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Response of wheat tillering and spike formation to nitrogen rate under sup-
plementary irrigation based on soil moisture content
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Abstract: To elucidate the physiological mechanisms by which nitrogen rate regulates wheat tillering and spike formation under
water-saving irrigation with supplemental irrigation guided by soil moisture measurements, we evaluated four nitrogen rates (0,
130, 180, and 230 kg hm’z) in wheat cultivar Jimai 22 from 2020 to 2022. We assessed the cross-sectional area of the tillering
node, the photosynthetic capacity of the uppermost fully expanded leaves on the main stem, and *C-assimilate partitioning among
stems and tillers during tillering and spike formation. Compared with 0 and 130 kg hm ™, 180 kg hm™ significantly increased
tillering-node cross-sectional area and trans-zeatin (tZ) content, decreased indole-3-acetic acid (IAA) and abscisic acid (ABA)
contents, and enhanced the photosynthetic capacity of the uppermost fully expanded leaves at the overwintering and regreening
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stages. Total tillers per population at overwintering increased by 35.1% and 14.3% under 180 kg hm? relative to 0 and 130 kg
hm2, respectively; at jointing, the corresponding increases were 80.6% and 22%. The allocation of *Cassimilates to tillers I, II,
and III under 180 kg hm > was significantly higher than under 0 kg hm, and the mean grain yield across the two years was
47.9% and 19.2% higher than that under 0 and 130 kg hm >, respectively. Increasing the nitrogen rate to 230 kg hm ™ did not fur-
ther improve these traits compared with 180 kg hm™, but significantly reduced nitrogen partial factor productivity. Correlation
analysis showed that tillering-node cross-sectional area, trans-zeatin content, and net photosynthetic rate of the uppermost fully
expanded leaves were significantly and positively correlated with total tillers per population and spike number, and that
13C-assimilate allocation to tillers was significantly and positively correlated with spike number. These results indicate that in-
creasing tillering-node cross-sectional area and trans-zeatin content, enhancing leaf photosynthetic capacity, and promoting as-
similate allocation to tillers provide key physiological bases for improving spike number and grain yield. Overall, under the
soil-moisture-guided water-saving irrigation regime used here, 180 kg hm > was the optimal nitrogen rate for achieving high yield
and high nitrogen-use efficiency.

Keywords: wheat; supplemental irrigation based on soil moisture measurement; nitrogen fertilizer rate; tillering occurrence; tiller
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Fig. 3 Cross-sectional area of the tillering node under different treatments
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Treatments are the same as those given in Table 1. O: main stem; I: first primary tiller; II: second primary tiller; OT: other tillers; TATN: total
area of tiller nodes. Different lowercase letters indicate significant differences at P < 0.05.
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hm 2 452 5 TR A AR T 2SR A TR g
ALK Ay BERR AL TR Z 1 A R Ak Y, (R dE 4 BE &
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Fig. 4 Photosynthetic parameters of the uppermost fully expanded leaf on the main stem under different treatments
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Treatments are the same as those given in Table 1. P,: net photosynthetic rate; 7,: transpiration rate; G,: stomatal conductance. Different

lowercase letters indicate significant differences at P < 0.05.

232 HIP BB ZEEMIApA A LEFR N180
AEFRR, I EZE 1L T BETHER M B
AR S T ONO AT N130 4b B, Hirh 224004
AL NO A1 N130 430l 415 24.80%F1 12.29% . 1
BRI 14.72%H01 7.57% . 11 BES> 542 5 23.30%
1 8.40% . TI1 BES) 54 57 18.66%F1 9.95%; N180 4k
P A ZRBETHURS R I ity 1 <AL B 25 1 R 32 R I
F T NO Ml N130 4B, N180 Ah i 2L BE TR
A ERSEESECE N230 ZhFAR LG, WG B 2%
Sl 5), FKHMEA RN 180 kg hm ™2 ] 45 5 & 2L BE
A RES, fEdE SR iR N = 230 kg hm?
I, X&ZLEOEERE IR HERA R E .
2.4 FEIZEEE VC A4S EX iR E R
NI180 ZbFER, /NEFZE | I, I A1 1 BER T4

JRE AN PC R A5 2R BE A B AR TS 7 d R
I L NO Ab P G5 B R, N 180 AL BHAY A 3225 |
TBEA 1T BEFPRL R C R4 43 i i NO &b 24351
BN 32.88% . 34.55%7F1 26.00% (£ 2). FW A&
h 180 kg hm ™ {23 TOGA = WTERF R 40 L, A F
Tt
2.5 N[E)ZEEE R X HE & 2 RO KL

2 ERZER 3 A 2, 5 NOFIN130
AbEEAHEE, N180 A4bHET, /INFZ T, I il 111 BE MY B fll
By RN, BERTEEOT I, 2020—2021 4F#% NO
HIN130 &b FR 3540 43.61%F1 8.83%, 2021—2022
AEHE NO FI N130 Ab 3 P36 1 P-4 38 0 28.90%
1 17.37%; N230 AbHEAS [F] 2L BE AR BEAR B AL S
N180 AT ¥ 22 7 (R 3). KW Hii A &>
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Fig. 5 Photosynthetic parameters of the main stem and tillers under different treatments
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Treatments are the same as those given in Table 1. P,: net photosynthetic rate; T: transpiration rate; G,: stomatal conductance. O: main stem;
I: first primary tiller; II: second primary tiller; III: third primary tiller. Different lowercase letters indicate significant differences at P < 0.05.
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Table 2 Dry matter weight and C assimilate partitioning among stems and tillers under different treatments

BB R ZEBE T W) 5

I3 Dry matter accumulation of different stems and tillers (kg hm?)
Treatment
6] I 11 111 HAx ) BE Other tillers
FRidJ& 7 d 7 days after marking
NO 4338471 b 3042+29 b 2754453 b 1494+49 b 1638424 a
N180 5148+41 a 3546420 a 3384+39 a 1854+86 a 1026+42 b
JAMTFFRL Maturity grain
NO 3132433 b 2556+56 b 2052425 b — —
N180 3744+74 a 3384+48 a 2862462 a 1818+61 a —

WA S SR8 E Maturity nutritive organ

NO 3726+£51 b 3096+65 b 2574489 b — —
N180 4572445 a 3942+68 a 3276+72 a 2286+22 a —
e BC L TE 45 2R BE 4 i 1t BC Wk R
Distribution of '*C assimilate in different stems and tiller (g hm?) Accumulation of *C
Treatment o )
0 I 1 I LA 4P Other tillers  assimilates (g hm ™)
FRIgJE 7 d 7 days after marking
NO 1494+62 b 1386426 b 918+53 b 414+£29 b 792+38 a 5004+62 b
N180 2142482 a 1512431 a 1224+44 a 630+40 a 396+83 b 5904+38 a
WA FERL Maturity grain
NO 1314+£26 b 990+39 b 900+44 b — — 3204+26 b
N180 1746+69 a 1332453 a 1134427 a 558+36 a — 4770+61 a

SIS SRR Maturity nutritive organ

NO 324426 b 216430 b 144£18 b — — 684+69 b
N180 36053 a 252449 a 162440 a 7221 a — 846+55 a
ARERRI 1, O E2E T 8 1A EE T 5 2 A PUAMEE T 58 3 AN EE < WA A EER A . RRVNG F RSN EUER

1 0.05 #EFKF2ER B
Treatments are the same as those given in Table 1. O: main stem; I: first primary tiller; II: second primary tiller; III: third primary tiller; “—":
no tiller occurred. Different lowercase letters indicate significant differences at P < 0.05.
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Table 3 Spike number per main stem and tiller under different treatments
O AL A Spik b fdj;lﬁli:ﬁfm%%; tillers (x10* hm 2 ‘ﬁﬁgﬁﬁ
Year and location Treatment pike number of different stems and tillers ( ) Population fplkeznumber
I 11 111 (x10* hm™?)
2020-2021 FPLAT NO 180£0.0 2 167.4£9.0b 131.4+7.2 ¢ — 478.8+16.1 ¢
2020-2021 Nangiu village N130 180£0.0a 176.4+£2.7 a 154.846.0 b 129.6+3.4 b 631.8+12.1b
N180 180+0.0 a 180.0+0.0 a 180.0£0.0 a 147.6+6.5 a 687.6+6.5 a
N230 180+0.0 a  180.0+0.0 a 180.0£0.0 a 145.849.2 a 685.8+9.2 a
2021-2022 S84 Y NO 300£0.0a 126.0+8.1 ¢ 99.0£4.6 ¢ — 525.0+12.6 ¢
2021-2022 Experimental farm N130 300+0.0a 153.0£5.9b 111.0+4.7 b 12.0£2.3 b 573.0+12.8 b
N180 300£0.0 a2 231.0+7.4a 129.0£1.9 a 21.042.7 a 684.0+11.9 a
N230 300£0.0 a 228.0£10.7a  126.0£6.2 a 21.043.5a 678.0+4.4 a
2021-2022 FEHLAT NO 300+0.0 a2 120.0+7.7 ¢ 93.0+4.4 ¢ — 513.0£12.0 ¢
2021-2022 Nangiu village N130 300£0.0a 153.0£3.6b 105.0£1.8 b 9.0£1.5b 567.0£4.5 b
N180 300£0.0a 204.0+10.1a  123.0+6.0 a 27.042.3 a 654.0£6.9 a
N230 300£0.0a 198.0+2.3 a 120.0+4.5 a 27.0429 a 645.0+4.8 a
FEREIR 1, 00 F25, 1 8 1A% EE 11 55 2 N—SNBE L 4 3 —RAPEE; «— WA NEERA . AR/NG FRER R B R

TE 0.05 LA K- 28 5 3%

Treatments are the same as those given in Table 1. O: main stem; I: first primary tiller; II: second primary tiller; III: third primary tiller; “—”:

no tiller occurred. Different lowercase letters indicate significant differences at P < 0.05.

0 kg hm >l 130 kg hm > Al L., Jifi 054 180 kg hm >
AR HE 1T 0 TIT BERAE, 8 m T B ARREEL it 2L
AN 230 kg hm * BF, X 4% 25 BE R4 A A
H, (AREARTESCRRERS N
2.6 /INEEH. HFHTFE. RIBRES XS
) FA 30 2 %ot it S = ) i Az

N180 Ab¥HF, /NAZAFhiy= i % = T NO Fl
N130 ZbHH, 2020—2021 4EFFAL™ 5 Lt NO Fl N130 4b
FRAF BIBEAN 45.14%F0 17.43%, 2021—2022 4E AL
Hi ST SARPRL S . NO AT N130 435138 0 49.36%F11
20.11%; 2020—2021 4FF1 2021—2022 4E 3 AR5

S N80 AbFH Y 7K 3 A8 34 1 3 1 T NO R N130
AR, T N230 Kb RRFR R RK A RCR )
N180 AbFEJC I 3 2= 5, AU AE ™ J 7 Wi 20 e 3
PR (& 6). R MIAIRI 25 Fiti A=A 180 kg hm
AR R KR AR A EE A RO
2.7 HEXMESH
INFZAYBETRE RO B . SR EOR R SR A A
VA TR A R BE RO AR AR S
IEAASE, PC [R5 P 5 R AR RS S W Bl 5 L A
Ko MEETHRIER . RAEKRREGE. HOLEHE
R PC [ 43l A SRR R K R
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Fig. 6 Grain yield, N partial factor productivity, and water use efficiency under different treatments
AEERIRIZR 1o ARG FBERR BUHIBITE 0.05 K285 3%

Treatments are the same as those given in Table 1. Different lowercase letters indicate significant differences at P < 0.05.
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Table 4 Correlation coefficient among traits

N
=)

=]

[l T 2% 2R BE B 73 PO SR A I A6 15 T /N A v ™
RCH A PHELAY

5 F7 A3 BE T R T R 3¢ @46 143 it &
Ifdt]; )i;;ei j;(iéek i:']etl IAA ABA P B¢ assimiclalt_eJ i:ﬁjuﬁfi amount
TR A ZEBESL Number of tillers 0.959™ 0955 —0.947" -0.880"  0.838" —
THIARERL Spike number 0.923" 0.916™ -0.961" -0.849" 0.867" 0.996™
FFRL = Grain yield 0.977" 0.988"  —0.927" -0.937" 0.961" 0.998"
JK 5y F FHZEE Water use efficiency 0.951" 0.964™ —0.958"  -0.953"  0.960" 0.998"

P LA HR; Z: RAFKE; 1AA: K F; ABA: B, ",
P,: net photosynthetic rate; tZ: trans-zeatin; IAA: indole-3-acetic acid;
<0.01, respectively.

3 itig
30 AEEXEFHTHRAENNESELEN
el

F ) 32 R s /N2 oy BE I B TR MR S )
T oK 223 1 U 5 IO 35 0 2 4 UK IR 2 B I A4
MR 2E 5 BEZE AW & o 3 FOKR R & i A Al T4
B, HARE TROF W4 B fm AL ik
T R BRI B, AR T BE R
M IAA FI ABA XF4yBER LA MHIVEH . A ER
WFoE 2B, ARAALH N /NEE Sr BET (Z FI TAA & i A
EAALH R, T GA; fl ABA & B b, /NE JrEE
T Z, TAA FI ABA FifEARREB AT BA R
RS, VOKHERE LARTE K FEIE T TAA Rl ABA &,
EFE A E IR 55 T K AR KA L, 2 ST
36.58%F1 144.59%; TAA &5 [ 15.31%71 37.49%;
ABA ERAK 15.20%F1 24.20% 22, 1678 /3K 44
T, AMEE N 7 mmol L' WM AN T 23 BET FIJ>BELE
B4 P9 U5 200 B o3 SR 28 e, R T AR 0 3 B R A RN 4 B
AR AR AES T R AL 0~40 cm +
JZ AR KB ANIE R 70%9 T K S T BT 3
B, i 180 kg hm > S & & K 0 kg hm > Al
130 kg hm M FL3E AN T tZ &, FAIK T TAA Fil ABA
i (Z/IAA FIZ/ABA HER S, AR TR /N &
BENI AP BER A, HR e R R RS

ARG AH M BT R B, N A BERR S IR
RO A RN, IR 4 BE R AR B R 3 2 TS R
FEE Ao B 5 W MG, 180 kg hm 2 it AU Ab
HF, /NE S BE BRI AU R . 2R TIR R F
A RE R, S 1L I, 0 A I-, BESrHE & AR B

Ay ZEIRAE 0.05 F10.01 AKPARSCE B,

ABA: abscisic acid. *, " mean significant correlation at P < 0.05 and P

L, HEFR S ZEEEEUR S E R
32 AEEKAFHTHRAENNEREZER
=LA

/INFE G BEE RSB 327 R Rt R A R MR AR K, R T
et Rt 280 A X G B S LA R G R A R A A
BRI A R T/NZ BRI R, (Hd R K
/NBEZ [BIFR Ay S A R, AFIFRZEWEE, Wi
it AR R AR Y L FE S K AR, il AR
210 kg hm ™ H AN it 2 F1ite 0 itk 150 kg hm 23§ Jin 1
FRAL A0 A 0 N SR A R AR R, R
T 180 kg hm 2 /N 22 FE BB 2 v T AN it &R
JiE A 130 kg hm?, JH 52 R R A i R
180 kg hm > ', 11 BEAI 111 BE B0 o

AR AN PC R R B AR AR,
i A 180 kg hm > 2t & 0 kg hm > {2 ¥ 64 A
ey E25 T, 1R T B4, Je iR £ ) &
BE A, i A 230 kg hm 2 5 180 kg hm 2 #H 1,
Sr BRI SR W 2 5
33 AEEAZFGETHRAEI/NEIFA~EM
RIBREF B

KOG MENRREEYERNEERER, 68
VR R RN 2 it R AT D R B A e MR o, K
SR AR I T 5 0 25 R AR AR R FHRCR, in
IR IR B AR5 Y0 A IR A L TR
INFE R LA B R T SE ) R A
FIF 2N A, (IR R S 0, H 5 a5 it
AR 25— i Hokp b = e 28 AT rgs R, 4
ABEWIAVEB T, MG R RS, . Bk
B FFRLT R S SRR S B0 AR AR B, TR AU
180 kg hm > Bk B 5w R 7 5 A ol 3% 1 4 4
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KRG, R TEARTER & ) 180 kg hm™> Al
240 kg hm > HRFEE EACEP, Li PO 5T L,
FEBER N 120 mm, AN 195 kg hm > B =
240 kg hm?2, /NFEFPRL PSR G B E AR A, RUIE
A= 7= ST REAR 20.10% o AT 56 70 0 45 4 K AR 35 2%
PEFRAIG T4 2588 1, i 180 kg hm >
A it R 28 F 130 kg hm 2 2 i 2548 5 1 kPR
o KA R E 230 kg hm 2 ), ¥Rk ™5 5
A 180 kg hm > JC b & 25 5 AU A: 7= 1 i K
Fiti A A 180 kg hm 2,

4 ZEig

FEAR I 5 KRG 2T, AR 180 kg
hm? Fiti & &l 0 kg hm 2 Fl 130 kg hm 248 & 17 4%
BEREE AN 2 S, R TR, BET
RS ZRERR 48 T A 2R BRI O S
ey, C [RLYTE & ZEEEM e, IRAT T4
B kPR R E AR AL 7 ) . ARELHE i A
230 kg hm°, BEECRUFFR ™ 20 B & A8 1k, [HAE
M AE 7= TR . AR S5 T, /NEZ i AL S
B AU A 180 kg hm 2, &35 15 1 76 3 A0 33 “E 4
HE RN 101 mm,
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