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Millets, comprising the small-seeded group of the Poaceae family, represent one of the major food- and 
feed-crops in the semi-arid tropical regions of Africa and Asia. Compared to major crops of the world, 
these indigenous crops possess a number of beneficial characteristics including tolerance to extreme 
climatic and soil conditions; hence, adapts to poor soil fertility and moisture deficient areas. Moreover, 
millets are also nutritionally rich especially in vitamins and minerals, and most of them are gluten-free. 
Despite all these benefits, millets are encountered with several production constraints. The major 
bottleneck affecting millets are their extremely low yield since they are mostly cultivated in marginal 
areas with poor moisture and fertility conditions. Inherent characteristics, such as susceptibility to 
lodging, also significantly affect the productivity of millets. Millets are also commonly known as 
orphan- or neglected-crops due to too little attention given to them by the world scientific community. 
Genetic improvement in millets could be achieved not only by conventional approaches but also 
through modern techniques such as genetic modification or transgenics. The main benefits of 
regeneration and transformation in millet improvement are: i) the multiplication of identical copies of 
plants that are free of diseases and pests, and ii) the regeneration of the whole plant from transformed 
tissues with desirable traits. Success in plant transformation is largely dependent on the efficiency of 
regeneration. Establishing optimum regeneration method for each plant species and ecotype is 
therefore, a pre-requisite before embarking on plant transformation. In this review, we present various 
studies made to identify optimum regeneration and transformation methods for major millets. The 
prospects of applying advanced regeneration and transformation techniques to these vital but under-
studied crops of the developing world are also discussed. 
 
Key words: Millets, under-researched crops, orphan crops, in vitro regeneration, transformation. 

 
 
INTRODUCTION 
 
Millets represent the small-seeded group of the Poaceae 
family. The similarities of millets are that they are grown 
under extreme environmental conditions and therefore, 
especially suited to areas with inadequate moisture or 
short-growing cycle and poor soil fertility (Baker, 2003). 
Although millets are many in number, the most widely-
cultivated ones are pearl millet [Pennisetum glaucum (L.) 
R. Br.], finger millet [Eleusine coracana (L.) Gaertn], tef 
[Eragrostis  tef  (Zucc.)  Trotter],  fonio  or  acha [Digitaria 
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exilis (Kippist) Stapf and D. iburua Stapf], foxtail millet 
[Setaria italica (L.) P. Beauvois], proso millet [Panicum 
miliaceum (L.)], barnyard millet [Echinochloa crusgalli 
(L.)P. Beauvois] and kodo millet [Paspalum 
scrobiculatum (L.)]. 

Millets play key role in the maintenance of food security 
in the developing world since they are the major food and 
feed sources. Together with sorghum, millets account for 
about half of the total cereal production in Africa (Belton 
and Taylor, 2004). However, the average yield for millets 
is only 0.8 ton ha

-1
 as compared to 3.5 ton ha

-1
 for other 

cereals (FAOSTAT: http://faostat.fao.org/ accessed 
21.12.2011). Millets are rich sources of human and 
livestock nutrition in developing countries (NAS, 1996). 



 
 
 
 
They contain high amount of vitamin, calcium, iron, 
potassium, magnesium, and zinc (Leder, 2004). In 
addition to being nutritious, millets are also considered as 
healthy food. The grains of    most millets do not   contain 
gluten (Leder, 2004), a substance that causes coeliac 
disease or other forms of allergies. Six millet species 
(namely, kodo-, finger-, proso-, foxtail-, little- and pearl-
millet) were recently shown to have an anti-proliferative 
property and might have a potential in the prevention of 
cancer initiation (Chandrasekara and Shahidi, 2011), due 
to the presence and amount of phenolic extracts (Rao et 
al., 2011). Similar to maize and sorghum, millets follow 
the C4 photosynthesis system (Brutnell et al., 2010; 
Warner and Edwards, 1988); hence they prevent 
photorespiration and as a consequence efficiently utilize 
scarce moisture in the semi-arid regions. 

To meet the strong increase in cereal demand 
worldwide, new approaches and technologies for 
generating new varieties are necessary. One of these 
methods is the creation of transgenic plants with 
desirable traits. Although millets are economically 
important, especially in the developing world, little genetic 
improvement has been done so far specifically using 
wide- or cross- hybridization among closely related 
species. The incompatibilities due to interspecific 
hybridization are alleviated by directly transferring the 
desirable traits to millets using optimum or efficient 
transformation method. Hence, crossing barriers could be 
overcome, and genes from unrelated sources would be 
introduced asexually into crop plants. Monocots in 
general and cereals in specific were initially difficult to 
genetically engineer, mainly due to their recalcitrance to 
in vitro regeneration and their resistance to 
Agrobacterium-mediated infection. However, efficient 
transformation protocols have been later established for 
the major cereals including rice and maize. Gene transfer 
to millets would be facilitated once efficient or optimum 
regeneration and transformation techniques are 
established. 

The optimization of regeneration method is, therefore, 
necessary for different millet types in order to increase 
the efficiency of transformation. In this review, we present 
various regeneration and transformation techniques 
studied for major millets. We also discuss the prospects 
of applying advanced techniques developed for major 
cereals to millets, vital but understudied crops of the 
developing world. 
 
 
REGENERATION STUDIES IN MILLETS 
 
The first regeneration studies in millets were performed in 
the 1970s for proso-, finger-, pearl- and kodo- millets 
(Rangan, 1973, 1976). Subsequent investigations were 
also made for other millet species. In the following 
sections, key parameters affecting millet regenerations 
are  reviewed  (Table  1). These important factors include 
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explants, plant growth regulators (PGRs) and media. 
Although environmental factors such as temperature, pH 
and light also affect the regeneration processes, they are 
not discussed here. 
 
 
Regeneration processes 
 
Plant regeneration is achieved by the process of either 
somatic embryogenesis or organogenesis. Somatic 
embryogenesis relies on plant regeneration through a 
process similar to zygotic embryo germination. Somatic 
embryos are developed either directly or indirectly 
through an intermediate step of callus formation. Direct 
embryogenesis occurs in plants rarely, compared to the 
indirect somatic embryogenesis. 

The organogenesis process relies on the production of 
organs either directly from an explant or from a callus 
culture. It is a rare event in millets; to date, only finger 
millet and pearl millet were regenerated through organo-
genesis (George and Eapen, 1990; Jha et al., 2009). 
 
 
Explants for regeneration 
 
Explants refer to sterile pieces of the plant from which 
regeneration is initiated. The suitability of explants for 
regeneration depends on the type of the genotype and 
the culture media used. The maximum callus inductions 
obtained from different explants of pearl- and finger- 
millet are shown in Figure 1. Identifying the best explant 
is critical for increasing the competence of plant 
regeneration. 

Roots were used as an explant in tef and finger millet. 
While the callus induction was more than 90% in finger 
millet (Mohanty et al., 1985) (Figure 1B), in tef, a 
maximum of 25% callus formation was obtained (Bekele 
et al., 1995). The difficulty of using root as an explant was 
also reported for major cereal crops such as wheat and 
barley (Bhojwani and Hayward, 1977; Chin and Scott, 
1977). Another easily available explant is the shoot apical 
meristem (SAM) which contains the zone of actively 
dividing cells. The suitability of SAM as an explant was 
demonstrated in finger millet and pearl millet (Eapen and 
George, 1990; Lambe et al., 1999). Mesocotyl, the plant 
part between the cotyledon and the coleoptile, was also 
used as an explant for finger- (Rangan, 1976; Mohanty et 
al., 1985; Eapen and George, 1990), proso- (Rangan, 
1973; Heyser and Nabors, 1982), kodo- (Rangan, 1973), 
and pearl-millet (Rangan, 1976). 

Mature seeds and embryos were also studied in most 
millet types although mature embryos generated lower 
percentage of somatic embryos than immature embryos 
in kodo- and pearl- millet (Vikrant and Rashid, 2002b; 
Goldman et al., 2003; Campos et al., 2009). Immature 
inflorescences were also evaluated for their regenerative 
response especially in pearl millet  where  they  gave  the
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Table 1. Summary of in vitro regeneration studies for important millets regarding explants, regeneration processes and growth regulators. 
 

Millet type (species) Explant Processes  Growth regulators Reference 

Pearl millet (Pennisetum glaucum) 

Mesocotyl 
Somatic embryogenesis 2.4-D 

Rangan (1976). 
Plant regeneration IAA 

    

Immature inflorescence; immature 
embryo; mature seed; leaf segment and 
shoot tip 

Somatic embryogenesis 2,4-D or pCPA alone or with KIN or BA 
Vasil and Vasil (1981, 1982), Pius et al. (1993), 
Lambe et al. (1995, 1999, 2000), Mythili et al. 
(1997), Oldach et al. (2001), Girgi et al. (2002, 
2006), Srivastav and Kothari (2002), Goldman 
et al. (2003), O'Kennedy et al. (2004, 2011a, 
2011b), Satyavathi et al. (2006), Muthuramu et 
al. (2008) and Jha et al. (2009). 

  

Plant regeneration 
GA3; BA or ABA alone; IAA with KIN or BA 
with IAA or KIN or TDZ or 2,4-D 

   

 
Root formation NAA alone or IBAor IAA; KIN 

Organogenesis BA 

    

Mature embryo Somatic embryogenesis 2,4-D Campos et al. (2009). 

     

Finger millet (Eleucine coracana) 

Root, mesocotyl and leaf base 
Somatic embryogenesis 2,4-D 

Rangan (1976) and Mohanty et al. (1985). 
Plant regeneration None or NAA 

    

Shoot tip, immature inflorescence and 
mesocotyl 

Somatic embryogenesis 2,4-D or picloram; KIN or BA2  Eapen and George (1990), George and Eapen 
(1990), Latha et al. (2005) and Ceasar and 
Ignacimuthu (2008).  

Plant regeneration KIN with TDZ or IAA 

Organogenesis  2,4-D; zeatin2 

    

Mature seed 

Somatic embryogenesis 2,4-D alone or with KIN Sivadas et al. (1990), Poddar et al. (1997), 
Gupta et al. (2001), Kothari et al. (2004), 
Kothari-Chajer et al. (2008), Nethra et al. (2009) 
and Sharma et al. (2011). 

Plant regeneration GA3, BA or NAA alone or KIN; IAA 

    

Mature embryo and epicotyl 

Somatic embryogenesis 2,4-D 

Patil et al. (2009). Plant regeneration BA or KIN 

Root formation IBA; BA 

     

Tef (Eragrostis tef) 

Leaf and root explant and mature seed 
Callus induction 2,4-D or 3,6-D or dicamba Bekele et al. (1995) and Mekbib et al. (1997). 

 Somatic embryogenesis 2,4-D or 3,6-D or dicamba; ABA, BA; KIN 

    

Mature seed 

Somatic embryogenesis 2,4-D followed by TIBA 

Assefa et al. (1998). Embryo promotion  2,4-D; KIN followed by IAA; BA 

Plant regeneration GA3 

    

Immature spikelet and panicle segment Gynogenic tissue induction 2,4-D; BA Gugsa et al. (2006) 
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Table 1. Contd. 
 

 Immature anther and embryo 
Somatic embryogenesis 2,4-D 

Tadesse et al. (2009) and Gugsa and Kumlehn (2011). 
Plant regeneration BA alone or with NAA 

     

Fonio (Digitaria exilis) Stem segment 
Somatic embryogenesis 2,4-D 

Ntui et al. (2010). 
Shoot development BA; GA31 

     

Barnyard millet (Echinochloa crusgalli) Mature seed Somatic embryogenesis 2,4-D2 Gupta et al. (2001). 

     

Proso millet (Panicum miliaceum) 

Immature and mature embryo, 
mature seed, immature 
inflorescence, mesocotyl, shoot tip 
and leaf and stem segment 

Somatic embryogenesis 2,4-D alone or with KIN2 
Rangan (1973), Bajaj et al. (1981), Heyser and Nabors 
(1982), Rangan and Vasil (1983) and Heyser (1984). Plant regeneration 2,4-D or NAA  

     

Kodo millet (Paspalum scrobiculatum) 

Immature inflorescence, immature 
and mature embryo; mature seed; 
young leaf base and mesocotyl 

Somatic embryogenesis  Picloram or 2,4-D alone or with TDZ1; KIN Rangan (1976), Nayak and Sen (1989, 1991), Vikrant 
and Rashid (2001, 2002a, 2002b, 2003), Kaur and 
Kothari (2004) and Kothari-Chajer et al. (2008). 

Shoot regeneration NAA alone or with BA 

Root formation PAA 

    

Shoot tip 

Somatic embryogenesis 2,4-D alone or with KIN 
Arockiasamy et al. (2001) and Ceasar and Ignacimutu 
(2010). 

Plant regeneration TDZ alone1 or BA; NAA 

Root formation  IBA 

     

Foxtail millet (Setaria italica) 
Immature inflorescence; mature 
embryo; mature seed and shoot tip 

Somatic embryogenesis 2,4-D alone or with KIN or BA Xu et al. (1984), Rao et al. (1988), Reddy and 
Vaidyanath (1990), Osuna-Avila et al. (1995), Liu et al. 
(2005), Qin et al. (2008) and Wang et al. (2011). 

  

Plant regeneration NAA with BA or KIN or 2,4-D with KIN 

 

                                                

1
 Transfer to medium without any growth regulator for root formation. 

2
 Transfer to medium without any growth regulator for plant regeneration. 

 
 
 
highest percentage of somatic embryos and shoot 
regeneration compared to shoot tips and seeds 
(Jha et al., 2009). Moreover, anthers were 
successfully used as an explant in tef (Tadesse et 
al., 2009). In general, immature embryos are the 
main source of an explant not only in the major 
cereal crops but also in millets. In pearl millet 

alone, about 50% of the studies on regeneration 
used explants from immature embryo. In our 
laboratory, we routinely use immature embryos as 
an explant in order to regenerate tef (Figure 2A). 
We found that about 45% of immature embryos 
induced somatic embryos and about 55% of these 
somatic embryos formed plantlets (Figure 2B). 

Plant genotypes 
 
The types of genotypes or crop cultivars also 
determine the efficiency of regeneration. The 
investigation made on eight tef ecotypes indicated 
that although variations in calli weight were 
negligible, differences in the percentage of
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Figure 1. The maximum efficiency of callus formation in pearl millet (A) and finger millet (B). The callus induction for 

different explants depends on the type of hormone (auxin or cytokinin alone or by adding the two hormones together) 
applied. Data non-available or non-quantified were indicated as “+”. The figure was made based on the results of the 
following authors: (1) Goldman et al. (2003), (2) Oldach et al. (2001), (3) O’Kennedy et al. (2004), (4) Campos et al. (2009), 
(5) Rangan (1976), (6) Lambe et al. (1999), (7) Patil et al. (2009), (8) George and Eapen (1990), (9) Mohanty et al. (1985), 
(10) Eapen and George (1990), (11) Gupta et al. (2001), (12) Kothari et al. (2004), (13) Ceasar and Ignacimuthu (2008) and 
(14) Latha et al. (2005). Numbers in the figure correspond to the references indicated.
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Figure 2. In vitro regeneration of tef. (A) Tef variety Tsedey (also known as DZ-Cr-37) was used for in vitro 

regeneration based on Gugsa and Kumlehn (2011). Immature embryos were placed on K99 medium (Deutsch et 
al., 2004) facing the scutellum side up and allowed to grow in the dark for 3 weeks in the presence of 90 g/l 
maltose, 1 g/l glutamine and 2 mg/l 2,4-D. Somatic embryos formed were transferred to K4NB medium (Kumlehn 
et al., 2006) in the light with 36 g/l maltose, 0.15 g/l glutamine and 0.22 mg/l BAP. After four weeks, plantlets were 
transferred to soil and grown first for three weeks in the long-day (16 h light: 8 h dark) followed by short-day (8 h 
light: 16 h dark) until harvesting the seeds. (B) Percentage (+/- standard error) of immature embryos transformed 
to somatic embryos and somatic embryos transformed to plantlets. One hundred fifty initial explants were used 
for the experiment. 

 
 
 
regenerants were considerable among the ecotypes 
tested (Bekele et al., 1995). Despite huge expected 
variability among different ecotypes or cultivars, most 
regeneration experiments in millets use a single line or 
cultivar without testing its performance. Hence, obtaining 
a genotype with high regenerative capacity is a 
widespread problem in millet improvement. 
 
 
Plant growth regulators (PGRs) 
 
PGRs are critical in determining the deve-lopmental 
pathway of the plant cells. Their roles in regeneration 
have been studied since the initial observations by Skoog 

and Miller (1957) half a century ago. Auxins and 
cytokinins are the most widely employed PGRs in plant 
regeneration. They are usually applied together in the 
medium as the ratio of auxin to cytokinin determines the 
type of organ or tissue to be regenerated. While high 
auxin to cytokinin ratio promotes root development, low 
ratio stimulates shoot development. The intermediate 
ratio, on the other hand, facilitates the formation of 
undifferentiated organ called callus. This paradigm was 
also confirmed in somatic embryogenesis of millets (Kaur 
and Kothari, 2004). 

On the other hand, somatic embryogenesis was also 
obtained by the application of auxin or cytokinin alone 
(Figure  1).  Earlier  studies showed that for the long-term 
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maintenance of the callus, the concentration of auxin in 
the form of 2,4-D (2,4-Dicholorophenoxyacetic acid) and 
pCPA (p- chlorophenoxyacetic acid) need to decrease in 
finger millet and pearl millet, respectively (Sivadas et al., 
1990; Kumar et al., 2001; Srivastav and Kothari, 2002) as 
prolonged exposure of cell cultures to high 
concentrations of auxin resulted in poor regeneration and 
caused chromosomal abnormalities (Deambrogio and 
Dale, 1980; Nabors et al., 1983). While in the majority of 
the somatic embryogenesis, 2,4-D was used as an auxin 
supplement, other types of auxin also showed good 
performance. Among these, picloram, a very potent 
growth regulator that induces somatic embryogenesis, 
was found to be superior to 2,4-D in kodo millet 
regeneration (Kaur and Kothari, 2004). A study in tef 
showed that the efficacy of auxin was dependent on the 
type of explant in which 2,4-D was best suited for leaf 
and root segments while 3,6-D for mature seeds (Bekele 
et al., 1995). 

Shoot development was in the majority of cases formed 
once embryogenic calli were transferred to medium with 
a low auxin to cytokinin ratio (Girgi et al., 2002). 
However, many other reports indicated that successful 
regeneration were obtained by applying cytokinin alone in 
finger millet (Sankhla et al., 1992; Latha et al., 2005; 
Ceasar and Ignacimuthu, 2008; Yemets et al., 2003; 
Nethra et al., 2009), kodo millet (Ceasar and 
Ignacimuthu, 2010) and pearl millet (Mythili et al., 1997; 
Goldman et al., 2003; Satyavathi et al., 2006). Other 
workers also indicated that regeneration was promoted in 
diverse types of millets using either gibberellic acid alone 
(Sivadas et al., 1990; Nayak and Sen, 1991; Assefa et 
al., 1998; Kumar et al., 2001; Sharma et al., 2011) or 
together with cytokinin (Ntui et al., 2010). On the other 
hand, several other studies indicated that none of the 
known PGRs were necessary to regenerate shoots in 
finger millet (Eapen and George, 1990), proso millet 
(Heyser and Nabors, 1982), kodo millet (Vikrant and 
Rashid, 2001, 2002b) and pearl millet (Campos et al., 
2009). 

In general, in about half of regeneration studies on 
millets, PGRs were applied together in order to initiate 
shoots and roots simultaneously while in the remaining 
studies shoots were allowed to develop first followed by 
roots. 
 
 
Culture media 
 
The  composition  of  the  culture   medium   is   another 
important parameter that determines the efficacy of 
regeneration independent of the explant. The medium 
has to supply all essential nutrients necessary for the 
growth and development of the plant. 

Most in vitro culture studies use Murashige and Skoog 
(or commonly known as MS) medium (Murashige and 
Skoog, 1962). However, the N6 medium (Chu et al., 1975) 

 
 
 
 
became popular in pearl millet since increased amount of 
embryogenic callus was obtained during long-term 
culturing (Lambe et al., 1999). In addition, compared to 
the MS medium, lower amount of auxin was required for 
the N6 medium (Vikrant and Rashid, 2001, 2002b). 

Since the majority of plant cells are not photosynthetic, 
it is essential to add to the culture medium, a fixed carbon 
source. The type and concentration of carbon source also 
determine the competence of embryogenic calli to be 
formed. Carbon does not only serve as an energy source 
but also influences the osmolarity of the medium. 
Although sucrose is commonly applied in most tissue 
culture studies involving millets, maltose is preferentially 
used in pearl millet and tef (O’Kennedy et al., 2004; 
Tadesse et al., 2009; Gugsa and Kumlehn, 2011). 

The concentration of micro-nutrients added to MS 
medium also affects the regeneration processes. The 
addition of higher concentration of cupric sulphate 
improved somatic embryogenesis, maintenance and 
regeneration in finger millet (Kothari et al., 2004). Another 
important component of the media is the ratio between 
nitrate and ammonia. Successful regeneration was 
reported in finger millet using high nitrate to ammonium 
ratio replacing PGRs (Poddar et al., 1997). 

Organic compounds such as casein hydrolysate, 
glutamine and L-tryptophan were also proved to improve 
the initiation of embryogenic cultures in finger millet 
(Yemets et al., 2003). Although, the aforementioned 
report indicated the beneficial effects of amino acids on 
regeneration, another study in finger millet showed an 
adverse effect of certain amino acids on the initiation of 
shoots (Eapen and George, 1990). 

Charcoal, which absorbs inhibitory compounds 
(Thomas, 2008), was also shown to increase the 
regeneration capacity in kodo millet and pearl millet 
(Vikrant et al., 2001; Lambe et al., 1999). Furthermore, 
ethylene inhibitors such as silver nitrate improved the 
regeneration process in pearl millet mainly by promoting 
the shoot formation (Pius et al., 1993; Oldach et al., 
2001). Other ethylene inhibitors such as cefotaxime, 
carbenicillin and streptomycin similarly enhanced plant 
differentiation from somatic embryos in finger millet 
(Eapen and George, 1990). Cefotaxime and ASA (O-
acetyl salicylic acid), another ethylene inhibitor, also 
enhanced regeneration efficiency in pearl millet (Pius et 
al., 1993). 
 
 
TRANSFORMATION STUDIES IN MILLETS 
 
Genetic engineering or transformation refers to the 
delivery of DNA, encoding a desirable trait to the plant 
cell. In order to deliver pieces of DNA to the plant of 
choice, two methods, namely physical and biological, are 
used. The physical method includes particle or 
microprojectile bombardment and electroporation while 
the  only  successfully  applied  biological   technique   is 



 
 
 
 
Agrobacterium-mediated transformation. Since both 
physical and biological methods facilitate the transfer of 
the traits of importance to the plants of interest, a number 
of crop improvement studies benefited from the 
technique. Traits commonly employed in the 
transformation are those which increase resistance 
against biotic and abiotic stresses or those which improve 
the quality of food. 

In cereal crops, in vitro regeneration is an essential 
component of the transformation because optimum 
transformation could not be achieved without having a 
reliable regeneration protocol. Cereals were until recently 
difficult to genetically engineer, mainly due to their 
recalcitrance to regeneration and their resistance to 
Agrobacterium infection. In developing optimum 
transformation techniques for millets, the following points 
need to be considered: suitable explants, appropriate 
transformation method, and appropriate promoters and 
selectable markers (Repellin et al., 2001; Kothari et al., 
2005). 

Optimum transformation methods have been studied 
for some millets (Table 2). Several of these 
transformations targeted agronomically important traits 
including resistance to pathogens (Latha et al., 2005, 
2006; Girgi et al., 2006; O’Kennedy et al., 2011a). 
 
 

Explants for transformation 
 

Transformations of millets were largely dependent on 
embryogenic callus derived from seedlings, shoot tips, 
immature inflorescences and embryos, and mature 
seeds. However, initial explants such as leaf segments, 
pollen grains and immature embryos were also directly 
used in the transformation (Dong et al., 1999; Gupta et 
al., 2001; Girgi et al., 2002, 2006; Schreiber and 
Dresselhaus, 2003; O’Kennedy et al., 2004, 2011a, 
2011b). The use of immature embryos instead of somatic 
embryos was found to be an ideal target for 
transformation of recalcitrant crop species especially 
cereals (Bartlett et al., 2008). 
 
 

Transformation methods 
 

Irrespective of the type of explant, most millet 
transformations applied either the microprojectile 
bombardment or the Agrobacterium-mediated method of 
transformation. These methods require specific 
conditions to boost the efficiency of transformation. For 
instance, osmotic treatment of the explant with sucrose 
was found to improve the gene delivery system in pearl 
millet   transformed   by   microprojectile   bombardment 
(Goldman et al., 2003). The Agrobacterium-mediated 
transformation is dependent on the choice of appropriate 
strain. The most widely used Agrobacterium strain for 
millet transformations are LBA4404, EHA101 and 
derivatives of EHA101 (namely EHA105, AGL0 and 
AGL1).    In   foxtail    millet     transformation,    LBA4404 
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performed significantly better than EHA105 (Wang et al., 
2011). 

Although, Agrobacterium-mediated trans-formation is 
widely applied in cereals (Schrawat and Lörz, 2006), 
microprojectile bombardment is still the dominant method 
of transformation in millets despite its drawbacks, which 
includes multiple integration of the transgene into the 
target genome. 
 
 
Promoters and selectable markers 
 
The type of promoter used for driving the gene of interest 
has significant impact on the efficiency of transformation. 
While the CaMV 35S (commonly known as 35S) 
promoter works perfectly in dicots, it has a low activity in 
monocots (McElroy and Brettell, 1994). Among five 
promoters tested for finger millet transformation, the Actin 
1 promoter isolated from rice and the ubiquitin 1 promoter 
from maize gave the highest transformation efficiency 
(Gupta et al., 2001). In barnyard millet, however, only 
ubiquitin 1 was effective (Gupta et al., 2001). 

Plant transformation also requires the proper choice of 
the selectable marker(s). Commonly used selectable 
markers are antibiotic- and herbicide- resistance. These 
selectable markers also enabled millet researchers to 
identify the right transformants. The applicability of 
hygromycin and kanamycin markers were also tested on 
protoplast cultures derived from pearl millet (Hauptmann 
et al., 1988). Another selectable marker recently 
developed from the phosphomannose isomerase (manA) 
gene showed promising performance in pearl millet 
(O’Kennedy et al., 2004). Transgenic manA expressing 
cells acquired the ability to convert mannose 6-phosphate 
to fructose 6-phosphate while the non-transgenic cells 
lose the ability to convert this product, and eventually die 
due to excessive accumulation of mannose 6-phosphate 
which is toxic if present in high amount. A recently 
developed technique in which a modified alpha-tubulin 
gene was used as a selectable marker in the form of 
herbicide resistance, gave good performance in finger 
millet transformation (Yemets et al., 2008). 
 
 

NEED FOR EFFICIENT REGENERATION AND 
TRANSFORMATION OF MILLETS 
 
Regeneration has been studied since long time in diverse 
millet species. Rangan was a pioneer to investigate and 
successfully regenerate viable plants at least from three 
economically important millets, namely proso-, finger- 
and kodo- millets (Rangan, 1973, 1976). Later, optimum 
regeneration methods were also studied for other millets. 
Establishing efficient regeneration system requires 
optimization of various factors including the right type of 
explant and the proper composition of the medium. 
Compared to major cereals such as wheat and rice, little 
advancement was made in millet regeneration.
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Table 2. Summary of transformation studies for economically important millets regarding explants, and method and purpose of transformation. 
 

Millet type (species) Initial explant Transformed explant Method1 Promoter2 Purpose3 Reference 

Pearl millet (Pennisetum glaucum) 

Immature embryo; pollen 
grain and shoot tip 

Immature embryos; embryogenic cell 
suspension; embryogenic callus; 
pollen grain and shoot-tip clump 

MB 
Enhanced CaMV 35S, 
ZmAdh1, ZmUbi, CaMV 35S, 
OsAct, ZmMADS2 

T 

Taylor and Vasil (1991), Taylor 
et al. (1993), Dong et al. (1999), 
Devi and Stricklen (2002) and 
Schreiber and Dresselhaus 
(2003) 

      

Shoot tip; immature 
embryo; mature embryo 
and immature 
inflorescence 

Embryogenic cell suspension, 
embryogenic callus, mature embryo  

MB 
CaMV 35S, ZmAdh1, Emu, 
ZmUbi, OsAct, double CaMV 
35S, pin2  

S 

Lambe et al. (1995, 2000), Girgi 
et al. (2002, 2006), Goldman et 
al. (2003), O’Kennedy et al. 
(2004, 2011a, 2011b) and Latha 
et al. (2006) 

       

Finger millet (Eleucine coracana) 

Mature seed and shoot 
tip 

Embryogenic callus MB 
ZmUbi, CaMV 35S, OsAct, 
RbcS, ppcA-L-Ft 

S 
Gupta et al. (2001), Latha et al. 
(2005) and Yemets et al. (2008) 

      

Mature seed Green nodular callus A (EHA105) CaMV 35S S Sharma et al. (2011) 

       

Barnyard millet (Echinochloa crusgalli) 
Mature seed and leaf 
segment 

Embryogenic callus and leaf segment MB 
ZmUbi, CaMV 35S, OsAct, 
RbcS, ppcA-L-Ft 

S Gupta et al. (2001) 

       

Guinea grass (Panicum maximum) 

Cell line Protoplasts E CaMV 35S T Hauptmann et al. (1987, 1988) 

      

Immature embryo 
Embryogenic cell suspension and 
embryogenic callus 

MB ZmAdh1, ZmUbi T Taylor et al. (1993) 

Foxtail millet (Setaria italica) Immature inflorescence Embryogenic callus A (LBA4404; EHA105) Zm13, PF128 S 
Liu et al. (2005), Qin et al. 
(2008) and Wang et al. (2011) 

                                                

1
 A: Agrobacterium transformation; E: Electroporation; MB: Microprojectile bombardment 

2
 CaMV 35S: Cauliflower Mosaic Virus 35S; OsAct: rice actin ; ZmAdh1: maize alcohol dehydrogenase 1; Emu: engineered based on truncated Adh1; pin2: potato proteinase inhibitor IIk (wound inducible); ppcA-L-Ft: 

Flaveria trinervia phosphenolpyruvate carboxylase ; RbcS: rice small subunit of ribulose 1,5-biphosphate carboxylase; ZmMADS2: maize MADS-box gene 2 (pollen specific); ZmUbi: maize ubiquitin. 
3
 S: Stable transformation of plants; T: Transient expression. 

 
 
 
This was mainly because millets are crops of 
developing world that are limited by resources; 
hence investment towards improving these crops 
using tissue culture or regeneration, and 

transformation techniques is little advanced. As a 
result, these vital crops of resource-poor people in 
developing world did not benefit from agricultural 
revolutions such as Green Revolution that 

boosted the productivity of major crops. Once 
optimum transformation methods are established 
for millets, valuable agronomic and nutritional 
traits could be routinely transferred. Traits that



 
 
 
 
needed to be incur-porated to millets include resistance 
to biotic (for example, pathogens) and abiotic stresses 
(for example, drought), biofor- tification of useful 
nutritional elements, and altered architecture of the plant 
(for example, semi-dwarfism). 
 
 

Lessons from major cereals or model millets 
 
Advances made for major cereals in the area of 
regeneration and transformation could be applied to 
millets either directly or after some optimization. Some 
tissue culture techniques developed for model millets 
such as large crabgrass millet (Digitaria sanguinalis) 
could also be transferred to less researched millets. 

Regeneration method that uses immature embryo as 
an explant is dominantly applied in monocots; hence it 
has also prospects in millets. The main problem 
associated to using immature embryos or inflorescences 
is the need for continuous growth of donor plants. 
Therefore, efforts should be made to investigate for 
alternative explants regarding accessibility, quantity, and 
cost. Leaves are the most common source of explant 
especially in callus initiation and subsequent plant 
regeneration in dicot plants. Unlike dicots, the vegetative 
parts of monocots do not readily proliferate; hence no 
successful regeneration was reported for cereals when 
leaves were used as an explant (Saalbach and Koblitz, 
1978). However, due to its continuous growth similar to 
the meristematic region, the basal part of the leaf was 
successfully used in sorghum and wheat regeneration 
(Wernicke and Brettell, 1980; Wernicke and Milkovits, 
1984). Explants such as the transverse thin cell layers 
(tCLPs) did not only boost the regeneration capacity in 
recalcitrant genotypes of rice, sorghum and maize (Nhut 
et al., 2003) but also in the non-food millet called large 
crabgrass millet (Le et al., 1997, 1998). 

Moreover, the regenerative competence of the 
genotype should be considered while choosing the 
appropriate explant as different genotypes of same 
species show huge variability. Hence, appropriate 
regeneration techniques need to be established at least 
for economically important millets. A large scale 
screening methodology has to be developed in order to 
determine the regeneration capacity for diverse 
genotypes of millets as it was investigated for rice (Dabul 
et al., 2009). Another important point in regeneration is 
the prolongation of the viability period of the explant. TDZ 
(thidiazuron), a cotton defoliant with cytokinin-like activity, 
was found to increase the viability by shortening the 
somatic embryogenesis phase (Mok et al., 1982). TDZ 
has been used for the enhancement of morphogenic 
competence in Poaceae since mid-1990 (Wenzhong et 
al., 1994). The beneficial effect of TDZ on shoot bud 
development was observed in millets such as kodo millet, 
finger millet and switchgrass (Gupta and Conger, 1998; 
Vikrant and Rashid, 2002; Ceasar and Ignacimuthu, 
2008). 
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Another important parameter affecting the efficiency of 
in vitro regeneration is the composition of the culture 
medium. Diverse types of media were shown to improve 
regeneration in major crops (Wang et al., 1993; Kumlehn 
et al., 2006) and millets (Heyser, 1984; Nayak and Sen, 
1991; Latha et al., 2005; Gugsa and Kumlehn, 2011). 
The type and concentration of carbon source affect the 
efficacy of regeneration. For example, an increased 
osmolarity due to sucrose, sorbitol, mannitol and maltose 
showed to improve embryo formation and maintenance in 
maize (Lu et al., 1983). The replacement of sucrose by 
maltose increased the efficiency of embryogenesis and 
regeneration in wheat and tef (Mendoza and Kaeppler, 
2002; Gugsa and Kumlehn, 2011). 

Optimum regeneration techniques targeting the 
rescuing of the progenies of crosses between 
economically important millets and their wild relatives 
need to be investigated in order to introduce important 
agronomic traits to the cultivated species. These 
introgressions between divergent species require a 
special regeneration procedure known as embryo rescue, 
a technique which allows the hybrids to become fertile. 
Although embryo rescue techniques are widely applied in 
crop plants (Sharma and Ohm, 1990; Price et al., 2005), 
they are not yet developed for millets. 

Significant developments have also been made in 
transformation of major cereals (Repellin et al., 2001). 
However, optimum transformation methods are not yet 
established for most millet species. Although 
Agrobacterium-mediated transformation is becoming the 
main mode of transformation for major cereals (Komari 
and Kubo, 1999; Koichi et al., 2002) especially due to its 
simple integration in the plant genome, it is not widely 
practiced in millets. On the contrary, the microprojectile 
bombardment method is the dominant transformation 
technique in millets despite its pitfalls especially related to 
complex integration pattern of the transgene in the plant 
genome. Improvement in Agrobacterium-mediated 
transformation was achieved by applying acetosyringone 
in both the transformation and co-cultivation media. The 
addition of acetosyringone and cell extracts from dicot 
plants during the co-cultivation process increased the 
transformation efficiency of rice (Hiei et al., 1994) and 
recently also in millets (Liu et al., 2005; Sharma et al., 
2011). 

Another important point to be considered in monocot 
transformation is the selection of the right promoter. 
Ubiquitin and actin promoters are widely used in cereals 
transformation. Recently, two ubiquitin promoters, namely 
Ubi 1 and Ubi 2, which were isolated from switchgrass 
(Panicum virgatum L.), resulted in strong expression of 
reporter gene (Mann et al., 2011). In addition, except in 
few cases, transformation studies in millets did not 
address important agronomic problems or traits. Based 
on the available literature, the only two food-security 
important millets in which transformation was focused on 
transferring agronomically valuable traits were pearl millet 
and  finger  millet  (Latha  et  al.,  2005, 2006;  Girgi et al., 
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2006; O’Kennedy et al., 2011a). 
 
 
CONCLUSION 
 
In general, millets play huge role in the livelihood of the 
population of developing world especially due to their 
enormous contribution to food security. However, since 
these crops are not sufficiently studied, for which the 
name orphan crops is given to these groups of crops, 
they remain largely unimproved. Both conventional and 
modern improvement techniques were not adequately 
implemented. The regenerative competence of the 
explant should be considered while choosing the 
appropriate explant as different genotypes of same 
species show enormous variability in regeneration. 
Efforts need to be made to investigate appropriate 
regeneration techniques at least for economically 
important millets. A large scale screening methodology 
has to be developed in order to determine the 
regeneration capacity for diverse genotypes of millets as 
it was investigated for rice (Dabul et al., 2009). A broad 
range screening made for rice set a threshold of 85% of 
somatic embryogenesis as an earlier indicator for efficient 
regeneration. Although, extensive regeneration studies 
were made for different millets, only limited 
transformation experiments were conducted to date. 
Hence, future research needs to develop a robust 
transformation protocols for each type and ecotype of 
millet using Agrobacterium method. 
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BA, 6-benzylaminopurine; dicamba, 3,6-dichloro-2-
methoxybenzoic acid; GA3, gibberellic acid; IAA, indole-

3-acetic acid; KIN, kinetin; NAA, α-naphthaleneacetic 
acid; PAA, 2-phenylacetic acid; pCPA, 4-
chlorophenoxyacetic acid; picloram, 4-Amino-3,5,6-
trichloropicolinic acid; TDZ, thidiazuron; TIBA, 2,3, 5-
triiodobenzoic acid. 
 
 
REFERENCES 
 

Arockiasamy S, Prakash S, Ignacimuthu S (2001). High regenerative 
nature of Paspalum scrobiculatum L, an important millet crop, Curr. 
Sci., 80: 496-498. 

Assefa K, Gaj MD, Maluszynski M (1998). Somatic embryogenesis and 
plant regeneration in callus culture of tef, Eragrostis tef (Zucc.) 
Trotter, Plant Cell Rep., 18: 154-158. 

Bajaj YPS, Sidhu BS, Dubey VK (1981). Regeneration of genetically of 
genetically diverse plants from tissue cultures of forage grass - 
Panicum sps, Euphytica, 30: 135-140. 

 
 
 
 
Baker RD (2003). Millet production. Guide A-414. In: Cooperative 

Extension Service, College of Agriculture and Home Economics, New 
Mexico University, Las Cruces, p. 6. 

Bartlett JG, Alves SC, Smedley M, Snape JW, Harwood WA (2008). 
High-throughput Agrobacterium-mediated barley transformation, 
Plant Methods, 4: 22. 

Bekele E, Klock G, Zimmermann U (1995) Somatic embryogenesis and 
plant regeneration from leaf and root explants and from seeds of 
Eragrostis tef (Gramineae), Hereditas, 123: 183-189. 

Belton PS, Taylor JRN (2004) Sorghum and millets: protein sources for 
Africa, Trends. Food Sci. Technol., 15: 94-98. 

Bhojwani SS, Hayward C (1977). Some observations and comments on 
tissue culture of wheat, Z. Pflanzenphysiol., 85: 341-347.  

Brutnell TP, Wang L, Swartwood K, Goldschmidt A, Jackson D, Zhu 
XG, Kellogg E, Van Eck J (2010). Setaria viridis: A Model for C4 

Photosynthesis, Plant Cell, 22: 2537-2544. 
Campos JMS, Calderano CA, Pereira AV, Davide LC, Viccini LF, 

Santos MO (2009). Embriogênese somática em híbridos de 
Pennisetum sp. e avaliação de estabilidade genômica por citometría, 
Pesq. Agropec. Bras, 44: 38-44. 

Ceasar SA, Ignacimuthu S (2008). Efficient somatic embryogenesis and 
plant regeneration from shoot apex explants of different Indian 
genotypes of finger millet (Eleusine coracana (L.) Gaertn.), In Vitro 
Cell. Dev. Biol-Plant, 44: 427-435. 

Ceasar SA, Ignacimuthu S (2010). Effects of cytokinins, carbohydrates 
and amino acids on induction and maturation of somatic embryos in 
kodo millet (Paspalum scorbiculatum Linn.), Plant Cell. Tiss. Organ. 

Cult., 102: 153-162.  
Chandrasekara A, Shahidi F (2011). Antiproliferative potential and DNA 

scission inhibitory activity of phenolics from whole millet grains, J. 
Funct. Foods, 3: 159-170. 

Chin JC, Scott KJ (1977). The isolation of a high rooting cereal callus 
line by recurrent selection with 2,4-D, Z. Pflanzenphysiol., 85: 117-
124.  

Chu CC, Wang CC, Sun CS, Hsu C, Yin KC, BI CV (1975). 
Establishment of an efficient medium for anther culture of rice 
through comparative experiments on the nitrogen source, Sci. Sin., 
18: 659-668. 

Dabul ANG, Belefant-Miller H, RoyChowdhury M, Hubstenberger JF, 
Lorence A, Philips GC (2009). Screening of a broad range of rice 
(Oryza sativa L.) germplasm for in vitro rapid plant regeneration and 
development of an early prediction system, In vitro Cell. Dev. Biol-

Plant, 45: 414-420. 
Deambrogio E, Dale PJ (1980). Effect of 2,4-D on the frequency of 

regenerated plants in barley and on genetic variability between them, 
Cereal. Res. Comm., 8: 417-423. 

Deutsch F, Kumlehn J, Ziegenhagen B, Fladung M (2004). Stable 
haploid poplar callus lines from immature pollen culture, Physiol. 
Plant, 120: 613-622. 

Devi P, Sticklen MB (2002). Culturing shoot-tip clumps of pearl millet 
(Pennisetum glaucum (L.) R. Br.) and optimal microprojectile 
bombardment parameters for transient expression, Euphytica, 125: 
45-50. 

Dong YZ, Duan SJ, Zhao LY, Yang XH, Jia SR (1999). Production of 
transgenic millet and maize plants by particle bombardment, Sci. 
Agric. Sinica, 32: 9-13. 

Eapen S, George L (1990). Influence of phytohormones, carbohydrates, 
aminoacids, growth supplements and antibiotics on somatic 
embryogenesis and plant differentiation in finger millet, Plant Cell. 
Tiss.Organ. Cult., 22: 87-93. 

FAOSTAT. http://faostat.fao.org. 
George L, Eapen S (1990). High frequency plant-regeneration through 

direct shoot development and somatic embryogenesis from immature 
inflorescence cultures of finger millet (Eleusine coracana Gaertn). 

Euphytica, 48: 269-274. 
Girgi M, O’Kennedy MM, Morgenstern A, Mayer G, Lörz H, Oldach KH 

(2002). Transgenic and herbicide resistant pearl millet (Pennisetum 
glaucum L.) R.Br. via microprojectile bombardment of scutellar tissue, 
Mol. Breed, 10: 243-252. 

Girgi M, Breese WA, Lörz H, Oldach KH (2006). Rust and downy 
mildew resistance in pearl millet (Pennisetum glaucum) mediated by 
heterologous expression of the afp gene from Aspergillus giganteus, 



 
 
 
 

Transgenic Res., 15: 313-324. 
Goldman JJ, Hanna HH, Fleming G, Ozias-Akins P (2003). Fertile 

transgenic pearl millet (Pennisetum glaucum (L.) R. Br.) plants 

recovered through microprojectile bombardment and phosphinothricin 
selection of apical meristem-, inflorescence-, and immature embryo-
derived embryogenic tissues, Plant Cell Rep., 21: 999-1009. 

Gugsa L, Sarial AK, Lörz H, Kumlehn J (2006). Gynogenic plant 
regeneration from unpollinated flower explants of Eragrostis tef 
(Zuccagni) Trotter, Plant Cell Rep., 25: 1287-1293. 

Gugsa L, Kumlehn J (2011). Somatic embryogenesis and massive 
shoot regeneration from immature embryo explants of tef. Biotechnol/ 
Res. Int., 2011: 30973. 

Gupta SD, Conger BV (1998). In vitro differentiation of multiple shoot 
clumps from intact seedlings of switchgrass, In vitro Cell. Dev. Biol. 
Plant, 34: 196-202. 

Gupta P, Raghuvanshi S, Tyagi AK (2001). Assessment of the 
efficiency of various gene promoters via biolistics in leaf and 
regenerating seed callus of millets, Eleucine coracana and 
Echinochloa crusgalli, Plant Biotechnol., 18: 275-282. 

Hauptmann RM, Ozias-Akins P, Vasil V, Tabaeizadeh Z, Rogers SG, 
Horsch RB, Vasil IK, Fraley RT (1987). Transient expression of 
electroporated DNA in monocotyledonous and dicotyledonous 
species, Plant Cell Rep., 6: 265-270. 

Hauptmann RM, Vasil V, Ozias-Akins P, Tabaeizadeh Z, Rogers SG, 
Fraley RT, Horsch RB, Vasil IK (1988). Evaluation of selectable 
markers for obtaining stable transformants in the Gramineae, Plant 
Physiol., 86: 602-606. 

Heyser JW, Nabors MW (1982). Regeneration of proso millet from 
embryogenic calli derived from various plant parts, Crop Sci., 22: 
1070-1074. 

Heyser JW (1984). Callus and shoot regeneration from protoplasts of 
proso millet (Panicum miliaceum L.), Z. Pflanzenphysiol. Bd., 113: 
293-299. 

Hiei Y, Ohta S, Komari T, Kumashiro T (1994). Efficient transformation 
of rice (Oryza sativa L.) mediated by Agrobacterium and sequence 
analysis of the boundaries of the T-DNA, Plant J., 6: 271-282. 

Jha P, Yadav CB, Anjaiah, V, Bhat, V (2009). In vitro plant regeneration 
through somatic embryogenesis and direct shoot organogenesis in 
Pennisetum glaucum (L.) R, Br. In vitro Cell. Dev. Biol. Plant, 45: 

145-154. 
Kaur P, Kothari SL (2004). In vitro culture of kodo millet: influence of 

2,4-D and picloram in combination with kinetin on callus initiation and 
regeneration, Plant Cell. Tiss. Organ. Cult., 77: 73-79. 

Koichi T, Bae CH, Seo MS, Song IJ, Lim YP, Song PS, Lee HY (2002). 
Overcoming of barriers to transformation in monocot plants, J. Plant. 
Biotechnol., 4: 135-141. 

Komari T, Kubo T (1999). Methods of genetic transformation: 
Agrobacterium tumefasciens. In: Vasil IK (ed) Molecular improvement 
of Cereal Crops. Kluwer, pp. 43-82. 

Kothari SL, Agarwal K, Kumar, S (2004) Inorganic nutrient manipulation 
for highly improved in vitro plant regeneration in finger millet - 
Eleucine coracana (L.) Gaertn. In vitro Cell Dev Biol. Plant, 40: 515-

519. 
Kothari SL, Kumar S, Vishnoi RK, Kothari A, Watanabe KN (2005). 

Applications of biotechnology for improvement of millet crops: Review 
of progress and future prospects, Plant Biotechnol., 22: 81-88. 

Kothari-Chajer A, Sharma M, Kachhwaha S, Kothari SL (2008). 
Micronutrient optimization results into highly improved in vitro plant 
regeneration in kodo (Paspalum scrobiculatum L.) and finger 
(Eleucine coracana (L.) Gaertn.) millets, Plant Cell. Tiss. Organ. 
Cult., 94: 105-112. 

Kumar S, Agarwal K, Kothari SL (2001). In vitro induction and 
enlargement of apical domes and formation of multiple shoots in 
finger millet, Eleusine coracana (L.) Gaertn and crowfoot grass, 
Eleusine indica (L.) Gaertn, Curr. Sci., 81: 1482-1485. 

Kumlehn J, Serazetdinova L, Hensel G, Becker D, Loerz H (2006). 
Genetic transformation of barley (Hordeum vulgare L.) via infection of 
and rogenetic pollen cultures with Agrobacterium tumefaciens, Plant 
Biotechnol. J., 4: 251-261. 

Lambe P, Dinant M, Matagne RF (1995). Differential long-term 
expression and methylation of the hygromycin 
phosphotransferase(hph)   and  B-glucuronidase  (GUS)  genes   in 

Plaza-Wüthrich and Tadele          59 
 
 
 

transgenic pearl millet (Pennisetum glaucum), Plant Sci., 108: 51-62. 
Lambe P, Mutambel HSN, Deltour R, Dinant M (1999). Somatic 

embryogenesis in pearl millet (Pennisetum glaucum): Strategies to 

reduce genotype limitation and to maintain long-term totipotency, 
Plant Cell. Tiss. Organ. Cult., 55: 23-29. 

Lambe P, Dinant M, Deltour R (2000). Transgenic pearl millet 
(Pennisetum glaucum). In: Bajaj YPS (ed) Transgenic Crops I, 
Biotechnol. Agric. Forest., 46: 84- 108. 

Latha AM, Rao KV, Reddy VD (2005). Production of transgenic plants 
resistant to leaf blast disease in finger millet (Eleusine coracana (L.) 
Gaertn.), Plant Sci .,169: 657-667. 

Latha AM, Rao KV, Reddy TP, Reddy VD (2006). Development of 
transgenic pearl millet (Pennisetum glaucum (L.) R. Br.) plants 
resistant to downy mildew, Plant Cell. Rep., 25: 927-935. 

Le BV, Thao DMN, Vidal GJ, Van TT (1997). Somatic embryogenesis 
on thin cell layers of a C4 species, Digitaria sanguinalis (L.) Scop, 
Plant Cell. Tiss. Organ. Cult., 49: 201-208. 

Le BV, Janneau M, Do My NT, Vidal J, Thanh Vân KT (1998). Rapid 
regeneration of whole plants in large crabgrass (Digitaria sanguinalis 
L.) using thin-cell-layer culture. Plant Cell .Rep., 18: 166-172. 

Leder I (2004). Sorghum and millets. In: Füleky G (ed.) Cultivated 
plants, primarily as food sources, in Encyclopedia of Life Support 
Systems (EOLSS), Developed under the auspices of the UNESCO, 
Eolss Publishers, Oxford ,UK.. 

Liu YH, Yu JJ, Zhao Q, Ao GM (2005). Genetic transformation of millet 
(Setaria italica) by Agrobacterium-mediated, Agric. Biotechnol. J., 13: 
32-37. 

Lu C, Vasil V, Vasil, JK (1983). Improved efficiency of somatic 
embryogenesis and plant regeneration in tissue cultures of maize 
(Zea mays L.) Theor. Appl. Genet., 66: 285-289. 

Mann DGJ, King ZR, Liu W, Joyce BL, Percifield RJ, Hawkins JS, 
LaFayette PR, Artelt BJ, Burris JN, Mazarei M, Bennetzen JL, Parrott 
WA, Stewart CN (2011). Switchgrass (Panicum virgatum L.) ubiquitin 

gene (PvUbi1 and PvUbi2) promoters for use in plant transformation, 
BMC. Biotechnol., 11: 74. 

McElroy D, Brettell RIS (1994). Foreign gene expression in transgenic 
cereals. Trends Biotechnol 12: 62-68. 

Mekbib F, Mantell SH, Buchanan-Wollaston V (1997). Callus induction 
and in vitro regeneration of tef [Eragrostis tef (Zucc.) Trotter] from 

leaf. J Plant Physiol., 151: 368-372. 
Mendoza MG, Kaeppler HF (2002). Auxin and sugar effects on callus 

induction and plant regeneration frequencies from mature embryos of 
wheat (Triticum aestivum L.) In vitro Cell . Dev. Biol-Plant, 38: 39-45. 

Mohanty BD, Gupta SD, Ghosh PD (1985). Callus initiation and plant 
regeneration in ragi (Eleusine coracana Gaertn), Plant Cell. Tiss. 

Organ. Cult., 5: 147-150. 
Mok MC, Mok DW, Amstrong DJ, Shudo K, Isogai Y, Okamanto T 

(1982). Cytokinin activity of N-phenyl-N’-1,2,3-thiadiazol-5-
urea(thidiazuron). Phytochem., 21: 1509-1511. 

Murashige T, Skoog F (1962). A revised medium for rapid growth and 
bioassays with tobacco tissue cultures, Physiol. Plant, 15: 473-497. 

Muthuramu S, Ibrahim SM, Gunasekaran M, Balu PA, Gnanasekaran M 
(2008). In vitro response of CMS lines and their maintainers in pearl 
millet [Pennisetum glaucum (L.) R. Br.], Plant. Arch, 8: 229-232. 

Mythili PK, Satyavathi V, Pavankumar G, Rao MVS, Manga V (1997). 
Genetic analysis of short term callus culture and morphogenesis in 
pearl millet, Pennisetum glaucum, Plant Cell. Tiss. Organ. Cult., 50: 
171-178. 

Nabors MW, Heyser JW, Dykes TA, De Mott KJ (1983). Long duration 
high frequency plant regeneration from cereal tissue cultures, Planta, 
157: 385-391. 

NAS (National Academy of Science) (1996). Lost crops of Africa.  I. 
Grains. National Academy Press, Washington, DC, USA. 

Nayak P, Sen SK (1989). Plant regeneration through somatic 
embryogenesis from suspension cultures of a minor millet, Paspalum 
scrobiculatum, Plant Cell. Rep., 8: 296-299. 

Nayak P, Sen SK (1991). Plant regeneration through somatic 
embryogenesis from suspension culture-derived protoplasts of 
Paspalum scrobiculatum L, Plant Cell. Rep., 10: 362-365. 

Nethra N, Gowda R, Gowda PHR (2009). Influence of culture medium 
on callus proliferation and morphogenesis in finger millet. In: Tadele 
Z. (ed) New approaches to plant breeding of orphan crops in Africa. 



60          Biotechnol. Mol. Biol. Rev. 
 
 
 

Proceedings of an International Conference, September 2007, 19-21. 
Bern, Switzerland. Univ. Bern., pp. 167-178. 

Nhut DT, Silva JAT, Bui VL, Tran Thanh Van K (2003). Organogenesis 
of cereals and grasses by using thin cell layer technique. In: Nhut DT, 
Van Le B, Tran Thanh Van K, Thorpe T (eds.) Thin cell layer culture 
system: regeneration and transformation applications. Kluwer 
Academic Publishers, Dordrecht, The Netherlands, pp. 427-449. 

Ntui VO, Azadi P, Supaporn H, Mii M (2010). Plant regeneration from 
stem segment-derived friable callus of “Fonio” (Digitaria exilis (L.) 

Stapf.). Sci. Hortic., 125: 494-499. 
O’Kennedy MM, Burger JT, Botha FC (2004). Pearl millet 

transformation system using the positive selectable marker gene 
phosphomannose isomerise, Plant Cell Rep., 22: 684-690. 

O’Kennedy MM, Crampton BG, Lorito M, Chakauya E, Breese WA, 
Burger JT, Botha FC (2011a). Expression of a beta-1,3-glucanase 
form a biocontrol fungus in transgenic pearl millet, South Afri. J. Bot., 
77: 335-345. 

O’Kennedy MM, Martha M, Stark HC, Dube N (2011b) Biolistic-
mediated transformation protocols for maize and pearl millet using 
pre-cultured immature zygotic embryos and embryogenic tissue. 
Plant Embryo Cult: Methods Protoc., 343-354. 

Oldach KH, Morgenstern A,·Rother S, Girgi M, O,Kennedy M, Lörz H 
(2001). Efficient in vitro plant regeneration from immature zygotic 
embryos of pearl millet (Pennisetum glaucum (L.) R. Br.) and 
Sorghum bicolor (L.) Moench Plant Cell Rep., 20: 416-421. 

Osuna-Avila P, Nava-Cedillo A, Jofre-Garfias AE, Cabrera-Ponce JL 
(1995). Plant regeneration from shoot apex explants of foxtail millet, 
Plant Cell Tiss. Organ. Cult., 40: 33-35. 

Patil SM, Sawardekar SV, Bhave SG, Sawant SS, Jambhale ND, 
Gokhale NB (2009). Development of somaclones and their genetic 
diversity analysis through RAPD in finger millet (Eleusine coracana L. 
Gaertn.), Indian J. Genet., 69: 132-139. 

Pius J, George L, Eapen S, Rao PS (1993). Enhanced plant 
regeneration in pearl millet (Pennisetum americanum) by ethylene 
inhibitors and cefotaxime, Plant Cell Tiss. Organ. Cult., 32: 91-96. 

Poddar K, Vishnoi RK, Kothari SL (1997). Plant regeneration from 
embryogenic callus of finger millet [Eleucine coracana (L.) Gaertn.] 
on higher concentrations of NH4NO3 as a replacement of NAA in the 
medium, Plant Sci., 129: 101-106. 

Price HJ, Hodnett GL, Burson BL, Dillon SL, Rooney WL (2005). A 
Sorghum bicolor x S. macrospermum hybrid recovered by embryo 
rescue and culture, Austr. J. Bot., 53: 579-582. 

Qin FF, Zhao Q, Ming Ao G (2008). Co-suppression of Si401, a maize 
pollen specific Zm401 homologous gene, results in aberrant anther 
development in foxtail millet, Euphytica, 163: 103-111. 

Rangan TS (1973). Morphogenic investigations on tissue cultures of 
Panicum miliaceum, Z .Pflanzenpyhsiol. Bd., 72: 456-459. 

Rangan TS (1976). Growth and plantlet regeneration in tissue cultures 
of some Indian millets: Paspalum scrobiculatum L., Eleusine 
coracana GAERTN. and Pennisetum typhoideum PERS, Z. 
Pflanzenphysiol. Bd., 78: 208-216. 

Rangan TS, Vasil LK (1983). Somatic embryogenesis and plant 
regeneration in tissue cultures of Panicum miliaceum L. and Panicum 
miliare Lamk. Z. Pflanzenphysiol. Bd., 109: 41-48. 

Rao AM, Kishor PBK, Reddy LA, Vaidyanath K (1988). Callus induction 
and high frequency plant regeneration in Italian millet (Setaria italica), 
Plant Cell Rep., 7: 557-559. 

Rao BR, Nagasampige MH, Ravikiran M (2011). Evaluation of 
nutraceutical properties of selected small millets, J. Pharm. Bioallied. 
Sci., 3:277-279. 

Reddy LA, Vaidyanath K (1990). Callus formation and regeneration in 
two induced mutants of foxtail millet (Setaria italica), J. Genet. Breed, 
44: 133-138. 

Repellin A, Baga M, Jauhar PP, Chibbar RN (2001). Genetic 
enrichment of cereal crops via alien gene transfer: New challenges, 
Plant Cell Tiss. Organ. Cult., 64: 159-183. 

Saalbach G, Koblitz H (1978). Attempts to initiate callus formation from 
barley leaves, Plant Sci. Lett., 13: 165-169. 

Sankhla A, Davis TD, Sankhla D, Sankhla N, Upadhyaya A, Joshi S 
(1992). Influence of growth regulators on somatic embryogenesis, 
plantlet regereneration, and post-transplant survival of Echinochloa 
frumentacea, Plant Cell Rep., 11: 368-371. 

 
 
 
 
Satyavathi V, Rao MVS, Manga V, Chittibabu M (2006). Genetics of 

some in vitro characters in pearl millet, Euphytica, 148: 243-249. 
Schreiber DN, Dresselhaus T (2003). In vitro pollen germination and 

transient transformation of Zea mays and other plant species, Plant. 
Mol. Biol. Rep., 21: 31-41. 

Sharma HC, Ohm HW (1990). Crossability and embryo rescue 
enhancement in wide crosses between wheat and three Agropyron 
species. Euphytica, 49: 209-214. 

Sharma M, Kothari-Chajer A, Jagga-Chugh S, Kothari SL (2011). 
Factors influencing Agrobacterium tumefasciens-mediated genetic 
transformation of Eleucine coracana (L.) Gaertn, Plant Cell. Tiss. 
Organ. Cult, 105: 93-104. 

Schrawat AK, Lörz H (2006). Agrobacterium-mediated transformation of 
cereals: A promising approach crossing barriers, Plant. Biotechnol., J 
4: 575-603. 

Skoog F, Miller CO (1957). Chemical regulation of growth and organ 
formation in plant tissue cultures in vitro, Symp. Soc. Exp. Biol., 11: 
118-131. 

Sivadas P, Kothari SL, Chandra N (1990). High frequency embryoid and 
plantlet formation from tissue cultures of the finger millet - Eleusine 
coracana (L.) Gaertn, Plant Cell. Rep., 9: 93-96. 

Srivastav S, Kothari SL (2002). Embryogenic callus induction and 
efficient plant regeneration in pearl millet, Cer. Res. Comm., 30: 69-
74. 

Tadesse A, Tefera H, Guzmann M, Zapata FJ, Afza R, Mba C (2009). 
Androgenesis. In: Tournaev A (eds). Advances in Haploid Production 
in Higher Plants, pp. 274- 283. 

Taylor MG, Vasil IK (1991). Histology of, and physical factors affecting, 
transient GUS expression in pearl millet (Pennisetum glaucum (L.) R. 
Br.) embryos following microprojectile bombardment, Plant Cell. 
Rep., 10: 120-125. 

Taylor MG, Vasil V, Vasil IK (1993). Enhanced GUS gene expression in 
cereal/grass cell suspensions and immature embryos using the 
maize ubiquitin-based plasmid pAHC25, Plant Cell. Rep., 12: 491-
495. 

Thomas TD (2008). The role of activated charcoal in plant tissue 
culture, Biotechnol. Advan., 26: 618-631. 

Vasil V, Vasil IK (1981) Somatic embryogenesis and plant regeneration 
from tissue cultures of Pennisetum americanum, and P. americanum 
x P. purpureum hybrid. Am. J. Bot., 68: 864-872. 

Vasil V, Vasil IK (1982). Characterization of an embryogenic cell 
suspension culture derived from cultured inflorescences of 
Pennisetum americanum (pearl millet, Gramineae), Am. J. Bot., 69: 
1441-1449. 

Vikrant, Rashid A (2001) Direct as well as indirect somatic 
embryogenesis from immature (unemerged) inflorescence of a minor 
millet Paspalum scrobiculatum L. Euphytica, 120: 167-172. 

Vikrant, Rashid A (2002a). Induction of multiple shoots by thidiazuron 
from caryopsis cultures of minor millet (Paspalum scrobiculatum L.) 

and its effect on the regeneration of embryogenic callus cultures, 
Plant Cell. Rep., 21: 9-13. 

Vikrant, Rashid A (2002b). Somatic embryogenesis from immature and 
mature embryos of a minor millet Paspalum scrobiculatum L, Plant 
Cell. Tiss. Organ. Cult., 69: 71–77. 

Vikrant, Rashid A (2003). Somatic embryogenesis or shoot formation 
following high 2,4-D pulse-treatment of mature embryos of Paspalum 
scrobiculatum, Biol. Plant, 46: 297-300. 

Wang XH, Lazzeri PA, Lörz H (1993). Regeneration of haploid, 
dihaploid and diploid plants from anther- and embryo-derived cell 
suspensions of wild barley (Hordeum murinum L.), J. Plant. Physiol., 
141: 726-732. 

Wang MZ, Pan YL, Li C (2011). Culturing of immature inflorescences 
and Agrobacterium-mediated transformation of foxtail millet (Setaria 
italica), Afr. J. Biotechnol., 10: 16466-16479. 

Warner DA, Edwards GE (1988). C4 photosynthesis and leaf anatomy in 
diploid and autotetraploid Pennisetum americanum (pearl millet), 
Plant Sci., 56: 85-92. 

Wenzhong T, Rance I, Sivamani E, Fauquet C, Beachy RN (1994). 
Improvements of plant regeneration frequency in vitro in Indica rice, 
Chinese. J. Genet., 21: 105-112. 
Wernicke W, Brettell R (1980). Somatic embryogenesis from 
Sorghum bicolor leaves. Nature, 287: 138-139. 



 
 
 
 
Wernicke W, Milkovits L (1984). Developmental gradients in wheat 

leaves - Response of leaf segments in different genotypes culture in 
vitro. J. Plant Physiol., 115: 49-58. 

Xu ZH, Wang DY, Yang LJ, Wei ZM (1984). Somatic embryogenesis 
and plant regeneration in cultured immature inflorescences of Setaria 
italic, Plant Cell Rep., 3: 149-150. 

Yemets AI, Klimkina LA, Tarassenko LV, Blume YB (2003). Efficient 
callus formation and plant regeneration of goosegrass (Eleusine 
indica (L.) Gaertn.), Plant Cell. Rep., 21: 503-510. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Plaza-Wüthrich and Tadele          61 
 
 
 
Yemets AI, Radchuk V, Bayer O, Bayer G, Pakhomov A, Vance Baird 

W, Blume Y (2008). Development of transformation vectors based 

upon a modified plant α-tubulin gene as the selectable marker, Cell. 
Biol. Int., 32: 566-570. 

 
 
 
 
 

 


