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Abstract—Twenty-eight endophytic bacteria isolated from stems and leaves of healthy plants in Kanchanaburi
Province, Thailand, were characterized and evaluated for their plant growth-promoting activity. Based on
their phenotypic characteristics and 16S rRNA gene sequence similarity, the isolates were identified as Pan-
toea (6 isolates), Priestia (4 isolates), Pseudomonas (3 isolates), Enterobacter (2 isolates), Acinetobacter (2 iso-
lates), Novosphingobium (2 isolates), Curtobacterium (2 isolates), as well as Bacillus, Peribacillus, Sphingobium,
Staphylococcus, Brevibacillus, Aneurinibacillus, and Pseudarthrobacter (1 isolate each). Seven isolates produced
indole-3-acetic acid (IAA) in nitrogen-free broth supplemented with 0.01% L-tryptophan, eleven isolates fixed
nitrogen, and twenty-three isolates solubilized phosphate and zinc. Sphingobium sp. Sx8-8 produced the highest
IAA at 67.29 ug mL™"!, followed by Novosphingobium sp. SI8-3 and Pantoea sp. S5-1 at 33.06 and 29.4 ug mL™!,
respectively. The maximum IAA produced by the Sphingobium sp. Sx8-8 increased to 232.1 ug mL~! at optimized
conditions. In in vitro rice germination, the Sphingobium sp. Sx8-8 and Pantoea sp. S5-1 increased root
length, number of lateral roots, and shoot length more than uninoculated control and synthetic IAA as a stan-
dard. The genome size of Sphingobium sp. Sx8-8 was 4.67 Mb (83 contigs), N50 size and average G + C con-
tent were 150389 bp and 64.2 mol %, respectively. This study indicated that endophytic bacteria could poten-
tially promote plant growth and be utilized as bioinoculant or biofertilizers in agriculture.
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Endophytic bacteria colonize intra- and intercellu-
lar plant tissues throughout their life cycle without
causing plant disease. They stimulate plant growth by
(1) fixing nitrogen from the air and converting it to
ammonia which is utilized by plants (Kirchhorf et al.,
1997); (2) producing siderophores (under soil Fe-
deficiency conditions) which form complexes with Fe
ions, leading to an increase in plant Fe-uptake;
(3) producing plant hormones, including indole-3-
acetic acid (IAA), which is involved in cell develop-
ment and plant root elongation (Normanly et al.,
1995); and (4) solubilizing insoluble phosphorus (P),
zinc (Zn), and potassium (K) in soil which increases
availability of P, Zn and K to plants (Meena et al.,
2016). Endophytic bacteria are found in most healthy
plants; however, the structure of endophytic bacterial
communities is related to plant physiology which is

influenced by various factors (i.e., environmental vari-
ability and climate change) (Hutchinson, 1961; Ches-
son and Warner, 1981), including temperature,
humidity, light, and nutrients. Endophytic bacteria of
the genera Rhizobium, Pseudomonas, Bacillus, Azospi-
rillum, Sphingomonas, Burkholderia, Enterobacter,
Paenibacillus, Nocardia, Streptomyces, and Microbac-
terium occurred mainly in cultivated plants (Rosen-
blueth and Martinez-Romero, 2006).

Several researches have focused on endophytic
bacterial population, diversity, and capability to pro-
mote plant growth. Nevertheless, there are few reports
on the endophytic bacterial population in the forests
of Southeast Asia. The goal of the present work was to
isolate endophytic bacteria from stems and leaves of
various plants in Kanchanaburi Province, Thailand,
and to identify them based on phenotypic and geno-
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typic characteristics. The genomic data of a selected
plant-promoting isolate was analyzed for genome
attributes, IAA production, and phosphate, and zinc
solubilization. In addition, IAA production by the
selected isolate was optimized, and the effect of IAA-
producing bacteria on in vitro rice germination was
investigated.

MATERIALS AND METHODS

Sources and isolation methods. Stems and leaves of
eight plant samples, including Thyrsostachys siamen-
sis, Swietenia mahagoni, and Bambusa multiplex, were
collected from the nearby Erawan National Park,
while Afzelia xylocarpa, Toona ciliata, Crateva reli-
giosa, Phyllanthus emblica, and Kaempferia marginata
were from Si Sawat district, in Kanchanaburi Prov-
ince, Thailand. The plant samples were stored in plas-
tic bags and transported to the laboratory for plating
within 24 h. The stems and leaves were washed with
sterile water and then cut into 6-cm long pieces with a
sterile knife. Surface sterilization of stems and leaves
was performed by subsequent soaking in a series of
solutions as follows: 2% sodium hypochlorite for
3 min, sterile distilled water for 3 min, 70% ethanol for
1 min, and finally washing three times in sterile dis-
tilled water. The sterilized stems and leaves were cut
into small segments with a sterile knife, spread on
nutrient agar (NA) that was diluted threefold by water,
and incubated at 30°C for 24—48 h. A single bacterial
colony was picked up and purified on NA for further
study.

Identification Methods

Phenotypic characteristics. Bacterial isolates were
identified based on phenotypic characteristics,
including colony and cell morphology, Gram stain,
catalase and oxidase activity, hydrolysis of starch,
lipid, gelatin, casein, arginine, and esculin (Sierra,
1957). Effects of temperature (40 and 45°C), pH (5, 6,
8, 9) and NaCl concentration (1, 3, and 5%) on growth
of the isolates were tested on NA agar at 30°C for 1—
3 days. The formation of acid from different sugars was
determined as previously described (Tanasupawat
et al., 1998).

Genotypic characteristics. Repetitive sequence-
based polymerase chain reaction (Rep-PCR) using
(GTG); primer (5'-GTGGTGGTGGTGGTG-3')
targeted against conserved repetitive sequences was
selected for strain typing, and the PCR reactions were
carried out according to Versalovic et al. (1994) and
Tolieng et al. (2018). Amplification was done in a
25 uL reaction mixture consisting of approximately
50 ng uL~' DNA, 10x PCR reaction buffer containing
20 mM MgCl,, 20 pmol uL~' (GTG)5 primer,
2.5mM dNTPs mixture, and 2 U uL~! Takara Taq
DNA polymerase (Takara Bio Inc., Japan). The ther-
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mocycling program was denaturation at 95°C for
5 min, followed by 30 cycles each of denaturation at
94°C for 45 s, annealing at 40°C for 60 s, and primer
extension at 65°C for 10 min, followed by a final elon-
gation at 65°C for 20 min using the Bio-Rad T100
PCR thermal cycler (Bio-Rad Laboratories, United
States). PCR products (10 uL) were analyzed by elec-
trophoresis using 1% agarose gel (15 X 25 cm) with a
constant voltage of 150 V in 0.5% Tris-boric acid-
EDTA acid (TBE) buffer for 2.20 h at 25°C. The gel
was stained in 0.5 ug mL-! ethidium bromide solution,
and the 100 to 10000 bp GeneRuler DNA Ladder Mix
(Thermo Fisher Scientific Baltics UAB) was used as a
molecular size marker. The gel was visualized under a
UV transilluminator using the Gel document™ XR+
imaging system (Bio-Rad, United States). Genetic
relationships among the endophytic bacterial isolates
were analyzed from the resultant fingerprints using the
software package GelCompar II version 5.10 (Applied
Maths, Belgium). The dendrogram for all isolates was
generated by cluster analysis using the unweighted pair
group method with average linkages (UPGMA) clus-
tering algorithm. A clustering level of 80% was
regarded as a significant grouping (Gevers et al., 2001;
Tolieng et al., 2018).

The 16S rRNA gene was amplified by PCR using
universal primers 20F (5'-AGAGTTTGATCATG-
GCTCAG-3"), and 1500 R (5'-GGTTACCTTGT-
TACGACTT-3") and the amplified 16S rRNA gene
sequence was analyzed by Macrogen® Korea. Univer-
sal primer 800R (5'-TACCAGGGTATCTAATCC-3';
802-785) was used for sequencing the partial 16S
rRNA regions and 4 universal primers, 800R, 27F
(5'-AGAGTTTGATCCTGGCTCAG-3'; 8-27), 5S18F
(5'-CCAGCAGCCGCGGTAAT-3'"; 542-518), and
1492R (5'-GGTTACCTTGTTACGACTT-3'; 1492-
1507) were used for full-length sequencing of the 16S
rRNA gene. The sequences of the isolates were aligned
with selected sequences from GenBank using
CLUSTAL_ X version 1.81. The alignment was manu-
ally edited to remove gaps, and ambiguous nucleotides
before phylogenetic trees were constructed using max-
imum-likelihood (ML) (Felsenstein, 1981) with the
program MEGAI1l (Koichiro et al., 2021). Confi-
dence values for individual branch in the phylogenetic
tree were determined using bootstrap analysis (Felsen-
stein, 1985) based on 1000 replicates. The sequence
similarity values between the isolates and their related
neighbors were calculated using the EzBiocloud ser-
vice (Yoon et al., 2017).

Determination of Plant Growth- Promoting Activity

Phosphate (P) and zinc (Zn) solubilization.
Pikovskaya’s agar containing 0.5% Ca;(PO,), and
mineral salt agar containing 0.1% ZnO were used to
examine of P and Zn solubilization, respectively. The
bacterial isolates grown for 24 h as lawns on nitrogen-
free (NF) agar containing the following (g L™!): glu-

MICROBIOLOGY  Vol. 92

No.2 2023



DIVERSITY OF PLANT GROWTH-PROMOTING ENDOPHYTIC BACTERIA

cose, 10; K,HPO,, 1; MgSO,, 0.2; CaCO,, 1; NaCl,
0.2; Na,MoO,-2H,0, 0.005; FeSO,, 0.1; and agar, 15.
Agar cylinders (6 mm diameter) were then cut using a
sterile cork borer, placed on the indicator media and
incubated at 30°C for 7 days and 1 day, respectively.
The halo zone around the agar indicated the solubili-
zation activity. Solubilization index (SI) was calcu-
lated from a ratio of the halo zone and agar diameter.

Nitrogen-fixing activity. All bacterial isolates were
tested for their ability to fix nitrogen using the
Nessler’s reagent method (Svehla, 1979) by cultivation
in NF broth at 30°C for 48 h, centrifugation at 1107 g
for 10 min, and mixing 3 mL of the obtained superna-
tant with 60 uL Nessler’s reagent. Development of yel-
low-orange color indicated ammonia synthesis.
Nitrogen-fixation activity was determined from absor-
bance of the developed yellow-orange color at 560 nm
against uninoculated NF broth.

Indole-3-acetic acid (IAA) production. Indole-3-
acetic acid (IAA) production was determined colori-
metrically using the Salkowski’s reagent (49 mL of
35% H,S0, : 1 mL of 0.5 M FeCl;). For qualitative
measurement of IAA, the bacterial isolates were cul-
tured individually (108 CFU mL™!) in NF broth con-
taining 0.01% L-tryptophan and incubated for 24 h at
30°C with shaking (150 rpm). After centrifugation at
7871 g for 20 min, 70 uL of the supernatant was mixed
with 140 uL Salkowski’s reagent and incubated at
room temperature for 20 min in the dark. The devel-
opment of pink color indicated IAA production. The
absorbance at 530 nm of the developed pink color was
measured and compared with the standard curve for
IAA. NF broth containing tryptophan mixed with Sal-
kowski’s reagent was used as the control.

Production of IAA by isolate Sx8-8 was confirmed
by the modified method of Bhutani et al. (2018).
Briefly, the isolate was cultured in 100 mL NF broth
supplemented with 0.01% L-tryptophane at 30°C,
200 rpm in the dark for 48 h. After centrifugation at
7871 g for 20 min, the supernatant was adjusted to
pH 2.5-3 with 1 N HCI and extracted twice with an
equal volume of ethyl acetate. After removal of resid-
ual ethyl acetate from the resultant crude extract on a
vacuum rotary evaporator at 40°C, the crude extract
was dissolved in 2 mL HPLC grade methanol. Analy-
sis of IAA was done by reversed-phase HPLC 1260
(Agilent, United States) using a C18 column with the
diode-array detector at 280 nm. The mobile phase was
deionized water: methanol (55 : 45) at a I mL min™!
flow rate. Peak-retention time compared to synthetic
IAA.

Optimization of IAA production. Cultivation condi-
tions for IAA production of isolate Sx8-8 and S5-1 in
NF broth supplemented with 0.01% L-tryptophan
(pH 6.8) at 30°C, 150 rpm shaking for 24 h were opti-
mized by varying pH (4, 5, 6, 7, and 8), temperature
(25, 30, 35, and 40°C), L-tryptophan concentration
(0.5, 1, 1.5, and 2%) and incubation period (24, 48, 72,
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96, and 120 h); one factor at a time (univariate analy-
sis). Three independent repeats were performed per
treatment. The condition that gave the highest IAA
production was then selected for the subsequent
experiments.

Effects of IAA-producing isolates on rice germina-
tion. IAA-producing endophytic bacteria, isolate
Sx8-8 and S5-1, were examined for their ability to pro-
mote in vitro rice germination. Cultures of isolate Sx8-
8 and S5-1 (108 CFU mL~!) were prepared by growing
in NF broth supplemented with 0.01% L-tryptophan
at 30°C, 150 rpm shaking for 24 h. Seeds of glutinous
rice variety Rice Department 6 (RD6) were surface
sterilized by soaking in 5% sodium hypochlorite for
15 min and then rinsed five times with sterile water
(Zhang et al., 2019). The sterilized rice seeds were
soaked in the prepared cultures of isolate Sx8-8 and
S5-1; various synthetic IAA concentrations (10, 30,
and 50 ug mL™!), or sterile distilled water for 3 h (Yu
et al., 2016) and then germinated on Murashige and
Skoog (MS) basal medium at 25°C in the dark for
15 days. Ten independent repeats were performed per
treatment. Differentiation of rice seedlings was
observed daily. Root length, shoot length, number of
lateral roots, root fresh weight, shoot fresh weight,
root dry weight, and shoot dry weight were recorded.

Statistical analysis. The results were reported as
means values * standard deviation (SD). Analysis of
Variance (ANOVA) and Duncan’s Multiple Range
Test (DMRT) were used to analyze and compare dif-
ferences between treatments, and p values <0.05 were
considered to be statistically significant.

Genome analysis of isolate Sx8-8. Genomic DNA
ofisolate Sx8-8 was extracted using the GenepHlow™
Gel/PCR kit (Geneaid). The quality of the extracted
DNA was examined using a NanoDrop 2000c spec-
trophotometer, Thermo Fisher Scientific Inc., United
States and agarose gel electrophoresis. Genome
sequencing was carried out using an Illumina MiSeq
sequencer at Omics Sciences & Bioinformatics Cen-
ter, Chulalongkorn University, Thailand. The genome
was assembled using Unicycler, and the genome was
annotated using the software Prokka version 1.13.
Rapid Annotation using Subsystem Technology
(RAST) server (http://rast.nmpdr.org/) (Aziz et al.,
2008) and SEED Viewer (Overbeek et al., 2014) were
used for investigation of metabolic features, and func-
tional genes. Comparative analyzes between genome
of isolate Sx8-8 and its closely related type strains were
estimated based on average nucleotide identity-
BLAST (ANIb), average amino acid identity (AAI)
and digital DNA-DNA hybridization (dDDH). The
values of ANI and AAI were calculated by using
microbial genomes atlas (MiGA) web service
(http://microbial-genomes.org). The dDDH was cal-
culated by Genome-to-Genome Distance Calculator
(GGDC 2.1) using the BLAST+ method.
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RESULTS AND DISCUSSION
Identification of Isolates

Twenty-eight bacterial isolates were isolated from
stems and leaves of the plant samples, which were col-
lected from the Erawan National Park (11 isolates) and
Si Sawat district (17 isolates). Phenotypic characteris-
tics and 16S rRNA gene sequence similarity were used
for preliminary species identification of the isolates
(Table 1). Seventeen gram-negative and 11 gram-pos-
itive isolates were catalase-positive, rods-shaped bac-
teria (except isolate Al-1). They grew in 1% NaCl at
pH 6 but could not hydrolyze lipid. Based on their 16S
rRNA gene sequence similarity, they were divided into
14 groups (Tables 1 and 2).

Group A contained 4 isolates of spore-forming
bacteria, A2-2, A2-3, A2-8, and A2-5. They grew in
3% NaCl at 40 and 45°C and hydrolyzed starch. Iso-
late A2-2, A2-3, and A2-8 hydrolyzed casein, gelatin,
and esculin, whereas isolate A2-5 hydrolyzed only
arginine. They produced acid from several sugars. Iso-
late A2-2, A2-3, and A2-8 were closely related to
Priestia aryabhattai BSW22T (100%), whereas isolate
A2-5 was closely related to Priestia megaterium NBRC
15308T (100% similarity).

Group B contained 1 isolate, A3-1. This isolate
grew in 3% NaCl, at pH 5, at 40 and 45°C, and hydro-
lyzed starch, casein, gelatin, and esculin, but could not
produce acid from any sugars. Isolate A3-1 was closely
related to the taxonomic group containing Brevibacil-
lus parabrevis NRRL NRS 6057, B. schisleri ATCC
356907, B. brevis NBRC 153047, B. choshinensis DSM
85527, and B. reuszeri DSM 98877 (98.01—99.86%
similarity).

Group C contained 1 isolate, SI8-4. This isolate
grew in 3 and 5% NaCl, at pH 5 and 8, at 40 and 45°C;
it produced acid only from raffinose but could not
hydrolyze starch, casein, gelatin, esculin and L-argi-
nine. Isolate SI8-4 was closely related to the taxo-
nomic group including Peribacillus butanolivorans
DSM 18926 T, P. muralis DSM 162887, and P, simplex
NBRC 157207 (98.37—98.64% similarity).

Group D contained 2 isolates, S6-1 and S6-3. They
grew in 3, 5% NaCl, and at pH 5. They hydrolyzed
only esculin and produced acid from various sugars.
Isolate S6-1 and S6-3 were closely related to the taxo-
nomic group including Curtobacterium citreum DSM
205287, C. oceanosedimentum ATCC 313177, C. albi-
dum DSM 205127, C. flaccumfaciens LMG 36457, and
C. luteum DSM 205427 (99.22—99.85% similarity).

Group E contained 1 isolate, Al-1. This isolate
grew in 3 and 5% NaCl, atpH 5, 8 and 9, at 40°C, and
produced acid from various sugars, while only gelatin
was hydrolyzed. Isolate Al-1 was closely related to tax-
onomic group including Staphylococcus hominis subsp.
hominis DSM 203287, S. hominis subsp. novobiosepti-
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cus GTC 12287, S. borealis 51-48T, and S. haemolyticus
MTCC 33837 (99.02—99.86% similarity).

Group F contained 6 isolates, A1-2, S5-1, S5-3,
Sx8-4, Sx8-6, and Sx8-7. They could grow in 3 and 5%
NaCl, at pH 5, 8, and 9, and at 40 and 45°C, hydro-
lyzed esculin, and produced acid from various sugars
except for raffinose and xylose. All isolates were
closely related to Pantoea dispersa LMG 2603T (100%
similarity).

Group G contained 2 isolates, S7-2 and S7-4.
They grew in 3 and 5% NaCl, at pH 5 and 8, at 40 and
45°C, hydrolyzed only arginine and produced acid
from various sugars. Isolate S7-2 and S7-4 were
closely related to Acinetobacter baumannii ATCC
19606" (100% similarity).

Group H contained 2 isolates, S4-1 and S5-2. They
grew in 3 and 5% NaCl, at pH 8 and 9, at 40°C, and
hydrolyzed only arginine. Isolate S4-1 and S5-2 could
produce acid from several sugars but not from lactose,
raffinose, and sorbitol. Two isolates were closely
related to Enterobacter hormaechei subsp. xiangfangen-
sis LMG 271957 (100% similarity).

Group I contained 3 isolates, A2-4, A2-6, and
A2-9, which could grow in 3 and 5% NaCl, at pH 5, 8,
and 9, but could not grow at 40 and 45°C. They hydro-
lyzed only arginine and produced acid from galactose,
sucrose, fructose, and xylose. All isolates were closely
related to the taxonomic group including Pseudomo-
nas entomophila 1487, P. asiatica RYUS5T, P. taiwanen-
sis BCRC 177517, P. monteilii NBRC 1031587, P. inef-
ficax JV551A3T, P. mosselii CIP 1052597, and P. pleco-
glossicida NBRC 1031627 (99.29—99.59% similarity).

Group J contained 1 isolate, A2-10. This isolate
grew at pH 5, 8 and 9, at 40°C, hydrolyzed arginine,
and produced acid from sucrose, fructose lactose,
ribose, and sorbitol. Isolate A2-10 was closely related
to the taxonomic group including Aneurinibacillus
aneurinilyticus ATCC 12856T (99.79% similarity) and
A. migulanus DSM 28957 (99.10% similarity).

Group K contained 1 isolate, S7-6. This isolate
grew at pH 5, 8 and 9, at 40°C, hydrolyzed arginine,
starch, gelatin, and produced acid from sucrose, fruc-
tose, galactose, and xylose. Isolate S7-6 was closely
related to Bacillus stercoris JCM 300517 (100% simi-
larity).

Group L contained 2 isolates, SI8-2 and Sx8-5.
They grew at pH 5 and 8, hydrolyzed esculin, and pro-
duced acid from arabinose, galactose, and maltose.
Isolate SI8-2 produced acid from lactose, cellobiose,
and fructose, while Sx8-5 produced acid from xylose.
Isolate SI8-2 and Sx8-5 were closely related to the tax-
onomic group including Novosphigobium clariflavum
164T, N. barchaimii LL02T, N. naphthalenivorans
NBRC 102057, N. resinovorum NCIMB 87677,
AKFJ s, N. panipatense SM16T, N. mathurense
SM117T, N. gossypii IM-1396T, CP030353_s, N. lin-
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Table 2. Differential phenotypic characteristics of isolates
Characteristics | A4) [B()|C()|DQ)|E{) [F6)|GRQ)IH@)|[I@) |J) |K{)|L®@ [M)|N()
Cell form Rods | Rods | Rods | Rods | Cocci | Rods | Rods | Rods | Rods | Rods | Rods | Rods | Rods | Rods
Gram stain + + + + + — — — _ + + _ _ _
Spore formation + + + — _ _ _ _ _ + + _ . .
Growth in:
3% NaCl + + + + + + + + + — - — — —
5% NaCl + (=] — + + + + + + + — — — — —
pH5 - + + + + + + + + + + + + +
pH 8 + - + — + + + + + + + + + +
pHI —(+D| - — - + + - + + + + — — —
Growth at:
40°C + + + — + + + + — + + — — _
45°C + + + — — + + — — — — — — _
Oxidase + + — — _ + _ _ + + +
Simmon citrate — + + — — + + + — _ + _ _ _
Hydrolysis of:
Starch + + — — — — _ _ _ _ + _ _ _
Casein + (1| + — — — — — — - — — — _ _
Gelatin +(-1)| + — — + — — — _ _ + _ _ _
Aesculin + (-1 + — + — + — — - — — + + +
L-Arginine —(+D| — — — - — + + + + + — — —
Acid from:
L-Arabinose + - — — - + + + — - - + + +
D-Cellobiose —(+D| — — + - + + + - — — |+ D] - —
D-Fructose + - — — + + — + + + +(=1)| - —
D-Galactose + — — — — + + + + — + + — +
Lactose —(+D| — — + + + — — — + — |+ D] - —
Maltose -+ — — + + + + + — — — + + +
Raffinose — — + — — — — - — — — — — —_
D-Ribose + — — + — + — + — + _ _ _ _
D-Sorbitol — — — — — —+ — — — + — — _ _
Sucrose + - - + + + — + + + + — — _
Trehalose —(+D| — — + + + — + — — - - — —
D-Xylose —(+D| - — + — — + + + — + |+ (=D - +

+, positive reaction; —, negative reaction.

daniclasticum LE1247, and N. silvae FGD1T (98.40—
99.85% similarity).

Group M contained 1 isolate, SI8-5. This isolate
grew at pH 5 and 8, hydrolyzed only esculin, and pro-
duced acid from arabinose and maltose. Isolate SI8-5
was closely related to the taxonomic group including
Pseudarthrobacter ~ phenanthrenivorans ~ SWC37T,
P.enclensis NI10O-1008T, P phenanthrenivorans
Sphe3T, P. defluvii 4C1-a", P. niigatensis LCA4T, P. sicci-
tolerans 4)277, P. chlorophenolicus A6T, and P. equi
IMMIB L-1606" (98.05—99.86% similarity).

MICROBIOLOGY Vol. 92
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Numbers in parentheses indicate the number of isolates showing the reaction.

Group N contained 1 isolate, Sx8-8. This isolate
grew at pH 5 and 8, hydrolyzed only esculin, and pro-
duced acid from arabinose, maltose, galactose, and
xylose. Isolate Sx8-8 was closely related to the taxo-
nomic group including Sphingobium chungbukens
DJ777, S. estronivorans AXBT, S. indicum B90AT,
S. aromaticivastans UCM-25T, S. chlorophenolicum
NBRC 161727, and S. herbicidovorans NBRC 164157
(97.09—98.59% similarity).

The (GTG)s-PCR analysis was done for grouping
of the 28 isolates, and the dendrogram of rep-PCR
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Fig. 1. (GTG)5-PCR fingerprints of isolates.

fingerprints as shown in Fig. 1. The DNA fragments of
sizes ranging from 300 to 8000 bp were generated and
yielded 6—25 bands and displayed 0.5—99.5% similar-
ity. After cluster analysis, 17 groups were defined. The
most numerous of the isolates (21.4%) contained
6 isolates (A1-2, S5-1, S5-3, Sx8-4, Sx8-6, and Sx8-7)
and were closely related to P. dispersa, while the rest of
the isolates were distributed in other groups. Most
bacterial fingerprinting was classified into several
groups, but the rest of the isolates did not form clusters
based on phenotypic characteristics. This result con-
firmed that rep-PCR is a powerful molecular tool suit-
able for grouping, identifying, and differentiating bac-
terial strains of the same species (Gomez-Gil et al.,
2004). Moreover, the (GTG)s-PCR fingerprinting
increases our knowledge of bacterial biodiversity in
the environment.

Based on the partial 16S rRNA gene sequence
analysis, the 28 isolates were identified as members of
14 genera. These diverse bacteria were widely distrib-
uted in Kaempferia marginata followed by Swietenia
mahagoni. However, since many isolates shared the
similarity to the related type strain below or close to

the cut-off value of 98.7% (Stackebrand and Ebers,
2006), belonging probably to novel species, further
studies are required.

Determination of Plant Growth- Promoting Activity

Phosphate (P) and zinc (Zn) solubilization. Phos-
phorus (P) in soil forms insoluble complexes with
organic compounds which are unavailable to plants.
Phosphate-solubilizing bacteria (PSB) increase phos-
phorus availability to plants by secreting organic acids
and phosphatases to convert the insoluble phosphate

complex into soluble monobasic (H,PO,) and dibasic

(HPO4_2) ions (Ramanuj and Shelat, 2018). In the
present study, the P solubilization capacity of isolates
was assessed using Ca;(PO,),; most isolates (82%)
exhibited an ability to solubilize Ca;(PO,),. Isolate
Sx8-5 (N. barchaimii) gave the highest SI at 2.5
(Table 3), which agreed well with Song et al. (2022),
who reported that N. resinovorum Y5 showed a zone of
Ca;(PO,), solubilization. However, culture media and

MICROBIOLOGY  Vol. 92
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Table 3. Nitrogen fixation and phosphate and zinc solubilization of isolates

Isolate no. | N, fixation P solubilization | Zn solubilization Isolate no. | N, fixation P solubilization |Zn solubilization

Index (SI) Index (SI) Index (SI) Index (SI)

Al-1 — 1.10 2.6 S5-3 — 2.12 2.4
Al-2 — 1.18 2.4 S6-1 + — —
A2-2 + 1.36 1.7 S6-3 + — —
A2-3 + 1.26 1.5 S7-2 — 1.12 2.1
A2-4 — 2.09 4.6 S7-4 — 1.27 3.3
A2-5 — 1.84 2.3 S7-6 — 1.18 —
A2-6 — 1.25 3.9 S18-2 — 1.14 —
A2-8 + — 1.4 S18-4 + 1.17 3.5
A2-9 — 1.36 3.4 S18-5 + 1.52 6
A2-10 + 1.34 1.5 Sx8-4 + 1.14 2.2
A3-1 — 2 2.8 Sx8-5 + 2.5 —
S4-1 — 1.3 3.5 Sx8-6 — 1.11 2.3
S5-1 — — 2.2 Sx8-7 + - 2.4
S5-2 — 1.87 1.8 Sx8-8 — 1.42 1.9

+, positive reaction; —, negative reaction. Ammonia synthesis was measured at 560 nm compared with control (NF broth).

phosphate compounds used as a P source are known to
affect the screening of PSB (Oliveira et al., 2009).

Zinc (Zn) is an essential micronutrient required in
a small amount for living organisms. Zn deficiency in
the soil leads to retarded flower and fruit development,
and a decrease in the synthesis of phytohormones and
carbohydrates (Welch and Graham, 2004). Applied
chemical fertilizers such as Zn-sulfates, Zn-ammonia
complexes, Zn-nitrate, Zn-oxide, Zn-oxysulfate, Zn-
carbonate, and Zn-chloride have been found to
remain on the soil surface and unavailable to plants
(Khanghahi et al., 2018). In this study, twenty-three
isolates could solubilize zinc oxide in a mineral salt
agar medium. Isolate SI18-5 (P. phenanthrenivorans)
showed the highest SI at 6, followed by isolate A2-4,
A2-6, A2-9 (P. entomophila), S4-1 (E. hormaechei
subsp. xiangfangensis), and S18-4 (P. butanolivorans)
at a range of 3.4—4.6 (Table 3). The results indicated
that most of the isolates were zinc-solubilizing bacte-
ria (ZSB) which increased zinc availability to plants.
These isolates might solubilize Zn through the pro-
duction of acids, and siderophores (Alexander, 1997,
Saravanan et al., 2007).

Dominant bacteria isolated in this study belonged
to the genera Pantoea, Priestia, and Pseudomonas,
which occur in many ecological environments. These
bacteria could solubilize both P and Zn, which has
been reported by several previous studies (Kumari
et al., 2018; Khamwan et al., 2018; Ramanuj and She-
lat, 2018). The amount of the P and Zn solubilized by
bacteria depends on strain efficiency and environ-
ment.

Nitrogen-fixing activity. Twenty-eight isolates were
evaluated for their ability to fix nitrogen using the
MICROBIOLOGY Vol. 92

No.2 2023

Nessler’s reagent method. Eleven isolates were able to
fix nitrogen (Table 3). Nitrogen is a crucial limiting
factor for plant growth because it is an essential com-
ponent of all amino acid in plant structure, enzymes
and nucleic acids that form DNA, and enhance chlo-
rophyll in plants. Plants cannot utilize atmospheric
nitrogen for growth and metabolism; thus, nitrogen
must be reduced to ammonia by nitrogen-fixing bac-
teria.

IAA production. Among twenty-eight isolates
screened, seven isolates (Al-2, S5-1, S5-2, S6-3,
S18-5, Sx8-6, and Sx8-8) produced IAA at concentra-
tions ranging from 6.13 to 67.29 ug mL~! (Fig. 2a).
Tryptophan served as the primary precursor for IAA
biosynthesis in bacteria via the Trp-dependent path-
way (Spaepen et al., 2007). Sphingobium sp. Sx8-8
produced the highest IAA amount (67.29 ug mL™").
Similar results were reported by Rodrigues et al.
(2018). They found that S. yanoikuyae BU32 gave the
highest IAA compared with Burkholderia, Sphingo-
bium, Rhizobium, and FEnterobacter strains isolated
from the rhizospheric soil of sugarcane. Production of
IAA by Sphingobium sp. Sx8-8 was confirmed by
HPLC analysis as a peak was observed at 2.54 min
retention time, which corresponded to the peak of
synthetic IAA standard at 2.56 min (Fig. 2b).

Optimization of IAA production. The isolate Sphin-
gobium sp. Sx8-8 and Pantoea sp. S5-1 were able to
produce IAA at pH 6 and 7, but highly acidic (pH 5)
and strongly alkaline (pH 8) were considered unsuit-
able for IAA production. Maximum amounts of IAA
were produced by the isolate Sx8-8 (76.19 ug mL™")
and S5-1 (21.9 ug mL~!) at pH 7 (Fig. 3a). The pH is
a crucial parameter for microbial growth. Kumari et al.
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Fig. 2. Indole-3-acetic acid (IAA) production of isolates cultivated in NF broth containing 0.01% L-tryptophan (a). The data
represent the average of independent experiments (» = 3). Different alphabet letters indicate significant difference between treat-
ments using Duncan’s multiple range test (p < 0.05), HPLC analysis of IAA production from crude extract of isolate Sx8-8 and
standard IAA using water and methanol as mobile phase, overlay peak IAA of isolate Sx8-8 and standard IAA (b).

(2018) reported that pH 7 was optimal for IAA produc-
tion by B. subtilis DR2 (158.79 ug mL™"). Apine and
Jadhav (2011) reported that P. agglomerans strain PVM
showed maximum IAA (1.441 g L~!) at pH 7, similar
to maximum IAA production found at pH 7.5 for
Pseudomonas putida UBI1, which has been demon-
strated by Bharucha and Patel (2013). However, pH 6
has also been reported as optimal for Acefobacter
diazotrophicus L1 isolated from sugarcane (Patil et al.,
2011). Both isolates could produce IAA at 25, 30, 35,
and 40°C; nevertheless, the production of IAA was
affected by high temperature, as shown in Fig. 3b.
Sphingobium sp. Sx8-8 and Pantoea sp. S5-1 produced
the highest IAA at 30 and 25°C, respectively. The
maximum IAA produced by Sphingobium sp. Sx8-8
was 35.41% increased when the concentration of
L-tryptophan in NF broth was increased from 0.01 to
0.5%. A decrease in IAA production was observed at a
high concentration of tryptophan (Fig. 3c), whereas
the maximum IAA production of Pantoea sp. S5-1 was
achieved at 1.5% L-tryptophan. Moreover, 2% L-tryp-
tophan significantly negatively affected the IAA pro-
duction of both strains. Different bacterial species

have different pathways for IAA synthesis, such as the
indole-3-pyruvic acid (IPA) pathway, which was
found in non-pathogenic plant-associated bacteria,
while the indole-3-acetamide (IAM) pathway was
found in phytopathogenic bacteria (Duca et al., 2014;
Shaik et al., 2016). Our results indicated that IAA syn-
thesis affected by tryptophan utilization differed in
different species. Production of IAA by Sphingobium
sp. Sx8-8 was highest (232.1 ug mL~") in NF broth
supplemented with 0.5% L-tryptophan (pH 7) at 30°C
after 48 h of incubation, then slightly decreased as
shown in Fig. 3d. At 48 h, Sphingobium entered the
stationary phase of growth (Flood et al., 2018), and
IAA is a secondary metabolite. This result might be a
reason why Sphingobium sp. Sx8-8 produced maxi-
mum IAA at 48 h. Rodrigues and Forzani (2016) have
demonstrated that S. yanoikuyae BU32 cultivated in
TSB supplemented with 5 mM L-tryptophan for 72,
96, and 120 h gave IAA higher than those cultivated for
24 h. Based on the results obtained, IAA production
was affected by pH, temperature, L-tryptophan con-
centration, and incubation time, as well as by the spe-
cies, and growth phase.
MICROBIOLOGY  Vol. 92
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Fig. 3. Optimization of IAA production (ug mL_l) of isolates based on different pH (a), temperature (b), L-tryptophan (c), incu-
bation time (d), cultivated in NF medium supplemented with L-tryptophan for 24 h. m; Isolate Sx8-8 and B; Isolate S5-1. The data
represent the average of independent experiments, each with replicates + standard deviation (SD). Different alphabet letters indi-
cate significant difference between treatments using Duncan’s multiple range test (p < 0.05).

Effects of IAA-producing isolates on rice germina-
tion. After 15 days of cultivation, a significant increase
in root length and number of lateral roots was observed
in rice seeds treated with two IAA-producing isolates,
Sphingobium sp. Sx8-8 and Pantoea sp. S5-1, as well as
with synthetic IAA. The isolate Sphingobium sp. Sx8-8
increased root length by 80% compared to the control
and by 23% compared to 50 ug mL~! synthetic IAA.
The effect of Pantoea sp. S5-1 on root length was lower
than those of Sphingobium sp. Sx8-8 and synthetic
IAA, but 20.9% higher than the control (Table 4).
Standard IAA at 10 ug mL~! gave the highest root
length. An increase in synthetic IAA concentration to
30 and 50 ug mL™! decreased root length (Fig. 4a)
which coincided with the results of Kukavica et al.
(2007). High IAA concentration has an inhibitory
effect on root elongation due to induction of the syn-
thesis of I-aminocyclopropane-1-carboxylic acid
(ACC) synthase for ethylene formation. A low con-
centration of IAA inhibits ethylene formation and
transport of its precursors in plants (Hansen and
Grossmann, 2000; Wei et al., 2000). Treatment with
Sphingobium sp. Sx8-8 resulted also in the highest
shoot length (18.7 cm) (Fig. 4b) and a high number of
lateral roots similar to synthetic IAA. The values of all
parameters, namely, root and shoot lengths, number
of lateral roots, root and shoot fresh weights, and root
and shoot dry weights of rice seedlings treated by Pan-
toea sp. S5-1 were higher than the control. These

MICROBIOLOGY Vol. 92
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results indicated that Sphingobium sp. Sx8-8 and Pan-
toea sp. S5-1, the IAA-producing bacteria, had a pos-
itive effect on rice germination. Plant growth-promot-
ing ability of bacteria was reported in several studies.
Kalaiselvi and Priya (2020) reported that S. yanoi-
kuyae MH394206 and mixed consortia enhanced
plant height and root volume of rice COS51 in moisture
deficiency conditions. Makar et al. (2021) reported
12 bacterial strains isolated from wheat grains and
belonging to the genera Staphylococcus, Pantoea,
Sphingobium, Bacillus, Kosakonia, and Micrococcus to
be capable of synthesizing indole-related compounds
(IRCs), which are generally considered as IAA precur-
sors. Pantoea has been found in many species of
plants, such as sugarcane, olive knots, and the Cacta-
ceae family, and could potentially promote plant
growth (Dastager et al., 2009; Rodrigues and Forzani,
2016; Luziatelli et al., 2020). In this study, Sphingo-
bium sp. Sx8-8 and Pantoea sp. S5-1, isolated from the
stem of Kaempferia marginata and Toona ciliata,
respectively, revealed the capability to enhance rice
germination. This result supported the previous
reports that endophytic bacteria isolated from one
kind of plant could promote growth in another kind of
plant. Giassi et al. (2016) reported that IAA-producing
Bacillus spp. (strain BM05, BM16, and MB17) iso-
lated from strawberry leaves and Bacillus sp. strain
CPMO04 isolated from coffee leaves were able to pro-
mote the growth of citrus rootstocks. In contrast, IAA-



280 SITLAOTHAWORN et al.
Table 4. Plant growth parameters of RD6 treated with isolate Sx8-8 and S5-1, measured after 15 days of incubation

Isolate no./IAA Root length, |Shootlength, Number Rogt fresh Shopt fresh Ro.ot dry Sh(.>ot dry

cm cm of lateral roots| weight, g weight, g weight, g weight, g

Sx8-8 4.83¢ 18.7¢ 48¢ 0.049% 0.0512 0.00312 0.00482
S5-1 3.24% 13.75¢ 36° 0.058° 0.0572 0.0057° 0.0071°
10 yg mL~' TAA 9.644 17.99¢ 48° 0.063° 0.13° 0.0033% 0.0063°
30 ug mL™!' TAA 4.53¢ 17.894 50¢ 0.057° 0.0572 0.0038% 0.007°
50 ug mL~' IAA 3.93b¢ 10.52° 30° 0.048% 0.0572 0.0039* 0.0068°
Control 2.682 9.472 192 0.0382 0.0582 0.00312 0.0066°

The data represent the average of independent experiments (» = 10). Different alphabet letters indicate significant difference between

treatments using Duncan’s multiple range test (p < 0.05).

producing endophytic bacteria, Microbacterium sp.
C4, and Lysinibacillus sp.C7 isolated from corn roots
showed a potential to promote the growth of both soy-
bean and wheat seedlings (Yu et al., 2016). Moreover,
endophytic bacteria isolated from plant stem was
found to be able to enhance rice root germination.
Khamwan et al. (2018) reported that bacteria isolated
from the stem and leaves of the Jerusalem artichoke
had growth-promoting activity in Jerusalem artichoke
tuber, which implied that the endophytic bacteria

( \ E
il 30 pg/mL @l 50 ng/mL B ;
. | ¢ ]
f
|
{

might spread out to all parts of the plant and function
in different systems. Endophytic bacteria colonizing
plant roots have beneficial effects on plants differently
depending on the bacterial property, plant species,
and interaction between the bacteria and plants.

Genomic features of Sphingobium sp. Sx8-8. Isolate
Sx8-8 had a genome size of 4.67 Mb with 83 contigs,
N50 size of 150389 bp, an average G+C content of
64.2 mol %, protein-coding sequences (CDS) 0f 4498,

\\

R L o L B B R

A A

Fig. 4. Growth of RD6 treated with IAA-producing isolates and standard IAA (10, 30, 50 ug mL’l) under in vitro conditions for
15 days. Root length of rice, (a) increase in root and shoot length, and number of lateral roots, (b) compared to untreated control,

Isolate Sx8-8 and Isolate S5-1.
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tRNA genes of 51, and rRNA genes of 3. The whole-
genome sequence had been deposited in GenBank
under the accession number of JAKUJY000000000.
Since isolate Sx8-8 was considered as an IAA-produc-
ing bacterium, PSB and ZSB (Fig. 2 and Table 3), and
boosted the rice growth (Fig. 4 and Table 4), we con-
centrated on examining the genes that contribute to
the potential of this strain. This study found that the
genome of this strain contained 4 genes related to
auxin biosynthesis with key enzymes that utilize tryp-
tophan and biosynthesis of IAA (data not shown).
Based on the 16S rRNA gene sequence (Table 1), iso-
late Sx8-8 was belonged to the genus Sphingobium and
was closely related to Sphingobium chungbukens D777
(98.59% similarity). Comparing whole-genome
sequences, based on ANI, AAI (accessed 2022-08-
18), and dDDH values, ANI obtained between isolate
Sx8-8 and Sphingobium japonicum UT26ST (=Sphin-
gobium indicum) (86.46%), Sphingobium sp. TKS
(86.32%),  Sphingobium  chlorophenolicum  L-1
(86.17%) and Sphingobium sp. RSMS (86.07%); and
AAI obtained between isolate Sx8-8 and Sphingobium
Japonicum UT26ST (84.59%), Sphingobium sp. RSMS
(85.43%), Sphingobium  chlorophenolicum  L-1
(84.22%) and Sphingobium sp. TKS (83.65%) were
below the cutoff at 94—96% (Konstantinidis and
Tiedje, 2005; Richter and Rossello-Mora, 2009; Var-
ghese et al., 2015). In addition, the dDDH values
between isolate Sx8-8 and related type strains were
29.2—-27.9% (data not shown), which were also
below the 70% threshold (Auch et al., 2010). There-
fore, isolate Sx8-8 was a novel species in the genus
Sphingobium; thus, further characterization should be
carried out.

CONCLUSIONS

Twenty-eight endophytic bacteria were isolated
from stems and leaves of several plants in Kanchanab-
uri Province, Thailand. Based on phenotypic data and
16S rRNA gene sequence analysis, they were belonged
to 14 genera, including Pantoea, Priestia, Pseudomo-
nas, Enterobacter, Acinetobacter, Novosphingobium,
Curtobacterium, Bacillus, Peribacillus, Sphingobium,
Staphylococcus, Brevibacillus, Aneurinibacillus, and
Pseudarthrobacter. Isolates Sx8-5, and S18-5 showed
the highest P and Zn solubilization, respectively.
Sphingobium sp. Sx8-8 was considered as the best
strain to produce the highest IAA concentration (232.1
ug mL~!) in the medium supplemented with 0.5% L-
tryptophan, pH 7.0, 30°C for 48 h. Additionally, iso-
late Sx8-8 could also solubilize P and Zn. This study
indicated that Sphingobium sp. Sx8-8 had main prop-
erties for use as plant growth-promoting bacteria
(PGPB) in rice seedlings.
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