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Research progress in microbial regulation of metal uptake and
accumulation in wheat

SHI Yini', XIAO Hongkun!, QI Yanli', LI Chengwei?, SUN Zhongke"!

1 School of Biological Engineering, Henan University of Technology, Zhengzhou 450001, Henan, China
2 College of Life Sciences, Henan Agricultural University, Zhengzhou 450046, Henan, China

Abstract: As a staple food crop, wheat is of great significance to ensure national security and
food supply. Minerals play an important role in plant growth and human health, exerting dual
effects on wheat production. One is the abiotic stress caused by excessive heavy metals on plant
growth. The other is insufficient acquisition of essential minerals due to low bioavailability and
restricted uptake of minerals. Insufficient intake of beneficial trace minerals from wheat flour
leads to serious health disorders, known as hidden hunger, which is an major nutritional problem
worldwide. Microorganisms can modulate the homeostasis of trace minerals in wheat efficiently
and environmentally friendly, which provides a green scheme for abiotic stress alleviation and
nutrient enrichment. Therefore, on one hand, this paper summarizes the microbial regulation on
the absorption of detrimental elements (Cu and Cd) and alleviation of their stress as well as the
underlying molecular mechanisms from the perspective of microorganism-plant interactions. On
the other hand, this paper analyzes the regulatory effects of microorganisms on the absorption,
transport, and accumulation of two beneficial minerals (Fe and Zn) in wheat. In particular, the
review focuses on the mechanism of endophytes in promoting Fe and Zn enrichment, which is
promising for green and efficient sustainable agricultural development. This review aims to
provide theoretical reference and practical guidance for the application of microorganisms in
improving wheat production and quality.

Keywords: wheat; microorganisms; trace element homeostasis; abiotic stress; nutrient
enrichment
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USR8 B VLA S e s & SR 7 SR IR
2 XPE IR BT RIS RS i, R BOE IR Tk
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Wi R E R IEASROLR, NEAE N ERZ

B AL, FEOMRE P RAREA
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Mg IR et TPk, ~EeaAD
WA A DA N A W LR BIBESE, (H
BRARG TS EES IE, ARSCRES T RUE
Pkt /N A RO T BOC R RS s, FIR
AR T oAU, DU O A M i /N A2
A R R THR S

1 BAEHIRPIZERRELE T
% (Cu, CA)H & v

1.1 WMEPERNERKESRTER
JNZE (Triticum aestivum L.) 24 512 4%
B ERE Z —, HEFRMN TS AN @RS
MM, HEE SR PRI R RS
A, FIEES BRSNS EE, LHLE
M. mRTs g PEHGE, SRR R E
G J@ 23T E /N B S TP Bl
MW ARN T IZ AR, BRI 2
T 2E W AR Be O 7 AE ) B 52 A W AN AlE AR ) i e
(A& E S EWa) e EY ERK  H T EHAR
TE LR RRUER AL, XEEPRR R A AR
I (plant growth-promoting bacteria, PGPB)H! i
AW R AR A e A Rk S s AL S /N AR N

) FEARAE P 0 B 4 Ja i 2 AT S AT
Z BN HOC R (Cu) 2 I TR AR, MsHoT
R(CHHEARITE, ALK 2 FiG EITLE MG,
BB TR Y%t /N2 W W H 43 T DG 2R M52 )

KT A A W BHATL /N 2 W AT e T 3= i 4l
HERZ, IR 1. Z2DNHSEEIRW, HEY
RENE B i/ N2 X EE 4 Jm e R O, Yue P
41 S W e b ZE AT TR (Bacil lus altitudinis) WR10
AT 52 2 mmol/L A4, & 8% 24 h 5 i BRIGF%
Feh 2y 74%0950, It HAE 50 umol/L #5514 T
AT /NG AR AT KA A Rl
52 FF WS TR B2 4 9 AN Bl T T (Acinetobacter sp.)
RG30 5% B {}% £ Jfd 74 (Pseudomonas  putida)
GNO4 fefieil FoRARKIF RIS R G, 5
Ah, P5 Rizvi FPPIREHGE, 24 mNs2 AR
o7 211 T 4 5 41 569 TR (Pseudomonias: aer uginosa)
CPSB1 TEfAFA AT, I T/NEM BT
Y AR e . Han 55235 206 B AT
(Enterobacter sp.) TJ6 5 AREEAiti FH , Wb T
INFERPRL AR LR . Cheng 25U H A] 3R 56
XKW, WALV K (Serratia liquefaciens) CL1
W /NZERFRLGR & RN T 24%27%.

*1 HEYRRNEREEESETE Cufl Cd BHRE

Table 1 Reports of microbial impeding the uptake of copper and cadmium in wheat
GIRITR SLEER WA X7/ RN 27 3k
Metal Experimental Strain Biological function Reference
element model
cd KH WAL TP IR CL1 kPRI Cd 5 BEFEAR 24.0%-27.0% [16]
Field experiment  Serratia liquefaciensCL1 Cd content in grains reduced by 24.0%-27.0%
cd K fi H Z At E 16 AR Cd 5 R 44.7%-56.6% [17]
Hydroponic Enterobacter bugandensis Cd content in roots and leaves reduced by
TJ6 44.7%-56.6%
cd AR IR RN A Q2-8 1 RS Cd R FEAR 37.0% [18]
Pot experiment  Ralstonia eutropha Q2-8 Cd content in aboveground tissues reduced by 37.0%
cd AR fi i Z Wt 16 FPRLAIAR T Cd F i FEAIT 21.5%77.8% [19]
Pot experiment ~ Enterobacter bugandensis TJ6  Cd content in grains and roots reduced by 21.5%—77.8%
Cu K e {2 AT T WR10 i v AR R £ 0 52 1 (3]
Hydroponic Bacillus altitudinis WR10 Enhanced copper tolerance in roots and leaves
Cu,Cd  KH i 2 Al B T CPSBI $& 5 Cu #l Cd A T /N E = [20]
Field experiment Pseudomonas aeruginosa Improved wheat yield under combined Cu and Cd
CPSB1 stress
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1.2 WMEYATNNEREEERBTEN
Al

A g /N WA 3 T R LA AT
PUHIEEA 3 . B, il
WL e Fefb tIETR R ES )R, BRI
PIMIMRE . Hk, — e il Py nl LA 2 sl a] 4%
MR/ A A 4 S LR ORI R BEAN
KEENAYFRIE, FEARAR BRSO 32 R i 52 RE T
PR, AW AT LA A B 5 Ja o /N A2 ) 7 A
M, AR A PE RN TR RE,
G PUA RS . WRAE S B A I Y

ARG

Antioxidant system

Cd, Cullift
Cd, Cu stress

AEAGHE : GSH, ASA
Non-enzymatic

Bt . 0>, OH-, H,0,
Enzymatic

Cd. Cu Mk
Cd, Cu absorption

b ESERER T
Hormone signaling pathway

MM TAA
Cell growth

FFRI : ABA, ET
Grain maturation

WARE: GA, CTK

Root tip development "
————————————— -
Cd, Cu i
Cd, Cu tolerance
S
EPS + car 3 cd
“w
HPS + @ 2 cu
Cd. Cu [#5E
Cd, Cu immobilization

KT YRS /N 22 W W 4 g A ) BT
L1,
121 WEVRRESETEZNEYFRE
A= 0 R 00 30 Aok L A4 T 1) AR e R f
EIREF . MKRENE R, MHE., RE.
FREL . WAPRAR . MR AIME L SR S E AR
BTG, W G WA 5B, A R
EEBEAEMAME . HWK, HME#S 26
AT AR by A5 0 W B 550 4 4R B O L 8 B
Bilan, AR, A 2C3-2-1 @Y
Wiz ok R0 20 B Bt 41 £ B (extracellular polymeric

bk
Upregulated genes
FHIES A IRAH SC L P
Phytochelatin-related genes
. Cu
A G A AR SR
Metallothionein-related genes cd
Tcd cudier o
Cd, Cu chelation ﬁﬁ.f_l"% .
Mlcroorgamsms
SOD, CAT, APX
e AL B
S Al i EPS =W
AR Extracellular
Oxidative stress polysaccharides
TR SEA

Downregulated genes

TaZlPs TaHMAs TaNRAMPs

lat\ Cu ¥z

Cd, Cu transport

g P
_OH -NH, car 1L S Cu #aH

L
Cu* Jﬁ"’; Complex compounds
(=]

& X S Cd %am

ca
-SH  -COOH WE Complex compounds

TTCd. CuviE |
Cd, Cu precipitation

El1 WEYEABNEREESBTENHERE  GSH: &K ASA: HUAMER; TAA: B2
f2; ABA: iJ%R; ET: ZM; GA: K& X; CTK: /K, SOD: #BE/YEfbEE; CAT:

AN APX: PRI IR A ALY .
Figure 1

Model of mechanism of microbial regulation of heavy metal uptake in wheat. GSH: Glutathione;

ASA: Ascorbic acid; TAA: Indoleacetic acid; ABA: Abscisic acid; ET: Ethylene; GA: Gibberellin; CTK:
Cytokinin; SOD: Superoxide dismutase; CAT: Catalase; APX: Ascorbate peroxidase.
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substances, EPS)AY =4 #F T 3 4@ i) [ 22
b, SRR g PR T R 09 A P ml R R )
FiAh, — SR Wid ] DL i SR A A T AR A
HEFESRBOVE. B2, #@d—RIK
B, UiE R LSRR, HEP AR ESREE
Py ] R A SREAR, b T H AR R G
NIRRT TEE
122 WMEVMERESBRTRENNEZNE
HpE

LRI A A S FECREY) ™ k™,
M2 e g R R P, 2 27 3 5 4 S W aa B
INERL &R B SEREM NP, A
AR FENE S AT i ¥ ST O o A = DA
AR B A e 2 T /N B AR AL R
GOk BENE £ 8 B e P, Bk, 4R
R 8 25 T BUNZ RN A RIS PR R
(reactive oxygen species, ROS), UH %A
(02). 1AL E (Ha02) %, X /INZ2 4l i 32 1l 4
e TR W RE S iE 1 R T N IR NP AR
Akl (AN 3 S b S R S A A Il ) 1) 3%
B ROS BY/KF-, $ss/NEMBTELEE )T, 2%
FEAR AR B RIS, AR Pl wT LAYE T /)N
FIRWAEBH P E L R G R IEYE, A BEH K
(glutathione, GSH) . ¥ ¥k Ifil & (ascorbic acid,
ASA)FE, MR /NERBUAIRE ST, FRIRAE R
1o il IWFGEIRGE HE L W el A 0 e S
7T 5+ K 7 (Deinococcus radiodurans) i H: it Py it
FACAH G TR R B g b f ks T Cd/Pb
WAL, BEAL T /KRS T ROS AP IF 48
T HURAREE TS R A, A JE 2
WA A BORAER ML
AR B K T AR AR E PR, T T B P AR
RSP, R8RS TR N 4 TR AR A 1Y
fiif 52 P

—SERI A YA B PRI H R i 4
JEo e, dRedE e KRR /NEXESR
i sz PR s e i Al My R e A e AR A A
KR L B 3% 43 W55 ORI 1 s AR ) 1 e 3

PEBY Y& R (abscisic acid, ABA) I Z ffi(ethylene,
ET)J& B S A YR , TEAEY) X 30 58 i aa vh
A A CRRE FPY . S ] DA 5 BTG /N2 1R
WIS R G S, W RIS SRk, HYoa
JINFE R4 S T A2 DL AN, R 2R AT TR
(Bacillus subtilis) RT-3 I fif & ¥y 2F 16 4T &
(Bacillus amyloliquefaciens) RT-5 i i ;= A= 7K fi#
A, A ROmE T E AR MR EDT, b,
GBIz PUNRRA X 7 = A NNy X i =g | B %)
SN BE-1- R 2, et/ N HA PR
A I E R IR B 1, HS Bhdg s /N2
1) fiff 23 i P 4 S HE O RE PR
123 WMEMALNEERS FREMM
U P T DA 2o 4 /N 22 AR N B S TR 1Y
Tk, WML ESL RSP, i, —
Beff A Yrnl L /N2 AN WRKY . MYB 4§
R TRy RIE, X SR il 45 G T i
SRR A 37 X, R HERAA AT G 5 /)
2 Rl R S5 A S 0 G 2 a8 Y i A2 0
Jihbh, — LA Y fe e i R Y AR e as
HPUAE R R T A B A EE . i,
IEFE 2R AT 7R (Bacillus  cereus)fg i 1o 94717 4 &
i3z B 1 (Zips, nams) Al ifif 57 2t Al (hmas,
mtps) A4 2R 35 K W BEAS [ ) T 42 T8, 3K AN (AR
TR, TN EH A PR
L, PRI /INE ez 8 4w #3103,
MAYITER TI6 5 ARG HREAL T/
MR i s A gt BE R Rk, DT ol
T/INGE KRR

2 WAEAHPZBRERERYT K
JL% (Fe, Zn) 8y % v

21 WEYRENEREERET RTR

A i L™ T T 3R B R A Ak
PR K R T W EE SR . L
DA VETE A7 A2 BB E A AR, &
SUNERPRI IR B B, WA T A
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RB HBERE TR, RAE MM RRMEILER
FEE R SRR ARk, AR W R A
TEAE S W A= K Rl Frae el A 7= Jr g B R
T8 1 AT TS P S e A i ek o A Bl
AR, TR R /NG &R E 7
JCRM H, MM A TR A
Wi A e B P 7 SR = i 1 R ORI L
FATEEE T HUEW AR /N Rk R G R 1)
SR 2), DAEA e B LR TR R A
BB Bk

ZWHR A R R, MUY R B L Uk
/N7 G FRRAE YOIt LT BT R - i,
FH [5] v FH 7= 15| W £, iR (indoleacetic acid, TAA)F
WA ZEH0FF I WR10 B 2535 T /N APk Y
BLORMBITR SR I A
FLZFARAT IR CP4 FIMEE TRAR B EA it FH , 72 H
[B) S5 B e m i AR i AL 5 4 7= e
Coccina SFIAIF 5T 26 B | 3 3o Bl KL B AR 2
W, /NAE L E A AR TR WIS LR 24.3%,

REZPER 12.7%. Wi B G, AR
FIW I R T2 2.5 50, Ak, R R H gk
4 it JH %1 % B (Azotobacter) 1 £ 4R 1% B At 7
(Pseudomonas  striata) 43 %l #& & 1 /N 22 Ff K
(19.52%) FZ5(15.76%) W BE Fr wrl*l ) B2, X sk
S R N T U W TE B R /N 2 AR T R I
5 T AT AN SR N 3 Bl A 0 e TR AR
UE PR DL R A R E S =0, v U AR
FH/NZZ (B SRR, X BT A BRI PN 9 2k AR
BIRAN R
22 WEMMEHNEZRWEZEN BT
ZHIHLH

BRANVEERE LT T A iR v s AN aT 2 1
HLR, R BEESE N 56614 . DNA G,
HL AR AE N I 2R AR Y D Re023, fild:
YIPEE /N SR A T R IHLI R 200 34>
i : (1) WA YIREAE A N AR R 54, 3R
o FLXT R A W SR FH 25 (2) A= T LA
4 SR A /N 4 T S B AR G S R i 3R

*®2 WEDRENZREBRT FRITE Fe # Zn HIIRE

Table 2 Reports of microorganisms promote the absorption of Fe and Zn in wheat

GIEOTR SRR WA 7Rk 2% 3k
Metal Experimental ~ Strain Biological function Reference
element model
Fe K H ZEAFF R WR10 HRFIAFRL Fe 75 R 20%-30% [6]
Field Bacillus altitudinis WR10 Root and grain Fe content increased by
experiment 20%-30%
Zn K W S SCIR A FFRLHIZE Zn S04 5 19.52% ., 15.76% [46]
Field Azotobacter sp., Grain and stem Zn content increased by
experiment Pseudomonas striata 19.52% and 15.76%, respectively
Zn K Es AU AL 1R P EZHE Zn [47]
Hydroponic Piriformospora sp. Increased Zn content in aboveground tissues
Fe, Zn AR BRI T AR [ AR FPRL Fe. Zn & RE350088 0 133, 312145 [48]
Pot experiment Piriformospora sp., Grain Fe and Zn content increased by
Azotobacter chroococcum 1.33-fold and 3.12-fold, respectively
Fe, Zn KH W TE MS-ZT10 FPHL Zn, Fe &40 #25 % 8.2 mg/L . [49]
Field Exiguobacterium sp. MS-ZT10  24.6 mg/L
experiment Grain Zn and Fe content increased to 8.2 mg/L
and 24.6 mg/L, respectively
Fe, Zn A Wi B ZEHFF B . AP I . AR FPRL Fe. Zn it RS HEFE A RLIR S 75%  [50]

Pot experiment Bacillus subtilis sp., Arthrobacter

sp., Enterococcus sp.

Grain Fe and Zn content increased by 75%
compared to dietary recommended levels
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B, IR IEMRE; 3) MAEYE
A DAY/ INA B S IR - Je i ROC R a0 A, v
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221 WHEVIENERRGHFEEE K
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22 X BRAVRE A i ol 0 &R A RS AT AR s i
BRSSO T ] B RE A A /N AR R A5
BEIAR R BT, T3 /N A R | Bk
AR TL R BRI BUE Y S5 L)
JEE T o PR W RO s 45, D4 s T I 1T A

P /N A IR ISR B AL, A Y
R4, kEIR . BB Y SRR AR S 1
HE/INZ M R IR AR R T R, i,
A ZFAF I WRI10 G580 R B2 i &
B, & TR AR MR RE AN 22 0 R R Wl
B, TRl A AT DA 1 B AR R A5 M I RS PR
I FR-4F I H KA 35 22 Bt (ascorbic acid-glutathione,
ASA-GSH)fiE it /N2 SO Al A i e 2100, B
SRR YRR S P AE AR RE AR R,

DA AR /INFE AR R 540 o A 43 W 1) A L
PR(EIR . LTR . BEIATR)REMSHF L3 rp 2R Wy A ]
FEAR B BR TN B S5 25 07 J 0T 3= 1 fide i mT R FH )

Fe. Znfit=

fbﬂﬂiﬂ:m Fe’ n deﬁciency I_‘ i}ﬂ %IJ_;};;B_Q]
Growth-promoting effect Upregulated genes
- N A B TaMTPs
* 'mﬁ \\,
v A\ ' Ferritins Fe
. B E
Fe, Zn accumulation Zn
B PRI TaZIPs IAA
e Fe, Zn absorption
LB E TaVIT2
Metabolites CTK
B ik Fk#k Iron oxides TaNAMs
. ERUTHE  Tron precipitation ~ / Wi = 77 B ks PR A
Siderophores , i Siderophores
it ! Fe, Zn transport
AR Slabilization ¥ TaYSLs -
Organic acids ﬁ%g‘&‘ég% gerric;itrat’ei] TaNACs Microorganisms
e R Fer - gkzi (A ¢**-siderophores
P%H’r‘ I TaNAAT
Biofilms — | _ _FESSSSCSCRRSORY
————————————— .k
PN o BB
Fe, Zn absorption Fe, Zn absorption
B i . Fet o\
= & AT Y Fe?
. ke
........ > Zn? e ®
Zn* Znb Zn*
sezme to TTTTTIE B |
B BRI Fe, Zn absorption
Fe, Zn absorption

2 WEYMRENEZREEET BT ZIHIRNE

IAA: W|UEZ R CTK: i3,

Figure 2 Model of mechanism of microbial regulation of heavy metal uptake in wheat. IAA: Indoleacetic

acid; CTK: Cytokinin.
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HWR, /N B AR R A AR DR A R Sk
PR R CHIE N1, RE e EEk i A0
FALROS ) peah, A 2R WR10 it |
PRI v 2k B P 5 1) 3k DR RN A= 38 R Bk Ok
/N 2z A i A2 A i o0,

223 WMEMEWNZHERETFNT RT
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T T AT 3o 9 4N A A P e e PR T Y
ik, (RN WOk A S5 5 OB BTG
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SRR 1 /N2 R B A 9 vl A 25 38 Tin sk AR 21
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R I FE R BT SR Wi mT DA SR KPR
FREREBRRIEE, R i az BIRFRL A B A0 B 72 R
JEFIRFL P [ E I A T o, LA e g 57 A
D,

3 MAREHRENZIKE T
FRRERRWHR G Mk E
Bl HHEERALA OB, NP AT 2

PR DL ER B = I 3 2146 a4 [n] e E 5
M RS R R R R A Ak,

FEREFIE A, ZFEYI T B e
/N IR LR AR S DA SR R /N P APl
ACAEFH WM R R BN, WA ZF R R
WRI10 ANLREGE ff/INAZ 4 Jolrae [ BsE AT LA ik
INZZ KPR R I A s AP0 Hagagy SEUONH
IR, A0 NARSY i 2 gL
W AL A A A K, LU SR/
FZ A IE , 535b, NARSY AbHLA A] LY
I B R AP e S, NS/ NE R
EIEME . Berezhnaya EURWFFE R, FE/DN
G R IE AR E Y, BERES T
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SR, B W w0 oy P el R mp A A T I
TR ENR . EFRE T 22 RMEBL(A 3), Hi,
A W0 R M R AR AR R IR T R R A7
DI AR FRAL | AR TIRE | AR R E B RE R,
WG AR K BRE N SRR e & VI, JEH
S0 TR W R AR A N RO A, 1AL R
F AR M DR Tl A P TR R A B L R P R AR
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Figure 3 Schematic diagram of challenges and solutions for microbiological regulation of trace element
absorption in wheat. Two major challenges are instability of the inoculant and low colonization ability.
They can be partially solved by strain modification or enhancement and preparation techniques, such as

wrapping with different materials.
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