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ABSTRACT

Sweet sorghum [Sorghum bicolor (L.) Moench]
is an important food, feed, and biofuel crop
worldwide. Its stalks are rich in sugar, largely
influenced by environments and crop stage
when the stalks are harvested. This study evalu-
ated sorghum mini core collection for stalk
sugar content on the basis of Brix, phenology,
and agronomic traits. Accessions were first
classified into five groups based on flowering
to match crop phenology, which together with
controls were separately grown in split-plot
design in vertisol under irrigated and drought
stress conditions for two postrainy seasons.
The main and interaction effects were sig-
nificant for most of the traits. Drought stress
significantly increased the mean Brix (12.11 to
26.76%) in four of the five groups of accessions.
The mean Brix increased under drought in 169
accessions, decreased in one accession, while
the remaining accessions were not affected. IS
13294, 13549, 23216, 23684, 24139, 24939, and
249583 significantly recorded greater mean Brix
(14.0 to 15.2%) as compared with best control,
IS 33844 (12.4%), across environments. How-
ever, these accessions had lower yields and
lower 100-seed weight. In contrast, IS 1004,
4698, 23891, and 28141 significantly outyielded
IS 33844 by 11.7 to 22.7% and had almost the
same Brix content (~13%). A hierarchical tree
diagram grouped these accessions into two
distinct clusters: accessions with significantly
greater Brix but lower yield and those with
high yield but with Brix similar to IS 33844. The
grouping also separated accessions largely on
the basis of geographic regions and racial clas-
sification. The identified accessions are ideal
resources for the development of cultivars with
bioenergy traits.
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HE PRODUCTION OF BIOFUEL from plant-based biomass is

becoming an attractive alternative to nonrenewable fossil
energy sources. Ethanol as a substitute for gasoline is now being
used in motor vehicles in many countries. The European Union
has committed to increase the proportion of its renewable energy
use from 9% in 2010 to 20% of total energy consumption by 2020
(EU, 2009). Similarly, the U.S. Energy Independence and Secu-
rity Act of 2007 (Publ. L. 110-140, 19 Dec. 2007) is committed to
derive up to 30% of transportation fuels from renewable sources,
with an increase in the production of ethanol from 6400 million
L in 1999 to 49,200 million L in 2010 (Renewable Fuels Associa-
tion, 2012). China has set the target of producing 4 million t of
bioethanol in 2020 and 7.95 million t in 2030 (Bang et al., 2009b).
The Government of India’s policy of blending 5% ethanol with
petrol has generated demand for the cultivation of sweet sorghum
as a potential bioenergy crop. In India and some other countries,
the biofuel industry is promoting and commercializing sweet sor-
ghum as an important feedstock for bioethanol production in the
country (AgriFuels Limited, 2012; Praj Industries Limited, 2012;
Tata Chemicals Limited, 2012).

Sorghum is a C, multi-purpose crop with high photosyn-
thetic efficiency, mostly grown for food, feed, and fuel. It is the
sixth most important cereal after maize (Zea mays L.), rice (Oryza
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sativa L.), wheat (Triticum aestivum L.), barley (Hordeum vul-
gare L.), and oat (Avena sativa L.). On average, sorghum
contributed ~7% of 2448 m t global cereals production in
2007 to 2011, with Africa and America contributing 38
to 39%, respectively and Asia contributing ~17% (http://
www.faostat.fao.org, accessed 30 May 2013). Sweet sor-
ghum belongs to the same species as grain sorghum, but
is characterized by its rapid growth, sugar-rich stalk,
and high biomass production, as well as its adaptation to
adverse growing conditions (Reddy and Reddy, 2003;
Reddy et al., 2005). Recently, sweet sorghum has gained
importance as a potential bioenergy crop because of its
high biomass and sugar production (Rooney et al., 2007),
with a clear comparative advantage under dryland con-
ditions where other leading bioethanol crops such as
sugarcane (Saccharum offiicinarum L.) and maize cannot
be grown (Tsuchihashi and Goto, 2008). Unlike maize,
sweet sorghum does not compromise, but instead comple-
ments both food and energy security efforts (Gutjahr et
al., 2013; Srinivasa Rao et al., 2009), grown for food, feed,
and fuel that adapts to tropical, subtropical, and temperate
zones. It is commercially grown as a bioenergy crop in the
United States and European Union and is gaining impor-
tance in some countries in Africa, Asia, and the Mediter-
ranean regions (Codesido et al., 2013; Kumar et al., 2011;
Zegada-Lizarazu et al., 2010).

Genetic variability is the key to cultivar development.
Biomass yield, juice yield, and sugar production are impor-
tant bioenergy traits for ethanol production from sweet sor-
ghum. Research at ICRISAT and in some other countries
has shown sufficient genetic variation for stem sugar accu-
mulation and associated traits among the limited sorghum
germplasm and cultivars evaluated for bioenergy traits. For
example, mean Brix (%) (a measure of sugar, specifically
sucrose content) among sorghum germplasm and/or cul-
tivars ranged from 8 to 24% in India (Srinivasa Rao et al.,
2009), 1 to 20% in Japan (Kawahigashi et al., 2013), 5 to
23% in Korea (Bang et al., 2009a; Choi et al., 2012), 6 to
20% in southern Africa (Makanda et al., 2009, 2012), 10 to
19% in Spain (Codesido et al., 2013), and 6 to 17% in the
United States (Graham et al., 2013). Likewise, large genetic
variation in biomass has also been reported among sweet
sorghum germplasm evaluated (e.g., 29 to 72 t ha™! in trop-
ical and 50 to 90 t ha™! in temperate climate; Srinivasa
Rao et al., 2009 and references cited therein). The envi-
ronments and their interaction with genotypes have strong
influence on the cultivar’s adaptation. Limited research to
date suggests significant genotype X environment interac-
tion for traits related to high biomass production and stalk
sugar content among the sweet sorghum germplasm lines
(Makanda et al., 2012; Salazar et al., 2009; Srinivasa Rao
et al.,, 2009; Zou et al., 2011). The phenological stage at
which sorghum stalks are harvested, the planting time,
the soil types, and the N fertilizer doses have significant

influence on biomass and stalk sugar content (Almodares et
al., 2013; Erickson et al., 2011; Makanda et al., 2009; Miri
and Rana, 2012; Rao et al., 2013).

The total sugar in sorghum stalk juice is composed of
sucrose, glucose, fructose, maltose, and xylose, with sucrose
being the predominant sugar (Almodares et al., 2008;
Prasad et al., 2007). Brix (%) is commonly used to indicate
total sugar content (Hagio et al., 1987), which is propor-
tional to the total sugar and sucrose concentrations (r = 0.90
and r = 0.89, respectively) (Kawahigashi et al., 2013). Brix
is not correlated with glucose or fructose and so neither
the glucose nor the fructose concentrations in the sorghum
juice is reflected by the Brix (Kawahigashi et al., 2013). In
contrast, invert sugars are negatively correlated with sucrose
content in sorghum (Almodares et al., 2008).

Worldwide, sorghum is largely grown during the rainy
season in semiarid tropic areas of Africa and Asia, which
is often characterized by increasing moisture stress as the
season progresses. Both preflowering and postflowering
drought stress in sorghum cause substantial losses to grain
yield (Assefa et al., 2010; Blum, 2004; Kebede et al., 2001;
Rosenow and Clark, 1995; Tuinstra et al., 1996). India is
the largest producer of sorghum (around 3 million t from
5.7 million ha) grown during the postrainy season (Sep-
tember or October to March or April), and severe drought
is common as the crop in these areas relies largely on soil
moisture stored during the preceding rainy season (Kho-
lova et al., 2012).

Reduced germplasm subsets such as core (Frankel,
1984) and mini core (Upadhyaya and Ortiz, 2001) coll-
ections represent the diversity of the entire collection of
a given species preserved in a genebank. They serve as the
ideal genetic resources in identifying new sources of varia-
tion with agronomically beneficial traits (Upadhyaya et al.,
2009a). This study was initiated to assess the genetic varia-
tion and effect of postflowering drought stress on stalk sugar
content, phenology, and agronomic traits and to identify
accessions with agronomically desirable traits, specifically
for high stalk-sugar content, for use in crop improvement.

MATERIALS AND METHODS

Two hundred and forty two germplasm accessions of the sorghum
mini core collection (Upadhyaya et al., 2009b), representing
five races (caudatum 16.1%, durra 12.4%, guinea 12%, kafir 8.7%,
bicolor 8.3%) and 10 intermediate races (caudatum-bicolor 12.4%;
guinea-caudatum 11.2%;  durra-caudatum 7.9%; durra-bicolor and
kafir-caudatum each 2.9%; kafir-durra 1.7%; guinea-kafir 1.2%; and
guinea-bicolor, guinea-durra, and kafir-bicolor each 0.8%) along with
three controls (IS 2205, IS 18758, and IS 33844) were included in
this study. IS 2205, a durra-bicolor landrace from India, is resistant
to shoot fly and stem borer (Sharma, 1997). IS 18758, an advanced
cultivar from Ethiopia characterized by yellow endosperm and
resistance to anthracnose (Colletotrichum sublineolum Hann. Kabat
et Bub.), belongs to guinea-caudatum race and was released as E
35—1 in Burkina Faso and Gambella 1107 in Burundi (Thakur
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et al., 2007). IS 33844, a durra landrace with pearly-white large
grains and adapted to postrainy season, has been released as Parb-
hani Moti (SPV 1411) in India (Reddy et al., 2007).

The experiment was conducted at Patancheru, India
(78°12" E, 17°24' N, and 545 m asl) on vertisol Kasireddipally
series-isohypothermic Typic Pellustert (El-Swaify et al., 1985)
in a split-plot design in three replications using drought stress
and control (fully irrigated) treatments as the main plot and
genotypes as the subplot in five maturity groups (Group 1, flow-
ered <60 d after planting [DAP]; Group 2, flowered between 61
and 70 DAP; Group 3, flowered 71-80 DAP; Group 4, flowered
81-90 DAP; and Group 5, flowered >90 DAP] during the 2010
to 2011 and 2011 to 2012 postrainy seasons. The experiment
was sown in the second week of October each year and har-
vested in April of the following years. The minimum monthly
average temperature during postrainy seasons at Patancheru
ranged from 10.9 to 22.8°C, while the maximum monthly
average temperature ranged from 27.3 to 37.5°C. The cumula-
tive rainfall during the crop season was 23.9 mm in 2010 to
2011 and 41.0 mm in 2011 to 2012. The average daylength was
11.64 (11.08-12.75) hours each year. Plot size consisted of one
row of 4 m, with an inter- and intrarow spacing of 75 and 10
cm, respectively. Seeds were sown at uniform depth, and crop-
specific agronomic practices including plant protection were
followed. Ammonium phosphate was applied at the rate of 150
kg ha™ as a basal dose, while urea was applied at the rate of 100
kg ha™ as top-dressing 3 wk after planting. The fully irrigated
plots received five irrigations (each time receiving about 7 cm
water), while those in limited irrigation environment had one
to four irrigations (on the basis of maturity groups). To stimu-
late drought-stressed environment, irrigation was stopped at 25
DAP in Group 1, 37 DAP in Group 2, 47 DAP in Group 3, 57
DAP in Group 4, and 66 DAP in Group 5. Data were recorded
on Brix (%), days to 50% flowering, plant height (cm), head
length and width (cm), grain yield (g plant™), 100-seed weight
(g), and SPAD chlorophyll meter reading (SCMR 1) at 50%
flowering and 30 d after flowering (SCMR II). Days to 50%
flowering was recorded on per plot, while observations on plant
height, head length, and head width on five plants were mea-
sured at maturity (IBPGR and ICRISAT, 1993). To measure
the Brix (%) (sucrose content) (Hagio et al., 1987), five plants
were harvested at 40 d after flowering in each accession, and
bulked stalks with leaves (but without the head) were crushed
using three roller crushers (Jagdish no-6, Rajkot, India). The
juice was then collected to measure Brix content. An Atago
refractometer (digital refractometer PR-32a; ATAGO USA,
Bellevue, WA) was used to measure Brix (%). Data on two
SCMR were recorded first at flowering (50%) and later on at
30 d after flowering using SPAD-502 (Minolta Corp., Ramsey,
NJ). Grain yield (g plant™) was recorded on five representa-
tive plants. One hundred sound mature seeds were weighed to
record observation on 100-seed weight (g).

Analysis of variance was performed using split plot design in
GenStat 14.1 software (VSN International, 2013) to derive the
main (drought, year, and genotype) and interaction (drought X
year, genotype X year, drought X genotype, drought X genotype
X year) effects and their residuals. The mini core collection access-
ions (242) were part of the sorghum composite collection (3367
accessions), which was molecularly profiled using 41 polymorphic

simple sequence repeats (SSRs) for dissecting population structure
and diversity in composite collection (Billot et al., 2013). The pre-
viously generated 41 SSR data points on the selected high Brix
accessions (12) identified in this study were used to derive simple
matching distance matrix for constructing a hierarchical tree dia-
gram using DARwin 5.0 (Perrier et al., 2003).

RESULTS

Pooled analysis of variance showed that the main effects,
namely drought, genotype, and year, were significant in
all the five groups for Brix (except for drought in Group 1
and Group 5), days to 50% flowering (except for drought
in Group 4), plant height and head length (except for
drought in Groups 2 and 4 and for drought and year in
Group 5), head width (except for drought in Groups 2
and 4), and grain yield and 100-seed weight (except for
drought in Group 5) (Table 1). Drought stress significantly
affected SCMR I and SCMR II in Group 4 but not in
the other groups, while both genotype and year effects
were significant for SCMR I and SCMR II in all the five
groups. In Group 1, significant drought X year interaction
was observed for all traits except for days to 50% flower-
ing. In the same group, genotype X year was observed for
all traits except SCMR 11, while drought X genotype was
not observed for Brix and SCMR II. In Group 2, both
drought X year and genotype X year were significant for
all traits, while drought X genotype was not observed for
SCMRII. In Group 3, genotype X year was significant for
all the traits, while drought X year was not present for days
to 50% flowering and SCMR 11, and drought X genotype
was not observed for SCMR 1. In Group 4, genotype X
year was significant for all traits. In this group, drought X
year was not observed for Brix, head width, and SCMR
I1, while drought X genotype was absent for head length.
In Group 5, genotype X year was not observed for SCMR
I, while drought X year was not observed for days to 50%
flowering, plant height, grain yield, and SCMR 1 and
SCMR II. In the same group, drought X genotype was
not present for 100-seed weight, SCMR I, and SCMR II.
Drought X genotype X year interaction was not observed
for head length, SCMR I, and SCMR II in Group 1;
SCMR T and SCMR I in Group 2; SCMR I in Group 3;
head length in Group 4; and for plant height, grain yield,
SCMR I, and SCMR II in Group 5 (Table 1).

Drought stress in comparison to the irrigated control
significantly increased the mean Brix in maturity Groups
1 to 4, with percent increase ranging from 12.11 to 26.76%
(Table 2). In Group 5, Brix was observed to be the same in
both irrigated and drought-stressed conditions. However,
the genotypes responded differently to drought stress for
Brix in each group. For example, 16 accessions in Group
1, 67 in Group 2, 74 in Group 3, 16 in Group 4, and 2
in Group 5 had significantly greater Brix under drought
stress condition than in irrigated control. The percent
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Table 1. Mean squares for Brix (%), days to 50% flowering, plant height, head length and width, grain yield, 100-seed weight,
and SPAD chlorophyll meter reading (SCMR) in sorghum mini core collection accessions evaluated for two postrainy seasons
(2010-2011 and 2011-2012) under irrigated and drought-stressed conditions, Patancheru, India.

Source of Brix Days to 50% Plant Head Head Grain 100-seed
variation reading flowering height length width yield weight SCMR | SCMRII
% cm g plant™ g
Group 1 (36 entries including controls)
Replication 54 19.0* 507.0 0.2 1.8 10.7 041 45.0 330.6
Drought (D) 162.7 64.4* 94,883.6** 171.7* 185.1* 2,418.1** 2.1 1,057.8 946.7
Residual 9.7 1.3 226.8 5.3 3.4 10.6 0.01 3774 254.3
Genotype (G) 22.9* 576.0** 15,400.7** 327.2** 324.5 657.8** 4.1 221.6™* 274.7**
DxG 5.6 15.6** 941.5** 4.2* 8.9 71.9** 0.2 36.7** 25.2
Residual 1.4 2.0 122.9 2.8 2.0 10.9 041 17.0 321
Year (Y) 6.5* 511.8** 34,537.2** 94.9* 86.7** 2987.3** 151 4365.5 682.9**
DxY 347.7** 2.6 70,905.6** 292.4** 323.5** 805.6* 13.4* 2840.3** 1,274.3*
GxY 9.5 72.4* 818.4** 17.6** 13.1* 71.0** 0.5 39.4** 41.3
DxGxY 5.2 14.6** 463.6 3.1 51 57.8** 0.2 29.3 36.1
Residual 1.2 2.5 114.9 3.5 1.8 12.5 0.1 19.8 35.5
Group 2 (85 entries including controls)
Replication 52 29.4 2,530.8 36.2 14.4 40.0 041 43.4 1,279.2
Drought 1,323.5 168.1** 170,655.9* 78.2 4941 3,874.4% 4.3 71.0 2,268.5
Residual 6.4 4.3 3,353.9 14.2 14.7 74.5 0.04 105.4 413.3
Genotype 26.1% 298.8* 13,644.3** 375.9** 155.7* 523.6™* 6.2 216.1** 229.1*
DxG 5.0 10.5** 564.4** 3.8 10.5** 58.6 0.1** 26.0"* 26.7
Residual 1.5 2.3 152.6 2.5 1.9 12.5 0.04 13.2 2141
Year 74.3** 3,718.7** 18,603.9** 252.1** 380.2** 672.5* 477 11,710.0** 589.1**
DxY 619.2** 344.3* 208,477.8** 661.7** 1,249.6** 2,880.3** 16.5* 8,229.6™* 9,976.1**
GxY 7.6** 55.0* 569.5** 1.7 14.4* 69.8** 0.3* 46.4** 67.3**
DxGxY 3.5 14.7* 400.6** 5.9 18.5** 63.9 0.2 17.3 26.2
Residual 1.4 2.6 162.3 2.4 2.0 12.5 0.05 14.8 27.5
Group 3 (91 entries including controls)
Replication 2.1 0.5 2,173.2 20.5* 4.6 58.9 0.01 44.2 841
Drought 1,320.8** 521.3** 63,489.7* 26.1* 198.6* 6,729.3** 1.0** 26.8 599.3
Residual 7.0 1.4 2,546.8 0.5 4.2 27.7 0.02 92.5 140.7
Genotype 30.2** 270.7* 14,493.4** 695.8* 251.4** 679.6** 8.1** 185.9** 232.7*
DxG 4.3 11.6** 687.6™* 4.1 12.6** 61.3* 0.1** 14.7 37.3**
Residual 1.6 2.7 163.8 2.8 1.6 20.9 0.05 15.5 24.9
Year 53.5 8,254.8** 369,940.7** 279.7* 186.2** 1,066.5** 22.5** 11,256.8* 4,495.5**
DxY 329.5** 3.5 16,078.4** 371.6** 470.4** 2,266.9** 11.9** 1,872.9** 68.4
GxY 9.2** 64.6* 1,099.8** 19.3** 43.2** 84.6* 0.3* 471 77.5**
DxGxY 4.9 13.6* 464.4** 13.5** 9.6 46.5* 0.1** 18.6 42.2**
Residual 1.4 2.5 143.3 2.7 1.3 14.3 0.04 15.6 191
Group 4 (84 entries including controls)
Replication 2.8 3.3 114.2 6.3 29.5 6.3 0.01 33.0 7.3
Drought 192.0** 8.0 9,911.2* 13.9 36.8 1,136.9* 1.0* 814.7** 1,889.6*
Residual 0.5 1.7 78.0 9.2 9.0 2.6 0.08 7.4 37.9
Genotype 24.4** 512.9* 25,185.1* 470.5* 248.4* 833.0" 4.4 249.1** 181.1*
DxG 5.0 7.2** 610.7** 3.7 5.3 79.9** 0.1** 33.5 35.1*
Residual 1.3 2.6 159.6 3.4 2.3 18.0 0.08 13.3 22.2
Year 138.4** 4,430.4* 139,427.7* 64.1** 340.5 1,509.2** 0.7** 2,157.2** 4,988.3**
DxY 0.4 73.1% 1,042.3* 21.4** 8.7 180.0** 4.7 147.4** 25.5
GxY 7.5 60.8** 648.7** 23.2* 30.9* 77.9% 0.1** 60.7** 42 .4
DxGxY 3.6 9.7 421.4** 4.4 4.9 48.9** 0.1** 31.8" 33.7F
Residual 1.5 2.5 147.2 3.2 2.6 15.2 0.08 11.6 19.2
Group 5 (11 entries including controls)
Replication 3.0 7.2 404.6 0.4 2.2 2241 0.01 53.2 43.8
Drought 6.9 40.3* 7,445.8** 14.6 76.7* 952.9* 0.003 97.8 263.3
Residual 54 0.8 43.6 2.5 0.4 18.9 0.002 8.9 18.5
(cont’d)
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Table 1. Continued.

Source of Brix Days to 50% Plant Head Head Grain 100-seed

variation reading flowering height length width yield weight SCMR | SCMRII
Genotype 45.6™* 1,474.6** 14,110.5* 341.6 243.2** 873.1* 3.8 197.5** 132.6**
DxG 74 23.9** 376.4* 7.8 21.8* 147.7** 0.05 33.3 33.6
Residual 2.8 1.8 181.1 2.4 1.3 43.8 0.04 1841 22.6
Year 12.6** 3,800.1** 105,201.6** 0.5 199.5%* 2247.3** 1.4* 1,150.2** 4,446.1**
DxY 12.8* 12.6 0.3 81.5** 17214 30.4 2.6™ 261 73.8
GxY 4.8** 65.6"* 773.3" 16.3* 44.8** 163.2** 0.2** 8.6 53.8*
DxGxY 2.8* 10.9* 176.3 7.2%* 34.8** 46.8 0.1 9.3 45.8
Residual 1.3 3.4 175.3 2.4 2.4 21.5 0.03 16.0 18.9

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

Table 2. Effect of drought on Brix (%) in five maturity groups
of sorghum mini core collection accessions evaluated for
two postrainy seasons (2010-2011 and 2011-2012) under irri-
gated and drought-stressed conditions, Patancheru, India.

Mean Brix' % increase
in Brix under
No. Drought drought
Category entries Irrigated stress stress
%

Group 1 36 8.70b 9.86a 13.33
Group 2 85 8.78b 11.13a 26.76
Group 3 91 9.87b 12.10a 22.59
Group 4 34 11.48b 12.87a 12.11
Group 5 1 12.67a 13.76a 8.60

T Means were tested by Newman-Keuls test (Newman, 1939; Keuls, 1952); means
followed by different letters differ significantly at p = 0.05

increase in Brix on these accessions ranged from 14.4 to
51.5% in Group 1, 14.7 to 70.2% in Group 2, 11.2 to 65.7%
in Group 3, 12.0 to 52.8% in Group 4, and 14.9 to 34.4%
in Group 5 (data not given). Drought stress condition,
in comparison to irrigated control, significantly reduced
Brix in IS 13549 in Group 4. Drought in the remaining
accessions had no or only marginal effect on Brix.

IS 33844 (also known as Parbhani Moti or SPV1411),
one of the three controls, is the most popular sorghum cul-
tivar in India, widely grown during rabi (postrainy) season
(Reddy et al., 2007). Seven accessions; IS 23216 in Group
3; IS 13294, 13549, 23684, 24939, and 24953 in Group 4;
and IS 24139 in Group 5, had significantly greater Brix
(14.1-15.2%) than the control IS 33844 (11.3 to 12.2%)
(Table 3). However, these accessions yielded poorly (6.8 to
17.1 g plant™) and had much lower 100-seed weight (1.6 to
2.6 g) than IS 33844 (which had grain yield of 36.0 to 42.4
g plant™ and 100-seed weight of 3.5 to 3.6 g). In contrast,
four accessions, IS 4698 in Group 1, IS 1004 and IS 23891
in Group 2, and IS 28141 in Group 3, had significantly
more yield (11.7% to 22.7%) and comparable Brix (11.7
to 12.8%) and 100-seed weight (3.2 to 5.2 g) as compared
with IS 33844 (Brix, 12.2 to 13.4%; 100-seed weight, 3.4
to 3.6 g). IS 4698, 23891, and 28141 were comparable to
IS 33844 in terms of days to 50% flowering (~77 d), while

IS 1004, 13294, 13549, 23684, 24939, 24953, and 24139
flowered 4 to 24 d later than IS 33844. For plant height,
IS 1004, 23891, 13294, 13549, and 24139 were taller than
IS 33844 (234 to 269 cm). For SCMR,, IS 23891 in Group
2 and IS 23216 and 28141 in Group 3 had significantly
greater SCMR, both at flowering and 30 d after flow-
ering, than IS 33844. Similarly, some of the high Brix
accessions also had significantly greater head length and
head width, like IS 23684 in Group 4 and IS 24139 in
Group 5 (Table 3).

Plant height (except for Group 4) and days to 50%
flowering in irrigated and drought stress environments
were significantly and positively correlated with Brix
(Table 4). Grain yield was positively and significantly asso-
ciated with Brix in irrigated and drought-stress environ-
ments in Group 1, while it was significantly negatively
associated with Brix in Group 4. SCMR 1 (at flowering)
under drought stress environments was negatively corre-
lated with Brix in all the five groups. However, no such
association was discovered (except for negative association
in Group 3) between Brix and SCMR 1II (30 d after flow-
ering) under drought stress environments. Head length,
head width, and 100-seed weight were positively corre-
lated (r = 0.72, p < 0.01) with Brix under drought stress
environments in Group 5 (Table 4).

This study identified seven sorghum accessions with
significantly greater Brix content than the control, IS
33844, but with lower yields. Likewise, four accessions
significantly outyielded the control, IS 33844, but with
similar Brix content. A hierarchical tree diagram based
on Unweighted Pair Group Method with Arithmetic
Mean and simple matching dissimilarity matrix involv-
ing these 12 accessions including IS 33844 (which ranged
from 0.342 to 0.859 among 66 comparison pairs based on
41 SSR data points on 12 genotypes) grouped the access-
ions into two distinct clusters (Fig. 1). The high-yielding
accessions with Brix comparable to the controls sided with
IS 33844 in Cluster 1, while those low-yielding but with
significantly greater Brix than IS 33844 grouped sepa-
rately in Cluster 2. The two clusters separated at dissimi-
larity of ~0.28.
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Table 3. Performance of selected sorghum mini core accessions for Brix (%), grain yield, days to 50% flowering, plant height,
head length and width, 100-seed weight, and SPAD chlorophyll meter reading (SCMR) evaluated for two postrainy seasons
(2010-2011 and 2011-2012), Patancheru, India.

Grain Days to 50% Plant Head Head 100-seed
Brix yield flowering height length width weight SCMR | SCMRII
% g plant™ cm g
Group 1
IS 4698 12.8 43.3* 77.0 201.2 13.9 6.3 3.2 40.4 31.9
Control
IS 33844 13.4 35.3 776 213.3 14.1 6.5 3.4 40.2 31.4
Trial mean 9.5 19.4 63.1 182.5 22.4 9.1 2.6 47.4 33.7
(range) (7.8-13.5) (9.1-43.3)  (51.5-80.3) (115.8-250.3) (13.9-36.6) (4.4-6.6) (1.6-4.3) (36.7-56.3)  (26.1-46.0)
LSD (5%) 0.9 2.6 11 9.0 1.3 1.4 0.2 3.1 4.4
CV (%) 14.8 23.7 3.5 7.4 8.1 17.4 10.5 9.6 17.4
Group 2
IS 1004 12.3 38.7F 85.8 261.7 9.1 5.8 3.8 41.5 31.8
IS 23891 1.7 40.9* 75.6 250.4 16.8* 8.7 5.1* 471" 40.3*
Control
IS 33844 131 33.5 77.3 234.5 14.7 6.9 3.6 41.4 32.8
Trial mean 10.0 21.3 68.0 260.8 20.6 8.9 2.4 46.7 33.2
(range) (7.56-18.9)  (10.3-40.9) (52.5-85.8) (130.7-280.0) (6.0-36.1) (56.0-9.6) (1.3-5.1) (36.3-55.2)  (24.5-44.9)
LSD (%) 1.0 2.9 1.2 9.5 1.3 1.0 0.2 2.9 3.6
CV (%) 13.5 22.2 3.3 7.0 8.5 25.8 11.0 8.4 15.7
Group 3
IS 23216 14.7* 12.3 85.6 243.9 16.1 6.5 1.9 48.4* 38.4*
IS 28141 11.8 40.2* 75.7 242.5 9.7 6.5 5.2* 49.8* 42.7*
Control
IS 33844 12.2 36.0 777 254.5 15.0 7.0 3.5 438.7 29.5
Trial mean 11.0 231 75.8 238.8 21.8 8.7 24 457 32.5
(range) (7.8-14.7) (0.3-40.2)  (66.5-951) (104.4-323.0) (6.8-47.0) 41-0.9) (0.4-5.2) (881-55.2)  (17.7-43.9)
LSD (5%) 1.0 3.8 1.2 9.8 0.2
CV (%) 12.7 19.7 2.8 6.1 9.9
Group 4
IS 13294 14.5* 138.0 101.0 2891 25.0* 7.4 1.8 36.1 28.3
IS 13549 14.0* 15.9 87.2 299.8 16.6 9.4* 1.8 42.3 27.9
IS 23684 14.5* 6.8 96.5 273.8 23.9" 10.4* 1.6 32.1 27.2
IS 24939 14.6* 12.2 84.8 233.3 18.8* 7.3 1.8 40.1 31.0
IS 24953 14.1* 171 80.8 247.0 21.4* 7.4 2.6 44.0 34.0
Control
IS 33844 11.3 40.8 775 269.0 15.5 6.4 3.6 49.3 31.7
Trial mean 121 22.2 84.9 265.8 21.9 8.9 2.2 42.7 31.8
(range) (8.9-14.6) (6.8-42.8)  (70.3-1011) (1562.3-357.9) (8.7-35.2) (6.1-4.4) (1.0-3.9) (32.1-53.5)  (26.3-44.9)
LSD (5%) 0.9 3.3 1.2 9.9 1.5 041 2.6 3.6
CV (%) 11.3 20.7 2.3 5.4 8.5 9.9 9.2 14.9
Group 5
IS 24139 15.2* 13.8 95.0 301.6 31.7* 14.7* 1.7 38.8 31.2
Control
IS 33844 12.2 42.4 77.3 262.7 15.0 6.6 3.5 46.6 32.2
Trial mean 12.7 21.6 91.5 253.5 23.8 9.7 2.2 M7 3141
(range) (8.0-15.2) (3.8-42.4)  (69.3-118.6) (170.1-301.6) (15.0-32.7) (6.7-9.2) (1.4-3.5) (37.0-47.6)  (27.9-33.9)
LSD (5%) 14 5.4 141 10.8 1.2 0.8 0.1 3.1 4.2
CV (%) 10.1 22.9 2.3 4.9 7.2 29.2 9.8 9.4 16.8

* Significant at the 0.05 probability level.

DISCUSSION

Sorghum is now recognized as one of the most important
food, feed, and bioenergy crops worldwide, mostly grown

in semiarid and temperate regions. Sorghum is a C, plant
characterized by high photosynthetic- and radiation-use

efficiency. It is more tolerant to drought, salinity, and heat
stress than other cereal crops (Schittenhelm and Schroet-
ter, 2014; Tari et al., 2013). Sweet sorghum, in comparison
to sugarcane, is better suited for the production of ethanol
because it requires one-fourth the amount of water that
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Figure 1. A hierarchical tree diagram of 11 selected sweet sorghum accessions and a control cultivar IS 33844 based on simple matching
dissimilarity of 41 SSR markers. Cluster 1 accessions include those that significantly outyielded but with similar Brix to that of control, IS
33844, while cluster Il accessions include those with low yields but with significantly greater Brix than IS 33844.

(drought, year, and genotype), as well as the two-way
(drought X genotype, drought X year, and year X geno-
type) and the three-way (drought X genotype X year)
interaction effects were significant for most of the traits,
including Brix (Table 1). A previous study involving sweet
sorghum hybrids, R-lines, and varieties evaluated in rainy
and postrainy seasons at Patancheru, India also reported
significant genotype X season eftect for total soluble sugar
and sugar yield (Srinivasa Rao et al., 2009). Drought stress,
in comparison to irrigated control, significantly increased
Brix, and it varied from 8.60 to 26.76% (13.33% in Group
1, 26.76% in Group 2, 22.59% in Group 3, 12.11% in
Group 4, and 8.60% in Group 5) (Table 2). Genotypes
responded differently for Brix under drought-stress con-
ditions. For example, 16 accessions each in Groups 1 and
4, 67 in Group 2, 74 in Group 3, and 2 in Group 5 had
significantly greater Brix under drought stress conditions,
while IS 13549 in Group 4 had significantly lower Brix.
Drought stress in some other accessions had no significant
effect on Brix in each group.

Sugars have long been known to increase in a wide
range of plants grown at low moisture levels. For exam-
ple, increased sugar content in roots and/or leaves was
observed in drought-stressed chicory (Cichorium intybus
L.), barley, cotton (Gossypium hirsutum L.), maize, sor-
ghum, and wheat (de Roover et al., 2000; Eaton and
Ergle, 1948; Kameli and Losel, 1993; Massacci et al.,
1996; Méndez et al., 2011; Mohammadkhani and Heidari,

2008; Vassiliev and Vassiliev, 1936). However, the rate and
extent of increase in sugar content may depend on the
environmental conditions, species, and genotypes within
the species. Further, quantitative studies of biochemical
and physiological traits in Arabidopsis thaliana (L.) Heynh.
under stress revealed that prestress sugar concentrations
were correlated with subsequent stress tolerance (Ramel
et al., 2009). More recently, comparative metabolite pro-
filing of drought-stressed versus control (irrigated) plants
revealed that the stress substantially alters 143 metabolite
compounds with highly reproducing patterns. The major-
ity of the sugars (mannose, glucose, isomaltose, fructose,
and sucrose in leaves and glucose, fructose, sucrose, tre-
halose, and mannitol in roots) significantly increased on
stress in both leaves and roots of sorghum (Pavli et al.,
2013). In the present study, drought stress significantly
increased Brix in most of the accessions in each group.
However, there were few accessions in each group that
had similar Brix under irrigated and drought stress condi-
tions. It is known that sugars impart stress tolerance (Pavli
et al., 2013; Ramel et al., 2009), and this study will con-
tribute further to validating that premise.

Agronomically, four accessions (IS 4698 in Group 1,
IS 1004 and 23891 in Group 2, and IS 28141 in Group 3)
significantly outyielded the best control IS 33844 (33.5 to
36.0 g plant™) by 11.7 to 22.7%. However, these access-
ions had Brix similar to that of the control (Brix, ~13%).
A previous study also reported some germplasm with high
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grain yield and high stalk sugar content in sorghum (Gut-
jahretal., 2013). Seven accessions (IS 23216 in Group 3; IS
13294, 13549, 23684, 24939, 24953 in Group 4; IS 24139
in Group 5) showed significantly greater Brix (14 to 15%)
than the control (Brix, ~13%). The accessions with high
Brix were however found to have lower yield (6.8—17.1
g plant™) and 100-seed weight (1.6-2.6 g), and flowered
later (9-25 d) than the control IS 33844, which flowered
in 77 to 81 d, yielded 33 to 42 g plant™ grains, and had
100-seed weight of 3.4 to 3.6 g (Table 3). IS 13294, 13549,
and 24139 had significantly greater plant height and head
length, while IS 23684 had comparable plant height but
significantly greater head length and head width than the
control IS 33844. Previous studies have shown sufficient
genetic variation for Brix among sorghum germplasm and/
or cultivars evaluated, with few accessions having high
Brix (Almodares and Hadi, 2009; Bang et al., 2009a,b;
Choi et al., 2012; Codesido et al., 2013; Makanda et al.,
2012; Reddy et al., 2005; Salazar et al., 2009; Srinivasa
Rao et al, 2009; Zou et al., 2011). Research at ICRISAT
and in the United States have shown that it is possible
to combine high grain yield and high stalk sugar content
into improved genetic background in sorghum (Murray et
al., 2008; Reddy et al., 2005; Srinivasa Rao et al., 2009).

Significant positive and moderate associations involv-
ing Brix with days to 50% flowering and plant height
under both irrigated and drought stress conditions (Table
4), which support to previous reports (Murray et al., 2008;
Srinivasa Rao et al., 2009; Zou et al., 2011), revealed that
these two traits confer greater advantage to high Brix and
should be considered in breeding programs to develop
cultivars with greater Brix content in sorghum.

The genetic dissimilarity among 66 pair-wise compar-
1isons involving 41 SSR data points on 12 accessions with
significantly greater or similar Brix to that of IS 33844
ranged from 0.342 to 0.859, and a hierarchical tree dia-
gram grouped these accessions into two distinct clusters.
Cluster 1 consists of high-yielding accessions with Brix
comparable to the control, IS 33844. Cluster 2 consists of
accessions that showed significantly greater Brix than IS
33844 but have lower yield (Fig. 1). The grouping clearly
separated accessions into distinct geographical diversity.
For example, accessions from south and west Asia grouped
together in Cluster 1, while those from South America
and Central America sided with accessions from eastern
Africa in Cluster 2. This separation of accessions into two
distinct clusters also reflected racial diversity. For example,
durra or durra-caudatum types grouped together in Clus-
ter 1, whereas those with guinea, bicolor, guinea-caudatum,
and caudatum-bicolor types grouped in Cluster 2. IS 33884
is known for its large-size pearl-shaped grains and was
released for rabi-season (October to March) cultivation in
India. IS 23684, 24939, and 24953 were reported resistant
to anthracnose and leaf blight [Exserohilum turcicum (Pass.)

K.J. Leonard & Suggs] (Sharma et al., 2012), while IS
13294 and 13549 were reported resistant to maize dwarf
mosaic virus (Seifers et al., 2012). In terms of susceptibility
to insect pests, research at ICRISAT has shown that while
most of these accessions were reported highly susceptible
to stem borer (Chilo partellus S.), IS 1004, 4698, and 23216
were resistant to stem borer. Likewise, IS 4698 has been
reported resistant to shoot fly (Atherigona soccata Rond.)
(Sharma et al., 2003). These accessions with high Brix
are ideal genetic resources for use in crop improvement
programs. Sorghum researchers worldwide can obtain
limited seed samples of accessions with high Brix con-
tent from the ICRISAT genebank for research purposes
through a Standard Materials Transfer Agreement.

CONCLUSIONS

Sweet sorghum has gained importance worldwide as a bio-
energy crop, particularly in countries in Asia, Africa, and
the Americas. In this study, sorghum mini core collection
was evaluated for stalk sugar and for phenological and agro-
nomic traits under irrigated and drought stress conditions.
Seven accessions with significantly greater Brix than the
agronomically superior control (IS 33844) were identified,
but these turned out to have lower yields. Four accessions
significantly outyielded the control, IS 33844, but with
similar Brix content. These accessions formed two distinct
groups, clearly separating low-yielding accessions with
high Brix from those having high yield and similar Brix to
that of IS 33844. Some of these high Brix accessions were
also reported to have resistance to leaf diseases and insect
pests and therefore are ideal genetic resources for use in
cultivar development for bioenergy traits in sorghum.
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