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Abstract: The appropriate increase of planting densities is the key to the obtainment of high-yield
maize (Zea mays L.). However, lodging is a major constraint to limit grain yield under increased
planting density in present maize production. Effects of population density on stalk lodging and
agronomic traits were investigated using two maize cultivars Denghai 618 (DH618, low stalk with
low spike height) and Xianyu335 (XY335, high stalk with high spike height). Four levels of density
treatment were imposed by 1.5, 6.0, 7.5, and 9.0 x 10% plants ha~1. Results showed that bending
strength, rind penetration strength, maximum bending strength, dry weight, and internode diameter
of maize were significantly decreased with the increase of planting density. The change range of
XY335 with the increase of planting density was significantly larger than that of DH618, showing
a high sensitivity to planting density. In addition, the thickness of cortex and vascular bundle
sclerenchyma cells was significantly reduced with the increase of planting density. Compared with
1.5 x 10* plants ha™!, the thickness of the above-ground third internode stem cortex was decreased
by 9.64%, 12.72%, and 20.77% for DH618, and 19.26%, 30.49%, and 37.45% for XY335 at 6.0, 7.5,
and 9.0 x 10* plants ha~!, respectively. The thickness of vascular bundle sclerenchyma cells at
15 x 104 plants ha—! was decreased by 7.75%, 12.44%%, and 17.89% for DH618, 10.18%, 15.21%, and
24.73% for XY335, compared to those at 6.0, 7.5, and 9.0 X 104 plants ha—1, respectively. Visibly, with
the increase of planting density, the thickness of cortex and vascular bundle sclerenchyma cells, and
the number of vascular bundles were all significantly decreased, resulting in the increase of lodging
rate. However, the extent of variation in these parameters for short-plant height hybrid was less than
those for high-plant height hybrid, and the yield of short-plant height hybrid was greater than that of
high-plant height hybrid, indicating that short-plant height hybrid has better resistance to lodging
with higher yield at higher planting density. Therefore, lodging resistance and yield can be improved
through selection and breeding strategies that achieving synergistic development of diameter, dry
weight per unit, and cortex thickness in maize basal internodes.

Keywords: planting density; maize; lodging resistance; agronomic traits

1. Introduction

Maize (Zea mays L.) is one of the most important food and economic crops cultivated
worldwide, with the development of social production, the demand for maize will greatly
increase. However, lodging has always been the main problem facing maize production [1].
Maize lodging is affected by many factors, such as variety, planting density, pests and
diseases, and disastrous weather [2]. The precipitation is mostly concentrated in the grow-
ing season of summer maize in the Huang-Huai-Hai area, where it is easy to cause water
accumulation in farmland during the rainy season. As a high stalk crop, maize is prone to
lodging after waterlogging. In addition, with the increase of planting density, population
quality was greatly affected, and lodging has become one of the important limiting factors
for the increase of summer maize yield in this region [3,4]. Therefore, planting density and
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lodging resistant is the key to high and stable yield of maize. The most important measures
to improve crop potential yield include the increase of plant density, high-efficiency utiliza-
tion of light and temperature resources, and improving tolerance to crowing stress [5-7].
One of the important ways to achieve a high-yield breakthrough is to select and breed maize
hybrids with high density planting resistant in China. In recent decades, the improvement
of summer maize yields is mainly due to the increase of plant population density and
single plant productivity [8,9]. Increasing planting density is one of the key techniques
to further increase maize yield. At present, the average planting density in the United
States is 67,500~82,500 plants ha~1 [10], while it is only 52,500~60,000 plants ha~! in China.
Compared with the evolution and development of maize production technology in the
world and China, it is shown that increasing planting density is one of the key cultivation
measures to increase maize yield in the past 50 years [6,9]. The competition for various
resources—such as light and fertilizer—is more intense, which leads to the weak stem of
maize plant, the inhibition of root extension, and the easy lodging. Some high plant hybrids
often fall over, resulting in a greater yield reduction [11,12]. Lodging is one of main limiting
factors for high maize yield. From jointing stage to mature stage, stalk lodging may occur
in maize [13-15]. It is important to find out the mechanism of stalk lodging for high-yield
maize at high plant density.

After maize lodging, the population structure is destroyed, the normal distribution
order of leaves in space is disturbed, and the photosynthetic efficiency of leaves decrease
significantly [16], while the transportation system of stem is limited after stem fold, which
affects the transportation of water and nutrients from roots to leaves. It also affects the
transportation of photosynthate from leaf to ear, resulting in a significant reduction of
yield. If the stem fold is serious, the above part of the wound will dry and die, leading
to the inhibition of photosynthate and grain filling, and the decrease of yield becoming
more serious, with potentially no grain yield at all [16,17]. Lodging is one of the important
limiting factors that affecting the yield of summer maize. Lodging can occur in different
stages [18], and the yield of 108 kg ha~! decreases with the increase of the lodging rate [19].
Lodging not only causes great difficulty to harvest, but it also results in great loss of grain
yield and quality. The loss of corn production for the U.S. due to lodging is reported to be
between 5% and 25%, and up to 40% with barley [13].

The persistent breeding efforts in recent years for high grain yield under crowding
stress has not only led to incremental yield increase but also elucidated underlying key
traits, which played an important role to impart tolerance to lodging stress [20]. Germplasm
creation can be used to improve lodging resistance, and comprehensive analysis of hybrids
and cultivation techniques is the key to further increase planting density and yield [21].

Lodging resistance of maize have been explored from the aspects of lodging type,
planting density, mechanical strength of stem, etc., while it was limited to the effect of
lodging phenomenon on maize plant development and maize production. Moreover, there
were few reports on the mechanism of anti-lodging. Our study was to determine the
lodging resistance of two different types of maize varieties under different population
densities. The physiological factors affecting lodging resistance are also studied in order to
provide a theoretical basis for high yield cultivation of maize.

2. Materials and Methods
2.1. Research Site and Experimental Design

The field experiment was conducted in 2014 and 2016 at the high-yield test field of
Shandong Denghai Seeds Co., Ltd. (E: 119° 56.6', N: 37° 20.7’), Yantai, China. The previous
crop in the test plot was winter wheat. The soil type was sandy loam. Concentrations of
organic matter, total N, available nitrogen, rapidly available phosphorous (P), and rapidly
available potassium (K) in the upper 20 cm of soil were 1.15%, 0.096%, 69.7 mg kg™,
48.5mg kg~!, and 118.6 mg kg ™!, respectively. Two summer maize hybrids with different
plant types: Denghai 618 (DH618, low stalk with low spike height) and Xianyu335 (XY335,
high stalk with high spike height) were selected as experimental materials. Four planting
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densities of 1.50 x 10%, 6.0 x 10%, 7.5 x 10%, and 9.0 x 10* plants ha~! were established
respectively. The plot area was 18 x 3.6 m. A row spacing of 60 cm was used for all planting
densities, while plant spacing within rows was set at 111.1, 27.8, 22.2, and 18.5 cm, for
1.50 x 10% 6.0 x 10%, 7.5 x 10%, and 9.0 x 10* plants ha~ 1, respectively. Each treatment
was replicated three times, in a completely randomized block design.

A total of 300 kg ha=! N (urea, 46% N), 100 kg ha—! P (superphosphate, 17% P,0s),
and 200 kg ha=! K (potassium chloride, 60% K,O) were applied aiming at a yield of
11,250 kg ha~ 1. Nitrogen fertilizer was split into two applications, 40% at BBCH code
16 and 60% at BBCH code 22. Total P and K doses were applied in a single application
at BBCH code 16. Disease, weeds, and pests were well controlled in each treatment. The
herbicide of 90% atrazine acetochlor was diluted 2000-3000 times and sprayed on the
whole field surface by 600 L ha~! before BBCH code 09 to control weeds; the pesticides
of 50% phoxim emulsifiable concentrate were diluted 1000 times by water and sprayed
by 750 L ha~! at BBCH code 19 to control maize borers. Other management methods are
carried out at the level of high-yield fields.

2.2. External Morphology

At 35 days after tasseling stage (VT + 35 d), 15 representative plants were randomly
selected in the field to measure plant height and ear height by steel tape measure, the diame-
ters of internode from the third to sixth internode by vernier caliper, and the corresponding
length of internode by steel tape measure. The method of measuring the barycenter height
was as follows: lift the whole plant horizontally with a thin rope and measure the distance
from the base of the stem to the balance fulcrum with a steel tape gauge as the height of the
gravity center.

2.3. Maximum Bending Resistance and Field Lodging Rate

At the 12th leaf stage (V12), tasseling stage (VT), and VT + 35 d, 4 representative plants
were randomly selected in the field, and the vertical stem was thrust at the center of the sixth
section of the plant with a YYD-1 stalk strength tester (Zhejiang Top Instrument Co., Ltd.,
Hangzhou, China). The maximum applied pressure (peak value) is the maximum bending
resistance of the stem until the culm was folded upside down.

At physiological maturity stage (R6), the numbers of lodging plants (<30° to the
ground) and the total numbers of plants were surveyed to calculate lodging rate.

Field lodging rate = number of lodging plants/total number of plants.

2.4. Rind Penetration Strength and Bending Strength

At V12, VT, and VT + 35 d, 10 representative plants were randomly sampled in the
field, and the leaf sheath was peeled off. The test head with a certain cross-sectional area (for
example, 0.01 cm?) was inserted in the middle of the stem of the stem, and the maximum
value of the penetration stem epidermis was read and the average value was repeated
3 times. The 1, 3, 5 rind penetration strength and the 2, 4, 6 internodes bending strength
were measured respectively.

2.5. Dry Weight and Dry Weight per Unit of Internode

At VT + 35 d, 4 representative plants were randomly selected in the field, and the leaf
sheath was peeled off. The third to sixth internode was excised from each plant and placed
into paper bags. Internodes were subjected to enzyme deactivation at 105 °C for 30 min
followed by drying at 80 °C to a constant weight. The internode dry weight per unit was
calculated with the formula

Dry weight per unit (g cm™!) = dry weight/internode length
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2.6. Micro-Structure of the Stem

At VT + 35 d, 4 representative plants were randomly selected in the field, and the
middle part of the third node of stem was fixed with 70% ethanol in FAA fixed solution
handslicing and saffron staining were used. The vascular bundle structure in stem was
observed by OlympusBX51 fluorescence microscope and the structure of vascular bundle
was observed and photographed. Indices, such as the thickness of cortex and sclerenchyma
cells in the vascular bundle, were measured by micrometer.

2.7. Biological Yield and Grain Yield

At R6, 15 representative plants were selected in the field, and the aboveground biomass
of plants was sampled to determine the dry weight and dry kernel weight per plant. The
plants in the middle two rows of each plot, where no previous sampling occurred, were
counted and harvested for assessing grain yield.

2.8. Statistical Analysis

The data for each year were analyzed separately. SPSS 17.0 were used for testing
different treatments by one-way analysis of variance (ANOVA) and the least significant
difference (LSD) test at p < 0.05 probability. The interaction effect between hybrid and
planting density was analyzed using general linear model in SPSS 17.0. Correlations were
estimated by using Pearson’s test at p < 0.05, after Bonferroni’s adjustment for multiple
comparisons. Correlations were calculated using an average of two years of data.

3. Results
3.1. Maximum Bending Strength and Field Lodging Rate

There was no field lodging in both cultivars under low density. With the increase
of density, there was no lodging in DH618, while the lodging rate of XY335 increased
linearly. When the planting density increased to 90,000 plants of ha~!, the lodging rate
of XY335 reached 43.3% across years (Figure 1). As growth proceeded, the maximum
lodging resistance of four densities of DH618 increased in varying degrees, while that
of XY335 at 15,000 plants ha~! and 60,000 plants ha~! increased as growth proceeded.
At 75,000 plants ha—! and 90,000 plants ha~!, the maximum lodging resistance in the
field was found at VT + 35d (Table 1). With the increase of density, the bending strength
of two varieties decreased significantly (Figure 2). Under different densities, the two
varieties had different lodging resistance. At low density (15,000 plants ha—!), XY335 was
significantly higher than DH618, and the maximum resistance to reverse folding of XY335
was significantly lower than that of DH618 after the density increased to 60,000 plants ha~!
(Table 1). It could be seen that the plant development of XY335 was superior to that of
DH618 under the condition of sufficient light and no competition for survival. However,
the plant development of XY335 quickly appeared to be poor, and the ability of resisting
lodging was obviously lower than that of DH618, with the increase of planting density.

60%
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Figure 1. Field lodging rate of DH618 and XY335 under different planting densities in 2014 and 2016.
* Significant difference at p < 0.05.
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Table 1. Field maximum bending strength of DH618 and XY335 at different growth stages in 2014
and 2016.

Year Hybrid P(I:‘;:)P;:fgy VI2(N) VIN)  VT+35d(N)
2014 DH618 1.5 12.80 a 2593 a 38.37 a
6 10.87 ab 1991 b 25.53 b
7.5 10.00 ab 18.60 b 20.53 ¢
9 8.80b 11.30 ¢ 11.57d
XY335 1.5 1940 a 3147 a 4553 a
6 9.60 b 17.07b 19.07 b
7.5 773 ¢ 15.17 b 14.50 ¢
9 7.77 ¢ 9.60 ¢ 7.83d
2016 DH618 1.5 1343 a 30.27 a 48.40 a
6 1140b 20.40b 27.20b
7.5 10.50 b 19.17b 21.57 ¢
9 10.37b 11.57 ¢ 11.23d
XY335 1.5 20.37 a 31.50 a 4220 a
6 10.07b 1947 b 20.90 ¢
7.5 8.70 be 14.07 ¢ 13.03 ¢
9 8.17 c 10.23d 8.67d
Interaction
Hybrid (H) * * *
Density (D) ** ** *
HxD ** ns ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. ns, not significant.
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Figure 2. Maximum bending strength of DH618 and XY335 under different planting densities in 2014
and 2016. * Significant difference at p < 0.05.

3.2. Stem Rind Penetration Strength (RPS) and Bending Strength (BS)

The rind penetration strength (RPS) of the third internode of two hybrids was higher
than that of the fifth internode (Table 2). At low density (15,000 plants ha~!), the RPS of
the third internode for XY335 was significantly higher than that of DH618. At the density
(60,000 plants ha~1 and 75,000 plants ha_l), there was no significant difference between
internodes of DH618 and XY335, but when the density increased to 90,000 plants ha=1,
the RPS of DH618 was higher than that of XY335, and the fifth internode reached a very
significant level (p < 0.01) (Figure 3A,C,E,G). Although XY335 has a higher RPS at a density
of 15,000 ha~!, with the increases of planting density, the RPS of each internode was
significantly decreased (p < 0.05). It can be seen that XY 335 was more sensitive to density.
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Table 2. Rind penetration strength of DH618 and XY335 at different growth stages in 2014 and 2016.

. Plant Density Third Internode Fifth Internode
Year Hybl‘ld 411
(x10* ha—1) V12 (N) VT (N) VT + 35d (N) V12 (N) VT (N) VT + 35d (N)
2014 DH618 15 13.33 a 29.07 a 33.67 a 7.10 ab 21.13a 29.00 a
6 1343 a 20.67 b 28.00 b 5.53b 1593 b 23.33b
75 1147b 20.67 b 26.33b 743 a 18.27b 18.33 ¢
9 10.17b 16.05 ¢ 20.67 ¢ 6.97 ab 15.00b 17.00 ¢
XY335 15 14.77 a 30.00 a 45.00 a 740 a 25.00 a 3433 a
6 10.70 ¢ 26.00 a 27.67b 4.05b 23.00 a 21.33b
75 1240Db 19.33b 25.00 b 2.85b 15.67 b 19.67 b
9 947 ¢ 15.00 ¢ 18.00 ¢ 0.00 ¢ 11.67b 13.00 ¢
2016 DH618 15 15.33 a 30.50 a 36.33 a 9.00 a 22.67 a 3150 a
6 15.17 a 21.67 b 28.70 b 8.77 a 19.97b 2553 b
75 13.43 ab 21.70 b 27.17b 8.57 a 17.20 ¢ 21.43 ¢
9 1240Db 18.90 ¢ 21.17 ¢ 8.10 a 14.57d 18.90d
XY335 15 16.83 a 31.50 a 42.07 a 8.07 a 23.17 a 3493 a
6 14.40 ab 2727 b 27.57b 5.07b 2520 a 18.70b
75 12.17 be 20.33 ¢ 23.20 ¢ 290 c 14.07b 19.43 Db
9 10.17 ¢ 15.77d 19.17d 1.77 ¢ 12.93b 14.67 ¢
Interaction
Hybrid (H) * * * ** ns *
Density (D) *% *% *% 3% *% *%
Hx D * ns ns ns ** ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. ns, not significant.
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Figure 3. Stalk mechanical strength of DH618 and XY335 at VT + 35d. (A) RPS of internode for DH618
under different planting densities in 2014. (B) BS of internode for DH618 under different planting
densities in 2014. (C) RPS of internode for XY335 under different planting densities in 2014. (D) BS of
internode for XY335 under different planting densities in 2014. (E) RPS of internode for DH618 under
different planting densities in 2016. (F) BS of internode for DH618 under different planting densities in
2016. (G) RPS of internode for XY335 under different planting densities in 2016. (H) BS of internode for
XY335 under different planting densities in 2016. * Significant difference at p < 0.05.

The bending strength (BS) of stem decreased gradually with the increase of planting
density. At VT + 35 d, the BS of the fourth and sixth internode of XY335 at low density
(15,000 plants ha~!) was 57.73% (p <0.01) and 63.35% (p < 0.01) higher than that of DH618,
respectively. While DH618 had significantly or extremely higher internode BS than that
of XY335 at 60,000, 75,000, and 90,000 plants ha~! (Table 3). In addition, both DH618 and
XY335 showed that the BS of the sixth internode was significantly lower than that of the
fourth internode at four densities (Figure 3B,D,FH).

Table 3. Bending strength of DH618 and XY335 at different growth stages in 2014 and 2016.

. Plant Density Fourth Internode Sixth Internode
Year Hybl‘ld " _
(x10* ha—1) V12 (N) VT (N) VT + 35d (N) V12 (N) VT (N) VT + 35d (N)
2014 DH618 15 203.67 a 277.20 a 338.67 a 59.90 a 153.97 a 159.33 a
6 110.33 b 138.03 b 209.67 b 54.13b 106.93 b 129.67 b
75 94.87 ¢ 110.27 ¢ 156.67 ¢ 3455 a 81.90 ¢ 97.33 ¢
9 84.57 d 100.60 d 100.00 d 32.30b 68.30 ¢ 69.33 ¢
XY335 15 210.87 a 399.00 a 616.33 a 60.15a 239.00 a 311.33 a
6 83.90 b 228.67 b 174.00 b 4420b 128.67 b 122.00 b
7.5 78.60 b 177.33 ¢ 117.67 ¢ 28.47 ¢ 95.67 ¢ 87.67 ¢
9 62.93 ¢ 136.67 d 61.67 d 20.63 d 67.33d 73.33d
2016 DH618 15 213.70 a 318.57 a 427.77 a 69.93 a 209.63 a 213.53 a
6 115.87b 172.37 b 22443 b 55.80 b 135.30b 157.03 b
75 99.50 b 129.03 ¢ 164.70 ¢ 35.40 ¢ 95.87 ¢ 111.23 ¢
9 99.67 b 112.63 ¢ 117.00 d 33.07 ¢ 74.57 ¢ 72.83 ¢
XY335 15 221.40 a 454.87 a 570.97 a 60.22 a 243.03 a 280.37 a
6 88.00b 265.03 b 256.13 b 50.40b 155.17 b 159.97 b
75 82.67b 202.47 ¢ 116.23 ¢ 26.40 ¢ 99.57 ¢ 100.83 ¢
9 66.17 ¢ 146.43 d 154.93 d 2197 ¢ 85.90 ¢ 91.77 ¢
Interaction
Hybrid (H) *% *% *% X% *% *%
DenSIty (D) *3% *% *% *3% *% *%
HxD * ns ns ns ns ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. ns, not significant.

3.3. Plant Character

The plant height, ear height, and height of center gravity of the two hybrids were
increased with the increase of planting density (Table 4). For XY335, the height of gravity
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center was increased significantly with the increase of planting density, but the ear height
did not significantly increase at the middle and low densities, indicating that the basal
internode length of XY335 did not increase significantly with the increase of density. In addi-
tion, ear coefficient of DH618 increased with the increase of planting density. That of DH618
at 15,000 plants ha~! was decreased by 20.0%, compared to that at 90,000 plants ha~!. More-
over, plant height, ear height, and the height of gravity center for XY335 were 33.3%, 54.2%,
and 36.6% higher than those of DH618, respectively.

Table 4. Plant morphological characteristics of DH618 and XY335 under different planting densities
in 2014 and 2016.

. Plant Densit Plant Height Ear Height Height of Gravi . .
Year Hybrid (x10* ha*l)y (cm) & (cm)g gen ter (cm) ty Ear Coefficient
2014 DH618 1.5 223.67 ¢ 65.50 ¢ 74.67 ¢ 0.29b
6 262.67 b 79.00 b 96.33 b 0.30 b
7.5 269.00 b 80.00 b 97.67 b 0.30 b
9 282.00 a 102.33 a 108.00 a 0.36 a
XY335 1.5 325.67 d 118.33 ¢ 114.67 ¢ 0.37 a
6 334.67 ¢ 118.67 ¢ 124.67 b 0.35a
75 353.00 b 126.00 b 133.33 a 0.36 a
9 363.33 a 131.33 a 137.00 a 0.36 a
2016 DH618 15 218.67 ¢ 58.00d 67.33 ¢ 0.27d
6 246.33 b 76.00 ¢ 85.67 b 0.31c¢
7.5 250.67 b 80.67 b 90.67 b 0.32b
9 261.00 a 89.33 a 98.33 a 0.34a
XY335 1.5 297.33 ¢ 89.33 ¢ 95.67 ¢ 0.30 b
6 302.00 be 106.67 b 114.00 b 0.35a
7.5 310.33b 109.00 b 115.67 b 0.35a
9 321.33a 116.00 a 120.33 a 0.36 a
Interaction
Hybl‘ld (H) *% *% *3% *%
Density (D) *% % *% %
HxD ** ns ns ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. ns, not significant.

3.4. Stem Character
3.4.1. Length and Diameter of Internode

The basal internodes of DH618 have different degrees of elongation with the increase
of density. The basal internodes of DH618 were significantly elongated when the density
was increased from 15,000 plants ha~! to 75,000 plants ha~!. However, when the density
was increased from 75,000 plants ha~1 to 90,000 plants ha=1, there was no significant
change in the internode length of the lower base for DH618. With the increase of planting
density, the basal internode diameters of DH618 and XY335 decreased significantly, and the
general trend was that of XY335 was obviously larger than that of DH618. The length and
diameters of basal internodes were different between the two hybrids, and the responses of
basal internodes and diameters to density were different. The average internode length of
XY335 was 19.22% longer than that of DH618 under medium density. The diameter of basal
internode of XY335 decreased with the increase of planting density. When the planting
density increased to 90,000 plants ha~!, the average internode diameter was 1.69 cm, which
was 15.56% lower than that of DH618 (Table 5).
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Table 5. Length and diameter of internode of DH618 and XY335 under different planting densities in
2014 and 2016.

. Plant Density Length of Internode (cm) Diameter of Internode (cm)
Year Hybrld 4 1
(x10* ha—1) 3 4 5 6 3 4 5 6
2014 DH618 15 9.10 ¢ 1290c 14.63c 1520c 271a 2.56 a 2.37 a 220 a
6 11.67b 1627b 19.00b 20.00b 2.48b 2.38b 2.22b 2.06 b
75 12.73b 16.83b 121'50 21.33 a 220 ¢ 218 ¢ 2.03 ¢ 1.87 ¢
9 14.57a 1850a 20.33a 21.67a 212 ¢ 2.03 ¢ 1.88d 1.75d
XY335 15 14.00b 16.83b 1883c¢ 1953b 3.10a 291 a 279 a 2.61a
6 17.83a 1990a 2273b 2253a 244D 2.32b 2.29b 2.07b
75 18.33a 20.33a 2347a 2233a 2.24 ¢ 2.06 ¢ 1.95c¢ 1.80 ¢
9 1850a 20.50a 23.63a 2257a 1.84d 1.70d 1.63d 148 d
2016 DH618 15 9.31d 1150c¢ 1320b 12.10b 2.83a 2.67 a 2.45a 2.26a
6 1098¢ 15.87b 1848a 1950a 249b 2.38b 2.31b 214 a
75 11.98 b 121;;15 19.10a 2098 a 232¢ 2.22 bc 2.09 ¢ 1.88b
9 13.12a 17.67a 18.12a 2040a 221d 216 ¢ 1.93d 1.79b
XY335 15 1280b 15.68b 16.33b 17.12c¢ 3.17 a 3.07 a 2.85a 2.67 a
6 16.21a 18.65a 2154a 20.13b 2.63b 2.36 b 2.32b 2.14b
75 16.33a 1949a 22.89a 20.11b 2.28 ¢ 212 ¢ 2.02 ¢ 1.88 ¢
9 17.88a 19.21a 21.73a 22.89%a 191d 1.71d 1.62d 1.51d
Interaction
Hybrid (H) 3% *% *% *% *3% * *% *
DeI’lSlty (D) *% *3% *% *% *3% *% *3% *%
HxD ns ns ns x* ns x* ns ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. Ns, not significant.

3.4.2. Dry Weight and Dry Weight per Unit of Internode

The accumulation of dry matter at basal internode of XY335 was significantly higher
than that of DH618 under low density. The average dry matter accumulation of XY335,
at 15,000 plants ha=1, was 171.86% higher than that of DH618, while the average dry
weight of internode of XY335 was 3.27% less than that of DH618 when the planting density
increased to 90,000 plants ha~!. In addition, the dry weight and dry weight per unit of
basal internode of two hybrids decreased significantly with the increase of planting density,
and the extent of XY335 decrease with the increase of planting density was significantly
higher than that of DH618. When the planting density increased from 60,000 plants ha=! to
90,000 plants ha~?, the internode dry weight and dry weight per unit of XY335 decreased
by 53.14% and 54.35%, respectively, which were 120.71% and 72.50% higher than that of
DH618, respectively. It could be seen that planting density has a great effect on the dry
weight and dry weight per unit of internode of XY335. With the increase of planting density,
the dry weight of internodes at the base of XY335 decreased sharply (Table 6).

3.4.3. Stem Vascular Bundle Structure

The total number of vascular bundles decreased significantly with the increase of
planting density, while the density of vascular bundles was gradually increased, and the
trend of change of XY335 was obviously larger than that of DH618 (Figure 4). This might be
related to the decrease of stem diameter with the increase of planting density. The decrease
of stem diameter for XY335 was obviously larger than that of DH618. In addition, with the
increase of planting density, both the thickness of cortex and the thickness of sclerenchyma
cells of vascular bundle decreased significantly. Compared with 15,000 plants ha~!, the
thickness of third internode stem cortex above ground was decreased by 9.64%, 12.72%,
and 20.77% for DH618, while it was decreased by 19.26%, 30.49%, and 37.45% for XY335 at
60,000 plants ha~1, 75,000 plants ha~1, and 90,000 plants ha~1, respectively. The thickness
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of vascular bundle sclerenchyma cells was decreased by 7.75%, 12.44%, and 17.89% for
DH618 and 10.18%, 15.21%, and 24.73% for XY335 at 60,000 plants ha~?, 75,000 plants ha~!,
90,000 plants ha™!, respectively, compared to those at 15,000 plants ha~!. The thickness of
stem cortex and vascular bundle sclerenchyma cells also decreased significantly with the
increase of planting density, and the change of XY335 with planting density was greater
than that of DH618, which showed that the thickness of stem cortex and the thickness of
vascular bundle sclerenchyma cells were more sensitive to planting density than that of
DH618 (Table 7).
Table 6. Change of the internode dry matter accumulation under different planting densities in 2014
and 2016.
) Dry Weight of Internode Dry Weight per Unit of Internode
Year Hybrid P(lillt)i)ﬁ:fllt)y (8 (gem™1)
3 4 5 6 3 4 5 6
2014 DH618 1.5 6.68 a 6.75a 719 a 5.96 a 0.73a 0.52a 0.49 a 0.39a
6 5.03b 6.08 b 6.46b 5.52b 043b 0.37b 0.34b 0.28b
7.5 4.18c 511c 546 c 517b 033 ¢ 0.30c 028c 0.24bc
9 3.87d 437d 4.67d 439c 0.26d 0.24d 0.23d 0.20c
XY335 1.5 16.71a 18.67a 18.13a 1477a 119a 111a 0.96 a 0.76 a
6 8.96 b 9.69b 9.38b 8.37b 0.50b 049b 041b 0.37b
7.5 6.09 c 6.43 ¢ 6.58 c 581c 033 ¢ 032c 0.28 c 0.26 c
9 4.04d 430c 443d 38d 022d 021d 019d 017d
2016 DH618 1.5 725a 778 a 754 a 599a 0.78 a 0.68 a 0.57 a 0.50 a
6 4.67b 6.36 b 6.92b 5.64a 043b 040b 0.37b 0.29b
7.5 418D 4.65c¢ 473 ¢ 496 a 0.35¢ 0.28 ¢ 0.25¢ 0.24b
9 428b 4.09d 4.55c¢ 5.18a 033 ¢ 0.23d 0.25¢ 0.25b
XY335 1.5 2267a 2266a 1977a 1659a 177a 145a 121a 097 a
6 8.53b 9.80b 1032b 8.12b 0.53b 0.53b 0.48b 0.40b
7.5 6.71b 742c 7.57 c 6.47 ¢ 0.41b 038c 033bc 0.32c
9 442 c 4.38d 4.63d 415d 0.25¢ 0.23d 0.21c 0.18d
Interaction
Hybrid (H) 3% *% *% *3% 3% 3% *% *%
Density (D) o ot o % - *x ok %
HxD ** ns ns ns ns ** ns ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. ns, not significant.

Figure 4. Lateral section of the third basal internodes of stem (x40) in 2014. (A-D) represent 1.5, 6.0,
7.5,9.0 x 10* plants ha~! for DH618, respectively; (E-H) represent 1.5, 6.0, 7.5, 9.0 x 10* plants ha~!
for XY335, respectively.
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Table 7. Stem micro-structure of DH618 and XY335 under different planting densities in 2014.

. Plant Density Vascular Bundle Density of Cortex Thickness Vascular Bun.dle
Hybrid 411 Vascular Bundle Sclerenchyma Thickness
(x10* ha—1) Number 2 (um)
(Number/mm?) (um)
15 751a 1.31d 50.61 a 49.52 a
6 711b 148 ¢ 45.73b 45.68 b
DHe618 75 631 ¢ 167b 4417b 4336 c
9 625 ¢ 178 a 40.10 ¢ 40.66 d
1.5 826 a 1.10d 50.58 a 51.68 a
6 781b 1.68 ¢ 40.84b 46.42b
XY335 75 756 ¢ 193b 35.16 ¢ 4382 ¢
9 566 d 214 a 31.64d 38.90d

Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids.

3.5. Biological Yield and Grain Yield

The biological yield per plant of two hybrids decreased significantly with the increase
of planting density (Table 8). The biological yield of XY335 was significantly higher
than that of DH618 at low and medium planting density, but the change trend gradually
decreased with the increase of planting density. When the planting density increased to
90,000 plants ha~!, the difference between two hybrids was not significant. When planting
density increased from 15,000 plants ha~! to 60,000 plants ha~!, the biological yield of
XY335 per plant decreased by 41.76%, which was 21.62% higher than that of DH618.
However, the biological yield of XY335 decreased by 14.26% with the further increase of
planting density, and the decline was 4.79% higher than that of DH618. Moreover, grain
yields of two hybrids increased firstly and then decreased with the increase of planting
density. DH618 and XY335 achieved maximum at 75,000 plants ha~! and 60,000 plants ha~1,
respectively. Grain yield of DH618 is lower 10.74% than that of XY335 at 60,000 plants ha~!,
but at 90,000 plants ha~!, DH618 is higher 13.64% than XY335. When planting density
increased from 60,000 plants ha~! to 75,000 plants ha~!, the grain yield of DH618 and
XY335 increased by 8.95% and decreased by 6.82%, respectively. When planting density
increased from 75,000 plants ha~! to 90,000 plants ha~?, the grain yield of XY335 decreased
by 13.53%, which was 150.12% higher than that of DH618. Therefore, the increase of grain
yield for DH618 was larger than that for XY335, with the increase of planting density.

3.6. Correlation Analysis

There was a significant negative correlation between maximum bending strength and
height of gravity center (r = —0.64). Furthermore, maximum bending strength was con-
sistently negatively and significantly correlated with average internode length (r = —0.81).
Increasing ear height and ear coefficient significantly reduced maximum bending strength.
The correlation coefficients for ear height and ear coefficient monomers for maximum
bending strength were —0.54 and —0.60, respectively. These observations clearly indicated
that plant morphological characteristics was closely related to lodging resistance in maize.
Significant positive correlations were recorded between maximum bending strength and
average internode diameter. Coincidentally, the average dry weight of internode and
average dry weight per unit of internode both had a significant positive correlation with
maximum bending strength and r-values were 0.91 and 0.79, respectively (Figure 5).
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Table 8. Biological yield and grain yield of DH618 and XY335 under different planting densities in

2014 and 2016.
. . Dry Kernel o\
. Plant Density Dry Weight per . Grain Yield
Year Hybrid (10 ha-1) Plant (g p~1) Pvl\;‘;‘tgf‘gt I‘)’f{) (kg ha~1)
2014 DH618 15 572.37 a 334.83 a 5028.00 b
6 386.54 b 211.52b 12,263.25 a
7.5 327.06 ¢ 184.28 be 13,220.40 a
9 289.68 ¢ 147.74 ¢ 12,493.95 a
XY335 1.5 73821 a 40247 a 5996.85 ¢
6 440.08 b 236.39b 13,972.65 a
7.5 361.33 ¢ 180.95 ¢ 12,912.60 a
9 311.23d 163.3 ¢ 11,005.65 b
2016 DH618 1.5 613.94 a 358.97 a 5387.40 ¢
6 411.59b 227.53b 13,109.85b
7.5 351.57 ¢ 198.14 bc 14,424.60 a
9 305.84 ¢ 158.31 ¢ 13,665.55 ab
XY335 15 801.92 a 43791 a 6527.85 ¢
6 456.90 b 246.06 b 14,453.85 a
7.5 388.63 bc 190.98 b 13,698.60 a
9 347.74 ¢ 175.29b 12,004.85 b
Interaction
Hybrid (H) ** * *
Density (D) ** ** o
Hx D ** ns ns

(1) Values followed by a different small letter within a column are significantly different at 5% probability level.
Differences between treatments were calculated within the hybrids. (2) * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively. ns, not significant.
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Figure 5. Correlation analysis. MBS: maximum bending strength, PH: plant height, EH: ear height;
HCG: height of gravity center, EC: ear coefficient, AIL: average internode length, AID: average
internode diameter, AIDW: average internode dry weight, AIRDWL: average of internode ratio of dry
weight to length (average of internode dry weight per unit). * and ** indicate significant differences
different at the 0.05 and 0.01 probability levels, respectively.
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4. Discussion

In recent years, the former studies mainly focused on the morphological character-
istics [11,16,22], internal structure [23,24], and mechanical strength [12,25] of maize stalk.
Previous results showed that stem rind penetration strength, crushing strength, internode
diameter, internode dry weight, and internode dry weight per unit of maize were signif-
icantly decreased with the increase of planting density [12,25,26]. The mechanical tissue
thickness and cortical thickness of stem were also decreased significantly with the increase
of plant density. In this study, there was no stalk lodging for DH618 (low stalk with low
spike height) in all treatment conditions, while XY335 (high stalk with high spike height)
occurred lodging at higher density. Moreover, the lodging rate of XY335 increased with
the increase of planting density (Figure 1). In addition, the maximum bending strength
of two hybrids was significantly decreased with the increase of planting density, but the
decrease for XY335 was larger with more fragile stalk (Table 1). These results indicated that
the lodging resistance of DH618 was significantly higher than that of XY335 as the increase
of planting density showed low density-sensitivity. The plant height increased significantly,
while the diameter of the basal internode, internode dry weight per unit decreased sharply,
the thickness of cortex and vascular bundles of sclerenchyma cell wall thickness were
significantly reduced for XY335, with the increase of plant density, resulting in the rapid
decrease of rind penetration strength and bending strength. It was also found that the effect
of planting density on the internode diameter was significantly larger than that of internode
length. The internode diameter of the two hybrids decreased significantly with the increase
of density, which might be the main reason that the density of stem vascular bundle in-
creased significantly with the increase of planting density, while the diameter of internode
decreased significantly, which led to the sharp decrease of mechanical strength of stalk.
This might be one of the important causes of severe lodging in XY335, which was consistent
with previous results [24]. In addition, the effect of planting density on basal internode
length of DH618 was much higher than that of XY335. With the increase of planting density,
plant height of XY335 increased significantly, while the change of basal internode length
has not reached significant levels. However, basal internode length of DH618 changed
significantly with increasing density, which might be related to the hybrid characteris-
tics between two hybrids. These results showed that effect of basal internode length on
maize lodging resistance was smaller than basal internode diameter [15,27]. Stem rind
penetration strength was a good index to measure the stem lodging resistance [26,28,29]
and negatively related to the lodging rate of maize [30,31]. Previous studies showed that
stem rind penetration strength decreased significantly, with the increase of planting density,
reducing crop lodging resistance [25,27,31]. This study showed that the rind penetration
strength of the third internode decreased with the increase of planting density, resulting
in the significantly increase of lodging risk of summer maize, but the low stalk with low
spike height hybrid decreased less than the tall thin planting hybrids. The thickness of
sclerenchyma cells and vascular bundle cortex was negatively correlated with lodging rate
in the field [27], and the number of vascular bundles was positively correlated with lodging
resistance of maize [23]. However, with the increase of planting density, the total number
of vascular bundles for the third internode and spike internode was significantly reduced,
the number proportion of big vascular bundle was significantly decreased, the thickness
of vascular internal sclerenchyma cell wall and cortex was also decreased significantly,
resulting in the significant decrease of lodging resistance. However, the extent of variation
of stem microstructure for maize that low stalk with low spike height was less than that for
maize that high stalk with high spike height, with the increasing plant density. In addition,
stem diameter, the number of vascular bundles, and the thickness of sclerenchyma cells
inside the vascular bundles and cortex for maize that low stalk with low spike height was
significantly greater than those for maize that high stalk with high spike height.

Improving maize yield by planting density had to coordinate the relationship of
lodging and yield. In this study, increasing planting density could increase maize yield to a
certain extent, mainly by making full use of the population advantages of the increasing
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plant number per unit area. However, lodging rate would increase with the increase
of planting density, and grain weight would lessen. Consistent with previous research
results [32]. DH618 can achieve higher yield at 75,000 plants ha~! and shows better
adaptability than XY335. The yield of both hybrids would be reduced at 90,000 plants ha~?,
it may be due to fierce group competition. It can be seen that maize plants would happen
to form selective reaction to the increasing planting density, while the responses of different
hybrids to density was not the same. Therefore, according to the characteristics of different
hybrids of maize, ascertaining the optimum planting density was an important means
to realize the cultivation of maize lodging resistance. Maize hybrid that low stalk with
low spike height had better lodging resistance, and their yields changed less with the
increasing plant density, which presents a good basis for planting high yield with high
planting density.

5. Conclusions

Under the condition of this study, with the increase of planting density, the stem
diameter, stem rind penetration strength, and vascular bundle number of summer maize
decreased significantly, but the decrease of the hybrid that low stalk with low spike height
was less than that of high stem sparse type. However, the increase of yield for the yield
that low stalk with low spike height was larger than that of the hybrid that high stalk with
high spike height, with the increase of planting density, which indicated that hybrid that
low stalk with low spike height could maintain better lodging resistance and lower lodging
risk under high density, which was helpful to obtain high and stable yields under close
planting conditions.

In addition, the effect of planting density on diameter of basal internode was signif-
icantly greater than that on length of basal internode, which might be a morphological
selectivity for maize plants to adapt to high planting density. The diameter of basal intern-
odes, internode dry matter per unit, and thickness of stem cortex has great influence on
lodging resistance of maize plants, and can better reflect the differences among different
hybrids. Thus, maize breeders could target these properties for selection of high-yield and
lodging-resistant maize hybrids in future efforts.
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