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Abstract: The stalk lodging caused by stalk rot after physiological maturity (PM) is a major factor
restricting further development of mechanical grain harvesting in China. The physiological mecha-
nism of stalk rot on maize stalk lodging after PM is not clear. This study, based on investigating stalk
rot under natural field conditions, demonstrated the relation between stalk rot caused by Fusarium
spp. and lodging of 35 maize cultivars after PM. In addition, three widely-planted maize cultivars
were inoculated with Fusarium spp. at PM to analyze the pathogen of stalk rot causing lodging, by
measuring the infection process, carbohydrate contents, and mechanical strength of stalks. Stalk
lodging increased by 0.11-0.32% for each 1% incidence of stalk rot. The stalk rot pathogen infected
stalks from the pith to the rind. At the level of longitudinal section, the stalk rot pathogen spread from
the inoculation internode upwardly and downwardly. These infections gradually increased with
the days after PM. Inoculated plants had decreased soluble sugar content; however, cellulose and
lignin contained in the inoculated plants were both higher than that in the non-inoculated treatment.
Crushing strength was significantly and positively correlated with percentage of soluble sugar. This
indicated that the reduction of soluble sugar content during the natural senescence of maize stalk
after PM was an important factor for the decrease of stalk strength and the increase of stalk lodging.
The occurrence of stalk rot accelerated the decomposition of soluble sugar, which accelerated the
decrease of stalk strength and greatly increased risk of stalk lodging.

Keywords: maize; mechanical grain harvesting; lodging resistance; stalk rot; crushing strength

1. Introduction

Mechanical grain harvesting has become an essential role of maize (Zea mays) pro-
duction in China [1]. When kernel moisture content is higher than 19.9%, kernel breakage
rate increased with the increase of kernel moisture content [2]. However, currently, the
main maize cultivars planted in China always have a longer growth period with a slower
dehydration rate of the kernel, such that kernel moisture content at physiological maturity
is 32% for summer maize and 34% for spring maize [3]. The kernel moisture content
reduces with the extension of the plant standing duration in the field [4,5], while there is an
increased risk of lodging during grain dehydration in the field after PM [6,7]. Stalk lodging
not only brings about grain loss, increases harvesting costs, but also reduces grain quality.
Nevertheless, high stalk lodging-resistance after PM can make maize plants stand in the
field for a longer time, which is conducive to mechanical grain harvesting of maize under a
condition of lower kernel moisture content.

Stalk lodging is affected by plant morphology, carbohydrate content and mechanical
strength of maize stalk [8]. After the PM of maize, plant and ear heights both hardly
change, and the center of gravity height goes down due to leaves’ senescence, internode
breakage, and water loss in the upper part of the plant. In addition, the abscission of leaves
reduces the wind resistance, to which the plant is subjected. The above morphological
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changes testify to improving the stalk lodging resistance after PM of maize. However,
due to senescence, the degradation of carbohydrates and moisture loss cause the stalk’s
mechanical strength to decrease [7], which increases the risk of stalk lodging after PM.

After the PM of maize, stalk rot also increases the risk of lodging [9]. As one of the
most destructive diseases during maize-growing throughout the world, stalk rot caused by
Fusarium spp. can cause damage to the vascular bundles and may affect the absorption
and translocation of water and nutrients, thereby reducing photosynthesis and grain
development and resulting in premature plant death [10,11]. For each 1% increase in the
incidence of stalk rot, the kernel loss rate single ear increases by 0.485%, and the loss rate
of 1000-kernel weight increases by 0.304% [12]. In China, the incidence rate of stalk rot in
the field is 5-30% [13], mainly caused by Fusarium graminearum and Pythium inflatum [14].
Further, stalk rot may also lower the quality of grain due to mildew.

Stalk rot is identified by the disintegration of pith tissue at or near base of the stalk
and is associated with the senescence of stalk pith cells [15,16]. Furthermore, fungal
hyphae from stalk rot pathogens block the vascular bundles and damage the transportation
of water, nutrients, and soluble carbohydrates from photosynthesis [17], consequently
accelerating stalk senescence. Therefore, a co-occurrence of the senescence of maize stalk
and the infection of stalk rot provokes the decline in stalk quality.

The coverage of summer maize in the Huang-Huai-Hai area of China accounts for
more than 10 million ha each year. Under a wheat-maize double cropping system, con-
servation tillage and crop residue management may lead to the increase of maize stalk
rot in this area [18], in which the main pathogens of maize stalk rot are F. verticillioides,
F. graminearum species complex (F. graminearum sensu stricto, F. meridionale, F. boothii, and
F. asiaticum), Pythiumaristosporum and F. proliferatum [18-20].

In this study, the relationship between stalk rot and lodging was analyzed by in-
vestigating the stalk rot of 35 maize cultivars and their lodging after PM under natural
field conditions. In addition, three widely planted maize cultivars were inoculated with
Pythium aristosporum at PM to analyze how the stalk rot pathogen affects lodging by mea-
suring the infection process, carbohydrate contents, and mechanical strength of the stalk.
Theoretically, these results may provide a foundation for the breeding and cultivation of
lodging-resistant maize cultivars that their plants can remain standing in the field after PM
for better kernel dehydration.

2. Materials and Methods

2.1. Experimental Site

Two field experiments were conducted at the Xinxiang Experimental Station, Chinese
Academy of Agricultural Sciences, Xinxiang, Henan Province, China (35°18' N, 113°54’ E)
during maize growing seasons from 2017 to 2018. The soil was a clay loam that is classified
as a Calcareous Fluvisol according the FAO-UNESCO classification system. The soil at a
depth of 0-20 cm had the following characteristics: 18.9 g kg ~! organic matter, 78.5 mg kg !
available nitrogen, 21.4 mg kg ! available phosphorus, 162.0 mg kg ! available potassium,
and a pH of 8.8. The amount of precipitation and air temperature were measured by a
weather station at the experimental site. The weather conditions of each month during the
experiment are shown in Figure 1.

2.2. Field Experiments

Experiment 1 was designed to explore the relationship between stalk rot and stalk
lodging. To ensure a wide range of genotype sources, 28 maize cultivars were planted in
2017, and 10 maize cultivars were planted in 2018 (Table 1), thereinto, such three cultivars
as Zeyu 8911, Dika 517, and Dika 653 were both planted in 2017 and 2018. The planting
density was 6.75 x 10* plants ha~—! in 2017 and the plant density was 7.5 x 10* plants ha~!
in 2018 in order to achieve higher grain yield.



Agronomy 2021, 11, 2271 3o0f12
50 60 50 60
2017 — Mean 2018 — Mean
wk | 000 e Maximum ot Maximum
——— Minimum 750 ——— Minimum 7 30
— Precipitation — C— Precipitation .
o 30r {40 E © 0 {40 E
< \ E < £
e i = = 2
5 - g 5 2 g
£ {30 £ £ % 130 £
& o} E 2 £
5 i 420 8¢ 3 120 8
x R : =
0Fr iy W 0
WA 0 e 410
!
-10 F -10 F | v
1 1 il Il.l 4 I 1 | 1 ||]_|l “ 1 0

June July Aug. Sept. Oct. Nov. Dec.

June July Aug. Sept. Oct. Nov. Dec.

Month Month

Figure 1. Temperature and precipitation during the growing seasons in 2017 and 2018.

Table 1. Experimental maize cultivars planted in 2017 and 2018.

Cultivar Names

Liaodan 586, Liaodan 585, Liaodan 575, MC 670,
Hengyu 898, Yuyu 30, Yufeng 303, Lianchuang 808,
Lianchuang 825, Lidan 295, LA 505, Beidou 309, Yudan
9953, Xindan 58, Xindan 65, Xindan 68, Nonghua 5,
Nonghua 816, Dika 517, Dika 653, Shaandan 636,
Shaandan 650, Zeyu 501, Zeyu 8911, Jidan 66, Dongdan
913, Jintong 152, Zhongkeyu 505

Fengken 139, Hetian 1, Jingnongke 728, Dika 517, Dika
653, Yudan 132, Xianyu 335, Zeyu 8911, Zhengdan 958,
Zhongdan 909

Year Number of Cultivars

2017 28

2018 10

Experiment 2 was designed to explore how the stalk rot pathogen affects maize stalk
lodging resistance after PM. Under natural conditions, the infection was launched prior to
PM; however, the obvious symptoms of stalk rot rise rapidly after PM [21]. In addition,
the infection of stalk inoculation treatment was faster than that under natural condition.
Therefore, the P. aristosporum was inoculated into the stalk of three widely-planted maize
cultivars (Zhengdan 958, Dika 517 and Jingnongke 728) at PM. The planting density was
7.5 x 10* plants ha~! in 2017 and 2018. In China, Zhengdan 958 is the most widely
planted cultivar of maize while Dika 517 and Jingnongke 728 have been developed to
facilitate mechanical grain harvesting and close-planting of maize. These three cultivars
were accredited in 2000, 2012, and 2014, respectively. The P. aristosporum was inoculated
on Potato Dextrose Agar plate medium (200 g potato, 20 g glucose, 20 g agar, 1000 mL
water) and cultured for 7 days till the hyphae took over the entire plate. Then, the agar and
P. aristosporum were mixed with a concentration of 2.0 x 10° mL~! for inoculation. Before
inoculation, a drill with a diameter of 3 mm was used for opening a hole in the middle of
the third basal internode above soil at PM, into which 0.5 mL of the mixture was injected.
Then, petroleum jelly was smeared on the hole to prevent rainwater from flowing into the
hole. More than 150 plants of each cultivar were inoculated in this way, and other healthy
maize plants of each cultivar were plotted and served as controls.

In both years, each plot contained 10 rows with 25 m as length and 60 cm as space.
All cultivars were arranged in complete randomized blocks, and the treatments for each
cultivar were repeated three times. The sowing was done on 18 June 2017 and 13 June 2018,
respectively. A controlled release fertilizer was applied during sowing, consisting of 156 kg
N ha~!, 72 kg PO, ha!, and 60 kg K,O ha~!. Irrigation was performed when the winds
were calm, based on the precipitation and in accordance with the water requirements of
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high-yield maize. At the eight-leaf stage, an insecticide, Ruining (2.5% Beta-cyfluthrin,
made by Nuopuxin, China), was sprayed to control the corn borers, and weeds were
periodically removed artificially.

2.3. Sampling and Measurements

(1) Natural stalk rot and lodging percentage

The common harvest time of mechanical ear harvesting in Huang-Huai-Hai area was
ranged from 1 October to 15 October. In order to reduce the kernel moisture content, in
experiment 1, the natural stalk rot and stalk lodging were investigated at four harvest
times. In 2017, harvest dates were 27 October, 10 November, 25 November, and 6 December,
respectively. In 2018, the harvest dates were 29 October, 12 November, 27 November, and
13 December, respectively.

Stalk rot was observed in a 24 m? subplot (10 m X 4 rows) in the middle of each
plot by squeezing stalks between the first and second aboveground nodes [22], and stalks
were longitudinally split to inspect pith’s discoloration of internodes, which was visible
by darkening and pith deterioration [4]. The percentage of stalk rot was calculated by
dividing the number of stalk rot plants by the total number of plants in the 10 m segments
of the four test rows.

The number of stalk-lodged plants in each plot was recorded when the percentage of
stalk rot was investigated. Plants were considered stalk-lodged when they were broken
at or below the ear-bearing node [23]. The stalk lodging percentage was calculated by
dividing number of stalk-lodged plants by total number of plants in 10 m segments of four
test rows.

(2) Internode crushing strength of the inoculated stalks

In experiment 2, five maize plants were randomly selected from the inoculated and
none-inoculated treatments, respectively. The crushing strength (CS), as the minimum
force required to crush the stalk rind, was determined by means of a stalk strength tester
(YYD-1, Zhejiang Top Instrument Co., Ltd., Hangzhou, China), which has been described
by Xue et al. [24], comprised of a supporting structure, a force gauge with a digital display
screen, and a test probe. The CS was measured with a cylindrical probe (1-cm? cross-
sectional area), which was applied vertically to the internode at a slow uniform speed for
breaking the rind. All of these measurements were taken at the middle of each internode,
located at the widest side (about 15 cm above the soil line).

(3) Infection index of inoculated stalks

After measuring the crushing strength of the internode, the stalk was longitudinally
split to inspect the pith for discoloration, and then the length of discoloration of the second
(I7), third (I3), fourth (ly), and fifth (I5) internodes was measured with a ruler. The total
length of the second (L), third (L3), fourth (L4), and fifth (Ls) internodes was also recorded
(Figure 2). The internode infection index was calculated according to the following formula:

2 13 14 I5

Infection index = i + 3 + Ta + s

Figure 2. Schematic diagram for measuring infection index.
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(4) Carbohydrate contents of the inoculated internode

The third internode was immediately excised from the stalk of each plant after mea-
suring infection index and deactivated in paper bags at 105 °C for 30 min, then dried to
a constant weight at 80 °C. The entire internode was passed through a 1 mm screen for
chemical analysis. The soluble sugar was measured as described by Yoshida et al. [25]
and Li [26], with the addition of enthrone reagent; briefly, the samples were extracted
in 80% ethanol (v/v) to analyze the soluble sugar. The absorbance was measured at 620
nm by using a spectrophotometer (V-1800BPC, Shanghai MAPADA Instrument Co., Ltd.,
Shanghai, China). The percentages of neutral detergent fiber (NDF), acid detergent fiber
(ADF), and acid detergent lignin (ADL) were measured by using a fiber system (A200 i,
ANKOM, Macedon, NY, USA) as described by Van Soest et al. [27] and Zhou et al. [28].
The ash content was measured gravimetrically after igniting the dried residue in a muffle
furnace, the weight of ash was recorded. The lignin content was calculated as the difference
between ADL and the ash, the hemicellulose content was calculated as the difference
between NDF and ADF, and the cellulose content was calculated as the difference between
ADF and ADL. Carbohydrate composition analysis was performed in triplicate.

(5) Anatomical structure of the inoculated internode

Three additional maize plants were randomly selected from each plot. The third
internode was excised from each plant and preserved in a mixture of formalin, acetic acid,
and alcohol (FAA). Cross-sections that were approximately 20 pm thick were cut from the
middle of selected internodes artificially. The sections were stained with saffron, and the
anatomical structure of the maize tissues was visualized under a light microscopy system
(ML 10, Guangzhou Micro-shot Technology Co., Ltd., Guangzhou, China).

2.4. Statistical Analysis

Statistical analysis was performed with Predictive Analytics Software (PASW) version
18.0 (IBM SPSS, Somers, NY, USA). Data of each sampling date were analyzed separately.
The means of natural stalk rot and lodging rate were tested with the least significant
difference test at the level of p < 0.05 (LSD 0.05) according to different harvest dates. In
each year, analysis of variance was conducted with harvest dates, maize cultivars, and
their interactions considered fixed effects, and replication and interactions with replications
considered random effects. The maize cultivars within replications were the main-plot error
term. Linear regression between natural stalk rot and lodging rate was conducted, and
Pearson correlations were calculated to identify the relationships between carbohydrate
percentage and CS.

3. Results
3.1. Natural Stalk Rot Percentage

The percentage of natural stalk rot gradually increased as cumulatively over time
(Figure 3). In 2017, the average of stalk rot of 28 maize cultivars was 7.1%, 16.6%, 40.3%,
and 65.8% for the four harvest dates, respectively. In 2018, the average incidence rate of
stalk rot of the 10 maize cultivars was 18.0%, 22.0%, 28.8%, and 74.1% for the four harvest
dates, respectively. Analysis of variance indicated that the natural incidence of stalk rot
was significantly influenced by cultivar, harvest date, and their interactive effects. For the
same cultivars, the increase rate of stalk rot percentage was higher in 2017 than that in 2018.

3.2. Natural Stalk Lodging Rate

The natural stalk lodging rate gradually increased with the delaying of harvest date
after PM (Figure 4). In 2017, the average stalk lodging rate of 28 maize cultivars was
0.8%, 1.2%, 6.9%, and 11.6% for the four harvest dates, respectively. In 2018, the average
stalk lodging rate of the 10 maize cultivars was 3.0%, 5.4%, 8.1%, and 12.5% for the
four harvest dates, respectively. Additionally, analysis of variance indicated that the
natural stalk lodging rate was significantly influenced by cultivar, harvest date, and their
interactive effects.
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The incidence of stalk rot was significantly positively correlated with stalk lodging
rate under natural conditions (Figure 5). Based on the coefficient of determination (R?) of
fitting equation, 24% of stalk lodging could be induced by stalk rot. Moreover, an increase
of 0.14% of stalk lodging had been found with each 1% increase in stalk rot. This indicated
that stalk rot is an important factor that affects the lodging of maize after PM.

3.3. Infection Index and Stalk Inoculation

The infection index gradually increased with days after PM (Figure 6). The infection
index of same treatment was lower in 2017 than that in 2018. The infection index of Dika
517 was lower than that of Zhengdan 958 and Jingnongke 728. Stalk rot also occurred after
PM in the treatment that was not inoculated.
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Figure 6. Infection index of different maize cultivars after physiological maturity under inoculation treatment.

Different parts of internode cross section were observed to determine the infection
process of P. aristosporum. The infection gradually increased from the cortex to center of
pith on the 20th day after inoculation (Figure 7). The infection gradually increased with
days after inoculation. The vascular bundle of cortex gradually degraded from the 20th
day to the 60th day after inoculation (Figure 8).

No inoculation

Inoculation

Figure 7. Infection of the vascular bundle in the internode cross section on the 20th day after the inoculation of Pythium
aristosporum (Dika517, 2018). (A,a) indicate the cortex; (B,b) indicate a quarter of the cortex to center of pith; (C,c) indicate
the half of cortex to center of pith; (D,d) indicate three quarters of the cortex to center of pith, and (E,e) indicate the center
of pith.
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Figure 8. Infection the internode cortex after the inoculation of Pythium aristosporum (Dika517, 2018). (A-E) indicate the
20th day, 30th day, 40th day, 50th day, and the 60th day after inoculation, respectively.

3.4. Crushing Strength (CS) after Stalk Inoculation

CS of the basal internodes above soil gradually decreased with days after PM (Figure 9).
In 2017, compared with the no-inoculation treatment, inoculation treatment significantly
reduced the CS of the third internode for Zhengdan 958 by 12.5-56.7%, for Dika 517 by
4.6-13.3%, and for Jingnongke 728 by 15.8-30.6%. In 2018, inoculation treatment signifi-
cantly reduced the CS for for Zhengdan 958 by 5.1-20.1%, Dika 517 by 14.3-35.4%, and for
Jingnongke 728 by 16.1-31.9%. In 2017, the reduction of CS after PM of Zhengdan 958 was
higher than that of Dika 517 and Jingnongke 728. In 2018, the reduction of CS after PM of
Dika517 was higher than that of Zhengdan 958 and Jingnongke 728. However, being Dika
517, its CS was higher than that of the other two cultivars.
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Figure 9. Internode crushing strength after physiological maturity of different maize cultivars with an inoculation of
Pythium aristosporum. * and ** represent significant differences between inoculation and no inoculation at 0.05 and 0.01

levels, respectively, “ns” represent no significant difference.

3.5. Accumulation of Carbohydrates after Stalk Inoculation

Total soluble sugar firstly increased and then decreased with days after PM, while cel-
lulose firstly decreased and then increased (Figure 10). Compared with the no-inoculation
treatment, inoculation treatment decreased total soluble sugar content but increased cellu-
lose. With days after PM, lignin gradually increased in inoculation treatment but gradually
decreased in the no-inoculation treatment, and the lignin content after PM in inoculation
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treatment was higher than that of the no-inoculation treatment. Furthermore, the variation

of hemicellulose was not consistent.

A correlation analysis showed that the CS was significantly positively correlated with
the total soluble sugar content (Table 2), but significantly negatively correlated with the
content of cellulose and lignin. There was no significant correlation between CS and the

content of hemicellulose.

Table 2. Correlations among carbohydrates and the crushing strength of maize stalks.

Total Soluble Cellulose Lignin Hemicellulose
Sugar
Crushing strength 0.519 ** —0.587 ** —0.481 * —0.134 ns

* significant at p < 0.05; ** significant at p < 0.01; ns indicates a lack of significance. (n = 24).
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Natural senescence

Physiology maturity

4. Discussion

Previous researches on maize stalk rot were focused on the stage before physiological
maturity [13,14,29]. In China, the transition of harvesting has put forward higher require-
ments for the prevention of stalk rot after PM. This study showed that the stalk rot and
lodging gradually increased after PM of the 35 maize cultivars. In addition, the incidence
of stalk rot was linearly positive-correlated with the stalk lodging after PM. Under natural
condition, cultivars with different stalk rot resistance had different response to the risk
of stalk lodging. However, stalk rot was only responsible for 24% of the stalk lodging
variation. This indicates that the stalk rot after PM was an important factor that affects
stalk lodging, but not the only one. Stalk lodging may also be related to other factors, such
as genotype, plant density, rain and strong wind, and so on. Rainfall and high temperature
were the key factors affecting stalk rot [21]. The rainfall of October in 2017 was higher than
that in 2018. Therefore, the increase rate of stalk rot percentage for same cultivars was high
in 2017.

In this study, the infection progress occurred from the pith to the rind in inoculation
treatment, which can be explained by the high proportion of parenchymatous cells found in
large vascular bundles in the pith, and the high proportion of sclerenchyma cells in the rind.
The parenchymatous cells were more susceptible to infection and the sclerenchyma cells
in the rind gradually degraded with days after PM. This process weakens the stalk tissue,
thus reducing its mechanical strength, which fatefully leads to stalk lodging. The infection
index reflected the longitudinal diffusion of pathogen, in longitudinal sections of the maize
stalk tissues, the stalk rot pathogen spread from the inoculated internode upwardly and
downwardly, eventually causing the adjacent internodes to rot. The infection progress
varied among different maize cultivars; among them, the infection in Dika 517 was lower
than that in Zhengdan 958 and Jingnongke 728.

The stalk rot pathogens require energy supply during the infection process. Because
structural carbohydrates, such as cellulose and lignin in maize stalk, are not easily de-
graded [30], the content of soluble sugar is primarily used as energy during the infection
process. This study showed that, compared with the no-inoculation treatment, the inocula-
tion treatment reduced the percentage of soluble sugar but increased cellulose and lignin;
hence, the percentage of soluble sugar was significantly positive-correlated with the CS of
maize stalk. In addition, the resistance of maize plants to stalk rot is related to physiological
activity and soluble sugar content of stalk, and previous studies showed that higher water
and soluble sugar contents in maize make for a higher of resistance to stalk rot [10,31,32].
The enzymatic activities of phenylalanine ammonia lyase (PAL), peroxidase (POD), and
polyphenol oxidase (PPO) are also significantly positive-correlated with resistance to stalk
rot of maize [33,34]. Additionally, pith senescence in stalk could reduce the amount of
sugar. Therefore, the reduction of stalk activity, moisture, and soluble sugar after PM could
issue in declining of disease resistance that renders the plant susceptible to the infection
of stalk rot. Simultaneously, after infection, the downtrend of soluble sugar content is
accelerated by stalk rot pathogen. The process of plant senescence eventually leads to stalk
strength reduction and an increasing risk of lodging after PM (Figure 11).

Soluble sugar | Stalk strength } Stalk lodging

e,
G/G‘z;?f
Ca

Stalk rot T

L » Harvest

Figure 11. Effect of stalk rot on maize lodging after physiological maturity.
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5. Conclusions

The reduction of soluble sugar content during the natural senescence of maize stalk
after physiological maturity (PM) was an important factor for the degradation of stalk
strength, hereby aggravating stalk lodging. The incidence of stalk rot gives rise to the
decomposition of soluble sugar, reducing stalk strength and greatly increasing the risk
of stalk lodging. In maize production, breeders can manage to improve the resistance to
stalk lodging by selecting and breeding cultivars with a high resistance to stalk rot and a
vibrant stalk activity after PM, and the stalk strength before PM can be improved to prevent
and control stalk rot infection with such cultivation practices as a proper planting density,
growth regulation, and water and fertilizer management.
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