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Abstract: [Objective] To explore microbial resources suitable for the ecological restoration of
saline-alkaline soils and elucidate their stress tolerance and plant growth-promoting traits, thereby
providing a theoretical basis for biotechnology-driven sustainable agricultural development.
[Methods] Plant growth-promoting rhizobacteria (PGPR) were isolated and screened from the
rhizosphere soils of three representative halophytes—7amarix ramosissima, Lycium ruthenicum,
and Kalidium foliatum—growing in the Minqgin Oasis, Gansu Province, northwestern China.
Selected strains were taxonomically identified by 16S rRNA gene sequence analysis. Their
functional traits were systematically evaluated, including nitrogen fixation, phosphate
solubilization, and production of indole-3-acetic acid (IAA), exopolysaccharides (EPS), and
siderophores. In addition, stress tolerance under salinity, drought, pH, and temperature gradients, as
well as antagonistic activity against six common phytopathogenic fungi, was assessed. [Results] A
total of 62 bacterial isolates were obtained, among which seven multifunctional PGPR strains
(HL3, HL6, HL12, HG3, HGS8, HGI12, and HG24) were selected and identified as Priestia
filamentosa, Bacillus atrophaeus, Pantoea endophytica, Peribacillus frigoritolerans, Bacillus
aryabhattai, Bacillus subtilis subsp. stercoris, and Paenibacillus peoriae, respectively. All the
selected strains exhibited at least two plant growth-promoting traits. Notably, strains HL6 and
HG24 simultaneously possessed nitrogen-fixing ability, phosphate-solubilizing capacity, and the
ability to produce IAA, EPS and siderophores, showcasing pronounced multifunctionality. Stress
tolerance assays showed that strains HL3 and HL6 tolerated up to 12% NaCl, while HL3 and HGS8
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withstood osmotic stress equivalent to —20 bar. Most strains remained active under alkaline
conditions (pH 9.0) and within a temperature range of 28-45 °C. Antagonistic assays revealed that
HL6 inhibited all six tested phytopathogenic fungi, and HG24 exhibited broad-spectrum
antagonistic activity against five pathogens, with the strongest inhibition observed against
Alternaria solani. [Conclusion] This study demonstrates that PGPR isolated from the rhizosphere
of halophytes in arid regions possess diverse plant growth-promoting functions and strong stress
tolerance. These multifunctional and resilient strains represent valuable microbial resources for
saline-alkaline soil remediation and the development of locally adapted biofertilizers, contributing
to sustainable agriculture and ecological restoration in arid environments.

Keywords: plant growth-promoting rhizobacteria (PGPR); halophytes; plant growth-promoting

traits; stress tolerance; Minqin Oasis
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Scoring criteria for antagonistic activity of the tested strains against pathogenic fungi

Inhibition zone diameter (mm) Score Inhibition level Biological significance
0-5 0 - No antagonism

5-10 1 + Weak antagonism
10-15 2 ++ Moderate antagonism
>15 3 +++ Strong antagonism

U] DX AR A T AR R i 1 5 2 L R A A R ) B R

The inhibition zone was defined as the shortest distance between the edge of the tested bacterial colony and the pathogenic fungal

colony.
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Figure 1

Distribution of rhizobacteria in typical halophytes.
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E2 FEHREIRFARRE
Figure 2 Nitrogen-fixing and phosphate-solubilizing abilities of the bacterial strains. A: Nitrogen-fixing ability
of the strains; B: Inorganic phosphate-solubilizing ability of the strains; C: Organic phosphate-solubilizing ability

of the strains.
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Figure 3 Characterization of IAA production by strains.
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El4 B EPSTISKE A
Figure 4 EPS and siderophore production abilities of the bacterial strains. A: EPS production ability of the
strains; B: Siderophore production ability of the strains.
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Figure 5 The phylogenetic tree based on the 16S rRNA gene sequences of the bacterial strains. Numbers in
parentheses are the sequence accession number; Numbers in each branch points are the percentages supported by
bootstrap; Bar: Nucleotide divergence.
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2 AEERE AR R E I
Table 2

Bacterial strains’ antagonism against common plant pathogens

Strains & KR JRTHE RS F AT IS N AR KRB R A AL

Fusarium solani ~ Thanatephorus — Alternaria Fusarium oxysporum Exserohilum Rhizoctonia
cucumeris solani f. sp. cucumerinum tucicum solani

HL3 - - - - - -

HL6 + ++ +++ + + +

HL12 - ++ - - - -

HG3 S - = - + =

HGS - - - - - -

HGI12 - ++ - - - -

HG24 - + +++ + ++ +

The definitions of the symbols are provided in Table 1.
3 W
3.1 HEEYRIRMEEEREMREX

AR IR AR AR W) AR B 472 i S FL T 0 e e
NREZ FENE B # UE Y BEUR, B O R Bi1L
A AR A E DI A Y, AR e
AT RGAMLL, FET B IR Bisg il X £
A AR PR T K5 97 PGPR W5 IR A0 R et 5347548
HABR . BT, AUFFE LR Bk 3 Fh gl
AR A S, WIHARBR > 8 3545 62 B
PR, LA TE U 28 BRI BRI 12 PR TAA
w42 bk, HZRmHoA M e, X —
SR 5 [ AN IC T Eh A F AR B A2 A= T A9 I 5T
R P27,

AR 5 HAR PR A W O R ] Bt < 3
FrRF, MR A R P T i B 1
Fic 9 P[] B A A 2R 280, e LT AL . W o S
IAA SEZFPIIHERY PGPR, FEHETE R FIFR 4032
BRZEAE T R 2 53R 0 0 30 5 A A O F
A BT 2k i Al 3 b im R AL B S ik aa
XHEP AR AR, SubFEE, EhE )
Al AR R I VAR 5 5 B FR R
FHATC 00 SR WS A I I ) D RE A2, DA T 98 3 L
A —EAG F R AR PR A MR R T
e, AT IR ik, AR T
MR AE D v TR R AT 35 32805 o Je SL i 5EA))

A WELE G wl e K2 H R, R
R JZ TR GE AT A 6] $R A AR AR B 2 W 1
SRR S DIRERE T
32 EWRANZERENGIERENA

AT LGS S I E, A 62 Bk
A P 7 MR EAT B R AT R R
tk, g 16S IRNA FENFFI T, 735l %5
Priestia  filamentosa.  Bacillus  atrophaeus .
Pantoea endophytica. Peribacillus frigoritolerans .
Bacillus  aryabhattai .
stercoris Fll Paenibacillus peoriae, iR JEIIN
PGPR WF5¢ s WL D RESRHE . HARME dEAE ) /1
I 9 30 5 IO T A A B 2 Sk
P R T R AR AR R A )
HRIEHFH IR D RERFIEBF A B B =

A B 2R AR T 1 (Bacillus subtilis) N 50T 2% Fp
M ERCNTRAR PGPR K582 — . WFsg &M,
B. subtilis W B [ER . TR, 77 TAA FEZ R
il e SR A G, R IFRE 7 A= g IR A= 3R (T
R PEER | DAL R TR 2K 550 A0 20 i B o i 1
X2 P AR I AL A RS BUE FICY, HG12 %
%€ A Bacillus subtilis subsp. stercoris, %Nt
AR AR TE B RO AE R i P AR
FERE— UL HA R R . 7 TAA HI™
EPS & Z M uifie, HXNT & (Thanatephorus

Bacillus  subtilis  subsp.
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cucumeris)Z B INHIIEE, R T XHZ W R
REFEVERI R, WML AEA 1 80058 T A 1
FHPAE T4

Z= 48 ZF KT 8 (Bacillus atrophaeus) bl B 4
FOFFE TR, I 28 T HAELY
B 4 A0 T i AR 7 O T A R MO G AR Ok
B. atrophaeus ] PGPR YJREZ W52 B 1, BR=2
SVUIRIE B. atrophaeus BRI IE A2 P K i 3
PERYHE AL, (RN B 5 R 0 i B s 1k &
FEm|NE R RE T, X ER A R R R BT
F LR . ABFFEH HL6 (B. atrophaeus) A
A BRI ™ TAA BB T, HES W EPS FIEL
ik, WHEEREXT 6 Fh ki i E R R
AR, G X i 4 A T8 TR (Alternaria
solani) M JNT= % & (Thanatephorus cucumeris) 4
PO e . X AR AR . PO 5 ) fE
ARGl HL6 B I % 22 Dy e i A= M v ) i 2
REUERE , AR T DA AE A A R B 7 28 ) B A
IS

BT £ 27 AT 1 (Bacillus aryabhattai) R A58
1) 396 B8 38 N7 RE T T 48 52 QT . X Bl 3 5 H
ENRE L2 E )2 s S, RSt o R H
Iz oA T R EAEY AR S, B BRI AR
i S AR AR BE 7, IR REIE ™ TAA L A
PR AR R SR L AR R A K B g
HGS (B. aryabhattai) I T 5T £ 6871, H
HeELEA . W™ BPS TR, 5 HAEWEE
JO7 7 T A SCRR R T — 20, g — 2 R T
TE 5 DX T RGP FT R . 2R BT RR [C T
(Priestia filamentosa) [ A ZE R ZF A W&, 5
HOHT N BT R IR TR . 1R 19 AH 5C PGPR
WF ¢ e 8 AH X 8D, B Priestia J& H A 5 51
Un P. aryabhattai (BN JiL B. aryabhattai) C. %% iE 55
H A 2 Fofe A o iP5 A BF 58 HL3
(P. filamentosa) 3 B tH 1 2y 5 i 1 i} £ (12%
NaCl)FlTif 5(-20 bar)RE 1, [FIAFHEEBR . &
WEFN” TAA TRE, & — PR EA MRS B L3
TR R bk, AL A5 e 2 i e A
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oy el S T BAR AT

N A= 12 B (Pantoea endophytica) 22 T J&
BRI I B, SR A R R AR PN 43 B R AR
BT Z AT TAEY AR BRI Y, Al i
oA B, 7 TAA SFZ LR HEAE Y A
K1 AKBFSE b HL12 (P. endophytica) %t RT3
W (Thanatephorus cucumeris) 3¢ B8 H 4100 il 36 1 ,
Yo RE T AE AR B A 5 T AR Ty T 2E
SEAUFT B (Peribacillus frigoritolerans) 1 Bz /R Bt
KLEHIFFEE (Paenibacillus peoriae)¥?) ) PGPR 5%
i ULIIRER o Peribacillus frigoritolerans F. A
BRI BE AT ME AR 1 O,
2H 1 525 TR RN Y U B I 3 BT AR AR
YE Y, Paenibacillus peoriae W% ) V2 18 N
AR, AL AR 2 T T W T ) A e
EU AT R HG24 (P, peoriae) e ELIERE . 7%
IAA. /= EPS Tifig, JEX S Fi J5 o i B A
HFEH , 5HAE A B PGPR ) SCHk R & AHWY)
&5 1 HG3 (P. frigoritolerans) B 3% P H — & 1Y
A Ty, AR R, FRE T
Al
3.3 EHMEFHSXEESEE MY

PGPR 7ESZ PN HI TP BET AT € FE T R AR L)
AE, ARRFEEE b IR T XS H AR D5 e
(Rt 52 B8 3 DL Ko Z2 T Al A= AL A =2 18] ) Bl ) 25
AN Y o E= 1 BC N S bt = S 5 &
A ZEREREN . LR IR AR 2 A
BRI EEARIED, PO e L, . W i
W i it N PR e i M, L Tl BRI AH B )
() TR RO TS B I P 2R DG E B AT o AR
T2 E PO R GE AN, O B R Y
A AN AR RN TV 4R T E AR

AR W], BR HG3 4b, HAx 6 tk
B (HL3, HL6, HL12, HG8. HGI12 Fl HG24)
PRI A AN T A K, RIE 2 Iy A
(35 N BT (0-4 hy, ddGE AR ECE R, T
16-20 h J5 it ARSE W], T RELERAH = % AR
EERKZE 360 UL, XA KAFERA], HL3,
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HL6. HL12, HG8. HGI12 1 HG24 H.4 KL i1
B A KRS E M, REWETE 2 Sl P ekl
Tolb A& el P i AR . ARBF9E o HG3 78
BigE 20 h J5 BDE A T3], HoETodi R0 Wik
FIHAERE . X PP T RER T LA T L
MR . (1) fCEReE . R 2T 2R e S
FRFER Y B ZE IR AR Y, PERE S TR A
fift, FE ODgoo I F RS, (2) ARG
TR AE R S B AR HIA R, KA AN B K
RBWES | LA, Xl RES HG3 A pus T
B HBO 3) B FRAMAIE . HG3 % i FE T
ZEFAT R, H ARG 7R 1% B8 ] 58 o 18 N KR R
5 AW R IR AE(28 °C) Ul 5 2 B Bk
{HXF HG3 1 & I e 42 Ol i 32 ERR, AR
WIENBERE., X—HEHER, REDRIER
PGPR Tt 0] BEAFAE IR BEE N oAk, 78 R BRI
VEFN T REVE M v iy 25 AR S R S M e T
AIVCECHERY, HG3 B ZE T R T H A
B A N AT S, (HHAE AR KETHA(0-20 h)
R E R . . 7™ IAA FE. 52 S
AT Aerh, Al R L S AR R . )
RE HAMYERR(IN HL3 . HL6)E I, Mitif ¥ H
*hARIEDIRE

FEM ERPE T T, PRIRR ] 22 5 B0 . HL3 I
HL6 7F 12% NaCl 244 MR IER A K, R
Wesm TR ERBE 75 HL12. HGS 1 HG12 1] i =%
9% NaCl, i HG24 7E NaCl ¥k i #i) 4% A=
K2, %225 0 Re 5 WA OR TR AR Y AR PR 1
AR S, HL3 A1 HL6 4394355 [ 2R 40
MBS AL, X 2 PR H o0 A0 F R b A 5%,
HAR PR A 9 mT BE A a3 38 7 e Ak B i Rk
FIMERHLE . CA MRV, PGPR WEhtES
A AR | A 25 #4185 ) Na'/H' )z
6] 128 R G s VIR 24 et A, AR
HL3 1 HGS A {fif5Z-20 bar [ H BB MG, @
N R B R T o A o R R R AR
it A Z AR AR R AL, HARPRGE Y

Al REM 0L EPS 43 . AW B B R
J A RS Y TR IR EEPY AR PR RE M
Bk HG3 4, HAAWEHR AT pH 9.0 4514 F/E
e, a0 N R M X f Ak - 7 MR
T A TR VI R 28-45 °C, FEML S IR AR IR
AT AERZIR . %8 R X 82
PRV 2E, SEBRIH AT a8 A 00 A A ek A B BE
PRAZANET A LA 5 B RR AT R o

4 &

AHIFSE BB ZR I 3 BB R A A ) (A
FEMD . SRR . ERITOTOM R 3 rp g3 B 3R
5 62 BRANEE, Z0five &3R5 7 bREA N T
IR IR PR AR T (HL3 . HL6. HL12, HG3,
HG8. HGI12 il HG24). i#id 16S rRNA & [H 7
G4y #r, X 7 BE KR 3 B %8 € R Priestia
filamentosa . Pantoea

Bacillus  atrophaeus .

endophytica . Peribacillus frigoritolerans .

Bacillus  aryabhattai.  Bacillus  subtilis  subsp.
stercoris F Paenibacillus peoriae. PrilitEiEH
7N, WPk HL3 Fl HL6 7E 12% NaCl # 3 £ v Ji&
ThBELERFA: K, HL3 Al HGS XJ-20 bar 12 7
R R A 20, B e Y 3 6 Tk 3 AL
TR E WAL, B d v g RIX
i A B R AR ) o TIRERR TR A R
HL6 H1 HG24 A [F] i H & [ 0 i\ ™
IAA . 7 EPS ™ gk ik 5 Fife A DhRE, o
B e IR B R A O M, RN R B
AEPE . T AZ RE T RIAE BT O, BT kR
Wi A - AR W 2 TR R AR e TR, S
S 30 3 7Rk K R R g — 20 5 ik N
WOR

&% STk = FA

Hhph . SR BOt . BdRERM T, IR3RS
g TERR: SCUbhlh, BB, ERKE: Bk
M, RIBCEES; BRI eSCB e, $RAETTIER, o
Bl Eifle: escEs, HE.
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