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Abstract

Plant growth promoting rhizobacteria (PGPR) are a group of bacteria that promote plants growth in the rhizosphere. PGPRs
are involved in various mechanisms that reinforce plant development. In this study, we screened for PGPRs that were effective
in early growth of Arabidopsis thaliana when added to the media and one Bacillus subtilis strain L1 (Bs L1) was selected
for further study. When Bs L1 was placed near the roots, seedlings showed notably stronger growth than that in the control,
particularly in biomass and root hair. Quantitative reverse transcription polymerase chain reaction analysis revealed a high
level of expression of the high affinity nitrate transporter gene, NRT2.1 in A. thaliana treated with Bs L1. After considering
how Bs L1 could promote plant growth, we focused on nitrate, which is essential to plant growth. The nitrate content was
lower in A. thaliana treated with Bs L1. However, examination of the activity of nitrate reductase revealed higher activity
in plants treated with PGPR than in the control. Bs L1 had pronounced effects in representative crops (wheat and lettuce).
These results suggest that Bs L1 promotes the assimilation and use of nitrate and plant growth.
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Introduction

Plant growth promoting rhizobacteria (PGPR) include ben-
eficial bacteria located in the rhizosphere that can enhance
plant growth performance. The mechanisms responsible
for PGPR activities include enhancement of abiotic stress
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tolerance, pathogen control, secretion of growth-related
phytohormones, augmentation of plant nutrient uptake,
and production of siderophores and other beneficial organic
compounds (Garcia-Fraile et al. 2015; Siddikee et al. 2015;
Vejan et al. 2016).

Plant growth requires a variety of nutrients. Among
them, nitrogen is one of the most important nutrients in
plant growth and development and is the critical element in
the biosynthesis of many fundamental molecules in plant,
such as nucleic acids, chlorophyll, and ATP (O’Brien et al.
2016; Vejan et al. 2016). Since plants cannot directly fix
atmospheric nitrogen. Instead they absorb nitrate or ammo-
nium ions from the soil and convert them into the necessary
metabolic materials (Miller et al. 2007). As nitrate can be
artificially provided in fertilizer, PGPR application would
enhance nitrate absorption, permitting plants to make full
use of the nitrogen source. Plants have various genes encod-
ing transport proteins, that allow the efficient absorption of
nitrate. Of these genes, the NRTI and NRT2 gene families
are crucial (Cerezo et al. 2001). The NRTI.1 gene encodes
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a protein that has dual roles as a nitrogen transporter and
a sensor of available nitrate (Tsay et al. 1993). The trans-
port protein NRT2, plays a major role in nitrogen transport.
The NRT?2 family comprises high affinity, nitrate specific
transporters in many plant systems, including Arabidopsis
thaliana (L) Hevnh. (Krapp et al. 2014). The NRT2 family in
A. thaliana consists of seven proteins (NRT2.1 to NRT2.7).
NRT2.1 is key for the high affinity transport system (HATS)
of root nitrate uptake under most conditions (Cerezo et al.
2001; Filleur et al. 2001). The stimulation of NRT2 expres-
sion of host plants by exogenous PGPR is involved in the
PGPR growth promotion effect (Kechid et al. 2013). NRT2
genes have roles in the biotic defense system in plants.
NRT2.1 is involved in resistance against Pseudomonas
syringae pv. tomato (Camanes et al. 2012) and NRT72.6 in
the resistance against Erwinia amylovora (Dechorgnat et al.
2012). Those studies indicate that the induction of NRT2
genes may be part of an induced systemic response (ISR)
in recognition of microbial infection. Moreover, the induc-
tion of NRT2.1, NRT2.5, NRT2.6 accompanied by the mor-
phological changes of the root architecture in the presence
of PGPR could imply the potential improvement to nitrate
absorption by plant roots (Kechid et al. 2013). Thus, PGPR
that also trigger the induction of NRT2 genes in the host
plant may correlate with either the PGPR mechanism of
inducing ISR in plants, improving plant nutrient uptake, or
both.

In this study, an evaluation of several soil bacteria led to a
focus on the Bacillus subtilis strain L1 (Bs L1). B. subtilis is
involved in various reactions and contributes to the availabil-
ity of nitrogen and phosphorus in the soil (Idriss and Borriss
2002). In addition, the bacterium contributes to the improve-
ment of stress resistance of plants (Pliego and Ramos 2010).
Our co-cultivation experiment results clearly indicated that
Bs L1 enhanced the growth performance of the tested A.
thaliana, Lactuca sativa, and Triticum aestivum plants. In
addition, morphological improvements in co-cultivated L.
sativa and wild type, transgenic Arabidopsis seedlings were
closely observed and measured. Quantitative real time poly-
merase chain reaction (QRT-PCR) analysis determined the
molecular mechanism underlying the PGPR growth promot-
ing effect in the co-cultivated Arabidopsis plants. The results
demonstrate the plant growth promoting effect of Bs L1.

Materials and methods

Plant materials and growth conditions

A. thaliana (Col-0 ecotype) seeds were sterilized with
sodium chlorate and rinsed four times with sterilized water.

The seeds were kept at 4 °C for 3 days and planted perpen-
dicularly in Murashige and Skoog (MS) agar containing 2%
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sucrose. Then, they were incubated in a culture chamber at
23 °C with a 16 h light/8 h dark cycle and a relative humid-
ity of 60%. After 4 days, the seedlings were moved to the
test board. L. sativa and T. aestivum seeds were sterilized
for 15 min with sodium chlorite and rinsed five times with
sterilized water. After 3 days of stratification at 4 °C, the
seeds were cultivated in MS agar containing 2% sucrose in
a culture chamber at 23 °C with the aforementioned light/
dark cycle and relative humidity. After 6 days, the seedlings
were moved to the soil for joint cultivation (Lee et al. 2017).
Col-0 ecotype was obtained from TAIR site (arabodopsis.
org) and Lactuca sativa L was obtained from Danong mar-
ket (www.danong.co.kr). The cultivar of Lactuca sativa we
purchased is Lactuca sativa L. var. Cheongchima. Keum-
Kang (K2) indicates Korean wheat cultivar of T.aestivum.
Seeds of CycBlIpro::GUS (Colén-Carmona et al. 1999) and
DR5::GUS (Ulmasov et al. 1997) transgenic Arabidopsis
plants were provided by Dr. Peter Doerner and Dr. Tom J.
Guilfoyle, respectively.

Bacterial isolation, identification, and inoculation

Various types of bacteria were isolated from soil samples
collected from local farms (Namyangju, Republic of Korea).
First, lettuce plants growing at the farm were rooted and
transported to the laboratory, and the large lumps of soil
attached to the roots were removed. Next, the roots were
gently shaken in sterilized distilled water to collect the
remaining soil. Bacteria were then isolated from soil sam-
ples using the plate streaking method (Sander 2012; Trinh
et al. 2018). In this study, lysogeny broth (LB, Miller) of
Sigma-Aldrich (L5322) was used and 1 g of soil was put
into a 15 mL conical tube containing 10 mL of sterilized
distilled water. After 5 min of vortex, 100 pL suspension
was transferred to microtubes containing 900 pL of LB to
obtain 107! dilution. The culture was further diluted to 1072,
1073, 10~ before incubation on the nutrient agar at 37 °C
for 24 h. Among these bacteria, Bs L1 (Genbank; Acces-
sion number: MN542211.1) was identified by 16S rDNA
sequencing (Ha 2017; Lei et al. 2018). The bacterial cell
stock was stored at — 80 °C in a 40% glycerol solution. The
day before co-cultivation with A. thaliana, Bs L1 was grown
in the shaker chamber at 37 °C for 18 h in LB media. For the
co-cultivation experiment, 200 pL of bacterial suspension
(10° colony forming units (CFU) mL™!) was applied in a
line 5 cm under the seedling roots.

Co-cultivation condition

Four-day old, uniform A. thaliana seedlings were moved to
MS agar and a 200 uL bacterial suspension (10° CFU mL™")
in 2% sucrose was added 5 cm under the roots (Wintermans
et al. 2016). The intermediate plate treated with 200 uL of
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bacteria-free LB was used as the control. Plants were grown
vertically with Bs L1 for 8 days in the growth chamber at
23 °C using the aforementioned light/dark cycle and rela-
tive humidity. For B-glucuronidase (GUS) staining, plants
were cultivated for 4 days. The seedlings were collected and
stored at — 80 °C. To create a nitrogen (N) deficient state,
N-free Hoagland agar (Hoagland Nitrogen free, 30630038;
bioPLUS) containing 2% sucrose was used as a test plate.
For L. sativa and T. aestivum, 4-day old seedlings of the
same size were moved to a container with soil mixed with
70 mL distilled water. One mL volume of LB suspension of
Bs L1 (10° or 10° CFU mL~") was used to directly inoculate
the plant roots. Soil containers in which 1 mL of bacteria-
free LB was applied to plant roots were used as controls. L.
sativa and Bs L1 were co-cultivated in growth chambers at
23 °C using the aforementioned light/dark cycle and rela-
tive humidity. Growth performance was observed from O to
9 days after inoculation.

GUS activity assay

GUS activity was determined by tissue chemical dyeing
using GUS solution. Four day old DR5:GUS (Ulmasov et al.
1997) and CycBlpro:GUS transgenic seedlings (Coldn-
Carmona et al. 1999) were co-cultivated with Bs L1 under
normal conditions. After PGPR treatment, seedlings were
collected and dyed with GUS solution in a 37 °C incubator
for 2 h and then at 70 °C in 70% ethanol until all chloro-
phyll was removed (Li 2011). Ecotype of the DR5-GUS and
CycBlpro:GUS transgenic seedlings is Col-0 (Table 1).

gRT PCR analysis

RNA extracted from a 50 mg sample by TRIzol Reagent
was converted to cDNA using the RevertAid First Strand
cDNA Synthetic Kit (H1622; Thermo Fisher Scientific)
as described previously (Jeong et al. 2018; Joo et al. 2017,
Nguyen et al. 2016). qRT-PCR was performed in a heat
cycler (Bio-Rad Laboratories). The transcript of Actin2 gene
was used as an internal standard. Three independent replica-
tions were performed for each sample. Error bar = standard
deviation. The statistical analyses were performed by the
one-way ANOVA, followed by Tukey’s test for comparison
of means at the 95% confidence level. Different letters indi-
cate significant differences at P <0.05 according to one-way
ANOVA and Tukey'’s test.

Nitrate content and nitrate reductase (NR) activity

Total nitrate content was quantified using the salicylic
acid method (Cataldo et al. 1975; Xu et al. 2016; Vendrell
and Zupancic 1990). A. thaliana seedlings of 50 mg were
boiled for 20 min at 100 °C in 1 mL distilled water. The

Table 1 Sequence of primers used in this study

Gene Primer sequences (5'-3")

NRTI.1 (Atigl2110) : AACAAACACCCCCAAAAACTGCA

: CCTTGGAAGTCCCAAGCATC

: AGGTCTCAAGATGGGAAGGC
: GGCGAGCATGCCACCGTGA

: AAAGACAAATTCGGAAAGATTCTG
: AAGTACTCGGCGATAACATTATCA

: CCAAAGACAAATTCGGAAAGATTC
: AAGTACTCGGCGATAACATTGTCT

: CTTGTTCGGTCAGGATCTTCCT
: GTTATCCATCCCCTATAGTTTTTG

: TGTTCTTGAGGCCATCACAAG
: CTTCGTGTAGTCCTAAGCTCT

: GCTTAGGAGAGTTGAGCCACG
: CAAATCAAACCGGAGTAGGTG

: ATGGAGGATTTGCTTACGCA
: CCATGGTTTAGTCGACACGTCG

: GGTGGATGATACATTAGCGGT

R
NRT1.2 (At1g69850)
R
R
R
R
R
R
R
R: CCAAAACGCAGAGATCAGG
R
R
R
R
R
R
R
R
R

NRT?2.1 (At1g08090)
NRT2.2 (At1g08100)
NRT2.5 (At1g12940)
NRT2.6 (At3g45060)
AMTI.1 (At4g13510)
AMT1.2 (At1g64780)
AMT? (A12g38290)

ACTIN2 (AT3G18730) : TGTGGATCTCCAAGGCCGAGTA

F
F
F
F
F
F
F
F
F
F

: CCCCAGCTTTTTAAGCCTTTGATC

ERF1 (AT3G23240) F: ATTCTTTCTCATCCTCTTCTTCT

: CGAATCTCTTATCTCCGCCG
F
F
R
F
F
F
F
F
F
F

: GAAGTGACCACGGTGAGTTCAA
: ACACGTCCATGAAGACCACTTTG

EIN1 (AT1G66340)

NIRI (AT2G15620) : CATGGGATGCTTAACACGAG

: AATGGAACCAACTCCGTGAC
NLP6 (AT1G64530) : CTCACCAGAGTCGGTAAGCA

: CGGAGACCCATTCTCTATCG
NLP7 (AT4G24020) : CGAACCATCAGGCTCAGAA

: CGTTCCTGCATCAACTTTCA
AXR4 (AT1G54990) : TAGTCCAGCTTTGCCGTTGT

: TCTCCTTTGAGCACCGGAAG
ARF7 (AT5G20730) : CAGCTGAGGTTCAGCAGATGAG

: CACCGGTTAAACGAAGTGGCTG
ARF19 (AT1G19220) : TCCAGTGCTGCAATCAGTTC

: CCTCCACCATTCATGATTC
168 : AGAGTTTGATCMTGGCTCAG

: TACGGCTACCTTGTTACGAC
GUS : CTCATCTGGAATTTCGCCGA

R: GGCGAGTGAAGATCCCCTTC

boiled sample was centrifuged at 15,871g for 10 min and
the 0.1 mL of supernatant was transferred to a new 15 mL
tube. For the assay, 0.4 mL of salicylic-sulfuric acid solu-
tion (5 g of salicylic acid in 100 mL of sulfuric acid) was
added to the mixture for 20 min at room temperature. Next,
an 8.5 mL solution of 8% NaOH was added for 5 min at
room temperature and the absorption was measured using
a multi detection micro plate reader at ODy,,,. Nitrate con-
tent is calculated using the following formula: nitrate con-
tent=C X V/W (C, nitrate concentration calculated using the
regression equation in the ODy,; V, volume of the extracted
sample; and W, sample weight). In an empty sample, 0.1 mL.
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«Fig. 1 Growth stimulation of Pn IHB and Bs L1 in L. sativa. a Ger-
minating lettuce seeds were stratified for 4 days in MS agar contain-
ing 2% sucrose. During germination of lettuce seedlings, the seed-
lings are transferred to containers containing sterilized soil treated
with 70 mL of water. Immediately after that, the soil was treated with
1 mL of LB containing Pn IHB and Bs L1 at different concentrations
(10° or 10° CFU mL™") and the lettuce phenotypes were observed.
b On day 8 after the transfer, weight of lettuce shoots and roots
was determined. Different letters indicate significant differences at
P <0.05 according to one-way ANOVA and Tukey’s test

distilled water was used instead of 0.1 mL of the superna-
tant sample. A standard curve was created using KNO; at
a concentration of 0.5-2 mg L™, and the regression equa-
tion (R*=0.99) was calculated. Nitrate reducing enzyme
activity is measured primarily by the previously described
method, (Smarrelli and Campbell, 1983) and about 0.1 g of
fresh samples were frozen by liquid nitrogen and ground
into powder. A 1 mL volume of Buffer A (25 mM phosphate
buffer, pH 7.5, 10 mM KNO;, 0.05 mM EDTA) was added
to the sample which was then centrifuged for 10 min at 4 °C
and 28,486 g. The 50 pL supernatant was transferred to a
new 1.5 mL tube and added to 900 pL of buffer A, 2 mM f
NADH solution, 58 mM sulfanilamide 3 M HCI solution,
0.77 mM N-(1-Naphthyl) ethylenediamine dihydrochloride
(NED) solution. For standard curves, we used 1.45 mM
sodium nitrate instead of sample supernatant at 25 °C for
30 min. The ODs,, value was measured. A=CX V1/V2/W/t
(A, nitrate reducing enzyme activity; C, the amount of nitrite
derived from regression equations; V1, volume of extracts
added to the reaction; V2, volume added to the reaction; W,
sample weight; t, reaction time). The absorption intensity
was measured using the Multi Detection Microplate Reader
(HIDEX).

Luminescence imaging

As previously described (Yu and Lee 2017), the C24 line
expressing a chimeric gene consisting of the luciferase
reporter gene fused to the RD29A promoter was used. The
seeds were germinated and grown for 4 days in MS agar
containing 2% sucrose. Ten similar seedlings were selected
and transferred to the PGPR plate for 8 days. The samples
were then lightly sprayed with luciferin and kept in the dark
for 5 min. Images of the samples were taken for 10 min using
a model 7513-002 luminescence imaging device (Roper Sci-
entific) and Lumazone 1300B CCD camera (Roper Scien-
tific). Liquid nitrogen was used to maintain the low tempera-
ture of the device before use.

Statistical analyses

The statistical analyses were performed by the one-way
ANOVA, followed by Tukey’s test for comparison of means

at the 95% confidence level. Different letters indicate signifi-
cant differences at P <0.05 according to one-way ANOVA
and Tukey’s test.

Results and discussion
Bs L1 promotes growth of lettuce

Co-cultivation experiments were conducted using soil
microbes with Col-0 accession of Arabidopsis. Rhizobacte-
ria with a noticeable growth enhancement effect on the host
plants were selected for further investigation. We previously
isolated Pseudomonas nitroreducens strain IHB B 13561
(PnlHB) as PGPR by using A. thaliana (Trinh et al. 2018).
The growth promotion effect observed for Arabidopsis
grown in MS medium was not always observed for vegeta-
bles, such as lettuce. Thus, as shown in Fig. 1, we screened
soilborne microorganisms and isolated Bs L1, which pro-
moted the growth of lettuce in sterile soil instead of MS
medium using the method we previously established (Trinh
et al. 2018). Blast analysis showed that partial sequences of
16S rDNA of Bs L1 had more than 99% similarity with 16S
rDNA sequences of Bs Y16 (Khan et al. 2017). The authors
isolated rhizobacteria with ACC-deaminase activity in the
wheat rhizosphere and tested their plant growth promotion
activities. However, there were few physiological studies
on how Bs Y16 promotes plant growth. Therefore, in this
study we decided to study the mechanism by which Bs LI
promotes plant growth.

To observe how plant growth promotion differed between
Pn IHB and Bs L1, we used Pn IHB, Bs L1, or both to inocu-
late the sterile soil medium of 5-day old lettuce. As shown
in Fig. 1, both Pn IHB and Bs L1 started to show distinct
growth promotion effects 6 d after inoculation. We hypoth-
esized that plant growth would be accelerated if Pn IHB and
Bs L1 were co-inoculated. However, that was not the case
(Fig. 1a). When root and shoot weights were determined, it
was found that growth was similarly promoted by Pn IHB
and Bs L1. This indicated that these PGPRs contributed to
the increase of biomass throughout the plant. This seemed
to lead directly to the increase in the fresh weight of A. thali-
ana (Fig. 1b). In addition to these plants, a similar growth
promotion effect of Bs L1 was evident for T. aestivum (Fig.
S2). Thus, either these two PGPRs work through similar
pathways to promote growth or growth is already maximized
by a sufficient amount of PGPR bacteria, resulting in no
further growth promotion.

Bs L1 increases the number of root hairs and lateral
roots of Arabidopsis

After confirming that Bs L1 had a growth promotion
effect in lettuce, the mechanism of growth promotion was
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investigated using A. thaliana. In addition to the Bs L1
induced growth of the shoots, promotion of root growth
was also observed as the increase in the number of lateral
roots and density of root hairs (Fig. 2a). This seemed to lead
directly to the increase in the fresh weight of Arabidopsis
(Fig. 2b). To evaluate whether Bs L1 can promote plant root
cell division, we used transgenic plants containing the GUS
reporter gene fused with the promoter of CYCBI encod-
ing a cell cycle marker protein in the root meristem (Day
and Reddy 1998). Although slight, the GUS staining was
darker in the Bs L1 treated group compared to the controls
(Fig. 3a). In addition, optical microscopy revealed consider-
ably more root hair development in Bs L1 treated A. thaliana
(Fig. 3b).

Control

Fig.3 Histochemical GUS assay and optical microscopy observa-™
tion of root ends. The 4 days CycBIpro:GUS seedlings grown in MS
agar containing 2% sucrose were transferred to PGPR plates con-
taining MS agar with 2% sucrose and 200 pL of bacteria suspension
(10° CFU/mL). a CycBIpro:GUS analysis of GUS seedlings. No sig-
nificant difference was evident after 4 days of co-cultivation. b Opti-
cal microscopy examination of root tip (X 100) revealed greater devel-
opment of root hair

Next, to determine if auxin is involved in the growth dif-
ference caused by the PGPR, DR5:GUS plants were used.
These plants have enhanced GUS activity in response to
auxin (Béziat et al. 2017). The root tips of plants treated
with Bs L1 showed more GUS activity than the control
plants (Fig. 4a). However, there was no difference in the

Arabidopsis thaliana

=y
=

0 Control
aBsL1

[\
=]
1

Fresh weight
per seedling (mg)
=

0

——

Fig.2 Phenotypic improvements in Arabidopsis co-cultivated
with Bs L1. Col-0 seedlings germinated in MS agar containing 2%
sucrose were transferred to PGPR plate (200 pL of bacteria suspen-
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Fig.4 Histochemical GUS

assay and relative gene a ContrOl B A L 1
expression level analysis.
DR5pro:GUS seedlings grown
for 4 days in MS agar contain-
ing 2% sucrose were transferred
to PGPR plates with MS agar
containing 2% sucrose and

200 pL bacteria suspension

(10° CFU mL™"). a There was
no difference between control
and DR5pro:GUS, but there was
a slight difference at the end of
the roots. b Relative expression
analysis of auxin and ammonia-
related genes in inoculation

and non-inoculated seedlings. (Y
Different letters indicate sig-
nificant differences at P <0.05
according to one-way ANOVA
and Tukey’s test

1 mm 1mm

DR5::GUS )

0 Control
OBsL1 a a

level

1VEe expression
[\

Relat

0 i

ARF19  ARF7 AXR4 AMTI1.1 AMTIL.2 AMT2

GUS activity in other tissues such as the leaves or stems  and the control of homeostasis in plants (Lugtenberg and
(Fig. 4a). The characteristics of PGPR that promote plant ~ Kamilova 2009). The effects of various bacterial strains that
growth include the direct production of plant hormones  produce plant hormones have been reported. In the case of
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rhizobium, approximately 80% of the bacteria can produce
indole acetic acid (Ahmed and Hasnain 2014; Duca et al.
2014; Swain et al. 2007). Therefore, Bs L1 may also syn-
thesize auxin for plant growth. To determine whether Bs L1
induces a more active auxin signaling pathway, we evaluated
the mRNA expression level of the auxin signaling genes
ARF19, ARF7, and AXR4 using qRT-PCR. No significant
difference was observed between the expression levels of
the control and the Bs L1 treated plants (Fig. 4b). In addi-
tion, only a small difference was evident in the expression
of ammonia-related genes including ammonium transporter
1,1.2,2 (AMTI, AMTI.1, AMT2). Since ARF7 and ARF19
were not enhanced in their transcript levels in response to
the Bs L1, it seems that increased lateral root growth is not
associated with ARF7 and ARF19 dependent auxin signaling
in lateral root formation, as reported elsewhere (Okushima
et al. 2007).

Bs L1 has a high growth promotion effect, especially
in a nitrogen-rich medium

Nitrogen is a very important factor in the growth of plants.
Thus, we measured the expression of nitrogen transport
protein genes. The NRT1 and NRT2 proteins have impor-
tant roles in nitrogen transport. Bs L1 had little effect on
the expression of NRTI.1, but it increased expression of
NRT?2 genes including NRT2.1, 2.2, 2.5 and 2.6 (Fig. 5a).
Arabidopsis NRT1.1, also known as CHLI and NPF6.3, is
one of the most studied nitrogen transport genes (Tsay et al.
1993). Since the discovery of NRT1.1 in 1993, numerous
studies have revealed the principles of nitrogen absorption
and transport mechanisms in plants (Wang et al. 2012). One
study showed that NRT1.1 is involved in nitrogen transport
activities at both high concentration and low concentration
nitrate conditions (Liu et al. 1999). Absorption of nitrate
(NO;™) by root cells in soil solutions is a very important
response in most plant species. Thus, both the high concen-
tration and low concentration transport systems (HATS and
LATS) enable efficient nitrogen binding to various exter-
nal nitrate concentrations, and are crucial for plant growth
(Miller et al. 2007). The NRT1.1, NRT2.1 and NRT2.2
transport proteins have major roles in nitrate transport and
are present in Arabidopsis. Most HATS activities seem to be
carried out by NRT2.1 (Miller et al. 2007). Indeed, a NRT2.1
null mutant was shown to lose a significant portion (up to
75%) of the HATS activity (Cerezo et al. 2001; Filleur et al.
2001; Li et al. 2007).

Since the expression of NRT2, encoding the main pro-
tein of nitrate transport, has increased significantly in Bs L1
treated plants, we examined the nitrate contents of the con-
trol as well as the Bs L1 treated plants. The nitrate content
was slightly lower in the plants treated with Bs L1 (Fig. 5b).
To determine if the results were due to the more efficient

metabolism of nitrate in Bs L1 treated plants, we then inves-
tigated the activity of NR in the plants. As shown in Fig. 5c,
the activity of NR in the Bs L1 treated plants was approxi-
mately four times higher than that of the control. Although
an increase in nitrate reducing enzyme activity in response
to Bs L1 was observed (Fig. 5c), the level of expression of
genes encoding nitrate reductase (NIA1, NIA2) is decreased
(Fig. 5d). Nitrate-reducing enzyme activity is very impor-
tant for plant adaptation to challenging environments, and
the NR activity is strictly controlled. Therefore, since Bs L1
displayed increased NR activity, its transcript level could
be obviated by negative regulation. Given the high activ-
ity of NR in the Bs L1 treated plants, we hypothesized that
these plants might grow better under low nitrate conditions.
To test this, we examined the growth promotion effect of
Bs L1 under low nitrate conditions (Fig. 6a). Even under a
very low concentration of nitrate (0.5 mM), Bs L1 clearly
promoted plant growth. Furthermore, growth was doubled
at a nitrate concentration of 10 mM (Fig. 6a). We also deter-
mined the relative expression levels of nitrate-responsive
genes at different nitrate concentrations. In the case of NIRI,
encoding a nitrite reductase (Konishi and Yanagisawa 2010)
even if the nitrate concentration increased, there was no dif-
ference regardless of the treatment (Fig. 6e). NRT2.1 dis-
played a very high relative expression in the Bs L1 treat-
ment group, as the nitrate concentration increased while
the NRT1.1 and NLP6, encoding transcriptional regulator
(Konishi and Yanagisawa 2013) exhibited similar expres-
sions (Fig. 6). Phyllobacterium brassicacearum STM196
reduces the negative effects of high nitrate on lateral root
development (Mantelin et al. 2006). The authors found that
STM196 strongly upregulated the nitrate transporter genes,
NRT2.5 and NRT2.6, which altered the shoot:root biomass
allocation for optimal root development in the conditions
used. Based on the present results and the previous data,
although STM196 and Bs L1 similarly promote the growth
of plant roots, their molecular mechanisms of action differ.

PGPRs ultimately have a positive effect on plant growth
by reducing plant sensitivity to abiotic stress (Yang et al.
2009). Thus, we finally investigated whether plants that grew
well with Bs LI treatment were better able to withstand envi-
ronmental stresses. Bs L1 was effective in Col-0 and other
wild type plants, such as C24. As in Col-0, the root length
was shorter than the untreated plant, but weighed more
(Fig S1). However, Bs L1 did not appear to significantly
improve plant resistance to environmental stresses (data not
shown). Nevertheless, a study of plants with a construct of
a luciferase reporter fused to the stress responsive promoter
RD?29A found that activity of the abiotic stress responsive
promoter was significantly lowered in normal conditions
by Bs L1 treatment (Fig. 7). This indicates that plants may
be exposed to some degree of environmental stress even in
normal conditions. By contrast, the observations with Bs L1
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Fig.5 Relative gene expression a
level analysis of NRT family,
nitrate contents, and evaluation
of nitrate reductase activity.
Seedlings grown for 4 days in
MS agar containing 2% sucrose
were transferred to PGPR plates
with MS agar containing 2%
sucrose and 200 pL bacteria
suspension (10° CFU mL™")
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Fig.6 Relative expression level analysis of nitrate signaling-related
genes at different nitrate concentrations. The seedlings germinated for
4 days in MS agar containing 2% sucrose were transferred to PGPR
plates with different KNO; concentrations and raised for 8 days. The
growth of plants increased as the concentration of KNO; increased

support the assumption that nitrate metabolism of plants is
facilitated, which promotes plant growth and production of
various metabolites, leading to better performance of plant
growth in normal conditions.

In conclusion, Bs L1 promotes plant growth through acti-
vation of the nitrogen signaling pathway of plants. Further
research is needed to clarify the plant growth promoting
mechanisms of Bs L1. Nitrogen is an indispensable mate-
rial for the growth of plants. Unfortunately, crops are often
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(0, 0.05, 0.5, 10 mM), and the effect of Bs L1 increased. a The
response level was higher than the Bs L1 treatment. e The expres-
sion of NIRI decreased. b and d The expressions of NRTI.] and
NLP6 were similar. Different letters indicate significant differences at
P <0.05 according to one-way ANOVA and Tukey’s test

cultivated in soil that lacks an adequate amount of nitro-
gen. As a result, a large quantity of nitrogen fertilizer is
used every year and, due to the low nitrogen use efficiency
in crops, a considerable amount of these fertilizers leaks
into the environment, which causes serious environmental
harm (Diaz and Rosenberg 2008; Robertson and Vitousek
2009). Therefore, the application of PGPR, which can
increase the activity of nitrogen metabolizing enzymes in
plants, will lead to the reduction of nitrogen fertilizer use
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Fig.7 Luciferase imaging of RD29A gene activity and MPK gene
expression level after Bs L1 treatment. Seedlings germinated from
MS agar containing 2% sucrose for 8 days were transferred to PGPR
plates and raised for 8 days. a The results with the stress-reaction pro-
moter RD29A fusion with a luciferase reporter indicated less activ-
ity for the Bs L1 treated samples. The treatment with 200 mM NaCl

in agriculture and help to address fertilizer-related environ-
mental pollution.
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was done the day prior to imaging. Pn/HB and Bs L1 were treated at
the same concentration (10° CFU mL™"). b The relative expression of
RD29A was significantly different for Bs L1 treated samples than for
the Bs L1 untreated samples. Different letters indicate significant dif-
ferences at P <0.05 according to one-way ANOVA and Tukey’s test
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