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(B3); #HIEMERR S LR 74.21% . 133 45H 1.75 £, (2) 554 AMF L, AFEIEEF G B8 3Ly
i, AR S R B E S 58.32%~119.43%, Hih B3+Ri AbHH | B1+B2+B3+Ri A BT A AR ARG R
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Study on the Mechanism of Increased Iron Availability by Rhizosphere
Iron-Solubilizing Bacteria in Combination with AM Fungi in Calcareous Soil

PENG Haiying, SHAO Yadong, LI Han, LI Peigen, DING Bailing, YANG Tianjie, XU Yangchun, SHEN Qirong,
DONG Caixia'

(College of Resources and Environmental Sciences, Nanjing Agricultural University/Jiangsu Key Laboratory of Solid Organic Waste
Recycling Research/Jiangsu Collaborative Innovation Center of Organic Solid Waste/Engineering and Technology Research Center of
Resource-Saving Fertilizer, Ministry of Education, Nanjing 210095, China)

Abstract:  Objective The low availability of iron in calcareous soil leads to serious iron-deficiency chlorosis in plants. Thus, it
is important to screen highly efficient iron-solubilizing bacteria and explore their collaboration with mycorrhizal fungi (AM) to
increase the available iron content and improve plant iron nutrition. ~ Method Pot experiments were conducted with calcareous
soil and tomato (Lycopersicon esculentum) as test materials. They were inoculated with Advenella kashmirensis(B1), Arthrobacter
cupressi (B2), Klebsiella variicola(B3), Variovorax guangxiensis (B4) and Enterobacter ludwigii (B5), and treatment with no
bacteria inoculation as the control group (CK). Efficient iron-solubilizing bacterial strains B1, B2 and B3 were screened and
combined with AMF (Rhizoshagu irregularis, Ri)as B1+Ri, B2+Ri, B3+Ri and B1+B2+B3+Ri treatments. Also, AM fungi were
inoculated alone (Ri) to explore the mechanism of synergistic effect between different iron-solubilizing bacteria and AMF to
mobilize insoluble iron in calcareous soil and promote iron absorption in plants. Result The results showed that compared with
the control treatment, inoculation with B1, B2 and B3 strains could significantly increase the tomato biomass and the total iron
accumulation in root and shoot increased by 6.48 and 2.61, 4.11 and 2.03, 4.37 and 2.25 times, respectively. The active iron
content in new leaves increased by 74.21%, 1.33 times and 1.75 times. Compared with inoculation with AMF alone, different
co-inoculation combinations significantly increased the tomato biomass, and the average total iron accumulation in different parts
of the plant increased by 58.32%-119.43%. Under B3+Ri and B1+B2+B3+Ri treatments, the active iron content in tomato roots
increased by 41.47% and 44.30%, and new leaves increased by 12.61% and 12.77%, respectively. Different co-inoculation
combinations could effectively improve the root architecture of the plant, and the mycorrhizal infection rates of AM fungi under
different co-inoculation treatments were 13.35%-30.99% higher than those under inoculation alone. The root iron reductase
activity was significantly increased by 9.86%-22.07% compared with the inoculation with AM fungi alone, and the relative
expressions level of LeFITI, LeFRO2 and LeMYB72 in tomato roots was significantly up-regulated. Compared with exclusive
AMF inoculation, B3+Ri and B1+B2+B3+Ri treatments reduced the rhizosphere soil pH value by 0.21 and 0.09, respectively, but
increased the soil available Fe content by 15.78% and 55.23%.  Conclusion It was concluded that the synergistic effect of AM
fungi and three high-efficiency iron-solubilizing bacteria could significantly improve iron availability in calcareous soil and
enhance plant iron nutrition. However, the synergistic mechanism between different types of iron-solubilizing bacteria and AMF

was different and provided a microbial approach to solve the problem of low iron availability in calcareous soil.

Key words: AM fungi; Iron-solubilizing bacteria; Soil available iron; Soil pH; Active iron; Iron nutrition

BRORA A K R T R S R e R
KEZ e K5, & pH RS ER
FRIR AR L T PR A R, B8
TPk g | Bt R ke i, UEZmAEY A K
KB AEY st B IS S X A
YIFNAE AR AR L it R ) R EE DA iy BE ik
FIHLER T ( Strategy 1) Mk, (HJE, Femsthbiek
T PR B R 2R pH AR g np

R 2R R A A T T Pt g ™ AT ™, WL T A
rh LR 5 R B ) R SGR AR IR 7 2 32 B LA . T
i AR IR INAT 25 S0 A R 4 v IRk A A R 2
fiff A1 IR L S ARE  BR R B8 A BORR Z —
MALE MR ( Arbuscular Mycorrhizal, AM ) ELF
ERE YR RILAETR, fe Sk 80%LA
RN A O R, BAABUKSr  Fhs A SR
Sy e i fE BT AM B I A SCEA R S R E
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BOAFER, AR ECH A R W] AM B i T B =
P it 5 B 32 DR A B 0 LAV A A LI, (LY AR B A
B B A VE T AT & s VR Y, Rk, AM BB
) i B ML T 5 AR I 400 BT O B 5V L A ) 1%
WS E R AR B ( AMF ) B 75 B9 R H 7 145 2]
IOk, WA AM R AL A AE R AT RE SRR A
Yrrb By HA A A O, TEBRER SR N HERD AM B
B H 20 AR AR OV R A 2 B — R AR
—J7 THI AT BRI 0 WA M Ak B W A R 4 v R Y R R
Py S —JrH T RE S B AM FLI A 22 IR 3R
T AR AR o 20 BT P R TRV T VA 96 0 G T AR PR AN B Bl
P BE TR T2, Youry SFE L
FEANAR s 240 T i 0 S O AR R 43I vk AR AR
B2k & YR AR bR Fe? B A BRI, MiC T4k
TR 5 AM LB RS P el Al ) 2R W ) it 5 3
/1>, Radheshyam 45117 43 85 15 20 i AR [R) R PR AR A 20
W5 AM BRBGHRN, & B PR S 2R AT T A
AM LA T AR B/ N R PR R Bk R
Ak, 58 pH FiA KM AR 3 AM I
RS A e R/

FEL 0 0 AT 3k A28 32 22 3R B AR 28 o B ot 7 22 471
He 1, AR R 3Rk, 2 UM PERR O A, e
TEAR R R MBI )R (1 FRO FEH Jify ) i )7

Fe*", Wd#tizE i (i IRT FEFGD ) s BAR
20t P BEAE R ORI R YS S FIT T R Bk R
B PR, T4 A e R
FeaRUO A, A AT R AR S SR R
AtMYB72 TEMRBRANE AT U V) S A YIAR R 53 W
Wy AR R IR R R S DR RN, [ A A
o7 R SR S P — A B B2 R A3 o 3 A R B 4 R
— AR R T AM B USRS SR
BN SR A U I B AR . AR R LAk
5 7 156 AR P R A R A PR A R b, o S Al AR
REH AMF fiFIL80, ¥R AM BE 5724
TR P[RR A R A ST PR A ) 3 AL R A )
BRI BILIR A 2% e 80 R R - R A TR 5 TR
PEUEEIS AR , (R HE A Bt 3 BRI T RRE R R

1 bR

1.1 it ESHR

HEa O HOR & 22 N SR B (36°43'N,
103°33'E) WA KM 58, APk W3R 1.
W ot 39 (AR IXT T 20 H, R KE IR S5 A
YR (KB ) L3:1 (viv) IRE, B 250 ¢
RELFE

F1 X T IREMIB SR

Table 1 Basic physicochemical properties of soil tested

+ ey AR A HHLEY AR AR A
pH
Soil type / (mgkg™) / (mgkg™) / (gkgt) / (mgkg™") / (mg'kg™) / (mgkg™")
1R A Y 2.345 6.063 5.529 4.115 46.605 258.786 8.91

(DCalcareous soil; @Ammonium nitrogen; (®Nitrate nitrogen; @®Soil oganic matter; (®Available iron; ©®Available phosphorus;

(D Available potassium.

A A P R S8 = B FE AR PR B B 5
FRARPBRANEE , 709~ Advenella kashmirensis (B1 ),
Arthrobacter cupressil B2 ). Klebsiella variicola( B3 ).
Variovorax guangxiensist B4 )f1 Enterobacter ludwigii
(BS5),

X AMF B 50 AR N BR 2 8 ( Rhizoshagu
irregularis MUCL 43194, Ri ). BRIk I K 46112l fb
ik FPAERRENGE o R D B R AR Sl 5 Y
Ri ffl FEBEE, BEAshug, WK N oRE
IR BT M BEAS B 45 1Y Ri 61200 .

HERAEYI AR 2URRAEREBE/ NG i ( Lycopersicon
esculentum ),
1.2 HRER A K40 B Y 7 ik

FAE B AR PEATH 258 KR 12 h,
75%iP KGRI 1 min, TCEZKIHSE 3~5 0, 2% (v/v)
AFRANE RO 15 min, JCREZKME SR, M
U 18 28 A0 o - 1 5 b -l T KRR I DR AR AR ZE 3~
5d, PRI AR AR T KER XSS, =
T = B R Ak R IR G R

B 5 PRELAN T RN AL B 2350 BT, B2, B3,
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B4 fil BS, UUAERXIE (CK), HMEHE 6 4>
Fo . FHHREAR— 85 B A TR B (KRR 107
CFU-g ' +3), H3%25d jmikdk.
1.3 SUAHHAEEREERHS AMF REiEHFR

A AR

WE R AMF ZbBE (Ri). —RREAHTE 5 5
5 AMF L8408 ( B1+Ri. B2+Ri. B3+Ri). &
AHHE S AMF L3R 403 ( B1+B2+B3+Ri), IR
R (CK ). BT 6 NEE, Bk
RN R (4L 500 MET ) BEHRMBER,
AMF 7EJH 20 d 5, MR SR (ZWERH
10" CFU-g ' +-48), FhidK 25 d Uk,
14 HEREBEERHLFEEINE

R AR AR Y AR R 5 W i e 3k U™ B 2%
JEE SR IR 5 Sl sz e

(RYER F/%= (1RYAR BBV SARBE) %100 (1)

1YL B M/ %= ( 95% n5+70% nd+30% n3+5%
n2+nl ) JEHEx100 (2)

X, nS IR YLIEMREBE 90% L AR EL; nd R iR Y
ISHRBE 50%~90% MM ER; n3 iR ik REL 10%~
50 % AREL; n2 AR YL IAMRBE 10% L) N IR EL; nl
AR YRR BE 5% L N AOHREL

HamEHE AR He%E (mg!') =H%
KR/

1.5 1 pH MERHKSENTE
TIHEAMBRR A = LW ( DTPA ) 1242
P, HUEHE A AE B IR R DTS AL (ICP-OES ) il
EU 3 pH {fi ] pH 3+ ( METTLER TOLEDO,
MR -HE R 24088 ( 1) A RRAED) WE , K (&
WEER CO,) LA 251 1,
1.6 FMEERKSEERNE
Gt/ . £ A TYEE (105CRE
30 min, 75CHETZIEE ); MALSMHAR KT
1 (WinRHIZO, ZEH ) W SRR . REmA,
RO AR . MRAARB R SRS e R & e
KHTEK CBER AR 0 AR R AR R SR B

PRI E SR 2, 20-BRARE gkl AR R A s
Mk R 1 mol- L™ HCI %42, ICP-OES &R,
M ZE M 44k & 1R 1l HNOs-HCIO, (4: 1 v/v) THE,
ICP-OES MIZE (. 44k 5 bk T4 5 i i 3
B &g FEe) P,
1.7 REGREBEXERBENEE

28 Zhou P R I SE 262 i PCR
M

PRI AR R S RNA I 5% 5575 3] cDNA, i
FT 50 96 B PCR: K 5% A5 8 ) cDNA i
VERMEMR, HEEL Actin fE RSN, FihiEHkK
WCAH S B TR IE R R B A SER, =5 [P Flan ~ 3% 2,
i/l qPCR A7 & ( ChamQ Universal SYBR qPCR
Master Mix, Q711, i#MERE ) #E47E®; q RT-PCR
PR . WA PE 95°C 30s, fEFRY 95°C 10s,
60°C 30 s, PH¥ 40 ¥k, ML 95°C 155, 60°C
60s, 95°C 15s.

%2 qRT-PCR3|¥F7

Table 2 Primer sequence of ¢ RT-PCR

I Gene 51497351 ( 5°-3° ) Primer sequence( 5 '-3')

GTCCTCTTCCAGCCATCCA
LeActin (INZ3ERY)
R ACCACTGAGCACAATGTTACCG
LeFITI (BRERZiH R F

HF*) R

TCCTTCTCCGGACACATACCT
CCACAGCTTCAGGTTAGGCA
TGGGTCTTGGCGGTTGTATC

LeIRTI (4% AY)
R CCGAATGGTGTTGTTACCGC

LeFRO2 (##&1& F  CTCCAATACGCCGCAAGTTT
JEEEY ) R GTTCAACAGTTTCGCCAGGT
LeMYB72 (¥ERMEH5  F  GTGACGGGGCTCAAGAAGAA
HT) R TGTGTGCATACACTCGCCTT

@FER-like iron
(®Iron-regulated

# Note :

deficiency-induced

(DInternal Control gene ;
transcription  factor ;
transporter 1; @Ferric reduction oxidase; ®Specific transcription

factor.

1.8 HIFELES S

f§i ]l WPS Office Excel 2019 &b ¥ 5 t4 54 , i
AER V52232 x . (/] SPSS Statistics
26 7225 BEMT M Z E L, BEHKT N
P <0.05, f{iff] Graphpad Prism 9 #1744,
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([l 1b), Bl B2 F1 B3 i i G NAR R Albb 154

21 SBEE AT AR, N 6.48 51 2.61 £, 4.11 fF (MR
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ol e
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Active iron content in leaves/(mg-kg™)
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AbFR Treatment
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0.8r 0.8r
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= a a E
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1 E
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H 02F & ap ab w 02f )
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CK Bl B2 B3 B4 BS CK Bl B2 B3 B4 BS

N RN ‘3 *&v APt Pols)
OTRRRIRX QD Q‘b%‘b‘b% CJQ’Q)Q’Q’Q’ Kb ¥ Treatment

Ab ¥R Treatment
TE: AF/NG PR AR FEASALA R AL BRI FE 0.05 /KT 25 3. CK, AW, Bl, B2, B3, B4, BS 53l FRikH
B1.B2, B3, B4, B5S iRFRZE 42 . T[] Note: Different lowercase letters indicate significant differences between treatments in the same
part ( P<0.05) .CK, noinoculation; B1, B2, B3, B4 and B5 respectively represent the inoculation of B1, B2, B3, B4 and B5 with

rhizosphere bacteria. The same as below.

BT BREERD 5 BRARPRAN BN A M 3 B AA K (afl o), R iddEgk i (b) AR R S FA g it (d) 1y
Al
Fig. 1 Effects of single inoculation of 5 rhizosphere bacteria on tomato growth( a, ¢ ), active iron content in leaves( b )and total

iron accumulation in root and shoot ( d ) in calcareous soil

2.2 RHHEEMN AM EFEEEMEARMELEE  60.0%. 44.5%. 63.6%. 92.3%, H.H BI+B2+B3+Ri
A AERKFERR S ERRIT A BN T AR ALY A Ri AR P TN 63.64%
HIE 2 AT, 5 Ri AbBEAI L, 4005 AM B WK 3a BoR, 5 Ri ML, 0B OREG HE D515

L2 R b BT A O M LS R4 AR AM BRI B A T AR AR O B K 4R
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I : Ri, R AM FLE AL, T [F] . Note: Ri, inoculated
with AM fungus alone. The same as below.

B2 AR RN T -5 DS AR L T S R xR A
M (o AFHEEABE T AR RERL b AR
TSAEAAR . ZERI R TR )

Fig. 2 Effect of co-inoculation of three strains of iron-solubilizing

bacteria with arbuscular mycorrhizal fungi on tomato growth ( a.
Tomato growth phenotype under different inoculation treatments; b.
Dry biomass of tomato root, stem and leaves under different

inoculation treatments )
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Fig. 3 Effects of co-inoculation of iron-solubilizing bacteria and arbuscular mycorrhizal fungi on chlorophyll content ( a ), active iron content in

roots and leaves (b ), total iron accumulation in root and shoot ( ¢ ) of tomato

e hy, BZ45M; ves, i#E; sp, #F. Note: hy: hyphal structure; ves: vesicle; sp: spore.

K4 BB P WEEENAR R PSR AARE R RS (40%)

Fig. 4 Symbiotic structure of arbuscular mycorrhizal fungi in tomato roots observed under a microscope ( 40x )

R3 HMEMAM EEREMNENRRZAERERE. RIAEBEENHLEERNZIT

Table 3  Effects of inoculated bacteria and AM fungi on mycorrhizal infection rate, infection intensity and hyphal density of tomato roots

posi] Ry 1R WLLEE
Treatment Infection rate/% Infection intensity/% Hyphal density/ (m-g™")
Ri 66.67+£3.35d 32.30+3.46b 0.154+0.003b
BI+Ri 75.57£5.10¢ 38.77£3.70ab 0.160+0.008ab
B2+Ri 78.90£1.91bc 41.434£5.37a 0.162+0.004ab
B3+Ri 81.10+1.91b 42.2745.44a 0.161+0.007ab
B1+B2+B3+Ri 87.33+2.31a 43.83+2.87a 0.164+0.003a

1 WIIARNG F R R AN FIA B Z (8] 22 57 .3 ( P < 0.05 ). T [Al. Note: Different lowercase letters in the same column indicate

significant differences between treatments (P < 0.05) . The same below.

QLB T AR R IE A FE bR 4 B B E R 30.04% 1 F144.33% (FAKFH ), Ho B1+B2+B3+Ri AbH T iR
20.10% (K3 ). 37.49%F1 38.90% ( ARFEMHFH ). 28.87% S S AN 44.62% (£ 4),
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B3+Ri B1+B2+B3+Ri
a\ )
Pl s A HERALIR IR R A
Fig. 5 Scanning images of tomato roots under control and inoculation treatments
x4 BAREES AM EFE LR EMR R SR
Table 4 Effect of co-inoculation of iron-solubilizing bacteria and AM fungi on root morphology of tomato
A P E 7 i
Jb B MRS MR 1 A FRARTR HRIEL
Average root
Treatment Root length/cm Root surface area/cm’ Root volume/cm® Root tip number
diameter/mm
CK 83.0+£9.1d 38.86+3.00c 0.61+0.17d 0.64+0.11a 165.8+35.6¢
Ri 220.0+65.4bc 65.89+6.17b 0.97+0.13¢ 0.58+0.03a 483.5+82.0b
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Fig. 6 Effects of co-inoculation of iron-solubilizing bacteria and AM fungi on ferric reductase activity (a) and relative expression levels of
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