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Table 1. Analysis of variance, inhibitory effect of the endophytic bacteria isolated from Satureja

khuzestanica against plant pathogenic bacteria in vitro

Source of variation DF Mean squares  F value Pr>F
Pathogenic bacteria (a) 2 43.14 5.03 0.0082"
Endophytic bacteria (b) 16 103.65 12.09 <0.0001™
Interaction of pathogenic bacteria x -
endophytes (a*h) 32 28.77 3.36 <0.0001
Error 102 8.57

Coefficient of variation

20.92

**significant at 1 % probability level
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Table 2. The mean comparison interaction effect of the endophytic bacteria isolated from Satureja

khuzestanica and plant pathogenic bacteria in vitro

Treatments (Interaction of

Treatments (Interaction of

pathogenic x Inhibitory zone pathogenic bacteria x Inhibitory zone
endophytes) endophytes)

E1B1 11.167M E10B2 13.8334"
E2B1 19 ¢ E11B2 19.167 abcd
E3B1 19.333 abcd E12B2 7.167 o
E4B1 15.5 bk E13B2 119
E5B1 1051 E14B2 7.833PT
E6B1 7.667P E15B2 14,5 dm
E7B1 21.667° E16B2 14,54m
E8B1 165" E17B2 20.833 ac
E9B1 15¢ E1B3 14.167 49"
E10B1 11.5Ma E2B3 116.5%
E11B1 21.333 % E3B3 16.833 &1
E12B1 11.66794 E4B3 12.833 P
E13B1 15¢! E5B3 16.52
E14B1 11.167M E6B3 8.833m"
E15B1 4333 " E7B3 15.833%1
E16B1 19.667 abcd E8B3 13.167°%°
E17B1 15.833 2} E9B3 17 &N
E1B2 163 E10B3 9.167 "
E2B2 8.667™" E11B3 19,5 abed
E3B2 12.5%a E12B3 129
E4B2 8.5 E13B3 16.833 &1
E5B2 1459¢m E14B3 6.833 "
E6B2 9.667 E15B3 13.8334"
E7B2 17.8333f E16B3 19.667 @b
E8B2 10519 E17B3 17.529
E9B2 12.833 P

Treatments having at least one similar letter do not show a significant difference at P>0.05
B1: Clavibacter insidiosus B2: Ralstonia solanacearum B3: Pectobacterium carotovorum subsp. carotovorum

Bacillus megaterium (C) ,

Priestia aryabhattai (B), Pseudomonas cudguwil sl Wb -V J<h

Clavibacter insidiosus dsigs 5 w5 Jole (& 587 wdy 31 Fis185b 9 Sliwigs 03 w0 31 o laz psychrotolerans (A)
Figure 1. The effect of endophytic bacteria incuding Bacillus megaterium, Priestia aryabhattai, Pseudomonas
psychrotolerans isolated from Satureja khuzestanica on inhibiting the growth of Clavibacer insidiosus



‘_thg;:.‘j;l:.ﬁ tS'L-’J)‘ E) Gb)}’ cjf ‘_;_’J)‘: o\:f C,:ﬁ)..b‘ le.b‘_sj:fb ‘53,L'“L-‘;’ E) ngLw‘.b- QL:A;‘J}- E) wdu\:.ﬁ‘ O

Ralstonia (g 5k wdy 31 (Faisloil » Jbwies o)y i ond lae Bacillus megaterium cudgunil (s 35 W6 ¥ <o

solanacearum

Figure 2. The effect of Bacillus megaterium isolated from Satureja khuzestanica on growth inhibition of

Ralstonia solanacearum

Sl igs 03 0 3l ol lus cadguil Streptomyces cavourensis (B) , Bacillus megaterium (A) sl 55b w36 -F o
Pectobacterium carotovorum subsp. carotovorum (g g7l oy 31 i a3k »

Figure 3. The effect of endophytic Streptomyces cavourensis, Bacillus megaterium isolated from Satureja
khuzestanica on growth inhibition of Pectobacterium carotovorum subsp. Carotovorum
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Figure 4. 1.5 kb fragments of the 16S rRNA gene amplified by PCR using 27F / 1492R primer pair in the
representative endophytic strains (Lane 1 to 4) M: 100 bp marker (SMOBiIO DM2300).
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Table 3. Endophytic bacteria isolated from Satureja khuzestanica plant and GenBank accession numbers of

16S rRNA gene
Bacterial species GenBank accession numbers Strain name
Priestia aryabhattai MZ958841 M210 (E7)
Bacillus megaterium MZ958840 MR60 (E11)
Pseudomonas psychrotolerans MZ958842 M150 (E16)
Streptomyces cavourensis OK064160 MON123 (E17)

\ @

Priestia :B (Streptomyces cavourensis :A .TSA Culs dasxo (595 2 0 CulS (St SB35l polad — 0 Ko
Bacillus megaterium :D 4 Pseudomonas psychrotolerans :C aryabhattai

Figure 5. The selected bacteria cultured on TSA medium. A: Streptomyces cavourensis, B: Priestia
aryabhattai, C: Pseudomonas psychrotolerans and D: Bacillus megaterium
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Table 4. Results of phenotypic and biochemical tests used for identification of endophytioc bacterium
Pseudomonas psychrotoleran (M150 strain) isolated from Satureja khuzestanica

Test Results

Gram Gram-negative
O/F Aerobe
Colonies Yeloow, irregular, leathery, dry
Acid production from:

Glucose +

L-arabinose +

D-xylose +

D-mannose +

Sorbitol +

Rhamnose -

Inositol +

Trehalose +

Fluorescent pigment _

Growth at:

4°C +

42°C -

Bacillus s Priestia aryabhattai cudgunil b 6 a5l oSS olobid (Sl y ol plnil olowign G Cui -0 Jyuz
megaterium

Table 5. Biochemical tests performed for additional identification of endophytic bacteria Priestia aryabhattai
and Bacillus megaterium

Test Priestia aryabhattai  Bacillus megaterium
Gram Gram-Positive Gram-Positive
Anaerobic growth + +

D-galactose + +

D-mannose - +

Inositol - +

b-galactosidase + -

D-trehalose + +

Glucopyranoside - -
Voges Proskauer - +
Fermentation of inositol - -
Arginine dihydrolase - -
Catalase production + +
Indole production + -
Citrate utilization + +
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Table 6. Phenotypic and biochemical characteristics of endophytic bacterium Streptomyces cavourensis

Test Results
Gram Gram-Positive
Spore chain Rectiflexible
Colonies Light brown
Acid production from:

D-Glucose +

Fructose +

Galactose +
L-arabinose +

Sorbitol -

Trehalose -

Rhamnose -

Inositol -

Catalase test +

Starch hydrolysis +

Casein hydrolysis +

Nitrate reduction +

Gelatin liquefaction

16S 05 51 samd o5l 5 ulal 5 ¢ S. Khuzestanica ;i e
rw))b{qhn il b 05 KLl g bl TRNA
S 15 Lo uy p opl o glulid (gla oy ul LConlods
5 Kl edd Laseie 50l Sotgs s 0T LS s ol
okl 2l g BOT HUST 55 ab g 0 oo 2w (Sloslas
T sboslas bl wo OIS sy
Soleo cdale Blos 3 oolaw! b Job
S gl sl Jshe ol 5 Sl JS1 e )las
Bl sy Sleslizal b (g SL us Cdlb w8l
P 055U S a5 S8 Cailes il
subsp. 5 C. insidiosus,R. solanacearum
J5 Wl 5,4 P. carotovorum carotovora
ot ol gl ol (slae jlas lge ke Sl izd §
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LC178546.1 Bacillus subtilis

97 |Lcs3s007.1 Bacillus subtilis

291l 15997431 Bacillus licheniformis

i LCB17083.1 Bacillus velezensis

MW276117.1 Bacillus smithii

MZ358840.1 Bacillus megaterium
99

MG198674.1 Bacillus megaterium

LC178545.1 Bacillus thuringiensis

97 .
NR 0745401 Bacillus cereus

FJ372536.1 Pseudomonas fluorescens

Fomoo !
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Figure 6. Phylogenetic tree constructed with MEGA7 software by neighbor-joining method based on
sequences of 16S rRNA gene of Bacillus megaterium strain MR60 (marked with a black circle) isolated from

Satureja khuzestanica and isolates from GenBank with 1000 bootstrap replications. Pseudomonas
fluorescens was selected as an outgroup.

LR214457 1 Pseudomonas syringae
D84007.1 Pseudomonas amygdali
AB10S013.1 Pseudomonas putida
AB266613.1 Pseudomonas fluorescens

MR 037092.1 Pseudomonas azotoformans

MR 026078.1 Pseudomonas aeruginosa

a8 LR215133.1 Pseudomonas psychrotolerans

100@MZ958842.1 Pseudomonas psychrotolerans strain M150

58
LNB51270.1 Pseud, psych

LCB37519.1 Bacillus subtilis

—
nceo

O3 3 owd B35 wlal » (Neighbor-joining) baylues cwge 59y b MEGA 7 51381p 3 b a4 1350 os 50 -Y
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Figure 7. Phylogenetic tree constructed with MEGAT7 software by neighbor-joining method based on sequences of

16S rRNA gene of Pseudomonas psychrotolerans strain M150 (marked with a black circle) isolated from Satureja
khuzestanica and isolates from GenBank with 1000 bootstrap replications. Bacillus subtilis was selected as an

outgroup.
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HM371417 .1 Priestia megaterium

OKDB3712.1 Priestia aryabhattai
= GU384688.1 Priestia megaterium

a4 LCS583210.1 Priestia arvabhattai

LC593253 .1 Priestia megaterium
MZ958841.1 Priestia aryabhattai strain M210
LCB17178.1  Priestia flexa

87 |QK982925 1 Priestia flexa

OL376755.1 Priestia aryabhattai

LC510296.1 Bacillus circulans

25 OKD56293.1 Priestia koreensis

KKX2B61623 .1 Bacillus endophyticus

99 | OK178875.1 Priestia filamentosa

L KPO53306.1 Bacillus kohnii
KUOS51416.1 Sphingobiwm lactosutens

0.020
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Figure 8. Phylogenetic tree constructed with MEGA7 software by neighbor-joining method based on

sequences of 16S rRNA gene of Priestia aryabhattai strain M210 (marked with a black circle) isolated from
Satureja khuzestanica and isolates from GenBank with 1000 bootstrap replications Sphingobium lactosutens

was selected as an outgroup.

e OK064160.1 Streptomyces cavourensis strain MON123
100 KF682222.1 Streptomyces cavourensis
NR 043851.1 Streptomyces cavourensis

98 MF950891.1 Swtreptoniyces cavourensis

AB184439.1 Streptomyces bacillaris

10 AB184116.2 Streptomyces californicus

Y15501.1 Streptomyces griseus

831 AB184240.2  Strepromyces rubiginosohelvolus

HF952703.1 Streptomyces microflavus par

NR 112305.1 Streptomyces coelicolor

NR 118467.1 Streptomyces albus

0.0050
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Figutr 9. Phylogenetic tree constructed with MEGA7 software by neighbor-joining method based on
sequences of 16S rRNA gene of strain Streptomyces cavourensis MON123 (marked with a black circle)
isolated from Satureja khuzestanica and isolates from GenBank with 1000 bootstrap replications

Streptomyces albus was selected as an outgroup.
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Table 7. Minimum inhibitory concentration (MIC) values of antibacterial activity test performed on
endophytic secondary metabolites identified from Satureja khuzestanica

Test Organism P. aryabhattai

B. megaterium

S. cavourensis  P. psychrotolerans  Streptomycin

MIC (mg/mL) MIC (mg/mL)  MIC (mg/mL) MIC (mg/mL) MIC (_g/mL)
R. solanacearum 1.25 1.25 0.625 1.25 0.312
C. insidiosus 0.625 2.5 0.625 1.25 0.625
P. carotovorum 0.625 1.25 0.312 0.625 0.312
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Table 8. GC-MS analysis of P. aryabhattai crude extracts isolated from Satureja khuzestanica

RT (min) Area%  Name of the Compound Biological Activity

10.514 49.15 Hexadecanoic acid Antioxidant, hypocholesterolemic,
Antiandrogenic, hemolytic, Alpha reductase
inhibitor

10.660 6.30 1,3 Dicyclohexylbutane -

12.898 17.16 Eicosane Biodegradation, antifungal

13.879 3.05 Diisobutyle ester -

14.925 5.42 Dibutyle phtalat Antifungal

15.047 13.47 Eicosane Biodegradation, antifungal

17.001 5.45 Docosane Antibacterial activity

Satureja khuzestanica b i w0 P. psychrotolerans pls slae jlas GC-MS i g 4 505 -4 J9o
Table 9. GC-MS analysis of crude extracts of P. psychrotolerans associated with Satureja khuzestanica

Peak RT (min) Area %

Name of the compound

Biological Activity

1 10.139 1.58 Pentadecane,3-methyl

2 10.528 45.85 Hexadecane

3 10.656 7.11 1,4 Dicyclohexyl butane

4 12.232 1.44 Eicosane

5 12.310 2.12 Eicosane,2,4-dimethyl

6 12.561 1.61 Heptadecane,3-methyl

7 12.905 21.31 Heneicosane

8 13.099 3.32 Tridecane,4-cyclohexyle

9 14.427 0.57 Hexadecane,2,6,10,14-
tetramethyle

10 14.506 1.06 Eicosane,2,4-dimethyl

11 14.741 0.90 3-methyl nonadecane

12 14.914 0.63 Dibutyle phtalat

13 15.041 7.51 n- Eicosane

14 15.283 1.66 Eicosane2-cyclohexyle

15 16.988 217 Eicosane

16 17.265 0.65 2-cyclohexyle Eicosane

17 18.773 0.52 Tetracosane

Antioxidant

Biodegradation, antifungal
Antifungal, antibacterial,
antitumor and cytotoxic effects

Antifungal, antibacterial,
antitumor and cytotoxic effects

Antifungal
Biodegradation, antifungal

edplie p Jase Jelge a5 28 1 Bacillus
Spn b (Sew 8 el 08 o 3 g5 S w5
b 5 05 o Dlind ] (ladinl Wl oo (gline
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Table 10. GC-MS analysis of crude B. megaterium extracts related to S Satureja khuzestanica

Peak RT (min) Area%

1 12.905 5.67 Eicosane

2 14.367 51.32 Methyl Hexadecanoate
3 14.573 3.80 Methylox

4 14.920 1.67 Dibutyle phtalat

5 15.044 2.33 Hexadecane

6 15.085 1.67
tetracosamethyl

7 16.226 2.63 Methyl oleate

8 16.340 1.28 Octadeamethyl-

cyclononasiloxane
Stearic acid, methyl

9 16.395 29.63
ester

Cyclododecasiloxane,

Name of the Compound  Biological Activity

Antifungal, antibacterial, antiviral,
antioxidant activities

Antifungal, Antibacterial, antioxidant
activity

Satureja khuzestanicay ks yo Streptomyces cavourensis cudguil pls gl o jbac GC-MS Judxi g 45 35 - 1) Jguo
Table 11. GC-MS analysis of crude Streptomyces cavourensis extracts related to Satureja khuzestanica

Peak RT (min) Area%  Name of the Compound Biological Activity
1 9.111 12.33 2-hydroxy ethyl acetate -
2 9.292 33.53 O-xylene Antifungal, Antioxidant and
antimicrobial
9.873 12.38 M-xylene -

10.495 24.28
5 16.903 8.37

6 19.247 9.21

Cyclohexasiloxane,
dodecamethyl
Cyclopentasiloxane,
tetradecamethyl

Thiacyclopentan-3-ol -

Antifungal properties

Antiperspirants and deodorants.
Antibacterial, Antifungal
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Abstract
Background and Objectives
In many parts of the world, medicinal plants have been used as an alternative medicine to
promote human health and longevity since ancient times. Microbes residing within plant tissues
are known as endophytes. The compounds produced by these microbes have the potential to be
employed in modern medicine, agriculture, and other industries. Endophytic bacteria isolated
from medicinal plants are valuable sources of novel bioactive compounds with diverse
activities, including antimicrobial, anticancer, and antiviral properties. This study aimed to
isolate, identify, and screen endophyte bacteria with antimicrobial activity against plant
pathogenic bacteria. Aromatic plants such as Satureja khuzestanica are utilized in traditional
medicine due to their secondary metabolites, but data regarding its naturally occurring bacterial
endophytes is limited.
Materials and Methods
In the current study, 17 strains of bacterial endophytes were isolated in a Tryptic Soy Agar
medium from the medicinal plant Satureja khuzestanica. Based on sequencing the 16S rRNA
encoding gene, researchers isolated bacterial strains from the Bacillus, Streptomyces, and
Pseudomonas genera with the highest activity against plant pathogenic bacteria. Under standard
conditions, these endophytic bacteria’s bioactive secondary metabolites were extracted with
ethyl acetate and analyzed using Gas Chromatography-Mass Spectrometry (GC-MS). The mass
spectra of the compounds were compared to the National Institute of Standards and Technology
(NIST) library’s database. Moreover, microbroth dilution techniques were used to determine
the minimum inhibitory concentration (MIC) values for five different bacteria species.
Results
The GC-MS analysis revealed the presence of a number of compounds, including dibutyl
phthalate (DBP), eicosane, octadecanoic acid, hexadecanoic acid, and hexadecane 1,4-
dicyclohexylbutane. Four of the selected bacterial endophytes exhibited antimicrobial activity
against three plant pathogens: Ralstonia solanacearum, Pectobacterium carotovorum subsp.,
carotovorum, and Clavibacter insidiosus. Data analysis revealed significant differences in
antimicrobial activity, with the minimum inhibitor concentration ranging from 0.312 mg/ml to
2. 5 mg/ml. Furthermore, we identified bioactive secondary metabolites with reported
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biological activities in antimicrobial, anti-inflammatory, and antioxidant properties with
biotechnological applications in medicine, agriculture, and other industries based on an
endophytic crude extract data analysis.

Conclusion

Our findings shed new light on the antimicrobial properties of naturally occurring bacterial
endophytes in S. khuzestanica.
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