ BRAFSLE £ coli DH50E SR T 2 AFE3H AgS
A, A2e) AFEL nAE 7 O, o] T B2
(2,3-butanediol, tridecane £)o] &8 ¢QIA= 2835+ o 4~
9lthAmavizca 5, 2017; Lee 5, 2012). 3}A|qt T E o] AF)
9] ¢ HELHA U Do SFolA == 7] wizol, 1]
A& 2l €09 FFFoll sl 7t 4=+= glth AA| = Zhang
5(2021)2 AltE HEPA] A Folut 3 CO 75
25 S 89le] @ 4 Qlrhs AT-S WS} 9Jrk 5
Ak COE F&ste B85 AYE silaol= AE8d=E
A 9 WSk o] $EHE A0 Hol, ugE FUAE
o] w38 CO, o2k 7ol ofeigol o] 2
THBui 5, 2020; Lee 5, 2012). T3, AA| A&} vl A& A4S
28513 Qi AARAIAE B0l BHHE T 4 Y= 3
23 CO7} Q7] o], CO7H BVCS] A Qlajel
7)ol thas off o] glo] BRIt} ofn| thefet A5 &5t
BVCE] =57 @ WS EH 2R 2l 2 F
3, o3t FES AA| 2 70l A8t A= A
2 B dto] gt Hojanso] HEEAL UthChoi 5, 2014
Kong 5, 2018). ]2t o] f+-= BVCE] a3-& njA&E2 CO,9
B3}z 7HEa ol tha ofehgo] glo] weltk
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wasts SE MM ool 98T HLY BAL U
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o 54 A Aol et A2 @A7IR] ANEEA]
o1 s3] Slol SYE ALoIt A1E Aol AFGBH
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of| AlAIsH= o] A= SATk(Sharifie} Ryu, 2018).
TFolAE HEzEolu g &8 Wolut Akaof] mizk
24, 78&3} F= u]AH78<E3Hmicroencapsulation) B
4kek vy, S, 8] mAE Eel = RE Pgekat
H = ckBakry 5, 2016; Sri 5, 2012). 743} 7]
B 2T e AlE AdRo] S oEd 3T &,
e B vAeS olF =, o] o AHEEE 71HE 3tst
2 714, E2-3ketE] 71y, E271A14 71Hs Sl A A7t
A2 Y= 4 QtHGhosh, 2006; Jyothi 5, 2010). T3} Z} 2
ohe} ohFet e st AJZL 7)eo] 8w o wet A2t 7}
ST YA A2 H= E8-3ke) 7]HEQl FobA| =Ho]
AL 2|5 2-1,200 pm YRS, AL 2-20 um UAHE A
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A9t 2/g B oll= AlgHA 0 & AHg-Hrh(Xiao 5, 2014).

Z£-Z! Z4=35Hsol-gel encapsulation): -2 719 AL o
HHAQl A=s} 7= 25 g, v =(bead) FE 9] a3t
2 gt 212 opck H|= Al tHESA(matri) TEE 3
gstar, 79| zoj(pore) 2o BHAl A =2 5§
7<% o]t (Buckley®} Greenblatt, 1994).

e of
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22 AX-210%(spray drying and congealing): &5
AZ-SIH AL o HAL vl 7} e (gradient heat
chamben 2 w2 7| EAFSt=d|, £AHE UR}2] 2] 8-F-(outer
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1. Physico-chemical process 2. Physico-mechanical process
Coacervation and Spray drying and .
phase separation Sol-gel encapsulation congealing Extrusion

Volatile compounds Polymer Volatile compounds
. . Solvent
Polymer solutlgn Emulsion
l 150°C
Spray '
Removal or drop ',' “\\
solvent \
. v
lVoIatlle compounds
I 72°c
Capsulation Capsulation Capsulation Capsulation
Encapsulated volatile 3 Application field

a. Post-harvest storage

c. Greenhouse

Fig. 2. Preparation of biogenic volatiles and plant health application. 1, Coacervation-phase separation, and sol-gel encapsulation are clas-
sified as physico-chemical processes for biogenic volatile preparation; 2, Spray drying-congealing, and extrusion method are classified as
physico-mechanical processes for biogenic volatile preparation. 3, After formulation, encapsulated volatiles (microcapsule and sol-gel of
biogenic volatiles) can be used in a range of situations: a, storage application; b, open-field application; ¢, greenhouse application.
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2016; Sharifi} Ryu, 2018). vy o 2 vr=Eth(Zada S, 2009). ZH|IUYF LS 23}
2 AHgote] E A0 2 AL RS AT 25

st 7|H s M2 Al 4= 7|Ho =z A&t & ZdkA] N N-diethyl-2-methoxybenzammide & A7|7F &5

Z14Halginate) H|=9]| Q& F-21A| B-caryophylleneS & tHChan <, 2009).



14 Research in Plant Disease Vol. 28 No. 1

Mo

AR B2 ISl dA 4t = EF &2 549
A g3t7| A gkt A2 3 ok SRR|TE LEA| ]
EAFEXT FEAYAEY ARJA F st AR E
2l 2,3-butanediolo]™, 47| =R P11 a3E Hol= A
o] TAH F W2 A5 IS 7IA Hit A F7HA
2,000%5F o] ulgEREH Edo] HuEgon A5
A HAES AFH 22 JAFAY A& WS F7tst
o] A0 2 AEHES d= 400159 I ELEC| B
=k o]2jgt AG7HA] Y] AFE v O R ¢ro & FUAE
AS A2 5Yol F8A1717] 93t B2 7|& 5ol Bg
E Ao}, 98] YekAH AR WA o] Eo 7H= Aol A
o A" HellA LT EES AF = AHEsto] AEY
3l9] B atAQl WA of 2t A4k ST = 7S 4= gl
AAEo] & Bofolct. I EL L Mtk FRo|A HT F4
T2 sk 9l Uler|edt §36te S gEER0 WA
EALE e 84 B A Lz Aof Fglsle] &
nEEZo|u A FRUER 771§ Fote] &4 EX I
E49] §-5ot 7] 7Hs T Aotk 5, 2019). 18A €
i 27 ot Aol A F7] =3 AR|of Fatete] A Ero)
Z7] Ao Jdste] EabAR] A HEFE 4 = 9
Aolt}. MIPVe} BVGE theFst 3B o] E3Ao]7] Hi&
o AIE o] &3t WAl S Fato] FAFdEZY] 2ol gt
ol & Fote] Bt @Fof| 717k 71 Zdo] Bad Ao|tk

=2

b

2}

a o
S G Y 2R ol 43t AB e Ana A 1
20 ABAREAL A 20087 HoRHEY] B
o ShEE Fhgo) st 8ket B9 ekl of
N2AT 5 glo] Sl Hg3He A YSU 3
T Sof shotR A0 P4o|&n ol oLk Y1 WaE
7129 BAIS 28 Wk glek hola rtol &2 ol
A g3l ARSI 7 o)So] AAFSHE hAHAFE] oA
2ol AlAto] o] A4 4L FRE 5 7] TR 2 7]
£ 0|3t mhoAzutol & Yol 4 WolA T Gl FAE
A3k e GALE A AR 9o e 711 AT S
oo g, o} ufeho 2 nho]a 2ute] go] 2Au
FERRREL CESER LEREZEPERERRE
sorol AT 4+ YW BAIS AT 4 G71S vtk

SUEE 71E] F540] 73t stet sofe] AMeEe E0le

—|_‘>:Il
r'l:l
b

XA EA71E olslistal v|A a7t 22 e
Yol F-8317] gt A=t E asich FgE -] 7] Fo
2 3kE7]= sHARE EFEo|ut Al Ee] 220 mEE= A7t
¢ F535] A2 AR AREX Zeto|Ys {=S
5= Q7] wi2o] o] 7HsAd-2 FE3}th 2,3-butanediol T} o]
ATt e WY EE 2 79 HE Y A glo] TEsAY
Aol EARsHE Alo| 7He 3t 7Hs 3t B9 Q7| whol] 3
HAYEZ L B4 ofdlE IO 2 3t 54 A8 7|& Telo] I
a3ttt 7|l M E A ELS 83l Yste] S4AIE
3} 7|1& soFo| A Hgata e A AA N V)& e
T Hrh A4 0 2 HEEofof gt I EE o] FHE
T2 Ho H8E = do] W gkow it

o
il

12

YA A A oot EA R T Feeta] o= 2
oy nlE o] Aatshes AL L AE-mdEolu vl
AE-0E7t Higtel F83 TS s 5+ A4
Ao Al Al Abole] &2 A2l ARt g7 mlIARt
LA EE2 20 cm o] 9] Aol A ARA| 2t Aol
7hesttt ol EollM e RS o83 A=
I Rt Al vhol#| 2R o] A=2A| 2 24l 235 270
A 2ol ol2dt Y ELE Tl A& AT =
e 7lesE AN A=A Hestet AYE AlA

=
A
RS

0 3

o ot ok

=
9]
[e]
3
=
=
=
=

H
o} Jz|a Holeutle H37|E2 71 Y 28 A8 %
AE 9A 3 & Aolok. Tt A= E2 AEe 2t
2oz YA 4= = M2e Yotk ol RS 55t
TS A2 d7AbEol FWIEL diFt ofslE wol

Frlsde e deks g7l AVI7EHH7IE gtk

Conflicts of Interest

No potential conflict of interest relevant to this article was
reported.

Acknowledgments

This research was supported by grants from a project of
the National Research Foundation of Korea (NRF) funded by
the Ministry of Science & ICT (NRF-2020M3E9A1111636), and
from the KRIBB initiative program, South Korea.



Research in Plant Disease Vol. 28 No. 1 15

References

Aksenov, A. A., Pasamontes, A., Peirano, D. J., Zhao, W., Dandekar, A.
M., Fiehn, O. et al. 2014. Detection of Huanglongbing disease
using differential mobility spectrometry. Anal. Chem. 86: 2481-
2488.

Amavizca, E., Bashan, Y, Ryu, C-M,, Farag, M. A,, Bebout, B. M. and
de-Bashan, L. E. 2017. Enhanced performance of the microalga
Chlorella sorokiniana remotely induced by the plant growth-
promoting bacteria Azospirillum brasilense and Bacillus pumilus.
Sci. Rep.7:41310.

Attaran, E., Rostds, M. and Zeier, J. 2008. Pseudomonas syringae elic-
its emission of the terpenoid (EE)-4,8,12-trimethyl-1,3,7,11-tri-
decatetraene in Arabidopsis leaves via jasmonate signaling and
expression of the terpene synthase TPS4. Mol. Plant-Microbe
Interact. 21: 1482-1497.

Audrain, B., Farag, M. A., Ryu, C.-M. and Ghigo, J.-M. 2015. Role of
bacterial volatile compounds in bacterial biology. FEMS Microbiol.
Rev. 39:222-233.

Avalos, M., van Wezel, G. P, Raaijmakers, J. M. and Garbeva, P. 2018.
Healthy scents: microbial volatiles as new frontier in antibiotic
research? Curr. Opin. Microbiol. 45: 84-91.

Bakry, A. M., Abbas, S., Ali, B, Majeed, H., Abouelwafa, M. Y, Mousa, A.
et al. 2016. Microencapsulation of oils: a comprehensive review
of benefits, techniques, and applications. Compr. Rev. Food Sci.
Food Saf. 15: 143-182.

Banchio, E., Xie, X., Zhang, H. and Paré, P. W. 2009. Soil bacteria
elevate essential oil accumulation and emissions in sweet basil.
J. Agric. Food Chem. 57:653-657.

Beck, J. J., Porter, N., Cook, D., Gee, W. S., Griffith, C. M., Rands, A.
D. et al. 2015. In-field volatile analysis employing a hand-held
portable GC-MS: emission profiles differentiate damaged and
undamaged yellow starthistle flower heads. Phytochem. Anal.
26:395-403.

Blake, R. S., Monks, P. S. and Ellis, A. M. 2009. Proton-transfer reac-
tion mass spectrometry. Chem. Rev. 109: 861-896.

Blasioli, S., Biondi, E., Samudrala, D., Spinelli, F,, Cellini, A., Bertaccini,
A. et al. 2014. Identification of volatile markers in potato brown
rot and ring rot by combined GC-MS and PTR-MS techniques:
study on in vitro and in vivo samples. J. Agric. Food Chem. 62:
337-347.

Boland, W. 1995. The chemistry of gamete attraction: chemical
structures, biosynthesis, and (a)biotic degradation of algal
pheromones. Proc. Natl. Acad. Sci. U. S. A. 92: 37-43.

Broberg, M., Lee, G. W., Nykyri, J,, Lee, Y. H., Pirhonen, M. and Palva,
E. T. 2014. The global response regulator ExpA controls viru-
lence gene expression through RsmA-mediated and RsmA-
independent pathways in Pectobacterium wasabiae SCC3193.
Appl. Environ. Microbiol. 80: 1972-1984.

Buckley, A. M. and Greenblatt, M. 1994. The sol-gel preparation of
silica gels. J. Chem. Educ. 71: 599.

Bui, H. X., Hadi, B. A. R, Oliva, R. and Schroeder, N. E. 2020. Beneficial
bacterial volatile compounds for the control of root-knot nema-
tode and bacterial leaf blight on rice. Crop Prot. 135: 104792.

Castelyn, H. D., Appelgryn, J. J,, Mafa, M. S,, Pretorius, Z. A. and Visser,
B. 2014. Volatiles emitted by leaf rust infected wheat induce a
defence response in exposed uninfected wheat seedlings.
Australas. Plant Pathol. 44: 245-254.

Cellini, A., Biondi, E., Buriani, G., Farneti, B, Rodriguez-Estrada, M. T.,
Braschi, I. et al. 2016. Characterization of volatile organic com-
pounds emitted by kiwifruit plants infected with Pseudomonas
syringae pv. actinidiae and their effects on host defences. Trees
30: 795-806.

Cellini, A., Buriani, G., Rocchi, L., Rondelli, E., Savioli, S., Rodriguez
Estrada, M.T. et al. 2018. Biological relevance of volatile organic
compounds emitted during the pathogenic interactions be-
tween apple plants and Erwinia amylovora. Mol. Plant Pathol. 19:
158-168.

Cellini, A., Spinelli, F, Donati, I, Ryu, C.-M. and Kloepper, J. W. 2021.
Bacterial volatile compound-based tools for crop management
and quality. Trends Plant Sci. 26: 968-983.

Chan, A. S, Valle, J. D, Lao, K., Malapit, C., Chua, M. and So, R. C.
20009. Evaluation of silica-gel microcapsule for the controlled
release of insect repellent, N,N-diethyl-2-methoxybenzaimide,
on cotton. Philipp. J. Sci. 138:13-21.

Chinchilla, D,, Bruisson, S., Meyer, S., Zuhlke, D., Hirschfeld, C., Joller,
C. et al. 2019. A sulfur-containing volatile emitted by potato-as-
sociated bacteria confers protection against late blight through
direct anti-oomycete activity. Sci. Rep. 9: 18778.

Cho, G., Kim, J., Park, C. G., Nislow, C., Weller, D. M. and Kwalk, Y.-
S.2017. Caryolan-1-ol, an antifungal volatile produced by
Streptomyces spp., inhibits the endomembrane system of
fungi. Open Biol. 7: 170075.

Choi, H. K., Song, G. C,, Yi, H.-S. and Ryu, C.-M. 2014. Field evaluation
of the bacterial volatile derivative 3-pentanol in priming for in-
duced resistance in pepper. J. Chem. Ecol. 40: 882-892.

Chung, J.-H., Song, G. C. and Ryu, C.-M. 2016. Sweet scents from
good bacteria: case studies on bacterial volatile compounds for
plant growth and immunity. Plant Mol. Biol. 90: 677-687.

Contreras, J. A, Murray, J. A, Tolley, S. E,, Oliphant, J. L, Tolley, H. D.,
Lammert, S. A. et al. 2008. Hand-portable gas chromatograph-
toroidal ion trap mass spectrometer (GC-TMS) for detection of
hazardous compounds. J. Am. Soc. Mass Spectr. 19: 1425-1434.

Cortes-Barco, A. M., Goodwin, P. H. and Hsiang, T. 2010a. Com-
parison of induced resistance activated by benzothiadiazole,
(2R,3R)-butanediol and an isoparaffin mixture against anthrac-
nose of Nicotiana benthamiana. Plant Pathol. 59: 643-653.

Cortes-Barco, A. M., Hsiang, T. and Goodwin, P. H. 2010b. Induced
systemic resistance against three foliar diseases of Agrostis
stolonifera by (2R,3R)-butanediol or an isoparaffin mixture. Ann.
Appl. Biol. 157:179-189.

D’Alessandro, M., Erb, M., Ton, J., Brandenburg, A, Karlen, D., Zopfi,
J. et al. 2014. Volatiles produced by soil-borne endophytic bac-



16 Research in Plant Disease Vol. 28 No. 1

teria increase plant pathogen resistance and affect tritrophic
interactions. Plant Cell Environ. 37: 813-826.

Dandurishvili, N., Toklikishvili, N., Ovadis, M., Eliashvili, P, Giorgobiani,
N., Keshelava, R. et al. 2011. Broad-range antagonistic rhizobacte-
ria Pseudomonas fluorescens and Serratia plymuthica suppress
Agrobacterium crown gall tumours on tomato plants. J. Appl.
Microbiol. 110:341-352.

Deng, C., Zhang, X. and Li, N. 2004. Investigation of volatile bio-
markers in lung cancer blood using solid-phase microextrac-
tion and capillary gas chromatography-mass spectrometry. J.
Chromatogr. B Analyt. Technol. Biomed. Life Sci. 808: 269-277.

Elmassry, M. M. and Piechulla, B. 2020. Volatilomes of bacterial in-
fections in humans. Front. Neurosci. 14: 257.

Farag, M. A, Song, G. C, Park, Y-S., Audrain, B, Lee, S., Ghigo, J.-M.
et al. 2017. Biological and chemical strategies for exploring in-
ter- and intra-kingdom communication mediated via bacterial
volatile signals. Nat. Protoc. 12: 1359-1377.

Fatima, S.and Anjum, T. 2017. Identification of a potential ISR deter-
minant from Pseudomonas aeruginosa PM12 against Fusarium
wilt in tomato. Front. Plant Sci. 8: 848.

Feron, G., Mauvais, G., Martin, F,, Sémon, E. and Blin-Perrin, C. 2007.
Microbial production of 4-hydroxybenzylidene acetone, the
direct precursor of raspberry ketone. Lett. Appl. Microbiol. 45: 29-
35.

Frost, C. J,, Appel, H. M., Carlson, J. E., De Moraes, C. M., Mescher, M. C.
and Schultz, J. C. 2007. Within-plant signalling via volatiles over-
comes vascular constraints on systemic signalling and primes
responses against herbivores. Ecol. Lett. 10: 490-498.

Garbeva, P. and Weisskopf, L. 2020. Airborne medicine: bacterial
volatiles and their influence on plant health. New Phytol. 226:
32-43.

Ghosh, S. K. 2006. Functional coatings and microencapsulation: a
general perspective. In: Functional Coatings, ed. by S. K. Ghosh,
pp. 1-28. Wiley-VCH Verlag, Weinheim, Germany.

Gong, A.-D., Wu, N.-N., Kong, X.-W., Zhang, Y.-M., Hu, M.-J., Gong,
S.-J. et al. 2019. Inhibitory effect of volatiles emitted from
Alcaligenes faecalis N1-4 on Aspergillus flavus and aflatoxins in
storage. Front. Microbiol. 10: 1419.

Han, S. H,, Lee, S. J., Moon, J. H,, Park, K. H., Yang, K. Y., Cho, B. H. et
al. 2006. GacS-dependent production of 2R, 3R-butanediol
by Pseudomonas chlororaphis O6 is a major determinant for
eliciting systemic resistance against Erwinia carotovora but not
against Pseudomonas syringae pv. tabaci in tobacco. Mol. Plant-
Microbe Interact. 19: 924-930.

Hao, H.-T,, Zhao, X., Shang, Q-H., Wang, Y., Guo, Z.-H., Zhang, Y-B. et
al. 2016. Comparative digital gene expression analysis of the
Arabidopsis response to volatiles emitted by Bacillus amylolig-
uefaciens. PLoS ONE 11:e0158621.

Havenga, W. J. and Rohwer, E. R. 2000. The use of SPME and GC-MS
for the chemical characterisation and assessment of PAH pol-
lution in aqueous environmental samples. Int. J. Environ. Anal.
Chem. 78:205-221.

Heil, M. 2014. Herbivore-induced plant volatiles: targets, perception
and unanswered questions. New Phytol. 204: 297-306.

Heuskin, S., Lorge, S., Lognay, G., Wathelet, J.-P, Béra, F,, Leroy, P. et
al. 2012. A semiochemical slow-release formulation in a biologi-
cal control approach to attract hoverflies. J. Environ. Ecol. 3: 72-
85.

Huang, C.-J, Tsay, J.-F, Chang, S.-Y,, Yang, H.-P, Wu, W.-S. and Chen,
C.Y. 2012. Dimethyl disulfide is an induced systemic resistance
elicitor produced by Bacillus cereus C1L. Pest Manag. Sci. 68:
1306-1310.

Huang, J,, Cardoza, Y. J., Schmelz, E. A, Raina, R, Engelberth, J. and
Tumlinson, J. H. 2003. Differential volatile emissions and sali-
cylic acid levels from tobacco plants in response to different
strains of Pseudomonas syringae. Planta 217:767-775.

Jyothi, N.V.N,, Prasanna, P. M., Sakarkar, S. N., Prabha, K. S., Ramaiah,
P. S. and Srawan, G. Y. 2010. Microencapsulation techniques,
factors influencing encapsulation efficiency. J. Microencapsul.
27:187-197.

Kai, M. and Piechulla, B. 2009. Plant growth promotion due to rhizo-
bacterial volatiles: an effect of CO,? FEBS Lett. 583: 3473-3477.

Kim, K.-S., Lee, S. and Ryu, C.-M. 2013. Interspecific bacterial sens-
ing through airborne signals modulates locomotion and drug
resistance. Nat. Commun. 4: 1809.

Kishimoto, K., Matsui, K., Ozawa, R. and Takabayashi, J. 2005. Volatile
C6-aldehydes and Allo-ocimene activate defense genes and in-
duce resistance against Botrytis cinerea in Arabidopsis thaliana.
Plant Cell Physiol. 46: 1093-1102.

Kishimoto, K., Matsui, K., Ozawa, R. and Takabayashi, J. 2006. Com-
ponents of C6-aldehyde-induced resistance in Arabidopsis thali-
ana against a necrotrophic fungal pathogen, Botrytis cinerea.
Plant Sci. 170: 715-723.

Kishimoto, K., Matsui, K., Ozawa, R. and Takabayashi, J. 2007. Volatile
1-octen-3-ol induces a defensive response in Arabidopsis thali-
ana. J. Gen. Plant Pathol. 73: 35-37.

Koiv, V., Andresen, L., Broberg, M., Frolova, J., Somervuo, P, Auvinen,
P. et al. 2013. Lack of RsmA-mediated control results in constant
hypervirulence, cell elongation, and hyperflagellation in Pecto-
bacterium wasabiae. PLoS One 8: e54248.

Kong, H. G, Shin, T. S, Kim, T. H. and Ryu, C.-M. 2018. Stereoisomers
of the bacterial volatile compound 2,3-butanediol differently
elicit systemic defense responses of pepper against multiple
viruses in the field. Front. Plant Sci. 9: 90.

Lammers, A, Lalk, M. and Garbeva, P. 2022. Air ambulance: antimi-
crobial power of bacterial volatiles. Antibiotics (Basel) 11: 109.
Ledger, T., Rojas, S., Timmermann, T., Pinedo, I., Poupin, M. J.,
Garrido, T. et al. 2016. Volatile-mediated effects predominate
in Paraburkholderia phytofirmans growth promotion and salt
stress tolerance of Arabidopsis thaliana. Front. Microbiol. 7: 1838.

Lee, B, Farag, M. A, Park, H. B, Kloepper, J. W, Lee, S. H. and Ryu, C-M.
2012. Induced resistance by a long-chain bacterial volatile: elici-
tation of plant systemic defense by a C13 volatile produced by
Paenibacillus polymyxa. PLoS ONE 7: e48744.



Research in Plant Disease Vol. 28 No. 1 17

Lemfack, M. C, Gohlke, B-O, Toguem, S. M. T, Preissner, S,, Piechulla, B.
and Preissner, R. 2017. mVOC 2.0: a database of microbial vola-
tiles. Nucleic Acids Res. 46: D1261-D1265.

Li, Z, Paul, R, BaTis, T,, Saville, A. C,, Hansel, J. C, Yu, T. et al. 2019.
Non-invasive plant disease diagnostics enabled by smart-
phone-based fingerprinting of leaf volatiles. Nat. Plants 5: 856-
866.

Lindinger, W. and Jordan, A. 1998. Proton-transfer-reaction mass
spectrometry (PTR-MS): on-line monitoring of volatile organic
compounds at pptv levels. Chem. Soc. Rev. 27: 347-375.

Lisec, J., Schauer, N., Kopka, J., Willmitzer, L. and Fernie, A. R. 2006.
Gas chromatography mass spectrometry-based metabolite
profiling in plants. Nat. Protoc. 1: 387-396.

Lyu, A, Yang, L, Wu, M., Zhang, J. and Li, G. 2020. High efficacy of
the volatile organic compounds of Streptomyces yanglinensis
3-10 in suppression of Aspergillus contamination on peanut
kernels. Front. Microbiol. 11: 142.

Mafberg, D. and Hatt, H. 2018. Human olfactory receptors: novel
cellular functions outside of the nose. Physiol. Rev. 98: 1739-
1763.

Massawe, V. C,, Hanif, A, Farzand, A., Mburu, D. K., Ochola, S. O, Wu, L.
et al. 2018. Volatile compounds of endophytic Bacillus spp. have
biocontrol activity against Sclerotinia sclerotiorum. Phytopathology
108:1373-1385.

Miekisch, W., Schubert, J. K. and Noeldge-Schomburg, G. F. E. 2004.
Diagnostic potential of breath analysis: focus on volatile organic
compounds. Clin. Chim. Acta 347: 25-39.

Naznin, H. A, Kiyohara, D., Kimura, M., Miyazawa, M., Shimizu, M.
and Hyakumachi, M. 2014. Systemic resistance induced by volatile
organic compounds emitted by plant growth-promoting fungi
in Arabidopsis thaliana. PLoS One 9: e86882.

Ojaghian, M. R,, Wang, L., Xie, G.-L. and Zhang, J.-Z. 2019. Effect of
volatiles produced by Trichoderma spp. on expression of gluta-
thione transferase genes in Sclerotinia sclerotiorum. Biol. Control
136: 103999.

Peng, G., Zhao, X,, Li, Y., Wang, R., Huang, Y. and Qi, G. 2019. Engi-
neering Bacillus velezensis with high production of acetoin
primes strong induced systemic resistance in Arabidopsis thaliana.
Microbiol. Res. 227:126297.

Poveda, J. 2021. Beneficial effects of microbial volatile organic com-
pounds (MVOCs) in plants. Appl. Soil Ecol. 168: 104118.

Prosen, H. and Zupancic¢-Kralj, L. 1999. Solid-phase microextraction.
TrAC Trends Anal. Chem. 18: 272-282.

Rajer, F. U, Wu, H,, Xie, Y., Xie, S., Raza, W.,, Tahir, H. A. S. et al. 2017.
Volatile organic compounds produced by a soil-isolate, Bacillus
subtilis FA26 induce adverse ultra-structural changes to the cells
of Clavibacter michiganensis ssp. sepedonicus, the causal agent
of bacterial ring rot of potato. Microbiology (Reading) 163: 523-
530.

Raza, W, Ling, N, Liu, D, Wei, Z, Huang, Q. and Shen, Q. 2016a. Volatile
organic compounds produced by Pseudomonas fluorescens
WR-1 restrict the growth and virulence traits of Ralstonia

solanacearum. Microbiol. Res. 192: 103-113.

Raza, W, Ling, N,, Yang, L., Huang, Q. and Shen, Q. 2016b. Response
of tomato wilt pathogen Ralstonia solanacearum to the volatile
organic compounds produced by a biocontrol strain Bacillus
amyloliquefaciens SQR-9. Sci. Rep. 6: 24856.

Rezende, D. C,, Fialho, M. B., Brand, S. C., Blumer, S. and Pascholati,
S. F. 2015. Antimicrobial activity of volatile organic compounds
and their effect on lipid peroxidation and electrolyte loss in
Colletotrichum gloeosporioides and Colletotrichum acutatum
mycelia. Afr. J. Microbiol. Res. 9: 1527-1535.

Rosenberg, M., Kopelman, I. J. and Talmon, Y. 1990. Factors affecting
retention in spray-drying microencapsulation of volatile materials.
J. Agric. Food Chem. 38: 1288-1294.

Rudrappa, T, Biedrzycki, M. L, Kunjeti, S. G,, Donofrio, N. M,, Czymmek,
K. J., Paré, P.W. et al. 2010. The rhizobacterial elicitor acetoin
induces systemic resistance in Arabidopsis thaliana. Commun.
Integr. Biol. 3: 130-138.

Ryu, C-M,, Farag, M. A,, Hu, C.-H., Reddy, M. S., Kloepper, J. W. and
Paré, P.W. 2004. Bacterial volatiles induce systemic resistance in
Arabidopsis. Plant Physiol. 134: 1017-1026.

Ryu, C-M,, Farag, M. A, Hu, C-H., Reddy, M. S., Wei, H.-X,, Paré, P. W.
et al. 2003. Bacterial volatiles promote growth in Arabidopsis.
Proc. Natl. Acad. Sci. U. S. A. 100: 4927-4932.

Santoro, M. V., Zygadlo, J., Giordano, W. and Banchio, E. 2011. Vola-
tile organic compounds from rhizobacteria increase biosyn-
thesis of essential oils and growth parameters in peppermint
(Mentha piperita). Plant Physiol. Biochem. 49: 1177-1182.

Santos, F. J. and Galceran, M. T. 2003. Modern developments in gas
chromatography-mass spectrometry-based environmental
analysis. J. Chromatogr. A 1000: 125-151.

Scala, A, Allmann, S., Mirabella, R., Haring, M. A. and Schuurink, R.
C. 2013. Green leaf volatiles: a plant’s multifunctional weapon
against herbivores and pathogens. Int. J. Mol. Sci. 14: 17781-
17811.

Schulz-Bohm, K., Gerards, S., Hundscheid, M., Melenhorst, J., de
Boer, W. and Garbeva, P. 2018. Calling from distance: attraction
of soil bacteria by plant root volatiles. ISME J. 12: 1252-1262.

Schulz-Bohm, K., Martin-Sdnchez, L. and Garbeva, P. 2017. Microbial
volatiles: small molecules with an important role in intra- and
inter-kingdom interactions. Front. Microbiol. 8: 2484.

Schulz, S. and Dickschat, J. S. 2007. Bacterial volatiles: the smell of
small organisms. Nat. Prod. Rep. 24: 814-842.

Sharifi, R, Lee, S.-M. and Ryu, C.-M. 2018. Microbe-induced plant
volatiles. New Phytol. 220: 684-691.

Sharifi, R. and Ryu, C.-M. 2016. Are bacterial volatile compounds
poisonous odors to a fungal pathogen Botrytis cinerea, alarm
signals to Arabidopsis seedlings for eliciting induced resistance,
or both? Front. Microbiol. 7: 196.

Sharifi, R. and Ryu, C.-M. 2018. Biogenic volatile compounds for
plant disease diagnosis and health improvement. Plant Pathol. J.
34:459-469.

Sholberg, P. and Randall, P. 2005. Hexanal vapor for postharvest



18 Research in Plant Disease Vol. 28 No. 1

decay control and aroma production in stored pome fruit.
Phytopathology 95: S96.

Sholberg, P. and Randall, P. 2007. Fumigation of stored pome fruit
with hexanal reduces blue and gray mold decay. HortScience
42:611-616.

Song, G. C, Riu, M. and Ryu, C.-M. 2019. Beyond the two compart-
ments Petri-dish: optimising growth promotion and induced
resistance in cucumber exposed to gaseous bacterial volatiles
in a miniature greenhouse system. Plant Methods 15: 9.

Song, G. C. and Ryu, C.-M. 2013. Two volatile organic compounds
trigger plant self-defense against a bacterial pathogen and a
sucking insect in cucumber under open field conditions. Int. J.
Mol. Sci. 14:9803-9819.

Soottitantawat, A., Yoshii, H., Furuta, T, Ohkawara, M. and Linko, P.
2003. Microencapsulation by spray drying: influence of emul-
sion size on the retention of volatile compounds. J. Food Sci. 68:
2256-2262.

Spinelli, F, Cellini, A., Vanneste, J. L, Rodriguez-Estrada, M. T,, Costa,
G, Savioli, S. et al. 2012. Emission of volatile compounds by Er-
winia amylovora: biological activity in vitro and possible exploi-
tation for bacterial identification. Trees 26: 141-152.

Spinelli, F,, Noferini, M., Vanneste, J. L. and Costa, G. 2010. Potential
of the electronic-nose for the diagnosis of bacterial and fungal
diseases in fruit trees. EPPO Bull. 40: 59-67.

Sri, S., Seethadevi, A, Suria Prabha, K., Muthuprasanna, P. and Pavitra,
P. 2012. Microencapsulation: a review. Int. J. Pharm. Bio Sci. 3:
P509-P531.

Tahir, H. A. S, Gu, Q, Wu, H., Niu, Y., Huo, R. and Gao, X. 2017. Bacillus
volatiles adversely affect the physiology and ultra-structure of
Ralstonia solanacearum and induce systemic resistance in
tobacco against bacterial wilt. Sci. Rep. 7: 40481.

Tyaqi, S., Lee, K--J,, Shukla, P. and Chae, J.-C. 2020. Dimethyl disulfide
exerts antifungal activity against Sclerotinia minor by damaging
its membrane and induces systemic resistance in host plants.
Sci. Rep. 10: 6547.

Ul Hassan, M. N., Zainal, Z. and Ismail, I. 2015. Green leaf volatiles:
biosynthesis, biological functions and their applications in bio-
technology. Plant Biotechnol. J. 13: 727-739.

Vandendriessche, T.,, Keulemans, J., Geeraerd, A., Nicolai, B. M. and
Hertog, M. L. A.T. M. 2012. Evaluation of fast volatile analysis for
detection of Botrytis cinerea infections in strawberry. Food
Microbiol. 32: 406-414.

Veldzquez-Becerra, C., Macias-Rodriguez, L. I., Lo6pez-Bucio, J.,
Flores-Cortez, I., Santoyo, G., Herndndez-Soberano, C. et al.
2013. The rhizobacterium Arthrobacter agilis produces dimeth-
ylhexadecylamine, a compound that inhibits growth of phyto-

pathogenic fungi in vitro. Protoplasma 250: 1251-1262.

Weise, T., Kai, M., Gummesson, A, Troeger, A., von Reuss, S., Piepen-
born, S. et al. 2012. Volatile organic compounds produced by
the phytopathogenic bacterium Xanthomonas campestris pv.
vesicatoria 85-10. Beilstein J. Org. Chem. 8: 579-596.

Weisskopf, L., Schulz, S. and Garbeva, P. 2021. Microbial volatile or-
ganic compounds in intra-kingdom and inter-kingdom interac-
tions. Nat. Rev. Microbiol. 19: 391-404.

Xiao, Z,, Liu, W,, Zhu, G., Zhou, R. and Niu, Y. 2014. A review of the
preparation and application of flavour and essential oils mi-
crocapsules based on complex coacervation technology. J. Sci.
Food Agric. 94: 1482-1494.

Xie, S., Zang, H., Wu, H., Uddin Rajer, F. and Gao, X. 2018. Antibacte-
rial effects of volatiles produced by Bacillus strain D13 against
Xanthomonas oryzae pv. oryzae. Mol. Plant Pathol. 19: 49-58.

Yang, M,, Lu, L, Pang, J,, Hu, Y., Guo, Q, Li, Z. et al. 2019. Biocontrol
activity of volatile organic compounds from Streptomyces
alboflavus TD-1 against Aspergillus flavus growth and aflatoxin
production. J. Microbiol. 57: 396-404.

Yu, Y.T, Liu, L. N,, Zhu, X. L. and Kong, X. Z. 2012. Microencapsula-
tion of dodecyl acetate by complex coacervation of whey pro-
tein with acacia gum and its release behavior. Chin. Chem. Lett.
23: 847-850.

Zada, A, Falach, L. and Byers, J. A. 2009. Development of sol-gel for-
mulations for slow release of pheromones. Chemoecology 19:
37-45,

Zhang, C, Zhang, M., Yan, Z, Wang, F, Yuan, X,, Zhao, S. et al. 2021.
CO, is a key constituent of the plant growth-promoting vola-
tiles generated by bacteria in a sealed system. Plant Cell Rep. 40:
59-68.

Zhang, Y, Li, T, Liu, Y, Li, X,, Zhang, C, Feng, Z. et al. 2019. Volatile
organic compounds produced by Pseudomonas chlororaphis
subsp. aureofaciens SPS-41 as biological fumigants to control
Ceratocystis fimbriata in postharvest sweet potatoes. J. Agric.
Food Chem. 67:3702-3710.

Zhao, P, Li, P, Wu, S., Zhou, M., Zhi, R. and Gao, H. 2019. Volatile
organic compounds (VOCs) from Bacillus subtilis CF-3 reduce
anthracnose and elicit active defense responses in harvested
litchi fruits. AMB Express 9: 119.

Zhou, J.-Y, Li, X., Zheng, J.-Y. and Dai, C.-C. 2016. Volatiles released
by endophytic Pseudomonas fluorescens promoting the growth
and volatile oil accumulation in Atractylodes lancea. Plant Physiol.
Biochem. 101: 132-140.



