
Cereals and millets are members of the grass family:
Poaceae (Gramineae), grown for their edible starchy
seeds. The term ‘millet’ or minor cereals refers to small
seeded cereals and forage grasses used for food, feed and
forage. Millets are part of the diet of the people of China,
Japan, Africa and India. In Western countries they are
used mainly as birdseed. Millets embrace 10 genera and
at least 14 species (Table 1). They are important because
they are grown in poor soils with limited inputs and they
constitute a major source of food for resource poor
farmers of the areas of their cultivation. The projected
food demand for 2025 (Borlaug 2002) will require the
yield of millets to rise from 2.5 to 4.5 t ha�1. This
increase will largely come from improved varieties
transgenetically modified for resistance to abiotic and
biotic stress, using a tertiary gene pool.

The earliest attempt to culture cereal and millet dates
back to the 1970s when successful callus formation and
plant regeneration was reported in small millets (Rangan
1974, 1976). A major advance in cereal tissue culture
was made largely through the efforts of Vasil and
coworkers, Green and Phillips, and Potrykus and
coworkers in the 1980s (see Morrish et al. 1987; Vasil
1987; Bhaskaran and Smith 1990). The visual
identification of embryogenic callus and its selective
propagation and use as a source for initiating suspension
cultures and isolation of protoplasts from embryogenic
suspension cultures became a crucial step in obtaining

totipotent protoplasts (Vasil and Vasil 1980, 1992).
Selection of proper donor explant and use of 2,4-
dichlorophenoxy acetic acid made it possible to obtain
embryogenic cultures in most of the cereals and millets
(Kothari and Chandra 1995). The culture response is
influenced by media composition, carbon source,
genotype, explant source, growth conditions of the donor
plant, other additives in the medium and the physical
conditions of growth of the cultures (reviewed by
Morrish et al. 1987; Vasil 1987).

Different explants have been used for raising
regenerable cultures in millets. Immature embryos 
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Table 1. Millet species.

Species Common name

Brachiaria ramosa Browntop millet
Coix lachryma jobi Job’s tears
Digitaria exilis Hungry rice
Digitaria ibura Fonio or Hungry rice
Echinochloa colona Jungle rice
Echinochloa decompositum Australian millet
Echinochloa frumentacea Japanese barnyard millet
Eleusine coracana Finger millet
Eragrostis teff Teff
Panicum miliaceum Proso millet
Panicum miliare Little millet
Paspalum notatum Bahia grass
Paspalum scrobiculatum Kodo millet
Pennisetum glaucum Pearl millet
Setaria italica Foxtail millet



with scutellum at milk stage provide the best starting
material. But mature embryos, whole seeds, immature
inflorescence, seedling leaf bases and roots have all been
used for initiating cultures (Table 2). The cultured
explants form callus, and then plant regeneration occurs
through either somatic embryogenesis or organogenesis
(Figure 1). In some cases such as cultured embryos of
Eleusine coracana, first an enlarged apical dome forms
and then shoot buds get differentiated on the entire
surface of the dome. (Wakizuka and Yamaguchi 1987;
Kumar et al. 2001). Microtillering has also been noted in
some cases. There are numerous reviews available on
plant regeneration in millets (Vasil 1987; Bhaskaran and
Smith 1990; Kothari and Chandra 1995; Repellin et al.
2001). The present review will therefore, focus mainly
on the studies on genetic transformation in millets.

Transformation of millets

Improvement of millets using biotechnology has been
overlooked due to economic or regional considerations.
The objectives of improvement include better utilization
of natural resources, development of resistance against
biotic and abiotic stresses and improvement of quality
for wider consumer acceptance.

Explants and transgene delivery method
Historically protoplasts were considered attractive targets
for transformation as introduction of DNA was feasible
by electroporation or chemical methods (Hauptmann et
al. 1987), but regeneration from protoplasts has always
been a problem due to recalcitrance or genotype
dependence (Potrykus 1990). After the development of
the particle gun it became possible to introduce DNA
into intact cells and tissues and this became the preferred
mode of gene transfer. Immature embryos and
embryogenic cultures were bombarded with DNA coated
particles to obtain transgenic plants. Particle delivery
devices such as PDS 1000/He (Du Pont or Biorad,
Munich, Germany) or the particle inflow gun (PIG)
(Finer et al. 1992) were used to introduce gold/tungston
particles coated with desired vectors into the cells.
Osmotic treatment of explant during the bombardment
was reported to be helpful for the transformation (Girgi
et al. 1992; Goldman et al. 2003).

Vectors
Promoter, enhancer, introns and polyadenylation regions
are known to affect the expression of transgenes in
transgenic plants (Birch 1997). Lambé et al. (1995,
2000) tested several vectors having gus, hph, bar or nptII
regions in various combinations of CaMV 35s, Adh1 and
Emu intron (maize Adh1) and terminators (CaMV 35s,
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Table 2. In vitro plant regeneration in millets.

Growth regulators 
Species used for callus induction/ References

plant regeneration

Echinochloa colona 2,4-D, BAP, NAA, Kn Samantaray et al. 1995, 1996, 2001; Rout et al. 1997
E. frumentacea 2,4-D, Kn Talwar and Rashid 1989; Sankhla et al. 1992
Eleusine coracana 2,4-D, NAA, IBA, BAP, Thiru and MohanRam, 1980; Mohanty et al. 1985; Wakizuka and Yamaguchi 1987; 

Kn, Pic, GA3 Eapen and George 1989; Sivadas et al. 1990; Vishnoi and Kothari 1995; Poddar et al. 
1997; Kumar et al. 2001; Kothari et al. 2004

E. indica 2,4-D, Kn, GA3 Kumar et al. 2001; Yemets et al. 2003
Panicum bisulcatum 2,4-D Fladung and Hasselbach 1986; Akashi and Adachi 1991
P. maxicum 2,4-D, NAA Lu and Vasil 1981,1982; Kothari et al. 1994
P. miliaceum 2,4-D, 2,4,5-T, BAP Nabors et al. 1983; Jain et al. 2001
P. milioides 2,4-D Fladung and Hasselbach 1986
Paspalum dilatatum 2,4-D Akashi and Adachi 1992
P. notatum 2,4-D, BAP Marousky and West 1987, 1990; Bovo and Mroginsky 1989; Akashi et al. 1993; 

Chen et al. 2001
P. scrobiculatum 2,4-D, Kn, NAA, BAP Rangan 1976; Nayak and Sen 1989; Kavi Kishor et al. 1992; Vikant and Rashi 2001; 

Arockiasamy et al. 2001; Vikrant and Rashid 2002a, b; Kaur and Kothari 2003, 2004; 
Vikrant and Rashid 2003

P. simplex 2,4-D, Kn, NAA, BAP Molinari et al. 2003
P. vaginatum 2,4-D Cardona and Duncan 1997
Pennisetum americanum 2,4-D, IAA Vasil and Vasil 1981a, b; Botti and Vasil 1983, 1984; Taylor and Vasil 1995, 1996
P. glaucum 2,4-D, pCPA, Kn, BAP, Mythili et al. 1997, 2001; Devi et al. 2000; Devi and Sticklen 2001; Oldach et al. 2001; 

NAA Srivastav and Kothari 2002
P. typhoides 2,4-D, 2,4,5-T, IAA Nabors et al. 1983
Setaria italica 2,4-D, 2,4,5-T, Kn, BAP, Xu et al. 1984; Rao et al. 1988; Reddy et al. 1988, 1990; Kavi Kishor et al. 1992; 

Zeatin, NAA Osuna-Avilla et al. 1995; Vishnoi and Kothari 1996

Abbreviations: 2,4-D, 2,4-dichlorophenoxy acetic acid; 2,4,5-T, 2,4,5-trichlorophenoxy acetic acid; NAA, a-naphthalene acetic acid; BAP, 6-
benzylamino purine; Kn, Kinetin; IAA, Indole-3-acetic acid; pCPA, para chlorophenoxy acetic acid; Pic, 4-amino-3,5-6-trichloropicolinic acid; TDZ,
Thidiazuron; IBA, Indole-3-butyric acid; GA3, Gibberellic acid.



ocs and nos). They reported highest transient expression
of gus gene by using the plasmid having gus gene with
recombinant Emu promotor with Adh1 intron and 
nos terminator in their experiments on Pearl millet
transformation. Use of hygromycin b was found useful in
selecting the transformed calli and transgenic plants.

Selection and plant regeneration
In an early report, Hauptmann et al. (1988) used hygro-
mycin, kanamycin and methotrexate to test their efficacy
for protoplast cultures of T. monococcum, Panicum
maximum, Saccharum officinarum and a tri-specific
hybrid of Pennisetum species, transformed with resistance
genes. Protoplast cultures of Panicum maximum
transformed with a vector containing DHFR gene
expression cassette were selected using methotrexate.
Resistant colonies were selected and gene integration was
confirmed by Southern analysis. All tested cell lines
showed resistance to high levels of kanamycin. However,
no plants were regenerated. Lambé et al. (1995) reported

maintenance of hygromycin resistant transformed callus
of Pearl millet for two years without loss of resistance
phenotype, but plants were not regenerated.

In a later study on Pearl millet, Lambé et al. (2000)
reported regeneration of hygromycin resistant plants
obtained from type II callus.

In an important publication on Pearl millet, Girgi et al.
(2002) reported transgenic plants using bar and gus
genes. Four breeding lines of pearl millet were
bombarded with gus reporter and bar marker genes. The
Ti progeny of regenerated plants showed co-segregation
of both marker genes indicating that both genes
integrated at the same locus in the Pearl millet genotype.

Goldman et al. (2003) selected the transgenic tissues
bombarded with bar gene on a medium containing
15 mg l�1 phosphinothricin but later on the embryogenic
cultures were transferred to a phosphinothricin free
medium. The germinated somatic embryos were then
exposed to 3–10 mg l�1 phosphinothricin.

In a more recent report O’Kennedy et al. (2004)
reported production of fertile transgenic Pearl millet
plants expressing a phosphomannose isomerase gene
under the maize ubiquitin promoter. Immature zygotic
embryos were used for particle bombardment Integration
and stable expression of man A gene was demonstrated
in T1 and T2 progeny. The man A gene was reported to
be superior gene for improving transformation efficiency
as compared to the bar gene.

Bahia grass (Paspalum notatum) is a major subtropical
grass species grown in the USA, Mexico and Argentina
in the areas affected by severe drought and overgrazing.
In a report on genetic transformation of Paspalum
notatum, Smith et al. (2002) bombarded embryogenic
callus with bar gene and obtained transgenic plants,
which showed presence of bar gene in PCR and
Southern analysis.

Integration, expression and inheritance of the
transgene
Transgenic colonies of Panicum maximum transformed
with DHLF gene showed homology to nick translated
vector DNA (Hauptmann et al. 1988). The copy number
of inserted plasmid ranged from 1–10 in independent cell
lines.

In a study by Lambé et al. (1995) also, the number of
inserted plasmid copies ranged from 1–10 in DNA 
from selected hygromycin resistant callus lines when
hybridized with hph probe. The number of copies was 1–
4 for co-transformed gus gene on specific Southern
analysis. Silencing of the gus gene was noted after one
year. However, reactivation of the gus-gene was observed
within two weeks when these calli were cultured on
medium supplemented with 10 mM 5-azacytidine (aza
C). This loss of gene activity was attributed to the
methylation of gus gene as presence of its copies was
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Figure 1. A. Maintenance of immature embryo derived regenerative
callus in Eleusine coracana. B. Early stage of plant regeneration from
callus cultures in E. coracana. C. Regenerated plants of E. coracana.
D. Embryogenic callus cultures of Paspalum scrobiculatum. E. Plant
regeneration in P. scrobiculatum. F. Long term maintained
embryogenic callus of Pennisetum glaucum. G. Plant regeneration in P.
glaucum.



shown by Southern analysis of maintained calli. The
methylation pattern of introduced reporter gene is known
to affect its expression level in barley and wheat
(Graham and Larkin 1995; Rogers and Rogers 1995).

Presence of co-transformed gus gene was observed on
Southern hybridization in 60% of the hygromycin
resistant clones by Lambé et al. (2000). 82% of all the
analyzed transformants contained the intact hph gene
expression cassette and all of them had the intact gus
gene expression unit. Copy number for hph gene was
between 5–20 in 40% of the lines in comparison to 10%
for gus gene. Restriction of DNA that releases the two
expression cassettes and numerous hybridizing patterns
with higher and lower molecular weight were detected
showing the recombination of the gene unit. Southern
analysis using the enzymes that cut only once in the
plasmid also showed integration of several plasmid
copies at the same locus. Presence of hph gene activity
was confirmed by hygromycin assay. All the selected
lines showed the hph gene activity, and this activity was
maintained over a long period. Activity for the gus gene
detected by the histochemical assay, however, decreased
over time. After one year 40% of the positive calli no
longer responded to the gus assay. Loss of gus activity
was attributed to the methylation and it could be restored
by culturing the calli in the presence of 5-azacytidine,
which is known to inhibit methylation (Jones 2003;
Klaas et al. 1989). Expression of the hph gene was also
observed in all selected plants, though absence of gus
gene expression was observed in some plants despite the
presence of gus expression unit. Also gus gene
expression was observed in the plants regenerated from
the calli in which gus expression was restored after 5-
azacytidine treatment, showing methylation being the
cause of gene silencing. Phenotypically, the majority of
the plants were normal but some of them were dwarf and
some others showed anomalies such as curling of leaves.
Since such anomalies were not present in any non-
transformed control plants but were present in plants
regenerated from the explants, which were bombarded

without DNA, this result was attributed to the
bombardment process itself. Seed set varied from a few
seed to nearly full. Seeds from the 8 self-fertile plants
were germinated on non-selective media for 3–5 days
and then transferred to the medium with 30 mg l�1

hygromycin B to test for the hph gene expression. In
seeds from three plants no germination was observed and
in the others it ranged from 37–86%. Three R0 plants
segregated resistant and sensitive F1-plants. Two plants
segregated only sensitive plants. Presence of hph gene
expression unit was confirmed by Southern hybridization
in these sensitive plants and low expression of the hph
gene was attributed to their sensitivity. However hph
gene expression was again observed in the mature plants
indicating that the hph gene expression was rather
developmental stage dependent. Deviation from normal
inheritance ratio and expression was also observed in the
progenies.

Girgi et al. (2002) reported 4–7 copies of bar gene and
2–7 copies of gus gene in plants co-transformed with
both genes by PDS method. In a single plant obtained by
the PIG method a dozen copies of the bar gene were
observed. A 1 : 1 segregation ratio for gus gene and 3 : 1
ratio for bar gene segregation indicated the insertion of
multiple copies of genes at the same loci, therefore
segregation took place as a single unit. Transgenic plants
were phenotypically normal and fully fertile.

In the study by Goldman et al. (2003) no transgenic
plants were obtained if no selection was carried out 
and expression of co-transferred gfp-gene was also
during the early stage of callusing. In presence of
phosphinothricin gfp gene expressing calli were observed
after three weeks and transgenic plants were obtained
from these sectors. In some co-transformation
experiments GFP expression was not observed in the
herbicide resistant plants. Segregation study of these
plants revealed that these plants gave rise to progeny
expressing either only PPT resistance or with both PPT
resistance and GFP expression. GFP expression was
visible in roots, immature embryos, callus, shoots
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Table 3. Transformation of millet species.

Vector with 
Plant Explant reporter/selectable Result References

marker gene

Echinochloa crusgalli Leaf uidA TE Gupta et al. 2001
Eleusine coracana Callus, leaf uidA TE Gupta et al. 2001
Panicum maximum Protoplasts cat, nptII, dhfr, hph TE Hauptmann et al. 1987, 1988
Paspalum notatum Callus bar TP Smith et al. 2002
Pennisetum americanum Protoplsts cat, nptII, dhfr, hph TE Hauptmann et al. 1987, 1988
P. glaucum Embryo/cell culture uidA TE Taylor and Vasil 1991; Taylor et al. 1993
P. glaucum Callus uidA, hph, bar, nptII TP Lambé et al. 1995, 2000
P. glaucum Scutellum uidA, bar TP Girgi et al. 2002
P. glaucum Embryogenic tissue uidA, bar, gfp TP Goldman et al. 2003
P. glaucum Embryo manA TP O’Kennedy et al. 2004

Abbreviations: TE, Transient Expression; TP, Transgenic Plants.



germinating from callus and stems from mature plants.
In one plant gfp gene was transmitted only by the female
gamete on self-pollination. Southern blot analysis
confirmed the presence of bar from pAHC25 and
Hind III fragment. In the Hind III digest beside the 5.5 kb
bar-containing Hind III fragment, smaller and larger
bands were observed. These bands were attributed to the
rearrangement events and multiple copies at a single
locus or at multiple loci. A similar pattern in the progeny
plants indicated integration at a single locus. Digestion
with SacI also indicated that most plants contained
multiple copies and possibly more than one unique
insertion site. Integration of gfp gene was also confirmed
by Southern hybridization. Fertility of transgenic plants
varied between lines. Seeds were harvested from 69 
of the 110 transgenic plants. Most of the plants were
female fertile when cross-pollinated. The green house
environment was supposed to have a negative effect on
pollen viability and fertilization and may explain why
some self- and cross- pollination with the same plant
produced different fertility levels. Some of the plants
were fully sterile. Transmission and segregation was
observed with transgenic plants from both the diploid
and tetraploid primary transformants. Most ratios fit a
1 : 1 (resistant to sensitive) segregation ratio expected for
a test cross with the transgene from a single locus. Some
self-pollination events led to a 3 : 1 segregation.

In the study by O’Kennedy et al. (2004), ten of
eighteen transgenic lines had a unique integration pattern
for the transgene in the Southern blot, thus showing the
independent transformation events. Though a high copy
number of the transgene was inserted into some lines,
only transgenic lines with a maximum of 4–10 copies
produced the next progenies. Primary transformants were
often stunted and produced few seeds, but progeny plants
were found to be phenotypically normal and produced a
number of seeds. Progeny seeds were selected on a
medium containing 15 g l�1 mannose and 1 g l�1 glucose.
None of the seeds from the non-transgenic lines
germinated on this medium. Mendelian segregation for
the transgene was observed only in the second or third
generation. Only a small population was available in the
early progenies.

Future prospects

Although in vitro culture techniques were developed
quite early for all the millet species (Vasil 1987)
transformation of millets has so far lagged behind in
comparison to major cereals (wheat, rice, maize and
barley). One of the main reasons is that many of the
millets are not of economic importance to developed
countries and therefore scarcity of research funding 
has always been a problem. Also major labs have
concentrated their research efforts on improvement of

major cereals and many of these cereals have a quite
developed transformation system (Vasil 1994; Repellin
2001). Genetically modified maize, wheat and rice are
either under field evaluation or are being grown by
farmers in large areas (Birch 1997). The impact of
genetically modified crops on society has been discussed
in several publications (Boulter 1997; Khachatourians
2002). Millets are still not very responsive to
transformation protocols. There are no model cultivars
which can be transformed at an efficient rate for any of
the millet species. The Agrobacterium transformation
system is becoming the main mode of transformation for
major cereals (Komari and Kubo 1999; Koichi et al.
2002). Though initially they were thought to be out of
the host range, this system is important because of its
usually giving high transformation efficiency, simple
integration pattern and simple handling. At present
protocols are not available to infect millet explants with
the Agrobacterium. Also the Agrobacterium trans-
formation system is highly cultivar dependent and it is
important to look for millet cultivars that can be
transformed with the Agrobacterium.

Major growing regions of millets are in the under
developed and developing world, where the main goal is
still to increase production rather than to improve
nutritional value. Increase in production is mainly
possible by conventional breeding methods of selection
and controlled hybrids. Many of the cultivars with
natural resistance against biotic and abiotic resistance are
already available. This is also one of the reasons why
millets have been overlooked so far for improvement for
novel traits.

All the major cereals crops including rice, wheat,
maize, barley, Avena and Tritordeum have been
genetically transformed using the particle gun,
protoplasts or Agrobacterium mediated gene transfers
(for reviews see Repellin et al. 2001; Koichi et al. 2002).
But, production of transgenic plants in millets remain
restricted only to pearl millet (Lambé et al. 2000; Girgi
et al. 2002) and bahia grass (Smith et al. 2002). Other
small millets have been overlooked due to economic or
regional considerations. The genetic transformation
protocols for millets are important to bring the tertiary
gene pool into the improved cultivated varieties.

Acknowledgements

We thank the University of Tsukuba for providing
facilities under VFRF programme to SLK. Some part of
this publication was supported by Grant-In-Aid Program
of JSPS, # 16405019.

References

Akashi R, Adachi T (1991) High frequency somatic embryo

S. L. Kothari et al. 85

Copyright © 2005 The Japanese Society for Plant Cell and Molecular Biology



formation in cultures of immature embryos of guinea grass
Panicum maximum Jacq. J Breed 41: 85

Akashi R, Adachi T (1992) Plant regeneration from suspension
culture derived protoplasts of apomictic dalisgrass (Paspalum
dilatatum Poir). Plant Sci 82: 219–225

Akashi R, Hashimoto A, Adachi T (1993) Plant regeneration from
seed derived embryogenic callus and cell suspension cultures of
bahiagrass (Paspalum notatum). Plant Sci 90: 73–80

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

Bhaskaran S, Smith RH (1990) Regeneration in cereal tissue
culture: A review. Crop Sci 30: 1328–1337

Birch RG (1997) Plant transformation: Problems and strategies for
practical application. Annu Rev Plant Physiol Plant Mol Biol
48: 287–326

Borlaug NE (2002) Feeding a world of 10 billion people: The
miracle ahead. In Vitro Cell Dev Biol: Plant 38: 221–228

Botti C, Vasil IK (1983) Plant regeneration by somatic
embryogenesis from parts of cultured mature embryos of
Pennisetum americanum (L.) K. Schum. Z Planzenphysiol
111: 319–325

Botti C, Vasil IK (1984) The ontogeny of somatic embryos 
of Pennisetum americanum (L.) K. Schum. II. In cultured
immature inflorescences. Can J Bot 62: 1629–1635

Boulter M (1997) Scientific and public perception of plant genetic
manipulation — A critical review. Critical Reviews in Plant Sci
16: 231–251

Bovo OA, Mroginski LA (1989) Somatic embryogenesis and plant
regeneration from cultured mature and immature embryos of
Paspalum notatum (Gramineae) Plant Sci 65: 217

Cardona CA, Duncan RR (1997) Callus induction and high
frequency plant regeneration via somatic embryogenesis in
Paspalum. Crop Sci 37: 1297–1302

Chen LZ, Guan LM, Anami E, Adachi T (2001) Establishment of
embryogenic suspension culture derived from leaflets of sexual
bahiagrass (Paspalum notatum) with regeneration ability in long
term. Plant Biotechnol 18: 209–214

Devi P, Zhong H, Sticklen MB (2000) In vitro morphogenesis 
of pearl millet (Pennisetum glaucum (L.) R. Br.): efficient
production of multiple shoots and inflorescences from shoot
apices. Plant Cell Rep 19: 546–550

Devi P, Sticklen MB (2001) Culturing shoot-tip clumps of 
pearl millet [Pennisetum glaucum (L.) R. Br.] and optimal
microprojectile bombardment parameters for transient
expression. Euphytica 125: 45–50

Eapen S, George, L (1989) High frequency plant regeneration
through somatic embryogenesis in finger millet (Eleusine
coracana (L.) Gaertn.) Plant Sci 61: 127–130.

Finer JJ, Vain P, Jones MW, McMullen MD (1992) Development of
the particle inflow gun for DNA delivery to plant cells. Plant
Cell Rep 11: 323–328

Fladung M, Hasselback J (1986) Callus induction and plant
regeneration in Panicum bisulcatum and Panicum milioides.
Plant Cell Rep 3: 169–173.

Girgi M, O’Kennedy MM, Morgenstern A, Mayer G, Lorz H and
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

Goldman JJ, Hanna WW, 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.

Graham MW, Larkin PJ (1995) Adenine methylation at dam sites
increases transient gene expression in plant cells. Transgen Res
4: 324–331

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, Eleusine coracana and
Echinochloa crusgalli. Plant Biotechnol 18: 275–282

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

Hauptmann RM, Vasil V, Ozias-Akins P, Tabaezadh 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

Jain S, Varshney A, Kothari SL (2001) Embryogenic callus
induction and efficient plant regeneration in prosomillet.
Cereal Res Commun 29: 313–320

Jones PA (2003) Altering gene expression with 5-azacytidine.
Cell 40: 486–488

Kaur P, Kothari SL (2003) Embryogenic callus induction and
efficient plant regeneration from root cultures of Kodo Millet.
Phytomorphology 53: 49–56

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 Org Cult 77: 73–79

Kavi Kishor PB, Rao AM, Dhar AC, Naidu KR (1992) Plant
regeneration in tissue cultures of some millets. Indian J Exp
Biol 30: 729–733

Khachatourians GC (2002) Agriculture and Food Crops:
Development, Science and Society. In: Khachatourians GC,
McHughen A, Scorza R, Nip WK, Hui YH (eds) Transgenic
Plants and Crops. Marcel Dekker Inc., New York, pp 1–27

Klaas M, John MC, Crowell DN, Amasino RM (1989) Rapid
induction of genomic demethylation and T-DNA gene
expression in plant cells by 5-azacytosine derivatives. Plant
Mol Biol 12: 413–423

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: Agro
bacterium tumefaciens. In: Vasil IK (ed) Molecular improvement
of Cereal Crops. Kluwer, pp 43–82

Kothari SL, Sharma V, Chandra N (1994) Variation in
morphogenetic patterns of plant regeneration in seed callus of
Guinea grass (Panicum maximum Jacq.). J Indian Bot Soc 73:
203–208

Kothari SL, Chandra N (1995) Advances in tissue culture and
genetic transformation of cereals. J Indian Bot Soc 74:
323–342

Kothari SL, Agarwal K, Kumar S (2004) Inorganic nutrient
manipulation for highly improved in vitro plant regeneration in
finger millet [Eleusine coracana (L.) Gaertn]. In Vitro Cell
Dev Biol: Plant 40: 515–519

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,
E. indica (L.) Gaertn. Curr Sci 81: 1482–1485

Lambé P, Dinant M, Matagne RF (1995) Differential long-term

86 Applications of biotechnology for improvement of millet crops: review of progress and future prospects

Copyright © 2005 The Japanese Society for Plant Cell and Molecular Biology



expression and methylation of the hygromycin phosphot-
ranspherase (hph) and (b-glucuronidase (gus) genes in
transgenic Pearl-Millet (Pennisetum glaucum) callus. Plant Sci
108: 51–62

Lambé P, Dinani M, Deltour R (2000) Transgenic Pearl millet
(Pennisetum glaucum). In Bajaj YPS (ed) Biotechnology in
Agriculture and Forestry. Transgenic Crops-I, Springer, pp
84–108

Lu C, Vasil IK (1982) Somatic embryogenesis and plant
regeneration in Panicum maximum Jacq. (Guinea grass). Am J
Bot 72: 1908–1913

Lu C, Vasil V, Vasil IK (1981) Isolation and culture of protoplasts
of Panicum maximum Jacq. (Guinea grass): Somatic embryo-
genesis and plantlet formation. Z Pflanzenphysiol 104:
311–318

Marousky FJ, West SH (1987) Somatic embryos from bahiagrass
caryopsis cultured in vitro. Hort Sci 22: 94

Marousky FJ, West SH (1990) Somatic embryogenesis and plant
regeneration from cultured mature caryopsis of bahiagrass
(Paspalum notatum Flugge.). Plant Cell Tiss Org Cult 20: 125

Mohanty, BD, Dutta Gupta S, Ghosh PD (1985) Callus initiation
and plant regeneration in ragi (Eleusine coracana Gaertn.).
Plant Cell Tiss Org Cult 5: 147–150

Molinari L, Busti A, Callerini O, Arcioni S, Pupilli F (2003) Plant
regeneration from callus of apomictic and sexual lines of
Paspalum simplex and RFLP analysis of regenerated plants.
Plant Cell Rep 21: 1040–1046

Morrish F, Vasil V, Vasil IK (1987) Developmental morphogenesis
and genetic manipulation in tissue and cell cultures of the
Gramineae. Adv Genet 24: 431–499

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

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

Mythili PK, Madhavi A, Reddy VD, Seetharam N (2001) Efficient
regeneration of pearl millet [Pennisetum glaucum (L.) R. Br.]
from shoot tip cultures. Indian J Exp Biol 39: 1274–1279.

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

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

O’Kennedy MM, Burger JT, Botha FC (2004) Pearl millet
transformation system using the positive selectable marker gene
phosphomannose isomerase. Plant Cell Rep 22: 684–690

Oldach KH, Morgenstern A, Rother S, Gigorgi S, O’Kennedy M,
Lorz 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 Cadillo A, Jofra Gargias AE, Cabreraponce
JL (1995) Plant regeneration from shoot apex explants of foxtail
millet. Plant Cell Tiss Org Cult 40: 33–35

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

Potrykus I (1990) Gene transfer to cereals: an assessment.

Bio/Technology 8: 535–542
Rangan TS (1974) Morphogenic investigations on tissue cultures

of Panicum miliaceum. Z Pflanzenphysiol 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 78: 208–216

Rao AM, Kavi Kishor PB, Ananda Reddy L, Vijaynath K (1988)
Callus induction and high frequency plant regeneration in Italian
millet (Setaria italica). Plant Cell Rep 15: 72–75

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

Reddy LA, Vaidyanath K (1988) Regeneration of foxtail millet
plants from calli derived from immature glumes. Indian J
Plant Physiol 31: 290–292

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, Båga M, Jauhar PP, Chibbar RN (2001) Genetic
enrichment of cereal crops via alien gene transfer: New
Challenges. Plant Cell Tiss Org Cult 64: 159–183

Rogers JC, Rogers SW (1995) Comparison of the effects of N6-
methyldeoxyadenosin and N5-methyldeoxycytosine on trans-
cription from nuclear gene promoters in barley. Plant J 7:
221–233

Rout GR, Samantaray S, Das P (1997) Regeneration of a met al.
tolerant grass Echinochloa colona via somatic embryogenesis
from suspension cultures. Biol Plant 40:17–23

Samantaray S, Rout GR, Das P (1995) In vitro plant regeneration
from leaf base and mesocotyl cultures of Echinochloa colona.
Plant Cell Tiss Org Cult 40: 37–41

Samantaray S, Rout GR, Das P (1996) Regeneration of plants via
somatic embryogenesis from leaf base and leaf tip segments of
Echinochloa colona. Plant Cell Tiss Org Cult 47: 119–125

Samantaray S, Rout GR, Das P (2001) Induction, selection and
characterization of Cr and Ni-tolerant cell lines of Echinochloa
colona (L.) Link in vitro. J Plant Physiol 158: 1281–1290

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

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

Smith RL, Grando MF, Li YY, Seib JC, Shatters RG (2002)
Transformation of bahiagrass (Paspalum notatum Flugge.
Plant Cell Rep 20: 1017–1021

Srivastav S, Kothari SL (2002) Embryogenic callus induction and
high frequency plant regeneration in pearl millet. Cer Res
Commun 30: 69–74

Talwar M, Rashid A (1989) Somatic embryo formation from
unemerged inflorescences and immature embryos of a
graminaceous crop Echinochloa. Ann Bot 64: 195

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

Taylor MG, Vasil IK (1995) The ultrastructure of zygotic embryo
development in pearl millet (Pennisetum glaucum: Poaceae).
Amer J Bot 82: 205–219

Thiru AN, Mohan Ram HY (1980) Tissue culture studies in Ragi.

S. L. Kothari et al. 87

Copyright © 2005 The Japanese Society for Plant Cell and Molecular Biology



(Eleusine coracana Gaertn.) Indian J Exp Biol 18: 1110–1113
Tyagi AK, Bharat S, Rashid A, Maheshwari N (1985) Plant

regeneration from tissue cultures initiated from immature
inflorescence of a grass: Echinochloa colonum K., Link. Plant
Cell Rep 4: 115–117

Vasil IK (1987) Developing cell and tissue culture systems for the
improvement of cerealand grass crops. J Plant Physiol 128:
193–197

Vasil IK, Vasil V (1992) Advances in cereal protoplast research.
Physiol Plant 85: 279–283

Vasil IK (1994) Molecular improvement of cereals. Plant Mol
Biol 25: 925–937

Vasil V, Vasil IK (1980) Isolation and culture of cereal protoplasts
II. Embryogenesis and plantlet formation from protoplasts of
Pennisetum americanum. Theor Appl Genet 56: 97–99

Vasil V, Vasil IK (1981a) Somatic embryogenesis and plant
regeneration from tissue cultures of Pennisetum americanum�

P. purpureum hybrid. Amer J Bot 68: 864–872
Vasil V, Vasil IK (1981b) Somatic embryogenesis and plant

regeneration from suspension cultures of Pearl millet
(Pennisetum americanum) Ann Bot 47: 669–678

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

Vikrant, RA (2002b) 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, RA (2003) Somatic embryogenesis from mesocotyl and
leaf base segments of Paspalum scrobiculatum L., minor millet.
In Vitro. Cell Dev Biol Plant 39: 485–489

Vishnoi RK, Kothari SL (1995) Plant regeneration from immature
embryo cultures of Eleusine coracana (L.) Gaertn. Cereal Res
Commun 23: 367–373

Vishnoi RK, Kothari SL (1996) Somatic embryogenesis and
efficient plant regeneration in immature inflorescence culture of
Setaria italica (L.) Beauv. Cereal Res Commum 24: 291–297

Wakizuka T, Yamaguchi T (1987) The induction of enlarged apical
domes in vitro and multi shoot formation from finger millet
(Eleusine coracana). Ann Bot 60: 331–336

Xu Z, Wang D, Yang L, Wei Z (1984) Somatic embryogenesis and
plant regeneration in callus cultured immature inflorescence of
Setaria italica. Plant Cell Rep 3: 149–150

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

88 Applications of biotechnology for improvement of millet crops: review of progress and future prospects

Copyright © 2005 The Japanese Society for Plant Cell and Molecular Biology


