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Abstract
Drought is one of the most important abiotic stresses and severely affects
global agricultural production. Root system architecture (RSA) is the key
determinant of water acquisition under moisture stress, and therefore has
utility in breeding for drought tolerance in sorghum. Various components
of RSA are known to influence drought tolerance in sorghum without any
negative impact on yield. The growth angle of nodal roots is an important
target trait for improving drought tolerance. Genetic variation for nodal
root angle has been reported in sorghum, and this has been associated with
grain yield under drought stress. Rapid advances in sorghum genomics
have led to the identification of various quantitative trait loci (QTL) gov-
erning RSA, but the accuracy and preciseness in identification of QTL is
the major hindrance in development of drought-tolerant cultivars through
genetic manipulation of root traits. Hence, the complex genetic control of
RSA and the lack of a high-throughput phenotyping platform have
hampered integration of selection for RSA in breeding programs. These
limitations can be overcome by designing a robust phenotyping platform
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that can maximize heritability and repeatability of RSA. Inclusion of the
extensive phenotyping information with the recently developed genomic
resources of sorghum will lead to mining of alleles that govern RSA and
tailor a cultivar harboring genes for RSA that improve sorghum
production under drought stress. This chapter provides an overview of
the latest developments in RSA research in sorghum and gives direction to
future breeding strategies to enhance the genetic gain for root traits.

1 Introduction

Drought is one of the most important abiotic
stresses that can severely affect crop production
by preventing plants from expressing their full
yield potential (Mitra 2001). Moisture stress
alone causes 70 % of agricultural yield loss
across the globe (Jha et al. 2014). Worldwide,
sorghum [Sorghum bicolor (L.) Moench] is the
fifth most important cereal crop after wheat, rice,
maize, and barley. Sorghum is predominantly
cultivated in dryland areas of the world due to its
good adaptation to moisture-limited environ-
ments. World sorghum production has had a
slight increase from 60–65 metric tons over the
past decade (Mutava et al. 2012), in spite of
reduction in area to the tune of 154,000 ha
year−1 (Rakshit et al. 2014). However, predic-
tions of increased frequency of drought as a
result of accelerated climate change (IPCC 2012)
may adversely affect its yield potential in the
semi-arid tropics, imposing a threat to the food
security in these regions. Therefore, genetic
improvement of sorghum is necessary for
drought adaptation in variable climatic condi-
tions and this has been the major focus of sor-
ghum breeding programs around the world.

Because of the unpredictable nature of the
timing and intensity of occurrence of drought
stress, breeding for drought tolerance has always
been a challenging task for sorghum. Past efforts
to improve drought tolerance in sorghum were
largely focused on genetic and physiological
aspects of aboveground plant parameters, namely
stay-green (Rosenow et al. 1983; Tuinstra et al.
1996; Sanchez et al. 2002; Vadez et al. 2011;
Jordan et al. 2012; Borrell et al. 2014),

photosynthetic parameters (Tingting et al. 2010;
Li et al. 2011), canopy temperature and leaf
rolling (Blum et al. 1989; Mutava et al. 2012),
and osmotic adjustment (Girma 1989; Girma and
Krieg 1992; Patil and Ravikumar 2011). How-
ever, very few efforts have been made to improve
the root system architecture (RSA), which is the
key determinant of the ability of a plant to access
water and nutrients to support shoot growth in
moisture stress conditions. Studying the root
system is complex, tedious, and expensive
compared with aboveground components.

RSA refers to the spatial and temporal con-
figuration of roots in the soil and is used to
describe the shape and structure of root systems
(de Dorlodot et al. 2007). In cereals, RSA is of
fundamental importance to soil exploration and
belowground resource acquisition, which ulti-
mately determines the yield potential of cultivars
in drought-prone environments. Simulation
studies on maize suggested that manipulation of
RSA and associated soil water capture are the
main reasons for increasing yield trend of the US
corn belt (Hammer et al. 2009). Likewise, studies
on wheat demonstrated that selection for narrow
root angle and higher number of seminal roots
could significantly improve the water capture
mechanism in dryland cropping regions (Asseng
and Turner 2007; Manschadi et al. 2008; Lilley
and Kirkegaard. 2011). Taking into account the
ample genetic variability in root traits in different
crops (e.g., rice, Kato et al. 2006; wheat, Man-
schadi et al. 2008; Nakhforoosh et al. 2015;
sorghum, Singh et al. 2011), it can be expected
that genetic manipulation of RSA is a feasible
agronomic option to improve drought adaptation
of sorghum. With the aid of high-throughput root
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phenotyping platforms and advanced genotyping
tools, genes related to root morphological char-
acteristics and physiological functions can be
identified or cloned, which will present an
opportunity for further improvement of crop
productivity in moisture-limited environments.

Sorghum, by virtue of its adaptation to
moisture-limited environments, is known to
possess a vertically oriented, uniformly dis-
tributed, and deep root system, but very little is
known about the role of various RSA component
traits in plant adaptation to harsh environments.
Nodal roots are particularly important in sor-
ghum as they have a major influence on devel-
opment of RSA as the plant matures (Blum et al.
1977; Singh et al. 2012). However, genetic
control and physiological aspects related to water
and nutrient transport via RSA and the nodal root
system are barely explored. One reason for the
scarcity of data on sorghum root characteristics is
the unavailability of a high-throughput pheno-
typing platform for robust root screening that can
be applied on a large scale. Nonetheless,
screening techniques for rooting depth, root
angle, and distribution have been developed for
other cereals (Oyanagi et al. 1993; Bengough
et al. 2004; Hargreaves et al. 2009) and com-
bined with the advancement in genotyping tools,
this has led to the identification of a number of
quantitative trait loci (QTLs) and candidate genes
related to root morphological characteristics and
physiological functions for those crops. This has
opened an opportunity for further improvement
of crop productivity in moisture-limited envi-
ronments through root system modifications.
None of these techniques has been applied or
tested at the scale of a breeding program, in
particular in sorghum. Research at University of
Queensland, Australia on the morphology and
genetics of sorghum root systems identified
genotypic variation in nodal root angle that can
inform breeding priorities in selection for RSA
(Singh et al. 2010, 2012).

This chapter provides a review of RSA
research in sorghum. First, we provide an over-
view of recent developments in root phenotyping
platforms that can thoroughly investigate the
structural and functional aspects of RSA.

Second, we provide an overview of cereal root
structure with particular reference to sorghum
influencing drought tolerance and impact of
moisture stress on RSA. Additionally, we pro-
vide a critical appraisal of existing genetic vari-
ation for root traits and their genetic control.
Finally, the prospects of deploying root traits to
improve drought tolerance through molecular
breeding approaches are discussed.

2 High-Throughput Phenotyping
Platforms for Screening Root
Architecture

Recent availability of multiallelic resources such
as backcross (BC)-nested association mapping
(NAM) population (Jordan et al. 2011), which
offer power to dissect complex quantitative traits
along with advances in genomic resources
including development of the consensus genetic
map (Mace et al. 2009) and availability of rese-
quencing data (Mace et al. 2013) in sorghum
have the potential to provide a thorough insight
on genetic control of RSA. Despite rapid
advances in sorghum genomics, the scarcity of
low-cost and high-throughput phenotyping plat-
forms for screening RSA parameters remains a
major obstacle to elucidate the underlying
genetic control and to incorporate such traits in
breeding programs through marker-assisted
selection (MAS). A detailed list of various phe-
notyping methods utilized for studying the
genetic and physiological basis of root traits in
cereals is presented in Table 1. Currently, the
most widely used methods for RSA phenotyping
are those that are carried out in controlled con-
ditions using hydroponics, gel chambers, soil,
and other artificial substrates (Clark et al. 2011,
2013; Planchamp et al. 2013). Supported with
novel 2D and 3D imaging platforms, these
methods allow measurement of root traits with
high resolution, precision, and accuracy (van
Weele et al. 2003; Bengough et al. 2004; Basu
et al. 2007; Clark et al. 2011). These methods
have proven their utility in characterization of
embryonic seminal roots in cereals (Hund et al.
2009; Planchamp et al. 2013; Richards et al.
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2015). However, these methods are of little
importance for sorghum as seminal roots do not
constitute the major proportion of the mature root
system and the postembryonic nodal roots dom-
inate the RSA of mature plants. Furthermore, late
appearance of nodal roots (sixth leaf stage, nearly
3 weeks after planting) and the larger size of the
root and shoot system at this stage impose
restrictions on utilizing these methods for phe-
notyping nodal roots mainly for genetic mapping
studies. Despite their major importance, only few
methods are available for phenotyping of nodal
roots. The split pot system in wheat (Volkmar
1997) and paper pouch method in maize
(Hochholdinger et al. 2004a) were developed to
differentiate primary seminal roots from nodal
roots. Rostamza et al. (2013) utilized the split pot
system adopted from Volkmar et al. (1997) to
investigate the effect of varying water supply on
nodal roots of sorghum. However, these methods
are not suitable for large-scale phenotyping of
nodal roots. Singh et al. (2010) proposed a root
chamber-based method to screen nodal root
angle in sorghum precisely. The root chamber
method is a greenhouse-based high-throughput
phenotyping platform designed to study nodal
roots in sorghum. The phenotyping platform
includes specially built root observation cham-
bers (60 cm � 40 cm � 3 mm) filled with soil.
These chambers support the growth of sorghum
plants up to the sixth leaf stage and the trans-
parent Perspex sheets on both sides enable
viewing and capturing images of nodal roots.
This phenotypic platform has proven its utility in
quantifying the genetic variation for nodal root
angle across a diverse range of inbred lines and a
biparental mapping population (Singh et al.
2011; Mace et al. 2012). Le Marié et al. (2014)
proposed a paper based on nondestructive,
high-throughput phenotypic method called “rhi-
zoslides” in maize. The advantage of rhizoslides
over previously developed paper-based methods
is that they allow characterization of nodal roots
in cereals by physically separating them from
embryonic seminal roots through different layers
of rhizoslide sandwich construction. Both root
chambers and rhizoslides were designed

primarily to phenotype nodal roots at the seed-
ling stage, which makes them unsuitable to
phenotype RSA at the adult plant stage. As an
alternative, Traschel et al. (2011) proposed a
field-based method “shovelomics”, which visu-
ally scores post-embryonic root architectural
traits at the flowering stage. In shovelomics,
roots were excavated by standard shovels, which
are capable of removing a soil cylinder of 40 cm
diameter and 25 cm depth. After excavation
roots were thoroughly washed in water contain-
ing a mild detergent to remove soil. The washed
roots were visually scored for root angles using a
1 (shallow root angles, 10°) to 9 (steep root
angles, 90°) scale. In addition to visual scoring,
root angles were measured by placing washed
roots on a phenotyping board fitted with a large
protractor. Significant correlations between
measured and visually scored trait values for
growth angles of crown and brace roots con-
firmed accuracy and reliability of the method.
The shovelomics approach has been utilized to
quantify visually the excavated structure of the
root crown in 218 recombinant inbred lines
(RILs) of maize (Traschel et al. 2011). However,
manual scoring of RSA traits is prone to error
and imposes limitations on both the number of
traits measured and number of genotypes
screened. Recently, a high-throughput imaging
system, which facilitates estimation of root traits
based on digital images taken under field con-
ditions was proposed to overcome the problems
associated with manual scoring of the shov-
elomics approach (Bucksch et al. 2014).

Inaccurate phenotyping due to the lack of
high-throughput root phenotyping platforms
often leads to imprecise QTL identification.
Therefore, immediate attention needs to be
placed towards developing high-throughput
phenotyping methods because it may be the
only way to derive valid conclusions. However,
each phenotyping method has its own limita-
tions. For instance, extracting the intact roots and
avoiding damage to finer components of RSA
such as root tip and root hairs is the major
problem of field-based screening methods. The
currently used controlled environment
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phenotyping methods are also not an effective
solution, because RSA is influenced by various
soil parameters that cannot be reproduced in
artificial growth systems. Mathematical simula-
tion of RSA with models, which are better
equipped to integrate the complex biological,
physical, and chemical factors affecting roots in

soil, can be utilized as an alternative approach for
root phenotyping. Simulation packages, such as
SimRoot have been specifically designed to study
RSA and are capable of integrating soil hetero-
geneity and plasticity of root responses to soil
factors into one mathematical framework (Lynch
et al. 1997).

Table 1 List of various phenotyping methods used for characterization of RSA in cereals

Phenotyping
method

Screened root traits Stage for
phenotyping

Crop Reference

Clear pot method Seminal root number (SRN), seminal root angle
(SRA)

5 DAS (SRA)
11 DAS (SRN)

Wheat Richard et al.
(2015)

Gellan gum growth
method

Median and maximum number of roots, average
root radius, specific root length, total surface area,
total root length, depth, volume, length
distribution, maximum horizontal width, and
width-to-depth ratio

14 DAS Rice Iyer-Pascuzzi et al.
(2010)

Gel observation
chamber method

Root length, elongation rate, longest root, deepest
root, SRN, and SRA

9 DAS Barley,
wheat

Bengough et al.
(2004),
Manschandi et al.
(2008)

Growth pouch
method

Axile and lateral root growth, SRA, SRN 3–7 DAS
(axile and
lateral root
growth
20 DAS (SRN
and SRA)

Maize,
wheat

Hund et al. (2009),
Richard et al.
(2015)

Hydroponics Root thickness, dry root weight, root volume,
RLD, primary root growth, total root growth

4 DAS Rice,
maize

Clark et al. (2013)

Rhizoslides Embryonic and post-embryonic root traits 20 DAS Maize Le Marie et al.
(2014)

Root box method Number of roots, root length, root thickness, dry
root weight

56 DAS Rice Kono et al. (1987),
Price et al. (2002)

Root chamber
method

Nodal root angle 21 DAS Sorghum Singh et al. (2010)

Root Trak method
(X-ray computed
tomography)

Maximum root system depth and maximum root
system width

21 DAS
(maize)
10 DAS
(wheat)

Maize,
wheat

Mairhofer et al.
(2012)

Soil coring method Rooting depth, root penetration rate, density,
deeper rooting length, and root distribution

At maturity Wheat Wasson et al.
(2014)

Shovelomics Number of brace root whorls, brace root number,
brace root angle, brace root branching, crown root
number, crown root angle, crown root branching

At flowering Maize Trachsel et al.
(2011)

Wax layer
method/fabric
cover method

Root penetration ability 24 DAS Rice Yu et al. (1995),
Price et al. (2000)
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3 Root System Architecture
in Cereals

3.1 RSA of Sorghum

Root system development of sorghum passes
through the same sequence of events as that of
the shoot. The hypocotyl or mesocotyl that
emerges from the seed develops into leaves,
stems, and reproductive organs and branches of
the shoot. Likewise, for the root system, the
radicle or primary root emerges first followed by
the emergence of secondary roots, nodal roots,
and lateral root branches. The structural and
functional aspects of root and shoot are quite
different, but the growth and development of
these two systems are interdependent (Gregory
1983; Klepper et al. 1984).

In general, the RSA of cereals is complex and
comprises several root types at various develop-
mental phases. It is primarily composed of
embryonic seminal and post-embryonic
shoot-born nodal roots (Esau 1977; O’ Toole
and Bland 1987; Gregory 2006). In other cereals
including maize, wheat, and rice, secondary
seminal roots emerge about four days after ger-
mination, bearing first- and second-order lateral
branches (Feldman 1994). Sorghum, however, is
characterized by a sole primary seminal root
(Singh et al. 2010) that originates as a radicle in
the embryo and becomes visible only two or
three days after germination. The post-embryonic
shoot-born roots emerge from consecutive
underground and aboveground nodes of the stem
and are called nodal and brace roots, respectively
(Hochholdinger et al. 2004a; Singh et al. 2010).
Considerable variation has been reported in the
timing of emergence of nodal roots in cereals.
For example, the nodal root in maize emerges
approximately 7 days after germination (second
leaf stage), whereas in sorghum it appears
approximately 21 days after germination (fifth to
sixth leaf stage; Feldman 1994; Singh et al.
2010). Successive flushes of nodal roots emerge
from successive stem internodes at a rate that is
similar to leaves, such that the total number of
nodal roots increases as the shoot grows (Klepper
et al. 1984). By contrast, brace roots emerge

much later, approximately 7 weeks after germi-
nation (Hochholdinger et al. 2004b).

The root system of sorghum grows around 2–
3 cm per day (Dardanelli et al. 1997; Whish et al.
2005; Singh et al. 2010) and its maximum size is
reached around anthesis (Gregory 2006). How-
ever, some roots survive for only a few days and
remain short, whereas others may continue to
grow for weeks and grow much longer. Contra-
dictory reports on the functional life of various
root types create complications in attempting to
understand the development of the root system.
For instance, some researchers reported that
seminal roots can persist and remain functional
throughout the life cycle of the plant (Kiessel-
bach 1949; Kausch 1967; Kozinka 1977;
McCully and Canny 1988; Gregory 2006),
whereas others have observed that the primary
and other seminal roots die after the development
of nodal roots (Lawson and Hanway 1977; O’
Toole and Bland 1987; Feldman 1994). In sor-
ghum, the seminal root system generally consti-
tutes only 1–14 % of the mass of the entire root
system (Singh 2010). Routley et al. (2003)
reported that sorghum nodal roots may grow to
depths of 2 m by the initiation of flowering, and
can efficiently extract water to a distance of
1.6 m from the plant. Generally, growth of nodal
roots ceases after flowering. However, in some of
the stay-green sorghum genotypes active growth
of nodal roots has been reported up to the
grain-filling phase (Robertson et al. 1993).

Anatomical organization of roots has not been
well studied in sorghum. It has been observed
that sorghum genotypes with large xylem vessel
diameter in both seminal and nodal roots were
better adapted to drought-prone environments
(Amelework et al. 2015). Hochholdinger et al.
(2004b) provide a comparative overview of root
anatomy of cereals and Arabidopsis. Generally,
the cereal roots comprise 8–15 layers of root
cortical cells and one endodermal cell layer,
whereas the Arabidopsis roots comprise a single
endodermal and cortical layer. In cereals, the
quiescent center (QC), a central region of the root
tip, consists of 800–2000 cells whereas the
Arabidopsis QC contains only four cells (Jiang
et al. 2003). Lateral roots in cereals originate
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from pericycle and endodermis cells, whereas in
Arabidopsis lateral roots originate only from
pericycle cells (Fahn 1990; Beeckman et al.
2001). Vascular cambium, which replaces the
dead or old xylem vessels with new ones, is
absent in cereal roots, yet is an integral part of
dicotyledonous roots. Vascular segmentation
offers flexibility over the lack of cambia by
forming “safety zones” in cereal roots, which
protect them from cavitation and embolism at the
root–shoot junction during moisture or freezing
stress (Luxova 1986). Functional xylem anatomy
reveals that the development of vascular seg-
mentation in the root–shoot junction varies
among cereal species. For example, cereal spe-
cies, namely, rye, wheat, and barley, which
develop several seminal roots, exhibit a high
degree of vascular segmentation that results in
formation of safety zones at the root–shoot
junction. On the other hand, sorghum, which
typically develops a single primary seminal root,
contains unsafe vessels and exhibits a smaller
degree of vascular segmentation (Luxova 1989;
Aloni and Griffith 1991). Appearance of nodal
roots in later stages of plant development pro-
vides some flexibility over the lack of vascular
cambia in sorghum.

3.2 Genetic Variation for RSA
in Sorghum

To a large extent, success of any crop improve-
ment program depends on existing genetic vari-
ability in crop germplasm. Keeping this in view,
studies were conducted to investigate the extent
of genetic variation for root traits in sorghum.
For instance, Damodar et al. (1978) observed
significant genetic variation for vertical distribu-
tion of roots for 11 sorghum genotypes evaluated
in moisture-limited environments. Wright et al.
(1983) reported greater root length density for
drought-tolerant sorghum cultivar E-57 espe-
cially below 80 cm, compared with a
drought-susceptible sorghum cultivar, TX-671.
As a result, the tolerant genotype extracted more
water from below 80 cm after the booting stage.
Similarly, Irwin et al. (1985) identified two

distinct phenotypic classes for root angle in a set
of 11 hybrids in sorghum, which included a
horizontally oriented and a more vertically ori-
ented nodal root system. However, their study
did not relate the structural difference to function.
Observation of distinct classes for root orienta-
tion among genotypes provides ample scope for
its improvement through breeding. Likewise,
Singh et al. (2011) observed a wide range of
nodal root angle (14°–50°) in a set of 44 inbred
lines and 30 hybrids. In addition to nodal root
angle, they observed significant genetic variation
for root length, root diameter, and root dry
weight among the inbreds and hybrids. Interest-
ingly, they observed a weak association between
nodal root angle and plant size (root weight,
shoot weight, and leaf area). The weak associa-
tion indicates that nodal root angle and plant size
are governed by different mechanisms for
drought adaptation to water-limited environ-
ments. Mace et al. (2012) also observed a wide
range of genetic variation for nodal root angle
(14.6°–32.3°) in a set of 141 recombinant inbred
lines of sorghum derived from a cross between
inbred lines B923296 (narrow root angle, 18.3°)
and SC170-6-8 (wide root angle, 32.3°).

In any crop species, landraces offer a great
genetic potential for both biotic and abiotic stress
tolerance due to their adaptation to wide agroe-
cological niches and they are not subjected to
selection over a long period of time. Sorghum
landraces by virtue of their wide adaptation to
moisture- and nutrient-limited environments offer
great scope for genetic manipulation of RSA.
Keeping this in view, Ali et al. (2009) investi-
gated the genotypic variation for root traits in
local landraces of Pakistani origin and observed
considerable genetic variation for dry root
weight, which is an important determinant of
drought tolerance in sorghum.

Although a vast genetic variation for many
drought-adaptive traits has been reported in sor-
ghum, surprisingly very limited work has been
done on the RSA. The above-mentioned reports
have presented sufficient evidence of genotypic
variation for root traits; however, these studies
have focused on a limited set of genotypes with a
narrow genetic base. Thus an exhaustive search
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of potential donors to root traits is the foremost
step in genetic manipulation of RSA to enhance
drought adaptation of sorghum. Given the con-
text, a list of the genotypes identified as a
potential source for root traits contributing to
drought tolerance in sorghum is presented in
Table 2. These sources can be utilized as potent
sources for introgressing the quantitative trait
loci governing superior root traits to
drought-susceptible genotypes.

3.3 Impact of Moisture Stress on RSA
of Sorghum

Soil water content strongly influences root mor-
phology, root anatomy, and the overall pattern by
which different components of RSA contribute to
water transport (Salih et al. 1999). Various
authors have studied the impact of moisture
stress on the sorghum root system. Nivedita et al.
(1992) reported that a gravimetric moisture
content of less than 19 % and bulk density of
1.65 g cm−3 were detrimental to germination as
well as seedling emergence in sorghum and pearl
millet under moisture stress. Passioura (1982)

reported that extreme moisture stress imposes a
negative effect on RSA by impeding growth and
development of nodal roots, which often results
in complete crop failure. A contrasting distribu-
tion profile of nodal roots under varying soil
water regimes has been observed in sorghum.
For instance, watering of the top soil around the
plant crown can lead to the formation of new
nodal roots, whereas the extension rate of exist-
ing nodal roots is inhibited (1984). This type of
growth pattern ultimately results in a horizontally
distributed and shallow RSA. In contrast, a
marked reduction in the number of new nodal
roots and an increase in the extension rate of
existing roots were observed when growing
conditions changed from wetter to drier (Jordan
et al. 1979), resulting in a more vertically ori-
ented RSA with more uniform root distribution at
deep soil layers. Likewise, Pardales and Kono
(1990) observed that seminal and nodal roots
responded differently to rewatering of stressed
sorghum plants, with a significant increase in
both the number and length of nodal roots, but no
response of seminal roots to rewatering. Rosta-
maza et al. (2013) performed a comparative
analysis of the response of sorghum and pearl

Table 2 Sources of superior root traits contributing drought tolerance in sorghum

RSA component Source Reference

Narrow nodal root angle R993396, B923296, SC56-14E, BTx642,
R931945-2-2, ATx642 � RQL36

Singh et al. (2011)

Wide nodal root angle SC999, SC170-6-8, BTx623, ISI2611C,
ATx623 � RTx7000

Singh et al. (2011)

Vertically oriented RSA Aispuri Damodar et al. (1978)

Extensive lateral root
development

IS 9673, IS 9183, B 36-1, and IS 9357 Bhan et al. (1973)

Root length density FJS-1, FJS-11, FJSS-17, SSM1611, IS16101,
SSM249

Ali et al. (2009), Chopart
et al. (2008)

Root weight AS2752, AS5057, AS4289, MS7819, IS5379,
AS8038, AS6616, K3, MS7837, ISI2611C, B923296

Vinodhana and Ganesamurthy
(2010), Singh et al. (2011)

Root thickness QL 36, SPV 570, SC636-6, Singh et al. (2011), Rajkumar
et al. (2013)

Higher number of brace
roots

Sansui Li et al. (2014)

Higher number of
primary and secondary
roots

IS 1183, IS 1137 Bhan et al. (1973)
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millet nodal roots to varying moisture regimes.
The investigation revealed that differences
between two species were associated with root
branching and nodal root length which influ-
enced the water uptake pattern. Faster root
branching rate and increased nodal root length
were the key factors for more plastic response of
pearl millet than sorghum to moisture stress.

Root elongation rate (RER) is one component
of RSA that is strongly affected by a variety of
soil factors: water and nutrient availability
(Dunbabin et al. 2000), soil temperature (Diggle
1988; Pages and Jordan 1989), and soil bulk
density (Clausnitzer and Hopmans 1994). In
general, low soil water content inhibits RER
(Salim et al. 1965) and leads to thinner roots
(Sharp et al. 1988) and poor lateral branching
(Stasovski and Peterson 1991). Changes in
growth angle of roots have also been observed
with varying moisture regime in cereals (Oyanagi
et al. 1993). Soil water content along with several
other factors therefore can play an important role
in modifying root architecture and functioning
for plant survival and growth in given
environments.

3.4 Key Components of RSA
Influencing Drought
Tolerance in Sorghum

Various components of RSA in terms of their
number, length, diameter, weight, volume, den-
sity, surface area, and elongation rate determine
the capacity of sorghum genotypes to survive and
grow in drought-prone environments. Sorghum
genotypes adapted to moisture-limited environ-
ments are often characterized by a deep and
vigorous root system (Blum et al. 1997). Bibi
et al. (2012) assessed the genetic potential of
different sorghum accessions to drought toler-
ance at the seedling stage and reported that root
length was the highest contributor towards
drought tolerance. Many studies have identified
dry root weight and root length density (RLD) as
reliable and easiest root components to determine
the drought tolerance in sorghum (Nour et al.
1978; Matsuura et al. 1996; Ali et al. 2009).

A study by Robertson et al. (1993) in sorghum
indicated a low RLD threshold of 0.2 cm cm−3

above which any increase in RLD would not
increase water extraction. However, Cherif-Ari
et al. (1990) reported a RLD threshold from 0.29
and 0.86 cm cm−3 for sorghum genotypes sub-
jected to moisture stress. Thresholds for sorghum
are generally below those found for maize, for
which values of around 0.5–0.6 cm cm−3 (van
Oosterom et al. 2016) and 1.70–2.56 cm cm−3

(Aina and Fapohunda 1986) have been reported.
Blum and Arkin (1984) observed higher total
cumulative root length and RLD for the late as
compared to early maturing sorghum genotype
under moisture stress. RLD beyond the threshold
can indicate excessive dry mass allocation to
roots at the expense of reproductive organs,
which can negatively affect drought adaptation
(van Oosterom et al. 2016).

Apart from these components, spatial distri-
bution of roots and rooting depth are the critical
factors for determining the drought-tolerance
potential and survival of plants in
drought-prone environments. The importance of
spatial distribution of roots and rooting depth for
crop productivity arises from the fact that soil
resources are haphazardly distributed in time and
space and are subjected to localized depletion in
stress environments (Robinson 1994). This is
especially important in crops such as sorghum, as
they are frequently grown in moisture-limited
environments. Root growth angle is an important
determinant of RSA that strongly influences the
spatial distribution and rooting depth in sorghum.
In fact, the root angle spread at an early growth
stage can serve as a useful predictor of the dis-
tribution and root biomass at the adult stage
(Singh 2010) and may serve as a good reference
point for comparison to other environmental
conditions. Studies have demonstrated that the
vertical distribution pattern of roots as a conse-
quence of narrow root angle enhances the rooting
depth, which is important if water availability in
the upper soil layers becomes insufficient in ter-
minal drought-stress environments (Manschandi
et al. 2008; Hammer et al. 2009; Uga et al. 2011).
On the other hand, wide root angle, which results
in more horizontally distributed and shallow
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RSA, is more relevant in skip-row-management
systems in water-limited environments (McLean
et al. 2003; Whish et al. 2005).

In sorghum, Singh et al. (2012) carried out a
thorough investigation to study the effect of
nodal root angle on the water extraction pattern
of mature sorghum plants. Four inbred lines with
contrasting nodal root angle, SC170-6-8,
SC636-6, B923296, and R931945-2-2, at the
seedling stage were grown up to flowering in
large rhizotrons. The root systems of B923296
(narrow angle) and SC170-6-8 (wide angle)
showed clear differences in vertical and hori-
zontal distribution of roots at flowering.
B923296 had more roots visible against the glass
surface of the rhizotrons than SC170-6-8 at
100 cm depth immediately below the plant,
whereas SC170-6-8 had more roots visible than
B923296 at 80 cm depth, 120 cm away from the
plant. These findings suggest that nodal root
angle at the seedling stage can affect the spatial
distribution of roots of mature plants. Genotypes
with narrow root angle potentially increase root
distribution at depth, which is important if water
availability in the upper soil layers becomes
insufficient to enable the crop to complete its life
cycle. On the other hand, a genotype with wider
root angle but shallower root system may be able
to exploit small events of in-season rainfall from
the upper soil layer.

The role of xylem vessel diameter has been
clearly demonstrated in influencing drought tol-
erance in cereals. For instance, xylem vessel
diameter has been used as an effective selection
criterion in spring wheat breeding programs in
Australia (Richards and Passioura 1989) and rice
breeding programs in Asia (Yambao et al. 1992;
Sibounheuang et al. 2006; Abd Allah et al.
2010), where the goal is to improve water
acquisition from drying soils. In sorghum,
Bawazir and Idle (1989) reported significant
genetic variation for xylem vessel conductivity in
seminal and nodal roots of nine genotypes in
response to moisture stress. Genotypic differ-
ences in drought tolerance between sorghum
cultivars “Tabat” (susceptible) and “Gadambalia”
(tolerant) have been associated with anatomical
components of RSA (Salih et al. 1999). As

compared to drought-susceptible cultivar Tabat,
the RSA of drought-tolerant cultivar Gadambalia
was characterized by its ability to produce a
smaller number of late metaxylem vessels and
presence of sclerenchyma sheath around the
vascular system, which reduced the axial water
flow during moisture stress. Anatomical traits,
root cortical aerenchyma (RCA), cortical cell file
number (CCFN), and cortical cell size (CCS),
were reported to reduce the metabolic cost of root
growth in maize under moisture and
nutrient-limited environments (Lynch 2015). Zhu
et al. (2010) compared maize recombinant inbred
lines (RILs) differing for RCA formation under
moisture stress in the field and soil mesocosms in
greenhouse. In field conditions, lines with high
RCA had high RLD and produced 30 % more
shoot biomass at flowering compared with the
lines with low RCA. On average, high RCA lines
yielded eight times more than low RCA lines. In
mesocosms, high RCA lines were characterized
by less seminal root respiration, deeper rooting,
and greater shoot biomass compared with low
RCA lines. These findings suggested that RCA
deserves consideration as an important compo-
nent of RSA to improve drought tolerance in
cereal breeding programs. Therefore, there is an
urgent need to explore the genetic basis and
functional aspects of root anatomical traits in
sorghum. Identification of genomic regions
governing root anatomical traits would greatly
facilitate their use in sorghum breeding
programs.

4 Genetic Control of RSA
in Sorghum

4.1 Gene Action and Heritability

Prior information on genetic control, prevailing
gene action, and estimates of heritability is
mandatory for designing a suitable breeding
strategy for genetic improvement of any trait.
However, information on gene action and heri-
tability of sorghum root traits is very limited.
Jordan et al. (1979) showed that root characters,
root length, mass, and volume, were
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polygenically controlled. Vinodhana and Gane-
samurthy (2010) reported higher estimates of
phenotypic and genotypic coefficient of variation
coupled with high broad sense heritability and
expected genetic gain for root volume in sor-
ghum. Likewise, high heritability estimates and
genetic advance for other traits, namely, root
length, number of roots per plant, root fresh
weight, root dry weight, and root-to-shoot ratio
in sorghum have been reported (Thudi 2004; Ali
et al. 2009; Rajkumar et al. 2013). Such high
estimates for root traits in sorghum indicate that
they are more likely to be controlled by additive
gene action and selection will be effective for
these traits to improve drought tolerance in sor-
ghum breeding programs. Singh et al. (2011)
assessed the inheritance pattern of nodal root
angle and dry root weight in a set of 44 inbred
lines and 30 hybrids. It was observed that both
traits were polygenically controlled and exhibited
moderate heritability. Although the heritability of
nodal root angle was moderate, its genetic
architecture was not simple, as illustrated by the
significant specific combining ability (SCA) ef-
fects and the high contribution of male and
female interactions to the heritability.

Drought tolerance in plants is often associated
with the capacity of the roots to absorb available
nutrients under moisture-limited environments
(Amelework et al. 2015). For instance, Shang-
guan et al. (2005) reported that hydraulic con-
ductivity of seminal and nodal roots in sorghum
was strongly influenced by phosphorus avail-
ability under water deficiency. Keeping this in
view, efforts were carried out to find the gene
action underlying root length, root dry weight,
and root/shoot dry weight under low phosphorus
availability using the F2 segregating generation
derived from the cross between “B69” and
“Numbu” in sorghum (Trikoesoemaningtyas
et al. 2015). The investigation elucidated that
additive gene action is involved in genetic con-
trol of root length, root dry weight, and
root/shoot dry weight. In addition to this, high
heritability and moderate genotypic coefficient of
variation (GCV) indicated that root length and
root dry weight can be used as selection criteria
in low-P condition at the seedling stage.

In general, high to moderate heritability esti-
mates were reported for the majority of root traits
in sorghum. However, heritability estimates were
thus far mainly calculated based on replications
within homogeneous experimental conditions
under a controlled environment (laboratory/
greenhouse). A decreasing trend in heritabilities
under low nitrogen condition have been observed
for root traits such as root angle and branching
density in maize due to the pronounced effect of
soil heterogeneity (Cai et al. 2012; Colombi et al.
2015). Therefore, it remains to be elucidated
whether heritabilities of root traits stay high in
sorghum, when compared across years and soil
environments.

4.2 Quantitative Trait Loci (QTLs)
Governing RSA

A number of QTLs governing various root traits
in cereals have been identified, which can be
introgressed into drought-susceptible cultivars
through marker-assisted selection (MAS).
Among the cereal species, rice has been thor-
oughly investigated for QTLs controlling RSA
and some of them explained up to 50 % of
phenotypic variability for root traits (Price et al.
1997, 2000, 2002; Uga et al. 2011). Although
various QTLs governing yield and yield com-
ponents, stay-green, flowering, and maturity
under moisture stress have been mapped on 10
linkage groups of sorghum (Sanchez et al. 2002;
Borrell et al. 2006), information on QTLs gov-
erning RSA is still in its infancy in sorghum.
A detailed description of various QTLs govern-
ing sorghum RSA is presented in Table 3. Mace
et al. (2012) for the first time carried out a
comprehensive genetic mapping study to dissect
the genetic control of RSA in sorghum. They
identified four major QTLs governing nodal root
angle and three QTLs controlling root dry weight
(Table 3) in a recombinant inbred line
(RIL) population derived from a cross between
two inbred sorghum lines with contrasting root
angle (B923296/SC170-6-8). Interestingly,
BLAST analysis revealed that three of the four
nodal root angle QTLs were homologous to
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previously identified root angle QTLs in rice and
maize. The locations of the QTLs identified in
the investigation were also projected onto a sor-
ghum consensus map (Mace et al. 2009).
Importantly, all four nodal root angle QTLs
identified in this study were colocated with pre-
viously identified QTLs for stay-green. The
colocation of the QTLs indicated the putative
genetic association between nodal root angle and
the stay-green drought response in sorghum.
Furthermore, a putative association between
three QTLs governing nodal root angle and grain
yield was identified through single marker anal-
ysis conducted on yield data recorded in a subset
of the mapping population grown in hybrid
combination with three different tester lines.

Similarly, Rajkumar et al. (2013) reported colo-
calization of QTL for root volume with QTL for
root fresh weight and root dry weight on chro-
mosome number 4 of sorghum. The colocaliza-
tion of QTLs for root traits in sorghum can assist
in their introgression in drought-susceptible cul-
tivars through MAS utilizing the same linked
markers. Further association analysis revealed
that root-related QTLs identified were quite dis-
tinct from the QTLs governing yield component
traits identified in the same population. However,
a nonsignificant but positive association was
observed between root traits and seed yield/plant.
It is thus possible to combine grain yield and
desirable root traits to enhance productivity
under moisture stress.

Table 3 Details of different QTLs identified for various root traits in sorghum

Root trait Mapping population Markers Identified
QTLs

Linkage
group

Phenotypic
variation
(%)

Reference

Root angle B923296 � SC170-6-8 377 DArT markers qRA1_5,
qRA2_5,
qRA1_8,
qRA1_10

LG 5, 8
and 10

58.16 Mace
et al.
(2012)

Dry root
weight

B923296 � SC170-6-8 – qRDW1_2,
qRDW1_5,
qRDW1_8

LG 2, 5
and 8

32.08 Mace
et al.
(2012)

E36-1 � SPV570 938 markers (270
nongenic nuclear
SSRs, 530
EST-SSRs and 138
SNPs)

qRD4 LG 4 9.21 Rajkumar
et al.
(2013)

Fresh root
weight

E36-1 � SPV570 – qRF4 LG 4 9.21 Rajkumar
et al.
(2013)

Root length E36-1 � SPV570 – qRL4 LG 4 8.33 Rajkumar
et al.
(2013)

Root
volume

E36-1 � SPV570 – qRV1,
qRV4

LG 1
and 4

27.05 Rajkumar
et al.
(2013)

Number of
roots/plant

E36-1 � SPV570 – qRN1 LG 1 17.87 Rajkumar
et al.
(2013)

Root/shoot
ratio

E36-1 � SPV570 – qRS10,
qRS10.1

LG 10 16.03 Rajkumar
et al.
(2013)

Number of
brace roots

Sansui � Jiliang 2 326 SSR markers qRT6,
qRT7

LG 6
and 7

59.5 Li et al.
(2014)
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Root architecture is the key factor in deter-
mining the phosphorus uptake of the cereals in
harsh environmental conditions (Doumbia et al.
1993, 1998). In rice, a major QTL, phosphorus
uptake 1 (Pup1) was mapped on the long arm of
chromosome 12 (Heuer et al. 2009).
High-resolution mapping of Pup1 locus identi-
fied a gene designated phosphorus-starvation
tolerance 1 (OsPSTOL1), which is known to
increase P uptake through enhancement of early
root growth and development under low-P con-
ditions (Gamuyao et al. 2012). Hydraulic con-
ductivity of seminal and nodal roots in sorghum
is known to be strongly influenced by phospho-
rus availability under water deficiency (Shang-
guan et al. 2005). Hufnagel et al. (2014)
investigated the role of SbPSTOL1, an homolo-
gous gene of the rice OsPSTOL1 in sorghum on
plant performance under low-P conditions. Two
association mapping panels—sorghum associa-
tion panel subset (SAPst) and West African
association panel (WAP)—were rigorously phe-
notyped for P uptake and root morphology in
hydroponics, and grain yield under low-P con-
ditions in Brazil and Mali. The investigation
elucidated SbPSTOL1 alleles involved in reduc-
ing root diameter under low-P condition in
hydroponics and increased root surface area in
low-P soil. Furthermore, the role of SbPSTOL1
was validated through linkage mapping in a large
RIL population derived from the sorghum par-
ents with contrasting root morphology. Interest-
ingly, SbPSTOL1 alleles were colocalized with
QTL governing root length, root diameter, and
root surface area under low-P conditions in
sorghum.

4.3 Marker-Assisted Selection
(MAS) for RSA

Genetic studies confirmed that the RSA of sor-
ghum is a complex character, which is controlled
not only by major-effect QTLs but also by plenty of
minor QTLs exerting smaller effects on the root
phenotype. Additionally, the presence of geno-
type � environment interactions also hampers the

progress of RSA improvement using a conven-
tional breeding approach. Therefore, several
molecular breeding schemes have been developed
recently that have enabled the detailed dissection of
the complex root traits. Among various molecular
breeding schemes, thus far marker-assisted back-
crossing (MABC) in rice (Steele et al. 2006) and
advanced backcross QTL (AB-QTL) analysis in
barley (Naz et al. 2014) are the methods utilized for
incorporation of desirable root traits in different
genetic background in cereals. The best evidence of
successful utilization of a molecular breeding
scheme to pyramid various root traits to improve
crop drought tolerance is the development of a
highly drought-tolerant cultivar “Birsa Vikas Dhan
111,” which is developed by introgressing quanti-
tative trait loci governing deeper rooting length
through MABC in rice (Steel et al. 2013). To the
best of our knowledge, to date there is no report on
marker-assisted introgression of QTLs governing
superior root characters to drought-susceptible
genotypes in sorghum. The major reason for this
is the lack of high-throughput phenotyping plat-
forms for accurate and efficient screening of root
traits in large breeding populations (Francia et al.
2005). In addition to this, imprecise QTL identifi-
cation, inconsistency in validation of QTLs detec-
ted in controlled and field conditions, their unstable
expression across the populations and environ-
ments, and unfavorable epistatic interaction have
adversely affected the breeding programs entailing
manipulation of RSA through MAS. For these
reasons, there have been very few reports on the
use of MAS for improvement of RSA in cereal
breeding programs and there is no report on
marker-assisted introgression of QTLs governing
superior root characters to drought-susceptible
genotypes in sorghum. A holistic molecular
breeding approach combined with rigorous con-
trolled and field-based phenotyping of root traits for
genetic manipulation of RSA in sorghum has been
proposed (Fig. 1) in this chapter. The approach is
followed after the development of high-throughput
phenotyping and genotyping methods. The best
germplasm sources for an effective screening of
root traits are multiparental breeding populations,
core and mini-core collections, and diversity
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panels. This approach combines QTL mapping and
genomewide association studies (GWAS) with
MAS. Last, this approach involves multilocation
field testing of the marker-defined promising
genotypes to assess their performance for the ulti-
mate breeding target (grain yield).

5 Summary and Outlook

Genetic manipulation of RSA holds great pro-
mise to enhance productivity of sorghum under
water deficit. The majority of the RSA compo-
nents discussed in this chapter have shown
genetic variation among crop genotypes, and

thus could be integrated in breeding programs.
However, quantification of genetic variation and
genetic control of root traits is at its beginning
stage. Therefore, an exhaustive characterization
of diverse germplasm sources, namely core col-
lections, diversity panels, multiparental breeding
populations, and landraces, is required for iden-
tification of appropriate donors for superior root
traits. In addition to the mainstream gene pool,
wild species can serve as potential donors for the
root traits due to their ability to colonize a wide
range of moisture and soil regimes and to with-
stand harsh and nutrient-limited environments.
Potential donors for root traits have been
observed in wild species of barley (Grando and
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Ceccarelli 1995), rice (Liu et al. 2004), and
wheat (Reynold et al. 2007; Placido et al. 2013).
However, wild sorghum species are still unex-
plored for root traits. Utility of RSA components
such as nodal root angle, dry root weight, and
RLD is fairly well established to influence
drought tolerance in sorghum. In addition to this,
traits such as nodal root angle at the early seed-
ling stage have been suggested as proxy traits to
determine drought tolerance of adult sorghum
plants. However, a challenging obstacle to the
deployment of these RSA components in sor-
ghum breeding is the difficulty in evaluating root
phenotypes of a large number of breeding lines
or multiparental mapping populations. Therefore,
efforts should be directed towards development
of robust root screening platforms that are cap-
able of (i) expressing high heritability for the
measured component trait, (ii) minimizing the
G � E interaction, (iii) screening the root trait at
the early seedling stage to shorten the selection
cycle and speed up genetic improvement, and
(iv) finally, establishing the genetic correlation
between the root trait phenotyped on the platform
and ultimate breeding objective.

QTLs have been identified for traits related to
root morphology, which has resulted in a great
magnitude of knowledge and better understand-
ing of the genetic control of RSA in sorghum.
However, the root anatomy of sorghum is very
poorly understood at present. Therefore, imme-
diate attention needs to be paid towards identi-
fication of genomic regions governing root
anatomical phenes, which will greatly facilitate
their use in breeding programs. Meta–QTL
analysis followed by cloning of QTLs, which are
stable across populations and environments, will
provide a driving force in molecular breeding for
RSA because a cloned QTL can offer a reliable
marker for MABC. However, the impact of a
cloned QTL or candidate gene underlying the
QTL region on plant productivity needs to be
tested in a given environment. Furthermore,
transformation of the knowledge acquired from
genomics-oriented approaches into a
drought-tolerant high-yielding cultivar with

improved RSA is the most daunting challenge
faced by breeders.

Efforts should also be directed towards
understanding the physiological mechanisms that
control functional aspects of RSA and its impact
on crop performance in the field. Understanding
the physiological mechanism and signaling
behavior of roots in response to stress and sub-
sequent physiological alterations in shoots will
certainly assist plant breeding efforts towards
RSA improvement in sorghum. Indeed, a multi-
disciplinary approach is required to integrate
growing omics techniques with plant physiology,
agronomy, and breeding to improve productivity
of sorghum under drought through genetic
manipulation of RSA.
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