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Abstract Grain legumes including common bean are

mostly grown in rainfed production systems and invariably

suffer from water stress at critical growth stages leading to

significant yield reductions. Drought is one of the most

importantstress limiting common bean productivity. The

yield has been the primary breeding objective and has been

improved by either targeting yield per se as well as yield

components. However, yield is a highly complex trait with

low heritability and screening for drought resilience based

on yieldand/or secondary traits is increasingly appreciated

as better approach. Drought tolerance breeding is relatively

complex on account of quantitative inheritance and greater

environmental influence therefore, it is imperative to

identify less complex traits related to the drought that will

improve upon selection for drought tolerance and separate

these traits into major components that may help further

understanding of the genetic basis. In most of the grain

legumes breeders have concentrated on above-ground

components. However, increasing experimental evidences

have reinforced the premise that the hidden half of the

plant including its structural and functional attributes and

associated microbiome can be an effective tool for

improving stress resilience. However, an improved

understanding of the relationship between below and

above-ground traits will contribute to improved produc-

tivity under drought stress. Among the above ground traits

that have emerged as most effective surrogates are canopy

temperature depression, leaf water status, stay green trait,

phostosynthetic efficiency, membrane stability, limited

transpiration and reproductive success and have con-

tributed to our mechanistic understanding of plant response

to stress. This paper discusses some of the aspects of root

architecture and physiological traits to highlight mecha-

nistic and applied perspectives from a plant breeding

standpoint in common bean.
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Introduction

The world population is projected to be around 9.8 billion

toward the year 2050, to feed them the global agriculture

production had to be doubled. Conversely, the natural

resources especially land and water are fast shrinking and

degrading. Historical observations and model simulations

suggested a high risk of drought across the globe (Dai

2013; Mishra and Liu 2014; Mallya et al. 2016). Out of the

various types of drought, meteorological and agricultural

droughts that occur due to the reduced precipitation and

soil moisture respectively are important in the Indian per-

spective (Prakash 2018). Drought in India occurring on

account of the failure of summer monsoon has led to

substantial loss of food crops, and future prediction of

rainfall indicate a high chance of below-normal rainfall or

drought on the all-India scale (Kulkarni et al. 2016). Under

predicted climate change scenario, water constraints are
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expected to increase. However, greater research was

focused on identification and development of drought-tol-

erant cereals, however there is a lack of improvement of

drought tolerance of grain legumes except for chickpea,

soybean and pigeon pea (Serraj et al. 2004a, b; Ganeshan

et al. 2012).

Grain legumes play a significant role in the traditional

diets of people across the world and grown for its immature

and dry seeds, as it contains high protein, oil, and

micronutrients concentration (Broughton et al. 2003; Vaz

Patto et al. 2015). The protein sourced from grain legumes

often costs one-fifth as much as protein from milk. Hence it

is named as ‘‘poor people’s meat.’’ Apart from this, it also

contributes to the sustainable improvement of the envi-

ronment by its biological nitrogen fixation process and

weeds suppression ability (Rubiales and Mikic 2015). The

important grain legumes grown in India are chickpea

(Cicer arietinum L.), pigeon pea (Cajanus cajan), black

gram [Vigna mungo (L.) R. Wilczek], common bean

(Phaseolus vulgaris L.), green gram [Vigna radiata (L.) R.

Wilczek], and soybean [Glycine max (L.) Merr.]. Grain

legumes are mostly grown in rainfed production systems,

and estimate shows that crop yields would decline from 30

to 82% under climate change by the end of twenty-first

century, despite the beneficial effects of increased levels of

carbon dioxide (Hatfield et al. 2011). In specific, failure of

summer monsoon has led to substantial yield loss in pulses

(42% for pigeon pea, 71% for green gram, and 74% for

black gram) in India (Kulkarni et al. 2016). Plant responses

to drought stress are complicated due to variation in timing

of occurrence, duration, and intensity (Rosenzweig and

Colls 2015), and the impact of the droughtis aggravated

under semi-arid tropical conditions because of erratic and

unpredictable rainfall, and occurrence of high temperatures

during various crop phenophases, and poor soil

characteristics.

This review focuses on common bean, in the specific,

improvement of drought tolerance through root traits and

physiological approaches. Globally, * 18 million metric

tons of common beans are produced annually, and India is

the second largest producer followed by Brazil and the

United States (FAOSTAT 2016). Common bean is culti-

vated across five continents and spans from 52�N to 32�S
latitude, and between near sea level and 3000 m above

mean sea level (Lioi and Piergiovanni 2013). Common

bean performs best in moderate growing temperatures

([ 10 and\ 30 �C) with about 400 mm of precipitation

during growing season. The term bean is widely used to

represent different species of large-seeded legumes

including dry, kidney, French, navy, pinto, garden, snap,

green, wax and string bean, and these names refers to

specific types or uses of common bean. In another way,

common beans can be classified into dry edible beans

(mature seeds are used for consumption) and garden beans

(immature pods are used as a vegetable). The production of

common bean is constrained by various environmental

stresses (Vyas 2014), of which drought (water deficit) is

one of the most important stress limiting common bean

productivity (Fang et al. 2010). About 60% of the common

bean growing areas in the world face drought stress during

its crop phenophases (Wortmann et al. 1998). However,

this estimation might increase due to climate change

(Chaves et al. 2003). Tolerance to drought is a result of

various morphological, physiological and phenological

processes that vary with each target environment (Chaves

et al. 2003). Due to high variability in drought stress, it is

difficult in characterizing the traits associated with drought

tolerance, leading to less improvement of drought stress

breeding.

Definition of the problem

Water is becoming a scarce resource. To adapt to this sit-

uation harnessing the genetic resources and exploitation of

natural variation for drought associated traits in crops may

be considered as a feasible solution. The yield has been the

primary breeding objective and has been improved either

by targeting yield per se as well as yield components.

However, yield being a highly complex trait with low

heritability, screening for drought resilience based on yield

and secondary traits will be a better approach (Monneveux

et al. 2008). Therefore, it is critical to identify high

throughput and reliable indirect selection criteria for large-

scale screening of germplasm. Both below (root) and above

ground (shoot) plant parts are associated with drought

stress tolerance, the various shoot, androot-related traits are

presented below.

Breeding for drought tolerance

Common bean is invariably not noted for its tolerance to

drought. Recent reports suggest that only 7% of the bean

area receives adequate rainfall and 60% of the area is under

severe water stress (White and Singh 1991; Rao 2014).

Drought is a major production constraint of common bean

and has been reported to cause yield reduction ranging

from 60 to 100% (Porch and Jahn 2001; Beebe et al. 2008;

Polania et al. 2016). Moisture stress, especially, during

flowering and grain filling periods reduces seed yield

through decreased seed weight and accelerated maturity of

common bean (Singh 1995). In common bean, Khalid

(2017) reported a decline of more than 30% in seed yield,

due to a reduction in pods per plant (31%) on account of

flower abortion, as well as pod length (17%), and seeds per
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pod (14.5%) under drought stress. Singh (2007) reported as

high as 88% reduction in bean yields across different cul-

tivars and stress severities. In Latin America and Africa,

73% and 40% of area respectively experiences moderate to

severe drought stress (van Schoonhoven and Voysest

1989), while as in Eastern and Southern Africa, about 75%

reduction in common bean yields under drought have been

reported (Katungi et al. 2010). Recently, Smith et al (2019)

reported significant decline in common bean yield and

other parameters such as harvest index, plant biomass, leaf

area and root exploration, with a slight increase in rooting

depth.

Development of drought tolerant cultivars is relatively

difficult, on account of quantitative inheritance and sig-

nificant effect of environmental (Mir et al. 2012). Studies

on genetic basis of drought tolerance in common bean have

revealed that both additive and non-additive gene action

was involved in drought tolerance (Makunde et al. 2007;

Asadi et al. 2010; Blair et al. 2010; Amongi et al. 2014). A

substantial number of QTLs has been reported for various

drought related traits, pertaining to roots, shoot, physiol-

ogy, phenology, partitioning and yield (Table 1). Schneider

et al. (1997) reported strong genotype by environment

interaction that affected the QTL expression, and as such

their potential for use in marker-assisted selection for

drought tolerance was inconclusive. Selection based on

relative changes in yield under stress and non-stress con-

ditions suffers from confounding effects that increases the

complexity of breeding. Therefore, it is imperative to

identify less complex underlying traits related to the

drought that will improve efficiency of selection for

drought tolerance and separate these traits into major

components which may help further understanding of the

genetic basis.

Why roots: harnessing the variation for resource
acquisition

Despite the substantial experimental support for impor-

tance of root traits in drought tolerance across all crops

(Hund et al. 2009; Vadez et al. 2011; Zaman-Allah et al.

2011; Bishopp and Lynch 2015; Sofi et al. 2017; Khalid

2017), comparatively, less studies has been done in

legumes on root traits in breeding for drought-tolerant

varieties. In fact, most of the stress breeding programs in

grain legumes have concentrated on above-ground traits,

on account of ease of measurement and have primarily

Table 1 QTLs identified for root traits, yield, phenology, morpholohy and biomass partitioning in common beans

Population Cross Trait Number

of QTLs

References

RIL

population

DOR364 9 BAT477 Root and shoot traits 15 Asfaw and

Blair (2011)

RIL

population

DOR364 9 BAT477 Chlorophyll, pod partitioning, yield 69 Asfaw et al.

(2012)

RIL

population

SEA5 9 CAL96 Phenology, Seed weight, pods per plant, seeds per pod 14 Mukeshimana

et al. (2014)

RIL

population

Buster 9 Roza Yield, phenology 2 Trapp et al.

(2015)

RIL

population

SEA5 9 AND277 Chlorophyll, leaf and stem fresh biomass, leaf biomass dry weight, leaf

temperature, number of pods per plant, number of seeds per plant,

seed weight, days to flowering, dry pod weight and total yield

22 Brinez et al.

(2017)

RIL

population

BRB191 9 SEQ1027 Phenology, yield and partitioning 36 Mabel (2017)

RIL

population

BAT881 9 G21212 Dry matter partitioning 3 Diaz et al.

(2018)

RIL

population

ICA Bunsi and SXB405 Pod harvest index 9 Teran et al.

(2019)

RIL

population

Portillo 9 Red Hawk, Phenology, yield and partitioning 18 Dramadri

et al. (2019)

RIL

population

Tiber 9 Starozagorskicern Physiology, phenology, yield 49 Sedlar et al.

(2020)

RIL

population

KATB1 9 GLP2 Grain yield, number of branches, stem biomass, leaf biomass, pod

biomass, maturity, pods per plant, seed weight, stomatal conductance,

and 1-leaf water potential

20 Langat et al.

(2020)
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ignored root traits, because of the difficulties associated

with root recovery and evaluating root traits in situ (Mar-

shall et al. 2016). However, during last three decades, a

renewed interest in identifying and evaluating root system

traits related to improved adaptation to water-limited

environments has been witnessed (Palta et al. 2011). The

potential target traits that can be used as effective surro-

gates include increased root biomass distribution at depth

to improve deep water capture (Manske and Vlek 2002;

Teran et al. 2019), rooting depth and faster root elongation

rates to extract water from deeper soil strata (Hurd 1974;

O’Brien 1979), reduced vessel diameter of xylem to con-

serve soil water (Richards and Passioura 1989), seminal

root angle for extracting water from full soil depth (Man-

schadi et al. 2006) and optimal ontogenic shift (dry matter

partitioning to root and shoot that improves water capture

across the soil strata (Reynolds et al. 2007). Substantial

phenotypic plasticity of root traits under diverse physical

and chemical properties of soil, and lack of reliable, high-

throughput and cost-effective screening techniques render

root studies highly challenging. As a result, information on

genetic variability of root traits in most legumes including

common bean is still far from adequate.

Root architecture refers to the spatial configuration of

root systems that determines plant anchorage, ability to

absorb water and nutrients, and inter- and intra-plant

communication and competition. It is proposed that mod-

ification of root system architecture can be a potential

alternative approach to increase the crop yield, leading to a

second green revolution (Den Herder et al. 2010). Root

system of plants confers upon them morphological, struc-

tural, and physiological plasticity to change in environment

(Root plasticity). Therefore, integrating root architectural

and physiological phenes will help in breeding drought-

tolerant genotypes (Osmont et al. 2007; Kashiwagi et al.

2006; Lynch 2011). Breeding for better root traits in crops

requires not only efficient and improved methods of

screening but also in-depth knowledge of specific functions

of roots namely water extraction and nutrients absorption

from the soil. An extensive root system confers drought

avoidance as the enhanced root length and biomass density

per se could increase the water extraction from soil

resulting in increased yield under drought stress (Turner

et al. 2001; Kashiwagi et al. 2006). Common bean is

invariably grown under rainfed condition with deficit soil

moisture especially in the post-rainy season (Kumar and

Abbo 2001). The rainfed environment in India is charac-

terized with varying intensities and distribution of rainfall

during crop season from almost dry spell to[ 400 mm

precipitation (Birthal et al. 2014; Purushothaman et al.

2016). As such, terminal drought of varying intensities is a

major constraint to grain legumes productivity in India.

Large number of studies has shown that roots play an

important role under drought stress, yet many studies have

indicated that shoot traits are the most important under

drought stress (Price et al. 2002). This dichotomy of

opinion arises because roots are involved in water uptake,

and the absorbed water is lost as water vapor through

transpiration by shoots. A genotype possessing limited

transpiration can be classified as a water saver, while, a

genotype having deep proliferative root can increase water

absorption by enhanced soil exploration, and here roots

play an important role. Thus, the availability of water at

reproductive stages depends on the amount of water used at

vegetative stage. Efficient water use at an earlier stage

allows more water to be available at later growth stages

(conservative pattern of water use). In fact, drought-toler-

ant chickpea genotypes were reported to have a lower

water uptake and stomatal conductance at the vegetative

stage, making available sufficient soil moisture during the

reproductivephase (Zaman-Allah et al. 2011). However,

after the flowering stage, the drought-tolerant chickpea

genotypes were able to extract more water than drought

sensitive genotypes resulting in higher yield. Similarly, in

soybean, simulation modeling study has shown that an

increased growth rate of the root system, lead to the faster

depletion of soil moisture, making the crop more vulner-

able to even modest dry periods later in the season, leading

to an adverse effect on soybean yield and it is not a ben-

eficial trait in soybean for yield improvement (Sinclair

et al. 2010a, b). However, water conservation trait namely

early stomatal closure under soil drying and reduced

maximum transpiration rate, which has been observed as a

slow wilting phenotype have resulted in increased grain

yield (Sinclair et al. 2010a, b).

It can be safely premised that crops which depend on

stored soil moisture at later stages of growth should

expresses water conservative shoot trait at the early vege-

tative stage and deep and branched root system at later

growth stages. This temporal variation might be looked at

the perspective of carbohydrate allocation to plant parts

under drought stress. Earlier research related the rooting

depth differences with higher water uptake and grain yield

(Vadez et al. 2008). However, as a whole plant response of

root system, association studies with grain yield revealed a

positive correlation (Bishopp and Lynch 2015) or negative

or neutral correlation (Schoppach et al. 2013; Zaman-Allah

et al. 2011). Thus, it indicates that for improving drought

tolerance in crops, the structural and functional character-

istics of root system along with shoot traits, i.e., a whole

plant perspective should be considered. Therefore, drought

tolerance is an interplay between shoot and root trait.

Consequently, both root and shoot traits should be con-

sidered together at the whole plant level during breeding

drought-tolerant genotypes.
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Common bean root system comprises of the taproot,

adventitious root, and a variable number of basal roots,

from which the rest of the root system develops by lateral

branching. The common bean taproot may reach a depth of

about 1–1.5 m, and possesses extensive network of lateral

roots mainly concentrated in top 30 cm. The depth of tap

root ranges from about 7 cm at emergence to about

30–40 cm at the flowering and can reach upto100–115 cm

at maturity (Beebe et al. 2013), even thought rooting depths

of upto 200 cm have been reported in green house exper-

iments (Khalid 2017). Absorption of water occurs mainly

at top 50–70 cm of soil depth. In areas of recurrent

drought, the indeterminate genotypes with the profuse

branching of shoot and roots are better adapted to drought

stress. The intermittent precipitation will not recharge the

deeper soil strata, and hence, the genotypes with lateral and

adventitious roots are involved in water absorption. The

variation in root diameter and lateral root density among

common bean genotypes under the well-watered condition

is shown in Fig. 2a, b. Under high evapo-transpiration

(5–6 mm day-1) conditions, water can be depleted soon,

and deep soil taproot is highly useful for water absorption.

Sponchiado et al. (1989) and White et al. (1990) have

reported that drought adaptation in common bean is asso-

ciated with greater root length density and deeper soil

moisture extraction, and deep rooting has positive associ-

ation with seed yield, crop growth, cooler canopy as well as

greater soil water extraction. In grafting experiments where

shoots and roots of resistant and susceptible genotypes

were interchanged, expression of drought resistance was

positively correlated with the root system of the resistance

genotype (White and Castillo 1992). In BAT477, a drought

tolerant genotype (Beebe 2012) reported a dimorphic root

system with deep roots for water extraction and shallow

roots for nutrient absorption (top soil foraging), a model

which can be used for breeding drought tolerance as well as

nutrient use efficiency. However, the same author proposed

that deeper roots alone are not sufficient to assure drought

tolerance in common bean and it has to be combined with

water-conserving shoot traits. A number of potential target

root traits are presented in Fig. 1.

Integration of root traits with shoot traits
for improving drought tolerance

Understanding the relationship between root traits with the

above-ground traits will contribute to improved produc-

tivity under drought stress. Root architectural traits in

different soil profiles are essential for yield improvement

under stress on account of their high heritabilities under

drought stress (Asfaw et al 2012; Riaz et al. 2013; Khalid

2017), and positive asssociation with yield traits (Riaz et al.

2013; Polania et al. 2016; Khalid 2017). However, exten-

sive use of roots as the target traits for developing climate

resilience suffers from the difficulties associated with

studying roots, especially under field conditions. In com-

parison, the above ground shoot traits can be easily and

reliably measured and quantified; however, the above

ground shoot traits have to be linked with hidden half of the

plant with the perspective of improving drought tolerance.

In the following sections we discuss some of potential

above ground traits that have been shown to be correlated

with improved drought tolerance as well as better grain

yield under stress. A number of potential target shoot traits

are presented in Fig. 2.

Canopy temperature depression

Canopy temperature is one of the many physiological traits

that may help to identify drought-tolerant cultivars. Canopy

temperature depression (CTD) is the difference between air

temperature and plant canopy temperature (Tuberosa

2012). Under water stress, there is an observed decrease in

stomatal conductance, when available soil moisture is

insufficient to meet the evaporative demands, resulting in

increased canopy temperature (Urban et al. 2007). Canopy

architectural traits (phyllotaxy, angle, area etc.) can also

influence canopy temperature, usually mediated by the

angle of leaves to the light source as well as the degree of

mutual-shading in the canopy (Zheng et al. 2008). Canopy

temperature has thus been used to elucidate whole plant-

based information on the water status of the crop under

stress (Mahan et al. 2011). Blum (2015) has proposed

ideotypes of crop plants based on Canopy Temperature

Depression for use in plant breeding as per the agro-eco-

logical zones and drought types. As per the proposed

model, plants are classified as isohydric (‘‘water saving’’)

and anisohydric (‘‘water spending’’) plant model. The

water saver plant ideotypes possess a distinct advantage in

the stress conditions, whereas the water spender ideotype

can have relatively better performance under moderate

drought stress. Polania et al (2016) proposed that the water

spenders can be better suited for areas that experience

frequent intermittent drought stress with soils that can store

greater amount of available water in deeper soil strata.

However, water savers can be more conveniently grown in

semiarid to dry areas with frequent terminal droughts. The

water savers or isohydric genotypes invariably possess a

shallower root system with thin roots resulting in inter-

mediate root growth and penetration ability. They are early

maturing and have high water use efficiency, limited

transpiration, leaf area and canopy biomass development,

reduced sink strength but possess better remobilization of

photosynthates to pod and seed. In contrast, the water

8 Plant Physiol. Rep. (January–March 2021) 26(1):4–22
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spenders or anisohydric genotypes are characterized by a

relatively vigorous and deep root system with thicker roots,

those results in faster root growth rate and penetration

ability. Such genotypes are early maturing and have highly

effective water use, moderate transpiration and faster leaf

area and canopy biomass development, moderate sink

strength and superior photosynthate remobilization to pod

and seed.

Fig. 1 Potential target root traits under water stress in common bean
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Genotypes with cooler canopy temperature (higher

CTD) under drought stress have been reported to extract

greater amount of available soil moisture to effect evapo-

rative cooling and therefore avoid excessive dehydration,

both under greenhouse and field conditions (Ludlow and

Muchow 1990; Reynolds et al. 2009). CTD can be related

directly to the genetic potential of root’s capacity to

explore soil moisture under high evaporative demand

Fig. 2 Potential target shoot traits under water stress in common bean

10 Plant Physiol. Rep. (January–March 2021) 26(1):4–22
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(Hammer et al. 2009; Pinto and Reynolds 2015). Canopy

temperature depression can, therefore, be used as effective

proxy trait for the genotypic potential of root development

and biomass partitioning under drought stress (Bhandari

2016). In common bean, genotypes with higher CTD

(cooler canopy) have been reported to enhanced ability to

extract water by virtue of deeper roots and also produce

30% more yield, largely driven by an increase of upto 40%

in root dry weight at 60–120 cm (Lopes and Reynolds

2010). Canopy temperature depression has been shown to

be correlated with yield under drought stress (Blum 1989;

Rashid et al. 1999; Pinto and Reynolds 2015; Purush-

othaman et al. 2017; Table 2) and hot irrigated conditions

(Amani et al. 1996; Pinto and Reynolds 2015). Under

irrigated conditions also, canopy temperature depression is

an indication of genotypic yield potential under drought

and could effectively be used as a proxy trait to assess

genotypic response to drought (Mohammadi et al. 2012).

Blum (1989) used canopy temperatures in wheat genotypes

under water stress to characterize their yield stability under

varying moisture conditions. In terms of yield based indi-

ces such as drought susceptibility index (DSI), a positive

correlation was found between DSI and CT in stress situ-

ations. Genotypes with higher CT at midday tend to suffer

relatively greater yield reductions under drought stress. Our

studies in common bean and cowpea revealed that CTD

can be a reliable indicator of crop performance under both

irrigated and water stress conditions. Under irrigated con-

ditions yield changed linearly with CTD, while, under

drought stress, both negative and positive values of CTD

could be identified, and interestingly in both classes, high

yielding genotypes were identified. The water savers

probably have the ability to sense water deficit in early

phases of growth, theeby triggering conservative water use

that could be used in later stages of growth (Khalid 2017).

However, the reduced water use is invariably achieved by

plant traits and environmental responses, and could also

reduce yield potential especially under optimum conditions

(Blum 2005).

Leaf relative water content

Leaf water content (RWC) that determines the leaf water

status can reliably reflect the balance between the amount

of water in the leaf tissue and transpiration rate (Lugojan

and Ciulca 2011). It provides a reliable basis for estab-

lishing a relationship between leaf water status and plant

metabolism under drought stress. RWC can be easily

measured and can robustly indicate water status for

Table 2 Correlation between various physiological traits with grain yield

Crop Trait relationship with yield References

Canopy temperature depression

Wheat Positive association (r2 = 0.45–0.89; P B 0.001) Amani et al. (1996), Fischer et al. (1998), Ayeneh et al. (2002), Balota et al.

(2007), Bahar et al. (2008), Mason and Singh (2014)

Chickpea Positive association (r2 = 0.40; P B 0.001) Purushotam et al. (2015), Kumar et al. (2016)

Common

bean

Positive association (r2 = 0.11–0.32; P B 0.001) Asfaw et al. (2012), Polania et al. (2016)

Groundnut Positive association (r2 = 0.44; P B 0.001) Singh et al. (2014)

Sorghum Positive association (r2 = 0.19; P B 0.001) Mutawa (2012)

Triticale

and

barley

Positive association (r2 = 0.76; P B 0.001) Roohi et al. (2015)

Membrane stability index

Wheat Positive association (r2 = 0.39–0.52; P B 0.001) Bansal et al. (2016), Basyoni et al. (2017)

Common

bean

Positive association (r2 = 0.54; P B 0.001) Khalid (2017)

Soybean Positive association (r2 = 0.66; P B 0.001) Tint et al. (2011)

Chickpea Positive association (r2 = 0.14–0.16; P B 0.001) Rahbarian et al. (2011), Gollojeh and Ranjbar (2012)

Quantum yield of photosystem II

Wheat Positive association (r2 = 0.34–0.90; P B 0.001) Araus et al. (1998), Paknejad et al. (2007), Jin et al. (2015)

Barley Positive association (r2 = 0.68; P B 0.001) Li et al. (2006)

Maize Positive association (r2 = 0.62; P B 0.001) Chen et al. (2016)
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comparison of tissue responses, by normalizing water

content by expressing it relative to the hydrated (fully

turgid) state (Lawlor and Cornic 2002). In fact leaf relative

water content (RWC) has been reported as a relatively

better indicator of water status than water potential (Sin-

clair and Ludlow 1985). Under drought stress, RWC can be

efficiently used in the identification of tolerance of plants to

stress by inducing osmotic adjustment due to the accu-

mulation of osmoprotectants (Ritchie et al. 1990). Com-

pared to susceptible genotypes, the tolerant genotype are

expected to have higher RWC that helps them maintain

better protoplast hydration for a longer duration under

drought conditions as compared susceptible genotype,

which is critical for optimum physiological functions and

growth processes. Variation in drought response among

genotypes may be associated with dehydration avoidance

through lower stomatal conductance leading to higher

transpiration efficiency (Khan et al. 2007). RWC is a rapid

method of identification of tolerant genotypes, especially

when large germplasm sets are initially screened for

characterizing drought response for quick and efficient

narrowing of working material to a manageable number of

candidate lines for use in a more focused way. Relative

water content is a semi-high throughput method for iden-

tification of drought tolerant lines (Knepper and Mou

2015). Studies on legumes such as common bean, faba

bean and cowpea have shown that maintenance of a rela-

tively high RWC during mild drought is indicative of

drought tolerance (Khan et al. 2007; Rosales-Serna et al.

2004; Gull et al. 2019). Omae et al. (2005) reported that

genotypic differences in RWC of bean correlated with

grain yield under drought conditions. Similarly, in common

bean the RWC was positively correlated with leaf dry

weight under irrigated (r2 = 0.24***) and drought

(r2 = 0.20***) stress conditions, indicating differences in

leaf water status exist among bean cultivars, which is

linked to the drought tolerance mechanisms (Abenavoli

et al. 2016). RWC has been used as an integrative indicator

of internal plant water status under drought conditions to

identify drought-resistant cultivars in different crops such

as of barley (Matin et al. 1989) and common bean (França

et al. 2000; Choudhury et al. 2011).

Stay green trait

Delayed senescence under drought stress is one of the most

critical traits targeted for yield improvement in many

crops. This trait is an indirect estimate of photosynthetic

potential since it is associated with chlorophyll concen-

tration and senescence phenomenon (Thomas and Howarth

2000). The stay-green trait, a phenomenon where quanti-

tative trait loci (QTL) for delayed leaf senescence, biomass

and grain yield are co-located has been described in detail

in wheat, sorghum, and maize (Christopher et al. 2016;

Borrell et al. 2000; Wang et al. 2012). Crops with the stay-

green phenotype generally retain green leaf area for a long

period after flowering compared to senescent genotypes.

An example of stay green genotype of the common bean.

Stay green prolongs the duration of carbon assimilation

during the grain filling period, thereby producing greater

yields; especially under terminal drought. It is also asso-

ciated with relatively smaller size of canopy at flowering,

reduced water use before flowering, greater soil moisture

extraction after flowering and enhanced uptake of nitrogen

during grain filling, and greater leaf nitrogen content

(Borrell et al. 2000). Plant exhibiting stay green phenotype

is characterized by maintenance of functional green leaf

area under drought, which will have associated with a

continued photosynthetic rate under drought and quick

recovery after drought stress (Thomas and Howarth 2000).

The stay-green character at the post-flowering stage can be

easily assessed visually using standard scoring scales for

retention of the green-leaf area. Expression of stay green

trait under favorable conditions has proved to be beneficial

in corn, as evidenced by significant improvement of grain

yield (Duvick 2005). In maize, multiple QTLs for stay-

green and grain yield have been co-localised (Zheng et al.

2009). While in maize, stay green (SG) was found to be

associated with higher nitrogen use (Blum 2006), in sor-

ghum, SG has been found to be associated with more

favorable water status as well as better root architectural

features (Mace et al. 2012). Asfaw et al. (2012) have

reported that in common bean expression of stay green trait

have associated with remobilization of stored carbohydrate

to the reproductive parts for a more extendedperiod leading

to increased grain yield.

Stay-green has been used as an effective trait for

improving crop adaptation to drought in crops such as

wheat and sorghum (Borrell et al. 2014; Christopher et al.

2014; Gregersen et al. 2013; Jordan et al. 2012; Lopes and

Reynolds 2012). There are certain important considerations

from a breeding standpoint for effective utilization of this

trait. Stay green trait has been classified as functional stay-

green (which is characterized by prolonged duration of

photosynthesis and accumulation of assimilates in grains),

or non-functional stay-green (which is characterized by a

disruption in the chlorophyll recycling process or remobi-

lization of nitrogen from leaf to grain and, in most cases, is

not associated with any yield benefit (Christopher et al.

2016). Only functional stay-green is of interest for plant

breeders. In plants, functional stay-green is accomplished

by varying dynamics of leaf-greenness in some different

ways (Thomas and Howarth 2000). Plants may be exhibit

stay-green by way of maintaining greener canopy around

anthesis before the onset of senescence, delayed onset of
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senescence process, or slow pace of senescence (Thomas

and Howarth 2000; Harris et al. 2007; Christopher et al.

2014).

Photosystem ii efficiency

Photosynthesis is by far the most important biological

reactions on this planet. It is the primary biochemical

process for accumulation of dry matter and significantly

determines patterns of plant growth and development,

which are strongly influenced by the environment (McCree

1986). In common bean, drought stress at its initial stages

reduces photosynthesis mainly due to closure of stomata

(Amede and Schubert 2003; Miyashita et al. 2005). How-

ever, as the stress progresses, non-stomatal inhibition of

photosynthesis may become more critical (Lawlor and

Cornic 2002; Medrano et al. 2002). Drought stress signif-

icantly implicates component processes of photosynthesis

such as the photochemical chlorophyll fluorescence

quenching, photosystem II quantum yield and electron

transport rate, mainly by disrupting the thylakoid electron

transport system, carbon reduction and the CO2 capture via

stomatal control, coupled with an increase in carbohydrates

accumulation, oxidative destruction of lipids and disturbing

water balance (Allen and Ort 2001). The basic principle of

chlorophyll fluorescence analysis is pretty straightforward.

Light energy captured by chlorophyll molecules is chan-

nelized through either of the three routes: (i) used to drive

photochemical processes in photosynthesis, (ii) lost as heat,

or (iii) re-emitted as light-chlorophyll fluorescence. These

three processes are essentially competitive, such that any

increase in the efficiency of one will negatively implicate

the efficiency and yield of the other two. The photo-

chemical processes are linked to fixation of CO2 as they

supply ATP, and NADPH (reduced form of nicotinamide

adenine dinucleotide phosphate), and are also regulated by

other electron sinks including photorespiration, Mehler

reaction, and nitrogen reduction (Noctor et al. 2002).

Drought stress invariably damages oxygen-evolving com-

plex of photosystem (PS) II as well as reaction centers of

PS II (Subrahmanyam et al. 2006). In experimental pro-

cedures, the difference between chlorophyll fluorescence

values recorded with closed and open reaction centers is

known as variable fluorescence (Fv = Fm - Fo), which is a

measure of absorbed light energy that would be used in

photosynthesis if all reaction centers are in the open state.

The relative values of variable and maximum fluorescence

are used to measure the quantum efficiency of the photo-

chemical reaction (also referred to as the PS II yield) and

measured as Fv/Fm. Another ratio Fo/Fm is a measure of the

damage caused to thylakoid membranes, and PSII yield and

thylakoid membrane damage are used as an indicativepa-

rameter for assessment of crop health under drought stress

(Maxwell and Johnson 2000). In common bean, photo-

synthesis and other traits related to photosynthesis undergo

significant reduction in susceptible cultivars as compared

to tolerant ones (Subrahmanyam et al. 2006).

Carbon isotope discrimination

One of the classical examples of uptake or assimilation of a

particular isotope in preference to another isotope of the

same element by living organisms is the preferential fixa-

tion of the 12C isotope (which is lighter but more abundant)

compared to 13C (which is heavier but less abundant). The

relative proportion of 12C and 13C isotopes is different in

photosynthetic plants and the atmosphere, and is also

implicated by stressful conditions. Carbon isotope dis-

crimination (CID) was defined as the ratio of 13C/12C in

atmosphere and the photosynthetic plant product (Farquhar

et al. 1982). In plants such discriminations is achieved

manly due to the fact that carbon dioxide containing 13C

diffuses more slowly than CO2 containing 12C and the

ability of Rubisco to discriminate between the two iso-

topes. The 12C/13C isotopic discrimination is more pro-

nounced in C3 plants such as common bean resulting in

differential isotopic signatures in C3 and C4 plants and the
12C/13C ratios can provide an insight about the physio-

logical state and atmospheric conditions, especially the

information about the stomatal conductance. Most of the

studies have reported inverse relationship between carbon

isotope discrimination (CID) and water use efficiency

(WUE), implying thereby that greater 13C discrimination is

associated with lower values of WUE (indicating more

water use and transpiration). Selection for low 13C dis-

crimination values has been suggested as an effective

proxy trait to improve WUE in C3 crops (Khan et al. 2007;

Easlon et al. 2014). CID is advantageous as it is integrative

of overall crop development, is high throughput, and rel-

atively less costly with fairly high heritability (Easlon et al.

2014). In common bean, CID has been found to be asso-

ciated grain yield as well as root length density under

moderate water stress in non-arid environments (Polania

et al. 2016). Increased water use is associated with

increased accumulation of carbon and plant growth. Even

though increased dry matter partitioned to pod and seed

contributes to higher grain yield under water stress (Rao

2014), yet the recent study of Smith et al. (2019) in the leaf

tissue did not reveal any impact of drought through d13C.
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Membrane stability index

The membrane electrolyte leakage has been used as a

‘‘predictive’’ selection criterion of water stress tolerance as

a whole plant response (Bajji et al. 2001). Changes in the

electrical impedance and electrolyte leakage provide a

measure of membrane stability of drought tolerance in

plants under drought stress conditions (Bajji et al. 2001).

The leakage defines the membrane’s ability to take up and

retain solutes and, therefore, is a reflection of changes in

both membrane potential and membrane permeability

induced by stressful environments (Agarie et al. 1995). In

fact, the cellular membranes are one of the initial targets of

many stresses, and it is a generally accepted premise that

the tolerant genotypes stably maintain structural and

functional integrity of cellular membranes under stress

conditions (Bajji et al. 2001). The degree of damage to

cellular membranes induced by drought can be indirectly

estimated through electrolyte leakage measurements from

the cells with fair degree of reliability. A lower value of

MSI (membrane stability index) indicates the amount of

lipid peroxidation occurring under higher oxidative stress

owing to the loss of cell turgidity under drought conditions

(Moussa and Abdel-Aziz 2008). The consequent reduction

in cell membrane stability invariably leads to higher per-

meability of the membrane which increases leakage of

electrolyte from the cell (Baroowa and Gogoi 2012).

Overproduction of ROS (reactive oxygen species) can

increase the photo-inhibition and induce damage to the

biological membrane system through electrolyte leakage

(Meng et al. 2014). Hence, peroxidation of membrane lipid

triggered by ROS can be considered as one of the prime

causes of injury and reduced stability of cell membrane

under drought. Diaminobenzidine tetrahydrochloride

(DAB) assay has been suggested as an effective qualitative

assessment of plant response to biotic and abiotic stress and

measures the intensity of oxidative burst under stress. In

the staining process, the evolved hydrogen peroxide oxi-

dizes the DAB and produces a dark brown precipitate.

Genetic variability for DAB staining under drought stress

in common bean. The initial oxidative burst through evo-

lution of reactive oxygen species (ROS) including hydro-

gen peroxide either through NADPH oxidases or

peroxidases is an early response to stress (Bindschedler

et al. 2006) that may exist singly or in combination in

different plant species,. The qualitative evolution of such

ROS components can be differentially tracked in different

parts of the plant under stress to assess the most vulnerable

part under stress.

Limited transpiration rate as a response
to drought

Stomata act as primary regulators of internal plant water

status and carbon assimilation. They exert their control on

both uptake of CO2 and water by controlling transpiration

rate; and therefore, have a major role in photosynthesis as

well as transpiration efficiency. Stomatal pores account for

only 5% of the leaf area but account for 70% water loss by

plants (Hetherington and Woodward 2003). Under condi-

tions of high VPD (vapor pressure deficit) in irrigated

conditions, limited transpiration rate has been used as an

effective selection criterion to identify water conservative

genotypes (especially those genotypes that exhibit conser-

vative pre-anthesis water use), thereby allowing sustained

post-flowering physiological activity during reproductive

development (Sinclair et al. 2017). Based on this premise,

maintenance of optimal stomatal control over transpiration

rate is critical for overcoming photosynthetic inhibition

under drought stress (Bota et al. 2004). There is significant

genetic variation for size and density of stomata in legumes

such as common bean (Comstock and Ehleringer 1993),

soybean (Buttery et al. 1993) and faba bean (Peksen et al.

2006). Smaller size and higher density of stomata have

been associated with improved drought tolerance in Ara-

bidopsis (Masle et al. 2005) possibly through increased

transpiration efficiency which is a measure of biomass

produced per unit of water transpired by a plant (Condon

et al. 2004). Similarly, in Arabidopsis mutants having

reduced stomatal density and increased stomata size,

improved drought tolerance was observed largely driven by

reduced transpiration and higher accumulation of biomass

(Pillitteri and Torii 2012). Transpiration efficiency can be

an effective proxy trait for deeper root system as deeper

roots enhance moisture uptake (Uga et al. 2013). Geno-

types that extract moisture from deeper soil strata

(60–120 cm), invariably, maintain a cooler canopy tem-

perature on account of higher stomatal conductance (Pask

and Reynolds 2013). Therefore, a focussed strategy that

seeks simultaneous improvements to root architectural

traits (root depth and density at deeper soil strata) for

enhanced exploration of water from deeper soil layers and

the transpiration efficiency (limited transpiration) to con-

serve above ground water, can be adopted to improve

drought tolerance. The possible traits for a desirable

ideotype include deeper roots as well as higher transpira-

tion efficiency (Isohydric) with stringent stomatal regula-

tion on plant water status that maintains a relatively

constant water potential in leaves regardless of soil mois-

ture status. Limited transpiration can, however, have a

negative effect on yield under certain environmental con-

ditions especially under high VPD, where assimilation of
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carbon is reduced (Sinclair et al. 1984). A major area of

investigation would be to elucidate whether water conser-

vation in early growth stages is sufficiently rewarded later

by improved water availability for sustained dry matter

growth during the seed-fill period. Limited-transpiration

trait most likely improves the preferential partitioning of

water use from vegetative to reproductive parts, which, in

effect will increase seed yield (Sinclair and Rufty 2012;

Vadez et al. 2014). In maize, limited transpiration has been

effectively used to discriminate drought-susceptible and

tolerant hybrids on the basis of their differential capacity

for restricted water use during the pre-flowering stage, and

consequential improvement in the plant water status at

flowering and increased post-flowering water use (Cooper

et al. 2014).

Nitrogen fixation under water stress

Like most other legumes, common bean derives part of

their nitrogen requirement through the process of biologi-

cal nitrogen fixation. Water stress severely limits the pro-

cess efficiency of biological nitrogen fixation (BNF) of

legumes plants on account of greater sensitivity of the

process of symbiotic N2 fixation to moisture deficit (Purcell

2009; Mhadhbi et al. 2011). Therefore, the crops that are

dependent on nitrogen fixation, will experience nitrogen

deficiency under drought stress on account of reduced N2

fixation. In fact, the increased sensitivity of nitrogen fixa-

tion to drought is a major constraint on N2 accumulation

and yield of legumes grown under moisture stress (Serraj

et al. 1999). The reduced N2 fixation activity in common

bean can be severely implicating nitrogen nutrition because

the species is not known as an efficient nitrogen fixer even

under well-watered conditions (Diouf et al. 2008). The

negative implications of water stress on rhizobia include

morphological changes (Shoushtari and Pepper 1985) as

well as reduction in infection and nodulation capacity and

number and size of nodules (Williams et al. 1994). In

common bean, drought stress causes an increased accu-

mulation of abscisic acid (ABA) in leaves with a con-

comitant reduction in indole acetic acid (IAA) and

gibberellic acid (GA3) as well as zeatin content in leaves

(Figueiredo et al. 2008). However, the effect on nodulation

and N2 fixation varies with the developmental stage of the

plants. During vegetative growth, water stress has been

reported to be more limiting to nodulation and nitrogen

fixation as compared to the reproductive stage (Cabriales

and Castellanos 1993).

The persistence of rhizobial populations in desert soils

and the effective nodulation of native legume (Jenkins

et al. 1987) substantiate the assumption that rhizobia can

exist in soils with limiting moisture levels. Thus, it can be

reasonably assumed that selection of rhizobial strains for

response to moisture stress tolerance within the range of

their legume host can be effectively exercised. This is

especially important in view of the experimental evidence

that association of legumes can significantly increase

drought tolerance in common bean (Aydi et al. 2012; Sofi

et al. 2017). The increased drought tolerance conferred by

rhizobial inoculation in legumes is invariably due to dis-

accharide trehalose that plays a role in osmo-regulation

when rhizobia are growing under osmotic stress (Saurez

et al. 2008). Trehalose accumulates to higher levels in cells

of R. leguminosarum and under water stress acts as a

preferred source of carbon among many carbon sources

such as mannitol, sucrose, or lactose, but the slow growing

strains accumulate trehalose only when cultured with

mannitol as the carbon source. In some cases, concentra-

tion of glycine betaine has been reported to increases in

tolerant strains of R. meliloti ( Smith et al. 1988). de Silva

et al. (1996) found a major role of ureide level and the

degree of drought tolerance in soybean.

From a breeding point of view, any strategy to harness

BNF in relation to drought stress, the effective approach

should include selection for differential genotypic response

to rhizobacterial inoculation, selection for competitive

rhizobacterial strains, and identification of adaptive crop-

microbial associations as well as genetic modification of

rhizobacteria (Sofi et al. 2018a, b). Of the two component

partners in legume-rhizobium association, the microbial

partner is far more sensitive than the host plant. This is

obvious from increased sensitivity of symbiotic association

environmental stress as compared to the uninfected legume

host (Swaine et al. 2007). There is substantial evidence of

existence of adequate genetic variability among common

bean genotypes for nitrogen fixation ability (Hardarson

et al. 1993) and in amount of total nitrogen fixed (Vadez

et al. 1999) under irrigated conditions. Substantial vari-

ability has also been reported in common bean genotypes

in the soil water threshold content at which nitrogen fixa-

tion begins to decline (Devi et al. 2010) as well as rooting

depth and root biomass under stress with rhizobial inocu-

lation (Sofi et al. 2017).

Reproductive success under water stress

Drought stress leads to abortion of reproductive organs that

significantly limits seed yield. The failure of fertilization

and subsequent arrest of ovary tissue growth causes abor-

tion of ovary and grain, a trait selected for by evolutionary

processes and largely driven by limitations of sucrose

availability to ovarian tissue (Boyer and McLaughlin 2007;

Ruan et al. 2012). The casual phenomenon of such abortion

of reproductive parts has been well documented in crops
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like maize, safflower and pea. The cessation of growth is

more severe in the youngest reproductive organs due to the

effect of drought on the respective timing of the develop-

ment of ovary cohorts and the signaling pathways between

youngest and oldest reproductive organs (Turc and Tardieu

2018). The youngest reproductive organs in the develop-

mental sequence are relatively more vulnerable to abortion

allow older organs finish their development under limited

resources. Water stress drives increased abortion of

reproductive organs through a signaling network that

originates from the first fertilized ovaries as well as

arresting the expansive growth of all ovaries at a precise

stage. In crops like maize such developmental mechanisms

have been reported account for 90% of water stress driven

abortion and are invariably irreversible after a certain

stage: typically 3 days after silk emergence (Turc and

Tardieu (2018). In common bean such mechanism has also

been reported to be operative under water stress and

genotypic differences have been found in terms of the level

of sucrose available for metabolism in the seeds under

drought stress conditions (Gebeyehu et al. 2010). Such a

process results in decrease in pod number and seed number

in beans while as relatively less effect on 100-seed weight

is recorded (Khalid 2017).Studies on sensitivity of flower

development, anther dehiscence, pollen tube growth and

post-fertilization stages such as pod and seed set revealed

higher sensitivity of male parts whereas functionality of

female whorl was relatively unaffected. Stress reduced

pollen viability, penetration of pollen tube into the stigma

that results in reduced pod and seed set in the susceptible

genotypes. In common bean, the combined effect of lower

pollen viability and impaired female performance in a large

proportion of the flowers results in significant decline in the

pod and seed set under water stress (Gross and Kigel 1994).

Conclusions

Abiotic stress such as drought and high temperature pose

dual challenges for a plant regarding enhanced resource

acquisition as well as efficient resource mobilization and

remobilization and as such plants need to make adaptive

changes in root architectural traits to increase water and

nutrient acquisition whereas the above ground trait effi-

ciencies should ensure optimum resource allocation

towards enhanced productivity through physiological

adaptations. Putting both below and above ground adaptive

mechanisms into an integrated system is imperative for

identifying effective proxy traits that could be linked to

higher productivity under stress. In fact, the future

improvements in crop yields are expected to come largely

by harnessing improved root architecture, resource acqui-

sition as well as nitrogen fixation (Herder et al. 2010). Even

though rooting depth, root length density, root hairs, root

branching and root biomass have been related to improved

drought tolerance, there have been reports where the root

functionality attributes such as root hydraulics have been

implicated more than just a profuse root system, which

may not necessarily result in increased water acquisition

because, more than just the architectural phenes, roots need

to have the optimum hydraulic characteristics (Vadez et al.

2014). In terms of increasing yield under stress, a vigorous

root can be essentially useful under water-limited condi-

tions in rainfed environments, whereas, in the areas where

crops grow on the stored moisture in soil, a vigorous root

system may increase the risk of pre-anthesis soil water

depletion, thereby leaving inadequate moisture during

grain filling. Recently, traits like root aerenchyma tissue

that reduces the metabolic cost of resource acquisition have

received attention for improving drought tolerance (Zhu

et al. 2010). In a recent review, Lynch (2018) has outlined

the evolutionary changes in root system in terms of chan-

ges in relatively higher investments favoured by natural

selection for crop grown under multitude of stresses and

intense competition, variable resource availability which

are no longer useful in high-input farming systems. The

input intensive agriculture has promoted relatively parsi-

monious root systems that optimize water capture through

progressive reduction in root branching, fewer axial roots,

lateral root density and a root anatomy that decreases the

root also comprises carbon cost. The ‘‘parsimonious root

ideotype’’ as proposed by Lynch (2018) also encompasses

certain anatomical features such as reduced cortical cell

files, greater relative composition of aerenchyma cells as

we’ll as large cortical cells. Ye et al (2018) has provided a

detailed account of such beneficial root traits and outlined

the need of harnessing natural genetic variations in avail-

able germplasm. A large number of loci (QTLs) associated

with root system architecture and the beneficial root traits

that can accelerate the genetic improvement of yield under

water deficit have been identified and already introgressed

successfully in high yielding cultivars (Varshney, 2016).

From a breeding standpoint it is highly relevant to link

traits to productivity rather than just survival as in the case

of ‘‘non-functional stay green’’ (Christopher et al. 2016) or

‘‘lazy pod syndrome’’ (Beebe et al. 2008), wherein, the

plants fail to harness the adaptive advantages into eco-

nomic yield.

Breeding success for developing drought resilient

genotypes will primarily require (i) designing an appro-

priate plant with theoretically improved adaptation, (ii)

identifying genetic resources possessing appropriate com-

plementary allelic variation, (iii) standardizing and imple-

menting phenotyping protocols and experimental

procedures to maximize resolution of physiological trait

expression, and (iv) genetic dissection of identified traits
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(Reynolds and Langridge 2016). Plant breeders need to

pick the generalized trait correlations as well as specific

combinations that can help identify physiologically effi-

cient as well as high yielding genotypes. The above

statement is especially true in case of CTD, where high

yielding genotypes, under stress, can be associated with

both positive and negative values of CTD (Khalid 2017).

Sufficient evidence in the form of experimental datasets

are available, that reinforce the need to integrate both

above and below ground phenes to have a well-defined set

of traits that can be utilized in developing drought resilient

varieties (Sofi et al. 2018a, b). Fortunately for plant

breeders, there is a substantial variation for potential root

and shoot traits in cultivated varieties and germplasm

resources available with national and international breed-

ing programmes as well as desirable correlations with yield

under stress. We have discussed here a set of traits with

experimental data in common bean to support our premise

that traits related to root architecture and above-ground

physiology in isolation cannot be as fruitful. Designing an

improved plant type for root architecture and physiological

traits is a unique aspect of physiological breeding, in the

sense that such traits are invariably genetically simple and

can have handled through traditional plant breeding

methods. However, developments in phenomics and

genomics are increasing access to more complex traits (Mir

et al. 2012; Araus et al. 2014). However, a fair amount of

pragmatic skepticism still exists among plant breeders

(Reynolds and Langridge 2016). There is a need to

understand the fact that plant breeders can use the traits

related to below and above ground adaptive traits, as they

express high heritability under drought stress, given the

fact that yield per se suffers from low heritability under

stress (Cabello et al. 2014).

Intensive research and breeding efforts have allowed the

selection of climate-resilient varieties with improved yields

while crop physiologists have essentially focused on

physiological and molecular aspects underlying stress tol-

erance. Drought research has progressed rapidly, as evi-

denced by a substantial wealth of information on

mechanistic aspects as well as applied research products in

form of improved germplasm, genes and QTLs. From

identification of tolerant lines and understanding the role of

effective surrogate traits, we have now entered an era,

where research efforts are focusing on uncovering and

manipulating genes/QTLs and mechanisms involved in

cellular and whole-plant responses related to crop accli-

mation to drought scenarios (Tricker et al. 2018; Varshney

et al. 2018). Driven by advances in genomics and advances

in precise phenomics, a large number of loci governing

turgor management and hormonal regulation, plant archi-

tecture and developmental biology that are implicated in

drought have been mapped and cloned (Varshney et al.

2018). The interactions between roots, shoots, the rhizo-

sphere microbiome and reproductive traits and how these

collectively drive crop response under the limited water

availability have also received much attention (Tardieu

et al. 2018).

References

Abenavoli, M. R., Leone, M., Sunseri, F., Bacchi, M., & Sorgona, A.

(2016). Root phenotyping for drought tolerance in bean

landraces from Calabria (Italy). Journal of Agronomy and Crop
Science, 202(1), 1–12.

Agarie, S., Hanaoka, N., Kubota, F., Agata, W., & Kaufman, P. B.

(1995). Measurement of cell membrane stability evaluated by

electrolyte leakage as a drought and heat tolerance test in rice

(Oryza sativa L.). Journal of the Faculty of Agriculture, Kyushu
University, 40(1), 233–240.

Allen, D. J., & Ort, D. R. (2001). Impact of chilling temperatures on

photosynthesis in warm climate plants. Trends in Plant Science,
6, 36–42.

Amani, I., Fischer, R. A., & Reynolds, M. P. (1996). Canopy

temperature depression association with yield of irrigated spring

wheat cultivars in a hot climate. Journal of Agronomy and Crop
Science, 176(2), 119–129.

Amede, T., and Schubert, S. (2003). Mechanisms of drought

resistance in grain: II Stomatal regulation and root growth.

SINET: Ethiopian Journal of Science, 26(2), 137–144.
Amongi, W., Nkalubo, S. T., Ochwo-Ssemakula, M., Gibson, P. T., &

Edema, R. (2014). Development of intermittent drought stress

tolerant common bean genotypes in Uganda. African Crop
Science Journal, 22(4), 303–315.

Araus, J. L., Li, J., Parry, M. A., & Wang, J. (2014). Phenotyping and

other breeding approaches for a New Green Revolution. Journal
of Integrative Plant Biology, 56(5), 422–424.

Asadi, M., Bahrami, S., & Ansari Samani, R. (2010). The effect of

Stachys lavandulifolia Vahl. and Mespilus germanica L. leaves

hydroalcoholic extracts on Leishmania Major (MRHO/IR/75/

ER) in vitro. Jundishapur Journal of Natural Pharmaceutical
Products, 5(1), 39–43.

Asfaw, A., Blair, M. W., & Struik, P. C. (2012). Multienvironment

quantitative trait loci analysis for photosynthate acquisition,

accumulation, and remobilization traits in common bean under

drought stress. G3: Genes Genomes Genetics, 2(5), 579–595.
Aydi, S. S., Aydi, S., & Abdelly, C. (2012). Inoculation with the

native Rhizobium gallicum 8a3 improves osmotic stress toler-

ance in common bean drought-sensitive cultivar. Acta Agricul-
turae Scandinavica, Section B-Soil and Plant Science, 62(2),
179–187.

Bajji, M., Lutts, S., & Kinet, J. M. (2001). Water deficit effects on

solute contribution to osmotic adjustment as a function of leaf

ageing in three durum wheat (Triticum durum Desf.) cultivars

performing differently in arid conditions. Plant Science, 160(4),
669–681.

Baroowa, B., & Gogoi, N. (2012). Effect of induced drought on

different growth and biochemical attributes of black gram (Vigna
mungo L.) and green gram (Vigna radiata L.). Journal of
Environmental Research and Development, 6(3A), 584–593.

Beebe, S. E. (2012). Common bean breeding in the tropics. Plant
Breeding Reviews, 36, 357–426.

Beebe, S. E., Rao, I. M., Blair, M. W., & Acosta-Gallegos, J. A.

(2013). Phenotyping common beans for adaptation to drought.

Frontiers in Plant Physiology, 4, 1.

Plant Physiol. Rep. (January–March 2021) 26(1):4–22 17

123



Beebe, S. E., Rao, I. M., Cajiao, C., & Grajales, M. (2008). Selection

for drought resistance in common bean also improves yield in

phosphorus limited and favorable environments. Crop Science,
48(2), 582–592.

Bhandari, M. (2016). Use of infrared thermal imaging for estimating
canopy temperature in wheat and maize (Doctoral dissertation),

96 pp.

Bindschedler, L. V., Dewdney, J., Blee, K. A., Stone, J. M., Asai, T.,

Plotnikov, J., et al. (2006). Peroxidase-dependent apoplastic

oxidative burst in Arabidopsis required for pathogen resistance.

The Plant Journal, 47(6), 851–863.
Birthal, P. S., Khan, M. T., Negi, D. S., & Agarwal, S. (2014). Impact

of climate change on yields of major food crops in india:

implications for food security. Agricultural Economics Research
Review., 27, 145–155.

Bishopp, A., & Lynch, J. P. (2015). The hidden half of crop yields.

Nature Plant, 1, 8.
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