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Abstract A total of 49 endophytic bacteria isolated from

sugarcane were screened in vitro for antagonistic property

against C. falcatum through production of volatile organic

compounds (VOCs). Among them, 27 bacteria produced

volatiles with moderate inhibitory level, i.e. 30 to 50% and

9 produced volatiles with strong inhibitory properties,

i.e.[ 50% mycelial growth inhibition over control. The

volatile compounds produced by B. axarquiensis—ESR 7

inhibited C. falcatum mycelia growth to the tune of 59.2%

followed by B. licheniformis—ESR 26 (57.8%) and B.

subtilis—ESR 24 (54.8%), respectively. The volatiles

produced by bacteria not only inhibited the radial growth of

mycelium but also suppressed the vertical expansion of

mycelia and caused deformation in mycelia growth. The

VOCs produced by 24 endophytic bacteria completely

inhibited spore formation in C. falcatum culture. Profiling

of antagonistic VOCs produced by bacterial strains ESR 7,

ESR 24 and ESR 26 was done by head space-solid phase

microextraction (SPME) coupled with gas chromatography

mass spectral analysis. The analysis showed the presence

of 63 compounds belonging to chemical groups of alco-

hols, esters, hydrocarbons, ketones, acids, amino acid,

carbohydrates, ethers, aldehydes, amines and amides.

Among the identified microbial volatiles, 6 compounds

viz., acetic acid, methoxy-phenyl-oxime, octamethyl-cy-

clotetrasiloxane, 5,7-dimethyl-undecane, hexamethyl-cy-

clotrisiloxane and dodecane were reported in VOCs

produced by all three bacteria. However, among 63

volatiles, only 31 were already reported to be produced by

many bacteria and fungi and 11 compounds viz., acetic

acid, hexanal, 2-ethyl-1-hexanol, undecane 5,7-dimethyl,

undecane 3,7-dimethyl, 2-decanone, dodecane, 2-unde-

canone, 2-dodecanone, 1,2-Benzenedicarboxylic acid, dii-

sooctyl ester and 2-methyl-hexadecanol were reported with

antagonistic property against many plant pathogens. The

study revealed that many VOCs produced by B. axar-

quiensis—ESR 7, B. subtilis—ESR 24 and B. licheni-

formis—ESR 26 play role in mediating antagonism against

C. falcatum.
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Introduction

Red rot caused by Colletotrichum falcatum Went. is

regarded as disease of major importance in all the sugar-

cane growing countries (Chona 1980; Singh 2008). In

India, red rot was first noticed in Godavari delta of Madras

province (Barber 1901) after that a series of epidemics

were reported in many parts of country (Chona and Pad-

wick 1942; Satyavir 2003; Viswanathan and Samiyappan

2000). The pathogen is primarily sett borne and causes

disease in all stages of crop; however, the more pronounced

symptom and loss is noticed in stalk (Viswanathan and Rao

2011). Red rot infection on sugarcane reduces cane yield

drastically and also affects the juice quality parameters

such as brix value, sucrose content, purity and commercial

cane sugar (Kumar et al. 2000; Satyavir 2003; Sharma et al.

2017). Yield loss ranging from 28 to 82 per cent has been

reported in sugarcane due to red rot disease (Kirtikar and

Verma 1962; Ahmad et al. 1986), and in few sugar factory
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areas, 100 per cent loss of crop due to red rot has also been

reported (Viswanathan and Samiyappan 2000). In red rot

affected canes, increase in total soluble salts, acidity,

reducing sugars and reduction in sucrose and purity of cane

juice was recorded (Singh and Waraitch 1977). The

pathogen reduced 32.5% extraction, 39% commercial cane

sugar (Satyavir et al. 2002) and caused 25–75% reduction

in sucrose content (Viswanathan and Samiyappan 1999).

Till date, red rot remains as century old unresolved prob-

lem in sugarcane cultivation affecting both livelihood of

farmers and also causing economic loss to sugarcane-based

industries in the country.

Among different practices followed for red rot man-

agement, planting of resistant variety was found to be the

best way to overcome disease problem (Viswanathan and

Alexander 1997). However, due to the development of new

variant of this fungus, newly released resistant variety often

becomes susceptible after some years of cultivation (Pad-

manaban et al. 1996; Yadav 2006). Application of fungi-

cide also failed in field due to impervious nature of hard

rind of sugarcane seed material (sett), bulky nature of sett

required for planting, difficulty in application of fungicide

to the grown-up crop, lack of sustainable protection by

virtue of the long duration nature of crop, etc. (Kumar and

Satyavir 1998). The biocontrol agent such as Trichoderma

harzianum, T. viride, Chaetomium globosum, Bacillus spp.,

Pseudomonas fluorescens, P. putida were found to be

strong competitors against C. falcatum in vitro, and among

them, few were moderately effective in field (Kumar and

Satyavir 1998; Viswanathan and Samiyappan 2002;

Jayakumar et al. 2007; Singh et al. 2008; Hassan et al.

2011, 2012; Joshi et al. 2019b; Patel et al. 2019). Avail-

ability of completely effective biocontrol agents against C.

falcatum under field condition is lacking due to the deep

seated nature of pathogen (Viswanathan and Samiyappan

2000). Hence, there is a need for mechanism for enhanced

permeation of the biocontrol agent in the hard rind and

fibrous inner tissue of sugarcane and attack the pathogen in

‘‘pathogen zone’’ and provide sustainable protection to

crop. In this direction, the choice of endophytes as disease

management tool is thought to be promising.

Endophytic bacteria occupy internal tissues of plants

and colonize an ecological niche similar to that of phy-

topathogens, which makes them as suitable biocontrol

agents (Berg et al. 2005). Several endophytic bacteria were

reported with antagonistic potential against pathogens of

many crops such as wheat (Herrera et al. 2016), rice (Na-

gendran et al. 2014), cotton (Selim et al. 2017), potato

(Berg et al. 2005), vegetable crops (Xia et al. 2015), fruit

crops (Daungfu et al. 2019). Among many mechanisms of

antagonism, the phenomenon known as induced systemic

resistance (ISR) was reported in many endophytic bacteria

(Kloepper and Ryu 2006). Bacterial endophytes also

prevent disease in plant through synthesis of many novel

antibiotics (Compant et al. 2010). Another possible less

understood mechanism is production of volatile organic

compounds (VOCs) by endophytic bacteria that are inhi-

bitory to pathogens. The recent developments in solid

phase microextraction (SPME) can extract the volatile

metabolites produced by microorganisms in a short period

of time, and gas chromatography–mass spectral (GC–MS)

technique can analyse the complete composition of VOCs

produced by microbes (Jeleń 2003). Profiling microbial

VOCs (mVOCs) will provide insight into role and mech-

anisms of volatiles in disease control.

The literatures reveal many mechanisms of action of

mVOCs on plant pathogens. The VOCs produced by B.

velezensis caused morphological changes in the ultra-

structure and organelle membranes of Sclerotinia sclero-

tiorum and also reduced lesions produced by pathogen on

host plant (Massawe et al. 2018). The bacteria B. subtilis

isolated from soil showed production of volatiles with

antifungal property up to 93% against soil-borne patho-

gens, and these volatiles controlled even overwintered

sclerotium of S. sclerotiorum (Liu et al. 2008). The vola-

tiles produced by endophytic P. putida isolated from black

pepper inhibited broad range of pathogens such as Phy-

tophthora capsici, Pythium myriotylum, Gibberella monil-

iformis, Rhizoctonia solani, Athelia rolfsii and C.

gloeosporioides (Sheoran et al. 2015). Few of the volatiles

such as 2, 3-butanediol and acetoin produced by endo-

phytes triggered the plant growth promotion and also

involved in inducing resistance of host plant against

pathogens (Ryu et al. 2004). Several such results highlight

the importance of VOCs in plant disease management.

Profiling of such volatiles produced by bacteria showed

production of wide variety of compounds comparable to

those of plants and fungi (Farag et al. 2006; Schulz and

Dickschat 2007); however, their ecological function is

largely unknown. Hence, profiling mVOCs and identifica-

tion of active compounds will serve as important source

through which disease management can be addressed.

Considering the importance of volatiles produced by

microbes, the present experiment was undertaken to assess

the in vitro fungistatic property of VOCs produced by

endophytic bacteria and to analyse their complete

composition.

Materials and Methods

Endophytic bacteria

A total of 49 endophytic bacteria isolated from root, stem

(cane) and buds of healthy sugarcane varieties viz., Co

86032 and BO 91 and maintained in the culture collection
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of Plant Pathology section, ICAR-Sugarcane Breeding

Institute (ICAR-SBI), Coimbatore were utilized for the

present experiment. All these bacteria were cultured on

nutrient agar (NA) medium and maintained on NA slants.

Pathogen isolate

The virulent isolate of C. falcatum Cf671 available in the

culture collection of Plant Pathology section, ICAR-SBI,

Coimbatore was used throughout the experiment. The

fungus was plated on oat meal agar (OMA) medium and

sub-cultured on slants.

Assessing antagonistic properties of VOCs

The antagonistic potential of VOCs produced by endo-

phytic bacteria was tested in vitro against C. falcatum by

following the sealed plate method (Fernando et al. 2005).

Each bacterium was streaked onto NA medium in the

bottom of Petri dish. From actively growing culture of C.

falcatum, 8 mm mycelia plug was cut and placed in the

centre of the bottom dish of a second Petri plate containing

OMA. The dish containing the fungal mycelial disc was

inverted over the bacterial plate, and both the dishes were

sealed with parafilm to prevent the escape of volatiles. In

the same set-up, the plates with C. falcatum on OMA and

NA medium without any bacterium served as control.

Three replicates were maintained for each bacterium, and

the plates were incubated at room temperature

(28 ± 2 �C), and the radial growth of the fungus was

measured at the time when the fungal growth in the control

plates reached full plate. The antagonistic property was

calculated in terms of inhibition of radial and vertical

growth of C. falcatum mycelia and inhibition of sporula-

tion. The mycelia radial growth inhibition was calculated

using the following formula,

I ¼ C�Tð Þ � 100=C

where C = Mycelia growth of C. falcatum in control plate,

T = Mycelia growth of C. falcatum in sealed plate with

bacteria, I = Inhibition of mycelia growth (%).

Inhibition of vertical growth of mycelium and sporula-

tion in volatile exposed plates was recorded qualitatively

by comparing the growth and sporulation in control plate.

In case of mycelia growth, the deviation from normal

growth, i.e. suppression of mycelia growth and any other

visual changes were recorded, while the occurrence of

orange colour sporulation were compared with control

plate and recorded as concentrated, normal, sparse and no

sporulation.

Analysis of VOCs by headspace SPME-GC–MS

Three endophytic bacteria viz., ESR 7 (B. axarquiensis),

ESR 24 (B. subtilis) and ESR 26 (B. licheniformis) those

showed efficient antagonistic properties through production

of VOCs were selected for analysis.

Collection of VOCs

Headspace volatiles produced by the bacterial endophytes

were collected as per the method described by Crespo et al.

(2008). The NA medium was poured into the 20 ml head

space vials, closed with cotton plug, sterilized, and NA

slants were prepared. The caps of vials were sterilized

separately. Each bacterial culture was streaked onto sepa-

rate NA slants in headspace vials, closed with cap, and

maintained at room temperature (28 ± 2 �C) for 3 days for

the bacteria to grow. The bacterial cultures with trapped

volatiles inside the headspace of vials were used for

analysis.

Volatile analysis by GC–MS

The volatiles produced by endophytic bacteria were col-

lected using the technique of SPME. The SPME syringe

equipped with fibre (50/30 divinylbenzene/carburen on

polydimethylsiloxane) inserted directly into the head space

of vial by auto-sampler combined with agitator and

exposed to the volatiles for 40 min to entrap the volatile

compounds. The fibre containing the volatiles was then

automatically injected into Agilent 7890A GC–MS equip-

ped with silicon capillary column (30 m 9 0.25 mm 9

0.25 lm) for analysis. After desorption, the oven tem-

perature was initially held at 40 �C for 2 min, increased to

150 �C at a rate of 2 �C min-1, further increased to 280 �C
at the rate of 10 �C min-1 and held for 2 min at 280 �C.

The carrier gas used was helium with flow velocity of

1.0 ml min-1, and ionization voltage was 70 eV. Mass

spectra were scanned from 35 to 350 amu, and identifica-

tion of volatile compounds produced by bacteria was made

using spectral matches of National Institute of Standards

and Technology (NIST) library.

Statistical analysis

Data representing radial growth of mycelia were assessed

by Kolmogorov–Smirnov test, Shapiro–Wilk’s test and

Levene’s test to check the assumptions of normality and

homogeneity of variance (Thode 2002). The data were then

analysed by one-way ANOVA, and the significant differ-

ences between the means were compared by Duncan test at

the significance level of P B 0.05 (Hsu 1996; Sileshi

2012). All statistical analyses were performed using the
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software—IBM SPSS statistics 21.0 (SPSS, Chicago,

USA).

Results

Antagonistic potential of VOCs produced

by endophytic bacteria

The volatiles produced by all 49 endophytic bacteria

showed fungistatic effect on C. falcatum. The antagonistic

properties were exhibited either on mycelia growth or

sporulation of C. falcatum and sometimes both (Table 1).

Among 49 endophytes tested, the volatiles produced by 9

bacteria exhibited high ([ 50%) inhibitory action on radial

growth of C. falcatum mycelia, 27 showed moderate

inhibition (30 to 50%) and the remaining 13 bacteria pro-

duced volatiles with low inhibitory level (\ 30%). In

sealed plate method of testing, significantly (P\ 0.05)

lowest mean mycelia radial growth of 3.67 cm was

recorded in C. falcatum co-cultured with ESR 7, followed

by 3.8 cm in ESR 26 and 4.07 cm in ESR 24 co-cultured

plates, while it was 9.0 cm in control (Fig. 1). In other

words, the endophytic B. axarquiensis—ESR 7 produced

volatile that inhibited C. falcatum mycelia growth to the

tune of 59.2% followed by B. licheniformis—ESR 26

(57.8%) and B. subtilis—ESR 24 (54.8%). Among 9 effi-

cient strains of bacteria 6 viz., ESR 7, ESR 14, ESR 21,

ESR 24, ESR 26 and ESR 30 were endophytes isolated

from roots and 3 viz., ESB 3, ESB 6 and ESB 7 were

isolated from bud. The shoot isolates of endophytic bac-

teria were identified as producer of volatiles with poor

antagonistic potential.

Qualitative assessment of vertical growth of C. falcatum

in co-culture plates showed that except 8 bacteria the

VOCs produced by all other bacteria suppressed the ver-

tical expansion of mycelia. In the remaining 41 mVOCs

producers two viz., ESR 30 and ESB 24 suppressed the

mycelia growth of C. falcatum into very thin layer. The

VOCs produced by few bacteria strains such as ESS 6, ESR

7, ESR 9, ESR 17, ESR 19, ESR 21, ESR 24, ESR 26, ESR

28, ESB 6 and ESB 16 caused deformation in mycelia, i.e.

the volatiles caused production of fragmented and powdery

mycelia. Overall, VOCs produced by various endophytic

bacteria caused different effect on C. falcatum mycelia

such as suppression of radial and vertical growth of

mycelia, fragmented and patchy mycelia growth, restricted

radial growth of mycelia with fluffy appearance in centre,

deformation in mycelia, i.e. culture appearing as powdery

growth and variation in colouration of mycelia. Assessing

the effect of VOCs exposure on sporulation of C. falcatum

culture showed that volatiles of 24 bacteria completely

inhibited sporulation and 21 bacteria reduced spore

formation of C. falcatum in culture plates. In contrary, in

the co-cultured plates of ESS 3, ESS 16, ESS 35, ESR 22,

ESR 29, ESB 5 and ESB 10 the suppression of growth of

mycelium was noticed along with production of concen-

trated spores in the middle of radial growth.

Composition of VOCs produced by endophytic

bacteria

The HS-SPME coupled GC–MS analysis of VOCs pro-

duced by bacteria isolates B. axarquiensis—ESR 7, B.

subtilis—ESR 24 and B. licheniformis—ESR 26 showed

the presence of 63 compounds (Table 2). The TIC of VOCs

produced by ESR 7 showed the presence of 23 compounds

with 12 sharp peaks (Fig. 2a). Analysis of mass spectrum

revealed that the compound Silanediol, Dimethyl-(C2H8-

O2Si) corresponding to RT 5.21 was most abundant fol-

lowed by compound Oxime-, methoxy-phenyl-(C8H9NO2)

at RT 9.33 and Benzeneethanamine, N-[(pentafluo-

rophenyl) methylene]-,beta.,4-bis[(trimethylsilyl)oxy]-

(C21H26F5NO2Si2) at RT 13.61. The other prominent peaks

were identified at RT 8.35, 11.37, 12.71, 14.15, 14.86,

16.42, 16.98 and 23.42. The total identified VOCs belon-

ged to five major group viz., alcohols (4), acids (2), esters

(2), hydrocarbons (15) and ketones (6) as per the matching

compound in NIST database. The TIC presented in Fig. 2b

identified 30 compounds in volatiles of ESR 24 strain. The

six most abundant compounds identified in descending

order were Oxime-, methoxy-phenyl-(RT 9.94), Pentane,

3-ethyl-2-methyl-(RT 20.80), Cyclotrisiloxane, hexam-

ethyl-(RT 20.48), Cyclotetrasiloxane, octamethyl-(RT

14.67), Pentanoic acid (RT 15.34) and Benze-

neethanamine, N-[(pentafluorophenyl) methylene]-.beta.,4-

bis[(trimethylsilyl)oxy]-(RT 25.06). The bacteria isolate

ESR 24 produced a wide group of compounds belonging to

amino acid (1), alcohol (1), acids (4), esters (2), hydro-

carbons (13), aldehydes (3), ketones (4) and amines (2).

The TIC of volatile compounds produced by ESR 26

identified 29 compounds (Fig. 2c), and among them, two

viz., Oxime-, methoxy-phenyl-(RT 10.14) and

Cyclotrisiloxane, hexamethyl-(RT 20.52) were most

abundant. The other six prominent peaks were identified at

RT 1.62, 1.98, 6.07, 14.81, 25.07 and 27.42. The identified

29 compounds belonged to wide group of chemicals viz.,

amino acid (1), ester (1), ether (1), hydrocarbons (8), car-

bohydrate (1), hydrogen cyanide (1), acids (2), alcohol (1),

ketones (6), aldehyde (1), amine (4) and amides (2).

Among the identified 63 compounds, 4 viz., ethyl ben-

zene, 2-ethyl-1-hexanol, 1-ethynyl-4-methyl-benzene and

benzeneethanamine, N-[(pentafluorophenyl)methylene]-,

beta.,4-bis[(trimethylsilyl)oxy]- were identified in VOCs

produced by both ESR 7 and ESR 24. The volatile com-

pound 2-Decanone was produced by both ESR 7 and ESR
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Table 1 Effect of VOCs produced by endophytic bacteria on the growth and sporulation of C. falcatum

S.

no.

Isolate

name

Radial growth of C.
falcatum mycelia (cm)*

Mycelia growth inhibition

over control (%)

Vertical growth of mycelia and

appearance

Sporulation

Shoot isolates

1 ESS 3 6.27 ± 0.15n-p 30.3 Suppressed growth Sporulation concentrated at centre of

radial growth

2 ESS 6 6.97 ± 0.06st 22.6 Suppressed mycelia with

powdery appearance

No sporulation

3 ESS 9 6.70 ± 0.10q-s 25.6 Normal growth No sporulation

4 ESS 11 5.93 ± 0.15 k-o 34.1 Suppressed growth No sporulation

5 ESS 13 7.67 ± 0.06u 14.8 Normal growth Sporulation sparse

6 ESS 14 6.50 ± 0.30o-r 27.8 Suppressed growth No sporulation

7 ESS 16 6.37 ± 0.15o-q 29.2 Suppressed growth Sporulation concentrated at centre of

radial growth

8 ESS 35 7.10 ± 0.20t 21.1 Normal growth Sporulation concentrated at centre of

radial growth

9 ESS 40 6.53 ± 0.06p-r 27.4 Suppressed and white mycelia. Sparse sporulation concentrated at

centre of radial growth

Root isolates

10 ESR 2 7.53 ± 0.06u 16.3 Suppressed growth No sporulation

11 ESR 3 5.07 ± 0.25 h 43.7 Suppressed growth Sparse sporulation concentrated at

centre of radial growth

12 ESR 4 5.57 ± 0.06i-k 38.1 Suppressed growth Normal sporulation

13 ESR 7 3.67 ± 0.15a 59.2 Suppressed and fragmented

mycelia growth

No sporulation

14 ESR 8 4.67 ± 0.25d-g 48.1 Suppressed growth No sporulation

15 ESR 9 5.10 ± 0.10 h 43.3 Suppressed & fragmented

growth

No sporulation

16 ESR 10 5.67 ± 0.12i-k 37.0 Suppressed growth No sporulation

17 ESR 11 5.90 ± 0.27j-n 34.4 Suppressed growth No sporulation

18 ESR 12 6.20 ± 0.27 m-p 31.1 Suppressed growth No sporulation

19 ESR 13 5.50 ± 0.17ij 38.9 Suppressed growth No sporulation

20 ESR 14 4.43 ± 0.15c-e 50.8 Suppressed and white mycelia. No sporulation

21 ESR 17 4.67 ± 0.15d-g 48.1 Fragmented mycelia growth Sparse sporulation

22 ESR 18 4.53 ± 0.06d-f 49.7 Suppressed growth Sparse sporulation

23 ESR 19 6.50 ± 0.36o-r 27.8 Suppressed and powdery

mycelia growth

Sparse sporulation

24 ESR 21 4.10 ± 0.20bc 54.4 Suppressed and fragmented

mycelia growth

Sparse sporulation concentrated at

centre of radial growth

25 ESR 22 6.10 ± 0.27 l-o 32.2 Fluffy ash colour mycelia

growth

Sporulation concentrated at centre of

radial growth

26 ESR 23 4.80 ± 0.27e-h 46.7 Suppressed growth No sporulation

27 ESR 24 4.07 ± 0.06bc 54.8 Suppressed and fragmented

mycelia growth

No sporulation

28 ESR 26 3.80 ± 0.17ab 57.8 Suppressed, fragmented

powdery mycelia growth

No sporulation

29 ESR 28 4.90 ± 0.20f-h 45.6 Suppressed & fragmented

mycelia growth

No sporulation

30 ESR 29 5.50 ± 0.36ij 38.9 Normal growth Sporulation concentrated at centre of

radial growth

31 ESR 30 4.50 ± 0.17de 50.0 Highly suppressed growth Very sparse sporulation.

32 ESR 31 6.50 ± 0.44o-r 27.8 Suppressed growth Sparse sporulation

33 ESR 32 6.50 ± 0.10o-r 27.8 Suppressed growth No sporulation

34 ESR 34 6.83 ± 0.15r-t 24.1 Suppressed growth Sparse sporulation

Sugar Tech (Jan-Feb 2021) 23(1):94–10798

123



Table 1 (continued)

S.

no.

Isolate

name

Radial growth of C.
falcatum mycelia (cm)*

Mycelia growth inhibition

over control (%)

Vertical growth of mycelia and

appearance

Sporulation

Bud isolates

35 ESB 1 5.60 ± 0.20i-k 37.8 Suppressed growth No sporulation

36 ESB 3 4.43 ± 0.06c-e 50.8 Suppressed growth Sporulation throughout the mycelia

37 ESB 5 5.60 ± 0.40i-k 37.8 Normal growth Sporulation concentrated at centre

of radial growth

38 ESB 6 4.10 ± 0.17bc 54.4 Suppressed, fragmented white

mycelia growth

No sporulation

39 ESB 7 4.30 ± 0.20 cd 52.2 Suppressed & fragmented

mycelia growth

No sporulation

40 ESB 10 5.83 ± 0.06i-m 35.2 Suppressed growth Sporulation concentrated

at centre of radial growth

41 ESB 11 5.97 ± 0.06 k-o 33.7 Suppressed growth No sporulation

42 ESB 16 5.00 ± 0.27gh 44.4 Suppressed, fragmented white

mycelia growth

No sporulation

43 ESB 17 5.47 ± 0.12i 39.2 Normal growth Very sparse sporulation

44 ESB 19 6.40 ± 0.36o-q 28.9 Suppressed growth Sporulation throughout the mycelia

45 ESB 20 5.80 ± 0.10i-l 35.6 Suppressed growth Sporulation throughout the mycelia

46 ESB 22 6.10 ± 0.36 l-o 32.2 Normal growth Sparse sporulation

47 ESB 23 5.10 ± 0.17 h 43.3 Suppressed growth Sparse sporulation

48 ESB 24 4.63 ± 0.06d-g 48.6 Highly suppressed growth No sporulation

49 ESB 36 5.70 ± 0.44i-k 36.7 Normal growth Sparse sporulation

50 Control 9.00 ± 0v – Normal growth Profuse sporulation throughout mycelia

*Values given are mean of 3 replications ± standard deviation

Different letters in the same column indicate significant difference at 5% level (P\ 0.05) by Duncan’s multiple range test

Fig. 1 Inhibitory effect of VOCs produced by endophytic bacteria on

mycelia growth and sporulation of C. falcatum. a C. falcatum exposed

to VOCs of ESR 7; b C. falcatum exposed to VOCs of ESR 24; c C.

falcatum exposed to VOCs of ESR 26; d Control—C. falcatum
exposed to NA medium
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Table 2 Volatile organic compounds produced by B. axarquiensis—ESR 7, B. subtilis—ESR 24 and B. licheniformis—ESR 26 and their

antifungal property

S.

no.

Volatile compounds Chemical

formula

Presence of volatile compound and

its RT*

Antifungal

property

References

ESR 7 ESR 24 ESR 26

1 Alanine C3H7NO2 9 H (0.17) H (0.19) Unknown –

2 Dimethyl ether C2H6O 9 9 H (1.62) Unknown –

3 4-Penten-1-yl acetate C7H12O2 9 H (1.72) 9 Unknown –

4 n-Hexylmethylamine C7H17N 9 9 H (1.98) Unknown –

5 1-Tetrazol-2-ylethanone C3H4N4O 9 9 H (2.16) Unknown –

6 Cyclobutanol C4H8O 9 9 H (2.54) Unknown –

7 N-Chlorodimethylamine C2H6ClN 9 H (2.64) 9 Unknown –

8 Silanediol, dimethyl C2H8O2Si H (2.85;

5.21)

9 9 No Tahir et al. (2017)

9 1-Methyldodecylamine C13H29N 9 9 H (3.07) Unknown –

10 Benzene C6H6 H (3.28) 9 9 Unknown –

11 (2-Aziridinylethyl) amine C4H10N2 H (1.79;

3.91)

9 9 Unknown –

12 Acetic acid C2H4O2 H (4.42) H (3.10) H (3.53) Yes Farag et al. (2006), Giorgio

et al. (2015), Lee et al.

(2016)

13 Propane, 2-chloro-2-nitro- C3H6ClNO2 9 H (3.95) 9 No Heenan-Daly et al. (2019)

14 Butanoic acid, 1-methylethyl ester C7H14O2 9 9 H (3.99) No Tait et al. (2014)

15 Toluene C7H8 9 H (4.11) 9 Unknown –

16 Hexanal C6H12O 9 H (4.98) 9 Yes Katoch et al. (2017)

17 Hydroxylamine, O-(phenylmethyl)- C7H9NO H (5.03) 9 9 Unknown –

18 2-Butanone, 3-methoxy-3-methyl- C6H12O2 9 9 H (5.27) Unknown –

19 4-Methylbenzylidene-4-methylaniline C15H15N 9 9 H (6.07) Unknown –

20 Hexane, 3,3-dimethyl- C8H18 H (6.33) 9 9 No Ajilogba and Babalola

(2019)

21 2-Fluoro-3-trifluoromethyl benzoic

acid, nonyl ester

C17H22F4O2 H (6.90) 9 9 Unknown –

22 Ethyl benzene C8H10 H (7.48) H (7.01) 9 No Banerjee et al. (2010),

Ajilogba and Babalola

(2019)

23 N,N-Dimethylformamide diethylacetal C7H17NO2 9 H (7.63) 9 Unknown –

24 Butanoic acid, 2-methyl- C5H10O2 H (8.04) 9 9 No Tait et al. (2014)

25 Butanedioic acid, phenyl- C10H10O4 9 H (8.21) Unknown –

26 Styrene C8H8 H (8.35) 9 9 No Kanchiswamy et al. (2015),

Lee et al. (2016)

27 2-Heptanone C7H14O 9 H (8.46) 9 No Liu et al. (2008)

28 Butanimidamide C4H10N2 9 9 H (8.47) Unknown –

29 (4H-[1,2,4]Triazol-3-yl) acetonitrile C4H4N4 9 9 H (9.87) Unknown –

30 Oxime-, methoxy-phenyl- C8H9NO2 H (9.33) H (9.94) H
(10.14)

No Tahir et al. (2017), Guneser

et al. (2017), Gao et al.

(2018)

31 Cyclotetrasiloxane, octamethyl- C8H24O4Si4 H (11.37) H (14.67) H
(30.42)

No Rath et al. (2018)

32 2-Heptanone, 6-methyl- C8H16O 9 H (11.74;

12.26)

H
(11.75)

No Liu et al. (2008)

33 1-Hexanol, 2-ethyl- C8H18O H (11.95) H (16.19) 9 Yes Fernando et al. (2005),

Chen et al. (2008), Liu

et al. (2008), Che et al.

(2017)

34 Benzene, 1-ethynyl-4-methyl- C9H8 H (12.22) H (16.56) 9 Unknown –
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Table 2 (continued)

S.

no.

Volatile compounds Chemical formula Presence of volatile compound

and its RT*

Antifungal

property

References

ESR 7 ESR 24 ESR 26

35 Pentane, 2,3,4-trimethyl- C8H18 9 9 H (12.29) Unknown –

36 5-Chloro-1,3-dimethyl-1H-pyrazole-

4-sulfonic acid, 2-methyl-5-

trifluoromethyl-2H-pyrazol-3-yl

ester

C10H10ClF3N4O3S 9 9 H (12.38) Unknown –

37 Undecane, 5,7-dimethyl- C13H28 H (12.39) H (17.86) H (21.21) Yes Fernando et al. (2005)

38 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 H (12.71) H (20.48) H (20.52) No Rath et al. (2018)

39 Undecane, 3,7-dimethyl- C13H28 H (13.01) 9 9 Yes Fernando et al. (2005)

40 Carbonic acid, butyl phenyl C11H14O3 9 H (13.47) 9 Unknown –

41 Benzeneethanamine,

N-[(pentafluorophenyl)methylene]-

,beta.,4-bis[(trimethylsilyl)oxy]-

C21H26F5NO2Si2 H (13.61) H (25.06) 9 Unknown –

42 2-Decanone C10H20O H (13.68;

13.76)

9 H (24.64) Yes Yuan et al. (2012), Che et al.

(2017)

43 Furan, 2-pentyl- C9H14O 9 H (13.68) 9 No Farag et al. (2006)

44 Napthalene C10H8 H (14.09) 9 9 No Che et al. (2017)

45 Dodecane C12H26 H (14.15) H (27.42) H (27.42) Yes Fernando et al. (2005), Farag

et al. (2006), Zou et al.

(2007), Massawe et al.

(2018)

46 2,2-Dimethyl-3-heptanone C9H18O 9 9 H (14.21) Unknown –

47 Decane, 2,4-dimethyl- C12H26 9 H (14.23) 9 No Zhou et al. (2014)

48 Xylose C5H10O5 9 9 H (14.81) Unknown –

49 2-Undecanone C11H22O H (14.86) 9 9 Yes Giorgio et al. (2015), Vallejo

et al. (2020)

50 4-Pyridinamine, 2,6-dimethyl- C7H10N2 9 9 H (15.08) Unknown –

51 Pentanoic acid C5H10O2 9 H (15.34) 9 – –

52 2-Dodecanone C12H24O H (16.42) 9 9 Yes Yuan et al. (2012), Tait et al.

(2014), Guevara-Avendaño

et al. (2019)

53 Tetredecane C14H30 H (16.98) 9 9 No Fernando et al. (2005), Chen

et al. (2008)

54 Nonane, 4,5-dimethyl- C11H24 9 9 H (17.87;

20.84)

Unknown –

55 Undecane, 4,7-dimethyl- C13H28 9 9 H (18.22) No Giorgio et al. (2015)

56 Sulfurous acid, dipentyl ester C10H22O3S 9 H (19.37) 9 Unknown –

57 Pentane, 3-ethyl-2-methyl- C8H18 9 H (20.80) 9 Unknown –

58 1,2-Benzenedicarboxylic acid,

diisooctyl ester

C24H38O4 H (22.57) 9 9 Yes Kudalkar et al. (2012),

Mallaiah et al. (2016)

59 Benzaldehyde, 2,5-

bis[(trimethylsilyl)oxy]-

C13H22O3Si2 9 9 H (22.60) No Hanif et al. (2019)

60 Squalene C30H50 H (23.42) 9 9 No Bojke et al. (2018)

61 Hexadecanal, 2-methyl- C17H34O 9 H (24.96) 9 Yes Raza et al. (2015)

62 p-Trimethyl silyloxy phenyl-bis

(trimethylsilyloxy) ethane

C17H34O3Si3 9 9 H (25.07) Unknown –

63 Azulene C10H8 9 H (25.56) 9 No Strobel (2006)

*Retention time (min:s); H- detected, 9 - not detected
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26, while two compounds viz., alanine and 6-methyl-2-

Heptanone were found in VOCs produced by ESR 24 and

ESR 26. The chromatogram analysis further revealed that 6

compounds viz., acetic acid, methoxy-phenyl-oxime,

octamethyl-cyclotetrasiloxane, 5,7-dimethyl-undecane,

hexamethyl-cyclotrisiloxane and dodecane were identified

in VOCs produced by all three bacteria strains.

Fig. 2 Total ion chromatogram of VOCs produced by endophytic bacteria. a B. axarquiensis—ESR 7; b B. subtilis—ESR 24; c B.
licheniformis—ESR 26
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Discussion

Utilization of endophytic bacteria for biological suppres-

sion of diseases of many crops including sugarcane was

successfully demonstrated (Hoon et al. 2007; Amaresan

et al. 2019; Jayakumar et al. 2019). Such endophytic bac-

teria produce VOCs in nature and chemical profiling of

such volatiles will throw light on the mechanisms of

antagonism by endophytic bacteria, which can be aptly

utilized for plant disease management. In the present study,

the endophytic bacteria isolated from sugarcane were

capable of producing VOCs that are inhibitory to sugarcane

red rot pathogen. Among the tested bacterial strains, 9 were

capable of producing volatiles that can inhibit[ 50%

mycelial radial growth of C. falcatum. Earlier, the endo-

phytic Trichoderma spp. isolated from sugarcane were also

reported to produce volatiles with antagonistic property

against red rot pathogen (Joshi et al. 2019a, 2019b). The

literature has showed that inhibitory activity of volatiles

varied with bacteria and pathogens. Ting et al. (2009)

found that endophytic bacteria were capable of producing

inhibitory volatiles towards the wilt pathogen F. oxyspo-

rum f.sp. cubense rece 4 (FocR4) to the tune of 20.3%. The

endophyte B. velezensis isolated from maize produced

volatiles with inhibitory activity on the growth of S. scle-

rotiorum up to 86.7% (Massawe et al. 2018). In few

instance, the volatiles produced by endophytic bacteria

were completely inhibitory to the pathogen. Che et al.

(2017) reported that the volatiles produced by a strain of

Lysinibacillus sp were inhibitory to the mycelial growth of

C. acutatum to the tune of 100%. In terms of inhibiting

radial growth of C. falcatum, the potential three VOCs

producers were of Bacillus spp. Bacillus spp. as a common

soil bacteria and endophytic bacteria were known for

production of their diverse range of secondary metabolic

products including antibiotics, volatile organic compounds,

antifungal agents, etc. (Lodewyckx et al. 2002). Bacillus

subtilis isolated from soil produced antifungal volatile

organic compounds and that even controlled the over

wintered sclerotoid germination of S. sclerotiorum (Liu

et al. 2008).

Among the tested bacteria volatiles produced by 45% of

endophytes completely inhibited the sporulation of C. fal-

catum, while 47% bacteria reduced spore formation sub-

stantially. In many of the sporulated culture, the volatiles

altered the pattern of spore formation. Xie et al. (2020)

reported that among VOCs produced by B. subtilis two

compounds viz., 2-heptanone, and isopentyl acetate

strongly inhibited both sporulation and germination of C.

lunata and 2-methylbutyric acid inhibited sporulation.

Chen et al. (2008) reported that the volatiles generated by

B. subtilis inhibited the spore germination and elongation

of germ tubes of Botrytis cinerea. In addition, the culture of

C. falcatum exposed to VOCs of endophytes showed varied

patterns of mycelia growth (Table 1) due to deformation

and disintegration of fungal mycelia by volatiles. Xing

et al. (2018) also reported similar such result, i.e. VOCs

produced by actinobacteria Streptomyces fimicarius inhib-

ited the growth and development of Peronophythora litchii

by destroying the integrity of the cell wall. Yuan et al.

(2012) reported that some specific volatiles viz., benzoth-

iazoles phenol and 2,3,6-trimethyl-phenol produced by B.

amyloliquefaciens could affect the growth and spore ger-

mination of phytopathogen. The earlier findings reveal that

kind of volatiles produced by each bacterium decides the

effect on fungus. Hence, the functions of each volatile can

be elucidated only by complete profiling of mVOCs.

In the present study, we analysed the complete compo-

sition of VOCs produced by 3 bacteria those showed

effective inhibitory properties on mycelia growth and

sporulation of C. falcatum. The literature study showed that

among 63 identified compounds in the present study 31

were already reported to be produced by either bacteria or

fungi. The composition of VOCs varied among endophytic

bacteria ESR 7, ESR 24 and ESR 26, and only six com-

pounds were reported in volatiles produced by all three. In

these 6 compounds, methoxy-phenyl-oxime was not only

common but also produced in abundance in VOCs of all

three bacteria. It is a ketone compound reported naturally

in the secondary metabolites of bacteria and fungi (Xu

et al. 2011). The abundant presence of this compound was

also reported in VOCs produced by B. subtilis and B.

amyloliquefaciens (Gao et al. 2018; Tahir et al. 2017);

however, no antifungal properties were reported for this

compound. Acetic acid was another compound produced in

considerable quantity by all three bacteria. It was reported

to be produced by bacteria strains of Bacillus sp from

rhizosphere (Farag et al. 2006). Acetic acid produced by

certain bacteria was reported to play a role in induction of

biofilms formation by bacteria. The biofilms contain

exopolysaccharides as major constituents, which indirectly

increase the stress tolerance of plant (Chen et al. 2015; Liu

and Zhang 2015). The volatiles of rhizosphere bacteria

Pseudomonas spp. USB2104 contained acetic acid in

considerable quantity. Analysis of antifungal activity of

VOCs against S. sclerotiorum showed that acetic acid was

among 2 most active compounds in reducing the mycelia

growth and the fungi exposed to this volatile caused vari-

ation in hyphal structure and cytoplasm abnormalities

(Giorgio et al. 2015). This report corroborates the present

findings, in which exposure of C. falcatum culture to VOCs

of ESR 7, ESR 24 and ESR 26 caused production of

fragmented and powdery mycelia growth. Undecane 5,7-

dimethyl and dodecane were two hydrocarbons reported in

volatiles of all three bacteria. They were occasionally
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reported in the volatiles produced by microorganisms

(Farag et al. 2006; Schulz and Dickschat 2007). While

assessing the antifungal activity of VOCs against S. scle-

rotiorum, it was found that in the plates exposed to unde-

cane and dodecane produced abnormally shaped and

spongy sclerotia (Fernando et al. 2005). Few Bacillus spp.

were reported to produce dodecane in VOCs, but it pos-

sessed least inhibitory action on pathogens (Gu et al. 2007;

Zou et al. 2007; Massawe et al. 2018). Ryu et al. (2004)

reported the presence of dodecane in B. subtilis GB03

strain was capable of inducing systemic resistance (ISR) in

host plant. The other two hydrocarbons reported in VOCs

of all three bacteria were viz., Octamethyl-cyclote-

trasiloxane and hexamethyl-cyclotrisiloxane. Earlier stud-

ies have shown the presence of this compound in volatile

profile of B. mojavensis an endophytic bacterium isolated

from maize, but no antagonistic properties were identified

(Rath et al. 2018).

The endophyte ESR 24 produced active compound

hexanal in its volatile composition. Katoch et al. (2017)

reported large hexanal production (43.9% of total VOCs)

by an endophytic fungus Fusarium sp isolated from a

medicinal herb and that inhibited the phytopathogens such

as Sclerotinia sp and A. flavus. In the present study, both

ESR 7 and ESR 24 produced alcohol 2-ethyl-1-hexanol and

the presence of this compound was reported in volatiles of

Pseudomonas spp. (Fernando et al. 2005) and B. subtilis

(Chen et al. 2008; Liu et al. 2008) with antifungal activity

against S. sclerotiana, B. cinerea and S. sclerotiana,

respectively. The active ketone compound 2-decanone was

reported in ESR 7 and ESR 26 and that was earlier reported

in volatiles of Bacillus spp. and Pseudomonas spp. (Fer-

nando et al. 2005; Liu et al. 2008). GC–MS analysis of

VOCs produced by B. amyloliquefaciens NJN-6 strain

detected 36 compounds and analysis of individual com-

pound against F. oxysporum showed that 2-decanone could

exhibit 100% inhibition of this pathogen (Yuan et al.

2012). One more active compound produced by ESR 7 was

2-undecanone. The findings of Vallejo et al. (2020) showed

the abundant presence of 2-undecanone in volatile pro-

duced by two bacteria Bacillus sp and Pseudomonas sp

with effective antagonistic properties against Fusarium

spp. causing dieback disease. Another ketone compound

2-dodecanone produced in considerable quantity in ESR 7

was also reported in VOCs of many microbes with anti-

fungal properties. Production of this compound was

reported in Bacillus sp and Pseudomonas sp and when

synthetic form of volatile 2-dodecanone was tested for

antifungal property, it could reduce mycelial growth of F.

solani by 38.5% (Guevara-Avendaño et al. 2019). The ester

compound 1,2-Benzenedicarboxylic acid, diisooctyl ester

was reported in ESR 7 and that compound was earlier

reported with antagonistic property against F. incarnatum

(Mallaiah et al. 2016). One alcohol compound hexadecanol

produced by strain ESR 24 was also earlier reported in

volatiles of P. polymyxa with 60% antagonistic potential

against F. oxysporum f.sp. niveum (Raza et al. 2015).

Overall, among 63 identified compounds 11 were reported

with antifungal properties, 20 were already reported in

VOCs of many bacteria and fungi; however, their anti-

fungal properties were not established and functions of

remaining 32 compounds are not known.

Among 49 endophytic bacteria tested against C. falca-

tum for antagonistic VOCs production, the strain ESR 7

showed highest efficacy and that result corroborates with

identified active volatiles from the literature, i.e. among 11

identified active VOCs 9 were present in ESR 7. Hence, the

present study reveals the evidence that VOCs produced by

B. axarquiensis—ESR 7, B. subtilis—ESR 24 and B.

licheniformis—ESR 26 play key roles in mediating

antagonism against C. falcatum. Further analysis of func-

tionally known and unknown VOCs may result in identi-

fication of new natural compounds that can be utilized for

the management of red rot disease.
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Crespo, R., N. Pedrini, Juárez, and G.M. Dal Bello. 2008. Volatile

organic compounds released by the entomopathogenic fungus

Beauveria bassiana. Microbiological Research 163: 148–151.

https://doi.org/10.1016/j.micres.2006.03.013.

Daungfu, O., S. Youpensuk, and S. Lumyong. 2019. Endophytic

bacteria isolated from citrus plants for biological control of citrus

canker in lime plants. Tropical Life Sciences Research 30(1):

73–88. https://doi.org/10.21315/tlsr2019.30.1.5.

Farag, M.A., C.M. Ryu, L.W. Sumner, and P.W. Paré. 2006. GC-MS
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