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SUMMARY
Striga spp., S. hermonthica (Del.) Benth. and S. asiatica (L.) Kuntze, are obligate rootparasitic plants of the major agricultural cereal crops, including millets, in tropical and semiarid regions of Africa, Middle East, Asia and Australia. Consequently, they cause severe to
even complete losses in crop grain yield. Though limited in their efficiency, the control
strategies available today represent major progress towards combating Striga when compared
with the absence of any means some years ago. Hence, efforts have led to the development of
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powerful approaches for understanding and exploiting the complex intricate host-parasitic
plant interactions. It is widely agreed that genetic resistance is the most practical and
economically feasible method for sustainable control of Striga. Hence, research efforts have
been deployed over the past decades to identify resistance sources in certain millet crops,
principally sorghum and pearl millet; to characterize the mechanisms underlying the
resistance and to understand the genetic basis of the identified resistance phenotype.
Furthermore, application of the modern breeding tools such molecular markers has
revolutionized the field of search for Striga resistance. Information thus generated have been
extensively used to identify several sources of resistance to Striga and individual genes
conferring host plant resistance have been deployed for improving Striga resistance in
sorghum varieties. More interestingly, we are facing an accelerated progress in the genomic
and biotechnological research that should soon provide important understanding of some
crucial developmental mechanisms in both the parasite and their host plants, thereby
enhancing the efficiency of breeding for Striga resistance in millets. In the following, we
provide a detailed state-of-the-art on the recent progress and perspectives for Striga research
and management in millets.
Key Words: Millet, Striga, Production constraint, Host-plant resistance, Mechanism,
Management
1. INTRODUCTION
Striga species, known as witchweeds, are one of the most troublesome and damaging
weeds in the world (Parker, 2009). They belong to the Orobanchaceae family (ex
Scrophulariaceae) and are obligate root hemi-parasitic plants (Olmstead et al., 2001; Tank et
al., 2006). The genus ‘Striga’ comprises of 42 species worldwide, out of which S.
hermonthica (Del.) Benth. and S. asiatica (L.) Kuntze (henceforth denoted as Striga) are
deemed to be the most economically important weeds parasitizing cereals (Berner et al.,
1995; Cochrane and Press, 1997; Haussmann et al., 2000; Gressel et al., 2004; Gethi et al.,
2005; Aly, 2007; Spallek et al., 2013). Striga infest millets, such as sorghum, pearl millet,
finger millet, foxtail millet, little millet, proso millet, fonio, teff and barnyard millet
(Chemisquy et al., 2010; Olivier, 1995; Parker, 2012; Atera et al., 2012), which represent the
staple food and fodder crops of millions of poor rural families in the tropical and semi-arid
regions of their cultivation, therefore are of utmost significance to subsistence farmers.
Millets thus play a critical role in ensuring food security in these regions (Hash et al., 2000;
Senthilvel et al., 2008). Striga also attack other crops including maize [Zea mays L.], upland
rice [Oryza sativa (L.)], sugar cane [Saccharum officinarum L.] and wheat [Triticum
aestivum L.] (Gurney et al., 2003, 2006; Elzein and Kroschel, 2004; Vasey et al., 2005;
Amusan et al., 2008). Indeed, Striga are the major and persistent biotic threat to production of
these crops mostly grown on the hottest and driest marginal regions of sub-Saharan Africa,
Middle East and large part of Asia (Gurney et al., 2002; Gressel et al., 2004; Ejeta, 2007;
Rispail et al., 2007; Scholes and Press, 2008; Parker, 2012). At present, over 50 million ha of
the arable farmland under cereals in sub-Saharan Africa are infested by Striga. Crop yield
losses due to Striga attacks range from a few percent to complete crop failure and depend
largely on the cereal host species and variety grown, rainfall distribution, soil fertility and the
Striga seed density in soil (Haussmann et al., 2000; Parker and Riches, 1993). The annual
yield loss has been estimated to exceed US$10 billion (Gressel et al., 2004; Venne et al.,
2009; Westwood et al., 2012; Pennisi, 2015). More recently, S. hermonthica has been
identified as one of the seven most severe biological constraints to food production. Thus
Striga present a worrying problem to subsistence farmers with small land holdings (Pennisi,
2010).
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Deployment of several management strategies, including quarantine imposed on infested
areas, control of movement of farm equipment between infected and uninfected areas,
intensive herbicide application and depletion of Striga seed bank through injecting of
ethylene gas, has resulted in the control of the witchweed, S. asiatica, in the United States,
where the parasite was accidentally introduced (Berner et al., 1995; Berner et al., 1999; Van
Mourik, 2007). However, these strategies are expensive methods and are not generally
available to smallholder farmers in Striga-prone zones of Africa and Asia. In these regions,
the Striga problem is, in general, associated with low economic resources, low soil fertility,
marginal environments with continued cereal monoculture and newly infested areas
regrettably due to various human and agricultural activities (Oswald, 2005; Rodenburg et al.,
2005; Parker, 2009).
Over the years, efforts have been made to develop effective measures to combat Striga. A
number of control strategies that aim at improving soil fertility or directly affecting the
parasite life have been suggested to farmers (Haussmann et al., 2000; Rector, 2009). Genetic
control of the witchweed through deployment of resistant-crops has been also extensively
explored in millets, especially sorghum, and to a lesser extent in pearl millet (Ejeta, 2007;
Kountche et al., 2013). However, the complexity of the host-parasite relationship, the life
cycle of Striga and the ability of the parasite to adapt to diverse environments, and the
diversity of millets farming systems and that of the parasite (case of S. hermonthica) have
made the use of a single control approach ineffective. Considering this, there has been an
increased effort to combine two or more methods to address the long-term management of the
root parasitic weeds (Joel, 2000; Oswald, 2005). Although these efforts have helped in
reducing the Striga damage on the host crops, they did not result in the complete control of
the parasites, as this requires the destruction of Striga seed bank in infested fields.
In this chapter, we present the latest knowledge on Striga research and control in millet
crops, highlighting the main gaps in our knowledge and suggesting how these gaps can be
filled. We will split this chapter into three sections; the first section deals with the complex
life cycle and Striga impact on millets. This section should provide a brief overview on the
biology of Striga and how this relates to current and important future control strategies. The
second section describes the host plant–Striga pathosystem, focusing on the events up to the
recognition of the host by the parasite and the genetic basis of host resistance and defense
mechanisms that have evolved as part of that interaction. The literature about Striga research
in millet crops particularly in small millets is very limited. This makes it difficult to write this
chapter exclusively about the sources and genetic resistance to Striga, and subsequent
sections. In the third section, we discuss the deployment of genetically resistant cultivars as
an important component of an integrated approach towards tackling the parasitic weeds
Striga in millets.
2. IMPORTANCE AND BIOLOGY
2.1 Importance
Striga parasitize important food and forage grain grasses (Poaceae) and are therefore
among the most agronomically destructive parasitic plants globally. Geographically, Striga
are widely distributed in tropical and semi-arid regions of Africa, Middle East, Asia and
Australia (Cochrane and Press, 1997; Teka, 2014), and have been reported in more than forty
countries globally. Occurrence of the parasites in 25 African countries has been documented,
the most severely affected being located in sub-Saharan Africa and India (Figure 6.1) (Vasey
et al., 2005; Ejeta, 2007; De Groote et al., 2008; Parker, 2012). Mohamed et al. (2001)
suggested Striga to be originated from the Nuba hills of Sudan and Semien Montains of
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Ethiopia. This region has been also reported to be the native place of domesticated sorghum
[Sorghum bicolor L.]. The distribution of Striga in relation to ecological zones in Africa and
India indicates that sorghum and pearl millet are the most parasitized hosts (Ramaiah, 1984;
Parker, 2009; 2012). Thus, over 50 million ha of the arable farmland under cereals in subSaharan Africa are reported to be infested with Striga (Westwood et al., 2010). In West
Africa, Striga has been estimated to infest 17.2 million ha, covering about 64% of the total
area of the major millets like sorghum and pearl millet (Gressel et al., 2004), and the parasites
have been reported to expand their infection range (Ejeta, 2007; Parker, 2012). Crop yield
loss due to Striga infection has been estimated to range from about 10 to 31% in pearl millet
experimental trial (Ramaiah, 1984). Gressel et al. (2004) reported an estimated yield loss of
26% on average in pearl millet and sorghum in sub-Saharan Africa. In areas of heavy Striga
infestation, yield loss may even reach 90 to 100% (total crop failure) in some years
(Ramaiah, 1984; Wilson et al., 2000; Gressel et al., 2004). As a result, farmers have been
reported to be eventually forced to abandon highly Striga-infested fields (Atera et al., 2011).
For these poor farmers, millets are the major staple food providing them with carbohydrates
and is the main source of vitamins and minerals including zinc and iron, (Andrews and
Kumar, 1992; Rai et al., 2012; Bangoura et al., 2011; Mannuramath et al., 2015; Mishra et
al., 2014). Hence, yield losses lead to significant negative socioeconomic problems: Striga
affects the life of more than 300 million people in Africa and causes economic damage
equivalent or even more than US$10 billion annually (Obilana and Ramaiah, 1992; Gurney et
al., 2002; Rodenburg et al., 2005; Ejeta, 2007; Scholes and Press, 2008; Westwood et al.,
2012). More recently, as a consequence, sub-Saharan Africa has been reported to be the
region with the highest prevalence of poverty and undernourishment, with one in four people
(24.8%) estimated to be hungry (FAO, IFAD and WFP, 2013).
2.2 Biology
Striga are annual, chlorophyll-bearing, root-parasitic plants that need a host plant to
complete their life cycle. The latter is complex, intimately associated with that of the host and
to the climate, particularly during post-ripening (Hearne, 2009). Striga plants have a high
reproductive capacity: a single plant can produce 100000 to 200000 very tiny (0.15 ~ 0.30
mm in diameter) seeds, which are easily dispersible (Parker and Riches, 1993; Gurney et al.,
2006; Hearne, 2009). Striga seeds require a period of pre-treatment, conditioning in a moist
warm environment (30°C in germination bioassays) for 2 to 16 days before they acquire
potential to germinate (Longan and Stewart, 1991; Parker and Riches, 1993). After this
phase, germination of Striga seeds will be initiated only upon induction by some specific
chemicals, such as strigolactones, released by the host roots into the rhizosphere
(Bouwmeester et al., 2003; Matusova et al., 2005; Shen et al., 2006; Zwanenburg et al., 2009;
Yoneyama et al., 2010; Xie et al., 2010). The concentration of such chemicals is very low and
ranges from 10-10 to 10-15 mole m-3 (Hearne, 2009). The root system in Striga is vestigial.
Instead of a usual angiosperm root system, germinating seeds establish a sticky radical,
which, in response to haustorial initiation factors derived from the host roots, develops to a
haustorium. The haustorium connects the host and its parasite. Indeed, upon getting in contact
with a host root, the haustorium develops a wedge-shaped group of cells that penetrates the
host root cortex and endodermis to establish parasite-host xylem–xylem connections
(Albrecht et al., 1999). This allows the direct uptake of water, assimilates and nutrients from
the host plant to the parasite. Following the establishment of the host-parasite connection,
Striga depend entirely on the host before emergence from the soil. During this holoparasitic
stage of development, the parasite inflicts a severe damage to the host. Parker and Riches
(1993) reported that Striga parasitism resulted in chlorosis, wilting, and, therefore, in drastic
reduction of host plant growth and development and even in plant death under high infection.
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Subsequently, the parasites grow towards the soil surface and emerge above the ground,
develop chlorophyllous shoots (hemiparasitic stage) and produces flowers and seeds which
will remain viable in the soil for 20 years or even more (Parker and Riches, 1993; Berner et
al., 1997). However, albeit the capacity to perform photosynthesis, Striga are likely not able
to survive independently of a host in the post-emergence stage. Joel et al. (2007) indicated
that subsequent haustorial development, attachment and penetration, as well as further growth
and development of the parasite also require signals or resource commitment from the host
plant. A schematic version of the intricate Striga life cycle is provided in Figure 6.2.
Although the parasitic plants exhibit a common life style (cycle), they show differences in
reproductive phase. In a geneticist’s point of view, these differences are expected to have
some implications on the genetic diversity and the aggressiveness of the parasites, and, hence,
on the breeding strategies towards resistant hosts. S. asiatica is an autogamous (selfpollinating) species and genetic diversity analyses have shown distinct races of that species
across their ranges (Botanga et al., 2002). In contrast, S. hermonthica is a highly out-crossing
species, thus it is expected to show greater diversity within a population than seen in related
autogamous species (Hamrick, 1982; Koyama et al., 2000). This mode of pollination has
contributed to the genetic variation in S. hermonthica plants and also made the restricted the
geographical distribution of this species depending on the availability of pollinators (Berner
et al., 1997; Mohamed et al., 2007). Genetic diversity in parasitic weed populations has been
reported to impinge on host plant reaction (resistance/susceptibility) (Awad et al., 2006).
More recently, Huang et al. (2011) reported the presence of genetic variation for host range
specificity within S. hermonthica populations. This resulted in each S. hermonthica plant in a
natural population having a different genotype and therefore carrying potentially different
alleles for virulence (Kountche et al., 2013a). This intra-specific variation in the parasite
implies that an acceptable level of resistance to one ecotype of S. hermonthica, for instance,
may not hold when a cultivar is grown in the presence of different S. hermonthica
populations. This nature of Striga is certainly one of the main reasons why the parasites cause
significant damage on the host plant.
3. HOST PLANT RESISTANCE AND HEREDITY
3.1 Host finding and orientation: the key role of strigolactones
In the course of evolution, many flowering plants have lost their autotrophic way of life
and parasitized other plants in order to feed themselves directly from the host plants
(Rubiales, 2003). Such parasitic plants pose a tremendous threat to today’s agriculture and
provide an intriguing case of pathogenesis between species of relatively close evolutionary
ancestry. Almost all crop species are potential hosts for parasitic plants. So one can ask:
which evolutionary conditions have favored the development of parasitism in plants? How a
crop plant has become a host to the parasitic species? The evolutionary strategy of
exchanging autotrophy for dependence on host plants (parasitism) may seem odd, but it has
been proven to be evolutionarily successful for several plant species (Westwood et al., 2010).
It has been hypothesized that during the evolution of parasitism, the parasitic plants have
significantly reduced or even lost their capability for photosynthesis and, hence, cannot
survive without a host plant (Xie et al., 2010). Depending on which host organ is infected,
parasitic plants are grouped into stem or root parasites (Mayer, 2006).
Research on the roots parasitic plants, their interaction with the host and the
environmental cues has started more than fifty years ago. One of the major questions to be
answered was how the invasive root parasitic plants, including Striga, find and recognize
their hosts. It has been reported that plants produce and release into the rhizosphere via their
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roots, a multitude of compounds that play roles in plant-plant communication (Bertin et al.,
2003; Hirsch et al., 2003; Steinkellner et al., 2007). Like other parasitic plants from the
Orobanchaceae family, Striga seeds contain in limited energy reserves, and, therefore,
germinating seedlings must quickly locate and attach to suitable hosts upon germination in
order to survive (Bouwmeester et al., 2003). Essentially, a bulk of work on host-parasite
communication has focused on the parasitic partner and demonstrated that Striga recognize
and invade the host via a series of developmental process that depend on the presence of a
host and are triggered by host signals: for example seed germination, haustorium formation,
attachment to the host root, establishing vascular connections and penetration. Each of these
complex processes has been reported to be stimulated independently by different specific host
signals (Yoshida and Shirasu 2009; Estep et al., 2011). Thus, the high selection pressure
associated with host co-evolution has prompted the parasite to employ efficient strategies for
host recognition. To prevent the seeds from germinating too far from a host root, Striga have
evolved a requirement for so-called ‘germination stimulants’ that are produced by the plant
via their roots (Hirsch et al., 2003; Bouwmeester et al., 2003). Such strategy ensures the
parasite seed to germinate when a host plant is within reach. Extensive work has been
directed towards the characterization of these compounds, which are of economical and
scientific importance for the biology and management of parasitic weeds. Cook et al. (1966)
reported the first Striga germination stimulant, strigol, which was isolated from the roots of
cotton (Gossypium hirsutum L.), a nonhost of Striga. Later, the same group discovered a new
compound, strigyl acetate, from root exudates of cotton (Cook et al., 1972). The first Striga
germination stimulant isolated from a host plant was sorgoleone, from sorghum (Chang et al.,
1986). Hauck et al. (1992) reported the extraction and identification of a sorgolactone as the
major Striga germination stimulant exuded by sorghum roots. These authors reported that
strigol also occurs in root exudates of several host species of millets such as sorghum and
proso millet, in addition to the related and more active sorgolactone (Hauck et al., 1992;
Siame et al., 1993). After the discovery of the first root-derived germination stimulants,
Butler (1995) coined the name strigolactones (SLs) for these strigol-related compounds. So
far, a variety of different SLs have been isolated from a range of plant species, and it has been
shown that exudates contain more than one strigolactone and differences in the composition
exist even between varieties of one species (Awad et al., 2006; Xie et al., 2010; Cardoso et
al., 2014).
The development of highly advanced analytical methods, for example the high
performance liquid chromatography (HPLC) connected to tandem mass spectrometry (LCMS/MS) (Sato et al., 2003), has allowed new SLs to be surveyed in the root exudates of many
different plant species, including few millet species (Akiyama et al., 2005; Awad et al., 2006;
Xie et al., 2007; Matsuura et al., 2008; Xie et al., 2008; Xie et al., 2009a; Xie et al., 2009b;
Yoneyama et al., 2010; Kohlen et al., 2011; Ueno et al., 2011; Jamil et al., 2012).
More recently, several studies have provided evidence that SLs, which are carotenoidderived signaling molecules, are the key cues towards first location of the host and also
provide relevant directional cues (Al-Babili and Bouwmeester, 2015). The structure of these
major SLs has been confirmed by total synthesis by Zwanenburg et al. (2009) and these
structures (Figure 6.3) have been reviewed by Al-Babili and Al-Babili and Bouwmeester
(2015).
In the meanwhile, around 20 known different SLs that have been isolated from the root
exudates of different plants, all acting with varying efficiency as Striga and other parasitic
seed germination stimulants (Muller et al., 1992; Yokata et al., 1998; Mori et al., 1999; Xie et
al., 2008). Apparently, during the evolution of roots parasitic plants, SLs were selected to
facilitate the process of host root recognition. This deleterious (negative) effect of SLs has led
6
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to the question on why do plants produce SLs and why Striga and similar parasitic plants
have selected such compounds as host finding signals? This mystery had remained
unrevealed until much more recently when it was discovered that SLs are involved in
establishing the beneficial arbuscular mycorrhizal symbiosis, by inducing hyphal branching
in the fungal partner. , a critical step in host recognition by arbuscular mycorrhizal fungi
(AMF), hence demonstrating that SLs play also a role in mediating ecologically significant
interactions with the fungi (Akiyama et al., 2005). In addition, SLs are also produced in nonmycotrophic plants, suggesting that they exert other biological functions. Thus, SLs have
been recognized as a new class of plant hormone that inhibits shoot branching (Umehara et
al., 2008; Gomez-Roldan et al., 2008). In the meanwhile, SLs have been demonstrated to be
involved in many other aspects of plant development and to coordinate plant growth and
architecture in response to availability of nutrients, such as phosphate (Al-Babili and
Bouwmeester, 2015). Accordingly, these findings have unveiled that parasitic plants utilized
the communication cues, delivered by plants to attract their arbuscular mycorrhizal
symbionts, by sensing the SLs that are released by the roots as signals for their symbiosis
with AMF (Bouwmeester et al., 2007).
Though the perception of SLs induce seed germination of Striga, it is however not
sufficient to establish the parasitic interaction: strigol, for example, was first identified from
cotton, a non-host for Striga (Cook et al., 1972). That is evident by the fact that many nonhost plants (such as cotton) also release. Thus, most stages of the parasite life showed a
highly specific host-finding behavior and host specificity has been also determined at later
stages following germination by other factors such as the haustorium-inducing factors,
incompatibility reactions or the presence of toxic metabolites (Estabrook and Yoder, 1998;
Goldwasser et al., 1999; Serghini et al., 2001).
The mechanisms that enable the recognition of the host by Striga are still elusive.
However, it can be assumed that such strategies has also evolved to achieve maximal chance
of parasitism under various ecological conditions. More recently, the usage of modern omics
technologies is expected to shed light on the recent developments in molecular analysis and
the need to study the biology of the parasitic plants at the molecular level which will provide
insight into the genetic changes associated with parasitism throughout evolution (Westwood
et al., 2012).
3.2 Sources of resistance
The course from identification of good sources of resistance to exploitation of these
sources by developing improved varieties is never straight forward. The development of
improved varieties with Striga resistance depends on many factors. The most obvious one is
the availability of resistance traits, the type of approach used to assess such trait and the
power of detection. In the context of field experiments, the literature reported three types of
response to Striga: resistance, tolerance and susceptibility. Resistance to Striga has been
defined as the ability of the host genotype to hinder Striga attachment, growth and
development when producing higher yield than the control susceptible genotype (Ramaiah,
1987; Ejeta and Butler 1993). While, tolerance was reported as the ability of a host plant to
maintain biomass and yield compared to the susceptible genotype under the same level of
Striga parasitism i.e., when supporting comparable numbers of Striga plants (Haussmann et
al., 2000; Rodenburg et a., 2005; Hearne, 2009). The search for resistance or tolerance often
begins by the recognition of plants around which fewer or less vigorous Striga plants are
observed or the crop yield is less affected relative to other plants growing around them in
fields deliberately infested with parasitic weed seeds. This was followed by the development
of several screening, including both field and laboratory, methods that allow the assessment
7
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of plant germplasm towards characterization for their reaction to Striga (Hess et al. 1992;
Gurney et al. 2006; Mohamed et al., 2010; Amusan et al., 2011). The power and advantage of
the laboratory-based approach is that it pushes the limit of what would traditionally
(identified under field conditions) be considered good source for resistance to Striga.
Over the past decades, research efforts have led to the discovery of new sources of
resistance to Striga in several host crops including millets and other cereals (Lane et al.,
1997; Gurney et al., 2003; Karaya et al., 2012; Wilson et al., 2000, 2004; Gurney et al., 2006;
Amusan et al., 2008; Cissoko et al., 2011). In sorghum, several cultivars and breeding lines
have been reported to be resistant and/or tolerant to Striga (Haussmann et al., 2000;
Rodenburg et al. 2006; Ejeta, 2007). Most of these donor sources have been summarized in
Haussmann et al. (2000) and include Dobbs, Framida (SRN 4841), 555, N 13, SRN 6496, and
SRN 39 (Ramaiah, 1987; Hess et al. 1992; Hess and Ejeta, 1992; Ezeaku and Gupta, 2004).
Tesso et al. (2007) reported three sorghum cultivars (P-9401, P-9403 and PSL85061) to
express resistance to Striga. More recently, new sorghum genotypes have been reported to be
resistant to Striga (Robert, 2011). Resistance to Striga has been also documented to be
present in wild accessions of Sorghum versicolor, Sorghum drummondii and Sorghum
arundinaceum (Lane et al., 1995; Gurney et al., 2002).
In pearl millet, however, only a few reports have documented the presence of Striga
resistance (Ramaiah, 1984; Ramaiah, 1987). Wilson et al. (2000) surveyed the presence of
Striga resistance in wild accessions of Pennisetum glaucum subsp. monodii, a wild pearl
millet relatives originating from Africa. Later, the same authors reported four accessions, PS
202 (also resistant to downy mildew), PS 637, PS 639, and PS 727, to be resistant to Striga
(Wilson et al., 2004). Efforts to identify sources of resistance in cultivated pearl millet have
followed and yielded in the identification of six resistant landraces (M141, M239, M029,
M197, M017 and KBH), which show less sensitivity to the parasite and relatively higher
yielding compared to susceptible controls (Kountche et al., 2013a).
Surprisingly, despite their importance as a source of nutrient-rich food grain for
household farmers and the serious damage caused by Striga (Austin, 2006; Dida and Devos,
2006; Gigou et al., 2009; Bangoura et al., 2011; Rao et al., 2011; Mishra et al., 2014;
Mannuramath et al., 2015; Muthamilarasan and Prasad, 2015), there are no similar examples
of sources of resistance to Striga in small millets. However, because of their potential as
smart crops meaning that they can provide alternative solution in the context of climate
change, the small millets are now gradually being re-discovered and considered by scientists
for various needs. In general, genetic resources across all millets species exist which remain
highly unexplored and underused and might contain valuable additional sources of resistance
to Striga. There is still a need for further research to characterize and identify new sources of
resistance to Striga in millets for future exploitation.
3.3 Mechanisms of resistance
At present, there is a strong consensus that resistance to parasitic plant is a
multicomponent event, resulting from a battery of host plant defense acting at different levels
of the host-parasite interaction (Haussmann et al., 2000; Rubiales, 2003; Ejeta, 2007). Where
a potential host plant defense is expressed, it can be narrowed to a specific stage in the
parasite life cycle. This has been made possible through the development and extensive
exploitation of advanced laboratory- based bioassays, which have provided weed researchers
with fine phenotyping tools (Hess et al., 1992; Ejeta, 2007; Omanya et al. 2004). Based on
the knowledge gained, it has been suggested that the overall expression of resistance to the
parasites can be broken down into two major parts, pre-attachment and post-attachment, in
the establishment of the parasitic association. The pre-attachment resistance mechanisms
8
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involve host plant defense acting before the Striga seeds germinate to the formation of the
haustorium, while post-attachment mechanisms start from the attachment of the haustorium
to the host root to the subsequent parasite development (Scholes and Press, 2008; Irving and
Cameron, 2009).
The first resistance mechanism observed in isolating genotypes with host plant resistance
is at the level of parasitic seed germination. Some crop genotypes have been identified to
produce relatively low amounts of germination stimulants, and, therefore, to induce
germination of less parasitic seeds and preventing the host plant from parasitism. This
resistance phenotype, which is called low germination stimulant production (lgs), has been
commonly found in Striga-resistant sorghum genotypes (Hess et al., 1992; Ejeta and Butler,
1993; Jamil et al., 2011; Robert, 2011). Resistance associated with low production of
germination stimulant may not be related to low production of total strigolactones, but rather
to the types of strigolactones released. The sorghum-resistant cultivar SRN39 was found to
produce lower amounts of 5-deoxystrigol but equal or even greater amounts of other
strigolactones compared to a susceptible cultivar (Yoneyama et al., 2010). However, the low
germination stimulant activity-based resistance phenotype has not been documented in pearl
millet.
Furthermore, since this resistance phenotype can be threatened by individual parasites
within Striga populations able to germinate in response to other strigolactones, additional
resistance characters have been identified to be involved in host plant defense system. These
include strong resistant reactions which were found to be expressed through reduced number
of parasitic attachments, failure of attached parasite seedlings to establish vascular
connections with the host, and by diminished growth or eventual death of the few parasites
(Amusan et al. 2008, 2011). Some potential resistant host plants have been reported to lack
the capacity to stimulate haustorial initiation of Striga germinated seeds or to produce
compounds that inhibits the formation of the haustorium, an important organ towards parasite
connection to host root (Gurney et al., 2003; Rich et al., 2004; Robert, 2011). Several authors
demonstrated also the establishment of mechanical barriers to protect the host root from
parasite penetration and access to the host plant vascular system (Maiti et al., 1984; Gurney et
al., 2006; Amusan et al., 2008; Yoshida and Shirasu, 2009). Another protecting mechanism is
the recognition of the invasion as a threat and the rapid mobilization of defense response such
as the hypersensitive response (HR). Two sorghum-resistant cultivars (Framida and Dobbs),
four breeding lines (SAR 16, SAR 19 and SAR 33) and a wild sorghum accession (P47121)
have been shown to exhibit a hypersensitive-like necrosis at the site of attachment of S.
asiatica (Haussmann et al., 2000; Mohamed et al., 2003). Recently, hypersensitive responsebased resistance phenotype has been observed in some breeding materials of cultivated pearl
millet genotypes, SR-EC (for Striga-Resistant Epis Court), but this phenotype has not been
confirmed yet. Alternatively, even if penetration of the host root is accomplished, some
incompatibility response has been reported to prevent a parasite from thriving or surviving to
growth and emerge above the soil. Amusan et al. (2011) demonstrated that SRN39, a Strigaresistant cultivar of sorghum, expresses an incompatible response, in addition to the low
strigolactone production activity. Ejeta et al. (2000) reported other potential post-germination
mechanisms of resistance that impede attachment and emergence of Striga in crops. It is
possible that other host plant defense mechanisms may be overlooked. However, to our
knowledge none of the described resistance mechanisms has been surveyed yet in any of the
small millets. There is therefore an urgent need to put efforts in the identification of
resistance donor sources, the detailed characterization and understanding of specific
resistance mechanisms in small millets in particular. Improved and accurate laboratory-based
co-culture approaches are now available, including the extended agar gel assay (EAGA) and
9
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the paper roll assay (PRA), that allow the determination of germination stimulant production
in host roots (Hess and Ejeta, 1992; Ejeta et al., 2000), in addition to the rhizotron (root
observation chamber) and microscopy, which are used to investigate post-attachment
resistance mechanisms (Gurney et al., 2006), and high-performance liquid chromatography
coupled to tandem mass spectrometry analysis (HPLC, LC–MS/MS) used for quantifying and
characterizing the production and the type of strigolactones (Sato et al., 2003; Yoneyama et
al., 2010; Jamil et al., 2011). Hence, when available, the deployment of all these sources of
resistance in a single millet cultivar should provide more durable resistance to the parasitic
weed Striga.
3.4 Nature and genetic basis of resistance
From the previous section, it is evident that resistance to the parasitic weeds Striga
appears to be complex, based on a chain of resistance mechanisms that are deployed by host
plant either alone or in combination throughout the parasite infection process. In general, the
nature of resistance to parasitic weeds has been reported to be qualitative, usually a strong
acting character controlled by one or two major genes (monogenic), or quantitative described
as partial resistance inheritance governed by several alleles at multiple loci (polygenic).
Efforts to understand the inheritance of traits associated with resistance to Striga have yielded
very mixed results, with relatively good success in sorghum, only ephemeral progress in pearl
millet and with no efforts invested in small millets to date.
In sorghum, the low Striga germination stimulant activity (lgs), so far the best
characterized resistance phenotype, has been reported to be under the control of a single
nuclear recessive gene (Ramaiah et al., 1990; Hess and Ejeta, 1992; Vogler et al., 1996;
Ezeaku and Gupta, 2004, Satish et al., 2012). Haussmann et al. (2001a) indicated that one
major gene and several minor genes appear to be involved in the stimulation of Striga seed
germination using sorghum recombinant inbred populations. Although the lines showing low
germination-inducing activity have been reported to express good resistance in bioassays,
resistance mediated by low strigolactone production has been, however, described to be less
reliable when the Striga infestation pressure is high (Atera et al., 2011). In pearl millet, the
heredity of host-plant resistance to Striga is not well described. Only few pearl millet
cultivars have been reported to be partially resistant or tolerant to Striga, and resistance (or at
least less susceptibility) in some pearl millet materials was shown to be dominant (Ramaiah,
1987). However, the very existence of Striga resistance in cultivated pearl millet has been
questioned by others authors (Chisi and Esele, 1997). Recently, partial quantitative resistance
to S. hermonthica has been reported in wild pearl millet relatives in Africa (Wilson et al.,
2000; 2004). Field measure of Striga resistance, most commonly emergence counts of Striga
plants, represents a sum total of the entire parasitic association and is therefore a quantitative
trait with polygenic inheritance. More recently, Kountche et al. (2013a) reported the presence
of quantitative resistance to S. hermonthica in a diversified genepool of cultivated pearl millet
under field conditions.
In small millets, early studies towards germplasm characterization and breeding for crop
improvement for agronomic traits have not been coupled with the investigation and
assessment of the genetic variants for Striga resistance. Hence, characterization of the
resistance mechanisms usually follows the identification of resistance sources (Rubiales et
al., 2006).
Host plant resistance to Striga involves physiological and genetic mechanisms, and
requires a thorough understanding of the biophysical processes of the host-parasite
association. In many cases, S. hermonthica seeds collected from one cereal host can infect
other cereal species, for instance, there is evidence for some relaxed interspecies specificity,
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particularly with respect to the reciprocal infectivity of populations of S. hermonthica
collected from sorghum and pearl millet (Vasudeva Rao and Musselman, 1987; Estep et al.,
2011). A deeper understanding of the heredity of specific mechanism associated with
resistance to Striga would facilitate the development of improved selection strategies to
enhance Striga resistance in susceptible millet crops (Ejeta, 2007).
3.5 Development and use of Striga-resistant millet cultivars
Research towards combating Striga has been going on for more than 60 years, however,
the Striga control has remained a challenge. As a result of decades of intensive research and
farmer experience, a wide range of Striga control strategies have been developed starting
from those that relate to soil fertility improvement, as Striga are also good indicator of low
soil fertility, to those that directly affect the parasite life (Oswald 2005; Rector, 2009; Teka,
2014). This has provided the smallholder farmers with a diversity of options to control the
parasites. Several researchers have extensively documented these potential options to combat
Striga which have been classified into the most commonly used terms: cultural and
mechanical control options including hand-pulling, crop rotation, trap-cropping,
intercropping, appropriate improvement of soil fertility, and planting methods (Berner et al.,
1995; Kuchinda et al., 2003; Hess and Williams, 1994; Hess and Dodo, 2004; Samake et al.,
2006; Gworgwor, 2007; Khan et al., 2002, 2006, 2008; Eltayb et al., 2013; Hooper et al.,
2015); chemical control method such as application of chemical herbicides (Kanampiu et al.,
2003; Kanampiu et al., 2007a; Kanampiu et al., 2007b) and biological control approaches
using the pathogenic fungus Fusarium oxysporum as a mycoherbicide, or insects (Abbasher
et al. 1995, 1998; Kroschel et al. 1996; Marley et al., 1999, 2005; Hess et al. 2002; Elzein and
Kroschel, 2004; Yonli et al., 2006; Zahran, 2008; Venne et al., 2009; Zarafi et al., 2015;
Watson, 2013). Recently, the potential of the plant growth promoting rhizobacteria (PGPR)
of the genus Bacillus (B. subtilis, B. amyloliquefaciens) and Burkholderia (B. phytofirmans)
as Striga biocontrol agent has been surveyed by Mounde (2014). Although, the potential of
these control options has been demonstrated in various research centers across Striga-prone
regions, they have had only limited or partial impact since they do not adequately and
consistently address the long-term management, which requires a significant, if not complete,
depletion of the parasitic seed reserve. In some cases, their adoption has been limited as the
most affected small farmers cannot afford them.
Striga appear to be difficult to manage, as the parasites inflict most of their damage
underground, produce numerous tiny seeds and continuously increasing the seed load in soil
(Oswald 2005; Scholes and Press 2008). Certainly, huge seed reserves and long-term seed
viability (more than 20 years) pose acute problem in Striga management. Any control method
that affects directly the germination of parasitic seeds and their attachment to the host root
have been accepted to be more effective than those that affect later stages of the parasites
development. In this sense, host plant resistance has been widely recognized to be the most
practical and sustainable method for the long-term control of the parasites that would be
accessible to farmers (Ejeta, 2007; Hearne, 2009; Yoder and Scholes, 2010). The potential
advantage of controlling Striga in subsistence agriculture via genetic resistance is high
because, assuming that the resistant-varieties are locally adapted and adopted, they fit within
the varied agricultural practices where these weeds occur (Hearne, 2009).
3.5.1 Conventional breeding
Keeping in view the persistent problem of Striga, the key role of genetic resistance to
combat Striga must be emphasized, even though progress towards the development and
release of Striga-resistant varieties has been small. Development of genetically-improved
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varieties with resistance to Striga is often straightforward, given that reliable sources of
resistance are available and efficient and easily controlled and practical screening methods to
provide sufficient selection pressure exist (Rubiales, 2003). Unfortunately, this has been
seldom the case. From the previous sections, it can be admitted that resistance against Striga
is difficult to develop due to the complex nature of the parasites, scarcity of donor sources
reported so far, and in some cases due to varying heritability (moderate to low) because of the
numerous environmental effects and genetic variability of parasite populations (Rubiales,
2003; Aly, 2012). In spite of all these difficulties, significant success has been achieved.
During the last few decades, research efforts have been devoted to identifying germplasm
with resistance to Striga. Relatively few cultivars with good level of Striga resistance have
been identified in millet crops, mainly sorghum and pearl millet (Hess and Ejeta, 1992;
Kountche et al., 2013). Improved breeding approaches that promise good prospects for
developing cultivars with resistance to Striga have been suggested to take advantage of the
ever-growing knowledge of the complex nature of the host-parasite interactions (Ejeta and
Butler 1993; Haussmann et al., 2000; Omanya et al. 2004). Adoption of these strategies has
resulted in the development of appropriate breeding populations, and deployment of
deliberate selection for resistance to Striga. Although the effort for breeding for Striga
resistance in millets has been very limited, the conventional breeding work has generally
been successful with the development and release of crop varieties with relatively high levels
of resistance to Striga. A number of lines and improved varieties with Striga resistance has
been selected and documented by ICRISAT and Purdue University (US) (Ejeta et al., 2007;
Adugna, 2007; Teka, 2014). Tesso et al. (2007) and Mbwaga et al. (2007) demonstrated that
resistant sorghum cultivars, which have been developed based on the low production of
germination stimulants, have shown good level of Striga resistance. Three Striga-resistant
varieties, P9401 (locally called Gubiye), P9403 (called Abshir) and PSL5061 (named
Birhan), have been reported to be officially released for wide cultivation in Striga-endemic
regions of Ethiopia (Elzein and Kroschel, 2004; Adugna, 2007). The Striga-resistant sorghum
variety (ICSV1112BF, locally named Hormat) has been developed and released in India by
ICRISAT (Adugna, 2007). More recently, breeding for Striga resistance under field
conditions using phenotypic recurrent selection resulted in significant improvement in Striga
resistance in cultivated pearl millet and the development of the first pearl millet Strigaresistant experimental varieties (Kountche et al., 2013a). These experimental varieties are
currently being validated under farmer’s field conditions. Unfortunately, in other millet
species no sources of resistance have been surveyed and yet reported, and consequently no
resistant cultivars have been selected so far.
The outlook for long term stability of the released Striga-resistant varieties has been
analyzed by many researchers and does not look bright. A high level of genetic variation has
been reported to be maintained within populations from generation to generation, especially
in S. hermonthica (Bharatha et al., 1990). Furthermore, the ability of this Striga species to
quickly evolve new races and to overcome resistance has been documented (Rich and Ejeta,
2008). Thus, the use of genetically heterogeneous Striga-resistant open-pollinated cultivars,
in which different plants carry different resistance alleles, has been reported to be a practical
alternative for ensuring the stability of resistance to Striga over time (Kountche et al., 2013a).
A key to long term stable resistance is more likely when both quantitative and qualitative
resistance genes are deliberately stacked in the improved cultivars such that multiple
mutations would have to accumulate in the parasite populations to overcome the multiple
resistance genes in the host (Rich and Ejeta, 2008).
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3.5.2 Marker-assisted selection
Although conventional breeding has made significant contributions to millet crops
improvement for Striga resistance, particularly in sorghum and pearl millet, this approach has
been in general slowed when targeting the complex quantitative trait of resistance to Striga.
The development of molecular markers associated with resistance to Striga has offered a
promising way to rapidly accumulate several resistance genes since conventional breeding
has shown to be time-consuming, largely if not completely dependent on climatic and
environmental conditions, and therefore less effective (Ejeta and Gressel, 2007; Rispail et al.,
2007). It is interesting to note that in the most studied millet crops, sorghum and pearl millet,
potential resistance phenotypes have been identified in wild relatives. Hence, molecular
markers may facilitate the transfer of resistance genes into cultivars and facilitate pyramiding
of multiple resistance genes into agronomically desirable elite and locally-adapted Strigasusceptible varieties. Over the past decades, much progress has been made in the field of
development of molecular markers to assist and boost the development of Striga-resistant
varieties. However, their effective application in a marker-aided breeding requires a thorough
understanding of the inheritance of Striga resistance, which in turn requires the development
of tailor-made populations.
Major advances in our understanding of the molecular genetic basis of mechanisms of
Striga resistance have been achieved. Research effort invested to characterize the
mechanisms behind and inheritance of resistance to Striga has been followed by the
development of molecular markers. Recently, mapping of chromosomal regions affecting
qualitative or quantitative traits has received growing attention in millets (Hess et al., 1992;
Ejeta and Butler, 1993; Haussmann et al., 2001a; Omanya et al., 2004; Rich et al., 2004;
Mohamed et al., 2003; Kountche, 2013; Moumouni et al., 2015). In sorghum, several
populations segregating for genes associated with low germination stimulant production (lgs),
low haustorial initiation, mechanical barriers, hypersensitive response, and incompatible
response mechanisms of Striga resistance have been developed using the source materials
(Ejeta et al., 2000; Haussmann et al., 2000; Grenier et al., 2001, 2007; Rodenburg et al.,
2006; Omanya et al., 2004; Mutengwa et al., 2005). QTL mapping for Striga resistance has
resulted in identification of many genes/QTLs spread across the genome. Haussmann et al.
(2004) mapped several QTLs for Striga resistance in sorghum and reported 9 and 11 QTLs
explaining respectively 77% and 82% of the phenotypic variation in a recombinant inbred
line (RIL) population. The most significant QTL has been identified to correspond to the
major gene locus lgs, which was recently fine-mapped on the chromosome 5 (Satish et al.,
2012). More interestingly, validation of some of these QTLs has provided an opportunity to
employ molecular marker-assisted breeding (MAB) for sorghum improvement for Striga
resistance. MAB has been applied using the identified Striga-resistant QTLs for their
introgression into elite farmer-preferred sorghum local varieties which lack Striga resistance
(Grenier et al., 2007; Kapran et al., 2007). Four Striga-resistant sorghum lines developed
through marker-assisted selection have been recently reported and released for cultivation in
sub-Saharan Africa (Mohamed et al., 2014). Very recently, Yohannes et al. (2015) indicated
that marker-assisted backcrossing (MABC) has been effective in introgressing five QTLs for
Striga resistance from the donor source N13 to the genetic background of Hugurtay, a
susceptible sorghum variety from Eritrea.
In pearl millet, although marker aided-selection (MAS) has not been practiced yet in
breeding for Striga resistance, there have been extensive efforts towards development of
DNA-based markers including simple sequence repeat (SSR) (Allouis et al., 2001; Budak et
al., 2003; Mariac et al., 2006; Qi et al. 2001, 2004; Senthilvel et al., 2004, 2008; Jia et al.,
2007; Yadav et al., 2007, 2008; Rajaram et al., 2013), diversity array technology (DArT)
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(Mace et al., 2008, 2009; Supriya et al., 2011) and single nucleotide polymorphism (SNP)
(Bertin et al., 2005; Feltus et al., 2006; Kountche, 2013; Moumouni et al., 2015). In most of
these studies, a number of genetic maps have been constructed using different crosses, mostly
with the aim of mapping specific traits. More recently, Moumouni et al., 2015 reported the
development of a relatively high density SNP- based linkage map using a cross between the
wild resistant PS202 and SOSAT-C88, a susceptible open-pollinated improved variety
(OPV), segregating for Striga resistance. While the original aim was to conduct a classical
QTL analysis in this population, a lack of reliable phenotypic data due to environmental
factors has hampered the marker-trait association for mapping Striga resistance in pearl
millet. Even when it is well established, marker-assisted backcrossing has certain limits for
introgressing quantitative trait controlled by many genes/QTLs with minor effects. The
markers to be used in MABC are usually identified in a biparental segregating population,
which limits the exploitation of the potentially wide range of allelic diversity present in the
crop species. In addition, markers may be valid only for the genetic background in which
they were identified (Varshney and Dubey, 2009). Because of these limitations, markerassisted recurrent selection (MARS) has emerged as an indispensable breeding strategy for
developing germplasm with strong long lasting resistance (Bernardo and Charcosset, 2006).
However, the key component and the great challenge towards an efficient system for
molecular breeding for Striga resistance in pearl millet is the identification of significant
associations between genetic markers and the genes that determine resistance to the parasites.
Interestingly, a genome wide association studies (GWAS) has been recently surveyed in pearl
millet for Striga resistance using a diversified Striga-resistant genepool of full-sib
populations derived from five cycles of phenotypic recurrent selection (Kountche et al.,
2013a; Kountche, 2013). These authors reported three major and several minor SNPs which
have been identified to be significantly associated with Striga resistance trait, each of which
explaining 15%, 18% and 21% of the phenotypic variation respectively for the three major
QTLs. From these preliminary results, they speculated that resistance to Striga in pearl millet
is controlled by a small number of major loci which can easily be manipulated in a markerassisted backcrossing program, as it was the case for sorghum. For this purpose, it is desirable
to have molecular markers flanking the gene/QTL closely on both sites. Therefore, there is a
need to map and validate these major QTLs across different genetic backgrounds and
environments for their future deployment.
In the past decades, extensive efforts have been invested in small millets to develop
genetic and genomic resources. Various DNA markers are routinely used to assess population
structure, genetic diversity in small millets (Dwivedi et al., 2012; Barnaud et al., 2012).
Interestingly, genetic maps of varying density level have been also documented for foxtail
millet, finger millet, proso millet and tef (Dwivedi et al., 2012; Ref.?). However, to the best
of our knowledge, no specific study has reported on Striga resistance, its molecular genetic
basis and availability of molecular marker associated with resistance to Striga in small
millets. The availability of these enormous genomic resources in small millets has now
provided numerous scientific leads to proceed further towards crop improvement for Striga
resistance in millets, particularly in small millets. National and international efforts need to
be invested to asses and identify sources of Striga resistance, characterize and understand the
specific resistance mechanisms underlying the resistance phenotype, and examine the
inheritance of identified Striga resistance in small millet using phenomics and genomics
resources. Notably, with the increased accessibility of low cost and high-throughput
genotyping, genotyping-by-sequencing (NGS), and the availability of the whole genome
sequence of some millet crops such as sorghum (Paterson et al., 2009), foxtail millet
(Bennetzen et al., 2012) and pearl millet (which will be completed very soon), it can be
speculated that targeting specific Striga resistance genes and employment of genomic tools to
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tailor millets for Striga resistance will be less challenging (Kountche et al., 2013b). The
combination of genetic mapping and gene expression studies should provide an integrated
approach to pave the knowledge gap in millets, especially pearl millet and small millets.
Moreover, comparative genomics can point to important resistance genes in the understudied
millet crops as they are discovered in other millet crops like sorghum (Michelmore, 2000;
Rispail et al., 2007).
3.5.3 Transgenics
To date, there is a consensus that genetic control of Striga through the use of resistant
cultivars appears to be the central component of any concerted integrated Striga control
approach (Ejeta, 2007). However, the deployment of host plant resistance even in the most
studied millet crops, particularly sorghum and pearl millet, has been largely hampered by the
scarcity of reliable resistance donor sources (Aly, 2012; Kountche, 2013a). This has
prompted the researchers to explore new horizons for developing new strategies that allow
extending the sources of resistance further (also known as artificial resistance) to the very
limited number of natural resistance sources that have been identified so far. Genetic
engineering for enhancing host plant resistance to Striga is a very promising approach and
offers new opportunities for developing improved varieties. Thanks to the recent emergence
of biotechnology techniques and genomic resources, the potential of artificial resistance in
host plants makes the genetic engineering a viable strategy in this context. Indeed, studies
aimed at the molecular characterization of the host plant – parasite interaction and host
resistance through expression analysis of the genes, proteins and metabolites involved in
these processes, are the subject of increasing interest and offer weed researchers the
opportunity for deploying genetic transformation tools to enhance the control of the parasitic
plants (Rispail et al., 2007; Aly, 2012). With the great initiative of the parasitic plant genome
project’ (http://ppgp.huck.psu.edu/) (Westwood et al., 2012), genetic resistance based on
silencing of a target gene in the host plant is now feasible. Yoder et al. (2009) and Runo et al.
(2011) have investigated the use of RNA interference (RNAi) technology as a mean for
enhancing host resistance against parasitic weeds. However, this approach has not been
successful in controlling maize – Striga parasite interaction (Yoder and Scholes 2010).
Nevertheless, understanding the biology of the early stages of parasitism by Striga will help
identifying potential barriers towards success of this technology. Though significant progress
has been achieved in genetic transformation, there have been very few reports on millet
crops, which have trailed behind other cereals such as maize in the progress toward genetic
transformation (Visarada and Kishore, 2015). To date, there are no transgenic Striga-resistant
millets crops that have been reported and released for cultivation so far.
As an alternative approach to the control of parasitic weeds, Gressel (2009) suggested the
development and use of herbicide-resistant crops. Green and Owen (2011) documented that
herbicide-resistant sorghum varieties have been developed by the private sector in the USA
using mutations. Interestingly, attempts are being made using the approach of the acetolactate
synthase (ALS) to develop genetically engineered herbicide-resistant sorghum crops.
However, the success of generating resistant cultivars by genetic engineering requires an
efficient gene transfer, stable integration, and predictable expression of the transgene. Thus,
with the genetic transformation techniques based on recombinant DNA technology, it is now
possible to insert genes that confer resistance to a number of biotic stresses, including
parasitic plants such as Striga, into the susceptible host plant genome (Rakshit and Patil,
2014). When identified and characterized, Striga resistance genes available across millet
species can be deployed and incorporated into other species that lack resistance through gene
transfer techniques along with reproducible tissue culture protocols to produce transgenic
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millets varieties with enhanced agronomic performance. Recently, Kohlen et al. (2011)
emphasized that the discovery of strigolactones, the major Striga germination stimulants,
provides a potential way to enhance Striga resistance by reducing the production of
strigolactones in the host plant roots using a transgenic approach. At least for the few millet
crops such as sorghum, foxtail millet, pearl millet, for which a complete sequence of the
genome is available.
Beside the potential advantages of these technologies, it appears that researchers have
been reluctant towards development of engineered resistance through genetic engineering
since the transgenic crops may not be easily adopted by farmers due to the current
controversial debate on food safety issues. The approach provides genetically modified
organisms (GMO), therefore the use of transgenic crops in the center of origin of most of
millets crops may arise the concern regarding the possible gene flow from transgenic crops to
cultivated plants and their wild relatives. In this regards, innovative genetic modifications
have been developed to keep away from the classification of GMOs and biosafety concerns.
These modifications such as zinc finger nuclease technology, cisgenesis, RdDM, and other
technologies are dependent on transgenic technology for the introduction of DNA segments
(Visarada and Kishore, 2015). Science and the arts of tissue culture, genetic transformation,
and, more importantly, plant breeding has to be integrated to reach effective Striga-resistant
millet cultivars.
3.6 Integrated Striga management
The various Striga control methods reviewed above have offered varying levels of Striga
control and have not proved to be as effective, economical, and applicable as desired (Joel,
2000). In the past decades, several control measures have been developed and extensively
deployed for few crops, however, when applied individually the control method has been
affected by the diversity of farming systems and environmental conditions, and has often
shown only little success. In addition, although these methods have helped in reducing
damage caused by the parasites to host crops, it has been observed that they did not
adequately address the long term management of the root parasitic weeds, as this requires the
destruction of Striga seed bank. It appears that there is no single control method that can
effectively solve the Striga problem (Joel, 2000; Oswald, 2005). Thus, the most
comprehensive and sustainable way to cope with the Striga is certainly through an integrated
approach, incorporating a variety of measures in a concerted and smart manner (Oswald,
2005; Ejeta, 2007; Elzein et al., 2008). Haussmann et al. (2000) reported that an effective
integrated control strategy must certainly include at least, if not all, one control method from
each of the three major categories highlighted by the authors. Oswald (2005) suggested a
combined action with containment and sanitation, using direct and indirect measures to
prevent the damage caused by Striga, and with means to eradicate the Striga seed bank in
infested soils. To ensure that the integrated Striga control technology is adopted by farmers,
Striga control practices must improve crop yield, maintain soil fertility, and be practicable
(Berner et al., 1995; Kroschel, 1998). To this end, adaptive and on-farm research has been
invested, which must play an important role in identifying the most effective mix of
component-practices. Berner et al. (1995) suggested crop rotation with highly effective trap
crops as the key component of an integrated Striga control program. The combined use of the
mycoherbicide, Fusarium oxysporum, and Striga-resistant sorghum cultivars has been
demonstrated to be effective in controlling Striga and led to increased sorghum yield in the
field (Marley et al., 2004; Venne et al., 2009). Hess and Dodo (2004) reported the potential
use of sesame as a trap-crop in integrated control of Striga in pearl millet. Tesso and Ejeta
(2011) suggested a promising integrated control strategy based on the use of sorghum
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resistant variety, tied-ridge tillage and nitrogen fertilizer. More recently, ICRISAT and its
collaborators embarked on participatory research on integrated Striga management through
farmer field schools and came up with practical integrated Striga and soil fertility
management practices for pearl millet and sorghum in West Africa.
Regardless of the global context of climate change, which will certainly have an impact
on Striga infestation, the main obstacle in the long-term management of Striga in infested
fields appears to be the persistent seed bank, with only very limited annual depletion
percentage induced by the current integrated approach. As long as the Striga seed bank is not
controlled effectively, the need to apply means to control the parasite will persist. An
integrated approach that combine genetic resistance and suicidal germination components
have been suggested to be the best approach for seedbank demise (Kgosi et al., 2012;
Zwanenburg and Pospisil, 2013; Kannan and Zwanenburg, 2014). While several research
efforts have been invested in the field of development and deployment of host plant
resistance, the elimination of the Striga seed bank through suicidal germination approach
using synthetic analogs of strigolactones has gained very little attention. This approach may
be appropriate and even more efficient if suitable candidates of synthetic strigolactones are
identified. Hence, the development of highly efficient synthetic germination stimulant
analogs, economically affordable by smallholder farmers, and environmentally-friendly that
can be used to induce suicidal germination of Striga seeds, when possible, will provide an
important alternative component for the long term control of Striga (Zwanenburg et al., 2009;
Zwanenburg et al., 2013).
4. CONCLUSIONS
In general, research efforts invested during the last decades have dramatically improved
our understanding of host – parasite relationship in the Orobanchaceae, and more so,
contributed to numerous methods for the control of the weed parasitic plants Striga. Albeit
limited in efficacy in many cases, the control approaches developed so far represent today
major progress in combating Striga in millet cropping systems. It is now evident that the
cultivated millet crops can be protected by cultural methods, by biocontrol agents, and
through genetic resistance. Moreover, it will be important to develop new strategies that can
address the long-term control of the parasite. In this sense, fundamental research on key
aspects of Striga parasitism should not only lead to a better understanding of this intricate
pathosystem, but also provide new ideas for the development of novel methods for parasitic
weed control, to increase millets productivity. From the above-cited knowledge on the millet
– Striga pathosystem, it seems evident that multiple responses from specific host plantdependent signals seem to be a part of a strategy to find and recognize host plants.
Strigolactones (SLs) with their multifaceted biological roles can undeniably become a potent
and valuable tool to develop new alternatives for breeding/managing for Striga resistance in
millets. In this sense, it is important to understand some of the SLs interactions at the
biosynthesis level and elucidation in SLs release/ pattern seems essential for understanding
developmental and defense-related processes mediated by specific families of these
phytohormones. Finally, it is crucial when dealing with Striga that several resistances,
genetic and/or engineered, should be pyramided in susceptible millet cultivars, to avoid the
development of more virulent parasite populations and to overcome the resistance. This is
deliverable when only combined work at molecular, genetic, and physiological levels will be
continuously invested in millet crops.
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5. FUTURE PERSPECTIVES AND PRIORITIES
This review emphasizes the enormous efforts to understand the host – Striga interactions
and the development of genetically Striga-resistant cultivars in millets. We firmly believe
that an increased research effort in millet species will lead to significant progress. Indeed, a
deeper understanding of parasite population dynamics and of the genetic changes associated
with parasitism should improve our understanding of the virulence of the parasite and of host
resistance mechanisms, and the transfer of the knowledge to breeders. With regard to Striga
control, elucidation of the strigolactone biosynthesis pathway in millets will also offer
possibilities for the development of chemical inhibitors of strigolactone production and allow
to modulate the amounts and types of released SLs. Thus, a comprehensive effort should be
made using all available tools to improve Striga resistance/tolerance in millets so that they
can continue to play the indispensable role in the welfare of the poor in the semi-arid tropics
of Africa and Asia.
Moreover, the many bioassays tools that have been developed for sorghum can be now
used in other millets, to identify resistance source and to investigate the mechanisms
underlying the resistance phenotype in the understudied millet crops. Conventional breeding
can be supported, in addition to marker-aided selection and innovative genetic modification
strategies, by a mutagenesis approach to produce new resistant variants to tackle the Striga
problem in millets. In this concern, ethyl methane sulfonate (EMS), a commonly used
chemical mutagen, has been largely used because of its high effectiveness in generating new
and desired traits.
It is now clear that the main impediment of the long-term control of Striga in infested
fields lies in the huge seedbank. As long as the Striga seed bank is not controlled, the need to
apply means to control the parasite will persist. With regard to depletion of Striga seed
reserve, the development and testing of efficient synthetic germination stimulant analogs is a
promising approach towards eliminating the Striga seed bank. Therefore, it will be of interest
to further explore this opportunity in order to provide farmers with new means for combating
the parasitic weeds Striga.
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