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Bacterial endophytes from the phyllosphere and rhizosphere have been used to produce bioactive metab-
olites and to promote plant growth. However, little is known about the endophytes residing in seeds. This
study aimed to isolate and identify seed-borne bacterial endophytes from rice and elucidate their potential
for phytohormone production and growth enhancement. The isolated endophytes included Micrococcus
yunnanensis RWL-2, Micrococcus luteus RWL-3, Enterobacter soli RWL-4, Leclercia adecarboxylata
RWL-5, Pantoea dispersa RWL-6, and Staphylococcus epidermidis RWL-7, which were identified using
16S rRNA sequencing and phylogenetic analysis. These strains were analyzed for indoleacetic acid (IAA)
production by using GC-MS and IAA was found in the range of 11.50+0.77 pg ml! to 38.80+1.35
pg ml-!. We also assessed the strains for plant growth promoting potential because these isolates were
able to produce IAA in pure culture. Most of the growth attributes of rice plants (shoot and root length,
fresh and dry biomass, and chlorophyll content) were significantly increased by bacterial endophytes
compared to the controls. These results show that IAA producing bacterial endophytes can improve host-
plant growth traits and can be used as bio-fertilizers.
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INTRODUCTION

The term endophyte refers to microorganisms that live inside plant tissues without
causing any disease, and they can be isolated from inside plant tissues by using strict
outer surface disinfection methods [30, 35]. Endophytes live in a completely safe and
protected environment, compared to organisms living in the rhizosphere and phyllo-
sphere, and this means that they are more bioactive [2]. Although, the term endo-
phytes is mostly related to fungi, there have been reports on bacteria growing inside
plant tissues that do not cause any disease [15, 23].
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The isolation of bacterial endophytes has been widely reported from both monocot
and dicot plant species, ranging from herbs to trees [6, 13, 17, 20]. The evaluation of
a bacterial population inside plant tissues is diverse, and depends on the growth
media, isolation method, and the plant part used for isolation of the bacterial endo-
phytes [21]. Bacterial endophytes improve plant growth in several ways, by both
direct and indirect behaviors, such as phytohormone secretion, phosphate solubiliza-
tion, facilitate plant nutrient uptake, phytoremediation, and defending plants from
pathogen attack [3, 20].

Recently, plant growth promoting rhizobacteria have been applied as bio-inoculant
or bio-fertilizers [8]. However, few endophytic bacteria have been used in this man-
ner. Numerous scientists have isolated endophytic bacteria from various parts of the
rice plant, for example, the leaves, root, and stem and these have been found to pos-
sibly control infection and improve the plant growth [1, 14, 16]. However, seed con-
sidered bacterial endophytes are not particularly examined. In contrast, fertilizers
have a key role in the promotion of plant growth and intensification of agricultural
productivity, but the long-term use of synthetic chemical fertilizers on agricultural
fields is a major threat to environmental pollution [31]. Therefore, the use of bacte-
rial endophytes can be a good alternative to chemical fertilizers because they are
eco-friendly and promote plant growth [22]. Different plant growth promoting bacte-
ria may fix nitrogen and produce important growth promoting and stress resistant
phytohormones, such as auxins, gibberellins, cytokinins, and abscisic acid [20, 32].

Rice is the most important staple crop and dietary source in the world. Historically,
rice began to be cultivated almost 10,000 years ago in Asia and China, although it was
also cultivated in Europe and America [11]. Rice feeds more than 50% of the world
population [14], and supplies 21% of human energy and 15% of our protein require-
ment. It is also a good income source, so it is important to manage quality and quan-
tity so that production is matched to consumption. This should be done in an environ-
mentally friendly way and without the use of chemical fertilizers, which contaminate
the environment and affect human health. However, sustainable farming in an eco-
friendly way is needed to ensure food security for a rapidly growing population. This
study aimed to isolate and identify the phytobeneficial potentials of bacterial endo-
phytes from the seeds of rice plants and assess their potential for phytohormone
production and improving rice plant growth.

MATERIALS AND METHODS
Isolation of bacterial endophytes

The bacterial endophytes were isolated according to Taghavi et al. [32] from healthy
Japonica rice seeds (Oryza sativa L. var. Jin so mi), which were collected from the
genetic seed bank at Kyungpook National University (Korea).

Salkowski’s method [11] was used for the initial screening and selection of
indoleacetic acid (IAA)-producing bacterial endophytes. All isolated bacterial endo-
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phytes were initially inoculated in LB media and incubated for 48 h at 28 °C. The
broths were centrifuged at 10,000 % g. the supernatants were collected and 1 ml of
supernatant from each bacterial isolate was mixed with 1 ml Salkowski reagent. Six
(RWL-2, RWL-3, RWL-4, RWL-5, RWL-6, and RWL-7) out of ten endophytes
changed the color from yellow to pink, which meant they were producing IAA. These
IAA producing bacterial endophytes were selected for further analysis.

PCR amplification and 16S rDNA sequencing
of selected bacterial isolates

The selected bacterial isolates were identified by PCR amplification and by sequenc-
ing their 16S rDNA. A specific 27F primer (5’-AGAGTTTGATC (AC) TGGC-
TCAG-3") and a 1492R primer (5’-CGG (CT) TACCTTGTTACGACTT-3") were
used for the PCR as described by Khan et al. [20]. To identify the closest neighbor to
each bacterial isolate, their nucleotide sequences underwent a Blast search in the
NCBI GenBank database. A phylogenetic analysis was carried out by obtaining
related sequences from the NCBI and an evolutionary tree was created using the
neighbor-joining analysis method and MEGA software, version 6.0, with 1000 boot-
strap values.

GC/MS analysis of bacterial cultures for IAA production

IAA was quantified in isolated endophytic bacterial culture, positive (Enterobacter
sp. SE992) and negative (Escherichia coli KCCM 12119) controls, respectively, three
time using GC/MS [19, 33]. For IAA quantification, the bacterial culture was centri-
fuged at 10,000 % g at 4 °C and the supernatant was filtered through a 0.45 um cel-
lulose acetate filter, acidified to pH 2.8, and 40 pg ml-! [D5]-IAA was added. The
culture filtrates were then extracted three times with equal amounts of ethyl acetate
and completely evaporated through a rotary evaporator. The dried extracts were re-
dissolved in 5 ml 0.1 M acetic acid and then passed through a reverse-phase C18
column. The methanol fractions were prepared by dissolving the residue in 1 ml of
methanol and adding 1.5 ml diazomethane. Finally, the methylated samples were re-
dissolved in ethyl acetate before being analyzed by GC/MS with selected ion moni-
toring (SIM; 6890N network GC system, and 5973 network mass selective detector;
Agilent Technologies, Santa Clara, CA, USA).

Screening for plant growth promoting potential
To confirm the possible growth promoting potential, the bacterial isolates were bioas-

sayed on their host rice plant. Each strain was cultured in 500 ml LB broth media for
1 day and shaken in an incubator at 150 rpm and 27 °C. The culture broth was then
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centrifuged at 10,000xg. The cells were suspended in autoclaved double-distilled
water and adjusted to 0.5 optical density at 600 nm. The rice seeds were surface steri-
lized with 2.5% sodium hypochlorite and carefully washed three times in autoclaved
double-distilled water. The seeds were first germinated on sterilized filter paper and
equal numbers of seedlings were transferred to a sterilized pot filled with a sand
medium [moisture content 18-23%, pH 4.5-5.5, electrical conductivity (EC) 2.0
dS m!, bulk density 0.7-1.0 mg m3, grain size 125-250 um, nitrogen 800-2500
mg kg-!, and phosphorus 150-850 mg kg-!]. Other components included zeolite,
diatomite, and vermiculite. Root zone applications of 2 ml suspended cells with a 0.5
OD for each isolate were carried out at the two leaf stage. IAA (10 uM; Sigma-
Aldrich, USA) and SE992 — Enterobacter sp. were used as positive controls. Along
with this, autoclaved double distilled water and E. coli — Escherichia coli KCCM
12119 were used as negative controls.

The plants were grown in a growth chamber (day/night cycle: 14 h; 28 °C/10 h;
24 °C; relative humidity 60—70%; light intensity 1000 mm 2 s natrium lamps) for two
weeks. The growth parameters, such as shoot and root length, and shoot and root
fresh weights, were recorded after harvesting while plant dry weight was observed
after drying at 80 °C in an oven for 48 h. Total chlorophyll contents were measured
from fully expanded leaves using a chlorophyll meter (SPAD-502 Minolta, Japan).

Statistical analysis

The data were statistically analyzed using analysis of variance (ANOVA), and the
data was completely randomized. Mean values were compared using LSD and con-
sidered significant at the 0.05 probability level.

RESULTS
Isolation and identification of endophytic bacteria from seeds

A total of 10 bacterial endophytes were isolated from the seeds of Japonica rice
(Oryza sativa L. var. Jin so mi) which were initially screened for IAA production
using colorimetric Salkowski assay. Among the 10 strains, six produced IAA in their
pure growth culture (Fig. 1). The six selected strains were RWL-2, RWL-3, RWL-4,
RWL-5, RWL-6, and RWL-7. These strains were further subjected to molecular iden-
tification and IAA quantification using GC/MS SIM.

The bacterial strains were identified by 16S rRNA sequencing and their sequences
were submitted for comparison with the sequences in the NCBI database (http://www.
ncbi.nlm.nih.gov/) by BLASTn search in order to find out the homologous sequences
of related strains. The phylogenetic analysis, based on 16S rRNA, showed that the six
isolates were related to Micrococcus, Enterobacter, Leclercia, Pantoea, and
Staphylococcus (Fig. 1), and the neighbor-joining tree, using CLUSTAL-X 1.8 soft-
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Fig. 1. Phylogenetic analysis of endophytic bacteria isolated from Japonica rice seed. The neighbor join-

ing tree was created from the 16S rRNA genes sequences of the isolated endophytic bacteria and closely

associated species retrieved from NCBI database. The percentages shown at each branch points represent
the bootstrap values (1K)

ware, further indicated their phylogenetic position and close relationship with their
associated species. The bacterial endophytes strains, along with their NCBI accession
numbers, are as follows: Micrococcus yunnanensis RWL-2 (KU170089), Micrococcus
luteus RWL-3 (KU170090), Enterobacter soli RWL-4 (KU170091), Leclercia ade-
carboxylata RWL-5 (KU170092), Pantoea dispersa RWL-6 (KU170093), and
Staphylococcus epidermidis RWL-7 (KU170094).

1AA detection and quantification in cultural broth
The presence and production capacity of IAA in the culture broths of the selected
isolates were further confirmed and examined by GC/MS SIM (Fig. 2). The quantifi-

cation of IAA production in the cultural broths of the selected isolates was obtained
by comparing their peak area ratios. The results revealed that the selected six isolates
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Fig. 2. The indoleacetic acid (IAA) production abilities of endophytic bacterial strains isolated from
Japonica rice seed. The IAA produced in the culture broth was purified and then quantified against labeled
TAA standard isotopes using GC/MS-SIM. RWL-2 — Micrococcus yunnanensis, RWL-3 — Micrococcus
luteus, RWL-4 — Enterobacter soli, RWL-5 — Leclercia adecarboxylata, RWL-6 — Pantoea dispersa,
RWL-7— Staphylococcus epidermidis. SE992 — Enterobacter sp. — a bacterial strain known to produce
significant amount of auxin and non-IAA producing E. coli — Escherichia coli KCCM 12119 were used
as a positive and negative controls, respectively. Columns with error bars represent mean + SD from the
pooled data of three repeated experiments. Columns with different letters are significantly different at the

0.05 level of probability as identified by the LSD test
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produced significant amounts of IAA (Fig. 2). The maximum amount of IAA was
detected in the culture broth of S. epidermidis RWL-7 (38.80 pug ml-!) followed by
M. yunnanensis RWL-2 (31.55 pg ml!), P. dispersa RWL-6 (28.47 ug ml!), E. soli
RWL-4 (19.77 pg ml-Y), and M. luteus RWL-3 (11.50 ug ml-1), while the lowest IAA
production was observed in L. adecarboxylata RWL-5 (10.53 ug ml-!) (Fig. 2).

No TAA was detected in the culture broth of negative control E. coli. However,
Enterobacter sp. SE992 produced (38.16 ug ml-!) of IAA (Fig. 2).

Growth promoting potential of bacterial endophytes

The growth promoting nature of selected isolates was shown by the introduction of
their cells into host plants and then examining their effect on shoot and root length,
seedlings fresh and dry weight, and chlorophyll contents. The results showed that
inoculation with selected bacterial endophytes significantly increased the host-plant
growth attributes compared to the positive and negative controls (Table 1 and Fig. 3).
The shoot lengths were significantly increased in RWL-7 followed by RWL-6, while
the minimum shoot length was observed in the negative control-distilled water. The
maximum root length was observed in plants inoculated with RWL-2 followed by
RWL-4 while the minimum root length was recorded in negative control-distilled
water. Seedling fresh weight and dry weights significantly increased in RWL-7, fol-
lowed by RWL-6, while the seedlings fresh and dry weights were lowest for the
negative control. Chlorophyll contents significantly increased in all treated plants
compared to the positive and negative controls. The maximum chlorophyll contents
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Water E. coli IAA RWIL-2 RWL-3 RWL-4 RWL-5 RWL-6 RWL-7 SE992

Fig. 3. Growth promoting effect of selected IAA producing endophytic bacteria isolated from Japonica
rice seed. The bacterial cells were applied to the rice root zone and growth promoting effects were com-
pared with both positive (exogenous IAA, SE992 — Enterobacter sp., known to produce auxin) and nega-
tive (water, E. coli — Escherichia coli KCCM 12119, does not produce IAA) controls. The picture is the
representative of plant samples from three experiments. The abbreviations stand for RWL-2 — Micrococcus
yunnanensis, RWL-3 — Micrococcus luteus, RWL-4 — Enterobacter soli, RWL-5 — Leclercia adecarboxy-
lata, RWL-6 — Pantoea dispersa, RWL-7 — Staphylococcus epidermidis. Scale bar given on the left of
figure is equal to 10 cm

were observed in RWL-7 and were not significantly different from other bacterial and
exogenous IAA-treated plants while the chlorophyll contents were significantly
reduced in the negative control (Table 1).

Negative control (E. coli) did not evoke any growth promoting effects on physio-
logical characteristics and the results resembled those of distilled water (Table 1 and
Fig. 3). Moreover, the positive control (SE992) significantly promoted rice growth
and the results were at par with those of growth enhancing IAA producing bacterial
endophytes.

DISCUSSION

Excessive use of chemical fertilizer is adversely affecting agricultural productivity
and the sustainability of plant associated ecosystems. To date, numerous studies have
investigated using plant growth promoting rhizobacteria (PGPRs) to mitigate the
adverse effects of stresses on crops [9, 10, 18, 19, 25, 28]. Such endophytic bacteria
colonize healthy plant tissues without causing any disease symptoms to the host
plants. Endophytes have been regarded as the most prolific class of microorganisms
that can help host plants to counteract the negative impacts of biotic and abiotic stress
conditions [5, 24]. Endophytic bacteria can be an alternative to chemical fertilizers as
the use of bacterial endophytes has been practiced throughout the world to replace the
use of chemical fertilizer [26]. Among other ways of promoting growth, bacterial
endophytes encourage plant growth by producing phytohormones [20]. In this study,
we isolated six bioactive IAA producing endophytic bacteria.
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Many researchers have isolated endophytic bacteria from different parts of the rice
plant, such as the leaves, root, and stem and these have been found to potentially
control disease and enhance growth [1, 14, 16]. However, seed conceived bacterial
endophytes are not particularly investigated. Hardoim et al. [16] reported that rice
seeds were an important source of bacterial endophytes and their results revealed that
the endophytes isolated from rice seeds usually rapidly adopt and colonize rice shoot
tissues because there is less competition than in the roots. This means they can com-
paratively rapidly enhance plant growth.

IAA production by different bacterial strains isolated from different parts of the
plant (endosphere, rhizosphere) has been widely reported. The IAA producing bacte-
rial endophytes isolated in this study belong to different bacterial genera or species.
Our results are in line with other reports, for example Arthrobacter was isolated from
walnut trees and found to promote host plant growth [36]. IAA is one of the important
phytohormones which plays an important role in plant growth promotion and allevi-
ates different biotic and abiotic stresses. IAA production varies among bacterial spe-
cies and strains [27]. Therefore the selected bacterial isolates were subjected to GC/
MS to accurately detect the amount of IAA produced (Fig. 2). Ullah et al. [33] and
Kang et al. [19] also utilized this method to detect the IAA in the culture filtrate of
entomopathogenic bacteria and PGPR, respectively. The differences in the IAA pro-
duction ability of our selected isolates were in line with the findings of Cohen et al.
[7], Mutluru and Konada [27], and Boiero et al. [4]. Similarly, Khan et al. [20] iso-
lated an endophytic bacterium Bacillus subtilis LK14 from an arid land tree Moringa
peregrina, which produced large amounts of IAA in pure culture. The endophytic
strain, when applied to tomato plants, significantly increased the plant growth and
development and confirmed our findings. The plant growth enhancing potential, in
terms of shoot and root length, fresh and dry biomass, and chlorophyll contents, were
in line with Khan et al. [20], Ullah et al. [33], Kang et al. [19], Wahyudi et al. [34],
and Spaepen et al. [29].

Proliferstisn of plast thiing ee———t lmprove fow is plast thins  ee— Alcration of setriest fow

— Improve plant grewikTacrease bacterial colonieation during plant microbe isteraction

LAA as vignalimg modecules _}I:':mu different genes in haﬁtﬁaﬁlﬁm" adaptation om plast tivyee

Fig. 4. Plant growth promoting mechanism of IAA producing bacteria. The figure illustrates the most
important known process of symbiotic association that may enable IAA producing endophytic bacteria to
promote plant growth and alleviate stress effects
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It is now known that IAA can be produced by variety of endophytes [20]. IAA
plays a vital role in plant development as indole-3-acidic acid (IAA) being an auxin
that can empower both fast response like cell elongation and long term response like
cell division and differentiation in plants and at the same time (Fig. 4), its additional
supply can support host growth during stress conditions [32]. There are various types
of rhizospheric bacteria that have been shown to produce IAA and exploit different
IAA biosynthesis pathways. A single bacterial strain can sometimes encompass more
than one pathway [37]. IAA production by bacteria can vary among different species
and strains, and it is also influenced by culture conditions, growth stage, and substrate
availability [7, 21, 27].

CONCLUSION

In conclusion, bacterial endophytes produce important growth regulating secondary
metabolites that can help improving the growth of host and other related plants. Such
bacterial endophytes can be trialed at the field level to assess their potential as a bio-
fertilizer, in synergism with plant growth promoting rhizobacteria.
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