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Stress tolerance, growth promotion and functional gene mining of
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Abstract: [Objective] To obtain the strains with strong saline-alkali tolerance and plant growth-
promoting traits from the severe saline-alkali soil in Xinjiang, thereby providing excellent strain
resources for the development of microbial fertilizers and soil improvement agents. [Methods]
Bacteria with strong saline-alkali tolerance were screened using modified LB medium.
Subsequently, the strain was taxonomically identified based on morphology, physiological-
biochemical tests and 16S rRNA sequencing, and its plant growth-promoting properties were
characterized systematically. In addition, the strain was whole-genome sequenced via the Illumina
NovaSeq X Plus platform. [Results] A strain with strong saline-alkali tolerance and multiple plant
growth-promoting functions was isolated and designated as Bacillus zhangzhouensis AOQ1S5
(CCTCC M20242724). 1t could tolerate 250 g/L NaCl and grow within a range of pH 2.0-12.0.
Results of multifunctional growth-promoting tests revealed that strain A0O15 could produce ACC
deaminase, and exhibited nitrogen fixation, potassium solubilization, organic phosphorus and
inorganic phosphorus solubilization abilities. The nitrogenase activity of strain A015 was
(185.36+4.16) ng/L. Its organic phosphorus solubilization index was 1.35+0.15, with lecithin
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conversion amount of (3.77+0.07) mg/L. The inorganic phosphorus solubilization index was
1.42+0.04, and the transformation amount of calcium phosphate reached up to (24.79+0.59) mg/L.
Besides, the potassium solubilization index was 1.30+0.08, and the transformation capacity of
feldspar powder was (5.16+0.18) mg/L. Wheat seed germination and growth promotion assays
demonstrated that, compared with the control group (CK), inoculation with strain A015
significantly promoted the growth of wheat plumules and radicles on water agar media with
0-20 g/L NaCl. Specifically, under 5 g/l NaCl stress, remarkable growth promotion effects on
plumule and radicle length were observed, with the growth increments of 43.86% and 20.14%,
respectively. Notably, this strain could still effectively facilitate root growth under high salt stress
of 15-20 g/L NaCl. The whole-genome sequence of A015 was deposited in NCBI, with the
accession number JBSPZB000000000. Genome analysis revealed 25 saline-alkali tolerance-related
genes, which were mainly involving mrp, mle, and nha gene clusters; meanwhile, 65 plant growth-
promoting genes were identified, including nif, gdh, and kef gene clusters. [Conclusion] A strain of
Bacillus A015 with strong salt-alkali tolerance and excellent plant growth-promoting ability was
obtained from severe saline-alkali soil in Xinjiang. Genomic analysis further revealed genes linked
to its salt-alkali tolerance and plant growth promotion capabilities. The findings provide theoretical
basis and practical support for the development of saline-alkali soil microbial fertilizers in Xinjiang
and the exploration of the strain’s stress tolerance mechanisms.

Keywords: severe saline-alkali soil; Bacillus; saline-alkali tolerance; plant growth-promoting trait;
functional genes
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Bl EHRAOISHL ZSHFIE
Figure 1 Morphological characteristics of strain A015. A: Colony characteristics; B: The Gram staining result;

C: Scanning electron microscope.
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Figure 2 Growth curve characteristics of AO15.
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Figure 3 NaCl and pH tolerance analysis of strain AO15. A: NaCl concentration tolerance; B: pH tolerance.
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9p —Bacillus zhangzhouensis A015 (PQ289212)

69|'Bacillus zhangzhouensis DW5-4T (JOTP01000061)
94| Bacillus pumilus ATCC 7061 (ABRX01000007)
Bacillus australimaris NH7I-1T (JX680098)
Bacillus safensis subsp. safensis FO-36b" (ASJD01000027)
Bacillus safensis subsp. osmophilus BC09" (KY990920)
Bacillus xiamenensis HY C-10T (AMSHO01000114)

1 440 bp

Bacillus atrophaeus JCM 9070T (AB021181)

Bacillus velezensis CR-5027 (AY603658)

83| ' Bacillus siamensis KCTC 13613 (AJVF01000043)
59|rBacillus nakamurai NRRL B-410917 (LSAZ01000028)
-Bacillus halotolerans ATCC 25096 (LPVF01000003)
79| Bacillus tequilensis KCTC 136227 (AYTO01000043)
Bacillus rugosus SPB7T (JABUX0010000041)

—

0.01

B4 EHRAISER B XEFMAZ LB R

Paenibacillus rhizoplanae 1J-64T (K'Y 114946)

Figure 4 Gel electrophoresis image and phylogenetic tree of strain A015. A: Gel electrophoresis image of the
PCR amplification fragment of the 16S rRNA gene of strain A015; B: 16S rRNA gene-based phylogenetic tree of
strain AO15. Nodes show bootstrap values (%) from 1 000 replicates; GenBank accession numbers in parentheses;

The scale bar represents 0.01 substitutions per site.

2.2 EMEEINRES T
22.1 ZIEERERENRNE

i IS [ I RE R IR LN AR A0S HEFTHE A
REJIENEST T, KINE R A015 7E Ashby ToAS:
Fedk . ADF 8530k REMADIBE IR . T
PUBERG AL | AR RO LI BRIEH A K (] 5).
FE MR R R A01S BAT B A RE 1 (K 5A),
e — 25 1 e o 0 25 S 3 P R ] R e 3 T
ik (185.36+4.16) ng/L. itk AO015 f£ ADF #5357
5 ARSI T DF 8552558 5B), UiIZE
PREERSFIH ACC 1R —ZIRHATA K . AL
e MRS 25 AN 5C Bras, Wk A01S BYff
HHLBEFE BN DId=1.35+0.15, JCHLBEE P &
G NE 5D s, Wtk A0LS fgCHLITE &k
D/d=1.42+0.04; T3 B AR R BB Rl 04 5% 46t ot B
ik (3.77£0.07) mg/L, X #§ R 45 A9 5% e i ik

P4 actamicro@im.ac.cn, 7 010-64807516

(24.79+0.59) mg/L. i 8 a2 MK 45 SR W &1 SE
Fizs, Wbk A0S BYfFFRHEECH D/d=1.30+0.08,
XPERR Ay B e B A (5.1620.18) mg/L.
222 NEMFHELZSREKIER

TE 0-20 g/L NaCl 7K B fig 4% 77 3 v e P B ik
A015, # CK AbH, /NAZFPF IR ZEFIIAR A4
WA B (B 6A-6C). JoHIETE 5.0 gL &
FEERE T, IRZERFPAR A 2 2 B0 I 8 A i
ARG, SrR RN 43.86%. 20.14%, B
TE 15-20 g/L YRR AT, INERhFHERNRIPR
AO015 1355 CK Ab3EL S B (R R AR R AR Y
PG, BEAh, EREE bR+ B ARt e 4
Wtk A015 RE R E 5T A K (&l 6D, 6E),
2.3 FFk A0S BEFEBFF) S5
2.3.1 ERFLAERSTMSH

| A Illumina NovaSeq X Plus il F#2F &5



IR AF | A RE R, 2026, 66(10) 4945

A B

El5 BEHRA0ISIRERESINE
Figure 5 The plant growth-promoting ability of strain A015. A: Nitrogen fixation ability; B: Plate assay for
ACC deaminase activity; C: Organic phosphate solubilizing ability; D: Inorganic phosphate solubilizing ability;

E: Potassium solubilizing ability.
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Figure 6 Effects of AO15 inoculation on wheat seed germination and seedling growth under salt stress. A: Seed
germination assay; B: Effects of A015 inoculation on radicle length of wheat seeds; C: Effects of AO15
inoculation on plumule length of wheat seeds; D: Wheat seedling growth assay; E: Effects of AO15 inoculation on

wheat seedling growth. Lowercase letters denote significant differences (P<0.05).
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SEIAFERAIIF, BRing 1 fiR, A01S 3E Rl EHRA0ISEFELHEARHFHE
DRI ZH 0 S 85l Bl 1 462 529 400 bp, it UE Table 1 Basic genomic characteristics of strain AO15
A5 9 745 598 > i A reads, G+C fHly  Category Quantity
42.0% fé‘% J?ﬁlj J&E 5\7 3112 073 bp , :/tt‘ Total number of base/bp 1462 529 400
Number of high-quali d 9 745 598
B3 747 SRR IER , (005 3 660 g o e ed
] N G+C content/% 42.0
iy - 41 (coding sequence, CDS), 6 7~ rRNA Total gene sequence length/bp 3112073
71 /> tRNA HI 1 /l\ ncRNA . %éﬁiﬂﬁﬁﬁﬂ‘ﬁ Number of protein-coding genes 3747
IR, A015 2R FHITE COG i fedtl: €S 3669
B 2484 1IE, fE KEGG KU RS ReE)  RNA ‘
s, NN tRNA 71
1138 AP, 76 GO Mg AL HE B ) 911 A RNA .
nc
% °© COG 2484
232 EFEBUREFRESH KEGG 1138
COG Bl e R Kl 7 o, Mok GO otl
300 289
281 273
250
. 200
2
156
é 150
2
S
100
50 38 43
0 0 0 0
A BCDEFGHTIJKLMNOPOQRSTUVWY Z

COG type

= A: RNA processing and modification
= B: Chromatin structure and dynamics
C: Energy production and conversion

N: Cell motility
O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

= D: Cell cycle control, cell division, chromosome partitioning = Q: Secondary metabolites biosynthesis, transport and catabolism

= E: Amino acid transport and metabolism

= F: Nucleotide transport and metabolism

= G: Carbohydrate transport and metabolism

= H: Coenzyme transport and metabolism

=[: Lipid transport and metabolism

= J: Translation, ribosomal structure and biogenesis
= K: Transcription

= L: Replication, recombination and repair

= M: Cell wall/membrane/envelope biogenesis

El7 HEHRAISEFEHACOGHIEEIFH %
Figure 7 COG annotation of strain AO15 genome.
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=R: General function prediction only

=S: Function unknown

= T: Signal transduction mechanisms

= U: Intracellular trafficking, secretion, and vesicular transport
= V: Defense mechanisms

= W: Extracellular structures

=Y: Nuclear structure

Z: Cytoskeleton



AR 45 | BUEWR, 2026, 66(10)

B 2 484 NI, EAELE 21 2,
273 DIIREAR MY L o H v i R 3 i R B
BZHEBA LT 4 % @SRz XA
(amino acid transport and metabolism) i } Y 1)
AERE i i 2, 5 BB 11.31%; 5% 5%
(transcription) i % 2 fig 2 A (5 9.82%; Bk 7Kk
& Wy iz Hi A AL i (carbohydrate transport and
metabolism) il [ T B8 2& A 5 7.49%; Bl %F &
% bR 25 4 5 A W) & RY (translation, ribosomal
structure and biogenesis)if FEINRERE A & 6.80%.

250 = Cellular processes
Environmental information processing
= Genetic information processing
. 215
= Metabolism
= Organismal systems
200
170
EISO-
E
=
o
=
Q
O 100
50F
14
0 1
= £ 2 g = g g @
g.‘é’.‘é’ggooo«soogﬁ.’g
O = 8§ =2 &£ 8 8 8 & 8 8 =2 o =
o 3 2 9 & 32 8 8 2 &2=2T99909
'ogaﬂw'chw—os@-ﬁ'g—o
EEEEEizEE i EEE g
= < =~
s 888 gES 8 ¢ E§F EEE
2 O o 8 8  T° S =
2 S£E5E5F5E% S
S = g £ » S S 8 8 §
T 58 2E w s £ %
T © 23 ®3BETE £ 8 5
O 2 3 & E 2 2
g S @ < g5 B
= E o = O
oo .5 3
5]
g = 4
= o
o 2]
) Z
‘C/J Q
S
>
=]
.2
M

E8 BEHRAVISEFEHKEGGH IR TR T2
Figure 8 KEGG annotation of strain AO15 genome.
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Figure 9 GO annotation of strain AO15 genome.
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Table 2 Gene annotation of salt-alkaline tolerance for strain A015

Gene cluster ~ Gene name Gene number Product name
pro proA 2 Gamma-glutamyl phosphate reductase
proB 2 Glutamate 5-kinase 1
proC 4 Pyrroline-5-carboxylate reductase
proS 2 Proline-tRNA ligase
bet betB 1 NAD/NADP-dependent betaine aldehyde dehydrogenase
mrp mrpA 1 Na'/H" antiporter subunit A
mrpB 1 Na'/H" antiporter subunit B
mrpC 1 Na'/H" antiporter subunit C
mrpD 1 Na'/H" antiporter subunit D
mrpE 1 Na'/H" antiporter subunit E
mrpF 1 Na'/H" antiporter subunit F
mrpG 1 Na'/H" antiporter subunit G
nha nhakK 1 Sodium, potassium, lithium and rubidium/H" antiporter
nhaX 1 Stress response protein NhaX
mle mleN 1 Malate-2 Na'/H"-lactate antiporter
gbs gbsA 1 Betaine aldehyde dehydrogenase
gbsB 1 Alcohol dehydrogenase
tre treA 1 Trehalose-6-phosphate hydrolase
treR 1 HTH-type transcriptional regulator TreR

i, HhS5MaEmRMECERA 104, £
B ALHG proAd. proB. proC. proS % ; S5 HHA
PR EH SR AR e LA 3 A, G146 betB . gbsA .
gbsB; SUFHEEMIAMOCHEERA 24>, FEEHE
tred . treR.
2.3.4 {REDWRER EAtbfuisitE R EE 4
MR AO1S fY 3 PR 2 B B Hh AR R
65 L SRR A ARG R, Bk 3
Fros o 5 EEMKEILNA 32 A mif. glu. glt.
gln. nas. nor), v nifS &S5 E AL
PP, HAh LN 22 5 A R - A 2 e/ Q
WSEis | RARE Rz . MRS TR
A I GBS SIEHAHCEEA 18 > (gdh

pst. pho. ppa. gnt), FLEZH5RARME K
HR 75 0, WAL ER AT 5 5% iz M AR DR I
IS . SIREASCIER 6 A (kef. ktr), FES
SERANHERIBI I s 57 ACC I AR OC A Bk
A 1A Besh, b ERER] 6 A Ry £E A
(fhu ., fis)55 2 A~ fifg 21 2 38 HH G B FE ] (celY
egld), MM AT BERA &Mk EIA | A 2T 2
R TEAE AR R . SRR AT i B 30,
RS AT 5 IR B AHOC T espB L espC
cspD FEH 5 5 R S IR MR8 A A hepX FEA
5 Z WG S5 AR SC 1Y sped . speB . speE .
speG . speH FEIH, Ui H AT e A ELE T 1%
PLisiTIRE
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Table 3 Gene annotation of growth-promoting and stress resistance for strain A015

Function Gene Gene Gene Product name
cluster name number
Nitrogen generation nif nifS 1 Putative cysteine desulfurase NifS nif
glu gluP 1 Rhomboid protease GluP
glt gltA 1 Glutamate synthase (NADPH) large chain
gltB 1 Glutamate synthase (NADPH) large chain
gltC 3 HTH-type transcriptional regulator GItC
gltP 2 Proton/glutamate-aspartate symporter
gtT 2 Proton/sodium-glutamate symport protein
gltX 1 Glutamate-tRNA ligase
gln gln4 1 Glutamine synthetase
ginH 2 Glutamine-binding periplasmic protein ABC transporter
glutamine-binding protein GlnH
glnkK 2 Sensor histidine kinase GInK
ginM 1 Putative glutamine ABC transporter permease protein GInM
glnP 1 Putative glutamine ABC transporter permease protein GInP
glnQ 4 Glutamine transport ATP-binding protein GInQ
glnR 1 HTH-type transcriptional regulator GInR
nas nasA 1 Nitrate transporter
nasB 1 Assimilatory nitrate reductase electron transfer subunit
nasC 1 Assimilatory nitrate reductase catalytic subunit
nasD 1 Nitrite reductase [NAD (P) H]
nask 1 Assimilatory nitrite reductase [NAD(P)H] small subunit
nor norR 2 Anaerobic nitric oxide reductase transcription regulator NorR
norG 1 D-alanyl-D-alanine carboxypeptidase DacA
Phosphate solubilization gdh gdh 1 1 Glucose 1-dehydrogenase
and uptake gdh 2 1 NADP-specific glutamate dehydrogenase
gdh_3 1 Glucose 1-dehydrogenase
gdhlV 1 Glucose 1-dehydrogenase 4
pst pstB 2 Phosphate import ATP-binding protein PstB
pstC 1 Phosphate transport system permease protein PstC
pstS 1 Phosphate-binding protein PstS 1
pho phoA 1 Alkaline phosphatase 4
phoP 2 Alkaline phosphatase synthesis transcriptional regulatory protein PhoP
phoR 1 Alkaline phosphatase synthesis sensor protein PhoR
ppa ppaX 2 Pyrophosphatase PpaX
ppaC 1 Manganese-dependent inorganic pyrophosphatase
gant gntP 1 High-affinity gluconate transporter
gntT 2 High-affinity gluconate transporter
(Frgz)
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(Zi3k3)
Function Gene Gene Gene Product name
cluster name number
Potassium solubilization kef kefB 1 Glutathione-regulated potassium-efflux system protein KefB
and uptake kefF 1 Glutathione-regulated potassium-efflux system ancillary protein KefF
ktr ktrd 2 Ktr system potassium uptake protein A
ktrB 2 Ktr system potassium uptake protein B
ACC deaminase acd acdA 1 Acyl-CoA dehydrogenase
siderophore synthesis ent entB 1 Enterobactin synthase component B
and transport fur fur 1 Ferric uptake regulation protein
put putB 1 Proline dehydrogenase 2
putC 1 1-pyrroline-5-carboxylate dehydrogenase 2
putR 2 Proline-responsive transcriptional activator PutR
Cellulose degradation cel celY 1 Exoglucanase-2
egl egld 1 Endoglucanase A
Cold tolerance csp cspB 1 Cold shock protein CspB
espC 1 Cold shock protein CspC
cspD 1 Cold shock protein CspD
Heat tolerance htpX htpX 1 1 Protease HtpX
htpX 2 1 Protease HtpX
htpX 3 1 Protease HtpX
Polyamine biosynthesis spe sped 1 1 Arginine decarboxylase
and metabolism sped 2 1 Arginine decarboxylase
speB 1 Agmatinase
speE 1 Polyamine aminopropyltransferase
speG 1 Spermidine N(1)-acetyltransferase
speH 1 S-adenosylmethionine decarboxylase proenzyme

3 W55 #%

TS 3 B e A= A o T R AR ) A L R AR
Y SARE G, IR A R SR ROk 3 o
FERRTE SRR, e e A 0 AR TR R
BRI IR BRI PR, R B8 53 20 15 114 T 6 el
2 A 2 T 4R TR i R B P ROCR S (3T
LT $h A A= 4 1 A4 A A P BA AR i R
P, TERPII A A 7 Br BCR B AN [ 4 g 2
KAEHT, PTG SR AR (T ER RS 2F F AT T
o DA o P i, o Rl R G TR R BIF R A R
WA, AP R IE AR SR R
Wi fRERSEINARE, TR R M RCR,

PRI A K R BN, A ST M B i o £ el
H oy BRI 1 BRI ERGRAE Jy5m . S AR T RE 4T
MIZEEAFIE AOLS, ZRRATTIAZ 0-250 g/L NaCl,
It H. pH it 5215 Fl 2 2.0-12.0, Z:H4 Gadda %51
P i VR S 0 it 6 Bt A W 1 43 28 bRt B
Pk A015 EL A5t v I8 £ eV 08 B T 2E 0 A AR A
5k T AEC I B AR BRI 1 A 10 AR A
PGPR, Hifif NaCl [5{E {5 FEl {4 40.0-80.0 g/L;
N FLEEDS I INZZ MR B v 40 1 0 T R A 22
KT (Paenibacillus polymyxa) TaRb44 Hx =
A it 3% NaCl ¥ B 40.0 g/L; T &S Bk 2500 pngy
A MR B 4 B W T R 2 90 FT 18 (Bacillus
halotolerans) ZP-3821 {¥ A& 7£ 0.0 -40.0 g/L ¥
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NaCl ¥ B N A o AR T C il i it £5 5825
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