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Screening, identification, and plant growth-promoting effect
evaluation of saline-alkali tolerant strains of endophytic bacteria
in alfalfa

ZHENG Huiying"”, TANG Lu", ZHANG Jing', SHI Yimeng', YAO Lin', LIU Jiansheng?,
CHEN Jiaxin'", GUO Changhong"’

1 Heilongjiang Provincial Key Laboratory of Molecular Cellular Genetics and Genetic Breeding, College of Life
Science and Technology, Harbin Normal University, Harbin, Heilongjiang, China

2 Heilongjiang Guohong Energy Conservation and Environmental Protection Co., Ltd., Harbin, Heilongjiang, China

Abstract: Saline-alkali stress is one of the main abiotic constraints limiting plant growth and
development. Endophytic bacteria can enhance the stress tolerance of host plants by increasing
osmotic adjustment substances and boosting antioxidant enzyme activities. [Objective] To isolate
and identify saline-alkali tolerant endophytic bacteria from the roots of alfalfa grown in saline-
alkali soil and evaluate them regarding the saline-alkali tolerance, plant growth-promoting traits,
effects on alfalfa growth under saline-alkali stress, and colonization. [Methods] Saline-alkali
tolerant endophytes were isolated by the tissue homogenization method from alfalfa roots. Strains
were identified by morphological observation, 16S rRNA gene-based phylogenetic analysis, and
physiological and biochemical assays. Multiple plant growth-promoting traits were assayed in
vitro. A greenhouse pot experiment was conducted to assess the effect of the selected strain on
alfalfa growth under saline-alkali conditions. Colonization of strain Z-1 in alfalfa roots was
visualized by green fluorescent protein tagging and laser scanning confocal microscopy. [Results]
Pseudomonas moraviensis Z-1 was successfully isolated from the roots of alfalfa growing in saline-
alkali soil. The endophytic bacterial strain tolerated 4% NaCl and pH 9.0 and displayed the ability
to produce 1-aminocyclopropane-L-carboxylate deaminase, siderophores, indole-3-acetic acid, and
soluble phosphorus. Under saline-alkali conditions, inoculation with Z-1 significantly increased the
dry weights of the aboveground parts, root vigor, and soluble protein content of alfalfa. Moreover,
the strain significantly increased catalase, peroxidase, and superoxide dismutase activities and
decreased the hydrogen peroxide, superoxide anion, and malondialdehyde content (P<0.05).
Confocal microscopy confirmed successful colonization of Z-1 in alfalfa roots at 7.57x10* CFU/g.
[Conclusion] The saline-alkali tolerant endophytic bacterium Z-1 plays a vital role in promoting
alfalfa growth and enhancing its tolerance to saline-alkali stress. It represents a promising candidate
for developing microbial preparations to ameliorate saline-alkali soil.

Keywords: alfalfa; saline-alkali conditions; endophytic bacteria; plant growth-promoting;
colonization
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TEAIL . b, ARl =i X, T A
#3600 7 hm?, 7 EHHEIE RN 10% LA E, H
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T, AR Ak ™ ) 29 2 AR 0 7 RN R
B . PRI, 45 R m st i A R T R TR
Pl T AR Bl 2 A7 S S BN T Rk K e
HAFEEE L.

T 9 4 4 N 4B 1 (plant growth promoting
endophytes, PGPE)/Zf57F T FAEW 4RI . 41
SURERE NS A R an i 8, B &
TPt G B B E R, AR AR R E
N5 Z NS P IR A A R — 2
Wk SR A BIR, RN A PR AR
JIT s ) RE B AR A8, Ok A P ) A )

S AT R, AEA A T 2k S
WA TR B DIAE G, (2 A= P9 AR T T Y B A )
WSR3 FNFR 4 PR R ER . BRI
MR 2R 7 1 A SR e 0 A A Bl P A T AU
HERE YA, S R AR W) E A8 PR R T 1Y A2
PECL, @i, Lu ZCTPOKFER R B 8 btk
AN, bRl 22 R/ (Pantoea ananatis)
D1 7] I} AR FEER W38 T KR AR TR A M LR 43
AR, JFREFREKFE W SRR AT
B ER A SRAGRETR B, R AE;
T# #2 L (arbuscular mycorrhizal fungi, AMF)fE%
PR R 0 R SR A W T IAE AR R]  E
Wi a, JF 3 0 S 1k W) B AL 88 (superoxide
dismutase, SOD) #1152 4L ) i (peroxidase, POD)
BTG PE

L 16 B 18 (Medicago sativa)2&: 5 R B 158 £
SEARIACHEY) , B R AR o R R A N P
S, REEMREE AN, Sk, Bk
T BSR4 T A P A 20 B VR G O ok A AR
HERE STV B FEAT A D o AR5 DA R B s o
MR f6 AR R rh ik 1y 1 BRI AR, Gl
AL . 16S rRNA FEK 751 44 Je A 2

A AL SEEG XS AT S5 L o0 L R e
77 - I BE-L-F82 FR (1-aminocyclopropane-L-
carboxylic acid, ACC) it Z i . FEERE . mj|Wk-3-
Z. 1% (indole-3-acetic acid, IAA) M 1% B 1) GE
I 2 R 30 PP I TR R AR Fh IR ER B T X5 A
HAE R ARy, I & (0 9O H (green
fluorescent protein, GFP)Fric 73 55 i bk, WA H:
TESEACE A RN EFEAG O, T s FH T4k
TR A B )55 AR A R R B A

1 AR5

1.1 #HmARE

P F ) 5 A6 B 18 (M. sativa) B B g 7T
A AT 22V BB OJE VLA Hl BF 5 T 3k b
(46°32'55.55"N, 126°01'41.62"E), W5 4546 1 T 5t
AW TR EEAE T, T 4 °CUkA
PRAF, A7 RIS 56 28 I 7 20 R4 i ke 1 A 40 B
Mo 55T .
1.2 BT EREE
1.2.1 BEHETE

B B 18 H FR K b e T S B, R
B g RRAL, 5 75% LBEER 2% AR
B G TR K, SRR T
AN 43 B . BEBUE KR R 4 BB SRR
VR TR R, & 6 fRalifb)s, Kl
S H I T-80 °CIRATF&H -
1.2.2  E#k 16S rRNA EEFFIF4E RS &
B

X H CTAB/NaCl J5 ¥ 42 BUZH 1 DNAMY,
40P 16S rRNA JE[H 38 FH 549 27F (5-AGA
GTTTGATCCTGGCTCAG-3') Fl 1492R (5'-GGT
TACCTTGTTACGACTT-3")!"k 47 PCR 4" 14 .
PCR X WK & (20 pL): ddH,O 13.0 uL, . F
75197 (10 umol/L) 4% 0.4 uL, Taq i (5 U/uL)
0.2 pL, DNA #&#z 2.0 pL, Buffer2.0 uL, dNTPs
2.0 pL, PCR [N &4 : 94 °CHi A8 P 3 min;
94 °CAx 1 30s, 55 °Cil k 30s, 72 °C 4t f#
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90's, 30 MEH; 72 °CLIEH 10 min, PCR 7
W 2 3 I AR O T L R U I 3 R TR TR
(V) e A R R HEA T (25 B PR itk & )7
Gy, B I F 45 5 GenBank %% 35 JE i 17
BLAST Z #7541 LL X, FH MEGA 11 # 4L
48 4% 7% (neighbor-joining method) #4 # R 5t X &
B, 3% bootstrap (1 000 YK & &) RS
KEW O LRI MFE M, T4 8 Bk ik
IaFY%E. S8 (8w R g% 2 Fh)
AR L e T U, Xtasmbkitfr
A FRAE ALY SE
1.3 FEHRTIER IR BE 71 AR E FF I o 4
1.3.1  BEFKIT ELERL BE 1 %E

DL LB WA B 3% 38 R S Al EE IR 3L, W
NaCl i 55 £ 51 NaCl & 84300 1%-8%, #
pH EH¥AZE 7.0 S8 Li %k, A
pH 7.0-10.0 ZZ #f ¥ & & (pH 7.0-8.0, 0.1 mol/L
KH,PO4+0.1 mol/LNaOH; pH9.0-10.0, 0.1 mol/L
NaHCOs+0.1 mol/L Na,COs) 4t 1 15 3% 3 pH f2
A, RS pH 4300 7.0. 8.0, 9.0, 10.0,
B0 B R BRTE LB B3 3R3E 4 28 °C . 180 r/min &
DiREFE 12 h, PRI E (OD600=0.50+0.02),
W HAR R 2 SR [R] NaCl e B8 1 pH (B A9 85 35
Fedr, 28 °C. 180 r/min &% 1555 12 h J5 I 5E
ODyoo "WIGAE
1.3.2 Etk ACC R EEGEMNE

DL 2,4- iR R el o T R kA DN
febr, 28 Honma Y5 100 2 I HR ) ACC
JIi6 BTG 7 o A ARG I E R A Bradford! ™ iy
1.3.3 EHRFESRERBESINE

W B bR R T MKB (Modified King’s B) %%
Fikkrh, 28°C. 180 r/min 555 48 h, BT
SOV D E PR AR G R R A AR
1.3.4 FEFRMBIV ZERIAA)E BREEJIE

53 B TR BR 4% A 2 DF (dworkin and foster)
WigiHe, 28°C. 180 r/min 3% 48 h, &%
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1.3.5 ERABEE IHNE
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(pikovskaya) 1 77 3 i (U2 B 15 77 3 0 X )
28 °C. 180 r/min 537 72 h. SH T4y
Jrik, RSP O R A SR, W
PR PV B ot A A 20Kt 13 a0 A X R
1.4 EHEBFEZRAE

PR AL T (M. sativa)Fp 1 BBIp LA R
b B B B O Be i At . IR AR R 4 (pH 8.4,
EC 288 uS/cm)H H & VT4 2k i =5 75 B R
BERIRT . BN ATE Z-1 3R T LB £ 3: h
37°C. 200 r/min };FE 4%, 28 °C. 6 000 r/min
B0 10 min, HUEAARDIGE, FHICHE K EERHEA,
PR ER B R 1x10° CFU/mL DL i B -
BB TR PR 2 h IR E T4 &
ToHK ), B HAEF TR 0.65 kg Ehis 111
A o DATEAR 19 7 =20 013 P B B O R 4
AR TR B 4 JRBULH R 5 A&,
M LA B A PR IR R TG . R
2,3,5- G0k = 2R3 DU UM v P e M RAR 2R 95 T
SR FH Bl = B L 2V 2 o M i e £ 245 )
MERRIF R AR M EEA SR, R
FH A B A By 48 Ak 1k 20V 0 0l D sk i 38 Ji ek 26
) %€ #i Bk POD i1 SOD 7§, 2 43 66
R8N ik i IR A (HL0,) 7 i i Ak
S [ (catalase, CAT) 5P, R B E %R
(TBA) 3£V R 12 Jig 0 A vEP ) 52 1 vk 79— 8%
(malondialdehyde, MDA) #1 # % B & +
(superoxide anion, O,)) & ; H53E 8 JB )5 g 48
WHEWNAEY E
1.5 REFEEETEERNNEES T

PEAHF kL pMP2444 19 KI5 T 7 DHSo. 14 H
ARG, ZTUR A KK RZPIME(Gen),
i T3 J2 3 74K 3h EGFP MUK ik, i K
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DHS5a (pMP2444)7E 547 30 pg/mL HifZ R KEHE
() LB [ AR 32560 FRIZe i 3%, I ok R
A & [ AR A AR (L) A FRA Al HE Bk A
JEkE, HF-20 °)CIRA7 & . KA TSS 252l
FIZ AN, PR Z-1 IR TR IR
LB WA IR, 37 °C. 200 r/min ¥555547% .
DL 1% f L4 2 LB AR 35, 37 °C,
200 r/min £5## £ ODgyy=0.3-0.5, 7K¥# 10 min,
4°C. 6000 r/min £.0> 5 min, K F K E ST
1/10 JEARARTRS B TC T TSS i, 474y
(100 pL/A), FFET-80 °CIR-AT . I FH #sE
VLB FOoRL S A Z-1 Bz s, RS
AR Z-1 B2 S AR IR, A H R A T
A 30 pg/mL WER KR E R 1Y LB [EASE 55 5L
Lo BRI SR DN D R B e R R S B
AR A A K R

PR E M T RIS, R
T Z-1-gfp (A GFP fnic 1Y & Bk Z-1) 18 B
(1x10® CFU/mL) #2310 2 h (6 M4 & T &4 0
B ZKHY), BEHL 20 R S] HLRE FRF 26 0.65 kg
A (D42 12.8 cm., JEf2 8.3 cm. i
11 em)f, FREEHEESNRK A, B8E
Hi 15 BE, FF I SEAE 5 R R AR IC P R & 18
W 10 mL (1x10% CFU/mL), VAR 322 Fh T ik Y 45
A6 E TE R A I, R AR R, HE
P 2RI KA K 4 o B 25 d J5, BEALIE IR
3R B A AR TR IATE T, PRI 0.2 ¢ %%
WHER R E T IR, A 1 mL JorK
WFEE o K BB MR AR B 107!, 1072, 1072,
B 100 pL AR A T %A 30 pg/mL BRI
FHRIPFAR L, 28 °CHi5%E 24 h, FEBREAIFT,
FH T4 22 M W S 4 LN (928 T8 95 s, JF
DLRE e 5540 5 16 AR R 1 OB I V5 5= (CFU/g) &
BT O

TE BB N LS ARIE AR TE 548 B 16 AR N
BRSSO . FEMEERE Z-1-gfp 25 d J5BEHLIERL
5 BRERTE B A R (LA N 25 1 TC TR K B S A S
T X IR, XHM TR R H S5HEE. KW

IR EER R EI A 1 emx1 em B9V
h, CEAEIRE ) R HLIBR R AR SR i) B
BERAFENL, BEVRA S5 VA EE
0.4 mm/s, JRIE 1.50 mm, YJHJEJE 70 um. F|
MR IR £ BB [ R B R
5 5 A7 BRA R TSR b 0 R R AE 25 4K B 7 AR P 1
SERATE DL, I KR AN 485 nm, KRG
4 498 nm.,
1.6 HIELE

SIS BE (S Excel 2022 #E47401t, &
ST SPSS 26.0 #£47 . A[RIAEERZH 5 FR bRk
FH ¢ K97k MBI 22 75 2253 B (one-way ANOVA)
AT LA

2 ER599

2.1 MEBMANEENS B SiFE

W R AR 0 5 A TS AR R A SUB 5
Wm, BT NaCl¥JE A 7%. pH 9.0 ()
LB ¥igidk I, &aifh, THiLs 1 AR7E & Eh
LB 857 5E FAEK RIFMNAERE, dish Z-1.
22 NEEZ1WEE

WA Z-1 TR 2P . B . A&
NGAREST, TR FRIRE 6, N4
W Z-1 AT FAEY 408, FH 16S rRNA KA
J¥ %1 (GenBank % 3% 5 PV563462)7E GenBank
4 b E1T BLAST WX o081, M R4
EEMME D, WAER Z-1 & F B 59 HEE
(Pseudomonas), 5 152X Ta R B v 48 AR BR L 7T
(Pseudomonas moraviensis) 1B4T ff F[d— 4 32,
Feo—3PE Ny 99.45% . AR BEAALSCER 4 SRR,
BIAR Z-1 I EEL | Fpae R Eh /K e 0 B JE i 1 55
B PAPE, MEALEE . RERKAE . R eIk
TEA KA L A SR 2 T 0 S R B
RIS IE SR . 16S rRNA JE K F 514047 B
A PAA IR AR, B R Z-1 N BERIAEL AR
Yl (P, moraviensis).
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87 Pseudomonas granadensis F278,770T (NR_178447)
96| Pseudomonas soyae JL117 (NR_181891)

Pseudomonas germanica FIT28T (NR_181838)

50 P pseydomonas rustica MBT-4T (NR_181703)

76

94

7 Pseudomonas jessenii CIP 1052747 (NR_024918)
Lfseudomonas umsongensis Ps3-10T (NR_025227)
"8 Pseudomonas zeiradicis PI116 (NR_181890)
71| || Strain Z-1 (PV563462)

LPseudomonas moraviensis 1B4T (NR_043314)
100 Pseudomonas lutea OK2" (NR_029103)
84L— pseudomonas baltica MBT-27 (NR_181571)
Pseudomonas eucalypticola NP-1 (NR_180708)

100,7Pantoea agglomerans DSM 3493" (NR_041978)

Klebsiella grimontii SB73 (NR_159317)
Bacillus velezensis Xen 2.2 (PP762472)
Bacillus subtilis JIPM18 (JQ308562)

100

0.02

Bacillus tequilensis TN147 (PP563723)
Bacillus halotolerans OdE1 (OR964092)

1 EHRZ1ET16S rRNAEREFIMEBEN ARG A BN . HHEGTES A8 H16S rRNA L [H ¥ 51 1Y
GenBank 5753 M3 301 500 A JR(E HIET 1 0000k FEE A L], 7N F0m 59 (B4 IR 4 24 5

H2%; e BRI Z-1 ABEE R,
Figure 1

Phylogenetic tree of strain Z-1 based on 16S rRNA gene sequence. Strains are followed by their

GenBank accession numbers for 16S rRNA gene sequences; Bootstrap values based on 1 000 replications are

shown at the branching nodes; The scale bar indicates a 2% sequence (or nucleotide) difference; ": Type strain;

Z-1: The strain studied in this paper.

2.3 ANEE Z-1 TEEEE o Hh

X e ARAS R AR Z-1 76 AR ¥ EE NaCl 1
] pH (ERE IR P i A KAF AT T 0 #r . 45
R, KA NaCl ¥ B A pH EBG N, RIPE
(2 K2 23 . 7E NaCl ¥ N 1%-3% i),
FARBEWS IEH A5 24 NaCl ¥R 4% B, B
PR Z-1 B AR I A2 209 5 24 NaCl ¥R
i 5% W, BRE Z-1 JLF TRk AR (E 2A).
I, Hkk Z-1 BTS2 NaCl e 5 i o 4%, 1F
pH {H} 8.0 F1 9.0 BRI IEH £ ; 4 pH {H
4 10.0 BFEEERJLFAERK (B 2B). ik, HHE
Z-1 W52 pH {Efe 4 9.0,
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24 WEE Z-1 RESHEDHH

STINA T Z-1 ) ACC B Bt . gk R
AR ST . VEBERE I TAA A AE St AT T
o GERFEW, WA Z-1 1 ACC il & B M
J 15.94 umol a-KA/(mg-h); A/A, {H N 1.42 (4
RRFIAE L WS CAS KR A 5 oG
{B; A K2 I IR); AR 5o 243.81 pg/mL;
IAA MEL R TN, WA Z-1 7578 L-Trp K]
A4 IAA, HEBEE L-Trp VEEERUIG, TAA 1Y
AR, Y L-Trp ¥ ik %] 500 pg/mL
iF, TAA G RGR A, A3 7.03 pg/mL (8 1),
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T
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00 1 1 1 J
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E2 AEINaCLRE(A)FTEpH B)X EMRZ-1E KBTI o s AE 3L Be A9 RZELR

FORFIEIIRER; ***: P<0.001, 25

Figure 2  Effects of different NaCl (A) and pH (B) concentrations on the growth of strain Z-1. The values

represent the average of three independent experiments; Error bars represent the standard deviations of the

average; ***: Indicates significant differences (P<0.001).

1 EHKRZ-VREFEANE
Table 1
characteristics of strain Z-1

Determination of the growth-promoting

Growth-promoting substances Results

ACC deaminase (pmol a-KA/(mg-h)) 15.94+1.59
Siderophore (4/4,) 1.42+0.06
Phosphorus (pug/mL) 243.81+£7.16
IAA (without L-tryptophan) 4.2740.19¢
IAA (add 100 pg/mL L-tryptophan) 5.50+0.02b
IAA (add 200 pg/mL L-tryptophan) 6.85+0.08a
IAA (add 500 pg/mL L-tryptophan) 7.03+0.17a

AN NG SRR AL PR M) 22 57 .35 (P<0.05) .
Different lowercase letters indicate significant differences

between treatments (P<0.05).

2.5 EMALER Z-1 JFEBIMETEE
BEEMENEN

EXTHRLARLL, B NAETE Z-1 SRR E A
PRSI 5.71%, MK T 9.61%, b [ fif
FATE NN T 18.27% 1 18.52%, Hi i
AT E BT 10.57% F1 18.18% (P<0.05)
(£ 2)o GEARRW], PN A ] (L Eh i A b5

2 BB TEMERZINERERTEY=E
AN
Table 2  Effects of inoculation with strain Z-1 on

alfalfa biomass under saline-alkali conditions

Alfalfa biomass CK Z-1

Plant height (cm) 15.25+0.68 16.12+1.38
Root length (cm) 14.82+£0.69 16.25+0.80
Fresh weight of shoots (g/5 plants)  1.08+0.11  1.27+0.09
Dry weight of shoots (g/5 plants) 0.27+0.03  0.32+0.01*
Fresh weight of roots (g/5 plants) 0.88+0.12  0.98+0.04
Dry weight of roots (g/5 plants) 0.18+0.03  0.22+0.03

*: P<O.0S/KTFF2EFRE,
*: Indicates significant differences (P<0.05).
TEEHEAER AR
2.6 EMAER Z-1 WEEFE T LKL
BRI

EXTRELHAH L, HERhNAETR Z-1 R ETE
FIAR 26 42 T 27.92% (K 3A); TiF Sl R
FATI AR S =B T 19.06% F1 13.37%
(8 3B, 3C); CAT. POD #1 SOD &4 545 &
T 16.23%. 54.93% F14.22% (%] 3D-3F); H,0,
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Oy T HIFER T 22.67% H1 16.32% (& 3G,  HiAKM&(E 9l FEL, WkzZ-15Z-1-gp 1Y
3H); MDA &R T 13.05% (& 31) (P<0.05). A RASLEIHIEAR —5, JLF-[F Bk AT K
GERRY], RN Z-1 TUCA SRS AR E ], R TORIPR TN T AR Y O A KR
B EAE A A PR A R PR BRI R BRI T Z-1-gfp FEERAE
27 Z-1-gfp HECEBRANEREBERL  SERN0ERAENE S), SRENZ Z-1-gp

H TR PR Z-1 LA ETEARNAEN  RRER IS, 7558 B 15 LN REAG I H
O, I EE IR TR pMP2444 AR Z-1 . BFSERR, HEpsisE] 7.57x10* CFU/g, $iH

A B c
121 % 20¢ = 8T
210_ sk g 57'
& ] < st 5 of
§0.8- g ‘gs_ *
> 06 S 10F c A4r
Z 5 £
g 04 £ g3r
[ g st &2t
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Figure 3 The effects of inoculating strain Z-1 on the physiological characteristics of alfalfa under saline-alkali
conditions. A: Root vitality; B: Free proline content; C: Soluble protein content; D: CAT activity; E: POD
activity; F: SOD activity; G: H,O, content; H: O, content; I: MDA content. *, ** and ***: Indicate significant
differences at P<0.05, P<0.01, and P<0.001 levels, respectively.
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Figure 4 Growth curves of strains Z-1 and Z-1-gfp.
The values represent the average of three independent
experiments; Error bars represent the standard

deviations of the average.
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Figure 5 Strains of alfalfa roots inoculated with the
endophyte Z-1-gfp. Roots of alfalfa were homogenized
and plated onto LB agar containing 30 pg/mL
gentamicin sulfate, and observed after culturing at
28 °C for 24 hours. A: Roots of unvaccinated alfalfa;
B: Roots of alfalfa inoculated with the strain Z-1-gfp.
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Figure 6 Colonization of strain Z-1-gfp in alfalfa roots. A—C: The cross sections of alfalfa roots uninoculated
control; D—F: The cross sections of alfalfa roots inoculated with strain Z-1-gfp; G-1: The longitudinal sections of
alfalfa roots uninoculated control; J—L: The longitudinal section of alfalfa roots inoculated with strain Z-1-gfp;
A-J: Dark field images; B-K: Bright field images; C-L: Merged dark and bright field images.
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