Broad-spectrum antimicrobial activity of volatile organic compounds from endophytic Pseudomonas putida BP25 against diverse plant pathogens
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Table S1. Mycelial inhibition (%) of Phytophthora capsici  by volatile organic compounds
	Compound (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	CD
p≤ 0.05
	SE (m)
	SE (d)
	C.V

	2, 5-dimethyl pyrazine
	26.32

(30.89)
	36.84

(36.84)
	50.00

(44.67)
	60.53

(50.77)
	84.21

(67.31)
	100.00

(90.00)
	100.00

(90.00)
	2.02
	0.67
	0.95
	2.26

	2-methyl pyrazine
	12.50

(20.07)
	12.50

(21.16)
	25.00

(30.71)
	37.50

(37.59)
	62.50

(53.34)
	78.13

(62.24)
	100.00

(90.00)
	1.86
	0.62
	0.87
	2.71

	2-ethyl-5-methyl pyrazine
	9.38

(20.86)
	21.88

(28.42)
	21.88

(29.48)
	53.13

(47.58)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	1.52
	0.50
	0.71
	1.75

	2-ethyl-3, 6-dimethyl pyrazine
	23.68

(29.68)
	28.95

(32.05)
	47.37

(43.06)
	76.32

(60.89)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	1.89
	0.63
	0.89
	1.99

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).
Data in the parentheses are angular transformed values;  NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Note: The mycelial inhibition (%) for the recommended chemical, metalaxyl, was found  to be 29.35, 40.10, 46.29, 74.05, 87.92 and 100 at different concentrations, 0.125, 0.25, 0.5, 1, 2 and  4 µg  ml-1, respectively (data not shown  in the table).
Table S2. Mycelial inhibition (%) of Pythium myriotylum by volatile organic compounds
	Compound (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	CD
p≤ 0.05
	SE (m)
	SE (d)
	C.V

	2, 5-dimethyl pyrazine
	0.00

(0.00)
	6.98

(15.09)
	41.86

(40.29)
	93.30

(74.96)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	3.10
	0.94
	1.33
	2.64

	2-methyl pyrazine
	0.00

(0.00)
	0.00

(0.00)
	30.20

(33.30)
	41.85

(40.27)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	3.58
	1.08
	1.53
	3.56

	2-ethyl-5-methyl pyrazine
	0.00

(0.00)
	6.98

(15.09)
	88.89

(70.51)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	3.32
	1.00
	1.42
	2.54

	2-ethyl-3, 6-dimethyl pyrazine
	0.00

(0.00)
	72.08

(58.09)
	88.88

(70.49)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	1.74
	0.52
	0.74
	1.21

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).

Data in the parentheses are angular transformed values; NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Note: The mycelial inhibition (%) for the recommended chemical, metalaxyl, was found to be 14.95, 63.90, 73.00, 81.70 and 100 at different concentrations, 0.125, 0.25, 0.5, 1 and  2 µg  ml-1, respectively (data not shown in the table).
Table S3. Mycelial inhibition (%) of Colletotrichum gloeosporioides by volatile organic compounds
	Compound (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	CD
p≤ 0.05
	SE (m)
	SE (d)
	C.V

	2, 5-dimethyl pyrazine
	14.28

(22.09)
	28.57

(32.29)
	48.57

(44.15)
	60.00

(50.74)
	88.57

(70.21)
	100.00

(90.00)
	100.00

(90.00)
	3.35
	1.01
	1.43
	2.87

	2-methyl pyrazine
	0.00

(0.00)
	8.50 (16.77)
	28.57

(32.29)
	60.00

(50.74)
	77.10

(61.42)
	100.00

(90.00)
	100.00

(90.00)
	4.16


	1.26
	1.78
	4.17

	2-ethyl-5-methyl pyrazine
	5.88

(14.02)
	17.64

(24.75)
	58.82

(50.00)
	85.29

(67.42)
	100.0

(90.00)


	100.00

(90.00)
	100.00

(90.00)
	4.78
	1.44
	2.04
	3.83

	2-ethyl-3, 6-dimethyl pyrazine
	0.00

(0.00)
	41.15

(39.87)
	82.35

(65.13)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	2.01
	0.60
	0.86
	1.48

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).

Data in the parentheses are angular transformed values; NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Note: Complete inhibition of mycelia was observed with the recommended chemical, carbendazim even at a low concentration of 0.125 µg  ml-1 (data not shown in the table).
Table S4. Mycelial inhibition (%) of Athelia rolfsii by volatile organic compounds
	
	
	
	


	Compound (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	CD

p≤ 0.05
	SE (m)
	SE (d)
	C.V

	2, 5-dimethyl pyrazine
	6.98

(15.09)
	11.62

(19.92)
	30.23

(33.32)
	74.00

(59.31)
	90.90

(72.58)
	100.00

(90.00)
	100.00

(90.00)
	4.68
	1.41
	2.00
	4.20

	2-methyl pyrazine
	2.32

( 8.75)
	13.95

(21.92)
	30.20

(33.30)
	53.47

(46.97)
	89.60

(71.19)
	92.20

(73.75)
	100.00

(90.00)
	3.82
	1.15
	1.63
	3.77

	2-ethyl-5-methyl pyrazine
	18.60

(25.49)
	41.84

(40.28)
	77.90

(61.93)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	2.57
	0.77
	1.10
	1.80

	2-ethyl-3, 6-dimethyl pyrazine
	18.60

(25.53)
	64.92

(53.66)
	94.50

(76.45)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	1.62
	0.49
	0.69
	1.07

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).

Data in the parentheses are angular transformed values; NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Note: No inhibition of mycelia was observed with the recommended chemical, carbendazim even at a high concentration of 100 µg ml-1 (data not shown in the table).
Table S5. Mycelial inhibition (%) of Gibberella moniliformis by volatile organic compounds
	Compound
 (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	CD
p≤ 0.05
	SE (m)
	SE (d)
	C.V

	2, 5-dimethyl pyrazine
	21.05

(27.25)
	28.94

(32.44)
	42.10

(40.43)
	52.60

(46.47)
	71.00

(57.39)
	100.00

(90.00)
	100.00

(90.00)
	4.79
	1.45
	2.05
	4.26

	2-methyl pyrazine
	21.05

(27.25)
	26.30

(30.84)
	34.21

(35.71)
	52.60

(46.47)
	71.05

(57.44)
	84.20

(66.55)
	100.00

(90.00)
	5.05
	1.52
	2.16
	4.86

	2-ethyl-5-methyl pyrazine
	21.00

(27.26)
	39.47

(38.89)
	57.89

(49.54)
	84.20

(66.55)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	4.01
	1.21
	1.71
	3.02

	2-ethyl-3, 6-dimethyl pyrazine
	21.05

(27.25)
	34.21

(35.76)
	84.20

(66.55)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	2.86
	0.86
	1.22
	1.99

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-

	
	
	
	
	
	
	
	
	
	
	
	


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).

Data in the parentheses are angular transformed values; NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Note: The mycelial inhibition (%) for the recommended chemical, carbendazim, was found to be 0, 16.65, 23.15, 49.05, 85.90 and 100 at different concentrations, 0.125, 0.25, 0.5, 1, 2 and  4 µg  ml-1,  respectively (data not shown in the table).
Table S6. Mycelial inhibition (%) of Rhizoctonia solani by volatile organic compounds
	Compound (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	CD
p≤ 0.05
	SE (m)
	SE (d)
	   C.V

	2, 5-dimethyl pyrazine
	5.40

(12.99)
	16.20

(23.65)
	64.86

(53.68)
	85.00

(67.20)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	6.26
	1.89
	2.67
	4.99

	2-methyl pyrazine
	0.00

(0.00)
	59.46

(50.43)
	75.67

(60.42)
	80.00

(63.45)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	2.80
	0.86
	1.19
	2.15

	2-ethyl-5-methyl pyrazine
	6.96

(14.33)
	46.51

(42.97)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	7.24
	2.19
	3.09
	4.87

	2-ethyl-3, 6-dimethyl pyrazine
	76.70

(61.22)
	88.20

(69.88)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	3.74
	1.13
	1.60
	2.20

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).

Data in the parentheses are angular transformed values; NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Note: The mycelial inhibition (%) for the recommended chemical, carbendazim, was found to be 0, 23.60, 83.00 and 100 at different concentrations, 0.25, 0.5, 1 and  2 µg  ml-1, respectively (data not shown in the table).
Table S7. Mycelial inhibition (%) of Magnaporthe oryzae by volatile organic compounds
	Compound 

 (µg cm-3)
	21
	42
	84
	169
	339
	509
	679
	C.D.

p≤ 0.05
	SE(m)
	SE(d)
	  C.V

	2, 5-dimethyl pyrazine
	32.75

(34.24)
	36.84

(36.90)
	46.49

(41.58)
	58.19

(50.53)
	63.16

(52.75)
	67.84

(54.96)
	73.68

(58.93)
	2.46
	0.81
	1.15


	3.42

	2-methyl- pyrazine
	3.19

(11.89)
	5.43

(17.56)
	18.21

(25.92)
	26.52

(31.06)
	42.49

(46.04)
	64.86

(53.64)
	100.00

(90.00)
	1.90
	0.63
	0.89
	3.16

	2-ethyl-5-methyl- pyrazine
	7.35

(17.96)
	13.74

(22.01)
	32.91

(35.31)
	36.10

(37.65)
	64.86

(54.28)
	100.00

(90.00)
	100.00

(90.00)
	1.29
	0.43
	0.60


	1.70

	2-ethyl-3, 6-dimethyl pyrazine
	45.61

(39.67)
	56.14

(48.24)
	61.99

(52.70)
	69.01

(60.43)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	2.70
	0.89
	1.26


	2.63

	Dimethyl trisulphidea
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	100.00

(90.00)
	NS
	-
	-
	-


The percent inhibition was expressed in means of three replicates with Critical Difference (CD), Standard Error of the mean [SE (m)], Standard Error of the difference [SE (d)] and Coefficient of Variation (C.V).

Data in the parentheses are angular transformed values; NS: Non significant.
aDimethyl trisulphide showed 100% inhibitory activity even at 2.65 µg cm-3.
Table S8. Antibacterial activity of volatile organic compounds against Ralstonia pseudosolanacearum
	Compound 
(µg cm-3)
	21
	42
	84
	169
	339
	509
	679

	2, 5-dimethyl pyrazine
	+
	+
	+
	+
	+
	+
	+

	2-methyl pyrazine
	+
	+
	+
	+
	+
	+
	+

	2-ethyl-5-methyl pyrazine
	+
	+
	+
	+
	-
	-
	-

	2-ethyl-3, 6-dimethyl pyrazine
	+
	+
	+
	+
	+
	-
	-

	Dimethyl trisulphide
	-
	-
	-
	-
	-
	-
	-


(+) bacterial growth; (-) No bacterial growth.
[image: image1.png]



Figure S1. In vitro assay for volatile organic compounds against Phytophthora capsici. (a) 2, 5-dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; 21, 42, 84, 169, 339, 509, 679 µg cm-3 and control from top to bottom.
[image: image2.png]



Figure S2. In vitro assay for volatile organic compounds against Pythium myriotylum. (a) 2, 5- dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; 21, 42, 84, 169, 339, 509, 679 µg cm-3 and control from top to bottom.
[image: image3.jpg]



Figure S3. In vitro assay for volatile organic compounds against Colletotrichum gloeosporioides. (a) 2, 5-dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; 21, 42, 84, 169, 339, 509, 679 µg cm-3 and control from top to bottom.
[image: image4.jpg]



Figure S4. In vitro assay for volatile organic compounds against Athelia rolfsii. (a) 2, 5-dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; 21, 42, 84, 169, 339, 509, 679 µg cm-3 and control from top to bottom.
[image: image5.jpg]



Figure S5. In vitro assay for volatile organic compounds against Gibberella moniliformis. (a) 2, 5-dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; 21, 42, 84, 169, 339, 509, 679 µg cm-3 and control from top to bottom.
[image: image6.png]



Figure S6. In vitro assay for volatile organic compounds against Rhizoctonia solani. (a) 2, 5-dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; 21, 42, 84, 169, 339, 509, 679 µg cm-3 and control from top to bottom.
[image: image7.png]



Figure S7. In vitro assay for volatile organic compounds against Magnaporthe oryzae.  (a) 2, 5-dimethyl pyrazine, (b) 2-ethyl-5-methyl pyrazine, (c) 2-methyl pyrazine and (d) 2-ethyl-3, 6-dimethyl pyrazine at different concentrations; control, 21, 42, 84, 169, 339, 509 and 679 µg cm-3 from left to right.
[image: image8.png]



Figure S8. In vitro assay for positive controls against oomycete and fungal pathogens. (a) Metalaxyl against Phytophthora capsici, (b) metalaxyl against Pythium myriotylum, (c) carbendazim against Gibberella moniliformis and (d) carbendazim against Rhizoctonia solani at different concentrations; 2, 1, 0.5, 0.25, 0.125 µg  ml-1  and control from top to bottom.
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