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Screening of molybdate-reducing bacteria capable of promoting
the growth and regulating the molybdate uptake of Medicago sativa
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YANG Peilin', TIAN Wenjie'*"

1 School of Environmental Engineering and Chemistry, Luoyang Institute of Science and Technology, Luoyang,
Henan, China
2 Henan Key Laboratory of Green Building Materials Manufacturing and Intelligent Equipment, Luoyang,

Henan, China

Abstract: [Objective] The rhizosphere microorganism-plant combined approach has high
application potential for the remediation of heavy metal-contaminated soil. This study observed the
effects of adding exogenous plant growth-promoting bacteria (PGPB) on the growth and
molybdenum (Mo) accumulation of alfalfa (Medicago sativa), aiming to provide theoretical
references for plant-microbial remediation of Mo-contaminated soil. [Methods] The endophytic
bacteria were isolated from dominant plants of Mo tailing and they were identified based on
morphological characteristics and molecular evidence. The plant growth-promoting (PGP)
properties of molybdate-reducing strains were determined. By adding exogenous PGPB into the
soil, we investigated the effects of adding exogenous PGPB on the biomass, physiological activity,
and Mo accumulation of alfalfa. [Results] Two molybdate-reducing strains M9 and M13 were
obtained and identified as Serratia plymuthica based on morphological characteristics, 16S rRNA
gene sequence, and gyrB sequence. M9 and M13 had the abilities to fix nitrogen, solubilize
phosphorus, solubilize potassium, and secrete indole-3-acetic acid (IAA), siderophores, and 1-
amino cyclopropane-1-carboxylic acid (ACC) deaminase. Under Mo stress, the inoculation of M9,
M13, and M9+M13 significantly promoted the growth of alfalfa, increasing the plant height, root
length, and fresh weight of alfalfa compared with the non-inoculation control group. At the same
time, the inoculation increased the chlorophyll content and peroxidase (POD) activity while
decreasing the malondialdehyde (MDA) content in alfalfa. M9 and M13 significantly affected the
Mo accumulation of alfalfa. The Mo content in the above-ground and under-ground parts of alfalfa
inoculated with M9, M13, and M9+M13 significantly decreased compared with that in the non-
inoculation control group. The decreased enrichment factor of Mo in alfalfa indicated that
inoculation with molybdate-reducing strains reduced the uptake and transport of Mo in alfalfa.
[Conclusion] The molybdate-reducing strains M9 and M13 can promote the growth and reduce the
Mo content of alfalfa in Mo-contaminated soil. This finding can provide theoretical reference for
revealing the mechanism of microbial-enhanced Mo remediation by plants as well as the joint
remediation of Mo-contaminated soil by plants and microorganisms.

Keywords: molybdenum; endophytic bacteria of plant; plant growth-promoting properties;
Medicago sativa; joint remediation by plants and microorganisms
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#H(molybdenum, Mo) & sl ¥ K AT /S
FEOCE, (R 2 T A SR B UR, FE K
A AT SR A S gz AN, 4R
M, M AR IR, s g
[l H 25 iR, IR ESHT P IR 2 5 Bk v
R 14, i A HT wilR NS, G4
B AT B A 30.01%, AR 2% & B 1 40
157 DX J 00 - M R 3 e (HI{H 784 me/kg) ELIE
T S B R EQ mykg), TG
T OUH ™8, FHS Y O AT X i 1 4
SRR SRl b i [ LI o7 & R B
R, TS Yy n] i B EE L  U Sh )
LA, Skt & 8 KT 10 mg/kg B,
I HE R A2 1R TS & R AR IR .
TEW R LIRS, . EER AR
B DUR TS o =B R A TR s e R s BEAh,
SRR Gt vl S R AR AT AL AR KRR
RSN TPNE SO K= LT G PN N
WA AR, aob o 0 A X A A (et i £ 8
K, Bk OIIRIE ., B4A . IRIES A MR
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6 AR TR A AR P i 35 B BRI B AL S T T Y
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YIEEE | B M YIE R . YR
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FREANN LR TEPESEN EEBE
AP flan, Beke 22 SUOHGE M SR . AR R
K. iRl JEE S Y X 5 (cadmium, Cd)
ARCERIEARRE S, HH E A3 i B vk B AT LA
iAF] 400 mg/kg. BRWAEXT A (arsenic, As)H A H

SR AERE T, HoHE AR A MR AT Ik AR Y
19 1% DAL, S5 B i i () A EAE AR = 2
W, I ) 3R Pk A, ax s
YN R B S R TS Y I B
M, JUH R T RME Y 5 6 H TE (Medicago
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UL,y U ) A ) e SR I 22 (Solanum
nigrum) W' 43 85 0 B — bR N AR O R R E
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1 MR5HE 1.3 HTERNERRNEE

131 EFEE
1.1 #H WRZE NA B2 5 L5 5 PR A 40 A T P TR 7%

1.1.1 &R

2022 AERAR TR 44 281 B AL EH R IX (R
£ 96.83 mg/kg) 1) L # Al W) = F 5 (Festuca
elata), FRAEMYIEIE, BARMLIMITPRC,
FER A VK G A 5286 %, RAET 4 °CUKAE
o P E A ) 554 H TS (Medicago sativa) i
T FI& BRTTE R A T
1.1.2 #EZHEHE

NB 5372 (g/L): 4 AF 3.0, HEAM 10.0,
Sk 5.0, pH 7.0,

NA 8 % 3 (g/L): W H 3.0, & AWK
10.0, & fk4h 5.0, AR 15.0, pH 7.0,

B BZ L (low phosphate agar medium, LPM)
B/l #%IRE 10.0, BRREL 3.0, Bk
HEEREE 0.5, Ffkdh 5.0, BERHEEW 0.5, —
IKEHATREN 2.4, BEFRE 4N 0.5, pH 7.0,

1.2 $AREREHENTESiFiE

SR FH 2% 10 25 105 4 s i 40 9 AR A TR . LA
AT . BUBTE TS RSP RRAIL S g,
FH 75% LT 30 s, 5% KAFRENINTE 3 min,
TCHKEDE S U, R IEAR T K 7. 4%
HREBLH LA TCHEAER T, A 15 mL JEHK,
FEAM I 5 R 15 min, B 100 pL b3 R A6
T LPM [EfAREFREE |, 30 °CH53: 72 h, PRikis
R VE AT AR5 7L Al AL s A SR T
NB §; 555, 30 °C. 200 r/min 1537 24 h, il
FEWAY ODgoo 1Ho VA 2% BYFERIEEE ODgoo 15
h 1.0 1 B BB BT LPM AR RS R
30 °C. 200 r/min ¥53% 72 h 5, WAL 2 mL 1555
W, 4°C. 10000 r/min &5.0> 10 min, W biF
W, TSE 865 nm AMEHWE YMOE A
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FRAF, JFEEAT 2 e, LS A0 B 1) UL
BFHE, BAARJ752% 3G 120].
132 SFEYFEE

KA T 22 4 20 DNA 2GR & (dbat &
ST HARAT BR 2> w)) S BT BH A A= 41 1 TR Pk
54 DNA, HARL B S IO G vl i .
FI 40 38 FH 519 27F (5'-AGAGTTTGATCCT
GGCTCAG-3" ) #il 1429R (5'-CGGCTACCTTGT
TACGAC-3" )% 16S rRNA Jt X 5 31 #4747 1
A 5149 UP-1 (5'-GAAGTCATCATGACCGTT
CTGCAYGCNGGNGGNAARTTYGA-3" ) #il UP-
2r (5'-AGCAGGGTACGGATGTGCGAGCCRTC
NACRTCNGCRTCNGTCAT-3" ) 4" 14 41 2 i fiff it
K (gyrB). EAKRY MK R MR IF 2% CHk[21].
P2 1% BENREBER UK S, k2 A
TAY TR B A RA RIS T o K3k
1319 16S rRNA 5 K T3 F1 gyrB 5 KT 51 43 5]
£ NCBI GenBank %4 /7 i 19 © 1 )7 91 47
BLASTn [bXt, JfRH MEGA 7.0 W RS AT
R, PR BRI 73 2 HL
1.4 HEEEREMERESFER D

W ORAT IO N 2E A0 T TR AR AR T NA B A
30 °CHURG SR 12 h G FATIE . W . e . 7
N5|We-3- Z,1% (indole-3-acetic acid, IAA), J=Ekzgik
N 1-FFEIA N 5E-1-#2 12 (1-amino cyclopropane-1-
carboxylic acid, ACC)i 2 B M A9 E

[ U RE T I « R R I T AR e Ao 1 B 24 D
TARGE IR (Ashby B 33122 28 °CHs35 3 d I
WEEE A RARDE o VST RE T = 15 0 1 o o
T PKO JCHL# 35 5% 5 F1 o 4 005 A AL 85 57
FP 28 °CHEFE 3 d e WS B T A BBl B B A
PG DL, I v AR (D) BT TR HLAR
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(d), THRIEBHEE(DID) . fREFRETIINE « FfF
B R A TR AR R R Y, 28 °CHEFE 3 d e
WEE TR Vo AR DL o PRk B AR R T e - B
I PR AR A T % R T R I K 9% L (CAS B 57
F1 28 cCEEFE 5 d ST WLEE A Vi ] B A £ 5 P
= ARG DL, I 0 2 [ B (D) RN TR VK ELAR
(d), W& D/d{H. ACC BB IGTEM & . Kifr
W B R 42 R T 5 mL DF JC &0 4 35 35 L
30 °C. 200 r/min ¥R 3535 24 h; HL 0.1 mL £33
We 43 4R T 5 mL DF 15 73% 5280 ADF 35 3% 4%
Hh26 30 °C. 200 r/min }537 48 h, MEKHERALE
2 R R SR AP I A RAE AL . 77 TAA e I IUE
K H Salkowski’s {70 2 I R R 7 TAA 1Y
RENPT . BT R AR B AR A T 5 mL
4 IR (King) AR5 52 2, 28 °C . 120 r/min 5%
7% 3dJ&, 10000 r/min &.0> 10 min, B3 mL I
TR T A AR ZERT, AR Salkowski
Fetaim, =R BEE 30 min 5 MBS R 1L .
1.5 EHEEARRE
151 HiXZ+

KA P TSR A B I 0-20 em )2 1
YERfE 38, Kby, WTEE
i, 160 °CIHHE 2 he R HHEBERA R 7:3 I
BRREA], e FERE AP (AR 17 om,
B 16 cm), RN 15kg, 5+ pHAE N 7.2,
SV AN 0.22 mg/kgo HEE A A0 BH R B VA TR
IMAMEL e, S5EERAHS, figtd
B BE (L Mo® )24 500 mg/kg AT 800 mg/ke,
DA in B T 1 A 4 Sk o BB A BRI B T Ry
0 mg/kg), ATEiRFEZL 14d 58
152 #iike

ZALIG A DEA 500 mL K, &AM
BEGMEALETE R T, BRARRERD 30 BiFh . 4
BRI VL 4 ADNAEIE, 30 R E T+ T
K. BIETE M, L ERHF M3, LHH

fi +MO+M13 (W HRIEIRFR L 1:1 TR D), &
AREFS R E 3 M EAWREE0. 500, 800 mg/kg),
AR IS 12 AN, AALE 6 M EK
PP 7320 . SRAC E RS RE A Y KA A e e A A
PR 20 mL (B E A 10°CFU/mL), 2 )5 &
B 15 d BDEE 1 AR R, LATCHR K GEHEVE N
XFRE, 75 d RO AE E TE AR . BRI
FETRER G B G iR 2 vh 47 (R 20-25 °C,
FHRHRIE 70%)-
1.6 HENKREEBTBERKEMEEREM
A
1.6.1 EHEBEEMERNE

WA £ A BRAH S AR B B AR R, T A SRoK
PETE e, FHZEMROK YL, FHZ N 2R
HH(EDTA-Na) & i I= i 20 min DL 25 BEHR &R 3R 1
W B ) SR AR 5, e FH Al K o ok 04t
PEACTR T oK 43 o BEAL P LA b B2 5508 5 75
10 ¥k, 435I ARk . AR RN
1.6.2 EEFEEIEEMIEFRENE

LA TEWORRT 1 K, R E - fg i
F W 2% A A 2 AR AE AR R SRR
A 1% (malondialdehyde, MDA) {5 & Fl 1t & 4L H)
fit (peroxidase, POD){f P . M4k 2 & &R H 95%
S ERY ) MDA & R FRRAC B L 2 R ik
MR, POD W& MR FH A BIA B 2 2 0
1.7 ETEEHERIEREEERTFME
1B R AN E
1.7.1 HEHSPESENNE

F B H S BUREEE T 10-15 em + )2 4045 B
S o = T /7 N i 7 5+ 35 | P N
SYGVEN G SR AR &, PR AT S R ARG 0 %
T ERE B 43 R SR A T R A
FiE s B3 ARG & i . HIEPACSH
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(NY/T 1121.9—2012) Pt f7 42 0. HAR 7 2 dm
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T G RARE 3.0 g KT HERES, BT
250 mL = ffH, A 30 mL Tamm ¥ % (5 T+
VRS 12.6 g HR+24.9 g BREE), 220 r/min J&
% 30 min J5# B, 5000 r/min &0 5 min
JE BB IR R R (i AR N R
I % FRBE A4 47 b i HI678—2013) PIHEAT, i
R AR & iR ICP-MSS (Agilent 7800)i5E .
1.7.2 KU EREPHEHSENRN
PR R & A BRAH SEAE E A AL . 25 4y

I, kS EYA LT 105 °CAH 30 min )7,
70 °CCHET R EE, MRS BT,
HNO;-HCIO, ¥E S ATIH A, TH i rh 2 & R
ICP-MS M & , I3t 546 5 f o s £ W
(enrichment factor, BCF) fl % iz £ %{ (transport
coefficient, TA). THEADFIQ)FI7R,

B TF=4,/4, (1)
Kb A, WY P & R (mg/ke); Ao
P40 7t (mg/kg)

8 RE=A/Aq )

Aop: A Y L 1 EB 5 H & i (mg/kg)s g WAE
Yy R H 5340 B (mg/kg)
1.8 HIELE

B K H Excel 2016 2k {43431, K SPSS
26.0 47 HLR 2 5 2243 AT il Duncan £ 1 HU AR,
Lot s 5 w1

2 BER50

2.1 AEMEMSBESHETREREDTH

M P AAR A L b 2 B3RS 12 BREAA 4
W JERE TN A TR R, Sl A 4 o M
M2, M3, M4, M5, M6. M9, MI0, MIl,
MI2, MI3 1 M14, 12 ¥R40H# 53 & ¥ 78 LPM
AR E R IR AR 1), LI LPM kR 57
XTI, W 12 A TERAE 865 nm Ab A 4H #E
WA, DI AN [v) B ok 1) 0 > 6, DT
FE AR R RE ST o BH W MOS(E B ey, 3R T TR
(REH R 7 By, BHIER R RE ) R . S5 WK,
12 BRANTA 7E LPM WK SR AL b 8535 72 h ),

Bl #oETSEREAEELPMER ERE RS
Figure 1

E: M12; F: M13.
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Growth of some molybdate reducing bacterial isolates on LPM agar. A: MS5; B: M6; C: M9; D: M11;
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PR M9 7E 865 nm Ab I EHIE WO BEE K, H
2.54+0.15; HUCHRPE M13, WOBEEE R 1.64+
0.01, SHAPEHEEHERCEMEAEREZER
(3 Do A, Btk MO Fil M13 7EFFLL5 57 168
h e, AR s R 5. RIS
JEE X B AR MO FIT M3 BT B AT O 3
(400-900 nm) A THIHE, KB 2 DEEKR AR EH
W ELAT TR R R PR, 7E 865 nm b HY BRI
JEE(E , 7E 700 nm &b BUS (& 2), 53R E
B, KRR EHIR IR RE A E 225, kR M9
FIMI13 7 LPM 1R R B e A 1 ™
AR AR R RE T . L, ARDFST 8B bk
M9 I M13 VIR IR B bR R T I 221000 .
22 PHERENEHENESE

Rk M9 FI M13 76 NA JE 93k - 2 3L A
o, WIEEDIE, Mg, RMWHE, F2K
PR NIR, 2 RANTEY N 2 [CHIMER, 2
FFFIR (8 3). i3 PCR 44 & #& M9 il M13
) 16S IRNA JEH T4, 433845 1437 bp W7+

F1 HNEAEEKIERT2 hWarBE SRR EE N
Table 1

strains after 72 h of incubation

Molybdate reduction ability of the bacterial

Strains Absorbance at 865 nm
M1 0.42+0.02d
M2 0.44+0.02d
M3 0.34+0.02¢
M4 0.47+0.03¢
M5 0.29+0.02f
M6 0.42+0.15d
M9 2.54+0.15a
M10 0.34+0.01¢e
MIl1 0.35+0.02¢
M12 0.35+0.15¢
M13 1.64+0.01b
M14 0.32+0.02¢

The data in the table are mean+SE (n=3). Different lowercase
letters indicate that the same index is significantly different
(P<0.05).

30r

M9
—MI
254 g
8 20}
g
=
5 15}
O
<
1.0}
0.5}

200 500 600 700 800 900
Wavelength (nm)

E2  EHRMIFMIMIZETRT2 hiEHISHIEIIH IR
Figure 2 Scanning spectra of molybdenum blue of

strains M9 and M13 after 72 h of incubation.

5.qm:
oS ST

E3 EEREHRMI (A)FIM13 B)HIE=REE
Figure 3 Gram stain of molybdate-reducing bacterial
strains M9 (A) and M13 (B).

Bty 4, GenBank % 5% 5 43 5l 7 PQ333149 FlI
PQ333150, [All}, PCR ¥ 4wk M9 F1 M13 fY
gyrB FEH, 43 53R45 1 192 bp 1 1 203 bp A9 H
BtJ¥ 4, GenBank % 5% 5 43 Jill o PQ365717 FlI
PQ365716, #JH NCBI 9 BLASTn 1. H. X B ¥k
M9 il M13 i) 16S rRNA FE K 5 51| fil gyrB A
FP AN HEAT FE XT3k 5 R S AR R v ik
99% I Htk. #E—LFH MEGA 7.0 {4, il
148 3215 (neighbor-joining method)f #: RGL X H
B (& 4A. 4B), Jf 3T 1 000 kK & E W
bootstrap {H 17T B A7 B 44T . 45 R WoR, Wk
M9 F1 M13 1Y 16S rRNA %L F51 K gyrB KA
51 15 55 38 ) 5 W Vb B ER B (Serratia plymuthica)
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A M13 (PQ333150)
92 Serratia plymuthica 4R x 13 (CP006250)
86| ' M9 (PQ333149)
- Serratia plymuthica S13 (CP006566)
§§ Serratia plymuthica 3Re4-18 (CP012097)
[ Serratia plymuthica SWSY-3.47 (AP035790)
rSerratia inhibens TGW-4 (PP750844)
goSerratia liquefaciens A13 (AB981192)
96 Serratia proteamaculans 18A1 (EF451956)
98| —Serratia quinivorans Si420 (OM866235)
89 Serratia proteamaculans wg-2 (EU627690)

Serratia ficaria MGS11 (0Q569218)
9§|-_Serratia entomophila AS33 (AB720153)
Serratia marcescens MG02 (OP168075)

67 ~Serratia nematodiphila AP21 (LC645982)
94|——Serratia ureilyticaNiVa 51T (AJ854062)

Bacillus cereus Biosubtyl-Dalat (AJ277907)

0.020
B Serratia plymuthica V4 (CP007439)

71

Serratia plymuthica 4R x 13 (CP006250)
M13 (PQ365717)
Serratia plymuthica SWSY-3.47 (AP035790)

31

82 I M9 (PQ365717)
47} Serratia plymuthica S13 (CP006566)

Serratia plymuthica 3Re4-18 (CP012097)
Serratia liquefaciens ATCC 27592 (CP006252)

23
47
Serratia proteamaculans 336X (CP045913)

23 Serratia ficaria NCTC12148 (LT906479)

Serratia marcescens KZ11 (CP0132377)

85 Serratia nematodiphila SASK3000 (CP100765)
-Serratia inhibens PRI-2C (CP015613)

Bacillus amyloliquefaciens B15 (CP014783)

0.20

El4 ET16S rRNAEEF(A)FgyrBEE F5(B)IZE R IEE R AR ERMIFIMI3 RS & B

Figure 4 Phylogenetic tree based on the 16S rRNA gene (A) and gyrB gene sequences (B) of molybdate-
reducing bacterial strains M9 and M13. Phylogenetic trees were constructed using the neighbor-joining method in
MEGA 7.0 with bootstrap values based on 1 000 replications. Bacillus cereus and B. amyloliquefaciens were

chosen as outgroups. Gene accession numbers of bacterial strains are indicated in parentheses. The scale bar

represents the number of substitutions per base position.
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RP—3, GiGIAFEM DT AV RE,
HE PR MO F M13 557 by 38 158 v 35 TG A (S.
plymuthica)
2.3 SR ERNEEEARESSFE S
BH A T DN A 40 T R R MO T M3 4R AR
PENE SRR, 2 DR e B ARG A
AR (E 5A), RUEMTEAREARET . 2wk
TETCALBE KT 77 58 L35I8 B T 2 8 B Y i 1 1
(K 5B), Btk M9 F1 M13 AU #ERE 5 @75 A
F AR (D/d) 53 9 9 1.35+0.12 Fil 1.73+0.14, 88
2 NRARIEAT R LB R e 1), LR AR
MI13 (URE AL FHIRE M9, 75 d & A HLEERE 3%

Es5 $EFEFEEMIFMIZAEE 4. A: FARE

B, 2 AN BRRIE BT i 0 A
(K 5C), Btk M9 Fil M13 IR B 5 5 75 148
FCAB (D/d) 53 91 R 2.57+0.69 F1 1.76+0.30, 21
ENSEA RIFA VLB ffRE )1, HLIEPE M9
IRE L F R M13. AR M9 Fl M13 7ERER
ERANPE IR FREE LIRRA I, Rk, RO 2
R EA — & 1R ei e J1 (18 5D). 1E CAS
REFREE b, RE MO FI MI13 774k TR (05
WIRE (K] SE), o W R 5 o s 1948 LU (B (D/d) 53
WA 1.5240.19 F1 1.41£0.07, £ EN1HEAE>
BRERARIEE S, ELERE MO hZaB R K, #
W1 MO F= 8k 8K e J1 LT Bk M13. 7F ADF )

M9 M13

M9 M13

715 B: MICHLBEREST; C. MAANLEERES; D. fidl

&S E: PPRREUARES); F: ACCHRZEEHETE; G: /IAARE

Figure 5 Characterization of growth promoting properties of molybdate-reducing bacterial strains M9 and M13.
A: Nitrogen fixation capacity; B: Inorganic phosphorus solubilization capacity; C: Organic phosphorus
solubilization capacity; D: Potassium solubilization capacity; E: Siderophore production capacity; F: ACC
deaminase activity; G: IAA production capacity.
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RIGFRE D, 2 M REMRIREIE R AR K, R
MR (K] 5F), Kid% 48 h ), HAE 600 nm
A (R S FE A 43 )M 0.289 F1 0.234, A 2 A4~
PRI EA 7 ACC MG VE. F Rk M9 Fl
MI13 B kB FI1gW S Salkowski HORIE S ),
REWHEImAC, KW 2 PEKREA —E
7= TIAA BEJ1(IEl 5G).
24 HEHAREEHRIMNEREBHREER
3 3 A [ A AR T SR AR TS BRR
WA BT, /AT EHIE B bR M9 FIl M13 X 4%
WE R RRAEER . 3 2 FiR, Bk M9 Ml
MI3 XL E RS . R, BEE R T
FR . FEARTIN Mo AT, BRI BR
MO ARHRZE , SEAEETE AR . AR R 4y
BT AR T 3.21%. 11.81% Hl 36.36%,
2551 3 (P<0.05), HERIEE M13 AR, %
TEE TS R . AR AR E 50501 X B2 34 T
3.71%. 12.33% Fll 45.45%, 225 53 (P<0.05),
PR B AR MO+MI3 (AL BRA , AL ETE 1Y
B AR R F 251 Fe X BEAH I T 13.67%

x2 ETEEMRTRIEEENRENR

26.59% F1 91.48%, #5713 (P<0.05) (&l 6A),
FHI TR M9 Fil M13 X546 5 B W & 42
VR, HEBCRERATEE SRR TR — bk

WM 2 Fin, RN Mo™ IA&MT, Mt
Bh A TIRIE I, R EE N R
KR 2T REESE . IR E R
800 mg/kg I, SAEH G UMK . AR HIff B iR
FK T 0 mg/kg Fl 500 mg/kg Ab P ZH (P<0.05),
W ER b0 X 5840 8 18 1 AR K HLAT o E AR
I, HARW R B R, S0 VE s . ZE AR R4
EEEVREE T, HERNEHE R AR A HRAL, R
T bk . HR A RN 3 o T AR A X HE 2
AR BE N 500 mg/kg I, R M9 AL FRZH
S0 S AR L AR e R 4y i 8 i T
24.09%. 17.39% F 24.63% (P<0.05); itk M13
R FRL AR S IN T 25.11%. 18.15% F1 39.13%
(P<0.05); S ECEBE MO+M13 AbIHZH 4 Bk T
30.89%. 19.33% #1 59.42% (P<0.05) (&l 6B), >4
BHHR E A 800 mg/kg i, MO AbBRA] LA H 15 1Y
PRE . ARAORI S 0BE 0 T 16.58% . 9.33%

Table 2  Effect of molybdate-reducing bacterial strains M9 and M13 on alfalfa growth promotion

Treat (Mo®"+bacteria) Plant height (cm) Root length (cm) Fresh weight (g)
0 mg/kg+M9+M13 32.18+1.80a 22.18+1.75a 6.74+0.38a
0 mg/kgtM13 29.36+1.48b 19.68+1.71b 5.12+0.21b
0 mg/kgtM9 29.22+1.05bc 19.59+1.38b 4.80+0.25b
0 mg/kg 28.31+1.06bc 17.5240.59¢ 3.524+0.32¢
500 mg/kg+M9+M13 28.09+1.08¢ 17.2240.85¢ 3.30+0.33¢
500 mg/kg+M13 26.85+1.62d 17.05+0.57¢ 2.88+0.15¢
500 mg/kg+M9 26.63+2.52d 16.94+0.70c 2.58+0.16d
500 mg/kg 21.46+1.53¢ 14.43£0.75d 2.07+0.12¢
800 mg/kg+M9+M13 21.36+0.93¢ 14.41+0.85d 2.13£0.14¢
800 mg/kgt+M13 20.94+0.95¢ 14.14+0.97d 1.98+0.28e
800 mg/kg+M9 20.53+1.32¢ 14.05+0.97d 1.93+0.24¢
800 mg/kg 17.61£0.77f 12.85+0.62¢ 1.49+0.19f

The data in the table are mean+SE (n=3). Different lowercase letters indicate that the same index is significantly different (P<0.05).
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M9+MI3

i.}'r o

Ee6 HAFREMNEZLEBETHNRENR. A: HHWEEO mgke; B: W ES500 mgkg; C: HIKE

800 mg/kg.
Figure 6

Effect of molybdate-reducing bacterial strains M9 and M13 on alfalfa growth promotion. A:

Concentration of 0 mg/kg Mo®"; B: Concentration of 500 mg/kg Mo®"; C: Concentration of 800 mg/kg Mo®".

H129.53% (P<0.05); BFIfK M13 ZhBRZH 43538 T
18.91%. 10.04% #il 32.89% (P<0.05); & B 18 #k
MO+M13 ZbHAL 53 FIHE M T 17.91%., 12.14% F
53.78% (P<0.05) (€] 6C). &5 B EHIA R #R AE
g W FAE AL B A, e AR, Jf
ARG e R B BT S AL E T A= K EH]
25 HEEEMNETEBEEEREEEDN
Al

3 0 5 AN [ b BRSSP TR SR AR A
&8, POD i PEF MDA &8, Hriif )R

TR R 58 48 1 75 I 3R 5 R Bt A I 1 1Y
i, WA 7 s, BB MO F M13 XEAEH
TE I £ &R POD 1% PE A MDA & #4477
AT RERW, FEREIN MoT AT, SR
FEBO IRAUA LL , Tk MO F A IE T Bk M9+
M13 B 7SR AE H AE SR fr i, ar iR
=1 19.19% Fll 51.29%, 245 3 (P<0.05). B
Pk MI13 5XIR2ZE AR, ZECEK M9+MI13
X AL B AE e R TR ISR RCR I O W
X 5 HAR A ME B OO OG . A, TR
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AI_\ 45 M9+M13 M13 M9 =mCK L 60;  M9+MI13 M13 M9 =mCK
%ﬁ 4.0 a 5 a é 50 a
£ 35 {» +b b
g 3.0 CHy¢ c b w 40 b
sl | S bilbs g
o d Y ~ 30 4 b cd
= 20 8 b
;Z 1.5 & 20
s 1.0
5 10
o
S 0.5
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Mo®" concentration in soil (mg/kg) Mo®" concentration in soil (mg/kg)
c 7 M9+M13 M13 M9 =mCK
6f 2
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o S {_ b [ he
S
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& 3
g 5
1
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E7 AEREREEEEEEEEOM. A RS B: PODIGTE; C: MDAF .

Figure 7 Effect of molybdate-reducing bacterial strains M9 and M13 on the chlorophyll contents, the activities
of POD and MDA of alfalfa. A: Chlorophyll contents; B: POD activity; C: MDA content. Different lowercase
letters indicate that the same index is significantly different (P<0.05).

M9, MI13 FIE E Rk MO+M13 2 5 3545 e 148
115 POD TG, SARERXTIRAIAL,
POD 762 T 8.85%. 7.80% Fl 61.40%, 2
5 425 (P<0.05), R BHEEFPEHIA JRL i PR 1T 15 5 55
W E YR LIS PR E R . R, B E
BRXTSAE E S MDA & it A4 7 — 3 152,
B AR MO 1 B B bk MO+MI13 3441 T MDA HY
e, WAR M3 SXTRERARRE .

WE 7 Wi, EHIN Mo &4, b+ 3%
AR RSN, AR RE M SR S R TR,
POD 7 P & 3 i, 1 MDA £ 1 3% i FE A,
& W] A R AR braE X 58 A0 AE 1Y AR B T R —
SERIREN . 4 500 mg/kg B, FERP R BR
M9, M13 Fl MO+M13 By AL E 16 M2k 3= & ity
f TARIERIXT A, S m o nlitm T 33.70%.
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87.61% Al 59.80%; POD Jf ¥ 4> 5 8 fn 1
6.40% . 42.67% F1 5.09%; MDA & & 43 5 # 5
T 9.49%. 21.14% H17.05%, 2253 (P<0.05).
TERH M E Ay 800 mg/kg i, FEFPEFE M9, M13
I MO+M13 1Y 55 AL B A5 M4 R &t s TR 4%
FXTREZH, HAS s g 1 57.65%. 44.90%
Fl 95.40%; POD I % 4 5 34 i T 33.03%.
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P S IR 22 SN
26 EHEREESEETFIREEREY
IR IR R RS AL H R BB S X - 524
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A3 SE A0 422 0 BH 3 D TR R I X - 3
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Table 3 Effect of molybdate-reducing bacterial strains M9 and M 13 on the molybdenum accumulation in soil

Treat (Mo +bacteria)

Molybdenum accumulation (mg/kg)

Available molybdenum accumulation (mg/kg)

0 mg/kg+M9+M13 0.33+0.02¢
0 mg/kgtM13 0.71+0.04b
0 mg/kg+M9 0.81+0.03b
0 mg/kg 1.734+0.05a
500 mg/kg+M9+M13 188.61+0.94¢
500 mg/kg+M13 147.29+0.78d
500 mg/kg+M9 209.44+0.59b
500 mg/kg 222.33+0.41a
800 mg/kg+M9+M13 221.42+0.78d
800 mg/kg+M13 263.63+0.79¢
800 mg/kg+M9 369.54+0.70b
800 mg/kg 381.2240.61a

0.07+0.01d
0.28+0.02¢
0.75+0.06b
1.65+0.06a
43.31+0.51¢
41.22+0.75d
47.70+0.69b
51.30+ 0.48a
63.40+0.37d
68.354+0.88¢c
78.194+0.35b
85.45+0.44a

The data in the table are mean+SE error (n=3). Different lowercase letters indicate that the same index is significantly different (P

<0.05).

oAb M13 bR, TESEH T R 222.33 mg/kg
2 147.29 mg/kg, AR EM 51.30 mg/kg
e 2 41.22 mg/kg, 444 LN 800 mg/kg B,
e MO+MI13 B A Wbk 5, 13 EUEH & i
381.22 mg/kg [ % 221.42 mg/kg, AMASHGE
i 85.45 mg/kg [ % 63.40 mg/kg, Z5HRH, %
FREARE MO F1 M13 B & FEAIK T 54 B 15 PR £
b H O i, R R R RIS S B 1
2 AT RS R S i

B IA T TR PR T 55 A6 T M R L ER
TR ANER 4 P, B b AR R B
I, KB TEREAM AR, Hib A
MR AR S R R R e A, FEEH N S
T, BRI I R AR S SR AR A A
T EREH & A B AR TR A . U R A
FRR MO J5, SRAEE TS b LA TR AE &
EREAL, SXRAEREE . HHKREN
500 mg/kg B, AP MO Rtk , SAEHEHT
TRAH M FE 1 461.63 mg/kg [ % 342.17 mg/kg,
- B BE h 489.78 mg/kg [ % 353.50 mg/kg.

MAHREE S 800 mg/kg I, $ERD MO HRkG, 4
A6 8 Hb T T EH MR B 732.95 mg/kg BE &
533.86 mg/kg, Hi A H 762.95 mg/kg K
% 516.08 mg/kg. AR FM, W M9 A1 M13
XPEEAEE TE PR A BRI I HIVER, Ui
Btk R AL S AL B T A R E S T
BRI AT,

BRI i TR R 5546 A B s AR L s
RBE WA 4 Fon, HEARAZ RS
WHENEENTFHRT 1, RFLGHAAR
W EEERE T, DK R R EH A S RS B
PR . SR, B TR A3 N, ERAE
FAE 1Y AR R W AR, R WD i vk 2 A IR
TR CSOR . R A ST, e
PR M9, MI13 FI BL MR MO+M13 J5, 2546
EEANGE LSRRG =Y e e S
20 AR I D TR AR IR /D T S A A R - AR Y T
WORIE I . Rk MO F MI13 X 4846 B T B &
LRI 02 IR, (HAER R A R T
IR B S AR A A
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x4 ATFEEHRN R EREEERTNEE AR
Table 4 Effect of molybdate-reducing bacterial strains M9 and M13 on the enrichment factor and transport

coefficient of alfalfa

Treat (Mo® +bacteria) Above-ground (mg/kg)

Below-ground (mg/kg)

Enrichment factor ~ Transport coefficient

0 mg/kg+M9+M13 15.77+0.13d 15.86+0.34¢ - -
0 mg/kgtM13 21.45+0.22b 21.37+0.29b - -
0 mg/kg+M9 12.6340.15¢ 14.72+0.42¢ - -
0 mg/kg 24.50+0.23a 24.89+0.62a - -
500 mg/kg+M9+M13 376.38+0.86b 395.17+1.71c 6.31 1.05
500 mg/kg+M13 377.67+2.45b 460.85+1.08b 7.47 1.22
500 mg/kg+M9 342.17+1.32¢ 353.50+1.32d 5.35 1.03
500 mg/kg 461.63+1.34a 489.78+2.34a 8.47 1.06
800 mg/kg+M9+M13 625.47+0.87b 674.51+1.45b 4.22 1.08
800 mg/kg+M13 601.17+0.95¢ 459.84+0.87d 4.48 0.76
800 mg/kg+M9 533.86+1.36d 516.08+1.58¢ 332 0.97
800 mg/kg 732.95+1.23a 762.95+1.63a 5.66 1.04

The data in the table are mean+SE error (n=3). Different lowercase letters indicate that the same index is significantly different (P

<0.05).

3 W55 #%

ARG AR BB A X AR A ) i 2 5 P i 2
AT 2 BRE A B EH A R RE 1 1 B R M9
M3, BB A EARIE & 16S rRNA JE K 731 Fl
gvrB B P AN ER G T, S I 5 A2
B vb 55 K (Serratia plymuthica). Tk M9 Fl
MI13 7E 865 nm Ab 9 £H W W O BE B 43 3 A
2.5440.15 Fll 1.64+0.01, FHIX 2 PR FREEISIG
HRREI MR AW, HABE 15
PN 1. BT, BT VRS G R
KW B RS T 2RI A0, AT
J& (Enterobacter sp.) & ££ Dr. Y13, V0 & K E &
(Serratia sp.) B ¥k HMY1 1 MIE2 . ZF /4T 5 J&
(Bacillus sp.) W Bk LM4-2, F & K H &
(Raoultella sp.) B ¥ Mol., 3w 10 K % )&
(Klebsiella sp.) W Bk Aft-7 45, 43 5 V3 )& 40 1
12 A @8, Ho Y EG R i e — 2 M O
TEARAS (B IE A0 TR, 2R W2 40 v T R S
HRMEE WA T LB E . AR 2
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MREEIHTWEHERER, BETHE XM ED IR
NI 25 AR5 ) B SR IR RE 1 N AR TR . A
N 4 T8 (endophytic bacteria) & 78 T4 4141,
EERERE, AR EYHRSEEAEY R R
1 B8 X AR R B B AR AR AR T, R
TERE -G LE W B 18 02 B 4 R T I bl 2 i
FAPL, fldn, Singh ZEUOFSE KB, ERERG 2
PRTF P R AR B 57 S 0% PR B8 (Brevundimonas
diminuta)5 , T B FMEHIKFE(Oryza sativa) B9
1, SEINAR Y A= W) 5 O 4 v H X R A PR EE Y
iy 24 . Petriccione SIS LB, HeFho il
$H@E_§T(Pseudomonas Sfluorescens) AA27 Fl1 MO49
Jei, BRA R 5L 2K R (Mirabilis jalapa)Ff 1
HAJE TG g R W A A S INAE R AE )
Hb, B BELEHE T A5 E SR TR SORFIR
() BFL, Li ZE0 — Bk W AT 1 8 (Enterobacter
sp.) A A K3-2 $EAP TR PR, Al A R0 hn
VI A AR R Co L R, SR
B X TR AL AR B, 42 R X Cu® B IR R A
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49% $EFF % 95%. Babu AL TR P4 B
AR — PR WA T8 = & 3 AT § (Bacillus
thuringiensis) GSB-1, ZR PR T L= A= {2 SEAEY)
AR T, JHETHEBRIETEA R 2B IRCR
¥tk GSB-1 M A MG FHYIANIG , MWL
P2 i . A DU . B B FERI
B A R T S USRI A s . B, A
FHAEY N A= T s A 81 s G 308 52 i i 9 4
WL, AWFFEARAS R 2 MR A B Rl AE
HAg)q, ARG T EEEENEYE, JF e
EREAL T A EE X BRI R is, R
A ) N A T AT SRy BT A8 52 A i Ak Oy 22 1Y
TSR BB A 2% .

MY - B E R G, A3
fErE e EALH 2wt 2 e, —2H
P B A B FRARAR Y AR N A R A sk 2
XTAEY) ) T P R S, B R A ) AR B X
J& TR 22 P AR AR DY, P A AT
SR SO P s AV O 80 o 46 s A 25
ML, M E S mE T E YRl
INEFEAEIE 2, DA AR AR v e S o 4 J X AL )
AIFEELE M, BN, Xu S50 1 KR A B9
7 38 6 )% PR BRT (B, nasdae) W1-2B H2 Fh 5] 15
¥ (Eremochloa ciliaris) Ji % B, As™ 8 & AL R
AS™, AT R X AR, Jong )
AT AR AT ) UL T P (Stanleya pinnata) 5
BT 1 BRINAAHTR, P AR g Y A R
£8(Se0, ) FIV At iR £h(SeO:™ ) BA Bk 1Y E Ak s
JRRE T, AR oy B BORN , AT R T
B AR ER ) Fr i, B T IBE R AR,
e pH H Ry 7.0 I Z&AF N, 4HAE L3 rp F 2L
MoO TE A AFTE, 1T LA BH I S0 1 1) 40 A e
— ST A A IR, TR SH A LR AR
40 B AR Mo® iR LA A Mo®t, IR 4
MoO #i 4k A TL i ME R A, AR H SR 17

TR, BEARHAER S T A A8, M
REEARRBH X R A B e 7, ARHIESR R B, P94
A MO FI M13 X 5848 A AR P 1 3 P S R FAT
RESHS R4 T — Mg, 5 AREZRE MR
Prt3Eritt, HAHESEMASCSHS EYA
TFE. [, FEFHMNE ST, RN IE R
PRIG SA6 T 15 b 3 RN b R 0 0% BH 7 B W
T AREERS IRAL . S5 RRT, 2 BREFIE I 4N A
S AL SE K TE BB ALK 1 S v sl A
PIiR N 1 50 B 1 5 AL TR AR TR IR X,
il AR A X R AW, BELRE T H ]
A, BEART movk FE A AL E TS B VR .
SRIM, BEAE MO F M13 7= A= 5130 J5 i 9 RE 1 S
fEBEHLIAT S i — 2P

DA A TR R AR 08 S AL Y ) — T 2
RITE N A R Be (e SEAE VDG AAE T L 4l
BRI . AHLER . RIS RN . AR . ACC
U5t il AR ) AR R A o, ] LASGE AR
BIR, fEdEEY A, SN SR bha AT
(O RE A 2 e, DT 488 o3 A 0 18 52 i)
Mirzahossini 25V %% 3 Fh T W 4k B Epichloe
coenophiala W) & -3¢ (Festuca arundinacea) il &
T BRI T, R AR TR X R 2
LG, RN AR R 20 R S W E .
Zhang %550 W\ 8 & 4 A 9 55 W 7T Bl (Phytolacca
americana) RS . ZEFT A 3 B T AR P9 A Al
, HA KR Ralstonia sp. 11-22-2. Bz #
(Pantoea agglomerans) Jp3-3 F1FE 4k FL /R B PR Bl
B (P, thivervalensis) Y1-3-9 H A5 ZM{EM¥) 4 £
FRAE, RILHE S ACC TR BHE 1, fefer™
A BRARARFN NG| W 1R, I AT A T AL BE IR £k
HAZAD 5 ml 2 2B AR OISR (Brassica napus) )
A, IR T RRUINR SRR T 32 1 . A,
— R B H B oK (Zea mays)ZH 2 BT 4 9 A 40
Rahnella sp. IN27, feti53-Ams| e £ T FVER AR
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HA ACC AR & RS BEGE T, A THEA
hypochondriacus). W 3% (A
mangostanus) . J¢3%(Solanum nigrum)H E K
YIS, R 2 i X S AR ) b b RN MR A
AP ASBESERA Y 2 BN AE AR MO A
MI13 HARA . Wik, s, ™ TAA. Zdlik
K ACC ATGIIRE S, R EIEE S, Ae
WERESELEENAEY R, KX 2 RNAE
o T s AL B A A 1 5 AH TS e L S 0 5
FEHETE AR BTG

AR AN B s A A P 8 S DL B T e B
e RSN, TS Y RS
Pork, MR EEY N - E S S A2
PEPSL W7 Z B H AR ba s, S
4 %A (reactive oxygen species, ROS) K ZEFH,
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B AL (superoxide dismutase, SOD) . i % kL &
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() pH (AP, Far PRI, fEMTE AT,
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IR N EBR 9 55 (G. intraradice) )5 , /KFEM F
MDA ¥ i . E FEAR, 10 SOD I £ A 22 7
i ER . AR REN, EHEM G R

(Amaranthus
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