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Coordination of shoot and root traits of maize cultivar types
with different density tolerance

WU Bin, REN Wei, BAN Xiang-ben, WANG He, MI Guo-hua, CHEN Fan-jun, PAN Qing-chun”
( College of Resource and Environmental Sciences, China Agricultural University / Key laboratory of Plant-Soil Interactions,
Ministry of Education, Beijing 100193, China )

Abstract: [ Objectives ] We investigated the changes in shoot and root traits of maize under different plant
densities for better understanding of the mechanism underlying maize adaptation to high-density tolerance.

[ Methods ] A field experiment was carried out with 18 maize hybrid cultivars commonly used in China, under
high (75000 plants/hm*) and low (60000 plants/hm?) plant densities. A total of 14 shoot traits and 8 root
architecture traits were measured at silking and maturity stages. The shoot and root cooperative responses to
varying densities were assessed by regression and correlation of the traits. [ Results ] Compared to low plant
density, high plant density decreased shoot and root biomass and yield per plant, but significantly increased
population shoot biomass and grain yield. Based on the population yield under the two plant densities, 6 cultivars
were rated as high yield type under the two densities (DH), 3 as high yield type under high density only (HH), 7
cultivars as low yield type under the two densities (DL), and 2 cultivars as high yield under low density (HL).
Under high plant density, DH type cultivars had higher dry matter accumulation than the DL type cultivars at
silking and maturity stages. DH cultivars had higher root area and total root length with decreasing root dry
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weight, number of nodes and root width. Under the two plant densities, stem dry matter at the silking stage, grain

dry matter and harvest index at the maturity stage positively contributed to yield, while the number of root nodes

negatively contributed to yield. [ Conclusions ] DH cultivars coordinate the relationship between shoot and root

well and allocated the limited carbon resources more reasonably irrespective of the plant density treatments. By

reducing the number of node root, and increasing the root length and root absorption surface area, DH cultivars

efficiently improved nutrient absorption of root system and the shoot growth of maize. Moreover, DH cultivars

coordinated the source-sink relationship by increasing dry matter accumulation before silking and dry matter

distribution to grains after silking, thereby increasing yield.

Key words: density-tolerant maize; plant density; shoot traits; root traits; yield; yield component
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Table 1 Analysis of variance components of shoot and root traits

PEIR Trait R HEF A Tl 2 < L PR A
Plant density Genotype Plan density x Genotype
P AR i EL 20.61%* 3.07%* 0.73
Yield-related traits HH ED 5.00% 9.31%* 135
TR KN 26.57%* 5.59%x* 0.85
HhIH HGW 2.41%* 9.49% 0.99
ki i GY 7.69%%* 3.89%* 1.14
Ho PR 22 B BBk 2E T E SDW_S 0.06 4.18%* 1.38
Shoot traits 22 i bk LDW_S 2.43 1.13 0.77
it 223 PRk 1A Y ADW_S 0.54 3.37%* 1.32
A RZE T E SDW_M 17.59%* 2.29% 1.03
WA kT & LDW_M 0.75 2.12% 0.89
B BAMFPR T B KDW_M 11.95%* 1.41 0.97
B AR R A ADW_M 15.97%* 1.42 1.02
BRI R AE )i Biomass M 24.19%% 1.66 1.23
WeFkdE ¥ HI 0.02 3.17%* 0.66
RERMER PARETTHAL NRN 4.48% 6.36%* 0.92
Root traits BRI R Tl RDW 30.13%* 1.75%* 0.92
R IFIS B ROA 0.04 7.44%% 1.43
WAL AREA 24.77%* 3.66%* 1.49
AR ACH 33.17%* 4.69%* 1.82%
AR AT RMAW 11.17%* 8.14%* 1.39
e K5 TALTRE DMAW 7.45% 1.72 0.89
B AR K TPSL 30.05%* 6.48%* 1.38

W Iy 22T i — M MR T, #4351 3R P<0.05F1P<0.01

Note: EL—Ear length; ED—Ear diameter; KN—Kernel number per ear; HGW—100-grain weight; GY—Grain yield; SDW_S—Stem dry weight per
plant at silking stage; LDW_S—Leaf dry weight per plant at silking stage; ADW_S—Aboveground dry weight per plant at silking stage;

SDW_M—Stem dry weight per plant at maturing stage; LDW_M—Leaf dry weight per plant at maturing stage; KDW_M—Kennel dry weight per

plant at maturing stage; ADW_M-—Aboveground dry weight per plant at maturing stage; Biomass M—Biomass at maturity stage; HI—Harvest

index; NRN—Nodal root number per plant; RDW—Root dry weight per plant; ROA—Root opening angle; AREA—Root system projection area;
ACH—Root area of the convex hull; RMAW—Maximum width of the root system; DMAW-—Depth at which the "maximal width" is located;
TPSL—Total projected structure root length. Component analysis of variance was calculated by general linear model, *and ** mean significant at

0.05 and 0.01 levels, respectively.
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Table 2 Variation analysis of shoot and root traits under different plant densities

PEAR Trait A RAiiE 25 B TR AE 25 M o7 PlE
Unit Low plant density High plant density Response P value
K EL cm 18.2 17.4 4.4 0.007
TR ED mm 53.6 53.1 0.9 0.487
FERIE KN 608 554 -8.9 0.001
ORI E HGW g 38 375 -1.3 0.412
FPRLF= R GY kg/hm? 13156 14067 6.9 0.009
22 i k2L T SDW_S g/plant 102 102 0.0 0.900
22 i kT8 LDW_S g/plant 52.3 50.7 -3.1 0.124
- 22 3 R A4 ADW_S g/plant 155 152 -1.9 0.661
RS B ZE T SDW_M g/plant 129 112 -13.2 0.001
B RTE LDW_M g/plant 49.8 48.3 -3.0 0.43
A SRR PR T KDW_M g/plant 176 162 -8.0 0.005
BRI BB b, LA ) ADW_M g/plant 354 322 9.0 0.001
B B4 )i Biomass_M kg/hm? 21264 24178 13.7 0.001
ERAREL HI 0.496 0.502 12 0.479
bR AR B NRN count 55.1 53.3 -33 0.275
HPRM R T 5 RDW g/plant 16.6 12.6 —24.1 0.001
MR I B ROA degrees 109 110 0.9 0.93
WABGY M AREA cm? 204 181 -11.3 0.004
WA ACH cm? 427 377 -11.7 0.003
RATKTE RMAW cm 18.5 17.6 4.9 0.135
TR BT AR DMAW cm 10.5 9.4 -10.5 0.023
LIRS TPSL cm 2596 2309 ~11.1 0.009

T PEGET 5.

Note: EL—Ear length; ED—Ear diameter; KN—Kernel number per ear; HGW—100—grain weight; GY—Grain yield; SDW_S—Stem dry weight per
plant at silking stage; LDW_S—Leaf dry weight per plant at silking stage; ADW_S—Aboveground dry weight per plant at silking stage;
SDW_M—Stem dry weight per plant at maturing stage; LDW_M—Leaf dry weight per plant at maturing stage; KDW_M—XKennel dry weight per
plant at maturing stage; ADW_M-—Aboveground dry weight per plant at maturing stage; Biomass_M—Biomass at maturity stage; HI—Harvest
index; NRN—Nodal root number per plant; RDW—Root dry weight per plant; ROA—Root opening angle; AREA—Root system projection area;
ACH—Root area of the convex hull; RMAW—Maximum width of the root system; DMAW—Depth at which the “maximal width” is located;
TPSL—Total projected structure root length. P values were calculated by #—test.
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Fig. 1 Mean and grouping of grain yield of different maize cultivars
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Note: The vertical line and horizontal line indicate the mean yield under low plant density and high plant density, respectively.
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Table 3 Trait difference of different maize cultivars under low and high plant densities
{IFPHE % B Low plant density I FAH 26 High plant density
PEIR Trait WEs e R BUIE WEs mEESS O EEES OWUE
DH HH HL DL DH HH HL DL
K EL 18.7a 17.6 b 187a 18ab 180a 17.4 ab 17.6 ab 169b
T ED 53.5a 53.8a 544a 533a 53.1a 535a 539a 52.8a
TR KN 621a 602 a 593 a 604 a 566 a 572a 541a 540 a
BT HGW 384a 37.8a 38.0a 377a 382a 36.6a 38.1a 37.1a
PR GY 14024a  13002bc  13538ab 12368 ¢ 15226a  14225b 13770 bc 13090 ¢
22 B PRk 2E 18 SDW_S 110a 98b 112a 95b 113a 88 ¢ 105 ab 97 be
k22 i kit T8 LDW_S 539a 52.7a 54.0a 502a 51.6a 483 a 50.2a 51.0a
I 22 0 B A ADW_S 164 a 151 ab 166 a 145b 165a 136 ¢ 155 ab 148 be
B HREE T SDW_M 133.1a  122.0a 1252a 129.5a 1164 a 102.5a 1129a 113.5a
AR T LDW_M 475ab  54.0a 46.6b 50.7 ab 46.0b 47.3 ab 43.4b 525a
G B R PR T 5 KDW_M 180 a 180 a 167 a 173 a 173 a 160 ab 163 ab 153b
B RR b A ADW_M 360 a 356a 339a 353a 336a 310a 320a 319a
A AR ) i Biomass M 21616a  21327a 20346a  21199a  25169a 23213 a 23960a 23900 a
WoRAE %L HI 0.50 a 0.51a 0.49 a 0.49 a 0.52a 0.52a 0.51a 0.48 b
FRRETHEL NRN 512b 60 a 55.5ab 563 a 49.8b 5582 50.9 ab 558a
B & T 5 RDW 162a 19.7a 16a 159a 114a 141a 125a 13.1a
R ZFFHSE ROA 11052 116a 1102 a 105.6 a 109.4 a 112.4a 108.6 a 109.3 a
WAL MF AREA 201.1a  209.2a 2237a 1979 a 1803 a 189.4a 1949 a 174.1 a
AR EZRIXE ACH 4268a  436.3a 449.5a 418.0a 377.3ab  390.9ab  4173a 358.7b
A B IEE RMAW 183a 192a 192a 18.1a 17.6 ab 18.1 ab 188a 16.9b
TR 8T E DMAW 10.7 ab 89b 10.4 ab 1.1a 93a 89a 11.0a 92a
AR TPSL 2634 a 26552 2823 a 2472 a 2340 a 2428 a 2462 a 2187 a

T 7EO.OSEAF T M ad X1 Oy vk HEAT 2 T UL o 2D Bl 4%

0.05),

AT EAR T B /NG 5B R R N R A S AL ] 2 5 3 (P<

Note: DH—Double high type; HH—Highly yield under high density; HL—Highly yield under low density; DL—Double low type. EL—Ear length;
ED—Ear diameter; KN—Kernel number per ear; HGW—100-grain weight; GY—Grain yield; SDW_S—Stem dry weight per plant at silking stage;
LDW_S—TLeaf dry weight per plant at silking stage; ADW_S—Aboveground dry weight per plant at silking stage; SDW_M—Stem dry weight per
plant at maturing stage; LDW_M—Leaf dry weight per plant at maturing stage; KDW_M-—Kennel dry weight per plant at maturing stage;
ADW_M—Aboveground dry weight per plant at maturing stage; Biomass M—Biomass at maturing stage; HI—Harvest index; NRN—Nodal root
number per plant; RDW—Root dry weight per plant; ROA—Root opening angle; AREA—Root system projection area; ACH—Root area of the
convex hull; RMAW—Maximum width of the root system; DMAW-—Depth at which the "maximal width" is located; TPSL—Total projected
structure root length. Multiple comparisons were performed by Duncan’ s with 0.05 confidence coefficient. Different lowercase letters after data in a
row under two planting densities indicate significant difference among the different variety types (P<0.05).

B AR T8 (LDW_ M) XFAE %5 BE i i )37 55 6
= R AR B3 UG (P<0.05), HE PR LB
R EASE, DL RS RRY], TR 22 Hi
15 (SDW_S. LDW_S) mylalit, /bt 225557 4%
EHTE (SDW_M. LDW_M), BIs&nHb |- 3R2Em
+ 3 5 1) KR G e B T DU 5 2 T R R R Y R

Tho WAEMAMRITE, FAMFEZE T, NRN 550k
PR EAETE B3 ARG (P<0.05), HUE AR Skpk™
o [H] 0 B E A SE (P>0.05).

STRUN A M ot L R VNS T G VN A AR <1
puik (8 2), FATEMAMLFEEE T, ShPR)™ i
AH e B Bk (SDW_S. SDW_M |



64 Y E RS R F#R 29 #
F4 FELBEEREHPOTHRSEESR
Table 4 Comparison of dry matter distribution among different cultivars
{ICFFHE % & Low plant density R FAE % High plant density
HEAR Trait W EEET IR WUIE W EEET IR WUIE
DH HL DL DH HH HL DL
ZEFFME 225 TR 2 i SDMAS 23.6ab 238ab 13.1b  345a 33a 16.7 a 8.1a 168 a
22 T4 R 32 & DMBS 163.5a 1509b 166.1a 1452b  164.7a 1363c 155.1ab 1482bc
22 )5 T B R i DMAS 196.8a 204.6a 173.0a 208.1a 1709a 176.1a 1644a 171.1a
MM TARARR RS R LR 0.46ab 043b  0.50 0.42b 0.50 0.44 0.49 0.47
DMBS/SLKDW a0 : 0 : v ata e ara
MR TURARRE RS L R0 R 0.54ab  0.57 0.51b  0.59 0.50 0.57 0.51 0.53
DMAS/SLKDW . al . a . . a . a . a . a . a

T 7E0.05EAR I FB il X4y Ik it AT Z HHE . 2B L AT BARE B R)/NG PR R AN R A 2R B M 7E 5% K P 22 5 i 35

(P<0.05),

Note: DH—Double high type; HH—Highly yield under high density; HL—Highly yield under low density; DL—Double low type. SDMAS—Stem
dry matter accumulation after silking; DMBS—Dry matter accumulation before silking; DMAS—Dry matter accumulation after silking;

SLKDW—Stem, leaf and kernel dry matter at maturing stage. Multiple comparisons were performed by Duncan’ s with 0.05 confidence coefficient.

Values followed by different lowercase letters in a row indicate significant difference among the different variety types under two planting densities

(P<0.05).
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TPSL) X #FARL™ i PR E RECH 0.22, G850 Hr b
AR AR R MR P R R P R DTER, FRATT R IR
TFYE RECH 0.53, T N IHPE RECH 0.61,
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Z I H A A A E L, HE TG 0T X R Y ok
(# 2a)s

B A5 X e 780 55 XU R R K i o R B, X A
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MR GFP A 0.20 B0 Y i A AR R MR (NRN
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AL RN 0.10, BUE A K A b 1 5 # PRk
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Table 5 Correlation coefficients between trait and grain yield under different plant densities

PEIR Trait R 2 BE TR 2 X e 2 ) W
Low plant density High plant density Response to plant density

K EL 0.55%* 0.49* 0.46*

FHL ED -0.06 0.03 0.3

HERIEL KN 0.19 0.27 0.06
EHRIE HGW 0.14 0.18 0.27
22 HpR AT B SDW_S 0.54% 0.39 —0.07

22 BB T LDW_S 0.51* -0.02 —0.05

RV HRZE T SDW_M 0.13 —0.03 0.19
AR+ LDW_M -0.38 —0.50% —0.45%

I FBRRRL T 5 KDW_M 0.17 0.56* -0.05
ok E £k HI 0.15 0.71%* —0.08
FRRTTAR S NRN —0.44% —0.32 -0.01
KRR &+ 5 RDW 0.17 —0.17 —0.14
RIS BE ROA 0.37 -0.01 -0.1
AL AREA 0.24 0.1 -0.13
AR ACH 0.29 0.03 03
RARFKIE RMAW 0.25 0.15 -0.19
IR AL I R 2 DMAW -0.21 0.12 0.02
BHAREK TPSL 0.31 0.27 —0.27

TE: H LA S AR R MR A AH DS BRI REE 5 P Y “cor.test” BRELSERL, MM 2 A 25 BE R BT {H=(HD-LD)/LDx100, Hr"HDFILD4} 5]
s ARAEEERE T BHEARAE ;. *—P<0.05,

Note: EL—Ear length; ED—Ear diameter; KN—Kernel number per ear; HGW—100-grain weight; GY—Grain yield; SDW_S—Stem dry weight per
plant at silking stage; LDW_S—Leaf dry weight per plant at silking stage; ADW_S—Aboveground dry weight per plant at silking stage;
SDW_M—Stem dry weight per plant at maturing stage; LDW_M—Leaf dry weight per plant at maturing stage; KDW_M—Kennel dry weight per
plant at maturing stage; ADW_M-—Aboveground dry weight per plant at maturing stage; Biomass M—Biomass at maturing stage; HI—Harvest
index; NRN—Nodal root number per plant; RDW—Root dry weight per plant; ROA—Root opening angle; AREA—Root system projection area;
ACH—Root area of the convex hull; RMAW—Maximum width of the root system; DMAW-—Depth at which the "maximal width" is located;
TPSL—Total projected structure root length. Multiple comparisons were performed by Duncan’ s with 0.05 confidence coefficient. The correlation
analysis between shoot and root traits was calculated using the "cor.test" function in R 4.03. Response to plant density=(HD-LD)/LDx100, HD and
LD were the trait values at high and low plant densities. *—P<0.05.
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Fig.2 Contribution of shoot and root traits to grain yield of different cultivars under high and low plant densities
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Note: The contribution of shoot and root traits to yield was analyzed using "Im" function in R 4.03.
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