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Abstract

Background and Aims Leersia oryzoides, a wild relative
of rice (Oryza sativa), may carry potential seed-borne
bacterial endophytes which could be used to enhance
growth of rice. We hypothesized that seed-associated
bacteria from L. oryzoides would be compatible with rice
and promote seedling growth, development, and survival.
Methods We isolated bacteria from seed of L. oryzoides
and checked compatibility with rice as well as Bermuda
grass seeds for seedling growth promotion. Internal
colonisation of bacteria into root cells was observed by
ROS staining and microscopic observation. Growth
promoting bacteria were evaluated for IAA production,
phosphate solubilization and antifungal activities.
Results Overall, ten bacteria were found to be growth
promoting in rice seedlings with effects including resto-
ration of root gravitropic response, increased root and
shoot growth, and stimulation of root hair formation. All
bacteria were identified by 16S rDNA sequencing. Six
bacteria were found to become intracellular in root
parenchyma and root hairs in rice and in Bermuda grass
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seedlings. Six bacteria were able to produce IAA in LB
broth with highest (47.06 + 1.99 ug ml™") by LTE3
(Pantoea hericii). Nine isolates solubilized phosphate
and inhibited at least one soil borne fungal pathogen.
Conclusions Seed bacteria of L. oryzoides are compat-
ible with rice. Many of these bacteria become intracel-
lular, induce root gravitropic response, increase root and
shoot growth, and stimulate root hair formation in both
rice and Bermuda grass seedlings. Presence of bacteria
protects seedlings from soil pathogens during seedling
establishment. This research suggests that
bioprospecting microbes on near relatives of rice and
other crop plants may be a viable strategy to obtain
microbes to improve cultivation of crops.

Keywords Seedlings - Root hairs - Endophytes -
Pathogens - Development - ROS

Introduction

Interaction of plants with microbes is inevitable and
frequent in plants growing in natural situations. These
interactions between microbes and plants range from
parasitism to mutualism. Some microbes are bacterial
endophytes that colonize plant tissues in intracellular or
intercellular spaces of roots, leaves, stems or seeds.
Some endophytes do not tend to show negative effects
on hosts, instead many endophytes improve the fitness
of host plants (Hardoim et al. 2015; White et al. 2017).
Endophytic bacteria may be acquired by plant roots
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through interactions with diverse microbes of the rhizo-
sphere. Some bacteria are critical for seedling growth
and survival and are vertically transmitted through seeds
(Truyens et al. 2015; Verma et al. 2017; White et al.
2017). Bacterial endophytes have been reported to ac-
celerate seed germination and seedling development in
stressful and non-stressful conditions (Bent and
Chanway 1998; Gond et al. 2015a, b). Endophytic
microbes assist host plants directly by increasing nutri-
ent mobilization through ‘rhizophagy’ or converting
critical nutrients into usable forms (Paungfoo-
Lonhienne et al. 2013; White et al. 2017), production
of phytohormones (Long et al. 2008), preventing path-
ogen attack (Gond et al. 2015a), and increasing plant
tolerance to abiotic stress, including salt, metal and heat
stresses (Marulanda et al. 2010; Gond et al. 2015b).
The domestication and cultivation of crop plants may
adversely affect the beneficial microbial community of
plants. In one study involving the cultivation of the
annual tobacco Nicotiana attenuate, Santhanam et al.
(2015) showed that defensive bacterial plant microbes
were progressively lost from plants after only seven
years in continuous cultivation, leaving plants suscepti-
ble to a wilt disease. Reacquisition of microbes from
uncultivated plants was sufficient to protect plants from
disease. In another study, Irizarry and White (2017)
found that the delinting process employing concentrated
acids to degrade hairs on cotton seeds reduced the
natural defensive seed microbes, leaving seedlings
weakened and more susceptible to diseases and abiotic
stress. Reacquisition of microbes from seeds of non-
cultivated relatives of cotton resulted in seedlings that
grew faster and were more disease and stress tolerant
than untreated controls. Rice (Oryza sativa L.) is an
important staple food crop with more than half of the
world’s population relying on rice production for food
(Molina et al. 2011). Bacterial endophytes have been
reported from rice and several other crops in the recent
past (Kaga et al. 2009; Hardoim et al. 2012, 2015; Gond
et al. 2015a; Herrera et al. 2016). Presence of endophyt-
ic bacteria may modulate the level of phytohormones,
hence affecting seedling physiology and participating in
the seedling development process (Compant et al. 2005,
2010). Seed borne endophytes are thought to be specific
and more closely-adapted to plants (Johnston-Monje
and Raizada 2011). Rice has been in cultivation for
more than 8000 years (Molina et al. 2011). It is conceiv-
able that some of the beneficial and growth promotional
microbes of ancestral rice could have been lost during
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domestication and the millennia of continuous cultiva-
tion, or may be lost in the future.

Leersia oryzoides (L.) Sw., also known as rice cut
grass, is a wild relative of rice. This cool-season perennial
native to North America is an obligate wetland grass
common in agricultural drainage ditches and other
flooded areas (Bouldin et al. 2004; Pierce et al. 2010).
When mature, it can tolerate seasonal to permanent
flooding up to 1 m in depth. It produces underground
rhizomes which allow it to spread from agricultural
drainage ditches into adjacent cultivated O. sativa where
it becomes a problematic weed (Norsworthy et al. 2009).
It can also spread by seed. We hypothesized that Leersia
oryzoides seeds could carry potential endophytic bacteria
which would be compatible with rice and promote seed-
ling growth and development. In this research article we
report that seed endophytes isolated from Leersia
oryzoides seeds are compatible with rice and promote
seedling growth, gravitropic response, and stimulate root
hair formation. In this study, endophytic bacteria were
also evaluated for auxin production, phosphate solubili-
zation, and antifungal capacities. As far as we are aware
this is the first report of the application of endophytic
bacteria from seeds of L. oryzoides to enhance growth of
rice seedlings and protect plants from pathogens.

Material and methods
Plant materials

For isolation of endophytic bacteria, Leersia oryzoides
seeds were collected from plants growing near the en-
trance to Great Swamp National Wildlife Refuge of
New Jersey, USA (40°42'45.0"N, 74°29'12.9"W).
Seeds were stored in a refrigerator at 4 °C until process-
ing. Rice (Oryza sativa L.; variety Rex) seeds were used
to evaluate effects of bacteria on growth and develop-
ment of seedlings. Bermuda grass (Cynodon dactylon
L.) seeds were also used to screen for bacterial effects on
seedling growth and development. Rex rice and Bermu-
da grass seeds were procured from Hancook Farm &
Seed Company and stored at 4 °C in refrigerator.

Surface sterilization and isolation of bacterial
endophytes

The covering lemas and paleas of Leersia oryzoides
seeds were first removed by vigorous rubbing and
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washed with running water for 10 min. For surface
sterilization, seeds were soaked in 4% NaOCI for
5 min with constant agitation on a rotary shaker. Then
seeds were washed several times with sterile distilled
water on a rotary shaker. Seeds were plated onto Lurea
Bertani agar (LBA), yeast extract sucrose agar (YESA)
and tryptic soy agar (TSA) for isolation of bacteria. Five
seeds were plated onto each plate. After four to five days
of incubation at 22 + 2 °C, emerging bacterial colonies
from the seeds were separated and streak plated for
further purification. Cultures of isolates in LB broth
containing 20% glycerol were preserved at —80 °C in a
freezer in the Department of Plant Biology, Rutgers
University.

Molecular identification

Out of 23 isolates from Leersia oryzoides seeds, the 10
most active in promotion of growth of rice seedlings
were determined, then identified by 16S rDNA sequenc-
ing. For sequencing, total genomic DNA was extracted
by use of a DNA extraction kit (Qiagen, USA) and the
16S rDNA sequence was amplified using universal
primers 16SF (5-AGAGTTTGATCCTGGCTCAG-3’)
and 16SR (5'-CTACGGCTACCTTGTTACGA-3").
Amplified PCR products were resolved by electropho-
resis in 1.5% (w/v) agarose gel stained with SYBR safe
for visual examination. The PCR products were purified
using a PCR purification kit (Qiagen, USA) and sent to
Genewiz Inc. (South Plainfield, New Jersey) for se-
quencing. The sequences were BLAST searched on
the NCBI GenBank database to find the closest matches.

Cleaning and inoculation of bacteria onto rice
and bermuda grass seeds

Rice seed were cleaned by treating with 4% NaOCI for
1 h with constant agitation followed by 70% ethanol for
3 min. Seeds were washed several times with sterile
distilled water to completely remove trace NaOCl from
seeds. Bermuda grass seeds were treated with 4%
NaOCl for 20 min and washed several times with sterile
distilled water. Disinfected seeds of rice were inoculated
with an overnight-grown suspension of 10°~10% cells
ml ! of bacterial isolates including LLE3a, LLEI11,
LMT2b, LMT3b, LMY 1a, LTE3, LTE8, LTESa, LYE4a
and LYY2b by soaking seeds for two hours in the
bacterial suspensions then plating seeds on agarose
plates (46 seeds on each plate). A total of 50 seeds

were inoculated for each treatment. Rice seeds inoculat-
ed with bacteria were also placed into magenta boxes
containing 15 g of sterilized potting mix in triplicate.
Seedling development parameters including root and
shoot lengths, gravitropic response, numbers of second-
ary roots and root hair formation were recorded after
7 days of incubation. Root and shoot lengths were
measured for 40 seedlings from each treatment along
with control. Roots of seedlings which penetrated verti-
cally into the agar on plates were assessed to determine
the % showing positive gravitropic response.
Disinfected Bermuda grass seeds were also inoculated
with the same bacteria and placed onto agarose plates.

ROS staining and visualization of endophytic bacteria
in roots

Seven-day-old seedling roots of all the treatments (roots
penetrating into agarose medium) were stained with
2.5 mM diaminobenzidine tetrachloride (DAB; Sigma-
Aldrich, USA), prepared in deionised water for over-
night staining. DAB-stained roots were washed with
water and counter stained with aniline blue, and ob-
served under a compound light microscope (Axioskop
20, Zeiss, Germany). DAB staining allows visualization
of reactive oxygen (H,O,) produced around intra- or
inter-cellular bacteria (White et al. 2014b). Roots of
seven-day-old Bermuda grass seedlings inoculated with
bacteria were also stained with DAB and observed
under the microscope.

Root hair formation study

Seven-day-old seedling roots of rice and Bermuda grass
treated with bacteria and untreated controls were ob-
served for root hair formation. Seedlings (with and
without DAB staining) with roots that penetrated into
the agarose were sampled by excising two centimeters
of main root, including the growing tip end. Roots were
also observed microscopically for root hair development
through the reverse of the plastic Petri plates.

Measurement of IAA (auxins)

The colorimetric method of Gordon and Weber (1951)
was followed to assess the production of indole acetic
acid (IAA) by bacteria in LB broth cultures using
Salkowski reagent. For the preparation of Salkowski
reagent, 1 ml of 0.5 M FeCl; and 50 ml of distilled water
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were mixed with 30 ml of H,SO, (S. Gr. 1.84). Five-
days-old LB broth cultures of all bacteria were centri-
fuged for two min and the supernatant was collected for
testing. One ml of culture supernatant was mixed with
two ml of freshly prepared Salkowski reagent and the
absorbance was recorded at 530 nm after 30 min of
incubation. The experiment was done in triplicate. The
concentration of IAA produced per ml of broth culture
by bacteria was estimated by comparing absorbance
with a standard curve. For making the standard curve,
various concentrations of IAA (0.0, 5.0, 10.0, 25.0,
50.0, 100.0, and 200.0 pg ml ") were prepared in LB
broth media and then one ml of each concentration was
mixed with two ml of Salkowski reagent. The absor-
bance was recorded at 530 nm after 30 min of incuba-
tion. The standard curve was obtained by plotting ab-
sorbance against the IAA concentration.

Phosphate solubilization and extracellular enzyme
activity

For the phosphate solubilization assay one-day-old cul-
tures of all the bacteria were inoculated onto Pikovskaya
agar media (Pikovskaya 1948). After 5 days of incuba-
tion, clearing zones around bacterial colonies were mea-
sured. For cellulose activity, endophytic bacteria were
inoculated onto yeast extract peptone agar medium
composed of yeast extract 0.1 g, peptone 0 .5 g, agar
15 g, distilled water 1000 ml, pH 6, and supplemented
with 0.5% Na-carboxymethyl cellulose (CMC). After
5 days of incubation, the plates were flooded with 0.2%
aqueous solution of congo red for 15 min and de-stained
with 1 M NaCl for 15 min. For pectinase activity, the
endophytic bacteria were inoculated onto the pectin agar
plates prepared by dissolving 5.0 g yeast extract, 5.0 g
pectin, 15 g agar in 1000 ml water. Plates were incubat-
ed for 5-7 days at laboratory ambient temperature (=
22 °C). Plates were flooded with freshly-prepared 1%
aqueous solution of CTAB for 10 min. Clear zones
around colonies for both enzymes were measured.

Antifungal activities on plates

Endophytic bacteria were screened against three soil
borne fungal pathogens including Fusarium oxysporum,
Curvularia sp. and Alternaria sp. for their antifungal
activities. Experiments were done with the dual culture
technique on PDA plates and the percentage inhibition of
the growth of the pathogen was calculated using the
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formula: % inhibition of radial growth = R;-Ry/ R; x
100 (Whipps 1997). In this formula R, is the radial
distance grown by the pathogen on the control plate and
R, is the distance grown on a line between the inoculation
of the pathogen and the antagonist on the test plate.

Assessment of in vivo antagonism to Fusarium
oxysporum

Disinfected Rex rice, Poa and Bermuda grass seeds
were treated with endophytic bacteria, incubated at lab
ambient temperature overnight, and then inoculated
with the fungal pathogen Fusarium oxysporum (10*-
10° cells ml™") along with the non-bacterial-treated con-
trol. After four to five days of incubation seedling roots
were observed microscopically for Fusarium
oxysporum infection within root tissues.

Statistical analysis

The SPSS-16 program was used for ANOVA followed
by post hoc Duncan analysis at 0.05 level of probability
to compare significance differences in root and shoot
lengths among the treatments. We used non-transformed
data for analysis. Means are presented with standard
errors.

Results
Isolation and identification

Twenty-three bacterial isolates were recovered from
seeds of Leersia oryzoides and preserved at —80 °C. All
the isolates were screened for growth promotion capacity
in rice seedlings. Isolates (10) showing growth promo-
tion in rice were identified through 16S rDNA sequenc-
ing and BLAST searches of sequences in the NCBI
database. Isolates, their GenBank accession numbers,
and their closest matches are given in Table 1. Three
bacteria were identified as species of Pantoea (LLE3a-
P agglomerans, LTE3- P. hericii and LYY 2b— Pantoea
vagans); four were identified as species of Pseudomonas
(LLE11- Pseudomonas sp., LMT3b- P. parafulva,
LMY la- P. baetica and LYE4a- P. oryzyhabitans);
LMT2b was identified as Microbacterium sp.; LTES
was identified as Paenibacillus sp. and LTESa was iden-
tified as Chryseobacterium sp. with 99 or 100% identity
(Table 1).
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Table 1 Molecular identification of endophytic bacteria using 16S rDNA sequencing with accession no. and percentage similarities with

closest species after BLAST on NCBI database

Isolates GenBank accession no. Closest species Identity (%) Accession no. of closest species
1.LLE3a KY587227 Pantoea agglomerans 100 KU258277.1
2. LLEI1 KY587228 Pseudomonas sp. 99 KY074170.1
3. LMT2b KY587229 Microbacterium sp. 100 KY548646.1
4. LMT3b KY587230 Pseudomonas parafilva 100 KX345930.1
5.LMYla KY587231 Pseudomonas baetica 100 KY124192.1
6. LTE3 KY587232 Pantoea hericii 100 KU189725.1
7. LTE8 KY587233 Paenibacillus sp. 99 JX994123.1
8. LTESa KY587234 Chryseobacterium sp. 99 JQ698523.1
9. LYE4a KY587235 Pseudomonas oryzihabitans 99 LC191550.1
10.LYY2b KY587236 Pantoea vagans 99 KF986850.1

Effect of inoculation of bacteria on rice seedling
development

Out of 23 isolates recovered from Leersia oryzoides
seeds, ten isolates showed positive growth promotion
activity and effects on rice seedling development; thirteen
isolates were either ineffective or inhibitory to rice seed-
ling growth. Bacterial endophytes promoted increases in
root and shoot lengths in rice seedlings (Fig. 1).

Treatments of LLE3a, LMT2b, LMT3b, LTE3, LTES5a,
LYE4a and LYY2Db significantly increased root length
(P < 0.05). Inoculation with LLE3a, LMT2b, LTE3,
LYE4a and LYY2b significantly increased shoot length
(P < 0.05) (Fig. 2). In comparison to root and shoot
lengths (2.18 £+ 0.16, 2.03 £ 0.14 c¢m) in controls, seed-
lings treated with LTE3 (Pantoea hericii) showed maxi-
mum root and shoot lengths (4.16 +£0.15,2.89+0.17 cm)
followed by LYY2b (Pantoea vagans), LYE4a

Fig. 1 Effect of inoculation of seed associated bacteria on rice seedling development after five days of incubation on 0.7% agarose plate;
showing enhancements in seedling growth in all bacterial treatments compared to the control without bacteria
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Fig. 2 Effect of inoculation of bacteria onto rice seedlings show-
ing root and shoot lengths after 7 days of incubation on 0.7%
agarose plate: where (a) shows that the root length of control is
significantly less than bacterial treatments LLE3a, LMT2b,
LMT3b, LTE3, LTES5a, LYE4a and LY Y2b but not significantly
different with LLE11, LMY la and LTES (P < 0.05, N = 40); (b)

(Pseudomonas oryzihabitans) and LLE3a (Pantoea
agglomerans). Inoculation with bacteria onto seeds pro-
moted positive gravitropism (i.e., seedling roots grew
downward into agarose medium); LMT2b and LYY2b
(70%), LTE3 (60%), LYE4a (75%), LMT3b and LTE8
(50%), and LLE3a, LLE11 and LTESa (45%) in compar-
ison to controls (20%) (Table 2). Except for LTE8 and
LMT3b, all bacteria significantly promoted root hair
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shows that the shoot length of the control is significantly less than
treatments with bacteria LLE3a, LMT2b, LTE3, LYE4a and
LYY2b but not significantly different with LLE11, LMT3b,
LMY la, LTE8 and LTE5a (P < 0.05, N = 40). Different letters
show significant differences among the means of treatments

formation in treated seedling roots of rice in comparison
to controls (without bacteria). Seeds treated with
Microbacterium sp. (LMT2b), Pantoea hericii (LTE3),
Pseudomonas oryzihabitans (LYE4a) and Pantoea
vagans (LY'Y2b) showed abundant production of long
root hairs (Fig. 3, Table 2). These bacteria also promoted
seedling development including increasing root and
shoot lengths and root hair formation in Bermuda grass
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Table 2 Growth promotional activity of ten bacteria on rice seedling development

Isolates Germination Root gravitropic Root hairs* ROS staining Root tip meristem Intracellular bacteria
(%) response (%) in root condition® confirmed

1. LLE3a 95 45 ++ strong +++ no

2. LLEll 95 45 ++ light +++ no

3. LMT2b 100 70 +++ strong ++ yes

4. LMT3b 97.5 50 + strong + no
5.LMYla 90 30 ++ strong + yes

6. LTE3 100 60 +++ strong +++ yes
7.LTE8 95 50 + light ++ yes

8. LTESa 95 45 ++ light + no

9. LYE4a 100 75 -+ strong +++ yes
10.LYY2b 100 70 4+ strong +++ yes
Control 95 20 + light + -

* Where + = no or very short root hairs, ++ = few and medium size root hairs, +++ = long and abundant root hairs;

@ .
@ 4 = small meristem,

++ = intermediate condition and size, +++ = good condition and larger sized meristem

(Fig. 5). Root apical meristems appeared to be in better
condition in seedlings inoculated with bacteria than

Control

Control 2000

| e
LTESa

Fig. 3 Effect of endophytic bacteria on root hair development in
rice seedlings: seven-day-old seedling roots were stained with
DAB overnight: where (a) and (b) are controls (without bacteria)
with no or very few root hairs; (c), (d), (e), (f) (g), (h) and (i) are

LMT2b actoemy / LLE3a _200um

controls free of bacteria in both rice and Bermuda grass
seedlings.

200 pm

LYE4a

g

inoculated with bacteria; LTES5a (e), LMTb (f) and LLE3a (h),
were not observed to be intracellular, while LTE3 (¢), LYY2b (d),
LMTb (g), LYE4a (i) were confirmed to be intracellular
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ROS staining and visualization of bacteria within cells
of rice and Bermuda grass

Except LLE11, LTE8 and LTES5a, all treatment showed
dark brown staining with DAB in comparison to the
light stain seen in controls without bacteria (Table 2,
Fig. 3). In control sedlings, no intercellular or intracel-
lular bacteria were seen, although intercellular fungal
mycelium was sometimes observed (Fig. 4). Out of 10
growth promoting bacteria, six, i.e. LMT2b

Fig. 4 Microscopic visualisation
of endophytic bacteria inside root
parenchyma and root hairs of rice
seedlings after staining with DAB
overnight: where (a), (b) and (c)
are controls (without bacteria),
showing cells that are free of
internal H,O,-staining structures,
however fungal mycelium found
in (¢) (arrow); Internal L-form
bacteria (arrows) stain red to dark
brown in root parenchyma (d),
and root hairs (e) and (f) where
seedlings were inoculated with
LTE3, and root parenchyma (g)
and root hairs (h) where seedlings
were inoculated with LY'Y2b,
while in root hairs (i) seedlings
were inoculated with LMT2b
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(Microbacterium sp.), LMY la (Pseudomonas baetica),
LTE3 (Pantoea hericii), LTES8 (Paenibacillus sp.),
LYE4a (Pseudomonas oryzihabitans) and LYY2b
(Pantoea vagans), were confirmed to be endophytic
and intracellular through microscopic examination. In
ROS staining of rice seedling roots, L-form (cell wall
deficient) bacteria were observed in root parenchyma
and root hairs (Fig. 4). L-form endophytic bacteria were
also seen in Bermuda grass root parenchyma and root
hairs after ROS staining (Fig. 5). Strain LLE3a (Pantoea
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Fig. 5 Microscopic observation of root hairs and bacterial endo-
phytes inside root parenchyma and root hairs of Bermuda grass
seedlings after staining with DAB overnight (seven-day-old seed-
lings): where in the bacteria-free control (a) and (b) no or very
small root hair initials are seen and cells are free of internal reactive
oxygen staining; in (¢) and (d), where seedlings were inoculated

with LLE3a, (e) and (f) inoculated with LYE4a, and (g) and (h)
inoculated with LTE3, very long and abundant root hairs (arrows)
with L-form bacteria within root cells (arrows) observed; (i) and (j)
inoculated with LTE3 show L-form bacteria within root hair cells
(arrows)
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agglomerans) was observed on surfaces of rice roots but
could not be confirmed to be intracellular in rice; LLE3a
was, however, observed to be intracellular in Bermuda
grass roots (Fig. 5).

IAA (auxin) production, phosphate solubilization
and enzyme activity

Out of ten bacteria evaluated for IAA production, six
including LLE3a (Pantoea agglomerans), LLE11
(Pseudomonas sp.), LTE3 (Pantoea hericii), LTESa
(Chryseobacterium sp.), LYE4a (Pseudomonas
oryzihabitans) and LYY2b (Pantoea vagans) showed
production of auxin in LB broth medium (Table 3).
LTE3 produced the highest levels of auxin
(47.06 = 1.99 pg ml™"), followed by LYY2b
(23.63 + 1.19 ug ml™") and LLE3a (13.26 + 0.88 ug
ml™"). Except for LTE5a (Chryseobacterium sp.), all
isolates showed phosphate solubilisation activity.
Strains LLE3a, LMT2b, LMY la, LTE3, and LYY2b
were found most active in phosphate solubilization
(Table 3). Five isolates, including LLE3a (Pantoea
agglomerans), LMT2b (Microbacterium sp.), LTE3
(Pantoea hericii), LY E4a (Pseudomonas oryzihabitans)
and LY'Y2b (Pantoea vagans), showed both extracellu-
lar cellulase and pectinase activity. However isolate
LMY la showed only pectinase activity (Table 3).

Antifungal activity

In co-culture experiments seven bacterial isolates were
found to inhibit all three fungal pathogens tested.

Inhibition of the fungi Fusarium oxysporum,
Curvularia sp. and Alternaria sp. by the most inhibitory
isolates was as follows: LLE3a-Pantoea agglomerans
(29.25, 54.9, 40% inhibition, respectively); LLE11-
Pseudomonas sp. (23.89, 32.35, 39.39%, respectively);
LTE3- Pantoea hericii (30.13, 39.78, 26.67%, respec-
tively), LTESa- Chryseobacterium sp. (38.57, 56.57,
40%, respectively), and LYY2b- Pantoea vagans
(29.27, 42.71, 19.05%, respectively) (Table 4). Surface
sterilized rice and Bermuda grass seeds inoculated with
bacterial endophyte LTE3 (Pantoea hericii) showed less
colonization by Fusarium oxysporum than non-
inoculated controls (Fig. 6a-h). Microscopic visualiza-
tion of roots of rice seedlings showed that roots of
seedlings inoculated with bacteria had significantly less
infection by the Fusarium pathogen, compared to the
non-bacterial controls (Fig. 6i-1).

Discussion

Seed associated endophytic bacteria have been proposed
to be tightly associated with plant growth and develop-
ment from the beginning of germination (Johnston-
Monje and Raizada 2011). Of twenty-three bacterial
isolates from Leersia oryzoides seeds, ten (43.5%) were
found to promote growth and development of rice seed-
lings. Leersia oryzoides is a wild relative of rice
(Vaughan 1994; Ge et al. 2004) that grows naturally in
swamp areas of North America. We hypothesized that
L. oryzoides could host rice-compatible seed-borne bac-
terial endophytes. All 10 of the isolates were identified

Table 3 TAA (Auxin) produc-

tion, phosphate solubilization and Isolates IAA (ugml™'; M + SE)® Phosp'hate. Enzyme*
enzyme activities of endophytic solubilization* )
bacteria from Leersia oryzoides Cellulase Pectinase
1. LLE3a 13.26 £ 0.88 +++ +++ ++
2.LLEll 9.00 + 0.65 + - -
3. LMT2b - +++ + ++
4. LMT3b - ++ - -
®JAA in pg ml"" was measured 5.LMYla - +++ - ++
from five-day-old LB broth bac- 6. LTE3 47.06 £ 1.99 +++ ++ ++
terial culture; * - = no activity 7 LTES _ - _ B
after 5 days, + = 0—5 mm clearing
zones, ++ = 5-10 mm clearing 8. LTESa 6.6+ 1.001 - - -
zones, +++ = more than 10 mm 9. LYE4a 12.93 £ 0.93 + + +
clear zone around colony after 10.LYY2b 23.63+1.19 - ++ ++

five days of incubation
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Table 4 Inhibitory activity (antagonism) against fungal pathogens
including Fusarium oxysporum, Curvularia sp. and Alternaria sp.
by dual culture experiment on PDA Petri plate

Isolates % Inhibition

F oxysporum  Curvularia sp.  Alternaria sp.
1.LLE3a 29.25 54.9 40
2.LLEI1 23.89 32.35 39.39
3. LMT2b 17.46 419 7.58
4. LMT3b 16.26 32.46 0
5.LMYla 5632 24.51 0
6. LTE3 30.13 39.78 26.67
7. LTE8 0 0 0
8. LTESa 38.57 56.57 40
9. LYE4a 31.67 36.19 14.29
10.LYY2b  29.27 42.71 19.05

by 16S rDNA sequencing. Recovered bacterial endo-
phytes mostly included Pseudomonads (4) and Pantoea
spp- (3) (Table 1). LMT2b (Microbacterium sp.) and
LTESa (Chryseobacterium sp.) have not commonly
been reported previously as endophytes.

Endophytism and compatibility

Endophytes are present in all plants and their presence
may have important consequences ecologically for host
plants which could be applied in agriculture
(Rosenblueth and Martinez-Romero 2006; White et al.
2014a). In the present study we found six bacteria that
we could confirm became intracellular in plant root cells
(root hairs and/or root parenchyma cells) of rice and
Bermuda grass seedlings after ROS staining. DAB
stains H,O, produced around bacteria inside cells due
to defensive production of reactive oxygen by plant cells
(White et al. 2014b). Some bacteria were found to be
endophytic and intracellular in Bermuda grass but we
could not determine their intracellular presence in rice.
For example, LLE3a was found on the surface of root
hairs in rice, but was observed to become intracellular as
well as epiphytic of root hairs and root parenchyma in
Bermuda grass seedlings (Fig. 5). This could be due to a
compatibility issue where the bacterium did not enter
rice cells, or perhaps this bacterium became intracellular
but did not elicit a defensive response in rice and H,O,
was not produced. The mechanisms of entry of bacteria
into cells are still not well understood. It has been

hypothesized that openings in roots where branch roots
emerge and damaged root hairs or wounds may be
important sites of entry (Serensen and Sessitsch 2006).
Paungfoo-Lonhienne et al. (2013) proposed that bacte-
ria may be actively taken into cells in a process that may
be similar to phagocytosis. It is also possible that some
bacteria actively invade root cells as endoparasites using
their enzymatic capacities to degrade cell wall barriers to
entry. In this respect, five endophytic bacteria in the
present study show production of extracellular cellulase
and pectinase, and they all were found to be endophytic
either to rice or Bermuda grass seedlings. Production of
hydrolytic enzymes may help in intracellular colonisa-
tion and development of endophytism. Variable sizes
and shapes of bacteria were seen in root hairs and root
meristems. This is due to bacterial loss of cell walls and
formation of L-forms as bacteria enter plant cells
(Walker et al. 2002; White et al. 2017). Although diffi-
cult to confirm, we hypothesize that bacteria lose their
cell walls and enter plant cells at the root tip meristem
where cell walls are thin. Symbiosis of plants with L-
form of bacteria is non-pathogenic and frequently their
intracellular or intercellular presence protects plants
from diseases (Amijee et al. 1992; Walker et al. 2002).
Amijee and collaborators have shown that L-forms of
Bacillus subtilis protect Chinese cabbage seedlings from
fungal pathogens during seed germination. Reports of
large numbers of endophytic bacteria in plant tissues
could be explained by their presence as non-pathogenic
L-forms in planta (Allan et al. 2009). As plant cells
differentiate many of the intracellular bacteria are de-
graded. The process of degradation of microbial endo-
phytes within roots has been termed ‘rhizophagy’
(Paungfoo-Lonhienne et al. 2013; White et al. 2017).
Through the process of rhizophagy, microbes that have
both a free-living and endophytic phase may aid plants
by scavenging organic or inorganic nutrients in the soil,
then entering into plant tissues where they are degraded
and nutrients are transferred to plants (Beltran-Garcia
et al. 2014; White et al. 2015). We have also observed
that some bacteria that enter roots are able to exit root
epidermal cells during root hair formation where bacte-
ria in hairs leave the hair at the elongating hair tip where
the cell wall is thin (White et al. 2017).

Seedling development

Positive root gravitropic response, where roots grow
downward, is an important developmental behavior
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Fig. 6 Protection from the soil borne fungal pathogen Fusarium
oxysporum by pre-treatment with endophytic bacterium Pantoea
hericii (LTE3): Images (a), (b) and (¢) are from controls of Poa,
rice and Bermuda, respectively, inoculated only with the fungus,
and (d), (e), (f) were pre-treated with LTE3 and then fungus; image
(g) is from a control rice seedling (without bacteria) inoculated

@ Springer

with fungus (agarose plate), image (h) was from seedlings treated
with LTE3 and then the fungus (agarose plate); (i) and (j) show
intercellular hyphal infection colonization in root parenchyma of
seedlings treated only with the fungus, whereas in bacterium-
treated (k) and (1) no fungal infection was seen, rather intracellular
L-form bacteria are readily observed (arrows)
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during seedling establishment. We found that all the
endophytic bacteria promoted positive gravitropic re-
sponse in rice seedlings and further stimulated root
growth and increased root architecture (i.e., more branch
roots) in comparison to bacterial-free controls where
roots lacked gravitropic response and reduced root
growth and branching (Table 2, Figs. 1 and 2). Enhanc-
ing root architectural development during seedling es-
tablishment is controlled by the auxin/cytokinin ratio
(Aloni et al. 2006), and microbial associations during
seedling development may modulate hormone levels
and hence improve proper development of roots
(Ortiz-Castro et al. 2009). Four endophytic bacteria,
LTE3 (Pantoea hericii), LYY2b (Pantoea vagans),
LYE4a (Pseudomonas oryzihabitans) and LLE3a
(Pantoea agglomerans) significantly (p < 0.05) acceler-
ated both root and shoot length growth in rice seedlings.
Most of the isolates were also found to produce auxins
and possess phosphate solubilization ability. Isolates
LTE3 (Pantoea hericii) showed the highest production
of auxin and also promoted the greatest root and shoot
growth, followed by LY'Y2b (Pantoea vagans). Produc-
tion of auxin was seen to roughly correlate with the level
of seedling growth. During seedling development plants
may interact with seed microbes, and microbes may
release phytohormones and other molecule which may
directly or indirectly modulate seedling morphogenesis
(Long et al. 2008). Phosphorous is one of the major
limiting nutrients for plant development due to its un-
availability in many soils. Although it is present abun-
dantly in many soils, it is often in an insoluble form
(Miller et al. 2010). Phosphate solubilization capacity of
bacteria, particularly those that cycle between a free-
living soil phase and an endophytic phase, could be one
of the important ways that endophytic microbes pro-
mote growth in plants (Oteino et al. 2015).

Root hair formation

Root hair development is important in enabling an in-
creased soil-plant interface. Root hair formation increases
root surface area and hence increases nutrient and water
uptake by plants (Datta et al. 2011; Mercado-Blanco and
Prieto 2012). Long and abundant root hairs have become
recognised as an important trait for agricultural crops,
increasing the nutrient acquisition capacity of plants. It
has been reported that root hairs improve the uptake of
immobile nutrients including phosphate and potassium
(Datta et al. 2011). In the present study we found that

inoculation of endophytic bacteria onto seeds induced the
formation of long and abundant root hairs in rice and
Bermuda grass seedlings (Table 2, Figs. 3-5). It is known
that root hair development, density and length is influ-
enced by soil nutrients and genetic factors (Hogh-Jensen
and Pedersen 2003; Datta et al. 2011; Nestler et al. 2016).
Previous research (Datta et al. 2011) suggests that in most
of angiosperms, root hairs develop in the differentiation
zone by epidermal cell extension. The pattern of root hair
formation on plants is also different from species to
species. For example, in rice root hairs develop in a
random pattern, but in Aradidopsis root hairs are devel-
oped in files of root hairs and non-hair cells (Datta et al.
2011; Salazar-Henao et al. 2016). The role of root hairs in
the development of efficient nitrogen-fixing nodules in
legumes through symbiosis with rhizobia has been well
studied (Kijne 1992; Mercado-Blanco and Prieto 2012).
Literature also suggests that presence of root hairs is
crucial for colonisation of roots by rhizospheric bacteria
(Mercado-Blanco and Prieto 2012). A few studies on
endophytic bacteria have reported that root hairs play
key role in development of endophytism in plants with
bacteria entering roots through root hairs (Oteino et al.
2015; Prieto et al. 2011). However, our research suggests
that endophytic bacteria enter into root cells at the root
apical meristem, and then induce root hair formation in
the root epidermal layer (Verma et al. 2017; White et al.
2017). Root hair formation could be triggered by produc-
tion of TAA (auxin) by these intracellular bacteria, effec-
tively modulating root hair development (Verma et al.
2017). Presence of intracellular bacteria in roots was seen
to correlate with higher levels of ROS compared to non-
inoculated controls. Several studies report that auxin
stimulates ROS production, root cell elongation and pro-
motes seedling development (Morre et al. 1995;
Krishnamurthy and Rathinasabapathi 2013; Ivanchenko
et al. 2013). Here we suggest that endophytic bacterium-
produced IAA directly, or with ROS, may be modulating
root hair development. In Arabidopsis roots, ROS was
found to regulate plant cell expansion and root hair
development in growing regions of roots (Foreman
et al. 2003). Regardless of the mechanism, it is apparent
that endophytic bacteria are promoting root hair devel-
opment in rice seedlings.

Antifungal activity against soil borne fungal pathogens

Except for LTES (Paenibacillus sp.), all endophytes
inhibited at least two fungal pathogens tested in co-
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culture experiments (Table 4). Pantoea agglomerans
(LLE3a), Pseudomonas sp. (LLE11), Pantoea hericii
(LTE3), Chryseobacterium sp. (LTES5a), and Pantoea
vagans (LYY 2b) were found to be potent growth inhib-
itors of Fusarium oxysporum, Curvularia sp. and
Alternaria sp. In examination of in vivo Fusarium
oxysporum infection in seedling roots with and without
Pantoea hericii (LTE3) we observed that treatment of
surface sterilized seeds with Pantoea hericii (LTE3)
significantly suppressed F. oxysporum colonisation on
Poa, rice and Bermuda grass seedlings (Fig. 6a-h). In
contrast, we observed intercellular and intracellular fun-
gal infection in root parenchyma and root hairs of seed-
lings that had not been treated with bacteria (Fig. 6i-j).
Very few or no hyphae were found in seedlings inocu-
lated with Pantoea hericii (LTE3) (Fig. 6k-1). Endophyt-
ic bacteria may suppress the growth of soil borne fungal
pathogens in several ways, including antibiosis, compe-
tition, or indirectly by inducing defense gene expression
in host plants (Prieto et al. 2011). Recently, an endo-
phytic Pantoea ananatis was reported to produce an
antifungal indole-derivative compound (Aman and Rai
2016). Endophytic pseudomonads have been reported to
produce antifungal metabolites, including pyrrolnitrin,
phenazines and pyoluteorin (Compant et al. 2005). Bac-
terial endophytes compete with pathogens for space and
nutrient availability. Endophytic bacteria may produce
antifungal lipopeptides and also induce the up-
regulation of defense genes in host plants (Gond et al.
2015a). With the present data we cannot identify which
of these mechanisms may explain how these endophytes
are suppressing soil borne pathogens. However more
production of ROS in roots with endophyte could be an
indication that host genes are being affected by the
endophytes. Direct involvement of ROS is also known
in defense against pathogens (Lamb and Dixon 1997;
Huckelhoven and Kogel 2003). Further, ROS induces
defense-related genes in plants (Levine et al. 1994;
Torres et al. 2006). Two endophytic bacteria, Coryne-
bacterium avescens and Bacillus pumilus from rice
seeds were shown to be growth promoting and also
compete with pathogen Azospirillum brasilense in the
rhizosphere (Bacilio-JimeAnez et al. 2001). Pseudomo-
nas sp., a seed borne endophyte of Phragmites australis,
was reported to suppress the pathogen Fusarium
oxysporum (White et al. 2017). Prieto et al. (2011) found
that internal colonisation of root hairs in olive roots by
Pseudomonas spp. was associated with bio-control
against Verticillium wilt.

@ Springer

Finally, we conclude that seed-associated bacteria
from the wild relative of rice, i.e. Leersia oryzoides,
are compatible with rice seeds and promote growth
and root hair formation during seedling establishment.
These bacteria also defend plants from fungal patho-
gens. Our findings indicate that endophytic bacteria
from wild relatives of crops could be sources of mi-
crobes to develop consortia to enhance crop develop-
ment and as biocontrol agents for sustainable crop
production.
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