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Abstract: Coronatine (COR) is a phytotoxin produced by the pathogen Pseudomonas syringae, it has a
structure similar to that of jasmonates (JAs), but it is much more active as a plant growth regulator.
The goal of this study was to gain more insight into the effect and the mechanism of COR effects on
stalk characteristics are related lodging resistance of maize. The agronomic traits, stalk ultrastructure,
and endogenous hormones in maize stalks were studied in field trails and greenhouses, using
hybrid cultivar “Xianyu 335" (XY335), “Zhengdan 958” (ZD958) and inbred line B73 as materials
in 2018 and 2019. Different concentration of COR were sprayed onto maize foliar surfaces at the
seven-expanded-leaves (V) stage. Foliar application with 10 pMol L™ of COR at the V; stage
decreased plant and ear height, increased weight and diameter of the basal internodes, and increased
penetration strength and stalk bending resistance. Compared to the control treatment, in COR-treated
plants, salicylic acid (SA) and jasmonic acid (JA) were decreased significantly in stalks. The treatment
of 10 uMol L~! of COR enhanced lignin accumulation, the integrity, and the thickness of cell
walls in maize stalks in the early stages of stem growth in the inbred line B73, as revealed by
autofluorescence microscopy and scanning electron micrographs. Our results indicated that COR
improved stalk bending resistance of maize not only by optimizing stalk morphological characteristics,
but also by altering hormone levels, which may led to greater lignin accumulation, thickens cell wall,
and decreased the area of vascular bundles.
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1. Introduction

Maize (Zea mays L.) is one of the most important and highest yielding cereal crops in the world,
with its annual yield representing approximately 34% of global cereal production [1] and 39% of total
grain yield in China [2]. Though the strength of stalk has been improved in maize consistently, lodging is
still one of the most important factors for the limitation maize yield to further increase. Lodging causes
significant economic losses associated with reduced grain quality, grain yields, and harvesting efficiency.
Approximately 5%-20% yield losses in the USA due to crop lodging [3], and a survey indicated that
lodging reduces the annual maize yield in Japan by 15%-28% [4]. Sun et al. [5] reported that a 1%
increase in lodging decreases maize production by an average of 108 kg ha~! in China. The poor
quality and grain yield caused by lodging have become unavoidable problems in crop production.
Thus, one of the challenges of breeding and crop management is to enhance lodging resistance in maize.
Breeders have developed and produced new varieties that are shorter and have stronger stalks through
biotechnology and conventional breeding, and these have effectively improved the stalk-bending
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resistance of maize and have decreased lodging risks [6]. In recent years, plant growth regulators have
been able to modulate plant type, increase the lodging resistance [7] and increase grain yield [8,9]
through the regulation of signaling and metabolite biosynthesis [10,11]. Many different kinds of plant
growth regulators have been applied in crop production, such as ethephon [12], 3% diethl aminoethyl
hexanoate and 27% ethephon (EDTH) [8,9], chlonitequat chloride [13], and uniconazole [14].

Coronatine (COR) is not an endogenous phytohormonesis; it is a phytotoxin produced by several
Pseudomonas syringae pathovars. The structure of COR is an amide of coronafacic acid and coronamic
acid; it is a methyl cyclopropyl amino acid derived from isoleucine [15]. COR is a structural and
functional analogue of jasmonates (JAs) [16,17] and related signaling compounds such as methy
jasmonic acid (MeJA) [18]. However, COR is highly active, approximately 10,000 folds more MeJA [19],
and it is effective at extremely low concentrations—previous research has shown that 1 uMol L~! of
COR can improve resilience to abiotic stresses in plants [20]. Spraying 0.1 Mol L™! of COR on a leaf
could enhance drought tolerance in wheat by maintaining a high photosynthetic performance [21].
COR is a bacterial blight phytotoxin that can induce leaf chlorosis, increase ethylene generation,
and accelerated senescence in infected crops [22-25]. Some research has suggested that COR is
a plant growth regulator that plays a vital role for many crop growth processes in resistance to
abiotic stress, such as drought and salinity stress, inducing anthocyanin production, the modulation
of metabolism, hormone synthesis and transport, stomatal opening, and the elicitation of plant
defenses [25-29]; 20 uMol~! of COR induced three-fold higher amounts of anthocyanin, and 2 Mol
inhibited root growth in tomato seedlings [30]. COR is also involved in alkaloid accumulation,
hypertrophy, tendril coiling, and leaf senescence [16,28,30]. There was a strong induction of the
alkaloids in a concentration-dependent manner during COR treatment with various concentrations of
COR (0.1-100 uMol L™1), and 100 uMol L1 of COR increased the nicotine concentration of dry mass in
tobacco [26]. Some researchers believe that COR has effect on the biosynthesis of chloroplasts [21].

Stalk strength is one of the most important agronomic properties of maize that is associated
with grain yield [31]. The strength of a stalk is controlled by the morphological and compositional
characteristics, such as plant height, ear height, stalk diameter, internode plumpness, and cell wall
structural components such as lignin and cellulose [31-33]. The basal internodes of maize stalks play a
vital role in lodging resistance [8,34]. The mechanical strength of maize stalks, such as rind penetration
strength and dry weight per cm, is a good indicator of lodging resistance [35,36]. Thus, improving the
basal internodes’ physical strength is a new target of reducing the risk of crop lodging [8,35,37,38].
The maize stem is made up of various tissues and cell types, including vascular bundles, sclerenchyma,
chlorenchyma, parenchyma, and the epidermis. Most of the small vascular bundles and sclerenchyma
are located in the outer layer of the stalk. The pith is located in the inner part and mainly consists of a
parenchyma with large vascular bundles. One of the primary factors that distinguishes plant stem
tissues from one another are the thickness and localization of the cell walls of a given cell type or tissue.
The main components of cell walls are pectins, cellulose, hemicellulose, protein, phenolics, and lignins.
The differences of cell walls are closely related to their composition content.

Lignin is a main component of secondary cell walls, and it can thicken the cell wall and make it
robust, thus improving mechanical strength to increase lodging resistance in crops [39,40]. A gradient
distribution of bundle stiffness along the axial and radial directions of the stalk increases the strength
of internodes, and it plays crucial roles in improving the lodging resistance of maize plants [41]. Fiber
bundles are the main load-bearing structures of the stem and have highly lignified secondary cell walls.
Fiber bundles are composed of numerous elementary fiber cells; the fiber cell can be divided into
several laminate structures, and adjacent cells are bonded with each other by the middle laminate [42].

Previous research has shown that the application of plant growth regulators can improve lodging
resistance in various crops. However, COR is a novel plant growth regulator, and little is known
about the effects and the mechanism of COR on the mechanical strength and anatomical features
of maize stalks. To address this lack of knowledge, we aimed to determine the effects of COR on
stalk morphological characteristics, the ultrastructure of vascular bundles and cell walls, and their
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relationship with stalk bending resistance in maize. The results of our research may provide guidance
for the application of COR in agricultural production and some information regarding the development
of cultural strategies that can improve lodging resistance and grain yield.

2. Materials and Methods

2.1. Experimental Site and Experimental Design

Field experiments were laid out to determine the stalk morphological characteristics of maize in
2018 and 2019 at the research station of Shandong Academy of Agricultural Sciences, Jinan, Shandong
Province, China (36°58’ N, 116°58’ E). The experimental site was classified as semiarid with an average
annual rainfall of 590 mm. The average content in the 0-20 cm tillage layer was 16.1 g kg~! of
organic matter, 1.20 g kg ~! of total nitrogen (N), 17.0 mg kg~! of rapidly available phosphorous (P),
and 113 mg kg™! of rapidly available potassium contents (K). Field trials were carried out as a split
plot design with three replicates in both planting seasons. The main plot treatments were cultivars,
the sub-plot treatments were COR-treatments, and water foliar spray was used for controls that were
randomly placed in the main plot. The area of the plot was 120 m? (6 m x 20 m). Hybrid maize
cultivars Xianyu 335 (XY335—lodging-susceptible) and Zhengdan 958 (ZD958—lodging-resistant),
which are widely planted in China, were used as experimental materials to research the effect of
COR on agronomic traits and those related to the lodging resistance of maize. Maize was sown on
June 5, 2018, and on June 1, 2019, at a density of 80,000 plants ha=! with 0.6 m row spacing. COR
was applied to the foliar surfaces at concentrations of 1 uMol L~! (COR1), 10 uMol L~! (COR10),
30 uMol L1 (COR30), and 60 1Mol L~ (COR60) with 0.01% (v/v) Tween 20 at the Vy stage (when the
7th internode was 1 cm in length) in the afternoon (between 16:00 and 19:00). The COR solution was
sprayed at a rate of 225 L ha™!, and the same volume of water was applied to the control plants.

The gene sequence of Maize inbred line B73 is known. Plants were sown in plastic containers
containing a mixture of commercial garden soil and vermiculite in a greenhouse at the China Agricultural
University for the ultrastructural analysis and physiological assays. Under the 25 /18 °C and 14/10 h
day/night conditions. Deionized water (control, CK) and 10 uMol L1 of COR with 0.01% (v/v) Tween
20 were applied the leaves by using spray bottles at the V7 stage. For each plant, 10 mL of solution was
used, and each treatment had 20 plant replicates.

2.2. Sampling and Measurements
2.2.1. Morphological Trait and Bending Resistant Strength

Plant Height and Ear Height

Five maize plants in central rows were randomly cut at ground level at 20 days after the silking
stage in each plot. Plant height was measured with a measuring tape from the base to the top of the
tassel; ear height was measured to the first node bearing the ear.

Characteristics of the Third Basal Internode

We sprayed COR onto maize foliar surfaces at the V; stage, the seventh internode (the 3rd
basal internode on the ground) began to elongate at this time because the internodes below the first
four leaves never elongated, and the quality traits of the third to fifth basal internodes exhibited
a significantly correlation with lodging resistance of maize, so the third basal internode was used
to evaluate the quality of the stalks. Five maize plants in central rows were randomly collected to
evaluate the characteristics of the third basal internode. We first removed the leaf blades and excised
the third basal internode from the stem of each plant. The length of internode was measured with a
ruler. The diameter was measured in the mid internode region by a digital caliper with an accuracy of
0.001 cm. The rind puncture strength was measured with a stalk strength tester (YYD-1, Zhejiang Top
Instrument Co. Ltd., Hangzhou, China) by following the methods of Xu et al. [8]. To measure the dry



Agronomy 2020, 10, 807 4 0f 15

weight of the internodes, they were dried in an oven at 80 °C until they reached a constant weight.
The dry weight per cm (g cm™!) was calculated as the division of the dry weight (g) of the internode by
the length (cm) of the internode. For fresh weight density, we measured the volume of the internode
using the draining method. The specific operation was: we added a certain volume of water to a
graduated cylinder and recorded the volume vy; after that, we put the internode into the measuring
cylinder with water and pressed the internode below the water surface with a glass rod, recording the
volume of water and internode v;; the volume of the internode v = v; — v1. The fresh weight density
was calculated by dividing the fresh weight of the internode by the volume of the internode.

2.2.2. Histological Analysis

Three maize plants were harvested from the CK and COR treatments at 5, 10, 15, and 20 days after
spraying COR solution in the greenhouse. Sections were cut at the center of the 3rd basal internode
from each stalk. Transverse and longitudinal sections were cut by hand with razor blades and then
fixed for 24 h in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in a 0.1% mol L™
phosphoric acid buffer at 4 °C and post fixed in 1% osmium tetroxide on ice for 2 h and then washed
with a fresh phosphate buffer saline(PBS)solution five times, each time for 20 min and then fixed using
O;0y4 for 3 h. The samples were dehydrated in an ethanol series from 45% to 100% (30 min each time);
afterwards, the samples were rinsed with isoamyl acetate twice (1 h each) and then vacuum dried.
The dried samples were mounted on aluminum stubs, coated with gold using a sputter coater (SPI
module, Structure Probe Inc., USA), and then viewed using a scanning electron microscope (5-3400N,
SEM, Hitachi, Japan).

The middle of the 3rd basal internode was excised from the stem of each plant, fixed in Carnoy’s
solution (250 mL L1 acetic acid with 750 mL 1.1 ethanol), and then cross sections from the middle of the
3rd internode were cut by hand using razor blades. Lignin distribution was qualitatively evaluated by
using autofluorescence microscopy. Lignin presents broad range of fluorescence emission and is excited
with UV light [43]. Thus, lignified cell walls were quantified by autofluorescence microscopy [44].
To visualize lignin autofluorescence, tissue sections were visualized under UV excitation (360 to 390
nm) by a laser scanning microscope with airyscan (LSM 880, Zeiss, Germany). The fluorescence images
were collected using a charge-coupled device (CCD)camera.

2.2.3. Phytohormone Quantification

Samples were collected at 5 days after the COR treatments. The leaves and the center of the 3rd
basal internode samples were immediately frozen in liquid nitrogen and kept at —80 °C for COR,
abscisic acid (ABA), auxin (IAA), jasmonic acid (JA), and salicylic acid (SA) quantification. In brief,
three replicates of each frozen samples (100 mg) were ground in liquid nitrogen. We weighed 50 mg
of powder into a 1.5 mL tube, an internal standard was added, samples were extracted in sequence,
and extracts were centrifuged at 14,000 rpm for 5 min at 4 °C. Then, we extracted 1.2 mL of the lower
organic phase that were dried in N, at room temperature, and then we resuspended the residue in
0.1 mL of MeOH. Then, the resuspended residue was filtered through a hydrophobic membranes using
a nylon filter with a pore size of 0.22 pM.

The analytical conditions were as follows: Water Acquity ultra performance liquid
chromatography-Class (Waters Corporation, 34 Maple Street Milford, MA, USA); column, Poreshell
EC-120 (3.0 pM and 3.0 mmx100 mm); the mobile phase consisted of solvent A—pure water with
0.05% acetic acid—and solvent —acetonitrile with 0.05% acetic acid. Sample measurements were
performed with a gradient program that employed the starting conditions of 10% A and 90% B. Within
10 min, a linear gradient to 10% A and 90% B was programmed, and a composition of 90% A and 10%
B was kept for 0 min. The flow rate was held at 0.3 mL min~!, 5 uL samples were injected, and then
phytohormones were analyzed and quantified by a Q-Exactive high resolution mass spectrometer
(Thermo Scientific, Waltham, MA, USA). The last step of LC-MS was carried out at the Biomass Bass
Laboratory of China Agricultural University.
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2.2.4. Measurement of Pushing Resistance

Lodging resistance was assessed using the measured of pushing resistance, which was carried out
on the bottom part of the stalk following the method of Kashiwagi and Ishimaru [45]. At 20 days after
the silking stage, the portable crop prostrate tester (AI-JGQD-01) was set perpendicularly at the basal
internode of a maize stem about 50 cm above ground level, and the pushing resistance was measuring
when plants were pushed to an angle from the vertical (Figure 1). The data collected by the hand-held
equipment in the field when the system started to measure and the real-time curve of pressure and
angle were plotted at the bottom of the interface.

Figure 1. Schematic diagram of the measure method of pushing resistance.
2.3. Statistical Analyses

Data processing in all treatments was performed by Data Processing System software 9.50 (DPS)
and Microsoft Excel 2003. Analyses of variance were judged by the least significant differences test
using a 0.05 level of significance. Data plotting was performed with SigmaPlot 10.0. Pictures were
quantitatively measured by Image].

3. Results

3.1. Plant Height and Ear Height

Maize plant and ear heights responded to COR application in a manner dependent on dose in both
cultivars in each year of growth. Shorter plant and ear heights were observed under COR treatments
compared to the untreated control plants in the field trial. The plant height in COR1-, COR10-, COR30-,
and COR60-treated ZD958 maize plants was reduced significantly by 3.0%, 9.8%, 42.5%, and 58.0%,
respectively, in 2019, while reductions of 8.5%, 11.5%, 51.2%, and 29.5%, respectively, occurred in 2018.
Upon COR1, COR10, COR30, and COR60 treatments, XY335 maize plant height was significantly
reduced by 1.3%, 16.9%, 38.6%, and 40.2%, respectively, in 2019, while reductions of 1.7%, 9.1%, 28.2%,
and 52.1%, respectively, were observed in 2018. Moreover, the ear height of ZD958 in COR1-, COR10-,
COR30-, and COR60-treated plant heights was significantly reduced by 1.0%, 22.0%, 45.0%, and 49.0%,
respectively, of that of control plants in 2019, and 12.5%, 27.1%, 48.2%, and 48.1% in 2018 respective
to the increasing concentration series of COR treatment. The ear height of XY335 was significantly
reduced by 26.7%, 29.0%, 36.3%, and 45.3% in 2019, respectively, and 4.9%, 22.5%, 39.2%, and 47.0% in
2018 over that of the control plants (Figure 2). Taken together, with higher concentrations of COR, plant
and ear heights also decreased more severely. However, when the COR concentration was greater than
or equal to 30 Mol L1 (230 uMol L7!), the growth of maize plants was poisoned, over-dwarfed the
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plants, weak stem, and reduced biological yield, resulting in a smaller panicle or even no panicle of
maize plants (Figure 2). The results indicated that COR had a concentration-dependent manner effect
on maize plant during COR treatment with various concentrations.
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Figure 2. Effects of coronatine (COR) on maize plant height and ear height in field 2018 and 2019.
ZD958: cultivar “Zhengdan958”; XY335: cultivar “Xanyu335”; CK: control treatment; COR1, COR10,
COR30, and COR60 represent foliar application with coronatine at concentrations of 1, 10, 30, and 60 pM
at the seventh-expanded-leaves stage, respectively.

3.2. Agronomic Traits of the 3rd Basal Internodes

To evaluate the alterations in the agronomic traits of maize stems in response to different
concentrations of COR, the morphological characteristics and physical strength of the third basal
internodes were assessed. The length of third basal internodes reduced with increasing concentrations
of COR. Compared to the control treatment, COR1 had little effect on the length of the 3rd basal
internode; COR10 reduced the internode length of ZD958 and XY335 by 19.5% and 10.0% in 2019 and
11.0% and 6.1% in 2018, respectively; COR30 substantially reduced the internode length of ZD958
and XY335 by 20.0% and 9.8% in 2019 and 36.4% and 5.2% in 2018, respectively; COR60 reduced the
internode length of ZD958 and XY335 by 8.6% and 7.9% in 2019 and 0.1% and 6.3% in 2018, respectively.
The degree of reduction of the third basal internode length with COR60 was similar to that with COR30.
The average length of the third basal internodes for XY335 was higher than that of ZD958 by 53.6%
and 31.4% in 2018 and 2019, respectively (Table 1).

The diameter of the third basal internodes was significantly increased with the COR10 treatment.
Compared to the control treatment, the diameter of the third basal internode of ZD958 and XY335 with
COR10 was greater by 12.3% and 10.1% in 2019 and 8.7%, and 3.7% in 2018, respectively (Table 1).
However, the higher concentrations of COR (>30 uMol™!) reduced the diameter of internodes, showing
inhibitory effects.

The dry weight per cm of the third basal internodes exhibited an increasing pattern with increasing
concentrations of COR in both years. The dry weight per cm of the third internode in COR1-, COR10-,
COR30-, and COR60-treated ZD958 was higher by 4.2%, 5.6%, 7.0%, and 36.6% in 2019 and 11.0%,
12.3%, 5.5%, and 4.1% in 2018, respectively. For XY335, the dry weight per cm of the third internode
was higher by 4.4%, 20.6%, 28.0%, and 30.9% in 2019 and 7.1%, 1.4%, 2.8%, and 25.7% in 2018 than that
of control plants, respectively (Table 1). The highest tested concentration of COR (COR60) resulted in
the greatest effect on the dry weight per cm of the third basal internodes among all the treatments
except for ZD958 in 2018 (Table 1). Additionally, the trend of fresh weight density increased with
increasing concentrations of COR (Table 1), with the fresh weight density of ZD958 being significantly
higher than that of XY335 in cultivars.
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Table 1. Effects of COR on the morphological characteristics and physical strength characteristics of the third basal internode in 2018 and 2019.

Cross

Years Cultivers Treatment Length Diameter Volume Section Fresh Fresh Weight Dry Dry Weight Ring Puncture
Wiy (cm) (mm) (mL) Area (lcmz) Weight (g)  Density (gcm=3)  Weight (g) percm (g cm™1) Strength (Nmm~2)
Control 11.8 £ 0.8a 25.7 £ 0.3¢ 55.6 + 1.2b 4.73 + 0.5¢ 51.5 + 1.3¢c 0.93 £ 0.03¢ 8.36 + 0.5b 0.71 + 0.04b 52.2 +4.2¢
COR1 11.8 £ 1.0a 28.0 £ 0.5a 61.0 +2.8a 522 +0.8a 54.8 + 2.5b 0.90 £ 0.04c 8.00 + 0.7b 0.74 + 0.02b 60.1 + 3.8a
ZD958 COR10 9.52 + 0.9¢c 289 +0.2a 51.0 = 1.3¢ 5.06 + 0.4b  48.4 +3.0d 0.95 + 0.06¢ 7.20 + 0.4c 0.75 + 0.05b 55.2 + 5.5b
COR30 9.46 +0.7¢ 25.5 + 0.6¢ 424 +0.9c¢ 4.43 +0.3d 448 +1.9e 1.06 + 0.04b 6.82 + 0.6d 0.76 + 0.07b 51.4 +4.6¢
2019 COR60 10.8 £ 1.2b 27.8+12b 538+ 15bc 5.03+0.2b 58.0 + 4.5a 1.08 + 0.02a 10.5 £ 0.3a 0.97 + 0.04a 50.5 + 3.7¢
Control 14.7 + 0.5b 24.3 +0.4c 59.8 +2.4d 4.33 +0.7¢c 514 +2.8c 0.86 + 0.06b 9.96 + 0.6d 0.68 + 0.02c 58.0 + 2.6b
COR1 15.6 £ 0.7a 26.4 + 0.6a 76.3 + 1.5a 6.24 + 0.3a 60.5 + 3.2a 0.80 = 0.07¢ 10.1 £0.7¢ 0.71 £ 0.01c 60.0 + 6.2a
XY335 COR10 13.2 + 0.6¢ 268+ 1.2a 648+20bc 4.89+1.1b 57.1+1.7b 0.89 + 0.05b 10.8 + 0.5¢ 0.82 + 0.06b 61.7 +5.2a
COR30 132+ 1.1c 25.1 + 0.8b 65.8+14b 497 +0.5b 57.8 + 3.4b 0.87 + 0.07b 11.7 £ 0.6b 0.89 + 0.04a 58.0 + 1.9b
COR60 135+09¢c 249+1.1bc 62.0=+28c 4.90 + 0.8b 57.3 +4.1b 0.92 + 0.06a 12.6 £ 0.9a 0.93 + 0.06a 419 + 6.4c
Source of variation C ** * ** ** ** ** ** ** **
T *3% % £ *% 3% 3% *% % 3%
CxT *% *3% *% *% X% *% *% X% *%
Control 10.3 £ 0.6a 26.0 + 1.2b 46.4 + 4.2¢ 4.48 + 0.3b 455 +2.7a 0.95 + 0.02b 7.56 + 0.5bc 0.73 + 0.03b 45.4 +3.3b
COR1 10.6 £ 0.8a 26.4 + 0.5b 48.8 + 1.8a 4.68+£0.6b 45.0+3.0d 0.92 + 0.04b 8.63 + 0.4a 0.81 + 0.02a 46.9 +4.0a
2958 CORI0  920+10b 283+08a 472+09 513+ 0.4a 417;; 1.01+006a  756+06bc  0.82+0.05 459+ 1.9b
2018 COR30 6.58 + 1.2¢ 25.5 + 1.4c 34.8 +1.0d 5.16 + 0.5¢ 29.5 + 4.5e 0.85 + 0.08¢c 6.46 + 0.5¢ 0.97 + 0.06b 40.3 + 2.4c
COR60 10.2 £0.7a 25.3 = 0.6¢ 46.0+1.7¢c 4.48 + 0.8b 46.9 + 1.6¢ 1.02 + 0.06a 7.80 + 0.7b 0.76 + 0.08b 26.5 + 6.3d
Control 14.7 £ 0.8a 24.5 + 0.9b 66.4 +2.9a 4.51 £ 0.3b 52.3 + 2.6¢ 0.80 + 0.04c 10.3 + 0.5bc 0.70 + 0.09¢ 55.4 +7.5b
COR1 14.6 £ 1.0a 23.5 +0.5¢ 634 +35b 432+05d 50.5+34d 0.81 + 0.03b 10.7 + 0.4b 0.75 + 0.04b 59.7 + 6.4a
XY335 COR10 13.8 £ 0.4a 25.4 + 0.3a 63.8 = 5.0b 4.61 + 0.4a 53.8 + 1.6b 0.84 + 0.05b 10.1 £ 0.6¢ 0.73 + 0.06¢ 56.2 + 2.9b
COR30 139+09 242+0.7bc 61.8+3.0c 4.44 + 0.6¢ 52.3 +2.4c 0.85 + 0.04b 9.76 + 0.3d 0.72 + 0.04c 48.7 £ 4.2¢
COR60 13.7 £ 0.6b 24.7 + 0.6b 60.0+1.4d 4.39+0.5d 54.5 + 3.3a 0.91 + 0.06a 119 £0.2a 0.88 + 0.05a 145 +3.1d
Source of variation C w* * ** w* ** ** w* ** **
T *% *% *% * *3% *% *% *3% *%
C><T *3% 3% 3% * 3% £ *% 3% 3%

7 of 15

Different small letters within a column indicate significant differences across all treatments at p < 0.05 (least significant difference (LSD) test). COR1, COR10, COR30, and COR60 represent
COR being sprayed onto maize foliar surfaces at the V; stage at concentrations of 1, 10, 30, and 60 Mol L1, CK: control treatment; C: cultivars; T: treatments. * and ** indicate significance
at the 0.05 and 0.01 probability levels, respectively.
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The rind puncture strength of the third basal internodes was significantly affected by COR
concentrations. Increasing COR concentration resulted in a rind puncture strength of the third
internodes that first increased and then decreased. Compared to the control treatment, the rind
puncture strength of the COR1 and COR10 treatments was higher, but the rind puncture strength of
COR30 and COR60 was lower for both cultivars in each year. Rind puncture strength was ranked as
COR10 > COR1 > CK > COR30 > COR60 in XY335 in 2019 and COR1 > COR10 > CK > COR30 >
CORG60 in XY335 in 2018 and ZD958 in both years.

3.3. Detection of Endogenous Hormone Contents

We detected the contents of the endogenous hormones in the stems and leaves of maize treated
with COR. Our results (Figure 3) showed that compared to the control plants, COR was still present
in leaves but was not detected in stems five days after 10 uMol L~! of COR solution was sprayed on
maize foliar surfaces. These results indicated that there was a remnant of COR in the leaf, but there
was no residual of COR in the stem at five days after COR application to the foliage surfaces. After
COR treatment, the SA content increased and reached a significant level in the leaves, while the ABA
and IAA contents decreased slightly at statistically insignificant levels. In the stem, SA and JA levels
decreased significantly, while the IAA content decreased and ABA content increased to an insignificant
level in the COR treatment group.
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Figure 3. Effects of COR on endogenous hormone content in stalks and leaves of maize inbred line B73
plants in greenhouse. CK: control treatment; COR: 10 Mol L~! COR treatment; ABA: abscisic acid; SA:
salicylic acid; IAA: auxin; JA: jasmonic acid; COR: coronatine. * and ** indicate significance at the 0.05
and 0.01 probability levels.

3.4. Microstructure Analysis of Maize Stalk

3.4.1. Lignin Distribution in Stalks Identified by Autofluorescence Microscopy

In our experimental study, lignin distribution and content in stem transverse sections were
qualitatively measured by autofluorescence microscopy during stem development to investigate the
lignin accumulation patterns in maize stems. The UV-excited fluorescence in the transverse sections
of a maize inbred line B73 stem is shown in Figure 4. Lignin accumulation gradually increased in
the stem tissues after 10 Mol L™ of COR treatment, with minimal lignification observed at five
days and strong lignification observed at 20 days after COR treatment. Compared to the control
treatment, a strong intensity of autofluorescence was detected in vascular bundles at an early stage
(5-10 days) after treatments in the COR treatment group. Lignin was mainly deposited in the cell walls
of vascular bundle sheaths, xylem, and sclerenchyma. The lignin fluorescence in CK plants increased
as stem development progressed and was higher than that of the COR-treated plants at 15 days after
treatment. Lignin fluorescence was found to be stronger in the CK stems at 20 days compared to
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the COR treatment. Our results demonstrated that COR enhanced lignin accumulation at the early
stages of stem development, but COR treatment was not conducive to the deposition of lignin in the
later stage.

Figure 4. Fluorescence micrographs showing differences in the lignin composition in the walls of
sclerenchyma cells and vascular bundles (sections were taken from the middle of the third internode)
of maize inbred line B73 stems at different days after COR was sprayed onto foliar surfaces. CK:
control treatment; COR10: 10 pMol L™! COR treatment. 5d, 10 d, 15 d, and 20 d: respectively 5, 10, 15,
and 20 days after COR treatment. Small vascular bundle (Vb): underdeveloped Vb, which are close to
the edge of the stem; Big Vb: mature Vb, which are distributed in the central of the stem; P: phloem;
X: xylem; Scl: sclerenchyma; Chl: chlorenchyma.

3.4.2. Scanning Electron Micrographs of Vascular Bundles and Cell Walls

Figure 5 shows scanning electron micrographs of the cross-section of vascular bundles. The vascular
bundle consists of protoxylem vessels (PX), metaxylem vessels (MX), phloem tissue (Ph), and the
vascular bundle sheath (VBS). Compared to the control treatment, the area of the vascular bundle
cross-sectional gradually decreased in COR treatment, mainly due to VBS thickening and a gradual
decrease in PX area (Table 2). In addition, compared to the COR treatment plants, in the CK group,
the cell wells were thinner and there were many holes (a natural part of anatomy) in the cell well at
five days after the treatment (Figure 5). This suggests that COR treatment bolstered the integrity and
the thickness of the cell wall at the early stages of stem development.

By using scanning electron microscopy, we also observed the cell wells of the maize stem in
longitudinal sections and transverse sections at 15 days after COR treatment. Figure 6 shows the
longitudinal section and the transverse section. Under x350X magnification, we observed that the
tension of the cell walls was relatively looser in COR treatment than that in CK treatment. Meanwhile,
the cell walls in the CK treatment were tightly arranged.

3.5. Pushing Resistance of Maize Stalks

The real-time curve of pressure and angle is shown in Figure 7. The pressure stress increased when
the tilt angle was pushed from the vertical. In both cultivars, COR10 treatment increased the pressure
stress. The pressure stress was higher in ZD958 than that of in XY335 when plants were pushed to an
angle from the vertical. Our results clearly indicated that the resistance to the bending of the stalk in
ZD958 was higher than that of XY335, and COR10 could enhance the stalk bending resistance.
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COR

Figure 5. Scanning electron microscopy of the transverse sections of vascular bundles in the middle of
the third basal internode at different numbers of days after COR was sprayed onto foliar surfaces in
maize inbred line B73 plants. PX: protoxylem vessel; MX: metaxylem vessel; PH: phloem tissue; VBS:
vascular bundle sheath; CK: control treatment; COR10: 10 uMol L~! COR-treatment. 5d,10d, 15d,
and 20 d: respectively 5, 10, 15, and 20 days after COR treatment.

Table 2. The effects of COR on the areas of the vascular bundles and protoxylem vessel in Figure 5.

Areas (um?) Treatments 5d 10d 15d 20
Vascular bundl CK 354432 + 1027 50,0769 + 1492  39,799.2 + 450.6  50,822.6 = 550.9
ascuiar bundie C 28,436.4 £ 2035 30,795.6 + 1984 38761.9 + 342.6 38,7542 + 489.2
Protoxylem vessel CK 4012.6 + 1984 10,3465+ 368.6 71,41.6+1854 13,479.9 + 3582
COR 24071+ 1052  3867.4+282.4  6487.5+1967  1885.4 + 1023

COR

Figure 6. Scanning electron microscopy of the transverse and longitudinal structure of cells in the
middle of the third basal internode of maize stalks at 15 days after COR was sprayed onto foliar
surfaces. CK: control, COR10: 10 uMol L~! COR treatment. (A) and (C) show transverse sections of the
internode, and (B) and (D) show longitudinal sections of the inthenode.
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Figure 7. Effects of COR on the pushing resistance of the lower part in ZD958 and XY335 plants
in 2018. ZD958: Cultivar “zhengdan958”; XY335: cultivar “Xanyu335”; CK: control treatment; COR10:
10 uMol L~! COR treatment.

4. Discussion

There are many factors that contribute to the lodging of maize, including plant morphology,
plant density, stalk quality, root characteristics, genomic characteristics, damage caused by pests and
diseases, water and fertilizers management, and environmental factors [46]. Enhancing the mechanical
strength of stalks and controlling the morphological characteristics of plants are the major targets
for increasing the lodging resistance of maize [6,38]. Previous research has shown that dry weight
per cm and stem diameter are key indicators for evaluating lodging resistance in crops, as greater
stem diameter and density and shorter basal internodes can enhance stalk bending resistance [47-49].
Reducing stem diameter, dry weight and lignin content in basal internodes in wheat and rice decrease
lodging resistance [38,50]. In our study, our data indicated that spraying appropriate concentrations of
COR onto maize foliar surfaces had significant effects on basal internodes and could enhance stalk
lodging resistance. However, the higher concentration COR (30 pMol L™!) showed inhibitory effects on
internode diameter, over-dwarfed the plants, and decreased the rind puncture strength, indicating that
COR had a dosage-dependent effect on maize plant; this is in agreement with previous research [20,21].
Therefore, an appropriate COR concentration should be determined before using in the field. Based
on our results, we suggest that COR should be applied at a concentration of 10 uMol L~ as a foliar
application at the V7 stage of maize to enhance stalk bending resistance.

The elastic modulus of the basal internodes is also strongly influenced by lodging resistance. It is
a useful way to enhance the stalk bending of plants through increased the elastic modulus of fiber
bundles in the basal internode by increasing the thickness of the cell wall and decreasing the area
ratio of transverse sectional area occupied by phloem and vessels tissue [41]. Khanna [51] found that
increasing the number of vascular bundles could enhance lodging resistance in wheat. However, other
studies have reported that the vascular bundle number was not significantly related to the stalk strength
in wheat [52] or barley [53]. Decreasing the diameter of vascular bundles could increase the stiffness of
vascular bundles [54]. These conflicting results showed that the relationship between the anatomy
characteristics of vascular bundles and stalk lodging resistance are still unclear. Considering the
anatomy characteristics of vascular bundles, the two primary xylem vessels—MX and PX—are distinct
in development and function. PX is differentiated first, and the spiral patterning of the secondary
cell walls of PX allows for cell elongation; these cells are the dominant conductive elements for water
in plants. In contrast, the secondary cell walls of MX are differentiated later in development and
can be characterized by a rigid pitted pattern after the cessation of elongation growth [55]. In the
present research, COR reduced the area of PX and the area of the vascular bundle (Figure 6). It can
be inferred that such variations of the anatomy characteristics of vascular bundles influence the
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spiral patterning and the secondary cell walls of PX, which could inhibit cell elongation, shorten the
internode length of maize stalk, and be a vital factor of evaluating the lodging resistance in crop plants.
The elastic modulus of vascular bundles may also be changed by fertilization strategies [37] or by
using phytohormones [56]. Phytohormones have a vital role in plant cell elongation and cell wall
biosynthesis and modification [57]. IAA leads to the inhibition of cell elongation [58] and has a negative
effect on lignification [59]. SA mediates cell growth by controlling cell enlargement, endoreduplication,
and cell division [60]. Application JA could freeze the cell mitosis, but the effect was sensitive to the
phase of cell cycle [61]. Our results suggested that COR significantly decreased SA and JA in the
stem, which may directly or indirectly regulate cell wall biosynthesis and manipulate the regulation of
cell division, cell differentiation, and cell elongation. Together, these hormone-controlled processes
contribute to changing the thicknesses of the cell wall and the area of vascular bundles, and they might
be involved in affecting the diameter of internodes. Previous studies also have indicated that COR can
thicken the cell wall of mesocotyl parenchyma [62]. It has been reported that phytohormones play
important roles in the organization of the plant microtubule network [63], which is important for cell
wall biosynthesis. However, the molecular mechanism of COR mediated the accumulation of lignin,
and the synthesis of cell walls remains largely unclear and requires further investigation.

Plant growth depends on cell division and cell expansion/elongation. Maize internode elongation
mainly depends on cell elongation and cell division. Our results suggest that COR could influence
lignin accumulation and thicken cell walls in the early stage of internode elongation. A previous
study indicated that cell walls play a crucial role in controlling the shape and size of a cell [64]. Cell
wall synthesis, organization, and modification modulate cell volume and vacuolar turgor pressure,
which have effects on plant cell growth [65]. The key requirement for cellular elongation is cell wall
remodeling enzymes to loosen the cell wall by rearranging cell wall matrix polymers [65]. In our
study, a higher level of lignin accumulation induced by COR-treated may have contributed to the
lignification of cell walls (Figure 4). Increasing lignin deposition was found to thicken the cell walls,
and plant tissues became stiffer. Similar results were demonstrated by Liu [63], who reported that COR
could thicken cell walls. Lignin is mainly deposited in secondary cell walls, and it not only provides
structural rigidity to the plant but also plays a vital role in mechanical support, nutrient and water
transport, and plant pathogen defense [66]. Lignification thickens cell walls and could lead to the
cessation of cell elongation or cell division in COR-treated internodes, thereby altering the chemical
composition and anatomical features of the stem during the early stages of internode elongation and
therefore changing agronomic traits and enhancing stalk bending resistance.

5. Conclusions

COR has a dose-dependent effect on the strength of maize stalks. Spraying an appropriate
concentration of COR at the V7 stage could increase the diameter, density, and rind penetration strength
of basal internodes, thus improving stalk bending resistance. COR was found to alter hormone levels,
manipulate cell wall biosynthesis and modification, decrease the area of protoxylem and vascular
bundles, and increase the cell wall thickness, all of which may lead to the early cessation of cell division
and cell elongation to reduce stem internode length and plant height.
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