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A B S T R A C T

Soybean (Glycine max L.) is considered an important crop, and enhancing its production under drought stress
and changing climatic conditions to meet the challenges of global food security is crucial. Drought is considered
one of the major abiotic factors that adversely affect soybean production. To address this challenge, we need to
develop an integrative research approach that will bring together computational modelling, soil engineering,
physiology, microbiology, molecular biology, genomics and plant breeding to study the underlying mechanisms
of plant tolerance to drought stress. Advances in genomic technologies coupled with breeding approaches have
helped scientists unravel the genes responsible for drought tolerance in crops. The success of a soybean breeding
programme is largely dependent upon the extent of genetic variation in terms of drought tolerance-related traits.
The availability of the whole soybean genome sequence is considered a major landmark in this process that will
help design future strategies for improving soybean production. This review describes the recent advances in the
study of the effect of drought stress on morpho-biochemical changes in soybean and the application of plant
growth-promoting rhizobacteria, marker assisted selection, and different omics approaches to unravel the me-
chanism of drought tolerance. Here, in this review, we also highlight the customary knowledge on physiology,
functional genomics and molecular breeding that may be significant in integrating genetic engineering and
breeding approaches to improve drought tolerance in soybean crop.

1. Introduction

The global population is predicted to reach up to 8.3 billion by the
year 2030 and 9.1 billion by the year 2050, which may create a food
crisis in near future. Drought stress may reduce more than 50% of the
average crop yield and can further limit agriculture productivity
(Akpinar et al., 2013). Furthermore, climate change will impact the
availability of water and water quality, which will increase the impact
of drought in different areas of the world (Foyer et al., 2016). Plants
exhibit a high level of phenotypic plasticity that permits them to fine-
tune their forms and functions in response to changing environmental
conditions (Satbhai et al., 2015). Therefore, special attention must be
given to agricultural research, extension services and development in
order to attain the required agricultural yield and productive gains. To
counter the effect of future food crises and drought stress, we have to
design and grow crops that are rich in proteins, fibres and essential
nutrients to overcome malnutrition and food-related diseases. Soybean

is the most important leguminous crop and is well known for its protein
and oil contents; hence, its production can be imperilled by the recur-
rence of drought and other types of stresses (Song et al., 2016). The
global production of soybean (Glycine max) in the year 2015–2016 was
320.15million metric tons (globalsoybeanproduction.com, 2016).
Along with other agricultural crops, the yield of soybean is also
threatened by the anticipated climate change, with enduring drought
worldwide (Foyer et al., 2016). Drought stress affects soybean growth
and productivity by impacting growth at morphological, biochemical
and molecular levels, and it impairs several metabolic and physiological
processes in plants. It is necessary to understand the mechanism of
drought stress before devising a method to develop drought tolerance in
soybean. Drought stress in the field associated with water scarcity and
increased temperature and salinity enhances the impacts of stress on
soybean. These adverse effects can be easily observed in plant parts
such as leaves, shoots and roots at physiological, morphological and
biochemical levels. Under stress conditions, the estimation of protein
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and metabolite contents becomes challenging because the complete
plant system is continuously subjected to changing conditions (Kumar
et al., 2010; Ahmad et al., 2012a; Kumar A et al., 2013a,b; Kumar et al.,
2015; Tripathi et al., 2016). Nevertheless, drought is a complicated,
perceptible and multigenic feature that is broadly controlled by quan-
titative trait loci (QTLs) (Langridge et al., 2011; Mir et al., 2012;
Tripathi et al., 2014). The genes related to the drought stress responses
in plants generally show low heritability. Therefore, there is a great
demand on soybean cultivators for drought tolerant traits to overcome
this imminent threat of food security and climate change.

New advances in modern understandings on how soybean responds
to drought stress rely on studying above-grounds traits that are gen-
erally sensitive towards drought, such as shoot characters, flowering,
and seed germination. However, the effect of drought on roots and root
nodules has not been studied extensively. Very limited information is
available on how drought stress alters the symbiotic association of the
nitrogen-fixing rhizobia that colonize the host plants and soil. Soybeans
can sustain the impact of drought if there is a powerful and profound
deep-rooted system at the seedling stage. The water limitation ad-
versely affects vegetative plant growth and the rate of photosynthesis
and has a negative effect on the soybean yield. For the proper man-
agement of abiotic stress, mainly drought stress, it is essential to un-
derstand the taproot response of soybean at a genetic level, which will
help determine particular genes and different metabolic pathways for
either genetic engineering or gene-based marker selection to produce
soybeans with improved root-related characters. These unique genes
involved in the development of roots under drought stress conditions
can also be used for other functional genomics studies (Song et al.,
2016). Next-generation sequencing (NGS) technologies such as Roche
454, Illumina/Solexa, and MiSeq sequencing have been widely used for
understanding the intricacy of the regulation and expression of genes by
using functional genomics and transcriptomics studies of many species
of plants responding to abiotic stresses, including cotton (Wang et al.,
2012a,b), Chinese cabbage (Yu et al., 2012), chickpea (Wang et al.,
2012a,b), maize (Shen et al., 2013), Ammopiptanthus mongolicus (Zhou
et al., 2012), and soybean (Fan et al., 2013). In this review article, we
discuss the recent advances in the study of the effect of drought stress
on morpho-biochemical changes in soybean and the application of plant
growth-promoting rhizobacteria, marker assisted selection, and dif-
ferent omics approaches to unravel the mechanisms of drought toler-
ance. Here, in this review, we also highlight the customary knowledge
on physiology, functional genomics and molecular breeding that may
be significant in integrating genetic engineering and breeding ap-
proaches to improve drought tolerance in the soybean crop.

2. Drought stress and its role: Constraints on soybean production

Drought stress is one of the most crucial environmental factors that
reduces crop yield, with reductions up to 40% (Le et al., 2012; Ahmad
et al., 2012b; Hashem et al., 2017). Plants apply diverse approaches to
the tolerance and evasion of drought stress conditions by using different
mechanisms, including (1) escape from drought (2) tolerance towards
drought and (3) drought avoidance (Marquez-Garcia et al., 2015). Crop
plants display different types of responses to drought stress, depending
on the type of plant species, including physiological, morphological,
biochemical, and molecular responses (Tran et al., 2010; Le et al.,
2012). Drought stress affects the germination rate, seedling vigour and
other biomass parameters of plants (Kaya et al., 2006). Drought, which
is mainly caused by a deficiency of water, acute temperatures and low
moisture contents, limits the performance of plants and thereby affects
the endogenous level of plant phytohormones, such as abscisic acid and
ethylene (Hamayun et al., 2010). Drought hinders the overall growth of
plants, causing the accumulation of osmolytes, increasing the genera-
tion of superoxide radicals and finally reducing crop yield (Kosturkova
et al., 2008). Drought stress also reduces cell division and end-re-
duplication, weakens the photosynthesis rate by reducing the synthesis

of chlorophyll and decreases the activity of photosynthetic enzymes
(Radwan, 2015). Other than drought stress, changes in climate can also
influence the habitat range of microbes and insects. For example, rising
temperatures facilitate the spread of pathogens (Bale et al., 2002; Luck
et al., 2011; Nicol et al., 2011). Drought stress also weakens the im-
mune system of plants and enhances their susceptibility to microbial
infection (Atkinson & Urwin, 2012).

Although much has been done to enhance soybean production,
soybean plants still experience productivity losses due to a variety of
stresses by various means, such as the cultivation of soybean in rain-fed
areas, uncertain monsoon rainfall and permanent in consistencies in
rainfall; thus, at critical growth stages, the plants suffer soil moisture
stress. Other than abiotic stress, the poor maintenance of improved
production technologies, mono-cropping patterns, the unavailability of
tolerant varieties, supply problems, and conventional food habits with
little awareness about nutritional and health benefits also cause lower
soybean production.

3. Nitrogen fixation in legumes and nodule organogenesis

The main advantage of growing soybean in growth-limited condi-
tions is its ability to improve nitrogen fixation biologically in the soil,
which is a substitute for nitrogen fertilizer. The Leguminosae family has
evolved a symbiotic relationship with special types of soil bacteria, such
as rhizobia, which comprises various genera, e.g., Bradyrhizobium,
Allorhizobium, Azorhizobium, Mesorhizobium, Sinorhizobium, and
Rhizobium. These host-specific genera of rhizobia invade the roots of
leguminous plants, which lead to the development of nodules, a specific
root structure formed by leguminous plants.

In soybean, the by-products generated after the fixation of atmo-
spheric nitrogen are generally allantoin, allantoic acid and ureides.
These products are generally dominant over long-distance transport.
Collier and Tegeder (2012), in their study, demonstrated the function of
two proteins related to soybean i.e., GmUPS1-1 (XP_003516366) and
GmUPS1-2 (XP_003518768), in the transport of allantoic acid and al-
lantoin from the nodule. Therefore, the localization analysis explored
the ubiquity of both transporters present in the plasma membrane and
their expression in the vascular endodermis and cortex cells present in
nodules. Hence, the functional analysis in soybean shows the suppres-
sion of GmUPS1-1 and GmUPS1-2 in nodules, which leads to the as-
similation of ureides. Zhu et al. (2013) devised an automatic bioinfor-
matics method for predicting a regulatory gene network from the
quantitative expression values of differentially expressed genes, which
relies upon RNA-Seq transcriptomic data of the cell in different phases
and conditions, by the integration of genomic, transcriptional and gene
function data.

The use of suppression subtractive hybridization (SSH) techniques
on soybean nodules in the presence and absence of drought stress
conditions largely identifies sequences with unknown functions.
Recently, Van Wyk et al. (2014) analysed the nodule cysteine protease
transcriptome during developmental nodule senescence. Many legu-
mains and papains, such as cysteine proteases, are also referred to as
vacuolar processing enzymes or VPEs, and these vacuolar processing
enzymes were found to be actively expressed during nodule senescence.

4. Physiological responses linked with drought tolerance in
soybean

4.1. Root-related traits

Many plant breeders and geneticists have tried to breed plants with
root-related traits that enhance the overall yield and productivity of
plants under drought stress conditions. Therefore, the better under-
standing of functional root-related traits and how they are associated
with various attributes of the whole plant under water scarcity condi-
tions is required. These attributes include long root length, fine root
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