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Abstract: [ Objectives ] Application of nitrogen (N) fertilizer or a combination of nitrogen and zinc (Zn) can
significantly increase the availability of soil Zn, improve the Zn nutrition and grain yield of winter wheat. Root
exudates have been widely recognized for their critical role in mobilizing and activating nutrients within the
rhizosphere, thereby facilitating their uptake by plants. In this study, we investigated the combined effects of
nitrogen-zinc (N-Zn) fertilizer application and exogenous winter wheat root exudates on the transformation of
different Zn forms in calcareous soils. [ Methods ] A hydroponic culture trial was carried out, using winter wheat
cultivar Bainong 207 as the test material. Two Zn application levels (0, 10 umol/L) and two N application levels
(0.5, 7.5 mmol/L) were set up to compose 4 treatments. The root exudates were collected, and the composition and
concentration of organic acids in the root exudates were analyzed. Subsequently, a rhizobox experiment was
carried out using the same wheat cultivar. Each treatment was then divided into two parts: one was added with
50 mL distilled water, and the other with 50 mL root exudates collected in the hydroponic trial. The biomass, N
and Zn concentration of various parts of the wheat plant, and the pH, available Zn content, and the contents of Zn
fractions in rhizosphere and non-rhizosphere soil were determined. [ Results ] Compared with the low-nitrogen,
zinc-free treatment (N,sZn,), co-application of N-Zn fertilizers (N,sZn,,) markedly elevated the concentrations of
aconitic acid, fumaric acid, and malic acid in root exudates, whereas it significantly depressed the levels of
pyruvic acid, a-ketoglutaric acid, and succinic acid. Irrespective of root exudate addition, N-Zn application
notably boosted grain yield, Zn concentrations in roots, stems, leaves, and grains, as well as N concentrations in
glumes and grains. In both rhizosphere and non-rhizosphere soils, this combined application significantly
increased available Zn concentrations, along with the contents and proportions of exchangeable Zn, carbonate-
bound Zn, and Fe-Mn oxide-bound Zn, while dramatically reducing the concentration and proportion of residual
Zn. Under the regime of combined N-Zn application, the supplementation of root exudates further increased grain
yield and Zn content, as well as N content in roots, stems, leaves, and glumes. It significantly elevated available
Zn and exchangeable Zn concentrations in non-rhizosphere soil, raised the content and proportion of carbonate-
bound Zn in rhizosphere soil, but significantly lowered the pH and decreased the content and proportion of
residual Zn in rhizosphere soil. [ Conclusions ] Under conditions of combined N and Zn application, exogenous
root exudates from winter wheat facilitate the conversion of residual Zn to carbonate-bound Zn in rhizosphere
soils, increase the contents of carbonate-bound Zn and Fe-Mn oxide-bound Zn in both rhizosphere and non-
rhizosphere soils, thereby effectively improving soil Zn bioavailability and enhancing Zn uptake by winter wheat.

Keywords: combined nitrogen-zinc application; winter wheat root exudates; calcareous soil; available zinc; zinc
fraction transformation

BE (Zn) R AERLTEMEITR, ERERY . &
P T BB TR A 4 O B A 3 0ok A v & i A
FHU BERT AR AR E2L 200 R P 4 L 25 £ 92 240 i
MIEH A B B XRTEE, GRS B2 H 55 20 1 G2
W e N, ORI BG, WiEYs | il
R RGERERT R BN IRE MY B S B
AR R &, MR 2w AR AR, &
HHEMRIEA . WG BUREIA S 0 VR AR P AN i A
e sk, U AR B0 PR R gRE A, R
Fee, ik, g R REEE S R R S PR IE 5 AR
FEHLREI L ZE SRS, MRk B EEY), INE
NS T 29 20% HURER AN 25% By A, [EE

BRI, YAT BRI AR R
Wk A%, PSRN 27.3 mgkg, AT A58
1k HFRA 40~60 mg/kg”, &[4/ F 77 X Tl R 1Y
INZEREREAE T2 S B AU 30 mg/kg, fIRT AME 3R
fREEHEREME S, L, sRTF TS /N RPRL A & IR
) SR R R TR A

TR U = 2 BRI E Y B RO R
2, AT B HF i I e s ™ 5 Bier )
e, R EF AP EEE, - HEE R R R
A ra ML . AR ) PSR R e A, FRIE L TR
BEFXZofmE A RE g, T H pH [EMk
PR A5 & it , B R B LIS AR R F (ZnCO,) FIA



1098 R R R L S 2%

SAALRE [(Zn(OH),) IIESHTE, AR i k>
TP 48 A L O AR AL TS TE M B PEIRS, L HAE
FACFITR P AL A P - S X Ay 3

Jit R S i T30 38 - 9 B R 7 I T A R A
B, H TSN NETE A7 B 98 v 5 [ s BUE AL
MRS, SEOLE S MERA: Y A B R,
WroR R, fEBEE 3 P A SRR RC AR AL
SEEAEYI AR ORL, IF AR AR B, R
it AR /N2 R I, W IR AN
RLEFE TR0 H i PR VE W) ff 32 R0 B G it E A% o
WO R LR, IF LI R Rt b 3R W % 32 A0 G
BN TaZIP3 F TaZIP7 WL FIRP 2, $E55R /)N
HMRBERX PR S HB R Ty, R R A I B
KLz SR W EAER, AL
R4 pH, fEHE - IEPAEA S SS S | IS A
PLESFIIRIREL S5 & SFA ROV AL, f v LI
MR, UBFICHE A s B e 3 i [ e

HZR G-I AR o Hl ) — - S A ) A 1 G
WA, RS R A LR . 2R . B B
SR T RAE AR, BEFCR A, TEIEEAR RS
TR o3 A RO D T A ), A PR AR
ROWY T EEH S, HRIEERERI R S B
B BB, BBAIEES Gy, R
JOR M L S AR v i 0k, I 5 R A AR B PR i —
A vtk HOA R P, Maqsood 528 Y, APEEIR FISE
SRR REA RO AL TR B E 1B, SR E A
Rtk X ATRE S A AR X ARPR pH . AU fbid J5 R A
BEREE AR A G, IR R R 45
BHEAIEE GBI RAFHEY) 73 W5 14
TP RE UM R R . R A5 0 3R I I 6 5
W, AR AR E B WA T ] B AR B pH, X
BELOBR. BRAETCR I EAT I n e R O
HHR R o3 WA 7 50 AR ) S M R B2 TR 1 Y
R W AR FA YW RER S TR, AT
R AT R

CAMFERY], BEA . M & R PERLE Y Ak
9 35 A AR 3R A IR A ORI B k. IR Ot
REY, MARZFRS T AFERS W hE ., &
BEWR IS | W TR 2 RV B A WL IRR SIS 46 20 43 i AR X 5%
i, Taheri R I, i fE AT R #E FORM R 5000
IR . TN R SERRSFAIIR. HEGCT A
Tic it 38 3 R 7 AR 3R 0 WA 55 A1 R - AT
TR R o B, ARG B RS A B i
FA T AR A /N AR R 3 0 o8 A R A g

PEATEPER N, IF M HEnT BERL] , ARl AL
FARBRSE ) P 4 AT R & /N2 R R A 38 TR S 1L H e
S

1Pk

1.1 st

AR A N Rl E A 2077, BT
BN ARYER L, H R R pH 8.04, A
PLIE 13.77 g/kg. BEf#EZ 21.01 mg/kg. BHE 8.20
mg/kg . AN 106.70 mg/kg . HUEE 0.4 mg/kg,
1.2 Rt
1.2.1 KEARE  SRAXNHE RS EREHLX 40,
BEHE 2 ANMEEKSE (0 110 pmol/L) A1 2 NEUKF (0.5
f17.5 mmol/L), 24 abHE, G4 N, Zn,. N,,Zn,.
N, Zn,, I N, Zn,,, BNMEHEEE 3K, 5350
Ca(NO,),"4H,0 Hl ZnSO, 7TH,O YE N A I MELE,
CaCl, 2H,0 #h AR A AL S B Ca* 22 57 .

PEHUCFFRLIELHE . (R /N R, 248 3% H,0,
W EE 15 min J5, FHZEIR/K RN 25 85 77K &% ks
3. BHJE, KR E T RS PRI 12h, DR
HEHW A o WA S, KR IR RSN S5
YITBEEZMRER L, 78 25°C BEIEIE 34 P i 3%
5K, A EKE 4~5 cm B, BEHL 20 fRKCH—
HELTE, BARERA 4 L ERRNBE 0, If
FE 21 RNE RS R . SRR S 2= -]
RECT, EARE AT . 1 mmol/L KH,PO,. 2.5 mmol/L
K,SO,. 46 pmol/L H,BO;. 2 mmol/L MgSO,-7H,0.
0.3 umol/LL CuSO,-5H,0. 100 umol/L EDTA-Fe. 9 umol/L
MnCl,-4H,0 F1 0.2 pmol/L (NH,);Mo,0,,-2H,0, HNif
NEAH AR, SRR B SRR A A1 Al
VA MRBEEFRW, 562 SR 12 WE, 2R
FAE IR AWK, KiRMn, el s
IREE SR E N IR 25°C . MXHRE 70%. G
SR 400 pmol/(m?-s). S 14 h/d, &/NERFE
30 KIGUEELI AR 2R A0 MW, R P v R A € i —
g FAY (UPLC-MS/MS) I E A LR & &, Arfs
PTG SLAR AR
1.2.2 MRAEE AR =R E2RLIX 4
Wi, WESE (0. 10 mg/kg). A (0. 0.2 g/kg) FIH
43U (50 mL i57K . 50 mL AR R I I SE TR
8 N, RANEES 3K, FEIEAIEIE 55
&R £F (ZnS0O,-7H,0) MRS [Ca(NO,),-
4H,0], {RAAFIHE T CaCl-2H,0 M5 45 & &, 7



54 EEERk, 55 RRHECHE T A&/ N MR RIS 41 KL B A 5 AL I =2 1099

Jiti 0.15 g/kg P,O; (KH,PO,) 1 0.20 g/kg K,O (KCI) i
R/ NERERKNTEE ., ARSI, Hrh 50% 1E
BN, HAR ek Wt

K PVC B BHIARAR, KxTExEh 15 emx10 cmx
16 cm (NEHN 2 cm, ZNE R 4 cm), HHEHIEXT)E
it 20 H (FL12 0.85 mm) i, #4208 3.5 kg/Z MR, H
SRR RS JE B AMAE , 4 M8 (R REK A
(1) 60% #hFE/KSY, FiE 2 Ko SR HIRE LikK
B0 9 NosZn,. N,5Zn,. NysZn,, 1 N, Zn,, ZbBRX}
R R VA YR 50 mL, Lk 50 mL i KAVE N
PR, WSINBARA N E . TR AR AR P S S A RO
10 KLAR W /N ZE B 7 J5 8 1 (35 2 R 35 1
2~3mm), 2 FGRAEM S HRANE . RN R
BURBERK 5y, BRI A 5 K%K 200 mL,
ZEFEINAF 3 R BE/K 200 mL, A4 FWIBEK 200 K
39000 mL, T4/ INAZ LI 73 3l SR SR AT AR AN - A
i, FEAREEAN S AR BSE . FPRCFIAR &, I E
R 5, BAERTE 105°C ARE, 65°C BT HE
MERES i HRE RN E | NS0, KBk
WRFIRS), MWk, X5 20 H (0.85 mm)
1100 H (0.15 mm) §ifi, W0 MR Fr/AEAR B 4 4%
pH{E . AR & LR
1.3 MEMBS5RE
1.3.1 BHOSEAIEYER S (RHeRES ) o
RO L, R pH (ECRH pH IHRIE, KL HHR
2.5 1; AHLBCR I E R -SMINEI E 5 B
RR IR B 0 5 SACER R ) NHL,OAC ¥ )
B — KA G E 5 AR T NaHCO, i
B ke . B SUEER A DTPA 42
B MR o3 D
132 MAESWHHINE 2% Suzuki 9 Wang
LSRR L, A AR R SRR ASEA — B0
FRRAEAS , R A SRR S LB T Kb Pk 3~5 K,
B 5 E T 0.2 mmol/L WY R 42K I W iR il 2 h,
T 30 mg/L A& R MW R 30 min, ZJ5 R
ALK AR, IF56 R 2 A 200 mL JoHR 7K
FIAE IR, T 25°C IR M P g 1
24 h,
133 WMAEMWYA IR S ZWE 5% Pan FW
AR A HLRR & &, 100 mL AR R4 I TR
BTG, WA 1 mL WS LB FRER, IR
5 min J5, fE4°C &4 F 1000 r/min .0 S min, ¥
VSN 400 L K EFKIA 2 mL 808, iR

Ji€ 10 s J5 12000 r/min #.{>» 5 min, 8 F MF-Millipore™
JEIE (No.GSWP04700, 0.22 pm) #1730 0E, SR AE
T RO (35— R B4 (UPLC-MS/MS) il & A #l
2. #EFE 5 L, f#FH WatersXevoTQXS B i FlH,
M5 55 B F LU EST XTRE S - AT 408, A =X 1
B PR Z2E NI (MRM) . (%5048
Acquity UPLC HSS T3 34, BURLEEN 1.8 pm, W
#h 2.1 mm, KA 100 mm, FishH ER A 0.1%
oK) FEsHl B (HEE), WEH 0.2 mL/min, &1
A AR ) B E AR 2R AT

134 HRESSE 2% (LIERMAST) virh
M, XERERN MR R TH L OREE, R
JH H,SO,—H,O, 1M fl A it , A FHBIL IR AR (12
BRANLUEBBA) M E A & & 5385k dh R
HNO,-HCIO, (v/v, 4 : DIRARMMIE, R
WA e (5 E YANAZEERIit700) 58 47 & &
135 HHEHEE S BRI HIRA Tessier 54!
TR, A R AA . B ALY
A AAILAE2R 1 mol/L MgCl, (pH 7.0).
1 mol/L NaOAc-HOAc (pH 5.0). 0.04 mol/L
NH.,OH-HCI (pH 2.0) 1 30%H,0, (pH 2.0)+3.2 mol/L
NH.,OAc 24, iz Bl ok F I Wb o e Bk
D B &, BRI A PR H] HCI-HNO,—HC1O,—HF
FRIE , TR WO e B e o I A %=
(#y25°C), /KEHAH10: 1,

1.4 SEitorin

% Excel 2021, SPSS 27.0 52 B . 4
81, F Origin 2021 HI/E£SZEIE], AL FE[E] R FH XL
W, =“HNE 25, RSN E 2R (LSD)
XL [ AT 2 5 A

2 LR

2.1 AFERENZSNZRRADDDPENREE
AN

WM 1 s, ZEFBCME B 35 8 TR R
HAEDLERA & . SIRETCEE (N,Zn,) A0FRAHLL, &
RACHE (N, e THFIERR . BkR . SEBA R IR FIRL
Wk QPRI & i, S BEAL B (Zn,,) W) 2] T PSR
2. oM R RIBE AR Y & i, AUBFRCHEAL 3 (N,
Zn,,) WERE T MR . TR AR R S 6,
FEAR T R ERER . o-F 5 PR AIBEIARR I & . &
IATEE R, GRS LG R A I R LA A HoAt A
HLRR & 87 TR (P<0.001) OS2I, Ui B &U4E



1100 W) E SR 50 R 2%
#1 FARSERLETLNERRMDYFOENBESE (gl
Table 1 Effects of N and Zn combination on the organic acids contents in root exudates of winter wheat
M WEm WE® 5%m oI B EER PRE MR
Treatment Pyruvate Citricacid  Aconitine a-Ketoglutaric acid Succinic acid Corydalis acid Malic acid Grass acid
NysZn, 2143 a 82.73 be 0.16 ¢ 8233 a 24.10a 20.50d 22.83b 81433 b
N;,sZn, 20.90 a 121.60 a 0.26 b 65.67b 853D 4793 ¢ 1193 ¢ 1689.43 a
NysZn,, 537b 96.46 b 0.34a 17.37 ¢ 497 c 65.86 b 4.67c 1349.90 a
N,sZn,, 043¢ 67.13 ¢ 0.29b 23.87 ¢ 1.00d 228.57 a 40.83 a 868.16 b
F7 22537 FIE F value for ANOVA
N 4.67 0.67 3.25 6.09% 96.22%** 343.14%%* 30.48%** 2.14
Zn 208.87 *** 12.22%%* 81.25%** 671.28%** 179.32%** 484 .81*** 5.50* 1.13
NxZn 3.03 34.27%%%  3556%** 31.61%** 33.93%** 173.67%** 105.77%%* 25.43%%*

T B 3R EEFE WS R/NG T iR A BRE 22 53 1K 5% WA K5+ %%,

0.001 &K

ook S I R AR BN 15 510.05. 0.01

Note: Data are shown as mean of three replicates. Different small letters after data in the same column indicate significant difference among
treatments (P<0.05). *, ** and *** indicate the variable effect at 0.05, 0.01, and 0.001 significant levels, respectively.
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Fig. 1 Effects of exogenous root exudates on the grain yield
of winter wheat under N and Zn combination
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Note: CK is no nitrogen or zinc fertiliser applied; G is root exudates.
The data are three repeated averages. Different lowercase letters on the
bars indicate significant difference among treatments at 5% level. ***
indicates the variable effect at 0.001 significant levels.
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Fig. 2 Zn contents in various parts of winter wheat under combined application of N, Zn, and exogenous root exudates
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Note: CK is no nitrogen or zinc fertiliser applied; G is root exudates. Data are shown as mean of three replicates. Different lowercase letters on the

bars indicate significant difference among treatments at 5% level. *, **, and *** indicate the variable effect at 0.05, 0.01, and 0.001 significant levels,

respectively.
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Fig. 3 Effects of exogenous root exudates on N content in various parts of winter wheat under N and Zn combination
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indicate significant difference among treatments at 5% level. **, and*** indicate the variable effect at 0.01, and 0.001 significant levels, respectively.
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of winter wheat under N and Zn combination
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Note: CK is no nitrogen or zinc fertiliser applied; G is root exudates. Data are shown as mean of three replicates. Different lowercase letters on the

bars indicate significant difference among treatments at 5% level. *, ** and *** indicate the variable effect at 0.05, 0.01, and 0.001 significant levels,

respectively.
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Table 2 Zn content in different forms in wheat rhizosphere and bulk soil under combined application of N, Zn,
and exogenous root exudates
SCHLARE WRPRERZE 13 5 BT ABLEE G AR B A AE 5AS BRI S
Kb Exchangeable Zn Carbonate-bound Zn Organically bound Zn Fe/Mn oxide-bound Zn Residual Zn
Treatment PR [N HRPR FEARPR PR [N HRER FEARPR PR AEARER
Rhizosphere ~ Bulk Rhizosphere Bulk Rhizosphere Bulk Rhizosphere Bulk Rhizosphere Bulk
CK 1.03d 1.75¢ 098¢ 2.55¢ 325b 4.02a 450 ¢ 437¢ 103.70 a 86.54b
N 1.08d 2.08 cd 0.82¢ 241c¢ 3.12b 295b 4.00 cd 3.74 ¢ 67.29 ¢ 62.09 ¢
Zn 1.34 be 3.07a 3.04d 10.57 a 3.30b 3.52 ab 5.78 ab 6.95a 91.14b 100.43 a
NxZn 1.51 ab 2.35bc 5.28b 8.20b 297b 417a 6.33a 597b 8731b 96.87 ab
G 1.15cd 2.09 cd 1.04 ¢ 2.85¢ 322b 411a 4.16 cd 4.09 ¢ 100.55 a 91.39 ab
NxG 1.12d 1.95 de 049¢ 2.61c 329b 3.55ab 3.68d 4.05¢ 99.06 a 97.37 ab
ZnxG 1.58a 231c¢ 4.04c 7.47b 4.18a 426a 5.83 ab 591b 87.21b 98.01 ab
NxZnxG 1.56 a 2.64b 6.70 a 1091 a 3.60 ab 3.83a 5.57b 6.78 a 63.11¢ 58.29¢
F7 2253 FA F value for ANOVA
N 0.77 0.48 57.03%** 0.31 243 3.56 1.21 1.27 61.84%**  26.39%**
Zn 64.27*%*  T7.94%¥*  R((.59%** 462 57*** 3.41 2.40 134.42%%%  176.65%** 24.97%%** 1.82
NxZn 0.30 432 101.92%%* 1.37 1.87 6.12% 4.24 0.62 1.44 4.24
G 5.02* 0.82 14.78%* 0.00 6.92% 2.10 4.84* 0.08 0.00 0.00
NxG 1.72 423 0.00 20.94%** 0.00 0.57 1.68 11.90%* 3.06 0.22
ZnxG 0.42 5.70* 23.55%** 0.52 4.68* 0.15 0.00 0.14 45.88%** 45 50%**
NxZnxG 0.26 28.86%** 2.12 22.64%** 0.51 4.45 1.70 3.12 43.53%%%  30.72%**
TE: CKAARGARIL; GHMRARIITWY . BORNIRELFIE, RIS AR/NG FREFRIRAL B 22 5 I85% KT *, o *00g)

AR B

BOW6510.05, 0.01, 0.001 4 KF-.

Note: CK is no nitrogen or zinc fertiliser applied; G is root exudates. Data are shown as mean of three replicates. Different small letters after data in

the same column indicate significant difference among treatments (P<0.05). *, ** and *** indicate the variable effect at 0.05, 0.01, and 0.001

significant levels, respectively.
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Fig. 5 Effects of exogenous root exudates on the ratio of Zn forms in the rhizosphere/non-rhizosphere soil of winter wheat
under N and Zn combination
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Note: CK denotes the control treatment without N and Zn fertilizer application; G denotes the root exudate. Data are shown as mean of three replicates.
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