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Abstract plants, one week after inoculation, and -1,000 kPa-balanced

. . . salinity stress was imposed. The physiological and bio-
BACKGROUND: Soil salinity causes reduction of crop

productivity. Rhizosphere microbes have metabolic capa-
bilities and ability to adaptation of plants to biotic and abiotic
stresses. Plant growth-promoting bacteria (PGPB) could
play a role as elicitors for inducing tolerance to stresses in

chemical attributes of plant under salt stress were monitored
by evaluating pigment, malondialdehyde (MDA), proline,
soil pH, electrical conductivity (EC) and ion concentrations.
To demonstrate the effect of selected Bacillus strains on rhi-
zosphere microbial community, soil microbial diversity and
abundance were evaluated with Illumina MiSeq sequencing,
and primer sets of 341F/805R and ITS3/ITS4 were used for
bacterial and fungal communities, respectively. As a result,
when the bacterial strains were inoculated and then salinity
stress was imposed, the inoculation decreases the stress sus-
ceptibility including reduction in lipid peroxidation, en-
“Corresponding author: Mee Kyung Sang hanced pigmentati.on and proline accumulation which su‘b-
Phone: +82-63-238-3055; Fax: +82-63-238-3834; sequently resulted in better plant growth. However, bacterial
E-mail: mksang@koreakr inoculations did not affect diversity (observed OTUs, ACE,

plants by affecting resident microorganism in soil. This study
was conducted to demonstrate the effect of selected strains
on rhizosphere microbial community under salinity stress.
METHODS AND RESULTS: The experiments were con-
ducted in tomato plants in pots containing field soil. Bacterial
suspension was inoculated into three-week-old tomato
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Chaol and Shannon) and structure (principle coordinate
analysis) of microbial communities under salinity stress.
Furthermore, relative abundance in microbial communities
had no significant difference between bacterial treated- and
untreated-soils under salinity stress.

CONCLUSION: Inoculation of Bacillus strains could affect
plant responses and soil pH of tomato plants under salinity
stress, whereas microbial diversity and abundance had no
significant difference by the bacterial treatments. These
findings demonstrated that Bacillus strains could alleviate
plant’s salinity damages by regulating pigments, proline, and
MDA contents without significant changes of microbial
community in tomato plants, and can be used as effective
biostimulators against salinity stress for sustainable agriculture.

Key words: Bacillus, Microbial diversity, Salinity, Tomato
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oA e] Aellx Yoo w0l et B aryabhattai H19-13}
B. mesonae H20-5% tryptic soybean agar (TSA, Difco)
iAol 28°C, 24413t F<F wjFsto] AE T Ry
(colony)E TSBell 43E3to] 48417k E<F28°C, 150 rpm O 2
2 wjekstlth25]. At #ijeFel 6,000 rpm .2 10327t
ddEdste] g N(Supernatant)e AT 5, At
pellet& 10 mM MgSO,Z ODgyp = 0257} 5|55 &E813t)
F 37§, FHIE Al AYNE ErfE AR BEY 1 g
Z 0.1 mLE ¥ A1, 272 10 mM MgSO, e
M TSIl

Al AN 2] dFY &, BEvlE A5 Sy A4
g, op|At s AT A o® Xl Polonenko
5ol T -1,000 KPa 53 4-8-9(125 mM potassium nitrate,
82 mM calcium nitrate, 41 mM magnesium sulfate, 22
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v s A AR AEYA M 50,7, 14, 219 §
E95te] 6L, A=l 4548 TtEH |t
Fernandez 53} Lichtenthaler®] W& o|&3) 5743}
tH27,28]. ErHE 8l 500 mgs &3] 0.5% MgCOs
7} e-% 25 mL2] 80% acetoneollX] A 3}et & 4°C of|A]
243t “E_E Jgsigivk AAv) 5% S-S 4,000 rpm O
2101 d4egk ¥ UV/VIS spectrophotometer
(Infinite M200 PRO, TECAN, Austria)E ©]-g-3to] 45
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Chiorophyll a = (1225 x Agszz) = (279 x Assss)

Chiorophyll b = (21.50 x Asss) — (5.10 xAss2)

Total chlorophyll contents = Chlorophyll a + Chlorophyll b

Carotenoid concentration = [(1,000 x Ay — (1.8 x
hlorophylll a) - (85,02 x Chlorophyll B)] / 198

TR P 542 Bates 59] Ninhydrin WHE ]88}
ATH29]. A& ¢ 100 mgs 1.2 mLe] 3% Aqueous sulfo-
salicylic acidell] ¥+ 8}st ¥, 13,000 x g= 1031+ A4l
281, 49 500 uLE Glacial acetic acid 500 uL,
Acidic ninhydrin 500 L} Z§3k3ich £3HES 90T
1A7E B<F EAgels F Ice bathollA 285413, 1 mLY
Toluenes Fo] 2|9 91529 &5 Spectrophotometer
& o]&3te] 520 nmellA] v A EIGITE

Malondialdehyde (MDA) 5742 4= % 100 mg=
500 uL2] 0.1% Trichloroacetic acid (TCA)°l| go] +23}
3k 5 13,000 x g2 4C el 1077+ Y4lielsto] 42 s
& o313l 5 500 uLE 20% TCAZE 3 0.5%

2-thiobarbituric acid 1.5 mL¥} Z3}3}0] 90°C ol|A] 307t
A 251313, Ice bathellA] 533t 4]gl F tHA] 6,000 rpm ©.
2 327 A8t Spectrophotometer & &3l 450,
532, 600 nmOlA “FeHe] FFEE ST 5 ofdl] AE o]
&3l MDAS] -5 ALFeFSITH30].

MDA content (nmol/g) = C (umol/L) x V (L) / fresh
weight (g) x 1000
C (umol/L) = 6.45 x (Aszx - Asw) - 0.56 x Asso
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= G 2EdA A7 0, 219 F 27 AF
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Phosphate buffer saline (PBS)°ll %

P AGE 5, S A7 fEeE 10,000 rpm O F 15
At e AA AT TAEGS o
A F -80C o HA3IrH22,33].

EY A5.2] Total genomic DNAT FastDNA® spin kit
(MP biomedicals, USA)E AHg-at] F%319111, NanoDrop
2000 Spectrophotometer (Thermo, USA)= DNA §%&
=743to] llumina MiSeq Sequencing system (Illumina
Inc., San Diego, CA, USA)< 3l Gwtazalel o3 &
Aakaleh. Al 16S rRNAS] V3-V4 7915 Primer 341F
(5-CCTACGGGNGGCWGCAG-3') ¢} 805R (5-GACTA
CHVGGGTATCTAATCC-3")& AH-3ll 3313101, w80
+ primer ITS3 (5-GCATCGATGAAGAACGCAGC-3')
¢} 1TS4 (5-TCCTCCGCTTATTGATATGC-3)E ©|4-3
ITS 7-3te] PCRE <+38I3{t. PCR 5712 Initial denatu-
ration: 95C, 3+ Denaturation: 95C, 30% (25 cycles);
annealing: 55°C, 30%; Extension: 72°C, 30%; Final ex-
tension: 72°C, 53 2712 % $83}3Itk Raw sequence 1
218 Mothur (ver. 1.40) Z2135 o] §3}0{[34] A
97%<] Operational taxonomic units (OTUs)E 5 3}a}
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Fig. 1. (A) Chlorophyll, (B) carotenoid, (C) proline and (D) MDA contents in leaves of tomato plants treated with bacterial
suspensions at 0, 7, 14 and 21 days after salinity stress. Asterisks on the bar mean statistical difference by Tukey’s test
(P < 0.05) and error bars indicate standard error of 20 replications from two experiments.
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Table 1. Soil chemical properties of untreated and bacterial treated soils at 0 and 21 DAS
, EC SAR ESP Organic C Total N Ton concentration (umol/g)
DAS”  Treatment H
et PR (mS/em) (emol/kg) (%) 8/ke)  (3/kg) K ca Mg* Na' PO#  NOj
0 Control  7.3+0.1Y 75+03 010+0.00 7.00+013  71+04 14+01 178+007 247+006 1.12+0.03 0.403+0.010 0.111+0.003 9.1+0.4
H19-1 73400 81402 010+000 7.06+035 74+03 15+0.0 201+0.14 2344014 110+0.05 0.411+0.002 0.123+0.002 10.0+0.4
H20-5 73+00 81+05 010£000 675+020 72+02 15+0.0 203+009 250+0.07 1.18+0.04 0.412+0.001 0.126+0.006 10.4+0.6
21 Control 78+01 26+06 012+000 1216066 7.6+02 10+0.1 058+0.08 168+006 0.75+0.04 0.413+0.001 0.108+0.003 27+0.6
H19-1 72+01° 20405 012000 1231+075 74401 09+0.1 055+008 1.69+0.09 0.74+005 0.413+0.001 0.107+0.004 26+0.3
H205 7.1+00° 24+03 011+0.00 11484032 75:02 10+00 063+005 1.66+0.05 077+0.03 0396+0016 0.116+0002 3.0+0.4

a) Soil physicochemical properties were determined at 0 and 21 DAS (days after salinity stress).
b) The values are mean + standard errors of three soil replications by pooling three sub replicates into one. An asterisk indicates a statistical difference (< 0.05)

in a column by the Tukey’s test.

I Control
Z2Z2 H19-1
I H20-5

20 -

15 1

10

Fresh weight (g)

TF
%
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ON\\\
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Fig. 2. Total fresh weights of plants treated with bacterial
suspensions or 10 mM MgSO4 (control) at 0, 7, 14 and
21 days after salinity stress. Asterisks on the bar mean
statistical difference by Tukey’s test (2 < 0.05) and error
bars indicate standard error of 20 replications from two
experiments.

HES-ol| - MDA 9} 22 2 )4 wlHo] A E e o) 4
A4sk7] At bio-
markerZ AFEE 4= QItH43]. 957 AEHA 28 14U 3 &
+ 2EolA MDA §Hgol] S7FISIARE At A2e a2
izl vlsl FAFCRE FA7F ¥ SWithFg. 1D). 5%
H20-5 #5771 Al 52 AEdA A 0, 79 Fol-
MDA ggko] W& 7107 ERITH0 DAS: P = 0.0854; 7
DAS: P=0.0255; 14 DAS: P= 0.0158). ©]= 7 5= 2|3t
2 EoA R AEHAE QIS A& A|xzuke] AW itslr) 7F
AE9lom, 53] H20-5 w5 A2|st ¢ H19-1°] vl
W QPYA O 7 Azl E4o] ghadhe Ao A7

AT AT A7 AEAA A ARl $A4 o4

o] ARt 7, 14, 21Y Fol= AEo] {83 wpdex
(H19-1, H20-5)5 A2l$t EvtEe] gAFo] T 21E
Hlel] o %9k H(Fig. 2, 7 DAS: P = 0.0009; 14 DAS: P
= 0.0190; 21 DAS: P = 0032), AE#A 21 59| ¥y g2
of QM= H19-1 4277} 229 ug TTF/g/h, H20-5 A2
T7} 252 ug TTF/g/h% thz79) 125 ug TTF/g/hrth
L) o] ol 9F AR AEdA v§ 98 a3g <l
3 AT el deo] Skt Aow AzhEr)

HE AEY A ZHO|M Bacillus H19-12} H20-5 #F
xz2[ol elst EAststd Fet

A AEYA oA F A 752 A of B9
sFPY gt Ak AR I, 2EdA A 0, 21
T EulE A% XE0] B ASE AFe F pH, EC, 7]
B, T A @ o] FEE S75te] Table 10 YR
Utk E9F pHE 2Eo] Fosh Qe 7Hd¥) 2% By
o] A4, EnE G AA o S = 7 3
=d|[44-46], G5 A~EHA 28] 219 F EC, total N U K,
Ca™, Mg* o] o] A2 450 DAS)ell Hlal] 743131,
H19-13} H20-55 A2|st E%2 pH= FAe] 2&2] kR
o 7235l S P= 0.0221) YEFE2H](Sodium adsorption
ratio, SAR), 3] YEFHAE(Exchangeable sodium
percentage, ESP)olM &A% 2fol5 gl 4= §Isltt. ol&
T3 EHAEN A A5 AEo] H2 dRE AEYAE W
oo, H19-17 H20-53¢57}F £4C] o]gled & pHE 7t
Ao ZH AES FHlE st AR A7t

gd52 AEHA AN Bacillus H19—11} H20—-5 #F
Xalof olst n|ME =& I

At} w8o] 2] Tk (diversity)<> - =(richness) &
9u)3= OTU &5, ACE ¥ Chaol A58} w54 (eveness)=
Uthf= Shannon A& 9531311, 1 A3E Table 29+
Table 3ef| Z}7} YERHSITE AlS o3t #5791 Good’s Coverage
= AletellA 0.9747-0.9810, =30l 0.9993-0.997% A 5E
ofF= & tiaks S gRlekinh 4 AY, G AEHA
A2l 04 F9F 219 9o vAE FHEY} A Al
(observed OTUs: p < 0.0001; ACE: p < 0.0001; Chaol:
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Table 2. Bacterial diversity estimates of the rhizosphere soil

DASY Treatment Ols;g:d C(;sgi;e ACE Chaol Shannon
0 Control 1044 + 377 0.9753 1245 + 55 1226 + 64 5.28 + 0.09
H19-1 1068 + 11 0.9753 1261 + 31 1221 + 37 5.34 + 0.02

H20-5 1132 + 24 0.9747 1299 + 26 1290 + 34 5.50 + 0.08

21 Control 885 + 24 0.9797 1022 + 26 994 + 18 5.09 + 0.11
H19-1 889 + 65 0.9793 1047 + 58 1013 + 55 5.10 + 0.06

H20-5 854 + 37 0.9810 971 + 51 940 + 48 5.00 + 0.12

a) Alpha-diversity indices were determined at 0 and 21 DAS (days after salinity stress).
b) The values are mean + standard errors of three soil replications by pooling three sub replicates into one, and an
asterisk indicates a statistical difference (P < 0.05) in a column by the Tukey’s test.

Table 3. Fungal diversity estimates of rhizosphere soil

Observed

Good'’s

DAS” Treatment OTUs Coverage ACE Chaol Shannon
0 Control 274 + 14” 0.9997 279 + 17 278 + 17 277 £ 0.22
H19-1 272 £+ 7 0.9996 278 + 7 279 + 7 2.64 + 0.26

H20-5 276 £ 7 0.9997 280 + 9 283 + 10 3.02 £ 0.27

21 Control 294 £+ 11 0.9993 306 + 12 310 £ 13 2.46 + 0.28
H19-1 302 + 19 0.9993 315 + 17 317 + 15 249 + 0.24

H20-5 278 £ 7 0.9993 291 £ 8 290 £ 7 229 + 0.21

a) Alpha-diversity indices were determined at 0 and 21 DAS (days after salinity stress).
b) The values are mean + standard errors of three soil replications by pooling three sub replicates into one, and an
asterisk indicates a statistical difference (£ < 0.05) in a column by the Tukey’s test.

p < 0.0001; Shannon: p = 0.0005)#} #8°](observed OTUs:
p=0.0442; ACE: p = 0.0168; Chaol: p = 0.0161; Shannon:
p = 0.0211)°1M 22t o Aols BAR H19-13%
H20-5 vt A2]el oJ3h avh= Qiolvh AEHA A2 & 5
HE FH(PCoA)E Eall A w5-2] A7k 29 Al gl
wgol R x| 9 FEA A8 Bray-curtis
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Fig. 3. Principal coordinate analysis (PCoA) of bacterial community at (A) 0 and (B) 21 DAS and fungal community at
(C) 0 and (D) 21 DAS in the rhizosphere soils of bacteria-treated or untreated tomato plants.
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Table 4. Relative abundances of 15 most abundant bacterial OTUs in the rhizosphere soil

Taxonomy Relative abundance (%)
Genus 0 DASY 21 DAS
Phylum Family

Control H19-1 H20-5 P value Control H19-1 H20-5 P value

Proteobacteria Oxalobacteraceae Massilia 741Y 729 6.07 04524 0.58 0.83 084 07176
Proteobacteria Sphingomonadaceae Sphingomonas 5.08 4.43 5.77  0.0740 3.13 320 355 0.7583
Proteobacteria Comamonadaceae Zhizhongheella 4.65 418 371 0.5818 033 059 030 05147
Proteobacteria Sphingomonadaceae Sphingobium 4.43 516 453 05111 2.85 3.60 271 0.5155
Proteobacteria Chromobacteriaceae Leeia 4.08 4.13 3.62  0.7933 0.16 020 0.10 0.5488
PBacteroidetes Chitinophagaceae Flavitalea 3.40 3.08 262 0.3859 1.22 135 1.06 0.8637
Planctomycetes Tepidisphaeraceae Tepidisphaera 3.27 2.77 3.28 0.2757 0.87 1.01 090 0.5528
Bacteroidetes Chitinophagaceae Flavisolibacter 3.27 377 257  0.3060 0.70 079 076 0.8941
Bacteroidetes Sphingobacteriaceae  Mucilaginibacter 3.11 252 275 0.5904 1.79 0.88 1.58 0.1476
PBacteroidetes Chitinophagaceae Niastella 2.02 178 137 02121 024 021 016 0.8113
Proteobacteria Comamonadaceae Ideonella 1.96 1.95 1.14  0.1764 0.06 0.09 0.08 0.7703
Actinobacteria Micrococcaceae Paenarthrobacter 1.68 1.37 1.35  0.3069 0.85 078 1.01 0.0879
Proteobacteria Comamonadaceae Ramlibacter 1.61 1.69 158  0.7720 0.40 033 031 0.8238
Verrucomicrobia ~ Chthoniobacteraceae Chthoniobacter 1.55 1.21 1.62  0.1210 033 037 043 0.5206
Proteobacteria Xanthomonadaceae Thermomonas 1.51 1.17 1.31  0.5004 2.09 179 269 0.2496

a) Relative abundances were determined in rhizosphere soil at 0 and 21 DAS (days after salinity stress).
b) The values are the mean of three replications by pooling three sub replicates into one; asterisks indicate statistical difference (P <
0.05) compared to control by the Tukey’s test.

Table 5. Relative abundances of 15 most abundant fungal OTUs in the rhizosphere soil

Taxonomy Relative abundance (%)
0 DAS” 21 DAS
Phylum Family Genus

Control HI19-1 H20-5 P value Control HI19-1 H20-5 P value

Ascomycota Ascobolaceae Ascobolus 3517 208 315 0.6497 1.53 174 146 0.8655
Mortierellomycota Mortierellaceae Mortierella 2.80 270 358 0.5828 1.62 202 169 07128
Basidiomycota Ceratobasidiaceae Ceratobasidium 2.66 220 173  0.8857 1.56 135 185 0.9594
Ascomycota Aspergillaceae Aspergillus 1.18 1.03 071  0.9068 0.18 015 014 0.6343
Ascomycota Nectriaceae Fusarium 1.06 115 132 0.8492 2.05 226 235 08118
Ascomyrcota Pleosporaceae Curvularia 0.67 049 037 0.4461 1.01 074 086 0.7887
Chytridiomycota Spizellomycetaceae Spizellomyces 0.24 016 021 0.8178 0.15 013 009 0.9024
Ascomycota Stachybotryaceae Myrothecium 0.23 020 026 0.8123 0.54 0.62 054 09318
Basidiomycota Serendipitaceae Serendipita 0.18 019 031 04751 0.12 014 013 05785
Ascomycota Didymosphaeriaceae  Pseudopithomyces  0.14 010 0.1 0.9026 0.12 011  0.09 0.4060
Basidiomycota ~ Rhynchogastremataceae Papiliotrema 012  0.02° 0.03* 0.0003 0.06 0.06 0.05 0.9700
Ascomycota Didymellaceae Epicoccum 0.12 0.08 0.0 0.7073 0.09 010 0.08 0.8505
Ascomycota Trichocomaceae Talaromyces 0.10 013 014 0.8236 0.12 010 010 0.8793
Ascomycota Lasiosphaeriaceae Cladorrhinum 0.06 0.03  0.07 0.3288 0.02 0.03 0.03 0.7479
Ascomycota Hypocreaceae Trichoderma 0.01 0.04 007 0.0786 0.03 0.02 002 0.7562

a) Relative abundances were determined in rhizosphere soil at 0 and 21 DAS (days after salinity stress).
b) The values are the mean of three replications by pooling three sub replicates into one; asterisks indicate statistical difference (2 <
0.05) compared to control by the Tukey’s test.
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