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Siderophore-producing endophytic bacteria in the root
nodules of L espedeza daurica: identification and examination
of growth-promoting effect and stress resistance

YANG Kaiyuan"?, HAN Lingjuan'?, LIANG Yinping"?, HUANG Chen'?, JIANG Lin'?,
ZHAO Xiang %, GAO Peng '?

1 College of Grassland Science, Shanxi Agricultural University, Jinzhong 030600, Shanxi, China
2 Key Laboratory of Model Innovation in Forage Production Efficiency, Ministry of Agriculture and Rural Affairs,
Jinzhong 030600, Shanxi, China

Abstract: [Background] As a special structure of plant-microorganism symbiosis, the root nodules
of legumes contain abundant microbial resources. The siderophore-producing endophytic bacteria
in the root nodules can promote nodulation and nitrogen fixation. However, it remains unclear
whether these bacteria have a direct growth-promoting effect on plants. [Objective] To screen out,
identify, and examine the growth-promoting effect of the siderophore-producing endophytic
bacteria in the root nodules of Lespedeza daurica, so as to provide a new way for enriching plant
growth-promoting bacterial resources. [Methods] The CAS medium was used for the preliminary
screening of efficient siderophore-producing endophytic bacteria in the root nodules. The liquid
fermentation was carried out to examine the siderophore production. The growth-promoting
functional media were used to measure the growth-promoting effects of the strains. The stress
resistance of the strains was determined with the YMA liquid medium with different salt
concentrations (0.01%-9.00%), pH 3.0-12.0, and culture temperatures (4-60 °C). The pot
experiment was carried out to preliminarily verify the direct growth-promoting effect. [Results]
Forty-eight strains possessed siderophore-producing ability, including 9 efficient strains, which
were TG4, TG9, TG13, TG15, TG28, TG32, TG38, TG76, and TG78, respectively. The siderophore
production of the strains varied within 26%-93%. Except that TG28 was identified as Priestia
megaterium, the other 8 strains were identified as Brevibacterium frigoritolerans. TG15, TG28,
TG76, and TG78 could secrete indole-3-acetic acid (7.62—64.90 pg/mL) and ACC deaminase, fix
nitrogen, and grow at 0.01%—-5.00% NacCl, pH 4.0-12.0, and 4-37 °C. TG15 and TG28 significantly
increased the stem diameter, and TG28 significantly increased the plant height of L. daurica.
[Conclusion] There were siderophore-producing bacteria with growth-promoting effects and stress
resistance in the root nodules of L. davurica. However, the growth-promoting effect on plants was
only reflected on the morphological development. The results indicate that the growth-promoting
substances such as siderophores may have a positive effect on the nitrogen-fixing bacteria.
Keywords: Lespedeza daurica; endophytic bacteria in root nodules; siderophore-producing
bacteria; growth-promoting effect; stress resistance
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BR(Fe) /et MG AW R K kB 0075 1)
BOLER, S HHMANZMOCEEANE, 7
GG WP K AR [ 055 Tk A
ERY, BR Fe et Bh S RER, HHFH
DA Fe T AP e, NG f . Fe B
Z o RO R AR R R TR AL,
H A, il oo R ISR 4 = 158G 44 Fe 1Y
FETB, SR G B 8 i TR ™
LA IR IE IR S e A R
FAEAA R EY A B R s R
Aok R 58 RS EEE, gtk
A= R R IRY . A o R A SR
Fe WK, 7ERMS LI FRHFIE R T 2%z
A G WIME AL Fe, 438k 244 (siderophore)
S Pl By B Hh X R 4
R A A 4t TR R Ry 7 4k 244 2 TR (siderophore-
producing bacteria)®', FABASHE A JH FEIIR I i
Fe o3& A B o ROL, IHHEARMAI N, dhE
SRR Y5 g Fe B 5%, xR APy B
M7, BRI SR B AR AN R B 5 2 R T
MR, . &R FH%E D e 2% (Solanum
nigrum)fid [l 3 B3] 2 ks R BUALNTE ;S
SEPVNFT 5 )8 (Caragana) i) HR [ 43 2 51 14 Hk
FERRERAN R, Hd 6 MR R RE T B .
SR 248 I 53 AR L 240 T A A7 R B 0 1) - 38
oy e iR B, fREME S 2 AR R, TR
SEhrA e aCR AR Y R P A A A T
THANE, SHEYMEAEEMER . S5,
HARZ AR S 2, FEa 2500,
HAR A BE S FE & LU AR BBl a2 Rk,
FEH8 0 R AR N A 2 R T A A T
BRI . AR S (0 RT RR L R E B BR AR

ML JRE A - T W e A R R IR G ), 25
F BRI, B HESE R [ R A RS
J8i N 4= 41 B (non-rhizobial endophytes, NRE), %%

JeR [ AN TR FE S AR B B, [R] g v A 25 26 TR
YIsE4g Fe S8 5700 R, A BrBeis S48 L 1
41 7 11 (Ileghemoglobin) i 5 B 1ML 21 2 130 [ 4
JIT T I AU, PEARASRE T R R A,
Xt Fe BYFF RS AU, Bi &R 14 (Rhizobium
leguminosarum) fil & 75 H A& 3 98 1 (Sinorhizobium
meliloti) 55 RE A% F1| FH P9 U 2R 3R I IR Fe, I H.
HB AL b %! 4RI Chatterjee 551
IR, G2 A MR TR (Bradyr hi zobium japonicum)
USDA110 JoA L IR PR B A I, (H 4w
Z/0 3 DOMEBRBARE 1 E E e I RE R
Gt, EWRAE BRI A5 A w ae e A B &
I3 WA N IR R B, R N8 A MR T Sl
FHAMEER BRI UK Fe.

WO PR AP F 2 AR S5 N AR A s, H Al
CWmENAE 20 KB, BIFEMHTFEE
(Phyllobacterium) . Z-#14T 1% )& (Bacillus) . 12 )&
(Pantoea) . %5 4T % )& (Brevibacterium) . 557 # )&
(Streptomyces) , (ASIEAT [ & (Microvirga) . T
14 J& (Enterobacter) | {1152 [X 14 J& (Burkhol deria) .
#i % 3k 18 J® (Staphylococcus) Fil A 3 #F & )&
(Acinetobacter) %1021 e e s 4988 Py A 41 T 7E
Z SR ARIE th A 4 A, anKk (Glycine
max) . f£4E (Arachis hypogaea) . 77 = F-(Sophora
alopecuroides) . % £ H 1 (Medicago sativa) . %%
7 #i(Astragalus sinicus)Z:2229 ) HAEHR N S
A FMPAHEAEN, R E S 2R E R A ¢
R, KRBT ZWEY AR 07 sk | gk
P = i v %) Thanuja PR E
(Vigna mungo)HJE 7B 3] 2 Bk ER AR I AR 20
[, BERS LIRSS , 2485 i &Pk A (Candida
glabrata) 1 #4 47 /& 2k 7 (Candida tropicalis) ;
Pandya 25PN 4% 5 (Vigna radiata) i) 26 #RIE45 9
AR 20 D R BA B T A TR R IR, BOIEAT IR
(Bacillus anthracis) 4844 & I3k 46.77 pg/mL.
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X R W] G R YL th AR e B 7 Bk A g
FRO PN AR AT, A 40 R LA T AR
{H R 5 X R A HLA A A o R I

519 B R 7 2 SR (Leguminomas) ] 4 1
J& (Lespedeza) () Z24F 4 REAAE Y], fig5 MU R AL
A HEEAR S R, EMEE. ARR KL, &
INPEE P R 2 - FERARK AR oAt
IPE 4 AT Rk &k 2.25-18.83 mg/kg,
BN 6.84 mg/kg, RAEHEHL + HEFRIr 50 Gihr
WA N 4 9, JRERAERY, RFI Tk 1 L
KAy R XA K . {2 Palaniappan 20
N [ B A SR AR AR Ay 25 B 29 MR EA
FERERARRE T N A AN, A SRR T IR
PR AR P A AN ST A X A,
Fibt, AHESE R 1 AL Tk 2 AR IR
A TR R AT O AN S, I L A A
M, S AR I AR A ER, DA R
W 2% HLAT T3 i O MR Bl 0 A T R 4
BER RN BT, R0 AR 8 S T RHE Y
i A= TR R AR (LB (£

AR

L1 #HiAEHR

LA 2021 4F ALLIPG 45 Fh A B < AR
1 53k 5 AL TR 70 25 1Y) 88 ARalifb ik,
4 ORI ETF LR K2 E R Rl s 2= 04,
1R H8: SC ik [17-28,35-38]1X. 43 T JU AR 83 1) 445 9eg [
S R AR S5 N AR A T
1.2 EHFE

Bt H 22 iR B IE (yeast mannitol agar, YMA)
R 5 . PKO (Pikovaskaia’s) TCHLEE IS R 5L . 5%
S WG ML 3 e 2 25 SOk (28 TC il , e B2 1
i (tryptone yeast, TY)WR AL F: 522 SCRk[39]
Fit il , 4% K75 (chrome azurol S, CAS)}i K%

CHK[40]RC i , 45K B (modified King B, MKB)i#&
PG IR 22 SOk (411 BC ] 76 % A 2 1 R s o
B2 SCHR[42]RC T, Al B35 3R 5% | BT 20 DL JC &
(Ashby’s nitrogen-free) 15 #& %t . JC & (nitrogen
free medium, NFM)}5 5236525 SCHR[43 B0 H, ok
K DF (modified DF)}5 35522 SCHR[44]RC T
1.3 FELFIFNLEE

PCR ¥ #8ili &, UK EAA; HAR
AN BN E b e, mEEESRAE, Hilg—1H
oAl WA, g LAE KRS
iy, EPRILEHAHE]; e RG &, M
QN AL, RiEsE R
oAl R IREOHL, WA E]
BB, Olympus A F]

14 EMELUREEROS &

KL TR 4 CUKFRBUGR S, BT 37 °C
KL 2 min, FIHRET TR, G HEE RN R
52 I AR LA YMA 55538 |, 28 °C
fEIR IR 24 ho PRBCREVRIEEFTE TY WiAkS:
FEHL, 28°C, 180 r/min [HIRYRFH KT I 24 h, HL
10 mL iR T 4 °C. 10 000 r/min &.0>
10 min, 8% B, FTCREKHEE 3 0, ik
R MR IR A 5 mL LK, 7
S3RE], AT ODgoo 23514 0.1, 0.5, 0.8 1 2.0,
#=Ho
1.5 ZEEHARFEHRSEERRENEAT
B

WL 1.4 ¥ ODgoo M 2.0 WYBEE 5 pL %
FITE CAS Ki e 2k b, T ™ ik 2k M4 e
AR 4 EE M EREREE T 28 °C
TR TR, 7258 5 KR T8 k>
W2 3% B el LA (D) MR V& BAR(d), FFT 3 ml i
PEFRE(D/d) . K AT 4 =30 190 5 T ik
TR e 25 .

- O “H>
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1.6 ZEEHARFEHRBERRENEAT
R E
1.6.1 FASHFEMER

W T A 7 Bk A A R PN A A TR 4 A
YMA 536 b, 28 CCIHIEAME RIS, B2 K
WL VR TE SRR, I B AR ; S5 SCik[45]
B 7 R R I TR R AT S R | 2R G
o, WG RN, BRI 50 1K,
FAH FL 5T LS TR AT SRR
1.6.2 HEBHE VRN E

22 SCHR [46] 19 J7 12 % 7 2k 4 A ML 98 79 A=
YN A TSI RN B2 A S L Y R K R
I BH R SR AT ER LT R R I AE
1.6.3 A< AR B E

BRI 196 uL TY WKE;FEET
96 fLAR, MZHX 1.4 o ODgoo M 0.1 B TR AN MK 4 uL
AT TY Wik, BAEK 3 REXR,
28 °C. 180 r/min fHIR#RHIEFR . & 2 h HEIR
G 7 35 TR ODgoo, HEZLMIAE 30 h, Z:ifil4:
S

8 BT I B o X 5 K I I B L TR
it G,

_ G-t

3.322(A - A)
itq:' G jﬂfﬁlﬁ, Al\ Azﬂ‘j . b lﬁﬁfﬂ”u*ﬂi
T 225 WX 1Y ODgoo fH
1.6.4 16S rRNA EEHFIHUESERZLE
o

FH TG TR 2 Rl $k B ik 28 A AR 9 2 2 T
R YE, BTHA 20 pL JCE KA PCR %
He H, 78 PCR Y L 95 °Clin#h 7 min, 4 °C,
10 000 r/min E.0> 10 min B IERAE ARH DNA
#% M. 40 16S rRNA K@ M54 Pl

(5'-AGAGTTTGATCCTGGCTCAGAACGAACG
CT-3")H1 P6 (5'-TACGGCTACCTTGTTACGACT

TCACCCC-3")%I ik DNA #EA79 4., PCR [

MAKZ . 2xTaq Master Mix 25 pL, . i
519710 pmol/L)4% 2 uL, DNA Fi#iz(10 ng/uL)
2 uL, ddH,O 19 pL. PCR JZJW2&(4: 94 °C 3 min;
94 °C 30's, 55°C 30s, 72 °C 1 min, 30 M
FR; 72 °C 5 min, PCR =48 1% IEHEE G
LKA A 4 e, 262 T A T AR (i) e
HIRAFMF . #4530 16S rRNA JEH 741
W B2 P k4 DNAStar Fil SeqMan T2 5
HEATHHER N TR, g5 3145 1 P 51 4248
NCBI ¥ F 155 %5, FFIH EzBioCloud
(https://www.ezbiocloud.net/identify/) #t 17 J¥ 41 kb
XFo i MEGA 7.0 {44741 5 EzBioCloud
dm R R P S T RGE LB AT,
K F 4B 457 (neighbor-joining method)F4) 4 R 48 &
BHH, HJRE{E(bootstrap) A 1 000 YK,
1.7 ZE5BEMRFs8RkRENEMNE
BYER B AR RN FRIK E R PSR IR BE 11 B9 E
1.7.1 SBAEMNRIEE

M 1.4 H ODgoo M 0.5 BY B AR 500 pL,

FEAFE 50 mL MKB JRIAE; 73, DIEfp e
KRR SRR, B MR 3 KEA,

28 °C. 180 r/min fHRHRZH55% 48 ho B 5 mL
ReFEU, 4°C. 10000 r/min 25.0> 10 min, H(1 mL
FIEWR SR CAS YLl s, #E R
1 h, £ 630 nm P KA EWIGEA). L2k
B OKAE okt BRE R, A W) O 3k 0 4 A
TCR K B RO EAE N S EA), THE
Su fEMY,

U (%) {%}xloo

s SUEH RSB FRIK 7 (%)
1.7.2 F=EREIARRE

X AR R AR AR BE T R 4y, HE AVAREL
{HYE F(1.0-0.0), L 0.2 AH—1aIFE, AR/
0.2 ¥&4hn 1 A+, PEREARE 1 BORTE MR HY
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AJA— IR T 0.5, SU KT 50%47,

1.8 ESERRFFHRBERRBERNERAR
H AR & AN ZE

1.8.1 =4 K (indole-3-acetic acid, IAA)

K SalKowski Fb (5 & bk P TAA fBE
J1, WHL 1.4 1 ODgoo 4 0.5 PR 500 uL,
R E] 50 mL &4 L-(8 2 2200 mg/L)) YMA
WAREE SR, BT 3 KEK, 28 °C.
180 r/min HIRARIH R 9% 2 do L 5 mL 55957,
4 °C, 10 000 r/min #.0> 10 min, B 1 mL ¥
WS AR R MRS), £ 530 nm KT
W HW R . bR 2k AT 3-m] Bk & 1R
(3-indole acetic acid)by HE i il 7F
1.8.2 FHHER

W5 1 14 7 R R A AR TR PN A 2 TR o ) A
EREE MRS AE |, 28 CCHETR &1 T B 5%
3d, BATEE T RS B R B
1.8.3 f##

W5 A R 7 R AR A AR TR TN A 0 R 3 ol
F| PKO JoALBE S 57 3L R 5 4 WA LIS Ky 77 3k
o, 28 cCIEEFAM TSR 7 d, WK JEBEIE &
75 I P O B
1.8.4 fEsH

W1 A 8 7 R 2R A AR TR PN A 2 TR e o B i
PRREFRIL b, 28 CCHHIRAMFTHFE 7 d, HE
JE TR ka5 A P A B9
1.85 E&

W5 1 1R 7 R A A AR IR PN A 2 TR 4 Sl
F| NFM JCR B IR A0 D T AR 973
TE 2 FhIE SR AL b2 5 ACERRB IE W A K iy
BRI Ry LA [ R
1.8.6 7= ACC Bt fs

W5 A0 R 7 R A AR TR TN A 2 R A B ek
R DF ¥ bk b, 2t 5, felh ACCh
Mk — ZRUR A K 1 B AR AR ACC B 22 18 B 4

1.9 ZEEHARFEHRBRRENEAT
U RO ZE

ik | T R AP I A« 43 ) £ NaCl 5 &
1 0.01%. 0.1%. 1% 2%. 3%. 4%. 5%. 6%.
7%. 8%. 9%F1 pH {Hi} 3.0, 4.0. 5.0, 6.0,
7.0, 8.0, 9.0, 10.0, 11.0. 12.0 i YMA &
Bigrsk, FHBWMIE 196 pL AN[F] NaCl 7% i
AN pHAE R YMA WK 7255 T 96 FLAR
WZHC 1.4 1 ODgoo 4 0.1 HIPEAEIE 4 L HFp |
ANIF] NaCl & & AR pH EH YMA AR 5%
B, HAEK 3 RER, 28°C, 180 r/min fH
PP KSR 30 h, BEHRACINE K5 S5 ODgoos

L AR AZ I E . L 1.4 1 ODgoo
2.0 BB 5 ul, HERPTE YMA 55373 |,
AR 3 WEE, H3ETIERER 4. 20,
28, 37 fl 60 °CRYfEIRIGF A PSR, 3 K
W78 1 7% ELAR(D)-
1.10 FHBEREAEHENESEH
A OR e e N v

CEA R AR Rk i L W ERE L AR A
PERI T . IR 32 M A A AR, BEHCR B
K TG15. TG28. TG76 #l TG78, HF# A%
NI R R AR IR . ek —HR R
W A —BUA S R PR (B AR 15,
H 1L PG A0l K 2 Rl Bl 2 S0 0 S 4y, S
T5%H LR 30 s, LHEKMETEE
FH 10% NaClO % ¥ iH # 10 min, )5 FHICHK
VR 6-8 o TGRS 2 AN 28 78 2 1 Fh
T3 B RS A O e A e, B A R
10 %7, RN 25 °C BB HAH 16 h/8 h (O
HE/ZRIE) . AHXHREE R 40%—50% 1Y HE P 15 77 17]
TSR, WIRDE IR R TC K. FERESR 10d
JEIE, AR 3 MRKHR RS BT
2. BiF WAV R 4 A HE 50 mL JCIE
JKF 50 mL FEA% % (Hongland)'E 2, PREFHE
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JlRiE . TERFRA I ZE SRR 1.4 ' ODgoo H
0.8 AU 1 mL (3G #50h 4x10° CFU/mL), X
R E T TCHE KA AN B, RERE 7 d R
B, L3RR 3 . 7RSS 1 IR 60 d JEHURE, A
FHE RO e R R AR S . MRS, FIATIERS R
ROME 25K, BT DA R b3S o
J& . RS RE5IE T SECGED ).
1.1 HiESH

FI ] Microsoft Excel 2019 ¥ HHACHE , 7
JH SPSS 26.0 #EATE R /T, XFik 5 BB A
PR AR AR MR IRE N A AN TR I T IA ERE A. BEkik
X FRIA R HAAME AR E R bR . R £
FH RN A Wik S5 8 Bn E A7 BRI 28 25 40 B Rl R /s
B M 22 F 7 (least-significant difference, LSD)
Z 1 8 (P<0.05). FH Origin 2021 Giit#fF
21 P R B AR T A A A K R L AT
PEFEEL . R AR X F B PR R . AR
KRR A R R AR A

2 EREG5M

21 EESEPERFEHSSARBRNENAER
HITHLE R

88 KRN AL AN T A7 48 Bk A Pekak ke ),
TE CAS ¥tk ERyal s s E0h 1.13-6.81, H
o AT PETE B>3.0 R 9 Bk, 4300 h TG4 .
TG9. TG13, TG15, TG28. TG32. TG38. TG76
M TG78, i Ky P BR AR A0 TR (] 1)
22 EEEBEPERFEFSEARBRNEAR
B9 5 F L
221 FEISHHE

£ YMA B34 K 48 hJa, 9 BREm 4k
ZR AL PN A A DA 19 TR V% LA R 3.47-12.19 mm,
WIS Y . A, R ok B
TGY Hl TG76 METE NS R PR, Ha 7 BRiE
FA TRV 10 B 55 (K] 2A)

8_
2k ab

=g
=
g
B
&
——ic
(=W

Solubility index (D/d)
(98] =
—
(']
HH o

2
T

T

0
O 4@ (B (N (PP (G

Strain No.

1 ZE5EMRFEFHERRBEALEHAER
ARMEY KPP ARNE FRRRE R B E
(P<0.05)

Figure 1  Solubility index of efficient siderophore-
producing nodule endophytic bacteria of Lespedeza
daurica. Different lowercase letters indicate
significant difference at 0.05 level.

JURE 1 77 4 2 A R T8 A A 40 1 ) o > P e
YR MME, JoiEM, Hf TG4, TG9. TGI13.
TG15. TG32. TG38. TG76 Fl TG78 R IA%IFT
AR, FZINA0.35-1.59) pmx(1.38-4.95) pm; TG28 i
FAREFFIR, K/NR(0.53-0.81) pmx(2.53-6.36) um
(K 2B),

222 HEIEAL4FMN

JURK R 7 R A IR PN A A AT 1 s | A 2 )
M, A LA SN R P TGS BTER
KA N B, oA 8 AR AN TR U # /K i S 1
SEAYE; TG28 1 TG78 B M ik Ak [z vy 5 B
AR 7 RRAN TR BH S W Ak S 2 FH P 5 TG28 1
LTI N SR BAYE, HAy 8 BRANTE AY B L Y
M.

223 HEKHZ KRR

H Pk TG4, TG15 Fl TG32 7E# 50 0-8 h N
A KA TFHRZE, 7ERSE 5% 8 h 5 vE AP A K3
Hoh, TG4 13535 24 h G- AFSEW], TG15 18
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SU8B100 3.00 kV =5.00k

SUS100 3.00 kV *5.00k O um  MESUSI00 3.00 kV =5.00k w ISUBL00 3.00 KV <S.00k

SUS100 3.0V <5.00k ).0 um SUBI00 3.00 KV *5.00k

B2 ZEEERRTFESEHERRENEAENEZAQ)MERESHFE®B) ai0508 TG4, TGY.
TG13. TG15. TG28. TG32. TG38. TG76 #l TG78. ¥#/R=10 um

Figure 2 Colony (A) and cell morphological characteristics (B) of efficient siderophore-producing nodule
endophytic bacteria of Lespedeza daurica. a—i show the colonies of TG4, TG9, TG13, TG15, TG28, TG32,
TG38, TG76 and TG78, respectively. Scale=10 pm.

WR 14 hGHEAFEE, TG32 758535 20 h J§ TGI3 fE8555 28 h 5 ik ARG E W, TG76 1E 55
PEAFREEW]; TG9. TG13 Ml TG76 7E#:F 02h 20 h gk AfaE W ; TG28 fEFEAN 0-10 h N4
WARKA TR, 7E855% 8 h G AtdiA: KA TREW, EHFE 10 h 5 AP A K
K, Hep, TGO 7E855% 14 h ik A e, TG38 7EH:Fl 0-6 h WA KA FIREW, R+
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6 h g AP A K, 7EXESE 20 h i AR
EW; TG78 TEHERP 0—4 h NAE KA TR 2R,
TERE SR 4 h Gk ARHA K, 7ElEsR 16 h )5
PEAFE W], 1R 26 h G EAER (A 3).,

JURR 77 Bk B ML 9 o 2B 40 T Y A Sy
0.74-4.16 h, P, TGY9, TG13., TG15 Fl TG32
BRI, M 0.74-1.47 h, BEMRTHAR
PR(P<0.05), A K EERR; TGT6 ARk,
H416h, BEETHREMKP<0.05), 4K
AL (8 4).
2.2.4 16S rRNA ERFFFHEUMESREAE
S

FiRk TG4, TG9.TG13, TG15, TG28 ., TG32.
TG38. TG76 il TG78 ) 16S rRNA F:[H ¥4
GenBank %3r5°4 OP413030-OP413038, 16S
rRNA FEH A /350 14561 4561 446,
1457, 1445, 1457, 1453, 1462 Fl 1464 bp.
i 1 EzBioCloud (4 & LU X FI R Gk F 4317
TG4, TGY9. TG13. TG15. TG32., TG38. TG76
1 TG78 582X 14 Mk i 7€ %5 AT 14 (Brevibacterium
frigoritolerans) DSM 8801" (GenBank % %54

1.0
0.8+

0.6

OD 600

0.4r

0.2+

0.0

Culture time (h)

B 3 ZS5ERRTFESEREERBENEAR
K

Figure 3 Growth curve of efficient siderophore-
producing nodule endophytic bacteria of Lespedeza
daurica.

Generation time (h)
H e
=
[=1

ef £
1t £ H H
5 b [—’ ¢) e bl 9 N o S
<0G <O QO\ QO\ QCQ’ QC)""QO% qﬁ’\ zgd\

Strain No.

B 4 ZEEPARTFEFSRBEREANEHARR
KB EIRARNG TR 225 1.3 (P<0.05)
Figure 4 Generation time of efficient siderophore-
producing nodule endophytic bacteria of Lespedeza
daurica. Different lowercase letters indicate
significant difference at 0.05 level.

AMT747813) WA RITE 53904 99.59% . 99.45% .
99.52%. 99.11%. 99.38%. 99.24%. 98.84%F/
98.77%; TG28 Sk B R B H R [G TR
(Priestia megaterium) NBRC 15308" (GenBank
kS JIMHO01000057) B A LPE K 99.45%

(1l 5)o 456 TR AR AE B A AL R R 35 SR ARAE,
E TG4, TGY9, TG13, TGI5, TG32, TG38.
TG76 #l TG78 MM FEMFTH , TG28 HE KL
TR G TR
23 EESEBEPERFFSEARBRENAR
B $X SRR X R IE E R PSR E R BE I

Jubk 7 R AR N AE A 7E MKB W)
R SR IEEEE 2 d J5, REIRMXTRIKX TN
26.15%-93.03%. HH, TGY AR F K
BT HAR R (P<0.05), 4 26.15%., TG4,
TG13. TG15, TG28. TG32. TG38 I TG78 j**
BREkiRRe D1 B0E , TGO F ksl ik me 11385 (3R 1),
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100

85 TG78 (OP413038)

TG32 (OP413035)

TG76 (OP413037)

TG9 (OP413031)

TG15 (0P413033)

TG13 (OP413032)

TG38 (0P413036)

TG4 (OP413030)

Brevibacterium frigoritolerans DSM 88017 (AM747813)

Peribacillus simplex NBRC 15720" (BCVO01000086)

Peribacillus butanolivorans DSM 18926" (LGYA01000001)

—|—— Peribacillus loiseleuriae FIAT-27997" (LFZW01000001)
86 Peribacillus gossypii IM-267" (KT240114)
Peribacillus huizhouensis GSS03" (KJ464756)
98 Priestia flexa NBRC 157157 (BCVD01000224)
Priestia paraflexa RC2" (FN999943)
Bacillus zanthoxyli 14337 (KX865140)

b
0.005 0

5 ZEERAKRTEAHKEARRBAEAEERET 16S rRNA ERFIIWEMNRRLENH

fa— TG28 (OP413034)
99

Priestia gingshengii G19" (JX293295)

Priestia megaterium NBRC 15308" (JJIMHO01000057)

5 A

GenBank %3555 73 S ni ERCFAUERANEIE; AR 0.005 0 ACRIEALHTES

Figure 5 Phylogenetic tree of efficient siderophore-producing nodule endophytic bacteria of Lespedeza daurica
based on 16S rRNA gene sequence. The serial numbers in parentheses are GenBank accession numbers; The
numbers on the nodes indicates the credibility; The scale data 0.005 0 represents the evolutionary distance.

* 1 BEERRTFSERERREBEREEREAHK
HIRAX RIL 2 RE SRR EE

Table 1 Siderophore production and siderophore
producing ability of efficient siderophore-producing
nodule endophytic bacteria of Lespedeza daurica

Strain No. Siderophore Siderophore
production producing ability
TG4 85.25+6.40b -+
TG9 25.15+4.38d ++
TG13 88.49+4.51ab +++++
TGI15 90.84+0.81ab +++++
TG28 88.98+3.29ab -+
TG32 76.11+1.11c¢ -+
TG38 91.65+0.25ab -+
TG76 74.53+7.13¢ ++++
TG78 93.03+0.67a -+

PR IR HE 2 5 RS R/NG FRER R 2 5
B (P<0.05); +: WM EREIRRETT, & AVA Y ILIEE
F(1.0-0.0), DL 0.2 K—AN[IRg, s 0.2 Bahn 1 4~
The data in the table is the meantstandard deviation; Different
lowercase letters at the same row indicates significant
difference at 0.05 level. +: Siderophore production ability,
according to AJ/A, (1.0-0.0), with 0.2 as an interval, each
decrease of 0.2 increases by one “+”.

24 EEBEPERFEFSEARBERNENAR
BY E {2 & 1

Bk TG4 4b, Hoax 8 MRaNEHI AT ™ IAA, H
H, TGS = TAA 2 18 3 5 T HAh B 7R (P<0.05),
h 64.90 pg/mL; BT A B R I4 JC A BILIR Fid 1
REJ1; TG28 HA M RE )15 TG15. TG28 . TG76
M TG78 HARARE S ; TG4, TG9. TGI5,
TG28. TG38. TG76 Hl TG78 HAG /" ACC i &
FFRE 1 (3 2).
25 EESEBEPERFEFSEARBRNEAR
B
2,51 TEEM

JUPR i P BR AR AR N A TR i AR K Y
Bl RV B B i R R, i, TG4 TGY.
TG13. TG15, TG28. TG38 fl TG78 i Eh 42
U, TEERUR Bl 9% K FR Ak EATI AT AR K ; TG32
AITEER MR 8% IR A K s TGT6 Mk
PE# 22, Him K328 R 5% (£ 3).
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R2 REEMRTEAHRBGREAEMNEOEBIEERE

Table 2 Other plant growth-promoting characteristics of efficient siderophore-producing nodule endophytic
bacteria of Lespedeza daurica

Strain No. IAA secretion Organic acid Phosphate- Potassium Nitrogen- ACC deaminase

ability (ng/mL) secretion ability solubilizing solubilizing fixing ability production ability
ability ability

TG4 - - - - - +

TG9 47.25+1.50¢ - - _ _

TG13 9.2340.20e - - _

TG15 64.90+1.23a - - _

TG28 46.45+£1.98c - - +

TG32 59.68+0.76b - - — _

TG38 2.48+0.76f - - — _ +

TG76 40.77+0.90d - - - +

TG78 7.62+0.53¢ - - — +

R B R R E AR 2 . SR NG PR RS 22 57 B35 (P<0.05). +: BRSO ;s — BAPERON
The data in the table is the meantstandard deviation. Different lowercase letters at the same row indicates significant
difference at 0.05 level. +: Positive reaction; —: Negative reaction.

x3 ZEERRTFEAHKAMREBENEAEEARBRE THEKE
Table 3 Growth of efficient siderophore-producing nodule endophytic bacteria of Lespedeza daurica under
different salt concentrations (ODgqo)

Salt Strain No.

resistance TG4 TG9 TG13 TG15 TG28 TG32 TG38 TG76 TG78

(%)

0.01 1.12+0.12a 1.12+0.11a 0.89+0.05a 1.11+0.12a 1.02+0.17a 0.88+0.18a 0.78+0.21a 1.03+0.22a 1.33+0.01a
0.1 0.66+£0.08b 0.74+0.03b 0.60+0.06b 0.67+0.12b 0.67+0.04b 0.68+0.08b 0.63+0.07b 0.71+0.06b 0.94+0.17b

—_

0.56£0.03bc 0.52+0.02c  0.49+0.05¢ 0.56+0.02b 0.56+0.03bc 0.56+0.04bc 0.55+0.06bc 0.64+0.02b 0.86+0.22b

2 0.45+0.11c  0.44+0.08c 0.47+0.13c 0.43£0.03c  0.42+0.09c  0.47+0.09c 0.44+0.06c 0.58+0.10b 0.61+0.05¢c
3 0.18+0.03d 0.18+0.01d 0.22+0.03d 0.19+0.02d 0.18+0.02d 0.17+0.02d 0.14+0.01d 0.21+0.03¢c 0.20+0.02d
4 0.14+0.03de 0.13+0.07de 0.14+0.01d 0.10+£0.01de 0.08+0.01de 0.13+0.04d 0.11+0.02d 0.21£0.10c  0.13+0.13d
5 0.12+0.03de 0.10+0.01de 0.03+£0.03e 0.17+0.03d 0.11+0.00de 0.10+0.00d 0.10+0.00d 0.09+£0.01c 0.15+0.03d
6 0.14+0.01de 0.15+0.06de 0.02+0.02¢ 0.14+0.01de 0.09+0.02de 0.13+0.03d 0.14+0.02d - 0.15+0.00d
7 0.10+0.05de 0.11+0.02de 0.01£0.01e 0.10+0.05de 0.06+0.01de 0.10+0.05d 0.06+0.00d - 0.13+0.01d
8 0.03+0.01e 0.07+0.04de 0.01+0.00e 0.03+0.0le 0.05+0.05de 0.02+0.01d 0.05+0.02d - 0.12+0.06d
9 0.02+0.02¢  0.05+£0.03¢  0.01+0.00e 0.01+0.00e 0.01+0.00e — 0.01+0.01d - 0.06+0.04d

FrP AR T ERAEZ . IR R/NG F IR 25 5 B3 (P<0.05); —: WHABEAK. T
The data in the table is the mean plus standard deviation; Different lowercase letters at the same row indicates significant
difference at 0.05 level; —: Strain cannot grow. The same below.

2.5.2 MHERERE M TG38 M FRFE LR, 78 pH 3.0 Al pH 12.0

JUbR R BRI N AR R O A R s SRE BA T AR K TG78 AIYE pH 12.0 (155
BE pH EA T 25T a PRy S Hidr, 383 BAEK  TGT6 1 32 1Y pH (YL I K 5.0-10.0
TG4, TGY9. TG13., TG15, TG28. TG32 (£ 4).
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JURR S 7 R B AR R N AE T 7E 60 °CHY
FKAEK, AhifmEiE. B TG4 1 TG13 4, H4
HRTE 4 °CA AT AR, BAT — & MR AE T .
B HARTE 20-37 °CH K R I (35 5).
26 EESEBEPERFESEARBRNENAR
B{EE1ER
2.6.1 FEHHMKREANEMAREIIES BHHETF
e =0k

FEFh TG28 J5 , FEARAIRR = 3 N(P<0.05),

FO RSN 22.3% (Kl 6, Kl 7A). $F0 TGT6 )5,
FARHR K BB R R(P<0.05), FERTIE RFE 27.0%,
R HARTC (K 6, Kl 7B).
Pl TG15 F1 TG28 i AR AT ZEAL i S N(P<0.05),
A3 EEXT BESE T 26.3%401 30.5% (1 6, 1€ 7C).
2.6.2 FEHHKIREANEMAENESBEHHETF
EYERNZRIFI

BFP TG15, TG28. TG76 Fll TG78 J&i, ik
O EAR IR R TEA RS, A5
MG B 2 22 53+ (K1 8).

x4 FLEEPARTFEEGKEMREBEANEHAEERRE pH FHTHEKE

Table 4 Growth of efficient siderophore-producing nodule endophytic bacteria of Lespedeza daurica under
different pH (ODygg0)

Acid-alkali Strain No.

resistance TG4 TG9 TGI13 TG15 TG28 TG32 TG38 TG76 TG78

pH 3.0 0.02+0.01f 0.01£0.00e 0.02+0.00e 0.02+0.0le 0.02+0.0le 0.01£0.00e 0.01£0.00c — -

pH 4.0 0.06+0.03ef 0.03+0.0le 0.01+0.00e 0.07+0.0le 0.07+0.01de 0.07+0.01de 0.10£0.01c — 0.05+0.01¢
pH 5.0 0.16+0.02e 0.39+0.13d 0.35+0.05d 0.14+0.00e 0.17+0.03d 0.23+£0.06d 0.16+0.01c 0.25+0.08c 0.28+0.04d
pH 6.0 0.61+£0.04c  0.59+£0.07c 0.57£0.01c 0.56+0.20c 0.64+0.07b 0.71£0.06b 0.67+0.08b 0.78+0.07b 0.97+0.17b
pH7.0 1.12+£0.12a 1.12+0.11a 0.89+0.05a 1.11+0.12a 1.02+0.17a 0.88+0.18ab 0.78+0.21b 1.03+0.22a 1.33+0.01a
pH 8.0 0.984+0.13b 1.00+0.06b 0.73+£0.22b 0.95+0.01b 0.91+0.04a 0.95+0.12a 1.01+0.13a 0.99+0.08a 1.19+0.03a
pH 9.0 0.5240.03cd 0.45+0.05d 0.54+0.01c 0.42+0.06d 0.43£0.13c 0.49+£0.25¢ 1.024£0.05a 0.73+0.17b  0.90+0.20b
pH 10.0 0.46+0.02d 0.40+0.04d 0.39+0.02d 0.414+0.02d 0.43£0.05¢ 0.43+£0.08c 0.67+£0.26b 0.62+0.08b 0.47+0.04c
pH 11.0 0.03+0.02f 0.06+0.01e 0.01+0.00e 0.06+0.03e 0.05+0.03de 0.08+0.04de 0.05+0.04c — 0.01£0.01e
pH12.0  0.05+0.01f 0.04+0.02¢ 0.03+£0.02¢ 0.02+0.0le 0.04+0.00de 0.03+£0.0l1e 0.04+0.02¢ - 0.03+0.01¢

x5 BLEPRTFEFSEARENETHAEEFARLEFH THEEER
Table 5 Colony diameter of efficient siderophore-producing nodule endophytic bacteria of Lespedeza daurica
under different temperature (mm)

Strain No. High and low temperature resistance
4°C 20 °C 28 °C 37 °C 60 °C

TG4 - 3.4240.13¢c 6.91£0.77a 5.77+0.11b -
TG9 1.02+0.20d 5.78+0.71¢ 11.51+1.45a 7.36+0.35b -
TG13 - 5.24+0.62a 4.91+0.01a 2.49+0.75b -
TGI15 1.47+0.30¢ 7.3240.71b 9.16+1.23a 9.20+0.29a -
TG28 1.47+£0.23¢ 3.86+0.73b 3.23+£0.29b 7.38+1.25a -
TG32 1.26+0.05d 4.49+0.74c 9.19+1.46b 14.13+0.59a -
TG38 1.02+0.06d 5.05+0.18¢ 13.57+1.16a 10.15+1.89b -
TG76 1.60+0.08d 3.69+0.22¢ 5.02+0.15b 7.55+0.26a -
TG78 1.4140.17d 5.29+0.64b 4.64+0.29¢ 11.89+0.26a -
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El6 FHRHBEREBNEAEMNESEARTFERKBEE  HrR=10cm

Figure 6 Effects of siderophore-producing nodule endophytic bacteria on the growth of Lespedeza daurica.
Scale=10 cm.
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5435{ 5/25-} 1 { g 14_{
% 0] P 2 12}
2 25t B =
3 3 g L7
3 20t s 151 7}
= ~ »n 0.8
15} 10} 0.6
10 ; 0.4
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0\“%b% 0\"3%‘0% D’O\h%b%
ST SN STV L AN
SELLEL FRLLEL (SELLP
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B 7 FHRHEFIREALEEENESERRFHRS. RIKHZHEBFW A 7 BREUARIR N A 405X
K BIECT AR E IREI . By P BREARRT A AR 20 TR 1k 5 AR AR RSE . C R BRI
AR A TN IR 5 B R T2 R s B O ]/ NE SRR R R 22 5 7K (P<0.05)

Figure 7 Effects of siderophore-producing nodule endophytic bacteria on the shoot height (A), root length
(B) and stem thick (C) of Lespedeza daurica. A: Effects of siderophore-producing nodule endophytic bacteria
on the shoot height. B: Effects of siderophore-producing nodule endophytic bacteria on the root length. C:

Effects of siderophore-producing nodule endophytic bacteria on the stem thick. Different lowercase letters
indicate significant difference at 0.05 level.
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Figure 8 Effects of siderophore-producing nodule endophytic bacteria on the biomass accumulation of
Lespedeza daurica. A: Effects of siderophore-producing nodule endophytic bacteria on the shoot fresh weight.
B: Effects of siderophore-producing nodule endophytic bacteria on the root fresh weight. C: Effects of
siderophore-producing nodule endophytic bacteria on the shoot dry weight. D: Effects of
siderophore-producing nodule endophytic bacteria on the root dry weight. Different lowercase letters indicate

significant difference at 0.05 level.
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D =TI (i g b3y T 2 ) A R O R 1
T 1L DX R T2 LR P A 4 TR T B A R T R
FIWRFE R IR, Tt DA bk 1 Jee KTt 6 5 9%, pH
i 32 W pH 5.0-11.0, SAHEFEARRL, i
R YA th A AR B BRI P Y N A 4
P, TS 256 [ R TR T A G AR AR R e
AT BE 2 H S 00 5 J7 5 1) i A P A ) E AR
T, B G R R B B B B A2 M
g5 BRI, ASBIESE B T R AR LR P AR A T
HA RSPk, T EREHEYE
el I Y= A T PR D O N ST = O T
REJy, HEmHE H ) Y
A AR I R B B LR [P
(TG28)FTH FEFE AT (TG15. TG76 1 TG78)H)
BREAFEXT R I8 Sl RAHZE TR 19%, KU
2 L 2 2 A (R 4) AS [) T P 22 ] 7k A g
NFERRZES . A, 7E0E RT3 R
B, RIE KR TG15, TG28, TG76 il TG78 7E
pH 7.0-8.0. IR 20-37 °C&M F A K RIF, T
VAHER O R, Ml (Aspergillus niger)
RL1 AE 7 fie 2544 pH 5.0 1 20 °C. & #R %
L0 BAE pH 5.0-8.0, 25-30 °CM4E R, Hikk
ARSB02 il CNRSBO1 REf% 44T A 45 H AT
RE. X GAMRAE —EER, RISPAES
S5 (pH FHYLIE 56t 2 52 ) 7 R AR A 1 45
ABTREEERRFE, FHit, #EZEA X"
BREAR AT 58 h , 580075 TR A0TE B SRR L
e AN R 25 25 3 R 0 AR A A A 52 o
AMFARRILUT 458 : (1) B B R
o R = N A et IO = N 3 R 7S
(TG15. TG28. TG76 M TG78)H A # ik 1) r= 2k
AR ) TR R PUI R, M E B R B
HrRR I RN FE40FT 14 5 (2) BAPK TG1S Fl TG28
XA R A VE AR B I R 8 & T 1%
M), 73S JH 43 00 PR R A S5 A1 2 W S5 AT X A

i)

A B2 I [ R R AR B A . AR R
THIRCT R AR N AR AR BT IR, AR N
A A B R A A A T RO B S S A3t T 40l S8
TR o J5 2fs Bk — Al 1 5 459 191 2 40
PR FA) U a0 AR A MO T I A B 3 A [
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