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Cultivar (lines) and soil factors affecting wheat grain sulfur concentration
in the major wheat-producing regions of China
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Abstract: [ Objectives ] The grain sulfur concentration (GSC) of wheat cultivars (lines) in China’s main
production regions and the effects of year-round climate, cultivar and soil nutrient content on GSC were analyzed
to understand the primary factors related to grain sulfur content. [ Methods ] Local wheat cultivars were planted
at 47 sites in dryland wheat regions (DW), wheat-maize regions (WM), and rice-wheat regions (RW). The wheat

biomass, harvest index, yield and its composition, sulfur accumulation and distribution were investigated.
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Correlation analysis between grain sulfur concentrations of leading wheat cultivars (lines) and wheat biomass,
harvest index, yield and its composition, and soil factors were analyzed. [ Results ] The GSC of the main wheat
cultivars in DW, WM, and RW was 1.73-2.27, 1.59-2.01, and 1.42-1.73 g/kg, respectively, with an average of
1.98, 1.78, and 1.53 g/kg. GSC in the same wheat regions was mainly affected by cultivar, site, and year. In
dryland regions, cultivar had the highest contribution to GSC variation (13.1%). In contrast, the planting site
recorded the highest contribution (34.2% and 52.0%) in wheat-maize and rice-wheat regions, respectively,
followed by cultivars with 25.4% and 7.1% contribution rates. The effects of the harvest index and grain S
absorption on wheat GSC were greater than yield components, the S harvest index, and aboveground S
absorption. In dryland regions, the GSC showed a positive correlation with 1000 grain weight and aboveground
S absorption but was negatively related to yield in wheat-maize regions. No significant relationship was
recorded between GSC and yield but not the S harvest index. In rice-wheat regions, there was no relationship
between GSC and 1000 grain weight and aboveground S absorption. GSC was positively correlated with grain
N, P, Mg, Fe, Zn, and Mn concentrations in all three wheat regions but only correlated with K, Ca, and Cu
concentration in several sites. In DW, the higher GSC of Yongshou wheat compared with Yangling may be due
to the higher available soil phosphorus and sulfur concentrations in the former. GSC was positively correlated
with soil Fe and Mn availability in WM; in RW, GSC was positively correlated with available Fe but negatively
correlated with pH, available Zn, and available S. [ Conclusions ] The main factor influencing wheat grain S
content is cultivar. The soil nutrients have positive effects on grain S content, depending on the region. They are

available P and S in the dryland wheat region; available Fe and Mn in the maize and wheat regions; and an

available Fe concentration in the rice-wheat region.
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F1 SEXAE A 0—20 cm HIEEKRIBUMERRIERSE
Table 1 Basic physical and chemical properties of the top 0-20 cm of soil and fertilizer application rate
at experimental sites in the wheat production regions
" HHLR 2R yo- Mﬁ?% ﬁilz@é iﬂg&k%ﬁﬂ E&ﬂw}ﬁ ﬁﬁﬂlﬂ; (kg@mﬁ
Experiment;‘l‘ site pH Organic matter Total N Available N Available P Available K Available S Fertilizer input
(g/ke) (g/kg) (mg/kg) N PO, KO
AEX Dryland wheat production regions (2017—20204-3{& Average of 2017—2020)
BPi% % Yangling, Shaanxi 8.3 16.9 0.9 8.5 0.1 43 160.6 5.6 180 100 75
7k % Yongshou, Shaanxi 8.2 16.8 0.8 13.0 0.3 193 140.9 11.4 180 100 75
7 T [X Wheat-maize production regions (2016—20204F34{E Average of 2016—2020)
GRYEEIM Bozhou, Anhui 7.0 26.0 1.1 22.7 10.0 573 192.6 10.8 261 188 163
LA N Hefei, Anhui 6.7 315 1.3 36.1 14.5 42.8 207.7 14.6 222 110 98
k78 Cangzhou, Hebei 8.4 22.3 1.2 12.2 3.0 51.4 324.4 23.5 330 211 74
LM Jinzhou, Hebei 8.2 20.5 1.0 13.2 2.6 47.0 117.4 13.9 243 109 55
L HBER Handan, Hebei 8.2 21.9 12 241 4.0 31.1 162.5 113 248 118 118
LR Shenzhou, Hebei 8.2 27.6 1.5 14.3 3.9 355 225.6 143 362 113 45
WAL FKE Shijiazhuang, Hebei 8.1 19.1 1.1 17.8 5.0 33.8 140.9 92.4 264 145 60
VAR 3% fH Luoyang, Henan 7.9 21.9 1.1 17.5 6.2 20.3 190.7 13.4 184 75 75
VTSI FH Puyang, Henan 8.2 17.1 0.9 153 3.7 15.9 107.8 13.1 221 157 119
T 7 . Shangqiu, Henan 8.2 20.0 1.0 10.6 6.7 325 227.1 10.9 216 145 40
YA EE SR Zhengzhou, Henan 8.1 18.5 0.8 18.7 6.2 14.7 182.5 12.6 265 128 46
W FF4E S5 Zhumadian, Henan 5.4 23.0 1.1 12.8 12.9 56.7 171.8 17.5 202 110 77
YLF5iE 2 Huaian, Jiangsu 7.0 30.5 1.6 314 31.2 62.4 291.4 34.4 236 91 88
LI Z N Binzhou, Shandong 8.2 19.3 0.9 33.8 5.8 21.4 121.1 26.5 221 181 58
117574 7% Heze, Shandog 8.0 15.5 0.7 17.1 52 12.8 1423 257 234 181 75
I1Z: % # Jinan, Shandong 8.1 21.3 1.0 18.4 6.0 22.0 160.2 12.8 189 108 108
115 %% "% Tai’an, Shandong 7.1 252 13 295 6.5 69.6 233.6 17.8 260 120 64
ILIZR Y Weifang, Shandong 6.7 23.3 1.2 20.4 5.1 80.9 188.9 34.1 407 121 114
LI PG5 % Linfen, Shanxi 8.1 32.6 14 277 43 35.1 197.4 143 264 142 54
BePE% % Yangling, Shaanxi 8.3 19.5 0.9 15.4 3.5 23.0 238.6 29.9 255 113 73
BV FH Xianyang, Shaanxi 8.1 222 1.1 20.6 6.4 24.7 179.5 11.4 222 110 74
fH# X Rice wheat production regions (2016—20204E3J{E Average of 2016—2020)
LN Livan, Anhui 5.2 31.3 1.5 12.7 10.5 35.7 194.6 29.5 205 93 8l
F3{ZPH Xinyang, Henan 5.1 18.1 1.0 15.1 17.8 273 166.4 18.7 224 85 107
WL Wuhan, Hubei 53 27.0 12 18.1 8.6 30.8 164.7 15.6 150 107 111
WHLFEPH Xiangyang, Hubei 5.7 29.2 14 222 23.3 33.5 170.8 24.3 211 94 63
VL% Yangzhou, Jiangsu 6.0 30.1 1.4 13.7 8.7 29.4 135.0 163 216 113 113
TR %E Nanjing, Jiangsu 72 28.7 1.5 234 8.1 29.6 90.1 39.7 223 93 6l
YLH53% ) Yangzhou, Jiangsu 6.5 329 1.6 325 13.9 273 169.1 15.0 250 84 80
H 5% P Guiyang, Guizhou 6.7 40.5 2.0 13.5 18.9 21.8 186.0 31.2 127 50 50
VYIS Chengdu, Sichuan 7.0 475 2.5 7.8 8.3 16.6 119.1 67.4 126 66 70
Y1143 FH Mianyang, Sichuan 6.5 25.8 1.3 7.9 8.4 25.9 133.3 322 142 8 77
PUJI YT, Neijiang, Sichuan 7.4 274 1.3 18.8 47 32.5 222.8 19.0 132 60 72
Z i R W] Kunming, Yunnan 6.6 34.8 1.8 301 14.9 25.5 186.6 25.6 180 61 73
Pk )1 Yongehuan, Chongging 5.8 23.7 1.1 9.9 9.3 14.4 153.0 32.6 186 55 36
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Fig. 1 Yield and grain sulfur concentration (GSC) for
leading wheat cultivars (lines) in main wheat
production regions of China
E: DW—REX; WM—EEX; RW—REKX, & LARRNE
FREFRIR P R 22 5 3K B3 KF (P<0.05), H EARIRE F
RERIKFARLER & - ] 22 538 KT (P<0.05),
Note: DW—Dryland wheat production regions; WM—Wheat-maize
production regions; RW—Rice-wheat production regions. Different
lowercase letters above the bars indicate significant difference among
yield average values (P<0.05), different capital letters above the bars
indicate significant difference among grain sulfur contcentration

average values (P<0.05).
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*2 REEXEZXEHNZSM () TR EFMRERER
Table 2 Yearly variance of grain sulfur concentration of the tested wheat cultivars (lines)
in the main wheat production regions of China

. . KL R IX KT B3 IX
BEIL R TR .
AR SR B . . Middle and lower of Upper of Yangtze
AEM North-Huanghuai South-Huanghuai . i
Source of Yangtze River reaches River reaches
Year X
variables FfH TR (%) FfH TR (%) F{H TIRA (%) FlE TIRRA (%)
Fvalue Contributionrate Fvalue Contributionrate F value Contributionrate F value Contribution rate
2016—2017 &Fl (R) 5.34%%* 30.7 5.67 ** 21.1 5.63%* 18.2
Cultivar (line)
Hip5 Location 10.13%* 233 32.41%* 52.8 6.46%* 46.1
2017—2018 §hFf (FR) 4.98 ** 23.6 5.34 *x 23.0 0.73 22 3.14%* 10.4
Cultivar (line)
His5 Location 11.01%* 29.0 17.37** 42.7 3.95 ** 65.0 10.20%** 56.4
2018—2019 fhFf (%) 4.03%* 213 4.46%* 21.2 0.98 8.3 1.36 3.6
Cultivar (line)
Hi 45 Location 11.12%* 31.1 14.35%* 36.1 1.28 16.1 12.18** 72.6
2019—2020 fFN(ER) 10.49 ** 41.6 3.93 ** 21.0 0.79 3.7 0.69 3.0
Cultivar (line)
Hi s Location 11.41%* 22.6 17.69%** 36.1 13.83%* 53.6 8.81%* 54.1

2017—20204F 44~ B4 XA I8 500 19 7 224341 ANOVA of whole data in dryland wheat production regions

AR SRR Source of variables F{H F value Tk Contribution rate (%)
447y Experimental year (Y) 33.29%* 2.2
Hbi5 Location (L) 34.24%x* 1.1
EhFl () Cultivar (line) (C) 3.85%* 13.1
A< YXL 17.78%* 12
B (R) Y*C 1.22% 8.3
SRl (FR) LxC 1.07 3.7
ARA <R x SRl (R) YXLxC 1.17 8.0

o RN AR RN FE 0.05, 0.01 KR

Note: * and ** indicate the effect of variable is significant at the 0.05 and 0.01 levels, respectively.
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Fig. 2 Correlation analyses of grain sulfur concentration, dry matter accumulation and distribution and sulfur absorption
and distribution of leading wheat cultivars (lines) in the main wheat production regions of China
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Note: DW—Dryland wheat production regions; WM—Wheat-maize production regions; RW—Rice-wheat production regions; ALL—Whole wheat
production regions. The correlation and linear regression analysis used standardized data in figure a and original data in figure b. Red represents
positive correlation and blue represents negative correlation, the darker the color and the narrower the ellipse, the greater the correlation coefficient. In
the regression equation, x represents the sulfur concentration of grain. SN—Spike number; GPS—Grain per spike; TKW—1000-grain weight;
HI—Harvest index; GY—Grain yield; SUA—S uptake in aboveground; SUG—S uptake in grain; SHI—S harvest index. * and ** indicate that the

correlation is significant at the 0.05 and 0.01 levels, respectively.
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Table 3 Yield components, biomass and sulfur absorption and distribution for leading wheat cultivars (lines) with different
grain sulfur concentration levels in China

s FEX DW ZEX WM Tz X RW
Index M heR @ 8B PR BB IER e
LowS MediumS HighS LowS MediumS HighS LowS MediumS HighS

%4 Spike number (x10%/hm?) — 509 a 486 a — 653 a 627 a 397a 403 a —
FERIEL Grain number per spike — 28.6a 29.0a — 31.8a 31.8a  389a 377a —
Tk 1000-grain weight (g) — 458 a 453 a — 41.5a 418a 42.1a 41.0a —
ISR FEEL Harvest index (%) — 454 a 453 a — 459a 462a  46.0a 45.6 a —
7o Yield (t/hm?) — 6.2a 59a — 82a 80a 6.1a 58a —
H: ¥y ik Biomass (t/hm?) — 140a 134a — 18.1a 175a 134a  128a —
o LRI (kg/hm?) — 272a  295a — 31.0a  31.8a 188a  189a —
S uptake in aboveground
AR S uptake in grain (kg/hm?) — 11.0a 121a — 14.0b 150a 89a 9.1a —
IR FEEL S harvest index (%) — 40.6 a 40.8a — 456 b 473a  486a 484 a —

“

i FORZAFRLR S SRR IO AR (R) o RIATEER G AR R/ING T2 A — XS8R [F B KSF S R (GRS A8 FR (R 25 ik 3]
BEKF (P<0.05),

Note: DW—Dryland wheat production regions; WM—Wheat-maize production regions; RW—Rice-wheat production regions. “— indicates that

there is no corresponding cultivars (lines). Values followed by different lowercase letters in a row indicate significant difference between average
values of each index of different cultivars (lines) with different S levels (P<0.05).
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Fig.3 Correlation between sulfur concentration and mineral element concentrations in grain of leading wheat

cultivars (lines) in the main wheat production regions of China

H: DW—REX; WM—EEX; RW—REEKX; ALL—MZEX . & a PARSC T K2t 15 2047 6 B o bn etk B, 181 b il
I3 K e 15 A3 BT 0 FH A S S Bt IR P 2L ERRIEARDC, WEMRGAAIC, FrPBiesis . #RIE B RMCR IR [lH
JiErh x FORAPRIBR & i . * . R BIFRRTE 0.05, 0.01 AKPARSCHE R .

Note: DW—Dryland wheat production regions; WM—Wheat-maize production regions; RW—Rice-wheat production regions; ALL—Whole wheat
production regions. The correlation and linear regression analysis used standardized data in figure a and original data in figure b. Red represents
positive correlation and blue represents negative correlation, the darker the color and the narrower the ellipse, the greater the correlation coefficient. In
the regression equation, x represents the sulfur concentration of grain. * and ** indicate that the correlation is significant at the 0.05 and 0.01 levels,
respectively.
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Table 4 Mineral element contents in grain of leading wheat varieties (lines) in the main wheat production regions of China

- FAEX DW #EX WM FiZ X RW
E;Dim iR SR fER iR i fER iR T =27
Low S Medium S High S Low S Medium S High S Low S Medium S High S
AN (g/kg) — 22.3b 249a — 22.3b 232a 18.6b 19.7 a —
% P (g/kg) — 29b 32a — 35b 37a 33b 36a —
# K (g/kg) — 3.7a 3.7a — 40a 39a 41a 41a —
45 Ca (g/kg) — 0.48 a 0.54a — 0.45b 047 a 0.39a 0.40 a —
£ Mg (g/kg) — 127 a 1.36a — 1.52a 1.62 a 1.32a 149 a —
i S (g/kg) — 1.77b 2.02a — 1.71b 1.88a 1.46 b 1.57a —
# Fe (mg/kg) — 41.1b 475a — 39.5b 434 a 42.7a 44.6a —
i Mn (mg/kg) — 39.7b 46.1a — 40.3b 43.0a 449a 48.1a —
il Cu (mg/kg) — 545a 5.65a — 452a 4.65a 5.48a 555a —
£ Zn (mg/kg) — 27.7b 31.8a — 29.0b 30.1a 34.6a 359a —
T 7 FORAPRAR S T E R T IO LA (R o [RIATEER S A R NG TR 3R R — DA [ K b b ()& T8 iRV 2 (L H] 22 536 5

0.05 i E 7K (P<0.05),

Note: DW—Dryland wheat production regions; WM—Wheat-maize production regions; RW—Rice-wheat production regions.

“—” indicates that

there is no corresponding cultivars (lines). Values followed by different lowercase letters in a row indicate significant differences between average
values of each index of different cultivars (lines) with different S levels (P<0.05).
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Fig. 4 Principal component analysis (a) and correlation analysis (b) between grain sulfur concentrations of leading wheat
cultivars (lines) and soil factors in the main wheat-growing areas of China

H: WM—EERX; RW—REZKX; GSC—F-hifi & (g/kg); SOM— A LR (g/kg); TN—HIELR (g/kg); NN—HIER SR
(mg/kg); AN—HIEEAS A (mg/kg); AP—HHEAREBE (mg/ke); AK—EHEHEH (mg/kg); AFe. AMn. ACu. AZn. AS—HHEARE .
B B BEL BREH (mgkg)e *. **PBIFIRTE 0.05, 0.01 KA R .

Note: WM—Wheat-maize production regions; RW—Rice-wheat production regions; GSC—Grain S concentration, SOM—Soil organic matter;
TN—Soil total N; NN—Soil nitrate N; AN—Soil ammonium N; AP—Soil available P; AK—Soil available K; AFe, AMn, ACu, AZn and AS, the

concentration of soil available Fe, Mn, Cu, Zn, S. * and ** indicate that the correlation is significant at the 0.05 and 0.01 levels, respectively.
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Fig. 5 Soil pH and nutrient contents under different grain sulfur concentration levels of
the tested wheat cultivars (lines) in China
FE: AP—HHEERBE; AK—HHEHALH; AFe. AMn, AZn, AS—HHERAU . . B . ; DW—EX; WM—ZEZEKX; RW—FF
K FEEAE/ING FRER RN [RIFPRLAR & 7K LR 7 ) 25 57 L3 (P<0.05).
Note: AP—Soil available P; AK—Soil available K; AFe, AMn, AZn and AS, the concentration of soil available Fe, Mn, Zn, S; DW—Dryland wheat
production regions; WM—Wheat-maize production regions; RW—Rice-wheat production regions; YL—Yangling; YS—Yongshou. Different

lowercase letters above the bars indicate significant difference among soil factors under different grain sulfur concentration levels (P<0.05).
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