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Lodging is one of the most chronic restraints of the maize-soybean intercropping system, which causes a serious threat to

agriculture development and sustainability. In the maize-soybean intercropping system, shade is a major causative agent

that is triggered by the higher stem length of a maize plant. Many morphological and anatomical characteristics are

involved in the lodging phenomenon, along with the chemical configuration of the stem. Due to maize shading, soybean

stem evolves the shade avoidance response and resulting in the stem elongation that leads to severe lodging stress.

However, the major agro-techniques that are required to explore the lodging stress in the maize-soybean intercropping

system for sustainable agriculture have not been precisely elucidated yet.
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1. Introduction

Climatic change and population explosions are the major threats to food security in the future . It has been projected

that, by 2050, the present world population will be enhanced by up to 30%, which will make the world population nine

billion or more people . This problem can only be solved through multiple cropping systems to fulfill the food demand

and supply requirements which leads to sustainable agriculture . The maize-soybean intercropping is one of the most

important systems that plays a key role in the sustainability of food production systems . The maize-soybean

intercropping system has great importance among the legume-cereal intercropping systems because of its maximum yield

and efficient use of resources . Initially, it was developed in the South-Western region of China and now it is

progressing throughout the globe. It is estimated that from the total cropped area of 182.3 million hectares, about 83%

area is used for intercropping in Africa . In China, half of the total grain yield is gained through multiple cropping systems

. The maize-soybean intercropping system has been adopted in different parts of China due to its maximum production

and land use efficiency . The biggest challenge of this century has to be met by China to boost the production of cereals

by approximately 600 Mt by 2030 to achieve food security . In another study, it is reported that annually 2.8–3.4 × 10  ha

area was grown under the intercropping system in China . Over 667 thousand hectares of soybean are being

intercropped with maize in the south-west of China .

Although this system has many advantages, in this intercropping system the spatial light pattern affects the growth of

soybean due to the shading of maize plants during the co-growth period . In order to capture more light, the soybean

plants increase their heights and this phenomenon is called shade avoidance. Shade avoidance causes several morpho-

physiological changes such as low photosynthetic activities, increased intermodal length, decreased stem diameter and

higher rate of lodging . Previous studies revealed that continuous and periodic prevailing of shade had decreased the

total grain production, approximately 25–45% . However, the climatic factors such as continuous storms and heavy

rainfall comprise about 8% and 19% lodging to crops, respectively . Many studies focused on the monocropping

conditions of the soybean, fertilizer regulation and lodging resistant cultivars . In addition, higher N application rates

could enhance the lodging threat due to excessive canopy growth and stem elongation . It is also noticed that

excessive canopy growth decreases the light interception which in turn elongates the stem length . Chen et al. 

briefed that higher application of basal N decreased the lignin content in internodes. Moreover, it has been seen that high

planting densities also reduced the lignin content in stem which leads to weaker stem and hence causes the plant lodging

.

2. Agro-Techniques for the Management of Lodging Stress

2.1. Genetic Manipulation for Increasing Lodging Resistance

The poor resistance to lodging could reduce the soybean yield potential. Previously, independent studies have indicated a

significant number of observations of quantitative trait loci (QTL) for lodging resistance . A recent investigation on the

integration of QTLs in the lodging resistance of soybean indicated the four QTLs which resulting in the two considerable
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QTL integrations on chromosomes 6 and 19. Their finding could be useful to increase the lodging resistance in soybean.

Their results find a strong and pleiotropic relationship between the lodging resistance and QTL integration on

chromosome 6 . Several genes and their QTLs revealed the resistance to lodging and its related traits have been

reported in rice (4CL gene family), wheat and barley . Along with conventional breeding, we have to focus on the

identification of lodging-resistance genes especially for cereal crops . Now, identification and transformation of desired

genes are much easier because of recent advances in breeding, genomics and biotechnology, which eventually help to

increase crop productivity . So, the transformation of lodging susceptible genes to lodging resistance genotypes has

the potential to increase the grain yield of cereal crops under lodging prone zones . The population based studies have

been reported for QTL mapping in cereals and exhibited lodging resistance especially in wheat . The QTLs study of

phenotypic traits which are directly associated with lodging resistance in cereals had already been reported like plant stalk

strength, pith diameter, culm diameter and culm wall thickness in wheat .

These QTLs have significant effects on lodging but further validation is needed by fine mapping or other advanced

techniques. Currently, some of them have already been validated, for instance, in winter wheat a dominant Rht5 gene

related to dwarfism in plant height, has been marked on chromosome 3BS linked with molecular marker Xbarc102 .

The recent studies revealed that this region on chromosome 6A showed higher phenotypic variations for plant height and

could be used further for QTL mapping studies . Rht3 is another dwarfing gene in wheat which shortened plant

height up to 59% but has not been used in commercial varieties . Rht5, a plant hormone (GA)-responsive gene for

dwarfism, which significantly shortened the plant height up to 55% without having negative effects over coleoptile length

and seedling vigor . On the other hand, some researchers also reported that Rht5 has negative effect over flowering

time and delayed by 4.8–14% in a thermal environment . In addition, there is still an attention required from

molecular actors to identify the sequence of candidate genes through QTLs intervals, map-based cloning to enhance the

lodging resistance in soybean.

2.2. Proper Sowing Time and Planting Density

Sowing time and planting density are both key factors in the maize-soybean intercropping system that affect the lodging

resistance and yield of soybean crop . Sowing time is a crucial factor that enhanced the competition within the species

which ultimately reduced the crop yield . Therefore, the selection of an optimal sowing time is vital perspective to

enhance the lodging resistance and yield under the maize-soybean intercropping system . It has been observed that

delay sowing significantly decreased the risk of lodging by shortening the internodal length, plant height and center of

gravity point and by increasing the cell wall thickness, diameter and grain filling period . For instance, only two weeks

late sowing could reduce up to 30% threat of lodging in wheat . Under the maize-soybean intercropping the tall stature

crops adversely affected the short stature crops at the both vegetative and reproductive stages as compared to relay

intercropping in which the adverse effect could only be observed at vegetative stage . However, in intercropping

systems, the competition between the intercropped species could be decreased by fluctuating the planting time . Most

importantly, under relay intercropping systems, the crop sown first have more competition than the second crop . On

the other hand, under the relay intercropping system, selecting an optimal planting time could reduce the co-growth

duration among the intercropped species and adverse effect of first sown crop could also be minimized on the second

grown crop . Furthermore, it is shown that fluctuating the planting time, 50 days of co-growth period of maize and

soybean in relay intercropping system enhanced the crop growth rate 17–64% as compared to 70–90 days of co-growth

period. In maize-soybean relay intercropping the soybean production was recorded maximum 2.11 t/ha at 50 days co-

growth duration of maize and soybean .

High plant populations have been used extensively to increase crop production . Under high planting densities, mutual

shading of plants disturbs the light environment of crop which reduced the photosynthetic activities and carbohydrates

accumulation in the stem that leads to lodging easily . It has been witnessed that planting densities were negatively

correlated with the lodging resistance of stem; however, high plant population had promoted the lodging and lower grain

production . In addition, optimum planting densities could expand the structure of the plant population and

provide a better light environment, enhanced photosynthetic rate and ultimately increased the lodging resistance of stem

. Furthermore, it was found that in strip intercropping optimum planting densities that is, 17 and 20 plants/m  had

significantly enhanced the stem diameter by 4.3% and 6%, respectively as compared to 25 plants/m  planting density.

Most specifically, the plant height was decreased by 6.2% and 9.4% at 17 and 20 plants/m , respectively than that of 25

plants/m  planting density. In addition, decreasing the planting densities such as 17 and 20 plants/m  could decrease the

lodging percentage by 50.3% and 19.3%, respectively as compared to 25 plants/m  planting density .
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2.3. Efficient Use of Fertilizers

Nitrogen (N), phosphorus (P) and potassium (K) are the important macro-elements, vital for crop growth and development

. N fertilizer application rate and time of application had also a significant effect on the lodging resistance of crops 

. It has been described that high nitrogen rate had reduced the diameter of basal or lower internode that cause lodging

. On the other hand, the low application of nitrogen had enhanced the concentrations of water soluble carbohydrates as

in the middle internodes 21% and in the basal internodes 42% than that of high nitrogen rate . Several researchers

suggested that a high rate of nitrogen application promoted vegetative growth and decreased the root anchorage in the

soil and stem secondary cell wall composition (lignin content) which resulted in lodging of the crops . A higher rate

of nitrogen application had reduced the activities of lignin related enzymes (PAL, POD, CAD and 4CL) and lignin

deposition in the cell wall which decreased the lodging resistance . Berry et al.  also observed that a low rate of N

had reduced the height of plant and also proliferated the stem diameter and cell wall width which turns in high stem

strength. Another study had found that increasing the amount of N in wheat crop had progressively increased the cell wall

constituents (lignin and cellulose content) and afterward it was decreased gradually . Many recent studies showed that

lodging resistance of crop could be improved at the price of yield sacrificing by minimizing the N application rate and

rescheduling the application of N fertilizers . Furthermore, the relation between N and K has a fundamental role in

improving crop grain production and quality . Increasing the level of K  along with elevated NH4  could decrease the

stem cell wall thickness. For an instance, the application of a high level of N and P fertilizers in the absence of K

decreased the 30%–35% grain production in rice due to lodging . However, with the application of K, the stem

mechanical strength could be increased . An equal application rate of N and K had significantly promoted the root

growth and enhanced the root anchorage which resulted in lodging resistance .

The optimum level of K  nutrition to plants was positively correlated with lignin accumulation into the vascular bundles and

cells of sclerenchyma of plant cell wall which ultimately enhanced the stem diameter and lodging resistance . In the

same way, it has been noticed that K  considerably inhibited the adverse effects of a higher level of NH  which in turns

amplified the 20–27% of stem mechanical strength in wheat . However, K  has a pivotal role in the process of

photosynthesis and metabolic activities of carbohydrates production in plants . However, appropriate fertilization of

nitrogen could enhance the lignin content in the basal internode and improved the stem lodging resistance .

Conclusively, there is a still gap in nitrogen fertilization of soybean under maize-soybean intercropping; henceforth a more

attention is required from agronomists and plant breeders for rescheduling the rate and application of nitrogen fertilizer

which play a major role in lodging resistance and crop final production.

Previous experiments have revealed that the efficiency of intercrops to absorb nitrogen (N) is more than the sole-

cropping, however, the total uptake of N by intercropped soybean and wheat is greater than the total of the sole crops 

. According to an estimation, soybean can fix nitrogen about 39 to 182 kg N ha  . It has been noticed that under

high nitrogen conditions legumes are usually shaded by the maize which results in shade avoidance response and low

grain production . These adverse effects of cereal crops on legumes can be alleviated by fluctuating the sowing date

. A recent meta-analysis explained the land and fertilizer nitrogen use efficiency of intercropped maize and soybean

. They concluded that maize-soybean intercropping system has greater potential to attain high land equivalent ratio

(LER) and fertilizer nitrogen equivalent ratio (FNER) by utilizing the optimum levels of nitrogen inputs. Whereas further

studies are needed to pinpoint the optimum combinations of sowing configuration, planting dates and fertilizer rate and

time to attain the high yields by reducing the lodging stress.

2.4. Development of Lodging Resistant Cultivars

Agronomists characterized the soybean cultivars into three sets depending on the genotypes response towards lodging

resistance: highly, moderately and susceptible cultivars . In some previously conducted experiments, different cultivars

of soybean were grown under the maize-soybean intercropping system to distinguish the more suitable and lodging

resistance cultivars. In a previous experiment, four recombinant inbred lines (B3, B15, B23 and B24) of Nandou-12 (that is

shade tolerant and widely grown in maize-soybean intercropping system of China) and Nan 032-4 (that is shade

susceptible cultivar) in were used , the lignin content in stem and lodging resistance index of B23 and B24 was

significantly higher than that of B3 and B15 under both monocropping and intercropping systems. Furthermore, another

experiment was conducted in which three cultivars were selected on the base of their response to lodging and shade

stress . A shade susceptible cultivar (Nan 032-4), a moderate cultivar to shade and lodging tolerance (Jiuyuehang) and

shade tolerance and lodging resistance cultivar (Nandou-12) . Their findings revealed that Nandou-12 had more

accumulation of lignin in stem and high enzymatic activities of lignin related enzymes (PAL, 4CL, CAD and POD), hence

more lodging resistance as compared to Nan 032-4 and Jiuyuehang cultivars under both monocropping and intercropping

systems (Figure 1). Along with these research outcomes, there is a dire need to work out on the soybean cultivars which

are well suited for intercropping systems with greater lodging resistance.
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Figure 1. An overview of the most suitable approaches including molecular breeding techniques, agronomical

managements and chemical controls to mitigate the lodging stress in maize-soybean intercropping.

2.5. Role of Silicon and Titanium

Si plays a pivotal role in the growth and development of plants as a beneficial micronutrient. A significant impact of silicon

has been observed on the plant height, internodal length and stem strength and lodging tolerance . It was found that

the application of Si could be dispersed from third to the fourth internode, which result in enhancement of lodging

resistance . A previous study revealed that Si had enhanced the thickness of the cell wall and the vascular bundles size

in the rice stem . With increase in the amount of Si application, the cellulose and hemicellulose content are increased

which contribute in the cell wall formation of rice stem . However, it was also identified that Si acts as ligands binding

with hemicellulose in the rice cell walls . A recent research showed that appropriate concentrations of Si could

improve the enzymatic activity of lignin related enzymes and also prompted the gene expression of related enzymes . It

also revealed that Si content also increased the lignin content in the stem cell wall and promoted the lodging resistance of

soybean under low light conditions. Moreover, Si also accelerated the photosynthetic activities, stomatal conductance and

increased the chlorophyll content of tobacco under cadmium stress . Wang et al.  observed that Si element could

amplify the photosynthetic rate by altering the leaf structure and the content of chlorophyll in rice plants. In addition, Si

element can change the leaf anatomy to capture more light and enhance the light interception in the plant’s leaves and to

improve the vascular bundle sheath and sclerenchyma tissues, which help in lodging resistance . Another research

has concluded that Si could be used as fuel to ignite the process of lignification and silicification for the cell wall and

collenchyma cells thickness that increases the development of keratinocyte and cellulose contents resulting in lodging

tolerance .

On the other hand, the biological importance and role of titanium (Ti) in growth and development has been studied for

decades but still, it is not recognized as an essential nutrient for the plants. However, recent research revealed that

optimum concentration of Ti improves the leaf chloroplast structure, total biomass, chlorophyll fluorescence, root

architecture, RuBisCO enzyme activity and total chlorophyll content of soybean plants under low light conditions . In

addition, how Ti affects the lignin content is not elaborated yet under low light conditions. Therefore, in future RNAseq

transcriptional studies, proteomics and genomic profiling should be done to gain deeper insights into the effects and

benefits of Si and Ti on soybean stem strength, lodging resistance under the maize-soybean intercropping system.

2.6. Chemical Approaches

Foliar application of plant growth regulators at the suitable growth stage of a crop can enhance the stem mechanical

strength, reduce the plant height and inhibit lodging . Plant growth hormones that stop the biosynthesis of GA are

being widely used in high input cropping systems to decrease straw content and also increase the lodging resistance .

Many plant growth regulators were extensively utilized to minimize lodging index through shortening the plant height and

to obtain a stable grain production . The most common growth regulators that inhibit the GA production have been

used to decrease the growth of stem are the onium type elements, which have Chlormequate chloride (2-chloroethyl-N, N,
N-trimethyl-ammonium chloride, CCC) and Mepiquat-Cl. Some other plant growth regulators which comprise N

heterocycles for example, triazoles and imidazoles could also be used to minimize the lodging risk . The application of
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paclobutrazol had considerably increased the lignin content in the stem cell wall and its function is closely related to

enzymes present in the basal second internode . It had also enhanced the stem diameter, internode filling degree and

cell wall thickness with increasing the lodging resistance . The Paclobutrazol chemical (PP333) could prompt the

enzymatic activities of lignin related enzymes that is, tyrosine ammonia-lyase (TAL), phenylalanine ammonia-lyase (PAL)

and cinnamyl alcohol dehydrogenase (CAD) and ultimately proliferated the lignin content and lodging resistance . A

plant growth regulator (Trinexapac-ethyl) has reduced the height of the plant in wheat . In addition, some other

chemicals are needed to be introduced which are capable of enhancing the lodging resistance in intercropped soybean to

get better results.

3. Future Prospects

In the maize-soybean intercropping system, shade has a drastic effect on the normal growth and development of soybean

at both vegetative and reproductive stages. Shading of maize disturbs the microclimate of soybean which results in shade

avoidance response of soybean (stem elongation) and finally causes lodging. The influence of lodging concerning the

reduction of grain yield depends on the types of cultivars and planting geometries. This review mainly focused on the

multiple approaches and genetic techniques which would be helpful to control the lodging under intercropping systems

(Figure 3). The damages induced by lodging in maize-soybean intercropping could be actively reduced with more

advanced crop breeding techniques. We further explored that, lignin and cellulose are the main constituents of plant cell

wall which play a vital role in plant vigor against biotic and abiotic factors such as lodging. However, the molecular

mechanism of lignin and cellulose formation and their relation with hormones (indole-acetic acid, IAA) that how they affect

each other has not been explored thoroughly yet. Therefore, it is necessary to explore the biochemical association of

hormones and lignin biosynthesis pathways in the maize-soybean intercropping system.

In addition, researchers have to develop new techniques and tools to modify the lignin content in soybean stem without

altering its normal functions. In consequences of natural calamities like high-speed winds and rainfall could damage the

crops catastrophically through lodging. Therefore, to escape from these devastating effects of lodging following

approaches could be adopted: (i) breeding of soybean cultivars with stronger and harder roots without disturbing the

existing root numbers per plant, (ii) suitable agronomic management’s that is, use of lodging resistant cultivars,

rescheduling the planting time and density and use of fertilizers. Furthermore, plant growth regulators can also manipulate

the height of the plant which helps in lowering the risk of lodging. Optimum levels of N, P, K and Si fertilizers could play a

significant role in the maize-soybean intercropping system. Additionally, further studies are required to alter the plant

canopy area which is a vital part of modern agronomy techniques and it is usually obtained through the application of

balanced nitrogen fertilizers.
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