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Abstract The rising population entails enhancement in

wheat productivity to ensure substantial food supply which

often get hindered by various biotic and abiotic stresses.

Lodging, due to rain and high velocity wind causes sig-

nificant economic and yield losses in cereals. Hence,

lodging is emerging as a major hurdle to achieve the

required yield targets. Various morphological, biochemi-

cal, anatomical and genetic traits contribute to produce a

plant competent enough to bear lodging stress. Hence, in

this review, we intend to elaborate the cause and impact

relationship of lodging and tried to link lodging tolerance

traits to field practices to minimize the losses. Because of

the complex nature of lodging phenomenon, it is still

obscure to identify best correlated traits to screen genotype

in breeding programmes. However, the genotypes with b-

est correlated traits like plant height, culm wall thickness

should be introduced/selected in breeding programmes to

inculcate lodging tolerance in a high yielding variety as in

recent era lodging tolerance is a key factor to enhance

productivity and farmer’s income as well.
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Introduction

Lodging refers to the permanent displacement of the plant

shoot from its normal upright position. This usually occurs

as a combined effect of inadequate anchorage strength of

the crop and impact of adverse weather conditions like

rain, wind and hailstorm (Mulsanti et al. 2018). Wheat

(Triticum aestivum L.) is a staple food crop in India which

is cultivated on about 30 mha land (DAC&FW 2017) but

still there is need to increase wheat productivity to feed

ever growing population of the country. It is predicted that,

up to 60–110 percent increase is required in the overall

agri-production to attain food security by the mid of this

century (Alexandratos and Bruinsma 2012). Besides the

adoption of new technologies/approaches for meeting the

production targets, challenges in the pathway are also

increasing (Sharma et al. 2015). Although, with the com-

bined efforts of multidisciplinary research, we have be-

come the second largest wheat producer in the world,

during independence Indian agriculture scenario was very

awful, as only 6.46 million tonnes of wheat was produced,

which was insufficient to fulfill the food requirements for

the existing population (Dronamraju 2008). Due to lodging

prone, low yielding (\ 1 tonne/ha) nature of Indian wheat

varieties under high fertility conditions, there remained a

continuous need for a breakthrough in wheat production.

So, the only option was to modify plant architecture to

reduce plant height well adapted to intensive agriculture

and input applied. Then, breeding of non lodging, high
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yielding wheat varieties was accorded as the major priority

area.

Lodging has led to upto 80% harvestable yield loss and

is therefore, one of the major limitation to wheat produc-

tion (Foulkes et al. 2011). Hence, lodging tolerance has

been a driver of plant breeding to minimize these losses

(Berry and Spink 2012). Changing rainfall patterns makes

the situation more intricate when we target for lodging

tolerant genotype. Under field conditions, a lodged plant

community widen the yield gaps firstly, by reducing the

photosynthetic capacity via changing plant architecture

(Berry and Spink 2012; Xiao et al. 2015) and secondly, by

disturbing the assimilate partitioning to produce more dry

matter instead of spike growth and yield (Berry et al.

2007). Lodging interferes with conducting tissue and thus

impedes the storage of photo-assimilates in the developing

kernel. Reduced light interception creates conducive

environment for foliar diseases which affect plant devel-

opment and hence decreases production. However,

according to Curtis and Halford (2014) in wheat, grain

development/production is governed by the metabolic

activities of both source and sink and would increase if sink

is more efficient to transport assimilates even under lodged

conditions. So, the higher vegetative growth favors better

assimilate partitioning if it re-translocate the photosyn-

thates from its site of synthesis to the desired sink. But,

sometimes the robust plant architecture exhibiting lodging

tolerant traits only for aboveground portion is not sufficient

to overcome the lodging impact as poorly developed

shallow dysplastic root, failure of anchorage system,

bending/buckling at the root cone also makes a crop to fall.

Generally, high velocity winds with/after rain are the main

culprit of lodging, but the complex phenomenon of lodging

is also influenced by soil type, topography and crop man-

agement practices (Berry et al. 2004; Tams et al. 2004).

Severe yield losses has been reported in different parts

of world due to lodging (Table 1). A recent example of

lodging losses was recorded 2 years back in the rabi season

2014–2015, when wheat production had fallen to 86.53 mt

because of unseasonal weather vagaries. Large scale

lodging was reported due to unexpected hailstorms and

untimely heavy rains in major wheat growing areas of India

like Punjab, Haryana, Uttar Pradesh and Madhya Pradesh.

Delayed harvesting because of severe lodging and pre-

harvest sprouting, negatively affected both yields and

quality of wheat (USDA 2014). This unseasonal precipi-

tation pattern completely destroyed millions of acres of

cultivated land and flattens the wheat crop in North West

Plain zone of India.

Scientific studies to understand the multifaceted inter-

play of plant architecture, agronomic practices and weather

conditions have recently begun, and consequently guide-

lines for lodging control are often based on perceived

wisdom rather than practical comprehension. The hostile

weather and unpredictability of its occurrence is the major

hindrance to understand lodging. Hence, most of the

lodging studies do not reflect the field reality. Thus,

exhaustive study is necessary to obtain comprehensive

measurements of plant, soil and weather conditions during

the natural course of lodging itself to understand the

complexity of lodging. This review not only includes the

impact of lodging on wheat crop, but also highlighted the

traits responsible and the unexplored areas to improve

lodging tolerance.

Economic fallouts of lodging

In general, lodging effects are directly correlated to plant

growth stage and lodging angle and losses are much more if

crop lodged horizontally on the ground at anthesis or early

grain filling. A yield reduction of about 0.5% per day of

lodging was recorded during grain filling period by Stapper

and Fischer (1990). They also reported a large reduction in

bread making quality of wheat grains harvested from lodged

plant population. Multiple studies on cereals concluded that

Table 1 Yield losses due to wheat lodging in different parts of world

S.

no.

Region/area Yield potential losses (t ha-1

or percentage basis)

Reference

1 UK 0.73–8.3 t ha-1 Pinera-Chavez et al. (2016)

2 Australia 1.7 t ha-1 Peake et al. (2014)

3 North West Mexico

(Yaqui Valley)

0.63–7.2 t ha-1 Pinera-Chavez et al. (2016)

4 Canada 16% Vera et al. (2014)

5 Southern Queensland

and northern NSW

20,000 ha area or[ $20

million

https://grdc.com.au/resources-and-publications/grdc-update-papers/tab-content/

grdc-update-papers/2009/11/increasing-yield-of-irrigated-wheat-in-

queensland-and-northern-nsw?refresh=024430491
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lodging caused myriad of changes to quality of produce

(Rajkumara 2008; Ashraf 2014; Shah et al. 2016). Quality

deterioration is not acceptable because of the specific prop-

erties of wheat varieties for making bread, biscuit and other

industrial products. Crop fall during early grain filling affect

the grain quality by decreasing the grain size, Hagberg falling

number, thousand grain weight and specific weight (Lang

et al. 2012). Reduction in grain size and thousand grainweight

highlights the disturbed supply of assimilates to spikewhich is

the most common consequence of crop lodging. Furthermore,

high percentage of small and poor quality grain in the produce

limit its use and likelihood of achieving a premium price. In

later stage, lodging causes less reduction in grain quality but

pre-harvest sprouting deterioratemilling and bakingquality of

the cultivars with weak seed dormancy (Kono 1995).

Types of lodging

Lodging tolerance is a heritable varietal character that is

determined and reflected by various traits of plant’s archi-

tecture but type of lodging is defined by the plant part bended/

broken during the lodging event. In general, two type of

lodging have been identified, (1) stem lodging and (2) root

lodging. Stem lodging can further be categorized on the basis

of stem responses i.e. bending and breaking. The bending

type, represented by internode bending at the middle of the

internode and the other one is characterized by breaking of

stem generally below the third internode. Bending type of

stem lodging is not much deterimental because bended culm

can even transport photosynthates to kernel for grain filling

and further, can also recover to upright position with time and

improvement of climatic conditions. Weight differences

between consecutive internodes are the main reason for

buckling of lower internode (Packa et al. 2015).

Root lodging occurs due to failure of efficient root

anchorage resulting in straight, unbroken culms leaning

from the crown. A wider root spread angle was directly

correlated to root lodging tolerance (Pinthus 1967). Prac-

tically, root and shoot lodging could occur simultaneously/

separately but root lodging is more common than stem

lodging (Berry et al. 2003b). Under long term adverse

climatic conditions, permanent loss of the original vertical

position of the plant causes deformation of the ears and

shriveling of the kernels. High intensity of rain and wind

significantly deteriorate soil strength and increasing the

load which a plant must bear.

Plant traits associated with lodging

(a) Plant height

Height of a wheat plant is comprised of total above ground

internodal length along with length of peduncle and spike

which determine the resistibility against lodging. Height is

the most practical and easily selectable plant trait to

determine lodging behavior of a cultivar. It was hypothe-

sized that shorter height may limit various physico-chem-

ical processes which ultimately reduces yield. But, besides

owing good yield potential heavier canopy of tall varieties

generally reduce the ability to resist lateral forces which

enhance lodging index. Plant height is directly correlated to

center of gravity of culm, as lesser plant height lowers the

value of centre of gravity, self weight movement of shoot

and thus provides resistance to short stature varieties

(Okuno et al. 2014). It is well documented that short height

provides advantage over taller cultivars as theses are less

susceptible to lodging (Curtis and Halford 2014). A strong

positive correlation between plant height and lodging was

identified among a diverse population of 140 spring and

spelt wheat cultivars under artificially created lodging

conditions at early and late milk stage and variability was

higher among cultivars of intermediate height rather than

shorter and taller plant types (Navabi et al. 2006; Longin

and Würschum, 2014). Optimization of plant height for

maximum photosynthesis could be a fruitful strategy to

increase productivity under lodging.

(b) Culm traits

The two major contributing traits for stem strength are

plant’s standing power and straw shortness. Internodal

length, strength of the lower internodes and weight distri-

bution generally define the type of lodging. But, stem traits

like solidness, diameter and wall thickness of basal

internodes are the best reported indicators of culm strength

against lodging (Hasnath Karim and Jahan 2013; Longin

and Würschum 2014; Xiao et al. 2015). However, wider

culm diameter with thicker basal internode and fewer tiller

per unit area with heavy spikes are some characteristics

suggested to be chosen for lodging tolerance (Tripathi et al.

2003) (Fig. 2). Among height related traits, third and fourth

internodes had the maximum correlation with stem lodging

(Kashiwagi et al. 2005) but, resistance to breaking and

lodging index in internodes are important at inflection

(Kono 1995). Thicker stem wall and solid culm increase

the value of per unit plant biomass and demand more

photosynthetic investment for strengthening its supporting

components. During an experimental study of understand-

ing lodging characteristics, a strong positive correlation

between stem wall thickness and lodging resistance in the

four wheat genotypes was reported (r = 0.972, P\ 0.05)

by Kong et al. (2013). About 49.7% of the variations

related to lodging in wheat were explained by variation in

stem weight (Zuber et al. 1999). A significant correlation

between weight of the three lower internodes (WOL) and
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lodging resistance (r = 0.986, P\ 0.05) suggested WOL

as an important factor affecting the rigidity of wheat stem

(Kong et al. 2013). Influence of spike weight is stage

specific and lodging caused by heavier spikes could be

compensated by heavier stem (Zuber et al. 1999) hence,

thicker and heavier stems (mg per cm) are the indicators of

better lodging tolerance in tall genotypes. But in plants

shorter than 90 cm height, stem weight per cm is of less

importance for lodging resistance.

(c) Stem anatomical traits

Anatomical characters are believed to be a good indicator

of plant adaptation to abiotic stress. Wheat culm is mainly

built up of ground tissue (parenchyma) and mechanical

tissue (sclerenchyma). The pattern of organization of these

cells, their relative proportion and biochemical composi-

tion determine the behavior of a genotype under weather

uncertainties (Figs. 1 and 2). Depending on genotypic

variability, wheat culm may be solid, partially solid or

hollow type. Completely or partially filled stems have

comparatively thicker stem wall and higher proportion of

sclerenchymatous tissues which make it relatively more

tolerant to lodging than hollow stemmed wheat (Kong et al.

2013). For a lodging ideotype, a wide genetic range for

wall width from 0.732 to 1.11 mm was suggested by Berry

et al. (2007) with a maximum material strength of 54.6

Mpa for wheat. A significant positive correlation has been

found between stem wall density and stem material

strength. Stem stability increases with the increasing pro-

portion of pith parenchyma as parenchyma cells have a

good shock absorbing capacity and can withstand against

the harmful effects of environmental (wind, rain) forces

without any mechanical damage to the culm (Kokubo et al.

1989). The potential to tolerate bending forces against

lodging is also directly linked with the ratio of outer and

internal culm diameter. Higher percentage of sclerenchy-

matous layers is equally correlated to lodging tolerance as

plant height (Hasnath Karim and Jahan 2013). As more

sclerification will provide a mechanical strength to soft

tissues and can prove to be of high significance, as it can

prevent collapse and bulking of stem. Multi-layered scle-

renchyma not only provide better tolerance against lodging,

but also decrease the respiratory losses.

A well-built translocation system is the marker of strong

stem. A significant positive correlation between the number

of vascular bundles per mm2 and bending resistance was

reported by some researchers (Wang et al. 2006) while no

correlation was observed by others (Kelbert et al. 2004;

Kong et al. 2013). Two rows of vascular bundles are dis-

persed in wheat culm, with smaller vascular bundles

embedded in the outer sclerenchyma tissues while the

larger vascular bundles are embedded in the inner par-

enchyma tissues. The sheath around vascular bundles and

sclerenchyma tissue were composed of fiber cells. Never-

theless, most of the favorable trait combinations of wheat

culm are genotype specific and required associations were

not recorded for most of the traits, but still, a solid stemmed

cultivar with thicker sclerenchyma layer and parenchy-

matous pith is relatively tolerant to lodging.

(d) Root traits

The measurement of underground traits is a complicated

task due to unavailability of standardized methodology and

root traits are highly influenced by rhizospheric fluctuation

and above ground agro ecological conditions (N fertilizer,

temperature). But, it is well documented that wider and

deeper roots improve lodging tolerance (Hasnath Karim

and Jahan 2013). Hence, a separate system of classification

was developed for stem and root lodging, as the basis of

lodging tolerance was different for different winter wheat

cultivars (Berry et al. 2003a, b). To avoid root lodging and

increasing anchorage strength, coronal root should be tar-

geted as desirable trait as the spreading angle and strength

of coronal roots has been proven significant in many

research experiments. Wider root spreading angle helps in

the formation of larger root-soil cone having more toler-

ance for bending moments. Although certain studies have

shown that root-clump weight, tensile strength and root

pulling strength also enhance lodging tolerance.

(e) Biochemical and physiological traits

Development of a lodging tolerant high yielding variety is

a cumbersome endeavor which needs thorough under-

standing of the background biochemical and physiological

pathways behind the development of a stronger plant

O
C

D

IC
D

MTL
PTL

LUMAEN (SOLID/HOLLOW)

Fig. 1 Transverse section of wheat culm internode, OCD outer culm

diameter (culm thickness), ICD internal culm diameter, MTL

mechanical tissue layer, PTL parenchymatous tissue layer
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phenotype (Table 2). For instance, plant pushing resistance

is an important trait and easy to record merely by hand

scoring and can be used by breeders as indirect selection

parameter for lodging tolerance. Biochemical molecules

like lignin, silica, cellulose and hemicellulose contribute

for strengthening plant culm. Culm wall thicknesses also

represent a positive correlation with lignin, cellulose, water

soluble carbohydrates along with other structural carbo-

hydrates. Percentage of cellulose and lignin is closely

associated with plant strength (Ma 2009) while silica

deposition in epidermal cells is a good indicator of lodging

tolerant wheat genotypes. Zheng et al. (2017) also reported

improved hardness, toughness and stem elasticity due to

silica accumulation. Some researchers reported that excess

carbohydrates normally stored in the basal part of culm/

stem provide rigidity and breaking resistance to plant

(Wang et al. 2012; Kong et al. 2013; Peng et al. 2014). The

most common form of water soluble carbohydrates are

fructans and variability in these sugars could be used to

screen large number of genotypes. WSC estimation

includes complex inter-relationship pathway of source sink

and also includes both its concentration and content of

sugars (fructans, glucose, fructose and sucrose). High sugar

content in culm and its active remobilization during stress

conditions may keep the plant alive for longer duration and

contributes to the functional stay green trait of delay

senescence (Campbell 1963; Thomas and Howarth 2000).

Lignin is a complex phenolic polymer that forms an

Fig. 2 Plant traits associated

with lodging tolerance

Table 2 Correlation of plant

traits with lodging tolerance
Plant trait Correlation with lodging tolerance Reference

Plant height - Okuno et al. (2014)

Internode length - Xiao et al. (2015)

Stem solidness ? Xiang et al. (2016)

Stem/Culm diameter ? Xiao et al. (2015)

Culm wall thickness ? Xiang et al. (2016)

Number of vascular bundles ? Hasnath Karim and Jahan (2013)

Crop canopy - Wang et al. (2006)

Stem material strength ? Pinera-Chavez et al. (2016)

Tiller number - Tripathi et al. (2003)

Lignin content ? Okuno et al. (2014)

Cellulose content ? Kong et al. (2013)

Silicon content ? Zhang et al. (2010)

Root plate spread ? Pinthus (1967)

Physiol Mol Biol Plants (May–June 2019) 25(3):589–600 593

123



important structural component (20% of the secondary cell

wall and filling pores between the polysaccharides) while

cellulose constitute about one-third of primary cell wall

and more than half of the secondary wall (Taylor et al.

1999). However, the complete biosynthetic pathway of

these bimolecules is not fully undersood but their biosyn-

thesis and accumulation has been affected by mechanical

injury and environmental stresses (Moura et al. 2010;

Zheng et al. 2017). A significant positive correlation was

recorded between cell wall cellulose content and stem

bending strength of barley cultivars by Kokubo et al.

(1989). Some researchers also recorded impact of wall

cellulose on the total sugar release during different enzy-

matic reactions (Fan et al. 2012; Lindedam et al. 2012).The

altered ratio of different biochemical components is the

result of disturbed physiological processes, hence;

emphasis should be given to understand the impaired

fundamental physiological processes like photosynthesis,

respiration, nutrient uptake and their translocation. For

instance disturbed photosynthetic machinery always pro-

duce lesser amount of soluble carbohydrate content in stem

basal internodes which is significantly associated with

lodging tolerance. More accumulation of starch contributes

higher bending strength to the stem. So, non-constituent

components of wheat culm viz. soluble sugars and starch

play important role to enhance physical strength of culm

(Arai-Sanoh et al. 2011). Conductive tissue may get dam-

aged due to bending/breakage of culm which block the

supply of xylem and phloem ultimately disturbing the grain

development.

Lodging characterization: natural vs artificial
conditions

Measurement of lodging in field is a cumbersome practice

due to complexities associated with data recording espe-

cially when crop is lying on the ground. Though under

controlled/glasshouse conditions lodging characterization

is not an easy task. Literature suggested different means

and methods to study lodging under natural/field or glass-

house or in field with movable wind tunnels. Various the-

oretical models have been developed by researchers to

standardize a universal method to quantify lodging. To

revive the field conditions under artificial setup,

portable wind tunnel has also been used (Sterling et al.

2003) and high intensity winds were blown over the plants

to measure the degree of lodging tolerance. Various

instruments were used/self designed by the researchers to

identify the basis of stem bending moments and stem

strength (Kono and Takahashi 1964).

Varietal strength to lodging could be calculated by

measuring the breaking strength of culm (1/4 9 Breaking

load 9 Distance between fulcra) or by lodging index

(Bending moment by whole plant/Breaking strength) or by

measuring bending stress (Breaking strength/Cross section

modulus) (Quang Duy et al. 2004) etc. But none of the

parameters are satisfactory to define lodging in true sense

as they are influenced by various environmental vagaries.

Lodging could either be determined on a scale of 1–9,

where 1 represents no lodging and 9 represent severe

lodging. Lodging score has two components, one is the

percentage of the area lodged and another is the angle at

which crop get lodged, hence, lodging can be estimated by

putting the values in the formula to calculate the score i.e.

Score ¼ % of plot affected � Angle of lodging=90

In a lodging prone year, these methods are used to calculate

the severity of lodging to analyze the impact of lodging on

total harvest and economy. Otherwise, the screening/scal-

ing is also used to test any research/breeding material in

wheat improvement programme. Plant genotype recovery

percentage also plays an important role to identify a tol-

erant variety and the retrieval of original upright position

after lodging event is a desirable trait. However, the

recovery percentage decreases with increasing plant age.

Strategies to mitigate lodging

Lodging is a persistent but discontinuous problem, because

the lodging incidences primarily depend upon weather

uncertainties rather than plant variety. Secondly, identifi-

cation of lodging associated traits is complicated due to the

challenge of screening under natural field conditions.

But, we can reduce the lodging events by following some

precised agricultural practices.

1. Agronomic practices

(a) Cultural practices

Earlier, identification of morphological traits was the

focused area for lodging tolerance but later on research

became more concentrated on establishment of mechanical

models for lodging resistance (Crook and Ennos 1993;

Berry et al. 2006) and exploring the physiological and

biochemical components of the culms and their histological

distribution (Zhu et al. 2004). Lodging risk can efficiently

be managed by calculating the correlation between agro-

nomic practices as husbandry decisions including varietal

choice (tall/semi dwarf/dwarf), sowing date (early/timely/

late), seed rate (high/low or as per recommendations),

drilling depth (deep/shallow), soil fertility (high/low) and

the application of plant growth regulators (Berry et al.

2000; Pham et al. 2004; Shah et al. 2016) which strongly

influenced crop lodging. A reduction of 30% in lodging

risk with a delayed sowing of 15 days was recorded (Spink
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et al. 2000b). Early sowing increases the duration of crop

cycle and hence the lodging risk because of higher grain

filling duration, enhanced tillering potential and also

increased the number of base bending moments signifi-

cantly along with higher respiratory losses in later stages.

Due to lodging, yield losses of 30% and 40% has been

reported by Pinthus (1973) and Easson et al. (1993)

respectively, but a crop lodging just after head emergence

may cause up to 61% of yield reduction (Berry and Spink

2012; Acreche and Slafer 2011).

A higher plant density is more likely to increase lodging

incidences (Easson et al. 1993) because more tillers per

unit area compete hard for space, light and nutrients and

ultimately produce plants having longer, thinner and

weaker stems with less dry matter in the lower internode

(Berry et al. 2000) and poor root anchorage.

High soil fertility levels also favor lodging. Application

of nitrogenous fertilizers drives the crop to produce a dense

canopy owing to higher photosynthetic potential but with

shading effect because of low red: far red ratio. It is well

documented that higher N application improves plant’s

growth and development but reduces culm diameter and

culm wall thickness along with cellulose and lignin con-

tents (Wang et al. 2012; Zhang et al. 2015). Recent studies

reported that agronomic practices also alter the expression

of lignin synthesizing genes. Higher application of N fer-

tilizer down regulates the expression of PAL (Phenylala-

nine ammonia-lyase), CoMT (Caffeic acid

O-methyltransferase), 4CL3 (4-Coumarate:coenzyme A

ligase)3, CCR (Cinnamoyl CoA reductase), CAD2 (Cin-

namyl alcohol dehydrogenase 2), CAD7 (Cinnamyl alcohol

dehydrogenase7) which ultimately results in lignin defi-

ciency in the secondary cell walls (Zhang et al. 2017). The

reduced mechanical strength of stem subsequently causes

poor lodging tolerance in the crop. High planting density is

an effective and approachable methodology to enhance

productivity but also make the crop prone to lodging (Shah

et al. 2016). High seed rate also resulted in higher lodging

index ultimately because of denser canopy. Deeper sowing

facilitates development of good crown growth which pro-

vides stronger anchorage with better absorption and

assimilates partitioning to the aerial parts. Integrated

agronomic practices including proper irrigation and bal-

anced fertilizer use influence soil water-nutrient uptake

and agro–ecosystem conditions, which finally influence the

phenology, rhizospheric architecture and stage specific

sensitivity to crop lodging (Wu and Ma 2015a, b). Hence,

agricultural practices related to sowing and fertilizer

application may play a significant role for lodging

tolerance.

(b) Application of plant growth regulators

Plant growth regulators are synthetic chemicals which play

important roles against lodging by interfering plant growth

and development processes. Generally, PGR’s reduce cell

division and elongation to reduce plant height, improve

stem mechanical strength and hence seemed to be an

effective and promising intervention to reduce lodging

(Bridgemohan and Bridgemohan 2014). They contribute

indirectly to improve quantity and quality of stem strength

(Rajala and Peltonen-Sainio 2002; Stachecki et al. 2004).

PGR’s like Trinexapac-ethyl, Chlormequat chloride,

mepiquat chloride etc. control stem elongation by ham-

pering the normal Gibberellic acid (GA) biosynthesis

pathway. Trinexapac-ethyl and paclobutrizol were reported

to cause a linear decline in plant height but no affect on the

productive plant tillers. GA inhibitors play key role in

developing semi-dwarf and sturdier plants (Rademacher

2000; Berry et al. 2004). Hence, being antagonistic to GA,

these PGR’s produce stouter stem with profuse below-

ground growth and better grain filling. Paclobutrizol

application increases culm diameter, wall thickness and

lignin concentration along with reduction in length of

second basal internode (Peng et al. 2014). In countries like

France, UK, Germany, which have the largest cereal pro-

duction, plant growth regulators are applied in 70% of

wheat grown area (Berry et al. 2004). Resistance of dwarfs

to lodging can help to maximize harvestable yield by

reducing harvest losses. In paddy, the application of

paclobutrizol gives 15% higher yield by reducing height

and lodging 60–90% respectively (French et al. 1990).

With a concentration of 400 and 600 mg/L of PBZ, culm

bending resistance can be increased significantly as the

application of this concentration can reshape parenchyma

cell from rounded to hexagonal and intercellular space get

reduced (Syahputra 2012).

GA also seems to positively regulate lignin content.

The bending stress (r = 0.81) in the rice cultivars show

most significant correlation with the lignin content of the

culm. GA plays a role in lodging resistance by either re-

sulting in increase in culm diameter or by increasing lignin

content. Consequently, the GA-deficient and insensitive

mutants show decrease in the bending moment at break-

ing in contrast to GA-overproducing mutants which show

increase in this parameter (Okuno et al. 2014). The bend-

ing moment at breaking is considered as an effcient

parameter for measuring the strength of the culm (Okuno

et al. 2014).

Besides GA, other plant hormones like auxin and

cytokinins also play a role for culm strength by inducing

the expression of lignin biosynthetic gene. Hyper-accu-

mulation of auxin leads to enhanced expression of selected

lignin biosynthetic genes. It has been shown by researchers

that the level of salicylic acid (SA) is inversely related to

lignin content in plants like Arabidopsis thaliana and
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down-regulation of the HCT enzyme leads to severe

stunting of the plants with significant reduction in lignin

levels.

2. Genetics of lodging and lodging tolerance mechanism

Indian wheat scenario has completely changed after the

discovery of ‘‘Norin 10’’ dwarfing genes and we became

self sufficient in wheat production as these varieties have

high yielding traits along with semi dwarf non-lodging

plant habit. The genes conferring semi-dwarfing traits are

for culm length shortening with a semi-dominant gain-of-

function mutation in the reduced height (Rht) homologous

genes in wheat (Gale and Marshall 1973). The wheat

varieties of modern world are having at least one of these

genes. These wheats were relatively shorter, photo insen-

sitive, having good degree of lodging resistance and highly

responsive to input doses. Hence, introduction of Rht genes

have played a remarkable role in reduction of plant height

associated with significant yield enhancement in Indian

wheat varieties (Marshall et al. 2013). Development of

varieties like, Kalyan Sona, Sonalika, Choti Lerma and

Safed Lerma made the wheat revolution to happen in India

by occupying 10 million hectare area because of their wide

agronomic and climatic adaptability.

The carbon partitioned to grain and thereby the harvest

index (HI) is increased in proportion to reduction in height

and thus the risk of yield penalties caused by lodging is

reduced. But some researchers have pointed that since

2000, the lodging risk has been increased in wheat varieties

due to high yield and no further shortening of plant height

(Berry et al. 2014). However, further reduction in height

will also affect overall wheat production.

Hence, to enhance lodging tolerance in the breeding

population, combination of multiple traits associated with

lodging is required because of their high heritability values.

Lodging characters are highly heritable with a range from

0.73 to 0.93 (Berry et al. 2007). The stem related traits like

culm diameter, culm wall width, material strength and

plant height have significant heritability values of 0.70

while, a range between 0.51 and 0.93 for heritability for

traits such as stem diameter, stem wall width and stem dry

weight per length was reported (Keller et al. 1999). But,

among all traits, plant height is the best reported herita-

ble morphological trait. Genetic linkage between various

lodging related traits has been identified by Berry et al.

(2003b) but the most detrimental correlation has been

found between stem diameter to stem wall width (positive

correlation), stem diameter to material strength (negative

correlation) and stem strength to anchorage strength (zero/

no correlation).

Recent advances in molecular biology and biotechno-

logical techniques enhanced understanding of tolerance

against lodging in many crops viz. rice, maize, sorghum

etc. The alteration of lignin quantity/quality is a viable

option to counter the problem of lodging, as lignin, a

complex phenolic polymer play critical role to provide

structural support, rigidity and solute transport. However,

molecular mechanisms underlying lignin formation in

wheat are still not clear and hence could be an important

step towards the understanding and development of

molecular tools for breeding of wheat cultivars with opti-

mal level of lignin and improved feedstock quality without

negatively affecting lignin-related agronomic benefits. The

type and concentration of lignin units vary among different

plant species and cell types and the synthesis may affect

environmental stresses at various developmental stages (Li

et al. 2009; Moura et al. 2010).

Lignin biosynthesis pathway has been explored exten-

sively in many plants (rice, sorghum tobacco and Ara-

bidopsis), and these studies have led to the identification of

genes encoding the enzymes catalyzing many of the steps

in the pathway. Suppression of some identified genes early

in the pathway such as phenylalanine ammonia-lyase

(PAL), Cinnamate 4-Hydroxylase (C4H), p-Hydroxycin-

namoylCoa:Quinate/ShikimateP-Hydroxycinnamoyltrans-

feras (HCT), P-Coumarate 3-Hydroxylase1 (C3H) and

Caffeoyl-CoaO-Methyltransferase (CCoAOMT), Feru-

late5-Hydroxylase (F5H) and caffeic acid O-methyltrans-

ferase2 (COMT2), results in altered total lignin content.

Genetic repression of Cinnamyl Alcohol Dehydrogenase

(CAD), encoding an enzyme that catalyzes the last step in

the biosynthesis of monolignols, also causes reduction in

total lignin content. Total lignin cannot be used as a direct

indicator of stem strength as its biochemical distribution in

wheat culm/straw is not consistent throughout the plant

histology (Ghaffar and Fan 2015). During a comparative

study of wheat cultivars, it was found that occurrence of

CCR1, COMT1 and CAD1 genes along with their corre-

sponding biochemical components contributes for better

lodging tolerance (Ma 2007). Some workers concluded that

deficiency of cellulose may cause brittle stem hence cel-

lulose is more crucial to maintain bending strength instead

of lignin (Wang et al. 2012).

Molecular marker studies in lodging tolerance

Lodging related traits has been directly or indirectly

affected by the pleiotropic effects of height related genes.

Allele for reduced height is associated with lodging toler-

ance and out of nine quantitative trait loci (QTL) identified

for lodging tolerance, five correspond well to height related

QTLs (Keller et al. 1999). Along with height related

QTL’s, some other QTL has also been identified respon-

sible for wheat lodging (Table 3). It was also reported that

QTLs on chromosome 2D and 6BL were responsible for
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culm stiffness. QTLs have also been identified for lodging

tolerance and stem wall width on chromosome 1B, 4B, 4D,

6D and 7D (Verma et al. 2005), and for stem carbohydrate

content on chromosome 6B, 7A and 7D (Rebetzke et al.

2008; McIntyre et al. 2011). Some QTLs related to root

traits has also been reported (Verma et al. 2005, Hamada

et al. 2012) on chromosome 2D, 5A, 5D and 7D. In a study

conducted with a doubled-haploid (DH) population, two

QTL for stem strength (on chromosome 3A and 3B), two

for pith diameter (on chromosome 1A and 2D) and two for

culm wall thickness and stem diameter (on chromosome

2D and 3B) were identified (Hai et al. 2005). Recently, six

QTL linked for plant height has been identified, among

which three are associated with enhanced yield and three

with anchorage strength, however individual QTL for plant

height, culm diameter, stem material strength, stem failure

moment, root plate depth and root plate spread were also

identified in two DH winter wheat population (Berry and

Berry 2015). A significant positive correlation was found

between culm diameter and pith diameter but no single

identical QTL has been found for these two traits. Stem

strength can be improved by selecting culm thickness and

culm diameter/pith diameter ratio with marker-assisted

selection (MAS) in wheat improvement breeding pro-

grammes. However, stem solidness can be manipulated by

a single chromosome region on chromosome 3BL in wheat

population derived from a cross of hollow and solid

stemmed parents and the trait showed 99% of variation in

lodging tolerance (Kong et al. 2013).

Future prospects

Recent studies suggest that reduced height of dwarfs and

semi-dwarfs may limit several metabolic processes and

therefore, results in yield stagnation. So, it is unlikely to

improve wheat yield with further reduction in plant height

which is probably close to optimal value. Hence, genetic

improvement of culm strength is required to tackle lodging.

But here also direct selection of a trait is inadequate as

specific selection of allelic combinations is essential for

directed manipulation. Traits other than height and basal

internode length, like culm diameter and solidness should

be focused. A group of UK researchers favors the

hypothesis that improvement in total plant biomass could

enhance lodging tolerance in wheat and presented this as a

practically feasible option against lodging tolerance. Some

wheat genotypes has already been reported with targeted

values for certain plant traits but still there is a scope to

improve in other germplasms to develop a ideotype for

lodging tolerance (Berry et al. 2007). In an experimental

study conducted by our group, it was observed that these

plant traits works in complement, wider culm diameter

along with a partially solid/solid stem and thicker culm

wall with high lignin are effective combinations for lodg-

ing tolerance. Higher activities of lignin synthesizing

enzymes (PAL, TAL) facilitate formation of strong stem

even in a semi solid culm type with increased capacity to

tolerate wind gusts. It is better to conduct lodging related

stress studies under natural condition as compare to con-

trol/glasshouse, as under control various other stresses can

effect plant performance and interfere with lodging com-

plexity and plant behavior. Nature is the best room to

screen and identify true lodging tolerance.

Table 3 Quantitative trait loci identified for lodging and lodging related traits in the different wheat population

Number

of QTLs

Wheat material Chromosome

number

Related traits Reference

3 Doubled haploid population derived from two Canadian wheat

cultivars

4D, 5A and 6D Plant height and yield Ma (2009)

– Population of 96 doubled haploid lines from the cross

‘Milan’ 9 ‘Catbird’ wheat

IB, ID, 2B, 2D,

4B, 4D, 6D

and 7D

Plant height, Internode characters,

root sheath depth, tensile

breakage force, ear length

Verma

et al.

(2005)

3 A doubled-haploid population generated from the cross

RL4452 9 ‘AC Domain’ spring wheat

4B, 4D Plant height and other agronomic

traits

McCartney

et al.

(2005)

3 132 F12 RILs derived by single-seed descent from a cross

between the Chinese facultative wheat Ning7840 and the US

soft red winter wheat Clark

1B, 4AL and

5A

Lodging score, stem solidness Marza et al.

(2006

6 A doubled-haploid population derived from anther culture of

the wheat cross CA9613 and H1488

1A, 2D, 3A and

3B

Stem strength, culm wall

thickness, pith diameter and

stem diameter

Hai et al.

(2005)
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