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Abstract Root system is a vital part of plants for absorbing
soil moisture and nutrients and it influences the drought
tolerance. Identification of the genomic regions harbouring
quantitative trait loci (QTLs) for root and yield traits, and
the linked markers can facilitate sorghum improvement
through marker-assisted selection (MAS) besides the deeper
understanding of the plant response to drought stress. A
population of 184 recombinant inbred lines (RILs), derived
from E36-1 x SPV570, along with parents were phenotyped
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for component traits of yield in field and root traits in an
above ground rhizotron. High estimates of heritability and
genetic advance for all the root traits and for most of the
yield traits, presents high scope for improvement of these
traits by simple selection. A linkage map constructed with
104 marker loci comprising 50 EST-SSRs, 34 non-genic
nuclear SSRs and 20 SNPs, and QTL analysis was per-
formed using composite interval mapping (CIM) approach.
A total of eight and 20 QTLs were mapped for root and
yield related traits respectively. The QTLs for root volume,
root fresh weight and root dry weight were found co-
localized on SBI-04, supported by a positive correlation
among these traits. Hence, these traits can be improved
using the same linked markers. The lack of overlap between
the QTLs of component traits of root and yield suggested
that these two sets of parameters are independent in their
influence and the possibility of combining these two traits
might enhance productivity of sorghum under receding
moisture condition.

Keywords Sorghum - Roottraits - Variability and correlation
analysis - Linkage map - QTLs mapping

Introduction

Sorghum is grown principally in the semi-arid regions of
tropics and subtropics of Africa and India, largely under
stored soil moisture situations. It is an important staple food
crop for millions of people and an excellent cattle feed
across the world. Due to its adaptation to arid environments,
diverse germplasm, close degree of relatedness to other
economically important crops, and availability of whole
genome sequence from recent past, sorghum has been con-
sidered as an excellent crop model of choice for studying the
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genetic and physiological mechanisms of drought tolerance
(Andrew et al. 2009). In India, sorghum is grown during
both rain (kharif) and post-rain (rabi) seasons, and the rabi
sorghum is the major form of sorghum grain preferred for
human consumption due to superiority of the grain, largely
owing to its maturation under dry and cloud free conditions
(Seetharama et al. 1990). The rabi sorghum generally expe-
riences terminal drought as the rains recede during this
season by and large all over the country. Thus, moisture
stress is a major constraint limiting rabi sorghum produc-
tivity. Therefore, drought tolerance has been a prime breed-
ing objective in rabi sorghum improvement efforts.

Drought tolerance is a complex trait affected by
several interacting plant and environmental factors.
Traits such as stay-green, water use efficiency (WUE),
early maturity, long root and increased root density
along with wax content on leaves and stem are the
target traits considered for improvement of drought tol-
erance in sorghum (Ludlow and Muchow 1990; Hsiao
et al. 1976). However, attempts to improve these traits
through conventional breeding approach were consider-
ably slow and difficult (Ludlow and Muchow 1990)
under field conditions, because of the large environmen-
tal influence and lack of control over intensity and
timing of drought stress occurrence (Ceccarelli and
Grando 1996). Conventional breeding supplemented by
MAS could help in improving drought tolerance.
Construction of genetic linkage map and identification
of drought tolerance QTLs would not only help in
understanding of genetic regulation of drought tolerance
but also would pave a way for efficient marker-assisted
introgression of these QTLs.

In sorghum, many genetic linkage maps have been developed
using different marker types, including Restriction Fragment
Length Polymorphism (RFLPs), Randomly Amplified
Polymorphism DNA (RAPDs), Amplified Fragment Length
Polymorphism (AFLPs), Simple Sequence Repeats (SSRs) and
Diversity Arrays Technology (DArTs) markers (Mace and
Jordan 2011). QTLs have been identified using these genetic
linkage maps predominantly containing anonymous molecular
markers for many agronomically important traits including plant
height, plant early development (anthesis and maturity), yield
and its component traits, (Pereira and Lee 1995; Tuinstra et al.
1998; Rami et al. 1998; Hart et al. 2001; Murray et al. 2008;
Srinivas et al. 2009), pre- and post-flowering drought stress (stay-
green) tolerance (Tuinstra et al. 1996, 1997; Crasta et al. 1999;
Subudhi et al. 2000; Tao et al. 2000; Kebede et al. 2001;
Haussmann et al. 2002) and for important biotic stresses.
Unlike other genomic marker, EST-SSR (Expressed Sequence
Tags) and Single Nucleotide Polymorphism (SNP) show the
position of functional part of the genome and provides functional
association to the linked markers. Further, the codominant and
polymorphic natures of these marker systems have increasingly
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made them the marker of choice for population genetics analyses
and trait dissection (Anderson and Lubbersted 2003).

The stay-green trait, delays leaf senescence during grain
filling under moisture stress conditions has been proved to
be useful to improve drought tolerance (Rosenow et al.
1983). In sorghum, concerted efforts have been made in
the past for identification of stay-green genotypes and map-
ping of QTLs associated with this trait (Tuinstra et al. 1996,
1998; Crasta et al. 1999; Tao et al. 2000; Xu et al. 2000;
Kebede et al. 2001; Sanchez et al. 2002; Haussmann et al.
2002). Despites the critical role of roots in harnessing mois-
ture and nutrients from the soil and its essential role in plant
growth and adaptation, the root system in general has been
studied far less intensively than the shoot due to difficulty of
measuring root features in soil for larger number of plants
under field conditions. Hence, most of the research endeav-
ors to study root system are conducted in greenhouses,
growth chambers and rarely in rhizotrons. Nonetheless,
simulation of field situations in artificial structures can
greatly aid in understanding the traits related to root system.

A few reports have presented evidence of genotypic
variation for root traits in sorghum (Bhan et al. 1973;
Mayaki et al. 1976; Jordan et al. 1979) and these studies
have focused on few breeding lines with a limited genetic
base. Mace et al (2012) for the first time reported the
mapping of four QTL for nodal root angle (¢RAI 5,
qRA2 5, qRAI 8, qRAI 10) in addition to three QTL for
root dry weight (qRDW1 2, qRDWI1 5, qRDWI 8). A
drought tolerant sorghum line possessed roots at least
40 cm deeper than a drought sensitive one and deeper
rooting of stay-green lines under drought conditions was
reported (Salih et al. 1999; Vadez et al. 2005). It is therefore
essential to characterize sorghum root system features along
with the yield related traits. In this study, we aimed at
characterization of genetic basis for root and yield related
traits, determination of the relationships among contributing
traits towards drought tolerance, construction of genetic
linkage map and identification of the QTLs for component
traits of root and yield.

Materials and methods
Plant material

A population of 184 Fg RILs derived from the cross E36-1 x
SPV70, segregating for root length was used in this study.
The E36-1 is a high yielding line from guinea-caudatum
hybrid race with Ethiopian origin, well adapted to tropical
environment and has thin and short roots. The SPV570 a
hybrid variety with good grain and fodder quality, a prom-
ising restorer line on Milo cytoplasm and has the thick and
long roots.
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Field experiment and characterization

The RIL population along with their parental lines and a check
were evaluated during rabi 201011 in a simple lattice design
with three replications. In an effort to minimize the border
effect, three rows of M35-1 were sown on all sides of the field.
Three randomly selected plants from each replication for each
entry (RIL) was used for recording observation on early
seedling vigour, days to 50 % flowering, plant height (cm),
number of leaves, panicle length (cm), panicle exertion (cm),
number of spikelets per plant, plant girth (cm), 100-seed
weight (g) and seed yield per plant (g), as described in de-
scriptor for sorghum (IBPGR/ICRISAT 1993).

Phenotyping of root traits

The parents, a check and RILs were root phenotyped in the
rhizotron, an above ground type structure (25 m long, 4 m
wide and 1.5 m height, with collapsible walls on all four sides
with cement blocks). The RILs were sown under three repli-
cations in the month of March 2011 as summer crop with
spacing of 45x 15 cm. All recommended package of practices
were followed throughout the cropping season to raise the
good crop. Irrigation was applied to field capacity until flow-
ering (up to 55 days after sowing, (DAS)) and thereafter, daily
irrigation was applied only to wet the treatment until harvest.
Roots were sampled for observation of root traits on 110 DAS.
One side of the rhizotron wall was collapsed and the whole
root system of each line was carefully taken out by loosening
the soil around the root profile and the soil adhered to root was
carefully washed using a very slow water spray, to minimise
disturbance of the root system. After all soil was removed, the
intact root system was separated from shoot and the root
parameters such as root length (cm), root volume (cm?),
number of roots per plant, root to shoot ratio, root fresh weight
(g) and root dry weight (g) (after drying fresh roots in hot air
oven at 105 °C for 48 h) were recorded.

Statistical analysis

The average data recorded for root and yield related traits
were subjected to the analysis of variance according to
formula suggested by Burton and Devane (1953).
Heritability and genetic advance estimates were calculated
following the method of Allard (1960) and Johnson et al
(1955), respectively. The phenotypic and genotypic correla-
tions between pairs of characters were calculated using
method suggested by Singh and Choudhary (1985).

Preparation of genetic linkage map and QTL mapping

A total of 938 markers, which consisted of 270 non-genic
nuclear SSRs, 530 EST-SSRs and 138 SNPs were screened

for parental polymorphism. Selection of non-genic nuclear
SSR  markers was based on the linkage maps of
Bhattarmakki et al. (2000), Taramino et al (1997) and
Haussmann et al (2002, 2004). The EST-SSRs (Arun 2006)
and SNP (Girma 2009) markers were developed at the
Institute of Agri-Biotechnology (IABT), India, by mining
publicly available sorghum ESTs at NCBI. Genotyping of
SSR markers was done with either 2.5 % agarose by ethidium
bromide staining or 6 % polyacrylamide gels (PAGE) in a
manual DNA sequencing apparatus (Bio—rad, USA) and vi-
sualized following silver staining, while the SNP markers
were genotyped on 15 % SSCP gel (Single Strand
Confirmation Gel) (Orita et al. 1989). The goodness of fit
for segregation of marker loci in RILs was checked using chi-
square test.

The genetic linkage map was constructed using
MAPMAKER/EXP 3.0b (Lander et al. 1987). The criteria
used were the minimum LOD of 2.0 and maximum recom-
bination frequency of 49 %. The recombination frequencies
were converted into genetic distances using Kosambi map-
ping function. Based on the genetic distances obtained from
MAPMAKER, the map figure (Fig. 1) was drawn using
QTL Cartographer 2.5 (Wang et al. 2007). Based on the
mean data of root and yield component traits, the genotypic
data of 104 markers and the genetic distances, QTL interval
mapping was carried out following CIM (Zeng 1993, 1994)
using QTL Cartographer 2.5b (Zeng 1993; Basten et al.
1994). Cartographer’s Zmap QTL, model 6 with a window
size of 10 ¢cM was used for CIM analyses.

Result and discussion
Genetic potential

Development of drought tolerant cultivars is one of the
prime breeding objectives in rabi sorghum improvement
programmes. Genetic variability studies on the characters
related to drought tolerance and grain yield is essential to
know their inherent potential and for crop improvement.
The phenotypic trait means of the parents (E36-1 and
SPV570), range, mean phenotypic values of RIL popula-
tion, estimates of heritability and genetic advance for root
and yield related traits are presented in Table 1. Parental
genotypes and RILs displayed considerable amount of dif-
ferences in their mean performance with respect to all the
characters studied (Table 1). Genetic variability among these
RILs would be obvious; as the population was developed
from deliberately selected, phenotypically distinct parents
for root traits, especially root length.

Heritability coupled with genetic advance serves as a
good index for transmission of characters from one genera-
tion to next. Hence, it should be considered in terms of
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Fig. 1 Linkage map of sorghum showing the putative QTLs influencing root and yield related traits in 7abi season. The map was developed using the Fg
RIL population of E36-1 x SPV570. The map distances are given in centiMorgans (Kosambi function)

selection (Hanson 1959). Heritability in broad sense ranged
from 51.92 % to 98.62 %; and genetic advance as per cent of
mean ranged from 12.22 to 78.42 depending on traits. High
estimates of heritability coupled with genetic advance as per
cent of mean were exhibited for early seedling vigor, plant
height, panicle exertion, 100 seed weight, number of spike-
lets per plant, seed yield per plant, root length, root volume,
number of roots per plant, root fresh weight, root dry weight
and root to shoot ratio. The observations of yield traits in
this study were consistent with results of previous study on
RILs derived from contrasting parents for charcoal rot dis-
ease in sorghum by Punnuri (2004), Rajkumar et al. (2007)
and Patil (2011). Similar high estimates of heritability cou-
pled with genetic advance for root related traits in sorghum
accessions was reported by Thudi (2004) and Muhammad et
al (2009). Such high estimates for these traits indicate that
the selection made through these characters would be effec-
tive by simple selection as they are more likely to be
controlled by additive gene effects and also gives us a hope
for simultaneous improvement of drought and yield together
in this population. Similarly high estimates for all root traits
studied reflect the proper choice of parents to develop re-
combinant inbred population (RIP).
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Drought tolerance being a quantitative character, it’s ex-
pression depends on interplay of several component charac-
ters. Thus, information regarding relationship of drought
tolerant traits (root) with yield would be of immense use
for simultaneous selection for both drought and yield char-
acters. Phenotypic and genotypic correlations between the
component traits were estimated based on RIL means
(Table 2). A total of 72 significant correlation coefficients
were observed among the traits. It revealed that genotypic
correlation coefficients were higher than phenotypic corre-
lations, which indicates that there was inherent relationship
between characters and these contributed to the relative
stability of the RILs under study (Davis et al. 1961).
Significant positive correlation among the root related traits
and the highest correlation (¥=0.998) between root length
and root volume; and root fresh weight and root dry weight
recorded in this population is obvious, as the population has
reached the homozygous status for root related traits.

All the root related traits were positively related to early
seedling vigour (except root length and number of roots per
plant), while negatively related with number of spikelets per
plant and number of leaves (except root shoot ratio). Root
length and number of roots per plant positively associated
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with 100 seed weight. Likewise, root length, root volume,
number of roots per plant negatively associated with plant
height, in a similar way root volume, root fresh weight, root
dry weight and root to shoot ratio negatively associated with
plant girth. Except for root length, other root related traits
showed significant and negative correlation with panicle length.

Based on the above association among the root and yield
traits it can be concluded that the root parameters viz., root
volume, root fresh weight, root dry weight and root to shoot
ratio with early seedling vigour; and root length and number
of roots per plant with 100 seed weight, could be selected
simultaneously due to significant positive relationship
among these traits and this also signifies that these param-
eters could be utilized as selection criteria for drought tol-
erance. However, the lack of significant negative correlation
among the root related traits and seed yield per plant in this
population gives us the scope for simultaneous selection for
both root and yield related traits in this population. Turner
(1986) found positive correlations between seed yield and
root development in cereals, especially in barley, wheat and
sorghum. Matsuura et al. (1996) also reported a positive
relation between drought tolerance and root length in four
gramineous crops (barnyard millet, maize, pearl millet and
sorghum). Further, the positive correlation of seed yield per
plant with number of leaves, plant height, plant girth, num-
ber of spikelets per plant and 100 seed weight indicates that
the yield in this population can be improved by selecting
these traits simultaneously. The significant correlations
recorded among these different component traits enabled
the CIM for identification of pleiotropic QTLs.

Genetic linkage map

Of the 938 markers surveyed among parental lines E36-1
and SPV570, 104 markers were polymorphic consisting of
50 EST-SSRs (9.43 %), 34 non-genic nuclear SSRs
(12.59 %) and 20 SNPs (14.49 %) and these were used for
genotyping RILs. All markers showed expected parental
allelic composition in a 1:1 ratio, which suggests that these
RILs are a random set of genotypes drawn from the cross
and suitability of these markers for mapping purpose. EST-
SSR markers showed less polymorphism compared to non-
genic nuclear SSRs. This could be because of greater DNA
sequence conservation in transcribed region (Russell et al.
2004). The higher polymorphism of SNP would be because
of high frequency of SNP in sorghum (Girma 2009; Singhal
et al. 2011).

The marker data from all the 104 markers was used to
construct the genetic linkage map. The details on linkage
group (LG) to which markers were assigned and genetic
distances among the marker loci are given in Fig. 1. All the
104 markers were assigned to sorghum chromosomes SBI-
01 to SBI-10, based on the positioning of the commonly

mapped SSRs like the Xtxp markers (Bhattarmakki et al. 2000;
Haussmann et al. 2002, 2004; Menz et al. 2002), Xiabt (Reddy et
al. 2008; Patil et al. 2010; Patil 2011) and Xsnp markers for the
first time. The marker order was in good colinearity with previ-
ously published linkage maps of sorghum (Bhattarmakki et al.
2000; Haussmann et al. 2004; Murray et al. 2008; Reddy et al
2008; Burrow et al. 2008; Mace et al. 2009; Srinivas et al. 2009;
Patil et al. 2010). The linkage map constructed had a total length
of 1800.1 c¢M spanned across all the 10 LGs with an average
distance of 14.45 ¢cM. The number of markers mapped per LG
ranged from 3 on SBI-05 and SBI-08 to 19 on SBI-01. The map
length reported in the present study (1800.1 cM) is comparable
with the previously reported maps—for example, Mace et al
(2009) reported a map length of 1603.5 cM using SSRs, DArT
and RFLPs; and Murray et al (2008) reported a map length of
1836 cM.

QTL mapping

Phenotypic and genotypic data for 184 RILs were subjected
to QTL analysis using QTL Cartographer V 2.5b. The
putative QTLs for each trait identified by CIM in the pop-
ulation are listed in Table 3, and chromosomal location of
QTLs is depicted in Fig. 1. A total of 28 putative QTLs
significantly associated with root and yield related traits
were identified with distribution all over the segments of
8 chromosomes except on SBI-07 and SBI-09.

QTLs for yield related traits

A total of 20 QTLs were mapped for yield and its compo-
nent traits. Single QTL was identified for plant height,
panicle exertion and plant girth in this population. The
QTL for plant height (gPH10) was mapped near to QTL
for number of leaves (¢gNLI10), this is supported by the
significant positive correlation between plant height and
number of leaves (r=0.560), which supports the general
trend in sorghum; the taller plants with more number of
leaves can contribute to increased biomass yield. This also
provides scope for selecting transgressive seggregants from
this population for fodder purpose. An independent QTL for
panicle exertion (¢PE5) and a major QTL for plant girth
(qPG3) were detected on SBI-05 and SBI-03 respectively, at
these QTL regions (gPE5 and gPG3) SPV570 was associ-
ated with 6.04 % and 23.27 % of phenotypic variation, this
implicates that a wide plant girth may contribute to biomass
production. The QTL identified for plant height, panicle
exertion and plant girth does not correspond to any of the
QTLs reported earlier. Therefore, they may be considered as
new loci regulating plant development.

For early seedling vigor and number of spikelets per
plant, two QTL were mapped at different positions on
SBI-06 and SBI-08 respectively. QTLs for early seedling
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Table 3 Features of putative QTLs detected for root and yield traits in the E36-1 x SPV570 RIL population

Trait QTL name LG Marker interval Position Length (cM) LOD scored ab? Rz(%)
Early seeding vigor qSV6 SBI-06  Xtxp20-Xiabt222 8.01 8.9 cM 2.91 0.32 6.83
qSVe6.1 SBI-06  Xiabt222-Xiabt305 14.91 232 cM 3.38 0.41 13.44
Plant height (cm) qPHI0 SBI-10  Xsnpl06-Xiabt146 25431 34.0 cM 2.62 0.34 6.04
Number of leaves gNLI SBI-01 Xiabt291-Xiabt254  77.81 11.9 cM 2.27 —15.53 8.42
gNL10.2 SBI-10  Xtxp145-Xtxp290 26.01 332 cM 3.13 —-16.3 13.76
gNL10.1 SBI-10  Xtxp290-Xtxp320 43.21 253 cM 3.95 -19.8 19.7
gNLI10 SBI-10  Xiabt351-Xsnp4 22431 15.6 cM 2.02 -14.82  8.01
Panicle exertion (cm) qPE5 SBI-05 Xtxp53-Xiabt77 14.01 279 cM 2.77 1.7 11.45
Panicle length (cm) qPL3 SBI-03  Xtxp30-Xtxp71 4231 16.0 cM 2.61 0.75 7.96
qPL10 SBI-10  Xtxp290-Xtxp320 49.21 253 cM 2.45 1.14 14.5
qPL10.1 SBI-10  Xiabt381-Xiabt489  97.71 18.1 cM 2.38 0.83 6.98
Number of spikelets/plant ~ gNS8.1 SBI-08  Xtxpl197-Xiabt487 8.01 9.5 cM 4.69 —-0.24 11.2
gNS8 SBI-08  Xiabt487-Xiabt50 11.51 6.5 cM 5.04 -0.25 11.9
Plant girth (cm) qPG3 SBI-03  Xiabt250-Xiabt115 23531 17.6 cM 4.61 451 23.27
100 seed weight (g) qSw2 SBI-02  Xiabt224-Xiabt509 142.91 28.9 cM 2.56 -0.2 5.82
qSW2.1 SBI-02  Xiabt332-Xiabt521 171.01 22.8 cM 3.60 -0.25 7.58
qSW3 SBI-03  Xiabt33-Xsnp37 327.71 235 cM 2.38 -0.21 7.82
qSW4 SBI-04  Xtxp270-Xiabt358 263.81 7.2 cM 2.32 —0.18 5.39
Seed yield per plant (g) qSY3 SBI-03 Xtxp71-Xtxp62 60.31 253 ctM 2.39 —5.25 8.35
qSY8 SBI-08  Xtxp197-Xiabt487 8.01 9.5 cM 2.57 -5.85 6.5
Root length (cm) qRL4 SBI-04  Xsnp56-Xiabt194 32.21 12.4 cM 2.84 5.38 8.33
Root volume qRV1 SBI-01 Xiabt210-Xiabt69 183.51 35.6 cM 2.01 10.93 13.96
qRV4 SBI-04  Xtxp51-Xtxp270 258.01 13.8 cM 3.62 13.3 13.09
Number of roots/plant qRNI SBI-01 Xiabt210-Xiabt69 181.51 35.6 cM 2.62 7.37 17.87
Root fresh weight (g) qRF4 SBI-04 Xtxp51-Xtxp270 258.01 13.8 cM 2.60 18.69 9.21
Root dry weight (g) qRD4 SBI-04 Xtxp51-Xtxp270 258.01 13.8 cM 2.60 8.42 9.21
Root to shoot ratio qRS10 SBI-10  Xiabt489-Xiabt364 101.81 19.0 cM 3.63 0.06 8.07
qRS10.1 SBI-10  Xiabt312-Xiabt178 155.01 16.8 cM 2.42 0.05 7.96

Where, LG: linkage group; a;b” : additive effect (positive: allelic effect of SPV570; negative: allelic effect of E36-1); cM: centiMorgans; R? (%):
Percentage of phenotypic variation explained by individual QTL, QTL name indicates ¢ for QTL followed by trait name to which the QTL was
detected and by the chromosome number on which it was detected. If more than one QTL were detected on the same chromosome for a trait, QTLs
identified were serially numbered

vigour (¢SV6 and ¢SV6.1) explaining 20.31 % phenotypic
variance were from male parent, SPV570. This could be
partly true, as this trait showed positive correlation with
other root traits (#=0.103 to 0.181). Similar observation of
two QTLs for early seedling vigour in RIP developed from
the cross 1S22380 x E36-1 were reported by Rajkumar
(2004), Reddy et al (2008) and Patil (2009). The QTLs for
number of spikelets per plant were mapped at position
corresponding to 8.01 cM (¢gNS8) and 11.51 cM (gNS8.1)
on SBI-08. The gNS8 was co-localized with ¢SY8 and this
was supported by significant positive correlation between
number of spikelets and seed yield per plant (#=0.243),
which indicates that gNS8 is same as ¢SYS8. This result
allows the possibility of plant type with more number of
spikelets per plant can increase yield.

@ Springer

Panicle length is an important component of seed weight
per panicle (Rami et al. 1998). A total of three QTLs were
detected for panicle length, of which two QTLs were located
on SBI-10 and another on SBI-03. The ¢PL3 was mapped
near to ¢SY3. The non significant correlation between pan-
icle length and seed yield per plant (»=0.079), implies that
plant type with longer panicles does not affect seed yield per
plant in this population. This result is consistent with previ-
ous study of Srinivas et al (2009), who also reported signif-
icant negative correlations of panicle length with seed yield
per plant (r=-0.250).

Number of leaves produced per plant is an important
component of forage yield. Four QTLs were dissected out
for number of leaves, of which three QTLs located on SBI-
10 (gNL10, gNL10.1, gNL10.2) and another one on SBI-01
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(gNL1), together account for 49.25 % of phenotypic vari-
ance. The gNLI0.1 was co-localized with gPL10.1 and the
co-localisation of QTLs is favourable, as the number of
leaves and panicle length have significant positive associa-
tion (r=0.176), suggesting that plant with more number of
leaves can increase the panicle length, by means of transport
of increased photosynthate from leaf to panicle. Srinivas et
al (2009) also identified four QTLs for number of leaves
located on SBI-01, SBI-03 and SBI-07 in RILs derived from
cross 296B x IS18551. Similarly, four QTLs were detected
for 100 seed weight, of which two QTLs were mapped on
SBI-02 (¢gSW2 and ¢SW2.1), and one each on SBI-03
(gSW3) and SBI-04 (¢gSW4). The ¢gSW4 mapped near
qRF4, gRD4 and gRV4 on SBI-04. The non significant
correlation of 100 seed weight with root related traits viz.,
root fresh weight (#=0.065), root dry weight (#=0.063), and
root volume (#=0.046), clearly indicated that the improve-
ment in 100 seed weight at least in part cannot be achieved
by improving root related traits. QTL identified for 100 seed
weight in the present study were also reported by other
studies on SBI-02 by Srinivas et al (2009) and Patil
(2009); and on SBI-03 by Tuinstra et al (1996).

Two QTLs for seed yield per plant were mapped on SBI-03
and SBI-08. The QTL detected for this trait in the present
study on SBI-03 was also reported by Tuinstra et al (1996) and
Patil (2009); on SBI-08 by Patil (2009) and Patil (2011). QTL
for seed yield per plant on SBI-08 (¢SY8) was co-localized
with gNS8, and on SBI-03 (¢SY3) was mapped near to gPL3.
The positive significant correlation of seed yield with number
of spikelets per plant (=0.243) and non significant associa-
tion with panicle length (»=0.079) indicates that plant with
more number of spkelets per plant can increase the yield rather
than plant with longer panicle length. The negative additive
effect shown by the QTLs viz., number of leaves, 100 seed
weight and seed yield per plant indicates that the alleles were
derived from E36-1 parent.

QTLs for root related traits

Root traits are the best indicator for studying the drought. A
total 8 QTLs for root traits were mapped in this study. Single
QTL for root length and number of roots per plant was
mapped on SBI-04 (gRL4) and SBI-01(¢RN1), respectively.
The QTL for number of roots per plant (¢RN1) was mapped
near to gRVI (r=0.994). Two major QTLs for the root
volume were mapped on the SBI-01 (¢RV1) and SBI-04
(qRV4) explaining phenotypic variance of 13.96 and
13.03 %, respectively. QTL for root volume (¢gRV4) found
co-localized with root fresh weight (gRF4) and root dry
weight (gRD4) on SBI-04 and located near to number of
roots per plant (JRN1) on SBI-01, and was further supported
by significant positive correlation of root volume with root
fresh weight (»=0.990), root dry weight (»=0.976) and

number of roots per plant (#=0.974). Thus, it proves the fact
correlated traits often have QTLs mapping to the same chro-
mosomal locations (Veldboom et al. 1994; Xiao et al. 1996).
These correlations may result from either tight linkage of
several genes controlling the traits or the pleiotropic effect of
a single gene (Aastveit and Aastveit 1993; Ritter et al. 2008).
Venuprasad et al (2002) also reported that root volume in rice
also found co-localized with root dry weight on LG 03
(RM231- RZ329), root thickness on LG 02 (RG157-RZ318)
and root length on LG 09 (RZ12-RM201). Likewise, in maize
co-localization of root density and root dry weight on LG 01
was reported by Rahman et al (2011).

The co-localization of QTL identified for root related
traits (root volume, root fresh weight and root dry weight)
can help in improvement of these traits at a time using the
same linked markers. Also indicate plant type with in-
creased rooting density with extended root length enable
plants to penetrate deeply and extract moisture from the
deeper zone and meets the transpirational demands of the
shoot. Further, the common QTL mapped for root fresh
weight (¢RF4) and root dry weight (qRD4) at position
258.01 cM on SBI-04, suggests they are controlled by same
genetic loci. Two QTLs (¢RS10 and RS10.1) were mapped
for root to shoot ratio on SBI-10, the gRS/0 was mapped
near to gPLI10. The significant but negative correlation of
root to shoot ratio with panicle length (»=—0.198) implicates
that improvement in the root to shoot ratio would costs onto
the yield related parameters.

The QTLs identified in the present study explained rela-
tively less phenotypic variation could be due to the low
genome coverage and it suggests there are additional
QTLs controlling these traits. This also warrants further
saturation of the present map with the additional functional
markers like SNPs. Further, identification of stable QTLs for
these traits will help to introgress them effectively into the
elite sorghum genotype via marker-assisted backcrossing.
From the present study, it can be concluded that the root
related QTLs in this population were distinct from rest of the
QTLs for component traits of yield supported with non-
significant but positive association of root traits with seed
yield per plant in this population, indicating that the selec-
tion for both root (drought) and yield related traits will not
have unforeseen consequences. It is thus possible to com-
bine higher grain yield and desirable root morphological
traits, favourably, to enhance productivity of sorghum under
receding moisture condition.
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