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ABSTRACT

Wild relatives of crops, sorghum being no exception, continue to
play a key role in the development of high performing cultivars.
Among the 22 species comprising this highly variable genus, only
one, Sorghum bicolor, is commercially cultivated for food, feed and
bioenergy production. The wild sorghums thus offer opportunities
for further genetic enhancement of this crop. Profitable utilization of
wild species however demands an inter-disciplinary, multi-pronged
approach to increase the probability of achieving the desired genetic
improvement. To this end, this chapter presents a review of the current
knowledge on (1) biosystematic aspects such as botany, taxonomy
and classification, (2) domestication and evolution, including centers
of diversity, genetic diversity, chromosome homologies and species/
phylogenetic relationships, (3) genetic resources, genepools and
conservation perspectives including collections and preservation of
germplasm, (4) utilization aspects including the specific potential of
the wild species in crop improvement with reference to insect and
disease resistance, yield, grain quality, ecological adaptation, allopatric
resistance, and (5) strategies to maximize utilization of wild germplasm
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resources including direct hybridization, reproductive barriers and their
circumvention, chromosome and physiological manipulation, the gaps
between hybridization and utilization and molecular interventions.
Recent advancements in biotechnology, in particular, are expected
to increase the efficiency and range of use of these wild sorghum
species.

Keywords: Classification, conservation, distribution, genepools,
phylogenetic relationships, utilization, wild relatives

3.1 Introduction

Sorghum [Sorghum bicolor (L.) Moench] is a significant cereal crop for the
sustainable livelihood of the resource poor farmers of the semi-arid tropics.
The grain is a major food in most of Africa, Asia and Central America while
itis an important animal feed in the Americas and Australia. Sorghum crop
residues and green plants also provide sources of animal feed, building
materials and fuel particularly in dry land areas of the semi-arid tropics.
Alternative uses include beer, alcohol and syrup production. Globally, the
fifth most important cereal crop with an estimated world production of
54.2 m tons from a harvested area of about 35.4 m ha, sorghum is grown
in 100 countries of Africa, Asia, Oceania and the Americas (FAO 2013).
Predominantly grown under rainfed-marginal lands with low input farming
systems, India, Nigeria, Mexico, the USA, Argentina and Ethiopia are the
major producers.

Breeding efforts have been directed towards developing high yielding,
photoperiod insensitive and abiotic and biotic stress resistant cultivars
for adaptation to diverse agroclimatic conditions. The discovery of
dwarfing genes in sorghum has led to the development of several short
statured sorghum hybrids, which are responsive to high input agriculture.
Nevertheless, sorghum productivity continues to be constrained by a wide
range of pests and pathogens including over 40 diseases and more than 150
insect pests (Jotwani et al. 1980; Frederiksen and Duncan 1982). Estimated
loss in grain yield due to sorghum downy mildew in unprotected over
protected plots, ranged from 9.6 to 78.5% in different cultivars (Anahosur
and Laxman 1991), and nearly 32% of the sorghum crop is reportedly lost
due to insect pest infestation (Borad and Mittal 1983). Annual cereal losses
due to parasitic weed, Striga, are estimated at US $ 7 billion in Sub-Saharan
Africa alone (AATF 2011). Despite the development of resistant varieties,
levels of resistance in cultivated sorghum, particularly to insect pests, are
low to moderate, and increased insect pressure combined with changing
virulence patterns of the pest often cause breakdown of resistance (Sharma
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1993). This underscores the need to develop cultivars with broad-based
resistance utilizing genes from diverse sources.

Wild species have frequently been used as sources of new genes in
resistance breeding for abiotic and biotic stresses, agronomic and seed
quality traits in various crops. Several examples are known where genes
from wild relatives, both near and distant, have played a key role in
salvaging a crop and preventing its failure as a commercial enterprise
(Harlan 1984; Goodman et al. 1987; Dwivedi et al. 2008). These wild relatives
are wild taxa that have an indirect use derived from their relatively close
genetic relationship to a crop (Maxted et al. 2006). Most modern crop
cultivars are known to contain some genes from a wild relative /progenitor,
which are currently identified as a critical resource with a vital role in food
and nutritional security and for environmental sustainability (Maxted et
al. 1997b; Meilleur and Hodgkin 2004; Stolten et al. 2006).

Sorghum is a highly variable genus with about 22 species, of which,
only one, S. bicolor, is commercially cultivated for food, feed and bioenergy
production. The wild Sorghum species thus, represent a diverse source of
germplasm with considerable potential to broaden the genetic potential of
crop cultivars. As demand increases for more reliable food and feed sources
from environments challenged by water shortage and high temperatures,
sorghum will play a more prominent role due to its wider adaptation
and diverse uses. Sorghum’s relative drought and heat resistance may
also increase its importance worldwide if the predicted effects of global
warming come to pass (GCDT 2007). This chapter presents the potential
of wild sorghum in improvement of the crop.

3.2 Classification, Distribution and Botany

Sorghum is classified under the family Poaceae (grass family), tribe
Andropogoneae, subtribe Sorghastrae, and genus Sorghum Moench (Stapf
1917). Linnaeus (1753) first described in his “Species Plantarum” three species
of cultivated sorghum: Holcus sorghum, Holcus saccaratus and Holcus tricolor.
Moench (1794) distinguished the genus Sorghum from Holcus, and Person
(1805) suggested the name Sorghum vulgare for Holcus sorghum (L.). In
1961, Clayton named cultivated sorghum as Sorghum bicolor (L.) Moench.
Sorghum is a highly variable genus, comprising primarily 22 species (Fig.
3-1), grouped into five subgenera or sections: Eu sorghum, Chaetosorghum,
Heterosorghum, Parasorghum and Stiposorghum (Garber 1950; Harlan and de
Wet 1972; de Wet 1978; Lazarides et al. 1991).

Snowden (1936, 1955), gave the most comprehensive classification for
section Eu sorghum. Two subsections viz., Arundinacea and Halepensia, were
described, with former represented by 48 taxa: 28 cultivated species (series
Sativa), 13 wild species, and seven representing hybrids (introgressed types)
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Figure 3-1 Sorghum genepools.

between wild and cultivated sorghums (series Spontanea); and the latter
comprising four rhizomatous taxa: S. halepense, S. propinquum, S. miliaceum
and S. controversum. All subsequent classifications of sorghum have been
modifications of the Snowden system. Currently, the section Eu sorghum, has
three species: two wild perennials, S. halapense (L.) Pers. and S. propinquum
(Kunth) Hitchc., and the economically important and extensively variable
annual, S. bicolor (L.) Moench (Table 3-1). The species S. bicolor (L.) Moench.
(2n = 20) includes all annual taxa recognized by Snowden (1936, 1955). It
is subdivided into three subspecies: subsp. bicolor including an extremely
diverse complex of domesticated taxa; subsp. verticilliflorum (Steud.) de
Wet comb. nov. comprising of an ecologically and morphologically variable
complex of wild taxa/progenitors of cultivated sorghum, which are widely
distributed in Africa, and subsp. drummondii (Steud.) de Wet comb. nov
including the weedy forms or stabilized derivatives of hybrids between
cultivated sorghum and their close wild relatives. The three subspecies of
S. bicolor together form an extremely variable crop-weed complex members
which are fully interfertile.

AllS. bicolor ssp. bicolor are annuals, with thick culms up to about 5 m
tall, often branched and with tillers. Harlan and de Wet (1972), in a simplified
classification, described five basic races in ssp. bicolor: bicolor, which is
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Table 3-1 Classification and distribution of Eu sorghum diversity (de Wet 1978; Wiersema and
Dahlberg 2007).

Genus |Section |Species Subspecies Common Distribution
name
Sorghum | Sorghum |S. bicolor subsp. bicolor  |grain Cultivated grain
(L.) Moench sorghum sorghum
(2n=20)
subsp. Sudan grass |Annual weedy
Drummondii derivatives arising
(Steud.) de Wet from hybridization
ex Davidse of grain sorghum
(subsp. bicolor)
and its wild
relatives (subsp.
verticilliflorum)
subsp. common Annual wild
verticilliflorum  |wild relatives, native
(Steud.) de Wet |sorghum to Africa,
ex Wiersema & Madagascar;
] Dahlb., comb. introduced to India,
nov. Australia, Americas
S. halepense (L.) Johnson Southern Eurasia
Pers. (2n = 40) grass east to India
S. propinquum Indian
(Kunth) Hitchec. subcontinent to
(2n =20) Southeast Asian
Islands

widely distributed across the African Savannah and Asia; caudatum, found
in Central Sudan and surrounding areas; guinea, which is grown in eastern
and western Africa; durra, found primarily in Arabia and Asia Minor but
also grown in India, Myanmar, Ethiopia and along the Nile Valley; and kafir,
which is cultivated primarily in south eastern Africa. In addition they also
recognized 10 intermediate races between all combinations of their hybrid
derivatives so that a total of 15 races of cultivated sorghum are practically
and easily distinguished based on mature spikelet/panicle morphology.
S. bicolor ssp. verticilliflorum (Steud.) Piper (earlier subsp. arundinaceum
(Desv.) de Wet et Harlan) as described by de Wet et al. (1978) includes four
botanical races/ecotypes: aethiopicum, arundinaceum, verticilliflorum and
virgatum. These ecotypes overlap both morphologically and ecologically
such that they do not deserve formal taxonomic status (Doggett 1988). This
subsp. subsumes the 13 Snowdenian wild “species” (Snowden 1955). The
widest distributed and most morphologically variable is race verticilliflorum
of the African Savannah, introduced to tropical Australia, parts of India
and the New World. It is characterized by large open inflorescences with
spreading, but not pendulous branches, usually divided near the base.



Wild Sorghums—Their Potential Use in Crop Improvement 61

Race arundinaceum, distributed across moist tropical African forests, also
has large open inflorescences, but with flexuous branches undivided near
the base. Race aethiopicum, a desert grass across the African Sahel, has
relatively small, contracted inflorescences with sub erect branches that are
strongly divided, and large ovate lanceolate, densely tomentose sessile
spikelets. Race virgatum of north eastern Africa, is distinguished from the
others by its narrowly linear leaf blades that are rarely more than 2 cm
wide; inflorescences are narrow with sub erect branches that may become
somewhat flexuous at maturity.

Sorghum bicolor subsp. drummondii includes the seven weedy Snowdenian
“species”. This ssp. occurs as a weed in Africa wherever cultivated grain
sorghum and their wild relatives are sympatric. These weeds occur across
the range of sorghum cultivation in Africa and inflorescence morphology is
determined by nature of introgression between the race of grain sorghum
and race of subsp. verticilliflorum involved in hybridization.

Sorghum halepense (2n=40), an extensively variable rhizomatous
perennial, is a native of southern Eurasia east to India, which collectively
includes the three rhizomatous species recognized by Snowden (1955):
S. halepense, S. miliaceurn (Roxb.) Snowden and S. controversum (Steud.)
Snowden. The common race/ecotype of S. halepense, which occupies the
western range of the species has slender culms with relatively small, open,
inflorescences and narrow leaf blades. In the eastern half of its range, this
species, characterized by more robust plants, with culms up to 3 m tall,
broader leaf blades and large inflorescences with panicles up to 55 cm is
referred to as S. miliaceum. Some specimens from eastern and southern India
referred to as S. controversum have densely hairy sessile spikelets rather
than sparsely pubescent sessile spikelets at the base and above the middle
as is characteristic of the more typical S. halepense. Hybrids and hybrid
derivatives are aggressive colonizers, and have become widely distributed
as weeds in Australia and the New World where the two parental species
do not occur naturally. These weeds are commonly referred to as Johnson
grass (S. halepense) in the USA and as S. almum Parodi in Argentina.

Sorghum propinquum (2n=20) is a robust tufted perennial with stout
rhizomes that extends from Sri Lanka along the east coast of India to
Myanmar and east to the islands of South East Asia. It is closely allied to
S. halepense, differing from this species primarily in its smaller spikelets,
and being a diploid rather than a tetraploid. This species crosses extensively
with S. bicolor wherever they are sympatric to produce fully fertile hybrids,
indicating cross-compatibility, thereby allowing the resultant hybrids to
act as avenue for introgression. The absence of such barriers can explain
why many intermediate types may be observed in nature. However, the
geographical isolation and their natural distribution justify their recognition
as separate species.
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Snowden (1936) used simple traits such as grain color, glume color,
awns, and persistence of pedicellate spikelets. However, all of these
characters vary widely within related forms to the point that they have
little taxonomic value. Traits such as height, tillering, juiciness of stalk
and day length response are useful for agronomic purposes, but also vary
greatly among related forms and are not useful for classification purposes.
The exhaustive and meticulous work of de Wet et al. (1970), Harlan and de
Wet (1972) and de Wet (1978) on cytogenetics and classification resulted in
the amalgamation and classification of all the variation (all Snowdenian
“species” in “Arundinacea”) into just three species within the section
Eu sorghum: S. bicolor complex, Sorghum halepense and S. propinquum.
Sorghum halepense is reproductively sufficiently isolated from both diploid
S. bicolor and S. propinquum, to prevent the formation of intergrading
populations with them; and S. propinquum is isolated geographically and
largely ecologically from S. bicolor, or was until cultivated sorghum spread
to South East Asia. They based their classification on spikelet morphology
and grain characteristics and identified five main races of sorghum from the
mature sessile spikelets alone. Their reasoning was that spikelet characters
are considered to be the most stable, the least influenced by environment,
and the most revealing with respect to relationships (Perumal et al. 2007).
Classification of sorghum accessions in germplasm collection is challenging
due to the relatively high level of introgression that has occurred during
the evolution of sorghum (Doggett 1988).

Sections Chaetosorghum, Heterosorghum, Parasorghum and Stiposorghum
contain 19 wild species native to Africa, Asia and Australia (Garber
1950; Lazarides et al. 1991). The monotypic sections Chaetosorghum and
Heterosorghum are represented by S. macrospermum E.D. Garber and
S. laxiflorum EM. Bailey respectively. While the former is confined to the
Port Darwin—Katherine region of the northern territory, Australia, the
latter is restricted to northern Queensland, Australia, New Guinea, and
the Philippine Islands. Parasorghum includes nine species with a range of
distribution extending from south and eastern Africa in a discontinuous
arc through India, southern and eastern coastal Asia and the East Indies to
Australia along the east coast (Garber 1950). Three Parasorghum species are
endemic to Australia (S.grande Lazarides, S. leiocladum (Hack.) C.E. Hubb.,
S. matarankense E.D. Garber and Snyder); S. timorense (Kunth) Buse is found
in the Timor Islands and Australia; S. versicolor Andersson occurs in Africa; S.
purpureo-sericeum (Hochst. Ex A. Rich) Asch & Schweinf. in Asia and Africa
and S. nitidum (Vahl) Pers. shows a distribution from Asia to Australia. These
species range in ploidy from 2n=10 to 2n=40, with S. grande, S. nitidum and
S. timorense showing varying ploidy within the species (Dillon et al. 2007). The
section Stiposorghum comprises 10 species (S. amplum Lazarides, S. angustum
S.T. Blake, S. brachypodum Lazarides, S. bulbosum Lazarides, S. ecarinatum



Wild Sorghums—Their Potential Use in Crop Improvement 63
Lazarides, S. extans Lazarides, S. interjectum Lazarides, S. intrans F. Muell. Ex
Benth., S. plumosum (R.Br.) P. Beauv. and S. stipoideum (Ewart & Jean White)
C.A.Gardner & C.E. Hubb (Garber, 1950, Lazarides et al. 1991). Most of these
species are diploid with 2n = 10, while S. interjectum has 2n = 30, 40 and
S. plumosum has 2n =10, 20, 30 (Garber 1950; Lazarides et al. 1991). Members
of Stiposorghum are confined to the northern territory of Australia and the
lesser Sunda Islands. Characters of Australian sorghum are presented
in Table 3-2. Lazarides and his associates (1991) who expanded on the
earlier work of Garber (1950) accepted the four previously established

Table 3-2 Description of Australian Sorghums (based on Lazarides et al. 1991).

Subgenus Chaetosorghum |Heterosorghum  |Parasorghum Stiposorghum
Garber Garber (Snowden) Garber
Garber
Species S. macrospermum |S. laxiflorum S. grande S. amplum
S. leiocladum S. angustum
S. matarankense S. brachypodum
S. nitidum S. bulbosum
S. timorense S. ecarinatum
S. exstans
S. interjectum
S. intrans
S. plumosum
S. stipoideum
Distribution Australia Australia, Papua |Arica, Asia, Australia
New Guinea, Australia, Mexico
Philippines
Duration Annual Annual Chiefly perennials | Chiefly annuals
(3/5)
Racemes 9-21-jointed Usually 2-jointed |Usually 3-6(-10)- |1(-3)-jointed
jointed
Sessile Spikelet
Sessile Spikelet |10-11 mm 5.3-6.6 cm Usually less than |Usually more
Length (incl. 8 mm than 8 mm
callus)
Sessile Spikelet |Minute. obtuse |Minute. obtuse  |Small to minute, |Usually
Callus Blunt to subacute |elongated and
pungent
Sessile Spikelet [3.3-5.2 cm 2.5-4.3 cm 1-6.5 cm or 5-15cm
Awn length absent
Sessile Spikelet | 15-20-nerved 11-nerved Usually 7-9- usually 9-11
Lower glume nerved nerved

Table 3-2 contd....
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Table 3-2 contd....

Subgenus Chaetosorghum |Heterosorghum | Parasorghum Stiposorghum
Garber Garber (Snowden) Garber
Garber
Sessile Spikelet |Ovoid to Obovoid to Usually obovoid |Variable
Caryopsis ellipsoid ellipsoid
Sessile Spikelet |Glabrous or Sparsely ciliate Ciliate (rarely Ciliate (rarely
Lodicules pubescent glabrous) glabrous)
Pedicelled Reduced, neuter |Reduced, neuter |Developed, Developed
spikelet staminate of (rarely
neuter suppressed),
neuter or
staminate
Pedicelled Slightly unequal |Unequal Subequal Subequal
spikelet
Glumes
Pedicelled Usually simple |Divided Simple of divided |Usually simple
spikelet
Panicle
branches
Pedicelled Cupular, Cupular, Usually cupular |Usually linear
spikelet horizontal horizontal and horizontal and oblique
Articulation
joint
Culm nodes Glabrous or Glabrous, Pubescent or Pubescent or
pubescent bearded or bearded, rarely  |bearded or
pubescent glabrous glabrous
Pruinosity Absent Present Absent or Usually present
sometimes
present
2n 40 40 Chiefly 10, 20; Chiefly 10; also
also 30, 40 20, 30, 40

sections, but considered characters relating to indumentum /pubescence
on the culm nodes, pruinosity, nervation of the lower glume of the sessile
spikelet, lodicules and caryopsis to be of limited taxonomic value. They
regarded section Stiposorghum as most advanced with section Parasorghum
the most primitive. Parasorghum is characterized by a short, straight blunt
callus and cupular articulation joint whereas in Stiposorghum, the callus is
longer curved and pungent with a linear joint. While these two sections
are clearly delimited, the two monotypic sections Chaetosorghum and
Heterosorghum have several features in common as in the minute obtuse
calli, more or less circular articulation joints, prominent awns and reduced
pedicellate spikelets. Discrimination is based on dissimilarities in habit,
glume nervation, relative pubescence, panicle branching and numbers
of raceme joints. Glumes of pedicellate spikelets are equal in length and
lower glume of sessile spikelets is 10—22-nerved in Chaetosorghum, while the
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glumes of pedicellate spikelets are unequal in length and the lower glume
of sessile spikelets is 9-12-nerved in Heterosorghum. Members of the four
sections, viz., Chaetosorghum, Heterosorghum, Parasorghum and Stiposorghum
are reproductively isolated from those in section Eu sorghum.

3.3 Reassessment of the Classification of Sorghum

The number of “species” in the genus Sorghum has long been debated,
and differs in published literature with the usual extremes of “lumpers”
and “splitters”. Wright (1940) defined species as “groups within which
all subdivisions interbreed sufficiently to form intergrading populations
wherever they come in contact, but between which there is so little
interbreeding that populations are not found”. Dobzhansky (1951) outlined
isolating mechanisms, of which geographical separation was one. Stebbins
(1970) confirmed Dobzhansky’s treatment of the “species” concept.

It is clear that much of the current classification of the genus depends
on studies of the mid 20th century, and only a few studies have been
carried out to evaluate the relationship within the subtribe Sorghastrae.
Although, this current classification is convenient, phylogenies based
on sequence analysis suggest that the Sorghum section designations may
not correspond to evolutionary relationships (Spangler et al. 1999; Dillon
et al. 2001, 2004). Phylogenetic relationships within the genus Sorghum
have been studied from various perspectives: Karyotype and crossability
(Garber 1954; Gu et al. 1984), numerical analysis of morphological characters
(Liang and Casady 1966), variation of chloroplast restriction sites (Duvall
and Doebley 1990), mitochondrial DNA restriction site (Guo et al. 1996),
allozyme patterns (Morden et al. 1990), and internal transcribed spacers of
nuclear ribosomal RNA (Sun et al. 1994). The ploidy level and number of
genomes presentin S. bicolor, however, are still not definitive. Furthermore,
the diversity and variability of sorghum make it especially difficult to deal
with taxonomically.

The literature on the classification of sorghum is confusing. This
invites reassessment of the classification of sorghum using nucleotide
sequence data. Nucleotide sequence data can provide more discerning
classification of sorghum because the mutation process underlying
nucleotide polymorphism is better understood. Evaluation of Sorghum
taxa in the light of recent molecular and morphological evidence have
led to splitting Sorghum into three genera: Sorghum, Sarga and Vacoparis
(Spangler 2003). Though the data suggest that the three distinct lineages
exist, the relationships among these lineages are unresolved. Each lineage
is recognized here as a distinct genus in the context of overall variation in
tribe Andropogoneae. The proposed genus Sorghum encompasses species
S. bicolor, S. halepense and S. nitidum. The proposed genus Sarga encompasses
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species presently found in the subgenera Parasorghum and Stiposorghum. The
proposed genus Vacoparis encompasses Australasian taxa, V. macrospermum
and V. laxiflorum. Uncertain relationships among the three lineages
exemplify the difficulties in assigning ranks to taxa that may cause future
dramatic name changes with new data. As discussions progress concerning
the validity and utility of rankless classifications, concrete examples can
provide insights into specific cases where strengths and weaknesses can
be evaluated. Species boundaries in Sarga are different from those defined
formerly. Continuous variation across specimens in characters used to
distinguish taxa in the past led to the decision to broaden species limits so
that fewer and morphologically variable species are recognized (Spangler
2003). The limitations of the available sequence-based phylogenies imply
that this reclassification is premature.

A detailed investigation of phylogenetic relationships within Sorghum
(Dillon et al. 2004) revealed that the Eu-sorghum species resolves into a
strong lineage, which also includes the Australian natives S. laxiflorum and
S. macrospermum. This makes the two Australian wild sorghum species
most closely related to cultivated sorghum. The remaining wild relatives of
cultivated sorghum strongly resolve to a second lineage. Their data support
areduction in the number of subgeneric sections from five to three: Sorghum
(unchanged), a combined Chaetosorghum /Heterosorghum to reflect the very
close relationship between these two species, and a combined Parasorghum /
Stiposorghum section, thereby removing the unclear taxonomic and genetic
boundaries between these species.

Traditional taxonomic treatment of Sorghum based on morphological
characters has generally resulted in a classification clustered with Latin
names that have little or no biological meaning, and some individual taxa
are given ranks that seem contradictory. This has probably caused more
difficulty in understanding the origin and evolution of cultivated sorghum
than any other factors. With recent Sorghum phylogenetic analyses providing
new insights, it is our opinion that there is need to reassess the classification
thatis based on a hierarchy of formal ranks, and probably reclassify sorghum
on a clade-basis, which perhaps will better reflect the branching pattern
of evolution. However, the major task will be to incorporate the resulting
patterns of cladistic analysis into already existing hierarchical sorghum
classification.

3.4 Origin, Domestication, Evolution and Diversity

Sorghum indisputably, originated in Africa where the greatest diversity
of both wild and cultivated types exist (Doggett 1988; de Wet and Harlan
1971; de Wet 1978). The earliest known record of wild sorghum, dated about
8000 BP, comes from an archaeological site at Nabta Playa near the Egyptian
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—Sudanese border (Dahlberg and Wasylikova 1996). Wild and weedy
Sorghum within Eu sorghum are believed to have significantly contributed
to the sorghum domestication probably in the Ethiopian highlands of the
northeast quadrant of Africa. Snowden (1936) believed that wild races
aethiopicum, arundinaceum and verticilliflorum independently gave rise to the
cultivated races durra, guinea and kafir, respectively, in eastern, western and
eastern-central Africa respectively. de Wet and Huckabay (1967) based on
comparative morphology and natural distribution data, came to a similar
conclusion, but opined that the durras probably arose from the kafirs.
Based on similarity coefficients they pointed out that race verticilliflorum
had affinities with all cultivated races though closest to the kafirs. Harlan
and Stemler (1976) in an attempt to understand the domestication process,
collected and classified both the wild and cultivated races from their native
habitats and based on morphology, ecology and distribution, Harlan (1992)
surmised that race verticilliflorum being the most widely distributed of all
the races was probably the primary progenitor for cultivated sorghum as
opposed to race arundinaceum which flourishes best in areas too wet and
humid for cultivated sorghum. Harlan (1992) however did not rule out some
genetic contribution from the other races since all of the races both cultivated
and wild belong to one biological species. By his postulate, an early bicolor
type was first domesticated from race verticilliflorum in the Chad-Sudan
region; this spread to West Africa where the guinea race evolved through
introgression with race arundinaceum; and to South Africa where the kafir
evolved; he also suggests that durras probably arose in India from the first
introduced bicolors. Electrophoresis data suggest that kafirs are close to the
race verticilliflorum (Schecter and de Wet 1975). Doggett (1988), however,
maintains that the durra is of Ethiopian origin since the entire spectrum of
wild type bicolor-durra crosses is found there. Race caudatum is referred
to as a later domesticate and Doggett (1988) proposes that it could have
arisen from a continued interaction with the wild genepool in the Ethiopian
region. The kaoling of China is also thought to be derived from race bicolor
introduced there or alternatively it may have been derived from cross
compatible wild diploid sorghums (S. propinquum) (Harlan 1995). Systematic
relationships revealed by nuclear and chloroplast restriction site analysis
indicate that cultivated sorghum is derived from wild subsp. verticilliflorum.
When exactly sorghum was domesticated in Africa is still unclear. So far,
remains of African domesticated sorghum have been dated at about 100
AD at Qasr-Ibrim, Egyptian Nubia (Rowley Conwy 1991; Rowley Conwy
et al. 1997; Clapham and Rowley Conwy 2007).

Early domestication of sorghum was associated with changing the small
seeded shattering open panicles towards non shattering and more compact
panicles. This involved several factors: significant increase in number of
branches within the inflorescence, decrease in the internode length of the
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rachis and an increase in seed size so it protruded out of the glumes (House
1985). These changes contributed to increased yield in domesticated types
as compared to the ancestral forms. Immense morphological diversity
in cultivated sorghum has emerged because of variable climate and
geographical exposure in which the wild ancestors evolved, coupled
with selection pressures imposed both by diverse environments and by
man during the domestication and ennoblement process (Doggett 1988).
Sorghum is reported to have spread from Africa to India via the Middle
East through trade routes some 3000 years ago (Mann et al. 1983), to China
and the Far East via the Silk route (~400AD) and to the Americas with the
slave trade (1800s-1900s). In India, regarded as the secondary center of
diversity, the earliest remains of cultivated sorghum are dated as early
as the second millennium BC (Fuller 2002) and considerable diversity
particularly of the durra and half durra types has evolved and developed in
the region. In Australia, cultivated sorghum was only introduced around
the 1900s. However, the higher rainfall region of the northern territory, in
which endemic taxa are represented to a high degree, appears to be a center
of diversity for the Australian representatives of the genus (Lazarides et
al. 1991).

Sorghum has been extensively investigated for understanding taxonomic
relations and evolution of the crop. Early studies focused on morphology,
cytology and distribution data, primarily, of the African component of the
wild sorghum (Snowden 1936, 1955; Liang and Casady 1966; de Wet et al.
1970; de Wet and Huckabay 1967; de Wet and Harlan 1971; de Wet 1978;
Harlan 1992), which helped in circumscribing species limits, and explaining
the origin and domestication process. The deployment of environment-
neutral molecular tools in recent times combined with advanced statistical
methods has contributed considerably to further our understanding of
sorghum domestication and levels of diversity within the genepool. Studies
using a variety of molecular markers including isozymes (Morden et al. 1990;
Aldrich et al. 1992), Restriction Fragment Length Polymorphisms (RFLPs),
Random Amplified Polymorphic DNAs (RAPDs), Inter-Simple Sequence
Repeats (ISSRs) (Aldrich and Doebley 1992; Cui et al. 1995; de Oliviera et
al. 1996), mitochondrial DNA (Deu et al. 1995), Amplified Fragment Length
Polymorphisms (AFLPs) and Simple Sequence Repeats (SSRs) (Kamala 2003;
Casa et al. 2005, 2008; Billot et al. 2013) have confirmed previous concepts
of sorghum domestication/evolution, although assessed levels of diversity
have varied with different marker systems. For example, Deu et al. (1995)
showed that the diversity observed in 109 cultivated types (subsp. bicolor)
was encompassed within the 47 wild relatives (subsp. verticilliflorum and
S. halepense); Casa et al. (2005) using SSRs indicated that landraces retained
86% of the diversity observed in the wild sorghum but they were less
diverse than the wild. Although the landraces and wild were moderately
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differentiated (Fst=0.13), there was little evidence of population differentiation
among racial groups of cultivated sorghum (Fst=0.06); statistical methods
for identifying genomic regions with patterns of variation consistent with
selection gave significant results for 11 loci, seven of which mapped in or
near genomic regions associated with domestication-related Quantitative
Trait Loci (QTLs) (i.e., shattering, seed weight and rhizomatousness). Billot
etal. (2013) genotyped a large global sorghum collection (3,367 accessions)
including landraces (89.5%), breeding lines or advanced cultivars (8.3%),
wild/weedy types (2.0%) and unknown (0.1%) using 41 SSRs; 17 markers
produced alleles unique to wild /weedy accessions. Forty of the 783 alleles
were unique to wild species, with three of them found in one accession of
S. propinquum; wild and weedy types captured 57 and 65% of the detected
alleles respectively, with no clear separation of wild and cultivated types,
showing that there was considerable gene-flow between them. In summary,
wild sorghum from Northeastern and Central Africa exhibit greater genetic
similarity to cultivars than do the wild sorghum of Northwestern or southern
Africa confirming that wild sorghum of Northeastern and Central Africa
is ancestral to the domesticated sorghum; S. halepense probably originated
via autopolyploidy or segmental allopolyploidy; wild and cultivated
genepools are distinct with greater diversity in the wild sorghum than in
the cultivated genepool thus lending credence to the fact that cultivated
sorghum experienced a loss in diversity during domestication. Nevertheless,
all these assessments have indicated that sorghum has an unusual amount
of diversity. Multiple origins for domesticated sorghum, cross-pollination
between selected races, and outcrossing between domestic cultivars and
highly variable wild species all are considered factors contributing to the
extensive genetic diversity observed in sorghum (Doggett 1988). Recent
studies show that sorghum displays a mixed mating system, and out
crossing especially in the wild types can vary from zero to almost 100%
(Ell strand and Foster 1983; D’je et al. 2004; Muraya et al. 2011; Aduguna et
al. 2013). Out crossing between wild and cultivated sorghum appears to have
been more important than migration via seed dispersal as a mechanism for
gene flow between the wild and domestic accessions. Muraya et al. (2011)
showed that long distance seed-mediated gene flow lead to a weak regional
sorghum differentiation, reflecting the importance of human intervention
in shaping the population structure and diversity through seed-mediated
gene flow, which can render geographical boundaries irrelevant. The
population structure of modern sorghum appears to fit well into Wright's
“shifting balance” theory of adaptation, which assumes that genetic drift
and selection operating on subpopulations leads to a number of genotypes
occupying different adaptive peaks, even though gene flow can occur
between the subpopulations (Wright 1931, 1932, 1978). Wright's theory has
been widely accepted to explain plant evolution and speciation (Hartl and
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Clark 1989), including applications to the evolution of sorghum (Doggett
and Majisu 1968; Doggett 1988; Cui et al. 1995).

3.5 Genetic Resources, Genepools and Conservation Perspectives

Novel germplasm can be used in breeding programs to create new crops and
new uses for existing crops, to meet breeding objectives for sustainability of
crop production, and to ensure that the entire world’s people benefit from
crop improvement through enhanced food security and quality (Heslop-
Harrison 2002). Given the importance of sorghum in the semi-arid tropics,
an ex situ collection for sorghum was initiated in the 1960s by the Rockefeller
Foundation as part of the Indian Agricultural Research Programme, which
was transferred to ICRISAT, Patancheru, India in 1974 (Stenhouse et al.
1997). Three decades ago, the danger of genetic erosion in traditional
landraces due to the release of new varieties and hybrids increased the
collection and conservation efforts throughout the world. Concomitantly,
there was a heightened awareness of the importance of wild species in
crop improvement, and both National and International gene banks began
augmenting their collections with wild relatives. At present the ICRISAT
sorghum collection, which is one of the largest, contains 458 accessions
of wild sorghums belonging to 13 species besides 37,904 accessions of
cultivated sorghum from 91 countries. Landraces constitute 85.3%, breeding
material 13.2%, wild species accessions 1.2% and named cultivars 0.3% of the
total collection. Harlan and de Wet's collection of wild sorghums including
several of the diploid wild races, collected from their natural habitats, was
obtained from Mayguez, Puerto Rico, USA in the early 60s (http://www.
icrisat.org), form a part of ICRISAT’s collection. Wild sorghums in the US
sorghum collection include 435 accessions of about 10 species, which is
about 1% of their entire sorghum collection of 45,904 (http:/ /www.ars-grin.
gov). Collections of wild species (~358 accessions of 22 species; 7% of total
holdings) are also maintained at the Australian Tropical Crops and Forages
Genetic Resources Centre, Biloela, Australia (AusPGRIS 2013), which is by
far the largest collection in terms of representatives of the Australian wild
sorghums. The National Bureau of Plant Genetic Resources (NBPGR) in
India has about 20,000 collections of which only 0.1% are designated as
wild material (www. nbpgr.ernet.in); while the Institute of Crop Germplasm
Resources (ICGR) in China holds around 16,874 collections (http://www.
icgr.caas.net.cn/cgris_english.html). In addition, there are about 30 other
institutions holding ex situ sorghum collections (http://apps3fao.org/
wiews). However, very few of these have wild material (KARI, Kenya-92;
NIAS, Japan-13, SRGB, Zambia-27).

Harlan and de Wet (1971) proposed three informal categories or
genepools (primary, secondary and tertiary) based on ease of crossability
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between species: the primary genepool includes all cultivated sorghum
and their wild and weedy relatives with 2n = 20 chromosomes (S. bicolor
complex) along with the diploid perennial S. propinquum. The secondary
genepool comprises S. halepense, which is an autotetraploid species that is
reported to have probably arisen from a cross between S. propinquum and
S. verticilliflorum (Doggett 1988). The tertiary genepool contains members
of all other sections of sorghum (21 = 20, 30, 40) as well as related genera
—Saccharum, Zea, Cliestachne and Sorghastrum (Fig. 3-1).

For sorghum, the primary and secondary genepool species are
somewhat represented in the few ex situ collections, but since all the
species are relatively widespread, they are not a high conservation priority
(Maxted and Kell 2009). The USDA, ARS, National Genetic Resources
Program (2013) reports the following distributional information: S. bicolor
subsp. drummondii “may occur as a weed wherever sorghum is cultivated”;
S. bicolor subsp. verticilliflorum is widely distributed in Africa and naturalized
in India Australia and the Americas; S. propinquum is distributed in India,
Sri Lanka, Indochina, Myanmar, Thailand, Malaysia and the Philippines; S.
halepense is distributed in northern Africa, western Asia, the Caucasus, former
Soviet Union, Middle Asia and India, and is naturalized in warm-temperate
regions, including North America. S. bicolor subsp. drummondii, and
S. halepense are also classified as noxious weeds in the United States (USDA,
ARS, National Genetic Resources Program 2013). The tertiary genepool
species are primarily conserved in the Australian Tropical Crops and
Forages Genetic Resources Centre, Biloela, Australia. While some species
are represented by as many as over 40 accessions (S. stipoideum—42;
S. timorense—43; S. plumosum—>56), there are very few of others such
as S. grande (1), S. amplum (1), S. macrospermum (3). Given the growing
recognition of the potential and significance of these wild species in
sorghum improvement, there is an urgent need to analyze where gaps in
ex situ collections and research exist relative to diversity hotspots of these
wild species, in order to identify and prioritize targeted collection of poorly
represented species throughout the range of their distribution.

Historically, genetic resources have primarily been conserved using
ex situ methods, with most attention having been given to collecting and
maintaining landraces, traditional/obsolete cultivars, breeding lines and
genetic stocks (Frankel and Bennet 1970; Frankel 1973; Frankel and Hawkes
1975; Guarino et al. 1995; Hawkes et al. 2000; Smith et al. 2003). That wild
relatives were very poorly represented in ex situ collections worldwide was
particularly highlighted in The Second Report on the State of the World's
PGRFA (FAO 2010). Recent research has questioned whether landrace
diversity can be effectively conserved ex situ due to the genetic bottleneck
associated with sampling and multiplication/regeneration in gene banks
and the constantly and relatively rapidly changing genetic diversity within
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populations (Negri and Teranti 2010). Similarly, it is also widely agreed since
the inception of the CBD that in situ conservation should be the primary
conservation strategy, with ex situ employed as a backup, because in contrast
to ex situ conservation, in situ conservation promotes natural gene exchange
and continued evolution of landraces and crop wild relatives populations
(CBD 1992; Brush 1995; FAO 1996, 2001; Maxted et al. 1997a; Heywood and
Dulloo 2005; Stolton et al. 2006; Negri et al. 2009).

Recent studies on crop wild relatives indicate how susceptible they
could be to climate change. Jarvis and colleagues (2008) indicate that wild
peanut species in South America, wild cowpeas in Africa, and wild potatoes
in Central and South America will lose half their current geographic
ranges and that between 16 and 22% of these species will go extinct.
Conservation of wild relatives has started to be addressed by various
national and international initiatives, including the International Union
for Conservation of Nature’s Crop Wild Relative Specialist Group (www.
cwrsg.org), a Global Environment Framework project (“In situ conservation
of crop wild relatives through enhanced information management and
field application”; www.cropwildrelatives.org/index.php?id=3261), the
crop wild relative global portal, the Food and Agriculture Organization of
the United Nations’ initiative to establish a global network for the in situ
conservation of CWR diversity (Maxted and Kell 2009), and the European
Union-funded European Crop Wild Relative Diversity Assessment and
Conservation Forum (www.pgrforum.org).

3.6 Utilization

Availability of adequate genetic variation is a fundamental prerequisite for
genetic improvement of any crop species. Estimation of genetic diversity
to identify groups with similar genotypes is important for conserving,
evaluating and utilizing genetic resources, to select possible sources of
genes that can improve the performance of cultivars, and to determine
the uniqueness and distinctness of phenotypes and genotypes with the
purpose of protecting the breeder’s intellectual property rights (Subudhi
et al. 2002). In the past, plant breeders selected breeding material based on
morphological characteristics that were readily observable and co-inherited
with the desired traits. However, recent technological advancements
have made it possible for genomic resources to be deployed in sorghum
improvement efforts worldwide. An accurate assessment of the genetic
variation in a genepool provides an objective basis to design efficient
and cost-effective crop improvement strategies for sustainable long-term
selection gains. Moreover, an assessment of the degree and distribution
of this variation, conceptualized usually as “allele richness” and “allele
evenness”, allows a better understanding of evolutionary relationships
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and permits an objectively targeted utilization of crop genetic resources for
breeding and conservation. A combination of morphological and molecular
analyses on large samples and smaller samples, respectively, would
maximize both information and usefulness (Hillis 1987). Such analyses
provide a basis for making informed decisions regarding the management
and utilization of genetic resources. More importantly, molecular diversity
data can potentially bridge conservation and use when employed as a
tool for mining germplasm collections for genomic regions associated
with adaptive or agronomically-important traits (i.e., genes that have
been important in adaptation to local environments or are associated with
phenotypes selected by farmers or breeders (Casa et al. 2005).

Utilization of genetic variation via artificial selection through plant
breeding programs has resulted in major advancements in agricultural
productivity. However, for continued success in crop improvement, new
sources of genetic variability are required to be incorporated into breeding
programs to enhance selection gains. Continuous use of elite germplasm
by the plant breeders tends to narrow the genetic diversity and thus slow
breeding progress (genetic gain per cycle of selection) and increased risk
of crop vulnerability. This is exemplified by the Irish potato famine, during
184549 caused by late blight, and more recently the southern leaf blight
epidemic in the US maize crop in 1970 (Hawkes et al. 2000).

Traditionally, plant breeders have sought to broaden the genetic base of
crop plants from secondary or even tertiary genepools using wide crosses
when required traits or levels of diversity in the cultigens are not easily
accessible and/or available. An analysis of the numbers of reported uses
of crop wild relatives in plant breeding in the last five decades showed that
only five reported uses in the 1960s rising to over 100 cited uses since 2000
(Maxted and Kell 2009). The traits contributed by wild relatives of various
crops to improvement have been listed (Maxted and Kell 2009). Wild
species have been most widely used as sources of resistance or tolerance to
pests and diseases (Harlan 1984; Goodman et al. 1987; Prescott-Allen and
Prescott Allen 1988; Hoyt 1988; Maxted et al. 1997a; Meilleur and Hodgkin
2004; Stolten et al. 2006; Dwivedi et al. 2008). The genetic potential of wild
species particularly in resistance breeding is well documented for crops
such as wheat, rice, maize, barley, potato, tomato, tobacco and sugarcane
among others (Hawkes 1977; Stalker 1980; Pluknett et al. 1987). Alien genes
have successfully been transferred for improvement of cultivated cereals,
including rust resistance in bread wheat (Knott 1971), grassy stunt resistance
in rice (Khush 1977), mildew and crown resistance in oats (Browning and
Frey 1969; Aung and Thomas 1976) and for increased biomass and grain
yield in oats and pearl millet (Frey 1983). In Israel a study has showed greater
diversity in wild and weedy barleys (Hordeum vulgare subsp. spontaneum)
than in a composite cross of cultivated barleys that included over 6,000
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cultivars in its parentage (Nevo et al. 1979). In genera such as Saccharum,
Solanum section tuberosum, Glycine, Gossypium, Arachis, Lycopersicon,
Hordeum and Triticum, though they range beyond the ecological zones of
their cultivated species, wild species have been profitably exploited by
plant breeders.

Much of research in sorghum has been geared toward cultivated
sorghum and studies in wild sorghum are limited. The idea that wild
sorghum could be used to broaden the adaptability of the cultivated
sorghum is mainly based on its wide range of ecological adaptation. The race
arundinaceum flourishes in African rain forests, whereas cultivated sorghum
are very poorly adapted (Harlan 1992). Such germplasm has been shown to
be more photosynthetically efficient at low light intensities than cultivated
sorghum (Downes 1971). Race virgatum is known to extend into the fringes
of the desert, thriving naturally beyond the range of the crop and could be
a source of drought tolerance. Indeed, seeds of race virgatum are known
to germinate at very high temperatures, a trait often important to stand
establishment in high temperature regions (Bramel-Cox and Cox 1988).
Lazarides et al. (1991) reported that the indigenous Australian sorghum are
extensively distributed in the monsoonal region, occurring over extensive
areas as major components of grassland, woodland and forest communities,
with some exceptions (S. timorense, S. macrospermum and S. grande which are
habitat specific), are ecologically widely adaptable. Bramel-Cox and Cox
(1988) showed the possibility of increasing sorghum yields through transfer
of genes from races virgatum, arundinaceum and verticilliflorum.

The search for new resistance genes is an ongoing important process
since pest/pathogen populations continue to change their virulence
patterns. For sorghum, which is constrained by over 40 diseases and
150 insect pests (Jotwani et al. 1980; Frederiksen and Duncan 1982), host
plant resistance offers an effective, economical and environment friendly
method of pest/pathogen control since it does not involve any additional
investments by the resource poor farmers. Kamala et al. (2002) reported 36
potentially new sources of resistance genes from wild and weedy sorghums
that could be used to develop resistant cultivars to control sorghum downy
mildew Peronosclerospora sorghi Weston and Uppal (Shaw) (SDM) which
causes serious yield losses. Accessions belonging Chaeto-, Hetero-, Stipo-
sorghum and the Australian Parasorghum, constituting the tertiary genepool,
were immune to the disease in greenhouse studies. The Afro-Asian species
(S. versicolor and S. purpureosericeum) along with S. nitidum were also highly
resistant but accessions of these species have been reported as susceptible
elsewhere; Bonde and Freytag (1979) found S. versicolor from Ethiopia was
susceptible to an American isolate of P. sorghi and Bonman et al. (1983)
reported that native S. nitidum from Thailand was highly susceptible.
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Resistance to SDM has not been observed as a common trait among the
cultivated sorghums. Only about 130 accessions were identified as resistant
to the ICRISAT culture of the SDM pathogen in a screening of over 16,000
accessions from the world sorghum collection at ICRISAT (Pande et al. 1997).
The distribution of resistant sources within section Eu sorghum (Africa 80%;
India 8%; USA and Australia 12%) appears to validate the generally accepted
view that resistance to many diseases/pests is not randomly distributed,
but may be found in specific geographical/regional pockets/centers of
diversity especially where the crop host and the pathogen have co-evolved
(Leppik 1970; Harlan 1977). Africa is the center of domestication as also the
primary center of diversity of the crop, while India is a secondary center.
Africa is also probably the primary center of diversity of the pathogen
(Williams 1984), so the region is likely to harbor greater diversity for SDM
resistance. Several pathotypes with varying virulence patterns have been
identified (Craig and Fredericksen 1980; Fernandez and Schaffert 1983;
Pawar et al. 1985; de Milliano and Veld 1990; Craig and Odvody 1992).
In Australia, since the disease has not been reported until very recently
(Pande et al. 1997) resistance in the endemic wild Australian species seems
to have developed in the absence of the pathogen signifying allopatric
resistance (Harris 1975). Although P. sorghi is unknown, another downy
mildew causing species P. noblei is known on S. plumosum, from temperate
New South Wales, Australia (Weston 1942; Kenneth 1981). In addition,
P. sacchari, causing downy mildew of sugarcane is also reported. There are
no reports on the susceptibilities of other indigenous Australian sorghum
to these pathogens. A comparison of the host ranges of a relatively large
number of isolates of P. sorghi on the same species/accessions of Parasorghum,
Heterosorghum, Chaetosorghum and Stiposorghum coupled with mycological
comparisons could help to determine differential susceptibilities of various
species of Sorghum to downy mildew.

While most of the wild and weedy sorghums of Eu sorghum are highly
susceptible, two accessions (one each in races aethiopicum (IS 18821) and
arundinaceum (IS 18882), and one weedy accession of S. halepense (IS 33712)]
were also free from downy mildew. These may be directly used in sorghum
breeding to incorporate SDM resistance and produce durable resistance for
areas where downy mildew is a serious problem. They may also profitably
be used to generate mapping/segregating populations to identify the
gene/s or QTLs associated with SDM resistance to enhance marker-aided
selection in sorghum improvement. Even though wild races of Sorghum
are not priority choices for yield genes in the short term, their potential
for improving resistance/tolerance to SDM and other stress environments
could prove useful.

Low to moderate levels of resistance to insect pests in cultivated
germplasm coupled with breakdown of resistance due to increased insect
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pressure and changing virulence patterns underscore the need to develop
cultivars with broad-based resistance utilizing genes from diverse sources
(Sharma et al. 2005). Recently, Kamala and her associates have documented
in fair detail the resistance responses of wild and weedy sorghum to the
shoot fly, Atherigona soccata Rond. (Kamala et al. 2009) and the spotted
stem borer, Chilo partellus Swinhoe. (Kamala et al. 2012) along with the
mechanisms of resistance involved. They identified 32 accessions belonging
to Parasorghum, Stiposorghum and Heterosorghum that did not suffer any shoot
fly damage under field conditions while one accession each of Heterosorghum
(Sorghum laxiflorum) and Chaetosorghum (S. macrospermum) suffered very
low shoot fly damage. Under greenhouse conditions the same accessions
either showed absolute non-preference for oviposition under no-choice
conditions or were preferred for oviposition, but suffered low deadheart
formation. Among the Parasorghum there were varying levels of egg-laying
but high larval mortality. A few accessions within section Eu Sorghum also
showed significantly reduced survival and fecundity of the larvae. This
is promising since none of the existing resistant cultivars is known to be
completely non preferred for egg laying. Sorghum purpureo-sericeum and
S. versicolor of Indian and African origin, respectively, have been reported
earlier also to possess high levels of resistance to the shoot fly (Bapat and
Mote 1982; Mote 1984; ICRISAT 1995). While oviposition non preference is
the primary mechanism of resistance to shoot fly, A. soccata in cultivars, there
is strong evidence that antibiosis is an important mechanism of resistance
in wild relatives of sorghum. Antibiosis in combination with ovipositional
non preference would be highly desirable as operating mechanisms for
resistance to shoot fly. In view of the immunity /high resistance observed in
these wild sorghums, the exact nature of the resistance conferred by these
species needs to be unravelled by further studies and biochemical assays
for a better understanding of shoot fly behavior, particularly in relation to
its host species.

Several of the wild species from Africa, Asia and Australia have also
been identified as having high levels of resistance to the spotted stem borer,
C. partellus (Kamala et al. 2012). Wild species belonging to Heterosorghum,
Parasorghum and Stiposorghum suffered very low stem borer damage while
those of Chaetosorghum and Eu sorghum were highly susceptible to stem borer
damage, suffering very high levels of leaf damage and plant deadhearts.
Wild races/species in Eu sorghum are common hosts of stem borers under
natural conditions (Reddy 1985) and probably serve as alternate hosts/
reservoirs of this insect. Studies have reported that indigenous wild
grasses in Africa are major hosts for the spotted stem borer, with higher
levels of oviposition on napier grass, blue thatching grass and vetiver
grass as compared to that on cultivated maize or sorghum (van den Berg
2006; Rebe et al. 2004; Muyekho et al. 2005). Chilo partellus has also been
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shown to develop on Sudan grass (Khan et al. 2000) and S. arundinaceum,
indicating their suitability as hosts. Sorghum versicolor is interesting since
its members show both resistance (Kamala et al. 2012) and susceptible
responses (Muyekho et al. 2005). Therefore, these wild species that are
preferred for oviposition, but unsuitable for larval development, have a
considerable potential for use in management of stem borers in cultivated
sorghum by acting as a barrier crop.

Several of the Australian species of sorghum have also been shown
to possess high levels of resistance to the sorghum midge, Stenodiplosis
sorghicola (Coquillett) (Harris 1979; Sharma and Franzmann 2001) besides
resistance to the shoot fly and spotted stem borer. The adaptability of the
undomesticated Australian Sorghum species to colonize a wide range of soil
and moisture conditions across a wide range of microenvironments is shown
through their ability to survive very hot, dry, nutrient-limited environments
(Dillon et al. 2007b). Interestingly, many Australian undomesticated species
contain resistances to the major pest/diseases of Africa, Asia and America,
which are not yet present within Australia notably the sorghum downy
mildew, shoot fly, sorghum midge and spotted stem borer. This again
supports the idea of allopatric resistance—that a recent co-evolutionary
history is not necessary for a plant to possess resistance to a pest. Rather,
resistance may be a consequence of a separate biological process important
to plant survival, and incidentally also affording resistance to an insect with
which it has had no co-evolutionary history. However, it is also possible
that infestation by A. soccata or C. partellus is restricted to section sorghum
as is reported for Stenodiplosis sorghicola Coquillett (Sharma and Franzmann
2001). Similarly, Harris (1979) studied a wide array of midge specimens
collected from sorghum, wild sorghums, wild Poaceae and Cyperaceae
from Australia and concluded that species other than Contarinia sorghicola
have evolved as specific pests of parasorghums and stiposorghums. Contarinia
plumosi and C. roperi are reported to infest Sorghum plumosum, and C.
intrans infests S. intrans and S. stipoideum. Other species of gramineae are
infested by different species of midges. In the light of this, the response of
the Hetero-, Chaeto-, Para- and Stiposorghums to other species of Atherigona
and Chilo need to be investigated to enable a better understanding of host
plant—insect relationships.

Within the primary and secondary genepools, most of the green bug
[Schizaphis graminum (Rondani) (biotype C)] resistant hybrids grown
in the USA have been derived from the race virgatum of S. bicolor ssp.
verticilliforum, and highest levels of antibiosis to biotype E were found
in S. halepense (Duncan et al. 1991). Striga-resistance mechanisms such as
low germination stimulant production, germination inhibition, and low
haustorial initiation activity have been reported to occur in wild sorghum
(Rich et al. 2004).
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Sorghum halepense, a wild perennial polyploidy resulting from natural
hybridization between S. bicolor and S. propinquum, finds occasional use as
forage and even food (seed/flour) but is most noted as one of the world’s
most noxious weeds, having spread from its West Asian center of diversity
across much of Asia, Africa, Europe, North and South America and Australia.
While S. halepense may be one of the world’s worst weeds, the potential
use of its allelopathic property is well documented by several investigators
(Alsaadawi et al. 1986; Panasiuk et al. 1986; Einhellig and Souza 1992;
Ben-Hammouda et al. 1995; Forney and Foy 1985). Both Johnsongrass and
Sudan grass reduce the growth of weeds and can contribute to reduction
of chemical herbicides. There is, however, a potentially negative aspect
of growing these species: they are known to inhibit the emergence or
development of nearby or subsequently planted annual and perennial
plants (Geneve and Weston 1988).

Besides host plant resistance, recent evaluations of native Australian
sorghums have revealed great diversity in grain morphology (seed size and
shape), nature of endosperm, distribution of protein bodies throughout the
endosperm, shape and size of starch granules (Shapter et al. 2008, 2009a).
Good grain starch properties in wild sorghum could be used to improve
feed or food digestion efficiency in cultivated sorghum (Dillon et al. 2007b).
Increased protein in the starchy endosperm of the wild species may have
implications for digestibility for human and animal consumption and may
also be a unique adaption for supporting germination in low nitrogen soils
(Schapter 2009b).

Sorghum has genome size of about 740 Mb (Paterson et al. 2009).
Sorghum is of particular importance as a diploid model for the Saccharinae
clade of grasses that includes recently formed complex polyploids such as
Saccharum and Miscanthus (Heaton et al. 2008). Each of these polyploids
share substantial genetic colinearity and synteny with sorghum (Ming
et al. 1998; Kim et al. 2012), and Saccharum QTL often show positional
correspondence to those of sorghum (Ming et al. 2001, 2002). One of the
few crops suited to all proposed approaches for renewable fuel production,
i.e., from starch, sugar, and/or cellulose, sorghum itself is presently the
number two US source of fuel ethanol from grain (after maize) and is a
promising cellulosic biofuel crop (Rooney et al. 2007). Sorghum bicolor x
Sorghum propinquum is thought to be the widest euploid cross that can be
made with the cultigen (S. bicolor) by conventional means, and interspecific
populations from these species offer opportunities to genetically dissect a
wide range of traits related to plant domestication and crop productivity,
some of which have begun to receive attention (Chittenden et al. 1994; Lin
et al. 1995, 1999; Paterson et al. 1995; Hu et al. 2003; Feltus et al. 2006). The
opportunities offered by comparison of S. bicolor and S. propinquum have
led to much effort to develop genomics resources, including a detailed
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genetic map (Chittenden et al. 1994; Bowers et al. 2003), bacterial artificial
chromosome-based physical maps for both species (Lin et al. 1999; Draye
et al. 2001; Bowers et al. 2005), Expressed Sequence Tag (EST) resources
(Pratt et al. 2005), and a genome sequence (Paterson et al. 2009). Among
many other aspects of growth and development, S. bicolor and S. propinquum
differ in characteristics related to perenniality, a life history strategy for
which the sorghum genus has become a model (Paterson et al. 1995; Hu et
al. 2003; Jang et al. 2009). Both consideration of how to expand agriculture
to provide plant biomass for production of fuels or chemical feedstocks
(Tilman et al. 2009) and strategies to rebalance food production with
preservation of ecological capital (Glover et al. 2010), focus heavily on
perenniality. Demonstration that most genes responsible for variations in
size and number in Sorghum and Oryza of an important perennation organ,
the rhizome, map to corresponding chromosomal locations (Hu et al. 2003),
suggests that information about rhizomatousness from a few models (that
are also major crops) may extrapolate broadly to a wide range of taxa.

3.7 Strategies to Maximize Utilization

Exchange of genes has tended to be the most effective when the wild species
are close relatives of the crop, or are even direct ancestors of domesticated
species. Although historically trait transfer from wild relatives to crops
was often seen as difficult due to cross incompatibility, hybrid sterility and
linkage drag (Stebbins 1958; Zeven et al. 1983), recent technological advances
have improved the ease of transfer of traits between distantly related species
and expanded the value of wild relatives by increasing their usefulness into
the secondary and tertiary crop gene pools (Meilleur and Hodgkin 2004).
The wild progenitors of crop plants, their wild and weedy forms (primary
genepool) (Harlan and de Wet 1971) and the distantly but cross-compatible
wild related species, leading to partially fertile cross-progenies (secondary
genepool) have been used in major plant improvement programs (Stalker
1980; Chang 1985; Goodman et al. 1987; Khush and Brar 1988). The use of
the tertiary genepool where fertile hybrids are realized only with difficulty
are much fewer.

Sorghum improvement has hitherto relied on exploitation of variability
within the primary genepool as gene transfer from one background to
another can be made quite readily. S. halepense and S. propinquum each
naturally introgress with cultivated sorghum and their wild races (Celarier
1958; de Wet 1978), making the use of the few wild taxa in conventional
breeding programs possible. Even so, most sorghum improvement has been
achieved within grain sorghum races of the same species or closely related
species within the same section. The wild species of the other four sections
fall within the tertiary genepool, making gene transfer to domesticated
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species very difficult due to strong sterility barriers (Harlan and de Wet
1971) and wide crosses with the wild sorghums outside Eu sorghum have
largely been unsuccessful (Duncan et al. 1991; Rosenow and Dahlberg
2000). The strong reproductive barrier to interspecific hybridization is
associated with adverse pollen-pistil interaction leading to abnormal pollen
tube growth (Sun et al. 1991; Huelgas et al. 1996; Shivanna and Seetharama
1997; Hodnett et al. 2005) and hybrid failure (Kuhlman et al. 2008). Nwanze
et al. (1990) reported that a few F, seeds were obtained in a cross between
S. dimidiatum (parasorghum) and cultivated sorghum with varying degrees
of sterility. More recently, Price et al. (2005, 2006) overcame the reproductive
barrier by using cytoplasmic male-sterile S. bicolor plants homozygous
for the iap (inhibition of alien pollen) allele. This S. bicolor accession had
allowed maize (Zea mays L.) pollen tubes to grow through S. bicolor pistils
(Laurie and Bennett 1989). Hybrids between S. bicolor x S. macrospermum
Garber were obtained from germinated seeds, while the hybrids between
S. bicolor x S. angustum Blake and S. bicolor x S. nitidum (Vahl) Pers. were
recovered through embryo rescue and tissue culture. The hybrid nature of
these seedlings was again confirmed by the presence of genomes from both
parental species that could be readily identified based upon chromosome
size and number (Price et al. 2006). This technique can now be used to
introgress desirable traits into cultivated sorghum. Kuhlman et al. (2008)
have also recently successfully crossed S. bicolor with S. macrospermum,
further opening the possibility of successful wild species use in sorghum
breeding. The use of wild relatives in sorghum breeding is still in the early
stages, but sorghum wild relatives do offer a range of desirable traits and
the recent findings that the recessive iap allele circumvents pollen-pistil
incompatibilities auger well for utilizing the enormous potential that exists
within the wild sorghum gene pool.

3.8 The Future

The wild relatives of crop plants, for all their proven value and obvious
potential, have not been fully utilized. Lack of awareness about the potential,
pattern of variability, reproductive biology, the knowledge and aptitude
for identification, etc. are the major difficulties associated with different
breeding programs while using germplasm of wild relatives. Nevertheless
they constitute an enormous reservoir of genetic variation for crop
improvement and are a critical resource for sustaining food security. Genes
from wild plants have provided crops with resistance to many pests and
diseases and improved their tolerance to extreme temperatures, salinity and
drought—a value that is of growing importance under the changing climate.
Given their significance there is a need for the systematic collection and
conservation of wild and weedy relatives to improve their representation
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in genebanks. The potential use of some tertiary wild relatives for sorghum
improvement definitely exists, although nonconventional breeding methods
are needed to overcome crossing barriers. While such techniques are not
currently widely accessible to breeders in all sectors, these species may be
important gene donors in the future. More genes for desirable characters
and higher biological yield are needed for progressive improvement of
cultivated sorghum. The availability of such genes depends on identification
of geographic regions with a concentration for various characters of
agronomic value. The identification of such sites is of paramount importance
for designing appropriate sampling strategies for germplasm collection and
for selecting appropriate in situ sites to complement ex situ conservation
efforts. Choice of sites for in situ conservation may depend on high diversity
estimates based on markers or knowledge of adaptive traits linked to
certain ecological conditions (Workeye 2002), for example co-evolving host-
pathogen systems and adaptation to other stress conditions.
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