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Abstract: The enrichment of salt ions in saline soil can intensify the adsorption and precipitation of phosphate ions,
resulting in the dual stress of ion toxicity and phosphorus deficiency on plants. Exploring and utilizing excellent phosphate-
solubilizing bacteria (PSB) with salt tolerant characteristics from saline habitats is an effective approach to address plant

phosphorus deficiency and salt stress damage in saline-alkali soils. This study utilized the highly efficient phosphate-
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solubilizing bacterium Serratia sp. AWH-NS6, isolated from the rhizosphere of Haloxylon ammodendron in saline desert
habitats, as well as the constructed pggE gene knockout mutant ( related to organic acid secretion) and complementary
strain to investigate the regulatory effects of pggE gene mediated strain AWH-NS6 on the growth and salt tolerance of alfalfa
(Medicago sativa) in saline-alkali soils from the Yellow River irrigation area of Ningxia via pot experiment. The results
showed that the application of wild-type and complementation strain significantly improved the growth of alfalfa ( plant
height, root length and biomass) and enhanced nutrient uptake ( nitrogen, phosphorus and potassium) compared to control
treatment. Meanwhile, inoculation with wild-type, mutant and complementation strains significantly enhanced plant
antioxidant enzyme activity (SOD, POD, CAT), reduced malondialdehyde content, increased proline and soluble sugar
accumulation to alleviate oxidative stress. Furthermore, the application of strain AWH-NS6 significantly decreased soil pH
and salt content, increased organic matter and available phosphorus content and enhanced soil enzyme activity. The
structure and composition of soil microbial communities were changed by these three strains, with wild-type and
complementary strains promoting soil nitrogen and phosphorus cycling, resulting in a significant enrichment of phosphate-
solubilizing functional bacterial groups such as Gemmatimonadetes and Planctomycetes. The above indicated that the key
phosphate-solubilizing gene pggE mediates the ability of Serratia sp. AWH-NS6 to alleviate the toxic effects of salt stress on
alfalfa, improved soil nutrient status and key enzyme activity, and enhanced the soil microenvironment by enriching

beneficial microorganisms in the rhizosphere, thereby promoting the growth and salt tolerance of alfalfa.

Key Words: key phosphate-solubilizing gene; phosphate-solubilizing bacteria; alfalfa; salt stress; soil microbial

community
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W7 AR D R 98 565 1) S0, %ot 2B A IR 2 M O R > o L, B8 b2 R v A7 2 2 TR Bt
WA U rei 5 v (R P ) SR B O (LI B i PR A e B R 2 | kT e A o) A, S B0 Mo 3 AN
[ B, 473 A 5 A P 4 25 M 0 0 3 o AR BRI k> i Ty RE AR 2 B TR R LA BT A A ARG
BRI TEDR R T AR A W R SR A A A B R BAT R

AW 21 ( Phosphate-solubilizing bacteria, PSB) 1 i — 2 K AR AE TAH Y-+ 3 -TUE W) R G b W R B TG
F, HLRERAAR X LB RSO BB e A DA R0 DT 3k 202 AR 0 2B I AN v 1 SBEAE ) S8R A A 2
W), SEAE AR BRE A 41 B ( Plant growth-promoting rhizobacteria, PGPR) BB R, H A PSB 5
ARG B DR LR [ N A28 TR AN [R) £ B2 XS PSB #E4T 1 2 OF 5, ZEAE P 77 20 il 5
Pt | ISR S TR IR AT MR IR R BB A BE b PSB 1 S I A LR, AR IR
W R EEFIR BB SRR RSG5 1Y Ca™ FI Fe™ S BH S, BORS I H FEARJE] FEIPREE (14 pH A, DR W fh
BRI T HIBONIE Y S FES R HURR T, B AR A A i R P2 £ SR, PSB R LANERE
WE KPR ( Pyrroloquinoline quinone , PQQ) il W X -, 7| FH i 28 15 I %0 ( Glucose dehydrogenase , GDH ) i i Ff
T AR AR S D0 e WA TR D 22 25 W PR, T S BRI PE i O 38 ¥ i A . PQQ AR BB 7K PR 2 1k
AW R —28, 1 pggABCDEF I\ TS &, xR T =S 6 DM (pggA pggB .pgqC .pggD .pgqE Fl
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paqF) TENRFERFEL L, ol pggE X PQQ HYAM & T CAT 28X paqls J PR 7E B A 494 5 0
VEMETCHURE AT T T2 F5E Y HSET paqE JEDH T PSB 7E Sk it 0 E 1 7 02 gt E A0 3 v Y
JS7FH A FHATL A 1 AN A M

SRR AL TS (Medicago saviva 1. ) LR FAIAE A2 3R 858 SR Y o sy ORI 1) o o e 5
A i AL RO O 2 7 R AR A R R T B A R ol K w Ol R R v e G B A
RN B e e XA SRy T P LT s T DX A R A 7 R R ) ] K R S R R
(S F | S B IX LRI S A Rt AR B ™ B, A 25 U AR 114 A AL oA T 1 7 0 B
1, 4 e BT AT S A DTS 56 0 3 A R A 7 o e PGt X RO R R e Sy, ST AR ST LA
WA S B LR L SAR ) , RARAR P B ARAS ) — R LA B0k M SR BCRr PR A0 R R D4R T/ AWH-NS6, S A
AT HUIR I WA G EE A pgq o R % S AL AR ol b R A A A4 R, R BRI AR TE pgq B BE A T TR Bk
AWH-NS6 , % 7 = 5| B X Eh i -, S48 B A AR A SR R 1k A IR P 2800, kK 3 P 7 B 5 | B DX R ik
b 4 R A A R A B A A A A TR T

1 #RERE

1.1 ik

B A TR T 2 T U EC TR T R Serratia sp. AWH-NS6 A HLERS> WAAH K FE [N pgqE B2k 5838 1K ( Serratia
sp. AWH-NS6-ApgqE) FlIAKMNE K ( Serratia sp. AWH-NS6-ApgqE (pgqE) ) B 22 M KX B oz d it < h
—5 I EH5 (Medicago sativa L.cv. Zhongmu No.1) B 77 & A2 IS B B 4243t
1.2 AR E P A B R G A%

K e —HEAFR I  CPFEE S — S LB R T 100 mL 4B, SEH 70% /9 L8R 10 1 min,
IRIE T 4% UCEFRENALBE 10 min, T JCHE K 0P Pk 6—8 WK, 4K 3 min, BRSSP AW S, IBE shye T
RTINS BEFRIUCEIR AN, R EH R S 2 IR LR K T, BT 4C KA EIL 24 h J5, 3351
ST A BUZ IR IS AR BB B SR, BT (22+2) C RIS R A

iz FRRER IR 10 o/ L BERERY 5 o/ L FIGEALEN 10 o/ L 1Y ELBIFEC ] LB W IART 373 , AR HERS pH 31 ( PHSI-
4F , TG ) KRS 3R 5 pH (A 7.2, 8 FH S 3 S 2875 K B AR (LDZF-75KB, 11 48 ) HE4T KB, iR 20
JE TR TAE & F 4% 0. 1% 19 b BIPKE O A7 T — 80°C VK4S Hh Y TR AWH-NS6 , AWH-NS6-ApgqE . AWH-NS6-
ApqqE (pgqE) INA LB WARKEFRH A AR (RN IR AR B HTPE 53 3R 25 pe/mL A& ZR 1 50 pg/mL RIP
TR o TEFEHCN 180 r/min IR LN 28°C BYIHIRIS F- 48 K (THZ- 300, FifF—fHRMHL) it %3558 . FHICH/KBE
BT R I B 3 WG, BB, FF IR AT WA G BE T (2600, ff7RH ) K BB R 2 0D, =
0.8, %,

1.3 Zakilge b

FEARAES T R A7 B I A A KR 1772 BT M A SR B b (38°5773” N, 106°35'10" E)
FBR R B P Fe 5 SRR A S R AR R O E TSN R 2 mm 0 A5 AR R
FEPERT UL 1, P FPRE A AR HE T B ROl S REME 25 B 1 SRS (7 BRSPS ) 3547, 15 57
FAFANT RBER (26+2)°C/(23+2) C (HR/BE) CHFE 14 h/10 hOGR/RRE) o fFRhFH 7ot
J&i , PRHUH & 8655 0 R FREAKA 2 kg HIERIAEAL (AR 16 emx @ & 17 em) , FFFELIHI A 10 d JFEATIR]
W, B AR 5 RS A B A0 T AE B AR 4 B 2R AR IR 2 mL 0Dy, = 0.8 AT IR, 7] o 4227 55
T TE B KA A6 B DA PR AR ) 9 A B SRy 2 0] R S 360 00 T B e T 1 ke /K, 355 35 0 1) 0 K o A e
TEATR s — 25, - S K & 20 IR K 0 80% , FRAI A K 28 30 d BFdbAT#hed , e ik 58—k
#ﬁo
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Table 1 Basic physical and chemical properties of soil

TR E TR R e 4 U ER) AR AR
pH Saltness/ ( g/kg) TN/ (g/kg) TP/ (g/kg) TK/ (g/kg) AN/ (mg/kg) AP/ (mg/kg) AK/ (mg/kg)
9.05 1.90 0.038 0.36 5.44 35.88 20.96 28.40

TN . +3E4 %A Soil total nitrogen; TP + 348 Soil total phosphoms;TK;iE&%ﬁp Soil total potassium; AN AR Alkali-hydrolyzed nitrogen ; AP .
H %W Available phosphorus; AK ; %8 Available potassium

1.4 LETE A AR AR E

HIAE 50 d JEHEATIORE . FH 0 ROBER JE bk s S AR IR E AR B S AR EE T, R
R (Pro) # A IR £ (R F R FRA T W i R Ml R & 5 (8 R A A ml s M ) & (KR %
PHECA BRA ) XEEAE B 4 i 7 v Mol & S AT D0 5 ot TS R (MDA) & s A AR & ( R R A
BRZY D) IS M i SRATE AP AL (SOD ) 7 I 7 557 & (3SR R FRA 7)) €
F A B A BTG (o P A ATk U ( CAT) 36 PRI R 3R] & (RS R A R /1) Tl e - A ad AL |
BRI 1 5 >R AL Sk (POD) 1R £ (RS T RHE A BRA 7l ) X 846 B 78 i ok S8 (L W i s s i) 2
(TN) fif FHEILECE RAYL (KjelFlex-K-360) #EA T , FEA 428 ( TP ) >R FBHBA 4T L 7 0 ('T2600, #17R)) 9
2 (TK) i F I )5 RO AL (PinA Aciie 900F , SE[E PE) #E4 T E .
1.5 s fb v o A s

BRI PGR G 1) £ e T A AR AT, IR 100 B+, +38 pH (B FHFRHERL pH 31 ( PHSJ-4F, T i)
WisE . 495 b i (Saltness ) SR HIHL S0 5E (DDS-307A, 5 7%) . THEAHLET (SOM) &2 % H K,Cr0, -
H, S0 M (HH-S, [F42) . HIEL R (TN) LR E B (KjelFlex-K-360) MI5E , S AL A (AN) &k H]
P HOLIIE (SPX-400B, #7248 ) . B4 8E(TP) & & R H HCLO,-H,S0, ¥ &5 il I 16, 5086 Bt bb 63200
(T2600 ,HF}) , 146 20k (AP) 2 5 R HIRIR SN2 32 - R BT L (A 1k (T2600, /i RL) . HIESH (TP) & &
FH A S AL aE R | KR IR BOETRE L (PinAAciie 900F , 25 [E PE) Il , T I3 (AK) SR BERRAR IR,
JE IR 7 ( PinAAcle 900F , £ PE) . SR - 3ENREG (S-UE) 36 Ml & ( R ERHEABR AR Ml E +
HERRG  , OR A P P BERR G (S-NP ) FOAR I BERREE (S-ALP ) 157 & (R TR A B2 7)) X L4k

T T 0B 8 P A1 T A ol P - S TR ( S-SC) T MR IR B ( RSB A B R ) Xof - e ne b g
A TIE

f
1.6 TIEHAYZ RSB

A BT ORGSR AR 38 8 R JC B Il 7, 576 32 b ) BB 25 R AR AR R 1) 438 B A 5 mL TC PR VR A7
ERWARE G, A7 T -80°C vkAa, M AAbE 6 NEHE, il H + 1 FastDNA® SPIN i 7| & ( MP
Biomedicals,Santa Ana, CA) $2 I £ 1 2 JE K 24 DNA, >k FH Agencourt AMPureXPPCR 4[i f£ ¥k ( Beckman
Coulter, USA ) 4lifk DNA, >k F 350 5 Ml B i fE Uk f 00 2% DX 2H DNA A9 58 38 M, SR H Invitrogen Qubit3. 0
Spectrophotometer( Thermo Fisher Scientific, USA ) ¥ I & [Kl 41 DNA {9 ¥k & Fn 4l ji . {f F 51 %) 515F (5'-
GTGCCAGCMGCCGG-3") 1 907R(5’-CCGTCAATTCMTTTRAGTTT-3") ¥ 44 - HE4H A 16S rRNA FL[A ) V4-V5
B, PP A I T 30% . PCR 894K R .1 L TopTaq 28 M (10 pmol/pl) .0.2 wL TopTaq DNA B4 0.2
wL 515F(10 pmol/pL) ,0.2 L 907R (10 pmol/uL) .3 ul BEAR (+HEIEF AL DNA), 5.4 L Rk, 4R
spike-in standards 1Y 16S 414 ¥ reads £ H , S HAE %P5 DU 2 il b th 2, 3 H54E & b OTUs AR 7 51 % L
PIff 16S rRNA JLDR 2045 D14, BtJE , ) Tlumina 2x250 bp X4Efh SCRESEATINE ([, b K S Rl 4
AHIRAA) .
1.7 Geitobr

K Excel 2017 HEATE0R B SR ] GraphPad Prism10.0 X #8945 38 A= AL bk | 35 B 1 S50 00 it 5%
AT R R T 22508 (ANOVA) , FIH K2 =75 (http :// cloud. g-cbiotech. com/#/ tools/ all ) X AL HJ AR s + 35
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2.1 pgqE FERA- SRR AWH-NS6 Xt 2548 1 5 A K AFE 70 W 52 i)

TR TR A R R W RN bR AWH-NS6 {23 1T 52/ HAe A AR R A (I 1) o 500 BRAR LL , 3500 B
AR RASRFN AN RR S, MR 2 B3 I T 75.24% (P<0.05) .5.71% .59.05% ( P<0.05) ( & 1) , #3443 5138
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visss oot [T

E1 pggE EEN SE# AWH-NS6,AWH-NS6-ApgqE 1 AWH-NS6-ApgqE (pgqE) 3 EHEEE KM,
Fig.1 The effects of pgqE gene mediated strains AWH-NS6, AWH-NS6-ApggE and AWH-NS6-ApqqE (pqqE) on the growth of alfalfa
Control ; RAZE AL B ; AWH-NS6 ; I 2F 5 B #k AWH-NS6; AWH-NS6-ApgqE : 4 HLER 23 W AH 5 JE I pggE Bk 2 58 25 1A B Ak AWH-NS6-ApgqE ;
AWH-NS6-ApgqE ( paqE) : 45 HLER4M WAAH D] paqgF AN Bk AWH-NS6-ApgqE (pgqE) ; A8 [ SE 1 FRm A R b 30 2 6] B AT B &2 F (P<

0.05)
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TR L0 A AR [N RI R AR 119 25 40 1 s b L 3 23 T2 =5 1T 271.3% (P<0.05) Fi1 86.11% (&1 1) 5 Hb I3
TH A5 0P E T 193.59%F1 160.33% (& 1), BeFP 7A=Y 52k 58 728 (AR [ Kb B IR 1) 52 6 1 7 1 0 i
TP HEXT BEIY 6.21 £%5(P<0.05) 2.75 £ (P<0.05) F1 5.28 135 ( P<0.05) (& 1) ; H1 T #1343 51 % BE i
10.46 % ( P<0.01) 4.17 £%( P<0.05) #19.58 1 ( P<0.01) (& 1) ,

FEFPIX = BRI E AL E SRR N P K S S 8 E 2 iR, SARIEERE YA L, R A4 A 58 AR
TN AN BR G , RAE H S FE AR B 2 RS B4 B HE S T 44.04% ( P<0.05) \4.46% .17.91% ( P<0.05) , HiFR K
SR B EFRE T 16.10%.5.73% . 13.93% , MY 1 28 & &0 5 B E =& T 55.92%,19.95% .
47.15% , Ho BFAE RUGEARST AL B SRR 4 N P K S 3 IO ol %

05 20 40
a
$ a b —
2 H sk d ™ s ™ 2 30 2 b
) CH 2
= L I < = E c
z = 10 F S oo 4
] B - B L
o1l 05 = 10
0 0 0
e 2 s =) ° 2 e ™) s 3 A =)
£ zZ § ¥ E Z § ¥ £ z § ¥
3 = < S 3 = < S 3 = < S
. s3] . m . s3]
Z 3 % Z 3 % Z 3 %
z X < Z X < Z X
= < o < = <
= A Y = A
< Z < Z < Z
o = o
=z z =
< < <

2 pgqE EEN SHEH AWH-NS6, AWH-NS6-ApgqE #1 AWH-NS6-ApqqE (pqqE ) 3t &L ETE 50 WU A 2200
Fig.2 The effects of pgqE gene mediated strains AWH-NS6, AWH-NS6-ApggE and AWH-NS6-ApgqE (pgqE) on the nutrient absorption

of alfalfa
TN .4 A Total nitrogen ; TP 478 Total phosphorus ; TK 424 Total potassium ; 4~ [a] R Fe R A R 2 0] B P22 7 (P<0.05)

2.2 HPAERY SRARURANRIRN GRS S5 A0 AE 1B 0 T RE RN AR R M s e

e AWH-NS6 , AWH-NS6-ApgqE . AWH-NS6-ApgqE ( pgqE) $& 185 T 535t 1 848 1 18 A bk il 2 82 25 & A
AR S i (B 3)  JFFEAR T MDA it (&1 3) o 5 RFEPIRE Y AR LL , A R I 20 R % & 43 il e 253 m 1
111.24% .23.53% 1 103.09% , Al MRS & w0 538 in T 58.77% ( P<0.05) ,10.69% F1 26.48% ( P<0.05) , 5%t
HEAH LY, 2 B 20 A0 5l 2 5% A8 (R (0] % b B AR 1 S8 A6 T 18 MDA 5 i, 43 501 10 3 AR T 41.58% . 8.09% FiI
35.28% , FMAHERD AL A R0 G2 it 1 AE R 200 R o o AEU A R B WA 2 B A — e PR AP VE T (I 3) o, 3P A=
R AR A ] T bR AL B 1) 22 46 5 TE AL R POD Al CAT & 219 B8 TH 5 (18 3) , POD & & 43 Bl & %t BE iy
1.45 1% ( P<0.01) .1.28 f%H1 1.43( P<0.05) £, SOD £ 543 5 2% B9 4.41 £ ( P<0.05) .1.68 {51 3.21( P<
0.05) %, M AWH-NS6 , AWH-NS6-ApgqE Fl AWH-NS6-ApgqE (pgqE) AL H (R RIAR CAT & &5 %t BRAH L 42
BT 109.6% (P<0.05) \29.34%H178.71% ( P<0.05) (18 3) ,
2.3 HPAEAY SRARRNE RN G AR R B - A7 A P TR 2 4 5 e

H 4 N, SRR A L, AP AWH-NS6 , AWH-NS6-ApgqE . AWH-NS6-ApgqE ( pgqE ) PIREFEAR +
3 pH (X 3SR (K 4) . Hid | BHikk AWH-NS6 F1 AWH-NS6-ApgqE (pggE) AbFRZH Y + 3% pH {5 S & 8
R 8.64 .1.91¢/kg,8.79 .2.25g/ke., 55X HRAR LL , B P — AR B AR X A ML 52 A B R 25 5, 42
FhTE Ak AWH-NS6 &b FH 20 (1) + 3545 WL & 12 [ AWH-NS6-ApgqE A FHZH 5 35.15% ( P<0.05) , . AWH-NS6-
ApqqE (pqqE) RbFRA 55 23.53% (Bl 4) o PPN RI B AR 48 4 50 2R A4 & 5 108 S A7 A B B 22 57
(B 4) o Horpr B AR YR (] b bk b B AH 1Y) 18 4 0 2 W A A B 5 i dic ey, 5 0 IEORE LU 4000 e 2 R v T
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Fig.3 The effects of pgqE gene mediated strains AWH-NS6, AWH-NS6-ApgqE and AWH-NS6-ApqqE (pqqE) on osmotic regulation and

antioxidant enzyme activity of alfalfa.
Pro: 2 R Proline;SS:ﬁ‘iﬁ’l‘i*ﬁ Soluble sugar;MDA;W:% Malondialdehyde;POD;J‘:i%’ﬂ_’,%l’—q@ Peroxidase ; SOD ; ALY I AL il Superoxide
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PR 1) S JOR 7% 1 S 3 0 T 10.77 % , T2 58 A8 (AR ] b TR R 1) - H9 MO Al P 44 i 2 PRI (181 5) o SR
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