N

N

Rhizoactinobacteria enhance growth and antioxidant
activity in Thai jasmine rice (Oryza sativa) KDML105
seedlings under salt stress
Kawiporn Chinachanta, Arawan Shutsrirung, Choochad Santasup, Wasu

Pathom-Aree, Doan Trung Luu, Laetitia Herrmann, Didier Lesueur,
Chanakan Prom-U-Thai

» To cite this version:

Kawiporn Chinachanta, Arawan Shutsrirung, Choochad Santasup, Wasu Pathom-Aree, Doan Trung
Luu, et al.. Rhizoactinobacteria enhance growth and antioxidant activity in Thai jasmine rice (Oryza
sativa) KDML105 seedlings under salt stress. Plants, 2023, 12, pp.3441. 10.3390/plants12193441 .
hal-04220870v1

HAL Id: hal-04220870
https://hal.inrae.fr /hal-04220870v1
Submitted on 28 Sep 2023 (v1), last revised 29 Sep 2023 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.inrae.fr/hal-04220870v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

U plants

Article

Rhizoactinobacteria enhance growth and antioxidant activity in

Thai jasmine rice (Oryza sativa) KDML105 seedlings under salt

stress

Kawiporn Chinachanta 12, Arawan Shutsrirung !, Choochad Santasup?!, Wasu Pathom-aree 23, Doan Trung Luu?,
Laetitia Herrmann 58, Didier Lesueur 56789 and Chanakan Prom-u-thai 1.10*

Citation: To be added by editorial

staff during production.

Academic Editor: Firstname Last-

name

Received: date
Revised: date
Accepted: date
Published: date

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/licenses

[by/4.0/).

1 Department of Plant and Soil Sciences, Faculty of Agriculture, Chiang Mai University, Chiang Mai 50200,
Thailand; kawiporn.ch@cmu.ac.th (K.C.); arawan.s@cmu.ac.th (A.S.); choochad.s@cmu. ac.th (C.S.)

2 Center of Excellent in Microbial Diversity and Sustainable Utilization Chiang Mai University, Chiang Mai
50200, Thailand

3 Research Center of Microbial Diversity and Sustainable Utilization, Department of Biology,
Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand; wasu.p@cmu.ac.th

¢ IPSiM, Univ Montpellier, CNRS, INRAE, Institut Agro, Montpellier, France; doan.luu@cnrs.fr

5 Alliance of Bioversity International and Centre International of Tropical Agriculture (CIAT), Asia Hub,
Common Microbial Biotechnology Platform (CMBP), Hanoi 10000, Vietnam; L.Herrmann@cgiar.org (L.H.);
didier.lesueur@cirad.fr (D.L.)

6 Centre de Coopération Internationale en Recherche Agronomique pour le Développement (CIRAD), UMR
Eco&Sols, Hanoi 10000, Vietnam

7 Eco&Sols, Université de Montpellier (UMR), CIRAD, Institut National de la Recherche Agricole, Alimen-
taire et Environnementale (INRAE), Institut de Recherche pour le Développement (IRD), Montpellier Su-
pAgro, 34060 Montpellier, France

8 School of Life and Environmental Sciences, Faculty of Science, Engineering and Built Environment,
Deakin University, Melbourne, VIC 3125, Australia

9 Chinese Academy of Tropical Agricultural Sciences, Rubber Research Institute, Haikou, China

10 Lanna Rice Research Center, Chiang Mai University, Chiang Mai 50200, Thailand; chanakan.p@cmu.ac.th

* Correspondence: chanakan.p@cmu.ac.th; Tel.: +66 053 0944913

Abstract: Salinity is one of the most devastating abiotic stresses which hamper the growth and pro-
duction of rice. Nine indole-3-acetic acid (IAA) producing salt-tolerant-plant growth-promoting rhi-
zobacteria (ST-PGPR) were inoculated into Thai jasmine rice (Oryza sativa L.) variety Khao Dawk
Mali 105 (KDML105) seedlings grown under different concentrations of NaCl (0, 50, 100, and 150
mM). ST-PGPR strains significantly promote growth parameters, chlorophyll content, nutrient up-
take (N, P, K, Ca, and Mg), antioxidant activity, and proline accumulation in the seedlings under
both normal and saline conditions compared to the respective controls. The K*/Na* ratio of the in-
oculated seedlings was much higher than that of the controls, indicating greater salt tolerance. The
highest salt-tolerant and IAA producing strain Sinomonas sp. ORF 15-23, yielded the highest values
of all the parameters, particularly at 50 mM NaCl. The percentage increases in these parameters
relative to the controls were ranged from > 90% to 306%. Therefore, Sinomonas sp. ORF15-23 was
considered a promising ST-PGPR to be developed as bioinoculants for enhancing the growth, salt
tolerance, and aroma of the KDML105 rice in salt-affected areas. The environmentally friendly tech-
nologies such as ST-PGPR bioinoculants could also support the sustainability of KDML105 geo-
graphical indication (GI) products. However, the efficiency of Sinomonas sp. ORF15-23 should be
evaluated under field conditions for their effect on rice nutrient uptake and growth, including the
2AP level.

Keywords: aromatic rice; climate resilient agriculture; plant growth- promoting actinomycetes; sa-
linity stress mitigation; salt stress alleviation; salt tolerant rhizobacteria; microbial bioinoculants.

1. Introduction
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Salt-affected inland soil [mainly halite (NaCl)] is one of the major constraints affect-
ing rice production in Northeastern Thailand. Affected areas included Thung Kula Rong
Hai (TKR), a famous area for the production of unique aroma and high grain quality of
Khao Dawk Mali 105 (KDML105) rice variety known as Thai Jasmine rice (Oryza sativa L.).
While saline soils affect approximately 50% of the country's rice-cultivated area [1], the
sustainable KDML105 rice production in the TKR areas faces significant challenges due to
the increase in soil salinity resulting from lengthened dry seasons from global climate
change and the use of chemical fertilizers. The negative impact of excessive salinity in-
cludes an imbalance in cellular ionic flux and excessive concentrations of Na+, Cl;, Mg?,
K+, and Ca* ions inside the plant cells, thereby creating oxidative stress through the pro-
duction of reactive oxygen species (ROS) that impair photosynthesis and cellular metab-
olism and leading to reductions in plant growth and yield [2,3]. In rice, excess soluble salts
in the soil directly affect plant growth-promoting rhizobacteria (PGPR) and reduce yield
components, including stand establishment, the numbers of panicles, tillers, and spikelets
per plant, floret sterility, individual grain size, and delayed heading [4,5]. However, some
groups of rhizosphere microbes, particularly salt-tolerant PGPR (ST-PGPR), can survive
in high salt environments due to their ability to cope with osmotic stress; such microbes
can improve plant growth as well as plant tolerance to salinity. The protective activities of
ST-PGPR are related to their ability to acquire nutrients from the soil, to produce phyto-
hormones and osmoprotectants, and to induce systemic resistance (ISR) [6,7]. Thus, these
defense mechanisms could be very helpful for plants in severely saline conditions and
thus promote plant growth under normal and stressful environmental conditions. The
literature has confirmed of severalidentified strains in various genera, e.g., Planococcus,
Pseudomonas, Bacillus, Enterobacter, and Azotobacter, that play significant roles in improving
crop yield in wheat, rice, maize, and groundnut under salinity stress [8-11]. The use of
PGPR has been reported to improve the growth of non-aromatic and aromatic rice; the
latter is most preferred by consumers, and the inoculation of PGPR has markedly in-
creased the chlorophyll content, photosynthetic capacity, and growth of rice [12]. The ST-
PGPR strain TY0307 exhibited promising ability regarding salt tolerance, proline accumu-
lation, and yield of rice under salt-stress conditions [6,11]. Additionally, rice rhizobacterial
strains of Pseudomonas, Enterobacter, and Acinetobacter were reported to produce 2-acetyl-
1-pyrroline (2AP), the primary aromatic compound in the rice variety Basmati-370 [13].
The application of locally isolated ST-PGPR strains could be an effective long-term and
sustainable solution for rice cultivation in salt-affected soils in the current agricultural sys-
tems that must cope with the effect of climate change [14,15]. Using alternative strategies
for mitigation of salinity may not be feasible, as they may have negative impacts on the
agroecosystems.

The use of ST-PGPR in plant growth and maintenance of plant homeostasis under
saline conditions is gaining increased attention as a strategy for solving the problem of
salt stress. In the present investigation, we hypothesized that the inoculation of ST-PGPR
obtained from the KDML105 rice rhizosphere grown in the TKR region would enhance
the growth, salt tolerance, and aroma intensity of the KDML105 variety. Therefore, IAA-
producing ST-PGPR strains previously screened by our group [16-17] were used in the
present study. Firstly, the 2AP production potential in the culture broth of the ST-PGPR
strains was selected [16], and the selected strains were then used to inoculate KDML105
rice seedlings. The objective of the present study was to evaluate the effects of ST-PGPR
strains on growth parameters, chlorophyll content, nutrient concentration, antioxidant ca-
pacity, and proline concentrations of the rice seedlings germinated under different levels
of salinity.

2. Results
2.1. Effect of ST-PGPR inoculation on KDML105 rice seedlings
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Control ORF4-13 ORF10-12 ORF15-19  Of

The inoculation effects of nine ST-PGPR strains on KDML105 rice seedlings grown
under normal (0 mM NaCl) and saline conditions (50, 100, and 150 mM NaCl) were eval-
uated. Uninoculated seedlings at 0, 50, 100, and 150 mM NaCl were considered as control-
0 (pure control), control-50, control-100, and control-150, respectively. The term ‘controls’
was used for the uninoculated seedling treatments of each of the salinity levels. These
abbreviations for each of the respective control(s) are used throughout the paper. The re-
sults showed that the inoculation of ST-PGPR had significant positive effects on growth
parameters, chlorophyll content (SPAD units), antioxidant activity (DPPH), and proline
concentration of the seedlings both under normal and saline conditions.

2.2. Growth parameters

ST-PGPR strains and salinity had significant interactions that affected both of shoot
and root length and dry biomass (p < 0.0001) (Table 1). Under normal growing condition
(0 mM NaCl), the inoculation of ST-PGPR strains clearly enhanced KDML105 rice seedling
growth compared to the control-0, except for strain CRF5-8. Strains Micrococcus sp.
ORF15-20 and Sinomonas sp. ORF15-23 yielded the highest lengthfor shoot and root, while
CRF-5-8 showed the shortest shoot and root, similar to those of the control-0 (Figure 1a).
Figure 1b shows KDML105 rice seedling growth as affected by the inoculation of ST-PGPR
strain Sinomonas sp. ORF15-23 under various NaCl concentrations. The nine selected ST-
PGPR strains differed significantly in promoting the seedling growth under salinity stress.
Among all the tested strains, Sinomonas sp. ORF15-23, the most salt-tolerant strain, pro-
moted the highest shoot length and biomass at all levels of NaCl, followed by Micrococcus
sp. ORF15-20, Enterobacter sp. ORF10-12, and Micrococcus sp. ORF15-19. In general, these
growth parameters were promoted by the inoculation of most of the tested ST-PGPR
strains when the NaCl concentration was increased from 0 to 50 mM, but growth declined
progressively at concentrations beyond 50 mM. However, on average, the inoculated
treatments provided higher seedling biomass than those of their respective controls at all
levels of NaCl concentration. The non-IA A-producing strain CRF5-8 gave the lowest shoot
and root length, with values slightly lower than its respective controls at each NaCl con-
centration. In contrast, the least salt-tolerant strain Burkholderia sp. CRF16-3 provided the
lowest seedling biomass, with values similar to its respective controls at each NaCl con-
centration.

(b)
Figure 1. Growth-promoting effects of ST-PGPR strains inoculation on KDML105 rice seedlings un-

der normal condition (a), and examples of seedlings inoculated with Sinomonas sp. ORF15-23 under
various NaCl concentrations (b).

98

99

100
101
102
103
104
105
106

107

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132

133
134



Plants 2022, 11, x FOR PEER REVIEW

4 of 19

Table 1 Growth-promoting effects of ST-PGPR inoculation on shoot length, root length, and dry

weight of KDML105 rice seedlings under normal and saline conditions.

Shoot length (cm) Root length (cm) Dry weight (g)
S:;;(;I;R NaCl concentrations (mM) NaCl concentrations (mM) NaCl concentrations (mM)
0 50 100 150 0 50 100 150 0 50 100 150
Controls! 21.72d 20.23d 10.60d 543d 9.59cd 10.18c 533b 3.12c 0.30b 0.27b 0.24ab 0.16c¢
Organic rice farming
ORF4-13 2441bc 23.74cd 18.25ab 12.84a 19.30a 12.66bc 5.67b 3.43c¢ 0.32b 0.38b 0.29 ab 0.25bc
ORF10-12 25.17bc 29.51 abc 17.44abc 14.96a 10.01cd 1526b 11.11a 9.10a 0.32b 04b 0.28ab0.28 ab
ORF15-19 23.48cd 2896abc 9.69d 7.59b  9.83cd 12.78bc 4.89b 3.77c 031b 034b 0.34a 0.29ab
ORF15-20 27.42ab 30.78ab 15.80bc 13.24a 22.03a 12.80bc 6.36b 5.14bc 042ab 0.39ab 0.36a 035a
ORF15-23 2942a 3250a 18.8la 1540a 19.34a 20.77a 1148a 6.88ab 0.54a 0.58a 0.32a 0.27 ab
Conventional rice farming
CRF5-8 20.84d 1343e 9.18d 823b 778d 6.83c 489b 3.87c 0.35b 0.26b 0.27 ab 0.25 bc
CRF14-15 23.84cd 2450cd 1584bc 6.84b 11.36bc 12.83bc 10.55a 4.09 ¢ 0.32b 0.27b 0.30ab 0.28 ab
CRF16-3 26.65abc 22.37d 19.14a 7.35b 10.69cd 11.36c 1144a 3.65 0.36b 0.28b 0.22b 0.20 bc
CRF17-18 25.04bc 25.00bcd 15.00c 7.35b 14.38b 13.24bc 11.62a 525bc  0.36b 0.31b 0.27 ab 0.25 bc
Mean 25.10 25.102 1498  9.92 1343 1287 833  4.82 036 037 029 0.26
F_test * * * * * * * * * * * *
% CV 5.76 10.00 8.31 14.34 10.39  11.10 1548 8.04 764 690 825 511
Rhizobacter
ial isolates ** #*% *%
(A)
NaCl
concentration ** ** ok
(B)
AxB 3 *x -
LSDo.01)
(AxB) 2.61 2.08 0.08
% CV 8.56 13.15 17.15

1Controls = control-0, control-50, control-100, and control-150, at 0, 50, 100, and 150 mM NaCl, re-

spectively; Mean (n=3).

The average values followed by different letters within the same column were significantly different

according to pairwise comparisons using an LSD test (P < 0.01).

** Significant at the 0.01 probability level.

2.3. Chlorophyll content of KDML105 rice seedlings

Leaf chlorophyll content of all the treatments decreased gradually with the increase
of salt concentration, but there were different magnitudes of decrease among the treat-
ments. The chlorophyll contents of the control-50, control-100, and control-150 seedlings
were decreased by 3.04, 7.05, and 21.04%, respectively, compared to the control-0. How-
ever, the application of ST-PGPR strains enhanced the leaf chlorophyll content of the seed-
lings by 1.34-18.48%, ~0-16.5%, ~0-15.2%, and ~0-27.2%, at 0, 50, 100, and 150 mM NaCl,
respectively, compared to the respective controls (Table 3). The maximum chlorophyll
content was obtained with Sinomonas sp. ORF15-23 inoculation at all levels of salinity,
with the percentage of increase ranging from 15.26-27.50 % compared to the respective
controls. Under salinity stress, the inoculation of ST-PGPR strains significantly increased
the total chlorophyll content compared to those of the controls (Table 2).

2.4. Antioxidant activity and proline in KDML105 rice seedlings
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It appeared that salinity had a promoting effect on the antioxidant activity (DPPH
radical scavenging activity) of the leaves of KDML105 rice seedlings, and the effect was
significantly enhanced by the inoculation with the ST-PGPR strains. The values of DPPH
radical scavenging activity ranged from 43.94 to 60.92 mg Trolox g mL-! for the uninocu-
lated controls, and from 45.43 to 93.43 mg Trolox g mL-! for treatment inoculated with ST-
PGPR strains. The highest concentration of tested NaCl (150 mM) provided the maximum
antioxidant activity in the seedling leaves for each treatment, with values of 60.32 to 93.43
mg Trolox g mL-1. On the average, the rank of the antioxidant activities was observed as
Sinomonas sp. ORF15-23 > Micrococcus sp. ORF15-20 > Micrococcus sp. ORF15-19 > Entero-
bacter sp. ORF10-12 > Sinomonas sp CRF14-15 > Bacillus sp. CRF17-18 > Sinomonas sp. ORF
4-13 > Burkholderia sp. CRF 16-3 > controls > CRF 5-8 (Table 2).

The proline accumulation in leaves of KDML105 seedlings increased with an increas-
ing NaCl concentration from 0 to 100 mM NaCl and decreased thereafter. Furthermore,
the inoculation of ST-PGPR strains significantly increased the proline content of the leaves
at all NaCl concentrations compared to the respective controls. The maximum increase in
proline content was obtained by Sinomonas sp. ORF15-23 inoculation, with percentage in-
crease of 107.8, 163.0, 80.2, and 121.7% at 0, 50, 100, and 150 mM NaCl compared to con-
trol-0, control-50, control-100, and control-150, respectively (Table 2).

Table 2. Effect of ST-PGPR inoculation on chlorophyll content, proline accumulation, and antioxi-
dant activity in the KDML105 rice seedling leaves under different NaCl concentrations.

DPPH radical scavenging

Chlorophyll (SPAD unit) Proline .
activity
ST-PGPR (umolgFW min) (mg Trolox g mL")
strains NaCl concentrations (mM) NaCl concentrations (mM) NaCl concentrations (mM)
0 50 100 150 0 50 100 150 0 50 100 150
Controls 37.33c 36.23d 34.87bc 30.84c 14.84d 17.84f 3043d 1594d 43.94f 57.47cd 61.92e 60.92d
Organic rice farming
ORF4-13 39.84bc 36.24d 34.95bc 30.36c 25.04b29.93cd 38.03c 21.93c 48.95df 56.04de 68.93cd 70.32 ¢
ORF10-12 40.32bc 39.84abc 38.74a 37.72a 29.05a 3529b 4293b 29.84b 62.04b 71.52b 76.34b 80.43 b
ORF15-19 41.52ab 40.95ab 39.95a 38.87a 2694b 3194c 4592b 28.92b 70.32a 74.06ab 83.94a 89.32 a
ORF15-20 39.42Dbc 39.42abcd 35.39b 33.28b 24.95bc32.94bc 4523b 30.94b 69.94a 74.95a 82.95a 89.42a
ORF15-23 4423a 42.19a 40.19a 39.32a 30.84a 46.92a 54.83a 3534a 7294a 76.04a 85.03a 93.43a
Conventional rice farming
CRF5-8 3793 ¢ 3692cd 3194cd 3048c 1694c 2492e 23.02e 20.94c 45.43ef 49.54f 54.03f 60.32d
CRF14-15 40.32bc 38.84bcd 34.96 bc 32.05bc 23.94bc27.94d 34.29cd 20.94c 56.93¢ 60.30 ¢ 69.83 ¢ 73.95bc
CRF16-3  37.83c¢ 36.93cd 33.64bcd 30.59 ¢ 15.94d28.94 cd 27.43de 16.92d 52.43 d 56.03de 65.47de 69.34 ¢
CRF17-18 39.82bc 38.85bcd 30.50d 31.93bc 1794c 1842f 20.58f 1593d 49.95d 53.05e 62.05e 70.93 c
Mean 39.86 38.64 3551 33.54 3252 36,51 39.78  30.22 5729 6290 71.05 75.84
F_test * * * * * * * * * * * *
% CV 3.37 3.62 3.86 2.94 431 547 4.42 3.72 295 213 218 3.86
Rhizobacteria - ot s
lisolates (A)
NaCl
concentration ** ** **
(B)
AxB 3% 3% 3%
LSDo.o1
e 1.99 3.16 1.80
%CV 3.33 2.91 3.34

1Controls = control-0, control-50, control-100, and control-150, at 0, 50, 100, and 150 mM NaCl, re-
spectively; Mean (n=3).
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The average values followed by different letters within the same column were significantly different 179

according to pairwise comparisons using an LSD test (P < 0.01). 180
** Significant at the 0.01 probability level. 181
2.4. Nutrient uptake 182

The relationships between NaCl concentrations, ST-PGPR inoculation, and nutrient 183
uptake (N, P, K, Ca, Mg, and Na) of KDML105 rice seedlings are shown in Table 3. The 184
analysis showed significant interaction (P < 0.01) between ST-PGPR strains and NaCl con- 185
centrations for nutrient uptake. The shoot N, P, and K uptake decreased in the controls 186
under increasing NaCl concentration, particularly beyond 50 mM NaCl (Table 3). On av- 187
erage, the inoculated treatments provided higher shoot N, P, and K uptake than those of 188
their respective controls. However, the shoot N, P, and K uptake in most of the inoculated 189
treatments also showed a similar trend of negative salt stress effects as in their respective 190
controls, but to a much lesser degree. Among all treatments, strain Sinomonas sp. ORF15- 191
23 produced the highest levels of N, P, and K uptake at 50 mM NaCl, with percentage 192
increase of 145.2, 186.2, and 272.6% compared to the control-50 (Table 3). 193

Compared to their respective controls, the inoculation of most ST-PGPR strains in- 194
creased shoot N, P, and K uptake of the KDML105 rice seedlings, and the highest NaCl 195
level (150 mM) provided the highest increasing percentage of 41.6-126.2, 69.6-157.8, and 196
11.2-301.7%, respectively. It was interesting to note that all the CRF strains from conven- 197
tional rice farming resulted in a lower N uptake than the control-50 (Table 3). Among all 198
the tested strains, only Sinomonas sp. ORF15-23 clearly enhanced N, P, and K uptake when = 199
the salinity increased from 0 to 50 mM NaCl; however, the uptake decreased progressively 200
beyond 50 mM NaCl. 201

Table 3. Effect of ST-PGPR inoculation on nitrogen (N), phosphorus (P), and potassium (K) uptake 202
by KDML105 rice seedlings under different NaCl concentrations, and significance level and LSD 203

values for nutrient uptake by KDML105 rice seedlings. 204
N P K
ST-PGPR mg N plant™) ang P plant) ang K plant)
strains NaCl concentrations (mM) NaCl concentrations (mM) NaCl concentrations (mM)
0 50 100 150 0 50 100 150 0 50 100 150
Controls 10.86 d 10.26 de 6264 d 3.74 d 363 b 321 bc 2.69bc 1.34 ¢ 1641 ¢ 1026 f 8.04 e 392 c
1 (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)  (0.00)

Organic rice farming

1126 d 10.03def 9.19 bc 8.48a 3.90 ab 4.52 bc 3.36 abc 2.73 ab 17.09¢ 18.09b 11.11cd 9.58Db

(B72)  (222)  (46.76) (126.36) (7.55)  (40.74) (25.15) (102.75) (4.13)  (7630) (38.15) (144.26)

ORF10- 1158 d 1548 b 9.58bc 6.80 abc 3.87 ab 4.76 b 2.66 bc 2.44 abc 17.34 ¢ 14.76bcd 9.52 de 10.84b
12 (6.67) (50.88) (52.87) (81.73) (6.67) (48.15) (-1.04) (81.25) (5.67) (43.86) (18.41) (176.43)
ORF15- 1063 d 1122 ¢cd 1166 a 7.92ab 3.75 b 391 bc 3.67 ab 2.96 ab 16.83 ¢ 1822 b 16.63a 15.75a
19 (-2.09) (9.36) (86.17) (111.46) (3.33) (21.69) (36.61) (120.09) (2.58) (77.62) (106.79) (301.71)
ORF15- 1945a 13.77 bc 9.32 bc 6.27 abc 5.17ab 4.68 bc 4.07a 347a 1793 ¢ 16.30 bc .1480ab 9.03 b
20 (79.06) (34.18) (48.85) (67.33) (42.31) (45.66) (51.34) (157.81) (9.29) (58.89) (84.03) (130.36)
ORF15- 1717 ab 2516 a 10.02ab 6.94 abc 6.59a 920a 3.65ab 297ab 2824 a 3823a .1290bc 9.48Db
23 (58.12)  (145.19) (59.90) (85.34) (81.49) (186.21) (35.71) (116.96)  (72.10) (272.59) (60.40) (127.30)

Conventional rice farming

11.83 d  8.58def 815 ¢ 5.30 cd 357 b 296 ¢ 3.35abc 2.63 ab 18.06 bc 12.45def 12.39 ¢ 891 b

(8.93) (-1637) (30.17) (41.56) (-1.65) (-7.75) (24.55) (95.31) (10.05) (21.38) (54.14) (141.71)

CRF14- 1072 d 815 ef 1041 ab 8.12 a 3.94ab 3.24 bc 3.36 abc 3.19 ab 18.53 bc 13.85cde 12.69 bc 11.12 ab
15 (-1.29) (-20.53) (66.19) (116.88) (8.43) (0.84) (25.00) (131.25) (1291) (35.00) (57.84) (183.67)
CRF16-3 15.08 bc  8.85def 5.85 d 5.78 bed 436 ab 3.36 bc 2.38c 228 bc 2110b 1059ef 856e 4.36 ¢
(3890) (-13.76)  (-6.58) (54.38) (20.00) (4.58) (-11.61) (69.64) (2856) (3.16)  (6.44) (11.22)

ORF4-13

CRF5-8
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CRF17- 1296 ¢d 7.29f 6.13d 5.80 bed 432 ab 3.63bc 3.02 abc 3.03 ab 1710 ¢ 1442cd 9.26 de 8.68bc
18 (19.34)  (-29.00)  (-2.16) (54.91) (19.01) (12.89) (12.50) (125.07) (4.20) (40.50) (15.19) (121.30)
Mean  13.16 11.88 8.66 6.51 431 434 322 269 18.86 1671 1159 9.84
F_test * * * * * * * * * * * *
% CV 8.15 10.43 8.41 5.03 725 778 642  7.69 8.45 9.13 824  2.09
Rhizobac
terial *% *3% *%
isolates
(A)
NaCl
concentr o * *
ation (B)
A X B 3% 4% 3%
LSD.01)
for (AxB) 1.5283 1.2928 2.1961
%CV 9.35 21.84 30.21
1Controls = control-0, control-50, control-100, and control-150, at 0, 50, 100, and 150 mM NaCl, re-
spectively; Mean (n=3).
Numbers in parentheses are percentage increases/ decreases of shoot N, P, and K uptake of the
KDML105 rice as compared to their respective controls.
The average values followed by different letters within the same column were significantly different
according to pairwise comparisons using an LSD test (P <0.01).
Increasing salt concentration resulted in a decreased in Ca and Mg uptake by the
KDML105 rice seedlings, both uninoculated and inoculated treatments, except for strain
Sinomonas sp. ORF15-23 that showed markedly enhanced in Ca and Mg uptake when the
concentration increased from 0 to 50 mM NaCl (Table 4). The highest amounts of Ca and
Mg uptake were obtained with the strain Sinomonas sp. ORF15-23 at 50 mM NaCl, with
percentage increases of 306.5 and 204.9% as compared to the control-50. However, beyond
this salt level, the uptake decreased monotonically. At the same level of salt concentration,
the inoculation of most ST-PGPR strains increased the Ca and Mg uptake of the KDML105
rice seedlings compared to their respective controls (Table 5). On average, the highest
tested NaCl level (150 mM) resulted in the maximum percentage increases of Ca and Mg
uptake of the inoculated seedlings, with values of 0-184.4 and 25.0-119.4%, respectively.
In contrast to Ca and Mg uptake, Na uptake of the controls and the ORF-strains from
organic rice farming practice was slightly increased at 50 mM NaCl compared to 0 mM
NaCl. Nevertheless, the uptake decreased beyond the concentration of 50 mM NaCl. The
inoculation of most ST-PGPR strains increased the Na uptake of the KDML105 rice seed-
lings compared to their respective controls at the same levels of salt concentration (Table
4).
Table 4. Effect of ST-PGPR inoculation on calcium (Ca), magnesium (Mg), and sodium (Na) uptake
by KDML105 rice seedlings under different NaCl concentrations.
Ca Mg Na
ST-PGPR (mg Ca plant™) (mg Mg plant™) (mg Na plant™)
strains NaCl concentrations (mM) NaCl concentrations (mM) NaCl concentrations (mM)
0 50 100 150 0 50 100 150 0 50 100 150
Controls! 0.66 b 0.49bcd 029 0.16 b 1.68 b 130b 0.79cde 0.48 c 996 d 10.45cd 9.38de 6.37d
(0.00)  (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) 0.00)  (0.00)  (0.00)  (0.00)
Organic rice farming
ORF4-13 0.67 b 0.61bcd 044 0.30 ab 1.38b 1.82 b 1.07 b 0.73abc 1021cd 1345 b 10.79bcd 9.45 b
(1.82) (25.10) (51.04) (87.50)  (-18.10) (40.74) (35.48) (51.04) (51)  (2872) (15.03)  (48.35)
ORF10-12 093b 0.76 bc 034 .020b 1.57b 172 b 0.76 de 0.70abc 10.08 d 1424 b 10.052cd 10.11Db

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

229
230
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(40.61) (56.38) (16.67) (22.50) (-6.67) (32.71) (-4.55) (45.83) (120)  (3628) (7.16)  (58.71)
ORF15-19 0.71 b 0.54bcd 0.31 0.26 ab 164 b 119b 1.05b 1.01 ab 995 d 12.04bc 1227 ab 10.88b
(8.03) (11.93) (6.25) (63.13) (2.20) (-8.18) (33.08) (111.46) (-0.10)  (15.23) (30.81)  (70.80)
ORF15-20 084 b 082b 0.58 0.46 a 2.02ab 1.64b 155a 1.05 a 1348 b 1388 b 1354a .1320a
(27.27) (68.52) (100.00) (184.38)  (20.00) (26.39) (95.45) (118.75) (35.34)  (32.84)  (44.35) (107.22)
ORF15-23 1.62 a 198a 048 0.32 ab 313 a 395a 1.09b 1.05 a 17.01 a 1.630a .1130bc  9.75b
(145.45) (306.58) (66.67) (102.50) (86.43) (204.94) (37.37) (119.38) (70.78) (56.00) (20.47) (53.06)
Conventional rice farming
CRF5-8 0.70 b 042d .030 0.26 b 2.03 ab 1.22 b 0.97 bc 0.75abc 1124cd 907 d 9.50cde 8.95 bc
(6.06) (-14.40) (3.13) (40.63) (20.83) (-5.71) (22.73) (56.25) (12.85) (-1320)  (1.28)  (40.50)
CRF14-15 1.02 ab 0.46cd 042 0.17b 1.73b 1.03b 0.90bcd 1.01 ab 10.56 ¢d 9.50 ¢d 10.83bcd 10.42Db
(55.15) (-5.56) (45.83) (5.00) (2.86) (-20.83) (13.64) (110.00) (6.02)  (-9.08) (1546) (63.58)
CRF16-3 0.79 b 0.50bcd 022 022 Db 1.69 b 1.15b 0.70 e 0.60 bc 11.70 ¢ 1022 cd 814 e 7.36 cd
(20.00) (3.70) (-23.61) (37.50) (0.71) (-11.42) (-11.11) (25.00) (1747)  (2.19)  (-13.22)  (15.54)
CRF17-18 0.83b 043 cd 0.22 0.23b 1.73b 130 b 1.05 b 0.88abc 1152 ¢d 10.76 cd 9.50cde  9.03 bc
(25.45) (-10.70) (-25.00) (40.63) (2.86) (0.46) (32.95) (82.29) (15.66) (2.98) (1.28) (41.76)
Mean 088 070 036 0.25 1.86 1.63 099 0.83 11.57 12.99 10.53 9.55
F_test * * ns * * * * * * * * *
% CV 334 294 523 384 853 385 833 218 5.88 8.48 7.77 9.08
Rhizobact
erial *% *% *%
isolates
(A)
NaCl
concentrat ** % *ok
ion (B)
A X B *% *% *%
LSD0.01)
for (AxB) 0.2823 0.5456 1.3728
«*CV 31.73 25.28 7.57

1Controls = control-0, control-50, control-100, and control-150, at 0, 50, 100, and 150 mM NaCl, re-
spectively; Mean (n=3).

Numbers in parentheses are percentage increases/ decreases of shoot N, P, and K uptake of the
KDML105 rice as compared to their respective controls.

The average values followed by different letters within the same column were significantly different
according to pairwise comparisons using the LSD test (P < 0.01).

** Significant at the 0.01 probability level.

One of the various strategies employed by rice to survive under salt stress is main-
taining a high K*/Na* ratio in the cells. We hypothesized that the ST-PGPR inoculation
might help to promote this ratio, thereby increasing the chance of survival under stress
conditions. Therefore, in this experiment, we calculated the K*/Na* ratio in the KDML105
rice seedlings to evaluate the effect of ST-PGPR inoculation. The results indicated that un-
der normal condition (0 mM NaCl), the K*/Na* ratio of the control-0 seedlings (1.65) and
inoculated seedlings (1.33-1.80) showed similar or slightly different values (Table 5). How-
ever, the K*/Na* ratio of the uninoculated seedlings (controls) showed a marked reduction
with increasing NaCl concentrations. The K*/Na* ratio of the ST-PGPR inoculated seed-
lings was also reduced with increasing NaCl concentrations but to a lesser degree com-
pared to those of the controls. Among all treatments, strain Sinomonas sp. ORF15-23 pro-
vided the highest K*/Na* ratio at 50 and 100 mM NaCl (Table 5).

Table 5. Effects of ST-PGPR inoculation on K*/Na* ratio in KDML105 rice seedling under different
NaCl concentrations.

ST-PGPR strains

K+*/Na* ratio

231
232
233
234
235
236
237
238
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240
241
242
243
244
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247
248
249
250

251
252
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NaCl concentrations (mM)

0 50 100 150
Controls! 1.65 ab 0.99 c 0.86b 0.62 ef
Organic rice farming
ORF4-13 1.67 ab 1.34 ab 1.03 ab 1.01 cd
ORF10-12 1.72 ab 1.04 c 095b 1.07 c
ORF15-19 1.69 ab 151 a 1.35a 145D
ORF15-20 1.33b 1.17 bc 1.09 ab 0.69 def
ORF15-23 1.66 ab 2.34a 1.49 ab 0.91 cde
Conventional rice farming
CRF5-8 1.61ab 1.37 ab 1.30 a 1.06 a
CRF14-15 1.75a 1.45a 1.17 ab 1.06 ¢
CRF16-3 1.80 a 1.04 c 1.05 ab 0.59 f
CRF17-18 1.48 ab 1.34 ab 098D 0.96 cd
Mean 1.64 1.27 1.10 0.94
F-test * * * *
% CV 10.60 10.32 13.366 13.75
Rhizobacterial isolates (A) **
NaCl concentration (B) **
AxB o
LSD.1 for (AxB) 4.81
%CV 11.84
1Controls = control-0, control-50, control-100, and control-150, at 0, 50, 100, and 150 mM NaCl, re- 253
spectively. 254
Numbers in parentheses are the percentage increases/ decreases of shoot N, P, and K uptake of the 255
KDML105 rice as compared to their respective controls. 256
The average values followed by different letters within the same column were significantly different =~ 257
according to pairwise comparisons using the LSD test (P <0.01). 258
** Significant at the 0.01 probability level. 259
2.5. Relationship between the study variables by principal component analysis 260

The principal component analysis (PCA) explained 83.7 % of the study variables. The 261
first principal component, PC1, explained 69.2 %, and the second PC2 explained 14.5 % of =~ 262
the variation (Figure 2). All of the study variables were positively influenced by the ORF- 263
strains inoculation. A close positive relationship existed between the nutrient uptake and 264
the seedling biomass. Na showed stronger positive correlations with 2AP, proline, and 265
DPPH (antioxidant activity) than with other nutrients. The proline level had the highest 266
positive correlations with both antioxidant activity and 2AP level. The ORF strains had 267
stronger positive relationships with growth parameters, chlorophyll content, proline 268
level, antioxidant activity, and nutrient uptake in fresh leaves of KDML105 rice seedlings 269
than the CRF strains. 270
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Figure 2. Principal component analysis showing the relationship between growth parameters (shoot 272
and root lengths and fresh and dry biomass), chlorophyll content, nutrient (N, P, K, Ca, Mg, and 273

Na) uptake, antioxidant activity, proline accumulation, and 2AP level of KDML105 rice seedlings as 274
affected by ST-PGPR inoculation. 275

3. Discussion 276

The premium aromatic rice variety Khao Dawk Mali 105 (KDML105) comprises 277
about 50% of the rainfed paddy rice production in a huge area of Thung Kula Rong Hai 278
(TKR), Northeastern Thailand. In addition, the KDML105 rice produced in the TKR region 279
possesses a stronger aroma than rice cultivated in other areas of the country as well asin 280
other countries [18], and thus it is traded as a premium quality rice with high price tagin 281
both local and global markets. It is well known that the yield and aroma quality of 282
KDML105 in the TKR region has been negatively affected by naturally high salinity and 283
drought conditions [19]. The problem is exacerbated by the increase in drought as a result 284
of global climate change. The use of salt-tolerant plant growth-promoting rhizobacteria 285
(ST-PGPR) is a promising, sustainable, and cost-effective alternative to chemical manage- 286
ment that can be used to mitigate these problems [14,15]. In the present study, the shoot 287
and root biomass, as well as the chlorophyll content (SPAD unit), of the KDML105 rice 288
seedlings were significantly enhanced by most of the selected ST-PGPR compared to their 289
respective controls (Table 1,2). Several other studies have confirmed that seed priming and 290
the inoculation of ST-PGPR improved rice seed germination, chlorophyll content, and 291
photosynthetic capacity as well as rice growth and yield [11-12,20]. In the present study, 292
it was interesting to note that the highest IAA-producing and the highest salt-tolerant ST- 293
PGPR, Sinomonas sp. ORF15-23 also yielded the highest chlorophyll content and other rice 294
growth parameters at all levels of salinity (Table 2). In contrast, the inoculation of non- 295
[IAA-producing strain CRF5-8 [17] as well as the lowest salt-tolerant strain, Burkholderia 296
sp. CRF16-3 resulted in the lowest seedling growth parameters that were similar to the 297
respective controls (Table 1). This phenomenon highlighted the importance of the IAA- 298
production and salt-tolerance property of the PGPR in promoting the rice growth under 299
salt stress. IAA has been demonstrated to increase root growth and surface area, leading 300
to higher nutrient uptake and thereby improving plant growth as well as stress tolerance 301
[21-23]. Previous studies showed that the growth-promoting effects on rice under salt 302
stress are attributable to strain variability of ST-PGPR, which could enhance salt tolerance 303
by altering root morphology, modifying root- to-shoot communication, increasing nutri- 304
ents uptake, maintaining ion homeostasis, decreasing oxidative damage, and elevating 305
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photosynthetic capacity [24-27]. Therefore, key specific microbial species, not the micro- 306
bial richness or diversity, determined the efficiency of growth promotion by each individ- 307
ual ST-PGPR. In the present study, ST-PGPR inoculation not only promoted rice seedling 308
growth but also improved shoot N, P, K, Ca, and Mg uptake of the seedlings, particularly 309
inoculation with Sinomonas sp. ORF15-23, compared to the uninoculated seedlings (Table 310
3,4). It is possible that Sinomonas sp. ORF15-23 was more compatible with the rice 311
KDML105 than other ST-PGPR. However, the exact mechanisms behind this observation 312
remains to be answered. Genomic analysis of whole genome sequence and transcriptom- 313
ics would be able to gain insights into growth promoting and salt tolerance mechanisms 314
of Sinomonas sp. ORF15-23 as exemplified in recent publication [28-29]. In other words, 315
the use of promising ST-PGPR effectively mitigated the deleterious effect of excessive sa- 316
linity levels. It would be interesting to continue examining the effect of ST-PGPR inocula- 317
tion on grain productivity and quality under practical field conditions in the future stud- 318
ies. 319

Apart from stimulating plant growth, IAA produced by ST-PGPR also performs a 320
key role in ameliorating stress in plants. Phytohormone-producing bacteria increase plant 321
tolerance to salinity stress, thereby promoting plant growth under excessive salinity [8, 322
30-32]. Auxin produced by Bacillus amyloliquefaciens RWL-1 has been reported to increase 323
salinity stress tolerance in rice (Oryza sativa L.) [31]. Rangseekaew et al., [33,34] investi- 324
gated three plant growth promoting abilities (IAA and siderophore production and phos- 325
phate solubilization). IAA production by actinobacteria D. abyssi MT1.1T at 150 mM NaCl 326
was three-fold decreased as compared to those production at 0 mM NaCl. Similarly, the 327
reduction in IAA production by D. profundi MT2.2T (decreased from 12.20 to 7.73 ug mL-) 328
and D. nishinomiyaensis DSM20448T (decreased from 16.64 to 9.39 ug mL-), was recorded 329
at 150 mM NaCl. There is some evidence that IAA production is increased with increasing 330
NaCl concentration. The results of our previous study indicated that the highest IAA-pro- 331
ducing strain Sinomonas sp. ORF15-23 could grow best under salt stress [17]. Sinomonas 332
sp. ORF15-23 also exhibited the highest ability in promoting rice seedling growth in the 333
present study (Table 1). This result implied that besides having mechanisms for stress tol- 334
erance (e.g., IAA production, antioxidant activity, and potassium intake) [17]. ST-PGPR 335
also transmitted some level of tolerance to the rice seedling under green houses. Salt stress 336
causes osmotic stress in the early phases, leading to the accumulation of reactive oxygen 337
species (ROS) that are harmful to plant cells. For example, hydrogen peroxide (H202), an 338
important nonradical ROS was found to increase in tomato under 150 mM NaCl stress 339
compared to non-inoculated tomato without salt stress [33,34]. Antioxidant activity plays 340
a vital role in detoxifying ROS induced by salinity stress [35]. In the present study, the 341
antioxidant activity (DPPH radical scavenging activity) in the leaves of the rice seedlings 342
increased with an increasing salt concentration, and the activity was significantly en- 343
hanced by the inoculation with ST-PGPR strains (Table 2). 344

To maintain osmotic balance and optimum ROS concentration under stress condi- 345
tions, plants synthesize antioxidants and osmoprotectants (osmolytes) such as proline [33- 346
34, 36-37], an amino acid that is one of the most important osmolytes in response to salinity 347
stress. In the present study, the proline content significantly increased with the inoculation 348
of ST-PGPR strains, particularly Sinomonas sp. ORF15-23 that provided the maximum pro- 349
line increase (163%) at 50 mM NacCl (Table 2). In addition, the PCA indicated a close rela- 350
tionship between DPPH radical scavenging activity and proline level (Figure 2). Proline 351
accumulation in plants is a primary defense response to environmental stresses, including 352
excessive salinity. The role of proline during stress generally includes osmotic adjustment, 353
detoxification of ROS, and protection of membrane integrity as well as storage of organic 354
carbon and nitrogen [38-39]. Under stressful conditions, it has been observed that proline 355
also functions as a radical scavenger, thus performing a dual function as an osmolyte com- 356
pound and an antioxidant [40]. Several studies have shown that proline effectively en- 357
hanced the salt tolerance and growth of various crops such as olives, tobacco, and rice 358
seedlings [41-43]. The inoculation of bacterial isolate RWL-1 yielded greater synthesis of 359
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various amino acids, including proline, under salinity stress [31]. Under salt-stress condi- 360
tions, proline accumulation was observed in rice inoculated with ST-PGPR strain TY0307, 361
resulting in enhanced salt tolerance, growth, and yield of rice [44]. Soil salinity induces 362
adverse effects on seedling establishment and plant biomass accumulation [45-46]. Alt- 363
hough rice possess inherent salt-tolerant strategies (4 dS m), excessive soil salinity could 364
damage seedling establishment and further inhibit growth of rice and soil microbes are of 365
pivotal importance for plant growth, especially in adverse ecosystems such as those with 366
saline soil conditions [47]. If the intensity increases in growing conditions will affect the 367
amount of microorganisms will decrease and reduce activities that are beneficial to plants. 368
Our results confirmed the increase of proline accumulation in rice when exposed to salin- 369
ity stress and the enhancement of proline production by ST-PGPR inoculation that en- 370
hanced salt tolerance in the rice seedlings and thereby improved the growth of seedlings 371
during salt stress (Table 2). In addition to function as an osmoprotectant and an antioxi- 372
dant, proline has been recognized as the key precursor for the biosynthesis of 2AP, a major 373
volatile compound of aromatic rice, including the KDML105 variety [48-49]. Several in- 374
vestigations have concluded that the 2AP content of KDML105 rice seedlings was mark- 375
edly enhanced when exposed to salt stress, and this can be attributed to an increased ac- 376
cumulation of its precursor proline [48, 50-52]. Our findings agreed with these previous 377
studies in that the 2AP content of all the treatments increased along with the proline con- 378
tent in KDML105 rice seedlings under salt stress, particularly between 0 and 50 mM NaCl 379
(Table 2). The PCA indicated that the proline level (Figure 2) had the highest positive cor- 380
relations with both 2AP and antioxidant activity [17,53]. In addition, the results of this 381
study indicated that the 2AP level was significantly higher in the inoculated seedlings 382
than in the uninoculated seedlings. It is interesting to note that the high 2AP-producing 383
ST-PGPR strains Sinomonas sp. ORF15-23, Enterobacter sp. ORF10-12, and Burkholderia 384
sp.CRF16-3 yielded the maximum 2AP content in the seedlings at 50, 100, and 150 mM 385
NaCl, respectively (Table 6). Previous study has shown that the inoculation of high 2AP- 386
producing rhizobacterial strains could increase the 2AP levels in the grains of the aromatic 387
rice variety Basmati-370 [13]. 388

In addition to osmoregulation and ROS scavenging (antioxidant activity), ion home- 389
ostasis (acid-base balance) is also considered an important defense mechanism of rice 390
against salinity stress. The main toxic salt ions damaging to crop plants are Na* and Cl- 391
[54]. Under salt stress, extracellular Na* inhibits root K* uptake therefore a high K*/Na* 392
ratio is important for salt tolerance. In the present study, the ST-PGPR-inoculated seed- 393
lings had a higher K*/Na* ratio than the uninoculated seedlings, and this may have led to 394
the higher salt tolerance (Table 5). The inoculation of Azospirillum to salt-stressed maize 395
restricted Na* uptake and enhanced the uptake of K* and Ca? in cv. 323, thus maintaining 396
a high K*/Na* ratio. The K*/Na* ratio was significantly higher in salt tolerance maize cv. 397
324 than the salt-sensitive cv. 323 [55]. Under stressful conditions, IAA was shown to in- 398
crease both proline and K contents and improve the nutritional, physiological, and meta- 399
bolic activities of the plant [56]. Our observations are in accordance with this previous 400
report in that the inoculation with the highest IAA-producing strain, Sinomonas sp. 401
ORF15-23 resulted in the highest proline, Ca, and K uptake under salt stress (Table 2,3,4). 402
The increase in proline, Ca, and K uptake might have led to improvements in the growth 403
and salt tolerance of the rice seedlings. Therefore, K is one of the vital nutrients playinga 404
critical role in plant stress. It was observed that high-affinity Na* uptake was found in K*- 405
starved seedlings of several cereal crops, including rice. Furthermore, the Na* uptake was 406
very rapid, and the Km value was low under low K* and Ca? concentrations. However, 407
high-affinity Na* uptake was sensitive to external K* [57-58]. These previous findings em- 408
phasize the importance of K in enhancing rice growth and salt tolerance under high salin- 409
ity; thus, K should be available in sufficient quantity, particularly in the rhizosphere soil, 410
throughout the growing season. One possible explanation could be that the exudation of 411
specific compounds from ST-PGPR, and the growth promotion of roots both contributed 412
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to the stimulation of microbial activity and modified the nutritional status in the rhizo-
sphere under salt stress conditions [59-62]. The enhanced activities of IAA production,
antioxidant activity, and potassium intake by ST-PGPR, could benefit the transformation
of soil nutrients (such as K* and Na*) and further promotes the overall availability of soil
nutrients.

The results of this study revealed the promising benefits of the ST-PGPR strains for
rice growth and aromatic quality (2AP) under both normal and saline conditions. The
PCA indicated that the ST-PGPR rhizobacteria from organic rice farming practice (ORF
strains) had stronger positive relationships with each of the study variables than the those
from conventional rice farming practice (CRF strains) (Figure 2). Several studies have
shown that plant adaptation to local/stress environments is driven by the co-adaptation
of plants and rhizosphere microbes via a complex hormonal signaling pathway [63-64],
and TAA appears to play a major role in microbe-plant interactions [65]. Exposure to ex-
cessive salinity was found to decrease maize and wheat root attachment by Azospirillum
brasilense [66]. Similar finding was observed in this study as seen from a decrease in rhi-
zobacterial count with an increasing salinity. However, the highest IAA-producing strain,

Sinomonas sp. ORF15-23 maintained the highest count of 108 CFU mL" under all NaCl
levels (Table 6). The high number of Sinomonas sp. ORF15-23 may be the reason for its
ability in promoting the rice seedling growth and salt tolerance. Therefore, the use of ST-
PGPR(s) could be an alternative option in alleviating salinity problems and enhancing rice
yield and quality in KDML105 rice grown in the inland salt-affected areas such as Thung
Kula Rong Hai (TKR). However, the use of the ST-PGPR inoculants in actual field condi-
tions requires further investigation.

4. Materials and Methods
4.1. Rice Rhizobacterial Isolates

Nine KDML105 rice rhizobacterial strains that exhibited various degrees of tolerance
to high salt concentrations (0 to 3% NaCl) were selected from our previous study [16]. to
evaluate their effects on KDML105 rice seedlings’ growth and salt tolerance. All of the
strains were able to produce IAA and promote the production of 2AP in KDML105 rice
seedlings under salt stress. These selected strains were considered as salt-tolerant plant
growth-promoting rhizobacteria (ST-PGPR). Five and four isolates were obtained from
organic rice farming (ORF) and conventional rice farming (CRF), respectively [67]. Micro-
coccus sp. ORF15-19 and Sinomonas sp. ORF15-23 displayed the highest levels of salt toler-
ance, while Burkholderia sp. CRF16-3 displayed the lowest salt tolerance (Table 6).

Table 6. Effect of the inoculation of rhizobacterial isolates from organic and conventional farming
practices on the IAA production, 2AP level of KDML105 rice seedlings and rhizobacterial count
under different salt stress conditions.

2AP level of KDML105 ri
evel o 05 rice Rhizobacterial population

TIAA seedlings B
Strain Genus production (ug'kg™ (CFU mL ")
(ug IAA mL™) NaCl (% w/v) NaCl (% w/v)
0 50 100 150 0 1 2 3
Organic farming?

ORF4-13  Sinomonas sp. 155.1 11.01 1323 755 4.87 8.7x108 2.3x10%8 8.3x107 6.7x107
ORF10-12 Enterobacter sp. 47.7 1431 187 1287 7.14 2.2x10° 2.7x10%8 1.0x108 1.7x107
ORF15-19 Micrococcus sp. 147.2 1464 1871 854 6.53 2.3x10° 1.1x10° 8.3x10% 1.5x108
ORF15-20 Micrococcus sp. 127.8 1539 1824 6.62 5.88 7.2x108 1.5x10% 1.3x107 1.2x107
ORF15-23  Sinomonas sp. 155.6 1564 19.61 1013 6.22 2.1x10° 1.3x10° 8.3x10%8 2.1x108

Conventional farming?
CRF5-8  unidentified ND 1244 13.64 821 4.65 1.2x10° 2.5x108 6.2x107 3.5x107
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CRF14-15  Sinomonas sp.
CRF16-3 Burkholderia sp.

CRF17-18

Bacillus sp.

84.5 10.65 11.58 6.92 441 9.7x108 3.3x10%8 2.7x10%8 6.7x107
7.3 14.06 1743 10.12 9.43 3.8x100 6.7x10> 3.3x105 1.7x10°
55.1 11.03 12.01 6.43 5.75 1.1x10° 2.5x108 7.8x107 3.5x107

IND = Not Detectable; 2 Farming Practice.
Adapted from Chinachanta and Shutsrirung [7].

The ability of nine selected ST-PGPR strains in enhancing KDML105 rice seedling
growth under various NaCl concentrations was determined. The responses of the seedling
to ST-PGPR inoculation were evaluated by analysis of the following growth parameters,
chlorophyll content, nutrient concentration, antioxidant activity, and proline accumula-
tion.

4.2.1. Preparation of ST-PGPR pellets and rice seedlings

This experiment was conducted using a completely randomized design (CRD) in a
factorial scheme (10x4), consisting of nine selected ST-PGPR
strains plus one uninoculated control (ten treatments) and four NaCl concentrations (0,
50, 100, and 150 mM NacCl).

The nine selected ST-PGPR strains were grown in 25 mL nutrient broth (NB) for three
days at 37 °C with shaking at 120 rpm. The ST-PGPR cells were collected by centrifugation
at 10,000 rpm for 15 min to separate the culture broth from the pellet cells. The cell pellets
were diluted with 100 mL sterile distilled water to obtain a cell concentration of 10° colony-
forming units (CFU) per mL (ODsoo ~ 0.2). This cell suspension was used as inoculum for
seed biopriming and seedling inoculation. Sterile distilled water was used as the negative
control (without ST-PGPR inoculation).

Rice (Oryza sativa L.) seeds variety KDML105 were used to evaluate the ability of
selected ST-PGPR to promote growth and salt tolerance in rice. The seeds were surface
sterilized in a mixture of 0.2% Tween 80 and 2% sodium hypochlorite for 3 min. The seeds
were then washed three times with 70% ethanol, followed by rinsing five times with sterile
water. The sterile seeds were soaked (seed biopriming) in the pellet suspension of each
ST-PGPR strain according to the treatment and were then incubated in the dark at 25°C
for The bioprimed seeds were then placed at an equal distance on sterile wet
tissue paper in a Petri dish (20 seeds per plate) using sterile forceps (five replicates per
treatment) and kept in a plant growth chamber under the dark at 25 °C. Four days after
germination, 10 uniform seedlings from each treatment were selected and transplanted
into a growth pouch containing Hoagland's nutrient solution (pH 7). The rice seedlings
were initially irrigated with 14 strength Hoagland solution for five days, and the solution
was replaced twice during this period. Then, the seedlings were irrigated with 12 strength
Hoagland solution for two days. After that, the irrigation medium was changed to a full-
strength Hoagland solution [69] with four salinity levels (0, 50, 100, and 150 mM NacCl).
The average EC of an irrigation medium at each NaCl concentration was 2.06, 7.69, 13.78,
and 19.51 dS m”, respectively. The full-strength solution were refreshed twice per week.
The uninoculated (controls) and inoculated seedlings were grown in a climate-controlled
room (12:12 light: dark photoperiod, 25+3°C, with a light level of approximately 5.8 klux).

The rice seedlings from each pouch were harvested at 30 days after transplanting,
and then four replications of the seedlings were determined for growth parameters (shoot
and root length; shoot and root dry weight). The leaves and root samples were dried to a
constant weight at 65 °C for 48 hr. After that, the dry matter was weighed, and the dried
samples were milled into powder, stored in plastic bags, and then kept in a desiccator for
analysis of nutrient content. The remaining fresh seedlings (six replications) were used to
determine antioxidant activity and proline accumulation in the leaves.
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4.3. Chemical analysis 497

Leaf chlorophyll content was monitored at the third leaf stage after applying the salt 498
stress to the seedlings (at 30 days) using a SPAD meter (SPAD-502, Minolta Camera Co., 499
Ltd., Japan). The dried plant leaves were ground, homogenized, and used to determine 500
the concentration of macronutrients. The total nitrogen (N) content (%) was determined 501
by a modified Kjeldajl digestion (colorimetric) method [70]. The digestion was maintained 502
at a boiling point of 350 °C. Ammonia was distilled from an alkaline medium and absorbed 503
in an unstandardized boric acid solution and titrated with standard HCI solution. For the 504
determination of total phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and 505
sodium (Na), the method described by Fageria [71] was applied. The total P concentration 506
(%) in the samples was quantified spectrophotometrically using the vanado-molybdate 507
phosphoric acid yellow colour method [72], with a UV-visible spectrophotometer (Shi- 508
madzu UV-VIS 1201, Shimadzu Co. Kyoto, Japan). The concentrations of K, Ca, Mg, and 509
Na in the sample extracts were analyzed by an atomic absorption spectrophotometer 510
(AAS) (Spectra AA240 FS, Varian, New Jersey, USA). Each sample was measured in trip- 511
licate. The nutrient uptake was calculated from the nutrient concentration and the dry 512
matter of each sample using the following formula. 513

514

Nutrient uptake (mg plant!) = Nutrient content (%) x Dry matter (mg plant)
100

Nutrient uptake = g plant™! (macronutrients) or mg plant! (micronutrients)

Nutrient content (%) = Element concentration = in g kg! (for macronutrients) or (1)
mg kg (for micronutrients)
Dry matter = shoot dry weight = in g plant™! (for macronutrients) or mg kg (for
micronutrients)
515
For the antioxidant activity analysis, the oven-dried leaf samples were defatted twice 516
with hexane (1:20 w/v) for 30 min. The defatted rice leaf fraction was extracted twice with 517
99.9% methanol (1:20 w/v) in an electrical shaker overnight at room temperature and then 518
filtered through Whatman No.1 filter paper. The extracts were evaporated to dryness at 519
50 °C by a vacuum rotary evaporator. The extract in the evaporator flask was eluted with 520
methanol to a volume of 100 mL, then kept in a volumetric flask. The extracts were stored 521
in the freezer at -18°C until use in further analysis. All analyses were performed within 522
two weeks of extraction. 523
The free radical scavenging capacity was estimated following a previously reported 524
procedure using 2,2’-diphenyl-1- picrylhydrazyl radical (DPPH) [73]. A synthetic antioxi- 525
dant, BHT (99.0% purity, Rankem, India), was used as a reference. DPPH free radical- 526

scavenging ability was calculated using the following formula: 527
528
Scavenging ability (%) = [Absorbance at 517 nm of the control — Absorbance at 517
nm of the sample]/Absorbance at 517 nm of the control x @)
100.

529

Proline content was determined by standard method as described by [33]. Dried leaf 530
powder of each sample (0.1 g) was used to extract the proline and the absorbance of the 531
leaf extract was measured at 520 nm by a spectrophotometer (Shimadzu UV-VIS 1201, 532
Shimadzu Co. Kyoto, Japan).and was recorded against pure toluene as a reference blank. 533
The proline concentration was calculated from a standard curve prepared from pure pro- 534
line (Sigma). 535
536

537
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4.4. Statistical analysis 538

Two-way ANOVA together with LSD values at a 1% probability level [74] was used 539
for analyzing collected data using Statistix 9 (Analytical Software, Inc., Tallahassee, FL, 540
USA). Principal component analysis (PCA) is a statistical technique that allow easier anal- 541
ysis of a large dataset with visual by reducing the complexity and noise of the data, and 542
highlight the most important features and relationships between observed parameters. In 543
this study, the relationships between growth parameters (shoot and root length and fresh 544
and dry biomass), chlorophyll content, nutrient uptake (N, P, K, Ca, Mg, and Na), antiox- 545
idant activity, proline, and 2AP level accumulation of KDML105 rice seedlings as affected 546
by ST-PGPR inoculation were evaluated using PCA. The measured parameters were in- 547
troduced as variables in the PCA using R 1.2.1335 [75]. 548

5. Conclusions 549

The present investigation revealed that the inoculation of most of the tested ST-PGPR 550
strains, particularly Sinomonas sp. ORF15-23, significantly reduced the extent of growth 551
suppression due to excessive salinity, leading to incremental increases in rice seedling 552
growth and salt tolerance. In addition, the 2AP (a key volatile aroma compound) level in = 553
the rice seedlings was markedly enhanced by ST-PGPR inoculation, and this may haveled 554
to high 2AP levels in the rice grains. These findings suggest that Sinomonas sp. ORF15-23 555
can be used to enhance KDML105 rice seedlings growth and improve soil nutrient uptake 556
in saline soil. This information provides a basis background for development of a micro- 557
bial technology to aid in restoration of saline-degraded areas. Nevertheless, further inves- 558
tigations under field conditions are needed for the development of the promising ST- 559
PGPR strain(s) as a bio-inoculant for rice production in salinity affected area such as the 560
effect of ST-PGPR inoculation on grain quality and yield in future studies. 561
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