UDC 575.630
https://doi.org/10.2298/GENSR1803095K
Review paper

ACHIEVEMENTS AND PROSPECTS OF MOLECULAR BREEDING FOR DROUGHT
TOLERANCE IN SOYBEAN [Glycine max (L.) MERR]

Mueen Alam KHAN

'Department of Plant Breeding and Genetics, University College of Agriculture and
Environmental Sciences, The Islamia University of Bahawalpur, Bahawalpur, Pakistan

Khan M. A. (2018): Achievements and prospects of molecular breeding for drought
tolerance in soybean [Glycine max (L.) merr.].- Genetika, Vol 50, No.3, 1095-1109.
Drought stress is one of the most serious constraints of soybean production worldwide.
While the drought tolerance is one of the most complex attributes for soybean breeders to
deal with. Due to complex (quantitative) nature of drought tolerance trait, the progress to
develop drought tolerant plants is slow. Molecular breeding thus emerged as a necessary
approach in soybean breeding programs. A plethora of genetic information regarding the
functional genomics and other molecular resources is available. The effective and astute
use of these resources will certainly facilitate the breeders to develop soybean cultivars
tolerant to drought.
Keywords: Drought stress, Glycine max L., molecular breeding, soybean.

INTRODUCTION

Cultivated soybean (Glycine max L.) is undoubtedly one of the most important legume
crops providing a rich source of oil and protein to humans and livestock around the world. Its oil
is also considered attractive as a future source of bio-diesel (HILL et al., 2006; PIMENTEL and
PATZEK 2008; CANDEIA et al., 2009). With its ability to fix atmospheric nitrogen (BURRIS and
ROBERTS, 1993), and hence requiring minimal nitrogen input in the form of fertilizers, makes it a
profitable crop among the farmers. In 2017, the United States was the largest producer of
soybean with 119.5 million metric tons (35%) production followed by Brazil and Argentina
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producing about 113 (33%) and 47 million metric tons (14%) respectively (SOYSTATS, 2018:
http://www.soystats.com).

Soybean growth and productivity is severely affected by the myriads of abiotic stresses,
among which the drought is the major one responsible for significant yield reductions. Almost
every growth stage of soybean is sensitive to drought (MANAVALAN et al., 2009). Conventional
breeding methodologies for improving drought tolerance in crop plants are primarily based on
screening germplasm and an empirical selection for yield under different drought stress
conditions over several years (MANAVALAN et al., 2009; TRAN and NGUYEN, 2009; HAMWIEH et
al., 2013). To deal with this, traditionally, breeders perform tedious crossings (hybridizations)
and selections of superior progenies. The selected ones thus moved to field evaluations before
given to farmers for general cultivation. Because of the variability in drought patterns from year
to year, and to overcome the low response to direct selection, substantial efforts have targeted the
manipulation of morpho-physiological traits influencing drought resistance through escape,
avoidance, and/or tolerance mechanisms (LubLow and MUcHow, 1990; BLUM, 1996; HAMWIEH
etal., 2013)

Over the past decades, rapid progress in DNA markers and their linkage maps has
facilitated the identification, localization, and dissection of loci conferring quantitative traits
(referred to as QTL) (PATERSON, 1995; HYTEN et al., 2010). The use of marker assisted selection
(MAS) and transgenic techniques have far reaching applications in bringing rapid genetic
improvements beyond the limits of conventional breeding. Thus molecular breeding is simply
the integration of these modern tools in to conventional system of crop genetic improvement
leading to development and release of advanced and productive cultivars. Numerous drought
stress-related QTL/genes have been identified and a number of them have also been transferred
to commercially grown cultivated varieties. The purpose of the present review is therefore to
describe the key developments in the field of molecular breeding including mapping and
genomics highlighting the need of integrated approaches for drought stress tolerance in soybean
along with the future directions.

ROLE OF QUANTITATIVE TRAIT LOCI (QTL) MAPPING AND MARKER ASSISTED
SELECTION (MAS)

It is indeed ironic that most of the economically important breeding traits are complex.
A complex trait is one that is controlled by a number of QTL/genes (in fact a QTL can carry
multiple genes in itself). Drought tolerance is one such complex quantitative trait controlled by
the minor (polygenes/QTL) with small but cumulative effect. Thus the identification of QTL is
considered to be a great achievement in breeding. The stable and consistent expression of QTL
across different environmental conditions is the most critical factor from breeding stand point.
The application of DNA marker technology and QTL mapping has greatly facilitated our
understanding of genetic basis underlying drought tolerance phenomenon (cul et al., 2008). The
basic principle working behind is the tight linkage of DNA marker with the trait of interest so
that even at the time of crossing over the two co-segregate together. A number of QTL
associated with drought tolerance have been identified (Table 1). Mainly recombinant inbred
lines (RILS), near-isogenic lines (NILs), backcross lines (BC), F2/F4 populations and doubled
haploid lines (DH) are used as mapping populations to effectively map QTL.

DU et al., (2009) detected a total of 40 QTL related to yield and drought tolerance using
RILs population developed from a cross between Kefengl (drought tolerant) and Nannong1138-
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2 (drought sensitive). Leaf pubescence density (PD) is considered to be an important component
for the adaptation of soybean to drought-prone environment, DU et al., (2009) did QTL mapping
using RIL population derived from cross between cultivars Kefeng 1 and Nannongl1138-2.
Simple sequence repeats (SSR) markers were utilized for that purpose. They detected a total of
20 QTLs on molecular linkage groups (MLGs) A2, D1b, E, H, G and I. The QTLs for PD on
MLG H were mapped to near Ps locus while the QTLs on MLG D1b were located near Rsc-7.
Three genome regions for PD and water status traits on MLGs A2, D1b and H were found to be
associated indicating the important role of leaf surface PD trait in the soybean drought tolerance.
WANG et al., (2012) using backcross inbred line (BIL) population to map QTL for drought
tolerance at germination stage. Using SSR markers, they identified 17 QTLs with additive effects
and/or additive x environment interaction effects, involved in drought tolerance of soybean in
germination stage, were found on linkage group G2-A2, G10-D2, G11-E.

Table 1 Summary of QTLs identified for drought tolerance in soybean®

Trait(s) Cross Mapping Number Type of Reference
population of QTL DNA
detected marker
Water use efficiency S-100 x Tokyo, 116 F2 2 SSR* MIAN et al., (1998)
(WUE)
Yield, maturity, and Minsoy x Noir 1 RILs 3 SSR SPECHT et al., (2001)
water use efficiency
Leaf wilting Jackson x KS4895 RILs* 1 SSR BHATNAGAR et al.,
(2005)
Canopy wilting KS4895 x Jackson RILs 4 SSR CHARLSON et al., (2009)
Seed yield per plant Kefeng 1 x RILs 19(YP) SSR DU et al., (2009)
(YP) and drought Nannong1138-2 10(Dsl)
susceptibility index
(DS1)
Water relative content Hongfeng 11 x Clark BlLs 8 SSR CANDONG et al., (2011)
(WRC)
Germination and Hongfeng11x Clark BILs* 4 SSR QlU et al., (2011)
seedling stages
Canopy-wilting P1 416937 x Benning RILs 7 SSR ABDEL-HALEEM et al.,
(2012)
Shoot and root Essex x Forest RILs 12 SSR BRENSHA et al., (2012)
parameters
Germination stage Hongfeng 11 x BILs 18 SSR ZHANG et al., (2012)
Harosoy
Root architectural traits Dunbar x PI BILs 1 SNPs MANAVALAN et al.,
326582A (2015)
Relative root and shoot M8206 x TongShan NAM* 111 SNPLDB  KHAN et al., (2018)
lengths and ZengYang x

M8206
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* RILs (Recombinant Inbred Lines), BILs, (Backcross Inbred Lines), SSR (Simple Sequence Repeats), SNP (Single
nucleotide polymorphism), NAM (Nested association mapping).
# Similar studies reported in text have not been mentioned in this Table.

YANG et al., (2014) also used BIL population of soybean derived from the cross of
drought tolerant wild soybean, “SNWS0048” as a recipient parent and drought-sensitive variety
“Jinda73” as a donor parent was examined to identify the QTL and epistatic QTL and GE effects
on drought-tolerant physiological traits. They detected six QTLs with additive effects and/or
additive x environment interaction effects and three pairs of QTLs with additive x epistatic main
and/or epistasis x environment interaction effects different water environment clearly indicating
the affects of different water regimes on the expression of genes relevant to drought stress.

It can be inferred from the above discussion that a number of QTL/genes have been
identified in soybean. However the procedure is not without some limitations too. For example,

i) The size of mapping population is critical. The larger the population size the better
will be the mapping. However this is not always practical due to limited resources available.

ii) The phenotypic errors are sometimes large, as the accurate and precise phenotyping
is the key to molecular mapping and can be affected by the non-availability of measurement
techniques, and poor interpretation of field data etc.

iii) Moreover for the effective MAS deployment in to our breeding programs the precise
stability of QTL across different genetic backgrounds is essential, however QTL x E and
epistatic interactions unfortunately are the phenomena often misunderstood and due to this we
are unable to achieve the anticipated benefits of MAS (xu and zHu, 2012). Unstable QTLs give
unreliable data when applied in MAS.

iv) A QTL will be of little importance if it fails to stabilize and improve the crop yield
under stress (PRICE and COURTOIS, 1999).

ASSOCIATION MAPPING (AM) AND GENOME WIDE ASSOCIATION STUDIES (GWAS)
IN SOYBEAN FOR DROUGHT TOLERANCE

The classical linkage mapping (QTL mapping) based on bi-parental crossing is effective
in identifying large number of loci for drought tolerance. However identifying small effect QTL
using the bi-parental population incurs a significant challenge for the breeders (HOLLAND, 2007).
Moreover low heritabilities and high G x E interactions are some more significant demerits of bi-
parental populations. In contrast to this the association mapping (AM) is another analytical
approach for mapping QTL (NING et al., 2016). AM (also called the linkage disequilibrium, LD
mapping) refers to the significant association of marker with the phenotypic trait concerned
(GUPTA et al., 2005; SOTO-CERDA et al., 2012). AM evaluates whether certain alleles are found
within a population more frequently than expected (FLINT-GARCIA et al., 2003). GWAS (based
on LD) is a powerful approach to identify the genetic factors underlying the complex traits by
telling the history of recombinant events occurred in any specific crop germplasm. GWAS
typically use the high density single-nucleotide polymorphisms (SNPs) across the genome of a
given species and determine the significant statistical marker trait associations (RAY et al., 2015).

GWAS is fast becoming a standard tool for establishing marker trait associations.
Regarding drought tolerance it has been performed in various crops like rice (wu et al., 2015),
wheat (EDAE et al., 2014), maize (LIU et al., 2013; XUE et al., 2013; WANG et al., 2016) and chick
pea (THUDI et al., 2014). Regarding soybean, DHANAPAL et al., (2015) using GWAS identified
21 putative loci for carbon isotope ratio as a surrogate trait of water use efficiency (WUE). In
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soybean, GWAS has also been performed for traits like plant height and maturity (SONAH et al.,
2015), yield and yield related components (HAO et al., 2012; WEN et al., 2015), protein and oil
content (SONAH et al., 2015; HWANG et al., 2014), nitrogen related traits (DHANAPAL et al., 2015;
RAY et al., 2015) and low-phosphorus stress (NING et al., 2016).

The high rate of false positives due to spurious marker-trait associations is a main
hurdle towards its wide range applicability. But because of the development of some powerful
statistical tools, this issue has greatly been resolved (Yu et al., 2006). For instance, HE et al.,
(2017) suggested an innovative restricted two-stage multi-locus GWAS procedure (RTM-
GWAS) to resolve the encountered problems. In this method, tightly linked SNPs are grouped
into SNP linkage disequilibrium blocks (SNPLDBSs) to generate multiple haplotypes or alleles
per block/locus to match the multiple-allele property of the natural population. Quite recently
KHAN et al., (2018) used this novel procedure and identified 73 and 38 QTLs with 174 and 88
alleles contributed main effect 40.43 and 26.11% to phenotypic variance (PV) and QTL-
environment interaction (QEI) effect 24.64 and 10.35% to PV for relative root length and
relative shoot length that served as drought tolerance indicators, respectively. However the best
approach would therefore be to combine the two methods of QTL mapping (traditional linkage
mapping and AM) to minimize each other’s limitations with maximum accuracy and utilization
of resources (MAHUKU et al. 2016). Keeping in view the wider applications of GWAS, it is
expected that the use of this technique will substantially increase in the years to come.

TRANSGENIC APPROACHES

Transgenic technology has enabled the breeders to overcome the problem of direct gene
transfers between entirely unrelated organisms. This approach carries two basic objectives; first
to know the mechanisms involved in plant’s innate response to stress factor and second to
identify a transgene with a greatest possible impact on the stress itself and quickly being
transferred from laboratory to the breeding programs designed to improve the cultivars
(REYNOLDS et al., 2005). As the regulatory networks underlying the abiotic stress factors are
fully explored, more and more so-called candidate genes can be identified to be used to develop
transgenic plants (BARNABAS et al., 2008; FLEURY et al., 2010). The subtle examples depicting
the power of transgenes in soybean for drought tolerance is shown in Table 2. Naturally plant are
bestowed upon with stress sensor signals able to perceive the external stress and thereby
activating the transcription factors leading to the activation of cascade of genes making the plant
to withstand that particular stress factor. Transcription factors (TF) is an important class of genes
that up or down-regulate other genes especially at the time of stress. Most important and well-
studied class of transcription factors is drought responsive element binding (DREB) factors have
been identified in regulating gene expression under drought, salt and cold stresses in Arabidopsis
(YAMAGUCHI-SHINOZAKI and SHINOZAKI, 1994). GAO et al., (2005) observed improvement in
wheat against drought and salt stresses by expression of stress inducible TF GmDREB from
soybean. Similarly cHEN et al. (2007) isolated a novel DREB homologous gene, GmDREB?2
from soybean and further found that the over-expression of GmDREB?2 activated expression in
transgenic Arabidopsis and tobacco, resulted in enhanced tolerance to drought and high-salt
stresses.

GUTTIKONDA et al. (2014) introduced the Arabidopsis thaliana DREB1D TF driven by
the constitutive and ABA-inducible promoters into soybean through Agrobacterium tumefaciens-
mediated gene transfer. Transgenic plants showed differential drought tolerance responses with a
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significantly higher survival rate compared to non-transgenic plants when subjected to
comparable severe water-deficit conditions. A novel basic leucine zipper (bZIP) TF gene,
GmbZIP1 was isolated from soybean cultivar Tiefeng 8 by Gao et al., (2011). They found the
expression of GmbZIP1 was highly induced by ABA, drought, high salt and low temperature in
soybean roots, stems and leaves under different stress conditions. They also observed a greater
tolerance to drought, salt and cold stresses due to GmbZIP1-overexpressing in transgenic
Arabidopsis, tobacco and wheat plants. Similarly DE PAIVA ROLLA et al. (2014) transformed
soybean with AtDREB1A for tolerance to drought. They also observed significant augmentation
in yield components when the drought stress was introduced. Likewise, LI et al., (2017) found
over-expression of GmFDL19, also a bZIP TF in transgenic soybean leading to increased
tolerance to salt and drought stresses.

Great progress has been made in developing transgenic lines over-expressing the
transgenes. However mere over-expression has proven to be a futile attempt for durable and
sustained tolerance. As a matter of fact, instead of using single gene, use of multiple genes is
suggested for bigger and better impact (BAJAJ et al., 1999) but is indeed a daunting undertaking.
Nonetheless these transgenic plants can greatly help us in understanding and elucidating the
responses of plant towards stress. But since the degree of drought significantly varies in field, the
trangene expression may differ than what is observed in laboratory or green house conditions.
Until recently FUGANTI-PAGLIARINI et al., (2017) transformed soybean with DREB and ABA.-
responsive element binding (AREB) TFs and evaluated their performance in field conditions and
quite encouraging results for drought tolerance were obtained. This further necessitates
continuous and replicated field based evaluations over a range of environments and across
different genetic backgrounds to clearly observe the effectiveness of this technology
(NAKASHIMA et al., 2014).

Table.2. List of transgenic lines developed in soybean for drought tolerance®

Gene Encoded product Donor Transformation Trait(s) observed Reference
organism method
P5CR L-Al-pyrroline-5- Arabidopsis Agrobacterium The transgenic soybean DE RONDE
carboxylate vacuum plant were subjected to etal,
reductase infiltration drought and heat stress. (2004)
transformation The sense plant showed
procedure mild symptoms of stress
while the antisense were
severely stressed
GmMYB76, MYB DNA- Soybean Agrobacterium- The three GmMYB genes LIAO et al.,
GmMYB92, binding domain mediated gene played a differential role (2008)
and transformation to stress tolerance in
GmMYB177 transgenic Arabidopsis
plants
GmUBC2 Ubiquitin- Soybean Agrobacterium- Transgenic Arabidopsis ZHOU et
conjugating mediated gene plants over-expressing the al., (2010)
enzyme transformation gene showed enhanced

tolerance to drought and
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salt
GmNAC11 Proteins localized Soybean Agrobacterium Over-expression of HAO et al.,
and to the nucleus and rhizogenes- transcription factors (2011)
GmNAC20 bound to the core mediated promote abiotic stress
DNA sequence transformation tolerance and lateral root
CGT[G/A]. formation in transgenic
tobacco and soybean
plants
AtMYB44 MYB DNA- Arabidopsis Agrobacterium Expression of gene SEOetal,,
binding domain tumefaciens conferred drought/salt (2012)
stress tolerance in
transgenic soybean
LOS5/ABA3 Molybdenum Arabidopsis ~ Agrobacterium- Expression of Lletal.,
cofactor mediated gene LOS5/ABA3 was up- (2013)
sulphurase transformation regulated by drought
stress, which led to notable
increase in ABA
accumulation.
Furthermore transgenic
soybean under drought
stress had reduced water
loss by decreased stomatal
aperture size and
transpiration rate
AtAREB1 Leucine Arabidopsis Biolistic Transgenic soybean plants  BARBOSA
zipper (bZIP) transformations with improved water stress etal,
protein that tolerance were observed. (2013)
regulates abscisic
acid (ABA)-
dependent stress-
responsive gene
expression
GmPOI Pollen_Ole_e_|I Soybean Agrobacterium- The soybean plants over- SONG et
conserved mediated gene expressing GmPOI al., (2013)
Domain transformation showed higher tolerance
to drought stress than wild
types
GmEXP1 Expansin proteins Soybean Agrobacterium- Transgenic tobacco plants LOetal.,
mediated gene over-expressing the gene (2015)

transformation

showed enhanced
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tolerance to drought.

Arabidopsis Biolistic and Results showed that the MARINHO
AtAREB1 Leucine Agrobacterium- constitutive over- etal,
zipper (bZIP) mediated gene expression of TF (2015)
protein that transformations AtAREBLI lead to an
regulates abscisic improved capacity of the
acid (ABA)- soybean crop to cope with
dependent stress- drought with no yield
responsive gene losses.
expression
BADH Betaine aldehyde Atriplex Agrobacterium- Transgenic soybeans QINetal.,
dehydrogenase canescens mediated gene expressing BADH showed (2017)
catalyses the transformations increased
oxidation of drought tolerance

betaine aldehyde
to glycine betaine.

2 Similar studies reported in text have not been mentioned in this Table.

POTENTIAL OF FUNCTIONAL GENOMICS

Plant functional genomics is a rapidly evolving discipline concerned with knowing the
function of genes. Since the drought tolerance is complex, so it is almost imperative to have in
depth knowledge of hundreds and thousands of up or down regulated genes or proteins involved
in the process. Expressed sequence tags (ESTs) are random sequences of gene transcripts,
considered to be novel genomic tool for gene identification. The generation of ESTs from cDNA
libraries and complete genome sequence information in Arabidopsis, rice and soybean provide
valuable information about gene discovery (SREENIVASULU et al., 2007; scHMUTZ et al., 2010).
These ESTs are crucial for accurate genome annotation; provide valuable information about gene
structure, expression patterns and transcript abundance (SEkI et al., 2002; UMEZAWA et al.,
2008). Full-length cDNAs (obtained by reverse transcribing the mRNA) are regarded as robust
tools functionally analyzing the genes and thus serve as a precious source for the improvement of
soybean drought stress tolerance. UMEZAWA et al., (2008) obtained 6,570 new full-length
sequences of soybean cDNAs derived from tissues treated with different abiotic stresses. With
the advancement of DNA microarray technology, several hundred stress induced genes have
been identified in plants and has indeed revolutionized the global gene expression profiling
system (UMEZAWA et al., 2006; viJ and TYAGI, 2007). Another method being used to elucidate
the gene function is antisense- and RNA interference (RNAIi)-mediated transcriptional gene
silencing (as reviewed by MANAVALAN et al., 2009) and their involvement in drought tolerance
in soybean was demonstrated by KULCHESKI et al., (2011). A relatively cost effective high-
throughput gene sequencing technique known as RNA- sequencing (RNA-seq) is in use has
several advances over microarray technology considering the fact that RNA-seq does not require
gene information and is capable of identifying novel transcripts that were previously unknown
and also providing opportunities to analyze non-coding RNAs (DESHMUKH et al., 2014). CHEN et
al., (2016) used Illumina RNA-seq transcriptome profiling to study differentially expressed
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genes (DEGSs) under drought and flooding conditions. A total of 2724 and 3498 DEGs were
identified comprising of 289 TFs.

Similarly other functional genomics tools like serial analysis of gene expression
(SAGE), array-based transcript profiling technologies and quantitative real time PCR (QRT-
PCR) are in use to access the function of genes expressed in drought stress (SREENIVASULU et
al., 2007). Although we have not been able to realize the full potential of these tools, yet the
availability of these functional genomics approaches coupled with the transgenic breeding opens
a new exciting venture for soybean breeding leading us to a better understanding of the
expression patterns of genes not only concerned with drought but also for other stresses too
(TRAN and MOCHIDA, 2010).

THE WAY AHEAD

Due to climatic changes, there will be increased occurrences of drought spells during
the crop growth periods, and global food production will continue to be challenged. In that
respect the demand for food is expected to rise with increasing world population; and therefore
improving crop productivity to ensure yield on sustainable basis is imperative. Legumes are rich
in proteins and thus have a unique role in alleviating the hunger and poverty from the world and
thus leading to a sustainable agriculture. Soybean being one of the most important legumes is
globally recognized as an important oil and food crop while drought being the most significant
environmental stress hampering its production. Drought tolerance in a complex trait thus poses a
significant challenge for the breeding programs destined to develop the soybean cultivars
tolerant to drought. Conventional plant breeding has been and will likely to a potential key
player keeping in view the climatic scenarios and addressing the food security issues around the
globe. Dawn of molecular age has laid down the solid foundation for molecular breeding that has
now emerged as a promising tool to overcome the barriers imposed by the conventional
breeding. ldentification of drought related putative QTLs coupled with MAS hold a tremendous
potential to breed for drought tolerance in soybean. In addition to QTL mapping derived from
biparental population, association mapping (LD) including GWAS further accelerates the
dissection of complex traits by careful screening of large number of soybean accessions carrying
the genetic variability. Genetic engineering is also an effective approach to deal with the current
scenario. A number of candidate genes for drought tolerance have been incorporated from
different crops to soybean. However more extensive work is still needed to judge the stability of
these transgenic lines in field conditions. The completion of soybean genome sequence and
beginning of functional genomics prove an invaluable source of elucidating and dissecting the
gene regulatory networks allowing us to decipher the riddle of plant resistance towards drought.
These approaches will certain to provide impetus to our breeding programs mostly thriving on
conventional means, to combat the global issues related to climatic changes. We conclude by
saying that for the better and comprehensive understanding of soybean crop response towards
drought, an interactive and holistic approach integrating the breeding, genomics and molecular
biology disciplines, is required to a much greater extent than currently being implemented for
envisioning the long standing goal of getting good quality, high yielding drought tolerant
soybean.
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DOSTIGNUCA 1 PERSPEKTIVE MOLEKULARNOG OPLEMENJIVANJA ZA
TOLERANTNOST PREMA SUSI KOD SOJE (Glycine max (L.) MERR.)
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lzvod

Stres stresa je jedno od najozbiljnijih ograniCenja proizvodnje soje Sirom sveta, dok je tolerancija
za susu jedno od najsloZenijih svojstava za oplemenjivaée soje. Zbog kompleksne (kvantitativne)
prirode osobine tolerancije za susu, napredak u razvoju biljaka koji su tolerantni za susu je spor.
Molekularno oplemenjivanje stoga se pojavilo kao neophodan pristup u programima
oplemenjivanja soje. Dostupan je veliki broj genetskih informacija u vezi sa funkcionalnom
genomikom i drugim molekularnim resursima. Efikasna i upecatljiva upotreba ovih resursa
svakako ¢e olaksati oplemenjiva¢ima da razvijaju sorte soje tolerantne na susu.
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