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Summary
Rice biotechnology has made rapid advances since the first transgenic rice plants were

produced 15 years ago. Over the past decade, this progress has resulted in the development
of high frequency, routine and reproducible genetic transformation protocols for rice. This
technology has been applied to produce rice plants that withstand several abiotic stresses,
as well as to gain tolerance against various pests and diseases. In addition, quality improving
and increased nutritional value traits have also been introduced into rice. Most of these gains
were not possible through conventional breeding technologies. Transgenic rice system has
been used to understand the process of transformation itself, the integration pattern of

transgene as well as to modulate gene expression. Field trials of transgenic rice, especially

insect-resistant rice, have recently been performed and several other studies that are

prerequisite for safe release of transgenic crops have been initiated. New molecular

improvisations such as inducible expression of transgene and selectable marker-free

technology will help in producing superior transgenic product. It is also a step towards
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alleviating public concerns relating to issues of transgenic technology and to gain regulatory
approval. Knowledge gained from rice can also be applied to improve other cereals. The
completion of the rice genome sequencing together with a rich collection of full-length
cDNA resources has opened up a plethora of opportunities, paving the way to integrate
data from the large-scale projects to solve specific biological problems.

Introduction

Rice is the most important food crop in the world. Almost half
of the world’s population depend on rice as their staple food
(Coffman and Juliano, 1987). So far, advances in breeding of rice
has kept pace with the growing demand, despite losses suffered
as a result of various biotic and abiotic factors. Over the next
7 to 8 years, global rice plantings are predicted to remain static,
which will result in a shortfall of about 130 million tonnes (Khush,
2001, Brookes and Barfoot, 2003). Therefore, conventional
breeding methods need to be supplemented with recent achieve-
ments in rice biotechnology to meet the needs of the growing
world population. Rice genetic transformation has taken rapid
strides since the first transgenic rice plant was produced 15 years
ago. During the last 10 years, tremendous progress has been
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made to develop a high-frequency, routine and reproducible
genetic transformation protocol of rice either through direct DNA
transfer or by Agrobacterium-mediated transformation tech-
nologies. Using these technologies, a number of agronomically
important traits, including quality improvement and increased
nutritional value, have been addressed. These improvements
could not be possible through the application of conventional
breeding technologies. Rice reached another milestone by
becoming the first crop plant to have its genome sequenced
(Sasaki and Burr, 2000; Barry, 2001; Feng et al., 2002; Goff
etal.,, 2002; Sasaki etal., 2002; Yu et al., 2002; Delseny, 2003;
The Rice Chromosome 10 Sequencing Consortium, 2003;
Sasaki et al., 2005). Besides its own improvement, the sequencing
of rice genome opens up the possibility of improving other cereals
such as maize and wheat as there is significant conservation
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of genes among cereals (Devos and Gale, 2000; Tyagi et al., 2004).
It has been suggested that these advances in rice and other
crops will realize a second green revolution through genetic
engineering of food crops (Sakamoto and Matsuoka, 2004).
The commercialization of transgenic rice has lagged behind
genetically modified maize, which has been grown com-
mercially since 1996 and planted on more than 15 million
hectares (James, 2003). This is not surprising given the vast
commercial potential of transgenic maize in both industrial
and developing world. The fact that rice is primarily grown in
developing countries, where the big economic gains are unlikely
to be achieved, has probably contributed to the delays in
achieving advances in rice. In this context, the role of the
Rockefeller Foundation programme for rice biotechnology
has been the key to rice improvement (O'Toole et al., 2001).
Although this funding has been stopped after 16 years of
support, it has positioned rice biotechnology at a stage where
it can be advanced using public/government funding.
Progress on rice biotechnology has been reviewed
consistently in peer-reviewed journals (Ayres and Park, 1994;
Christou, 1996; Tyagi et al., 1999; Giri and Laxmi, 2000; Tyagi
and Mohanty, 2000). These reviews have focused on the
development phase of rice transformation, including the
optimization of gene delivery methods, establishment of high
frequency transformation, choice of reporter or selectable
marker and producing agronomic superior rice. However,
in the last five years (since the publication of detailed reviews
in rice biotechnology — See Giri and Laxmi, 2000; Tyagi and
Mohanty, 2000; Upadhyaya et al., 2000c), the focus has
shifted to include use of rice of as a model monocotyledon
system, similar to the use of Arabidopsis as model for dicot-
yledons. This review highlights the progress on transgenic rice
technology over the last five years with particular emphasis
on agronomic and nutritional traits. The advances in related
technologies such as new constitutive or inducible promoters
to drive transgene expression, use of selectable markers
other than antibiotic/herbicide selection and development of
marker-free transgenic plants are also discussed. The readers
are referred to reviews cited above for the background about
progress made to produce genetically improved transgenic
rice prior to 2000 although for the sake of continuity, some
of them are discussed in this review (Table 1). The advances
in structural and functional genomics of rice and related tech-
nologies such as T-DNA and transposon-mediated insertional
mutagenesis are described elsewhere (Mohanty and Bajaj, in
prep.). For a comprehensive review of molecular breeding
of rice, including the use of molecular markers please refer to
the review by Gowda et al. (2003). Finally, because transgenic
rice field trials are being initiated, we have also discussed related

biosafety and economic concerns. We have emphasized that
a pragmatic approach is required while addressing the biosafety
issues so that both farmers and consumers can reap the
benefit of the technology without any delay.

Rice as a model monocot system

Rice with its relatively small genome size (~430 Mb), ease
of transformation, well developed genetics, availability of a
dense physical map and molecular markers (Chen et al.,
2002; Wu et al., 2002a), together with its complete genome
sequence (Sasaki et al., 2005) is considered a model monocot
system (Goff, 1999; Shimamoto and Kyozuka, 2002). It is being
used to understand several fundamental problems of plant
physiology, growth and developmental processes ranging
from elucidation of a single gene function to whole meta-
bolic pathway engineering (reviewed in Mohanty and Bajaj,
in prep.). In addition, rice shares extensive synteny among
other cereals thereby increasing the utility of this system
(Devos and Gale, 2000). These, together with availability of
~28 000 full length cDNAs (The Rice Full Length cDNA
Consortium, 2003), a large number of expressed sequence
tags, yeast artificial chromosome, bacterial artificial chromo-
some, P1-derived artificial chromosomes libraries and rich
forward and reverse genetics resources (Hirochika et al.,
2004) has made rice a worthy forerunner among the plants
especially among the cereals. It is expected that leads
obtained from rice genome would be followed for other
cereals with larger genomes.

Rice transformation

Methods of transformation and characterization of
transgenic rice

Recently, efforts have been focused to make different rice
genotypes amenable for regeneration and transformation
using Agrobacterium (Azhakanandam et al., 2000a; Jiang
etal., 2000; Mohanty et al., 2000; Pons et al., 2000; Upadhyaya
et al., 2000a; Lin and Zhang, 2004; Kumria et al., 2001;
Rachmawati et al., 2004) essentially optimizing the protocol
developed by Hiei et al. (1994) using mature embryos as
explants. Other explants such as inflorescence (Dong et al.,
2001) and green tissues induced from mature embryos
(Cho et al., 2004) have also been used as explants for trans-
formation. More significantly, a large-scale Agrobacterium-
mediated procedure (up to 10° stable transformants from
100 seeds) making it realistic to perform gene-targeting in
rice, has also been developed (Terada et al., 2004).
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Table 1 Milestones in rice biotechnology
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Year Development Reference

1988 First transgenic rice obtained Toriyama et al., 1988;
Zhang et al., 1988;
Zhang and Wu, 1988

1989 First fertile transgenic rice plants (japonica) Shimamoto et al., 1989

1990 First fertile transgenic rice plants (indica) Datta et al., 1990

1991 Use biolistics for generation of rice transgenics Christou et al., 1991

1993 Insect resistance rice by using 8-endotoxin (Bt) Fujimoto et al., 1993
Transgenic rice with bar gene for sheath blight resistance Uchimiya et al., 1993

1994 First conclusive report of rice transformation by Agrobacterium Hiei et al., 1994

1995 Resistance against bacterial blight obtained by using Song et al., 1995
cloned Xa21 gene

1996 Insect resistance transgenic indica rice harbouring crylAb gene Wunn et al., 1996
Field trial of herbicide resistance transgenic rice Oard et al., 1996
Insect resistance transgenic rice harbouring pinll gene Duan et al., 1996

1997 Use of reconstructed crylAc gene for high-level Nayak et al., 1997
resistance against pests

1998 Multigene transformation Chen et al., 1998
First report of Agrobacterium-mediated rice transformation Cheng et al., 1998
for agronomically important genes (cry/Ab and crylAc)

1999 Iron fortified transgenic rice with soybean ferritin gene Goto et al., 1999
Resistance against rice yellow mottle virus (RYMV) Pinto et al., 1999
derived by pathogen-derived resistance

2000 Field trial of hybrid rice containing Bt gene Tu et al. 2000b
Golden rice Ye et al., 2000
Draft sequence of rice genome announced Monsanto*

2002 Draft sequence of rice genome Goff et al., 2002; Yu et al., 2002
Gene targeting by homologous recombination Terada et al., 2002
Complete sequence of rice chromosome 2 Sasaki et al., 2002
Complete sequence of rice chromosome 4 Feng et al., 2002

2003 Complete sequence of rice chromosome 10 Rice chromosome 10 consortium, USA, 2003

2004 Completion of rice genome by IRGSP Sasaki et al., 2005

Abbreviations: Bt, Bacillus thuringiensis, IRGSP, International rice genome sequencing program; pinll, potato proteinase inhibitor Il gene; Xa, native rice gene for

resistance against bacterial blight; * Barry, 2001.

Genetic transformation either mediated by Agrobacterium
or through particle bombardment has its own merits and
limitations (Dai et al., 2001b). T-DNA generally integrates
into gene rich transcriptionally active regions of rice genome
(Barakat et al., 2000; Eamens et al., 2004; Sha et al., 2004).
It can also cause integration of multiple elements in different
patterns of inverted or tandem repeats (De Buck et al., 2000;
Eamens et al.,, 2004). However, transformation through
particle bombardment also results in multiple rearrange-
ments of the transgene (Dai et al., 2001b). Agrobacterium-
mediated transformation results in lower copy transgene
insertion (Dai et al., 2001b), and is easy, simple and inexpen-
sive. Where available, it is unlikely to be replaced by particle
bombardment. Recently, efforts have been made to produce
transgenic rice devoid of elements, which otherwise are
important for transformation such as selectable marker or
vector backbone, but do not impart any value to the trait. The
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vector backbone sequences have been detected in transgenic
plants, including rice, generated either by Agrobacterium
(DeBuck et al., 2000; Yin and Wang, 2000; Kim et al.,
2003b) or through particle bombardment (Kohli et al., 1999).
It has been argued that these sequences may have undesired
effects on the transgene stability and/or expression (Breitler
etal., 2002). Therefore, rice transformation procedures
through particle bombardment with minimal linear gene
cassette (promoter, coding region of the gene and terminator)
have been developed (Fu et al., 2000; Breitler et al., 2002; Loc
et al., 2002). The plants that harbour the minimal transgene
cassette showed simple low-copy number integration events
and fewer rearrangements than transgenic plants produced
with whole plasmids (Fu et al., 2000). This prompted the sug-
gestion that particle bombardment of rice with minimal
expression cassette offers a superior alternative to Agrobac-
terium to produce so called ‘clean’ transgenics, i.e., devoid
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of any backbone sequences, of agronomic and industrial
interest (Fu et al., 2000). In the near future, it is expected that
transformation methods will be developed that will rely
minimally on the bacterial or viral sequences and instead
use plant genomic elements for gene transfer. Recently, DNA
sequences termed as ‘P-DNA’ have been identified in potato
that can replace Agrobacterium left border (LB) and right
border (RB) sequences (Rommens et al., 2004). It would also
be feasible to use a transformation cassette consisting
entirely of plant DNA (i.e. plant DNA as source for the pro-
moter, the gene of interest and the terminator). This cassette,
when transferred either through particle bombardment or
Agrobacterium using marker-free selection systems (discussed
later), would result in a true ‘clean’ transgenic plant. These
constructs would also be useful for multigene engineering.
The examples include various abiotic stresses (Bajaj et al.,
1999), resistance management strategies in insect-resistant
crops or for plant metabolic engineering. As a beginning,
transgenic rice plants carrying multigenes have been shown
to be stable in integration and expression (Gahakwa et al.,
2000; Wu et al., 2002b) and genes of agronomic interest
have been pyramided (Datta et al., 2002). However, it should
be noted that whatever the method of transformation is, the
integration of transgenes in plants occurs through illegiti-
mate recombination. Therefore, it is important to understand
the process of integration, the state of DNA that is inte-
grated, and the relationship between extrachromosomal
integration and transgene interaction. Recent reviews (Kohli
et al., 2003; Somers and Makarevitch, 2004) provide excel-
lent reading on this subject.

Novel reporter and selection marker genes

The most commonly used reporter genes used in rice transfor-
mation are the B-glucouronidase gene (GUS) (Jefferson et al.,
1987) and green fluorescent protein (GFP) genes (Chalfie et al.,
1994; Vain et al., 1998) although other reporters such as maize
anthocyanin, firefly luciferase (LUC) genes have also been used
(see Tyagi et al., 1999). Recently, the Centre for Application
of Molecular Biology to International Agriculture (CAMBIA)
has developed GUS Plus, which has been codon optimized for
high expression in plants, and results in extremely sensitive assays
(Roberts et al., <http:/AMww.cambia.org/main/r_et_vman.htms).
A synthetic sialidase reporter gene called NAN fusion has
also been reported (Kirby and Kavanagh, 2002). This could
be used as a sensitive and versatile partner for GUS for
dual promoter studies as well as for internal control. More
recently, a synthetic xylanase (sXynA) as a reporter system in
rice in conjunction with GUS Plus for accurate and sensitive

quantification in transient gene expression studies has
been developed (Vickers et al., 2003) as xylanase (XYN)
protein is stable, activity slopes are linear over long time
periods and the assays are cost-effective over other assays
such as LUC.

To date, GUS has been the choice as the reporter gene.
However, the advantages of using GFP or variants thereof
over other markers are several. First of all it provides a non-
invasive way for detection of transgene product. Besides, it
allows one to monitor the expression, dynamics as well as inter-
actions of proteins in vivo in real time. Work by several different
laboratories has resulted in panoply of different variants such
as yellow fluorescent protein (YFP), citrine (a pH insensitive
version of YFP), cyan fluorescent protein (CFP) and red fluo-
rescent protein (RFP). Besides the original GFP from Aequorea
victoria, fluorescent proteins have since been isolated from
Anthozoan species as well as corals. Availability of such pro-
teins allows the use of dual or multicolor imaging for analysis
of fusion proteins in vivo thereby opening up a whole new
dimensions in plant cell biology (Cutler and Ehrhardt, 2000;
Jach et al.,, 2001; Brandizzi et al., 2002; Tian et al., 2004).

Currently, transgenic crops rely heavily on the use of either
an antibiotic resistance gene, or herbicide tolerance gene for
the selection of transgenic tissues over non-transformed
cells. Public apprehensions over the safety of such genes have
led to research on developing new selectable markers that
are more acceptable or even produce marker-free transgenic
plants (Joersbo, 2001; Datta et al., 2003; Rommens et al., 2004).

Several selection systems successfully tested in model dicots,
have now been extended to rice. Transgenic rice plants using
a positive selection system based on the phosphomannose
isomerase gene as the selectable gene and mannose as
selection agent have been produced (Lucca et al., 2001b;
Datta et al., 2003; He et al., 2004). Similarly, a positive
selection system based on galactose as selective agent using
UDP-glucose:galactose 1-phosphate uridyl transferase gene
as selectable marker has been described in other crops (Joersbo
et al.,, 2003). A mutant rice gene, feedback-insensitive o
subunit of anthranilate synthase OsSAID, has been used as
selectable agent in rice based on its ability to detoxify tryp-
tophan analogue 5-methyltryptophan (Yamada et al., 2004).
Similarly, new negative or conditional selection systems have
been developed for rice transformation (Dai et al., 2001a;
Upadhyaya et al., 2000b; Oreifig et al., 2004). A new posi-
tive/negative selection system employing a marker gene,
daol from yeast Rhodotorula gracilis has been described
(Erikson et al., 2004). The dao? product DAAO can be used
as positive or negative selectable marker based on the sub-
strate amino acid (Erikson et al., 2004). It has been proposed
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that DAAO could prove even more useful in combination
with site-specific excision systems. After positive selection of
transgenics followed by initiation of recombination, turning
to negative selection would verify the removal of the
now redundant selectable marker (Scheid, 2004). It will be
interesting to see the application of such technology in
commercial crops.

It must be noted that transgenic plants using the selectable
markers described above have not yet reached the field-trial
stage. Therefore, it will be several years before these become
available for commercial production.

Marker-free selection

It may be desirable to remove selectable marker from trans-
genic crops to alleviate safety concerns (Hohn et al., 2001).
The simplest way is to remove the selectable marker gene is
by segregation, if the gene of interest and the marker gene are
integrated at independent loci (Tu et al., 2003). Alternatively,
molecular techniques can be relied upon for the detection of
transformants (de Vetten et al., 2003) allowing marker-free
transgenics. Techniques such as cre/loxP of bacteriophage
P1, FLP/FRT and maize Ac/Ds transposon system have been
used to remove the selectable marker genes in the progeny of
transgenic rice and other plants (Gleave et al., 1999; Cotsaftis
et al., 2002; Endo et al., 2002). However, these methods,
although useful, are time-consuming as they require crossing
of the progenies to generate selectable marker free plants.
A “twin T-DNA’ binary vector for the recovery of selectable
marker-free plants (Komari et al., 1996) was improvised by
constructing a double right border (RB) binary vector (Lu
etal., 2001). The two RB sequences will initiate two types of
T-DNA inserts, one carrying both selectable gene and gene
of interest and the other carrying just gene of interest to the
plant genome, which can then be segregated in subsequent
generations (Lu et al., 2001) to recover marker-free plants.
Alternatively, a two T-DNA binary vectors harbouring the
gene of interest on one and selectable marker gene on
another T-DNA followed by cotransformation can also be
used (Komari et al., 1996; Breitler et al., 2004a). Another way
for producing marker-free transgenic plants was proposed by
Vain et al. (2003) using a new dual binary vector system,
pGreen/pSoup (Hellens et al., 2000). The pGreen is a small Ti
binary vector unable to replicate in Agrobacterium without
the presence of another binary plasmid, pSoup in the same
strain. Co-transformation with one vector (pGreen) carrying
the gene of interest and the other vector (pSoup) carrying
the selectable marker may lead to production of transgenic
plants with multilocus unlinked integration and would allow

© Blackwell Publishing Ltd, Plant Biotechnology Journal (2005), 3, 275-307
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recovery of selectable marker-free plants in subsequent
progeny (Vain et al., 2003).

A system called the multi-auto transformation (MAT)
vector system that makes use of the oncogenes of Agrobac-
terium as positive marker for selection of transformed tissues,
has been described (Endo et al., 2002). Rice calli were trans-
formed with the MAT vector containing the chimeric isopentyl
transferase (ipt) gene from Agrobacterium and gfp genes
fused with the CaMV 35S promoter and site-specific recom-
bination R/RS system to excise them after transformation
along with other genes (qusA, nptll and hpt) outside the R/
RS cassette (Endo et al., 2002).

Gene silencing and ways to overcome gene silencing in
transgenic rice

A stable and consistent expression of the gene of interest
across generations (Kathuria et al., 2003) is necessary for the
successful commercialization of transgenic plants. However,
gene silencing does occur in transgenic plants and is one of
the limitations of the transgene technology (see Bajaj et al.,
1999; lyer et al., 2000). Gene silencing could be a consequence
of transcription inactivation by promoter methylation, known
as transcriptional gene silencing (TGS) or through post-
transcriptional gene silencing (PTGS) characterized by specific
reduction of cytoplasmic RNA through sequence-specific
degradation, with normal rates of nuclear transcription being
maintained (see Vaucheret et al,, 1998). Gene silencing
has been observed in transgenic rice (see lyer et al., 2000;
Tyagi and Mohanty, 2000). The transgenes with truncated
sequences or a rearranged transgene itself, which could be
transcribed into aberrant RNA species, may be responsible for
silencing (Kohli et al., 1999; Morino et al., 1999). Wang and
Waterhouse (2000) showed that the PTGS is the result of un-
polyadenylated RNA and methylation is not essential for PTGS.
A significant advance in the understanding of gene silencing
came from Kloti et al. (2002) who demonstrated tissue-specific
silencing of a transgene in rice spread to various organs over
generations. Treatment with 5-azacytidine reversed the TGS
and methylation per se did not affect promoter region of the
protein factors, instead promoter methylation enabled the
alternative binding of a protein with specificity for sequence
and methylation. Thus, it was shown that TGS occurs in different
stages and one of them may be involved in the attraction of
a sequence and methylation-specific DNA binding protein
(Kloti et al., 2002). Theoretically, it is possible to engineer the
transgene to minimize gene silencing (Finnegan and McElroy,
1994). Matrix attachment regions (MARs) or scaffold attach-
ment regions (SARs) are one of such sequences that have
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been used for minimizing gene silencing and increase gene
expression in transgenic plants, although with variable effect
(reviewed by Holmes-Davies and Comai, 1998). The positive
effect of MAR sequences on higher transgene expression
and stability in transgenic rice has been reported (Vain et al.,
1999, 2002; Cheng et al., 2001). Although higher transgene
expression by MAR sequences has been established, however,
whether they can reduce variation or produce integration
patterns of lower complexity is not very convincing with claims
on both sides (James et al., 2002; Van der Geest et al., 2004).
Variations in transgene expression can also be reduced
by using cre/lox-mediated site-specific integration to insert
the gene of interest into rice genome (Srivastava et al., 2004).
It has been suggested that spurious variations in transgene
expression that arise during generation of transgenic plants
and growth in greenhouses may also affect the analyses of
transgene expression and thus need to identify the source
experimental variation and develop a uniform protocol (James
et al., 2004a,b).

Occurrence of gene silencing and variation in the expression
of transgene product is a major limitation of transgenic
technology. This would likely to be further compounded with
the introduction of multi-traits or stacked genes controlling the
same trait. Thus, the study of factors controlling gene silencing
or to avoid it, would be major focus of the research in coming
years. So far, the use of MAR sequences in constructs for
transformation appears promising to reduce gene silencing.

For certain traits, it is desirable that the transgene product
is targeted to the organelles as it provides obvious advantages,
including high expression. The rubsico small subunit gene rbcS
is encoded in the nucleus but targeted to chloroplast by a
transit peptide (TP). In transgenic rice, the presence of rbcs TP
sequence as a plastid-targeting signal greatly enhanced
accumulation of transgene products (Jang et al., 2002b) in
plastids. When the TP was mutated, it led to accumulation of
the reporter gene (gfp) product in the cytoplasm although
the accumulation was lower than that of control TP targeted
to chloroplast (Jang et al., 2002b).

Introduction of agronomically useful genes in
rice

Rice production needs to increase by 755 million tonnes by
2012 to meet the predicted demands of increasing population
(Brookes and Barfoot, 2003). One option is to increase the
area under rice cultivation, which is getting harder as more
farm areas are being converted to residential development to
house the increasing population in the developing world
(Fischer et al., 2000). The most viable option, therefore, is to

increase productivity by breeding efforts supplemented with
advances in biotechnology. Biotechnology can play a major
role in reducing the crop loss caused by various biotic and
abiotic factors. Further, being the staple food for most of the
developing world, the nutritional improvement of rice can
also help reduce malnutrition.

In this section, we will review the progress made in the new
millennium to produce genetically superior rice expressing
agronomically important traits. The past five years have seen
tremendous achievements in producing transgenic rice that
are useful to both growers as well as consumers.

Promoter analysis

The rice actin1 or maize ubiquitin1 gene promoters are
the promoters of choice of plant origin for high constitutive
expression in monocot transformation (See Tyagi et al., 1999;
Tyagi and Mohanty, 2000). With the demand for multigene
stacking in plants, it is important to develop a range of
promoters that provide high and/or regulated expression of
transgenes in monocots. Moreover, a reliable monocot
transformation system is necessary for promoter analysis as their
activity can vary tremendously between different species
(Hwang et al., 2001b; Ahmadi et al., 2003). In recent years,
several new constitutive or tissue-specific promoters have been
tested in monocots. Transient expression using rice endosperm
or generating rice transformants has become a quick screen-
ing for testing new promoters (Hwang et al., 2001a; Qu and
Takaiwa, 2004). Now, a broad-range of promoters, con-
stitutive or inducible, are available (Potenza et al., 2004; Tang
et al., 2004). New promoters tested in rice during the last
five years ranged from promoters isolated from monocots
such as sugarcane and rice (Wang et al., 2000; Al Bitar et al., 2002;
Jang et al., 2002a; Wang and Oard, 2003; Wei et al., 2003,
Iwamoto et al., 2004), to dicots (Mohanty et al., 2000),
as well as from viruses (Fukuoka et al., 2000). Similarly, new
tissue-specific or inducible promoters and/or elements that
impart tissue-specificity to these promoters isolated from
plants or viruses have been analysed in transgenic rice (Ito
etal., 2000; Mazithulela et al., 2000; Wu et al., 2000; Huang
etal., 2001; Suetal., 2001; Fukuzawa et al., 2004; Martinez-
Trujillo et al., 2004; Nguyen et al., 2004) The presence of
introns are also important for tissue-specific expression of a
gene as demonstrated by (Jeon et al., 2000), who showed
that intron1 of rice gene encoding for a-tubulin OsTubAT,
directed higher expression in young tissues than mature tissues.
The previous discussion reports show that promoters from
different sources are functional in rice. However, it would be
several years before these can be used for commercial traits.
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Insect resistance

Despite significant efforts, it has not been possible to find
endogenous genes for sufficient levels of resistance against a
variety of insects (Schuler et al., 1998). Apart from the losses and
the monetary cost, there are significant health risks associated
with the extensive use of agrochemicals, especially in developing
countries, because of non-application of safety measures required
for chemical spraying. Further, chemical insecticides have an
adverse effect on beneficial insects and persistence of these
chemicals in the environment is also an important issue. In this
context, genetic engineering of rice for insect resistance provides
a potent, cost-effective and environment friendly option. The
most important source of genes to produce insect resistant
transgenic plants, including rice, are the well-known group of
related genes called cry or Bt genes, in different strains of
bacterial species Bacillus thuringiensis (de Maagd et al., 1999;
Tabashnik et al., 2003), although few non-Bt genes have
been used to produce transgenic rice for insect resistance.

Insect resistance using Bt genes
The first Bt rice plants were produced more than 10 years
ago (Fujimoto et al., 1993 Table 1) and is now already under
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field trials (Tu et al., 2000b; Anonymous, 2001; High et al.,
2004, Tables 2 and 5). It has been suggested that Bt rice can
eliminate yield loss caused by lepidopteran pests estimated
at 2-10% of the total rice yield in Asia besides offering a safer
option of pest control (High et al., 2004). The most significant
research has been conducted in China and International Rice
Research Institute (IRRID) towards the field release of Bt
rice. Shu et al. (2000) reported a broad spectrum of resistance
of a line KMD1 of a Chinese japonica rice cultivar, Xuishi 11
transformed with a synthetic Cry7Ab gene. This line was
resistant to eight lepidopteran pest species, including eco-
nomically important Chilo suppressalis (striped stem borer,
SSB) and Scirpophaga incertulas (yellow stem borer, YSB)
under laboratory as well as under natural infestation. Further,
field trials using two different lines from above transgenic
rice plants expressing synthetic CrylAb showed high resistance
against these pests (Ye et al., 2001). These lines can be used
as insect-resistant germplasm to cross into other important
agronomic varieties as well as in hybrid rice production (Wang
et al., 2002a). Significantly, transgenic Bt hybrid rice has also
been field tested in China and has been found to be highly
protected against rice leaf folder (Chaphalocrocis medinalis,
RLF) and YSB (Tu et al., 2000b). Bt rice has also been developed

Table 2 Examples of insect-resistant transgenic rice generated since year 2000

Gene Target insects Highlights

References

Cry1Ab
Cry1Ab, CryTAc

Cry1Ab or Cry1Ac
Cry1Aa or Cry1Ab
Cry1Ab and/or Cry1Ac
Cry1Ab

Cry1Ab

Cry1Ab

Cry1Ab, cryTAc
and/or gna

Cry, Xa21 and RC7

gna

gna and CryTAc

Itr1

Cry1Ac; Cry2A

SSB, YSB
YSB, Leaf folder

SSB, YSB

SSB

YSB

SSB

SSB

YSB and leaf folder
Lepitopteran and
sap-sucking insects
YSB, bacterial blight
and sheath blight
Several homopteran,
coleopteran and
lepitopteran insects

BPH and SSB

Rice weevil

YSB and leaf folder

Field trials show high protection against these insects
Field-tested insect-resistant Bt indica hybrid rice with high insect
protection and no reduction in yield

Transfer of insect-resistant trait into commercial varieties and/or
stable expression over several generations

Bt rice for Mediterranean conditions; already field-tested

Different varieties transformed for insect-resistance

Marker-free insect resistant transgenic rice plants
Wound-inducible expression of CryT1Ab

Use of different promoters for tissue-specific Bt gene expression
Gene-pyramiding for protection against broad-range of insects

Gene-stacking for multiple disease tolerance

Different varieties for multiple-range of insect resistance and/or
no expression in seeds

Use of linear constructs to avoid any integration of back-bone
sequences in transgenic plants

Constitutive or endosperm-specific expression of barley trypsin
inhibitor BTI-CMe for protection against rice weevil

Field-trial of Bt rice in Pakistan

Shu et al. (2000); Ye et al. (2001)
Tu et al. (2000b)

Shu et al. (2002); Wang et al.,
(2002a); Wu et al. (2002¢)
Breitler et al. (2000); Marfa et al.
(2002); Breitler et al. (2004b)
Khanna and Raina (2002);
Ramesh et al. (2004a,b);
Cotsaftis et al. (2002)

Breitler et al. (2001)

Husnain et al. (2002)
Magbool et al. (2001);
Ramesh et al. (2004a)

Datta et al. (2002)

Foissac et al. (2000); Tinjuangjun
et al. (2000); Tang et al. (2001a,b);
Wau et al. (2002d); Nagadhara et al.
(2003; 2004)

Loc et al. (2002)

Alfonso-Rubi et al. (2003)

Bashir et al. (2004)

Abbreviations: BPH, brown plant hopper; /tr1, Hordeum vulgare gene encoding for trypsin inhibitor BTI-CMe; SSB, striped stem borer; YSB, yellow stem borer.
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in Pakistan (Husnain et al., 2002; Bashir et al., 2004) and
in the Mediterranean (Breitler et al., 2000; Marfa et al., 2002;
Breitler et al., 2004b). Recent field trials in both locations
suggested high tolerance of transgenic rice against YSB and
RLF (Bashir et al., 2004; Breitler et al., 2004b). Various transgenic
rice varieties resistant to YSB have been produced in India (Nayak
etal., 1997; Khanna and Raina, 2002; Ramesh et al., 2004a,b)
but so far there are no published reports of any field trials.

The field trials of Bt rice also revealed certain limitations
of this technology. These include morphological variations in
transgenic lines as compared to control plants (Shu et al.,
2002; Bashir et al., 2004) and variations in Bt expression
during the plant life cycle (Alinia et al., 2000; Bashir et al.,
2004) or during several generations (Wu et al., 2002¢). It is
very likely that these concerns will be addressed shortly.

The use of tissue-specific or wound-inducible promoters to
drive expression of insect-resistant genes in transgenic plants
has been suggested to reduce the biomass loss and delay
resistance among the target insect population (de Maagd
etal., 1999; Sharma et al., 2004). Breitler et al. (2001) demon-
strated that —689/+197 region of the maize protease inhibitor
gene provided high level, wound-inducible expression of Cry1B
gene in transgenic rice plants and the plants were highly
resistant to SSB damage. This report demonstrated that wound-
inducible expression of a Bt gene could provide full protec-
tion to transgenic rice plants. Another strategy for long-term
resistance against insects is the use of multiple genes with
different mode of action against the same pest or a range of
pests. It has been suggested that Cry7Ab or Cry1Ac could be
combined with either Cry1Ac, Cry2A or Cry9C for long-term
resistance in transgenic rice as CryTAb and Cry1Ac compete
for the same binding site in SSB and YSB (Alcantara et al.,
2004). Use of Bt genes stacked with snowdrop (Galanthus
nivalis) lectin gene, gna not only provided higher but also
a broad range of resistance against pests, including non-
lepidopteran sap-sucking insects (Magbool et al., 2001; Ramesh
et al., 2004a), on which the Bt genes have no effect alone
(Bernal et al., 2002). Stacking of genes is also an attractive
strategy for multiple pest tolerance (Datta et al., 2002).

The above discussion suggests that Bt rice technology has
progressed significantly in the new millennium. It has been
field-tested in several locations and as discussed later, the
biosafety studies have also been initiated. It is expected that
it will be commercially released in the next few years, most
probably first in China.

Insect resistance with genes other than Bt
Although Bt genes have been most successfully and widely
used for providing insect resistance in transgenic plants, it is

important to combine Bt with other insecticidal genes to
provide durable resistance. Plants themselves may be the
source of non-Bt insecticidal genes such as lectins, protease
inhibitors or ribosome inactivating proteins (Sharma et al.,
2004). Plant lectins are a heterogenous group of sugar-
binding proteins that have a protective function against a
range of organisms. The expression of mannose-specific lectin
gene gna has been used extensively in transgenic rice for
protection against a number of economically important homop-
teran, coleopteran and lepidopteran insects (Foissac et al.,
2000; Tinjuangjun et al., 2000; Tang et al., 2001b; Wu et al.,
2002d; Nagadhara et al., 2003, 2004) (Table 2). However,
protease activity, which would facilitate the degradation of
GNA protein, has been detected in the gut of rice brown plant
hopper (Nilaparvata lugens, BPH), thus limiting the activity
of these proteins (Foissac et al., 2002). The other important
sources of genes to produce insect-resistant plants are
genes encoding for proteinase inhibitors, as they are also part
of plant’s natural defence system against insect predation.
Transgenic rice plants expressing proteinase inhibitors from
various plant sources have been produced, and some have
been tested under field conditions. These include synthetic
gene coding for winged-bean trypsin inhibitors WTI-1B
(Mochizuki et al, 1999), Oryzacystatin, Cowpea trypsin
inhibitors, potato proteinase inhibitors Il and another class of
proteinase inhibitors, the Kunitz family represented by
soybean Kunitz trypsin inhibitors (reviewed in Tyagi et al.,
1999; Tyagi and Mohanty, 2000; Sharma et al., 2004) as well
as barley trypsin inhibitor BTI-CMe for resistance against rice
weevil Sitophilus oryzae (Alfonso-Rubi et al., 2003).

It is clear that research has now advanced to maximize
the potential of Bt and to a lesser extent, lectin-producing
rice plants. Advancements such as inducible expression of
the transgene, pyramiding of the resistance genes to broaden
the protection and delay the resistance of the insects
against these genes would certainly help in the commercial
application of insect resistant transgenic rice. Further, new
proteins with protease inhibitor activity (Lawrence and
Nielson, 2001; Hernandez et al., 2003) and lectins having
up to four times more binding ability to oligo/polyasaccha-
rides than GNA have been identified (Lopez et al., 2002). The
cloning of genes encoding for these proteins will offer a
choice of genes to produce insect-resistant transgenic rice
plants.

Resistance against fungal pathogens

In rice, partial resistance to fungal diseases through conven-
tional breeding has been achieved and could be increased
further by using genetic engineering approaches.
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Table 3 Recent advances in transgenic rice towards resistance against viral, fungal and bacterial diseases

Gene/function Source Performance of transgenic plant References

RDV minor core protein S5 gene RDV Ribozyme-mediated resistance to RDV Han et al. (2000)

RTSV replicase gene/RTBV RF2a RTSV/RTBV Tolerance to RTBV/disease-like symptoms Huet et al. (1999);

and RF2b transcriptional activators Petruccelli et al. (2001);
Dai et al. (2003; 2004)

Gene encoding for RRSV RRSV Protection against RRSV infection Chaogang et al. (2003)

39 kDa-viral spike protein

RHBV nucleocapsid protein (N) gene RHBV Protection against RHBV Lentini et al. (2003)

Pi-ta/NBS receptor class R gene rice Resistant to blast fungus, Magnaporthe grisea Bryan et al. (2000)

Rir1b/defence-related gene Rice Resistant to blast fungus, Magnaporthe grisea Schaffrath et al. (2000)

RC7/chitinase Rice Several cultivars of rice resistant to Rhizoctania solani  Datta et al. (2000);

Cry, Xa21 and RC7
C2/chalcone synthase

RCH10 (chitinase)/MOD1 (maize ribosome
inactivating protein)

chicC/chitinase

Ltp1/lipid transfer protein

pinA, pinB/antimicrobial/puroindoline protein
Defensin/defensin

TCS/trichosanthin, a ribosome inactivating
protein

GOX/glucose oxidase

afp/Antifungal protein (AFP)

Gns1/1,3; 1,4-B glucanase

RBBI2-3/serine protease inhibitor
OsSBP/selenium-binding protein homolog
NPR1/resistance gene involved in systemic
acquired resistance pathway
Xa21/resistance gene (leucine-rich repeat
receptor kinase like protein)

Xa21l

Xa26/leucine rice repeat
receptor kinase-like protein
cecB/cecropin B

ap1/Ferredoxin-like protein, AP1
Asthi1/thionins

YSB, bacterial blight
and sheath blight
Maize

Rice, maize

Streptomyces griscus
Rice

Wheat

Wasabi

Trichosanthes kirilowii

Aspergillus niger
Aspergillus giganteus
Rice

Rice

Rice

Arabidopsis

Rice

Rice

Rice

Bombyx mori

Sweet pepper
Oat

Gene-stacking for multiple disease tolerance

Expression of maize anthocyanin genes in rice for blast
resistance
Resistance against Rhizoctania solani

Resistant to M. grisea

Induced by pathogen attack

Resistance against M. grisea and R. solani
Resistant to M.grisea

Resistant to M.grisea

Tolerant to multiple biotic stresses

Tolerant to M. grisea

Resistant type lesions when infected with M. grisea
Blast resistant transgenic rice

Tolerance against fungal blast and bacterial blight
Transgenic rice tolerant to bacterial blight

Imparted bacterial blight tolerance to rice already
made blast resistant by marker-aided selection
Similar expression in different transgenic lines resistant
to bacterial blight

Another endogenous resistance gene for

tolerance against bacterial blight

Extra-cellular translocation of the transgenic protein
for protection against bacterial blight

Tolerance against bacterial blight

Transgenic rice resistant to Burkholderia plantarii

Datta et al. (2001)
Datta et al. (2002)

Gandikota et al. (2001)
Kim et al. (2003a)

Itoh et al. (2003a)
Guiderdoni et al. (2002)
Krishnamurthy et al. (2001)
Kanzaki et al. (2002)

Yuan et al. (2002)

Kachroo et al. (2003)
Coca et al. (2004)
Nishizawa et al. (2003)
Qu et al. (2003)
Sawada et al. (2004)
Chern et al. (2001)
Narayanan et al. (2002)
Zhai et al. (2004)

Sun et al. (2004)

Sharma et al. (2000)

Tang et al. (2001a)
Iwai et al. (2002)

Abbreviations: RDV, rice dwarf virus; RHBV, rice hoja blanca virus; RTBV, rice tungro bacilliform virus; RTSV, rice tungro spherical virus.

Relatively few R genes have been isolated in rice involved
in fungal resistance. In this context, the recently cloned Pi-ta
gene, a member of putative cytoplasmic NBS-receptor class R
gene holds much promise for resistance against blast (Bryan
etal., 2000). The authors demonstrated that there was a sin-
gle amino acid difference between the susceptible and resist-
ance alleles. Presence of alanine at residue 918 correlated
with gene-for-gene specificity of the Pi-ta/AVR-Pita system
(Bryan et al., 2000). The native resistance to sheath blight
has also been mapped (on chromosome 5) (Che et al., 2003).
The linked molecular markers were also identified using
a cross between one transgenic cultivar (resistant to sheath
blight as a result of expression of DNA fragments of Zizania
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caduciflora, a water-growing wild species of rice with high
resistance to sheath blight) and a susceptible cultivar (Che
et al., 2003).

The pathogenesis-related (PR) protein genes induced by
plant’s defence response is one of the important and widely
used genes to generate fungal resistant transgenic plants,
including rice (see Tyagi and Mohanty, 2000; Muthukrishnan
et al., 2001; Table 3). Of the various classes of PR proteins,
the important ones that have been shown to provide
resistance against fungal diseases are class PR-2 proteins (-
1,3-glucanases), PR-3 (chitinases) and PR-5 proteins (thaumatin-
like proteins) (Muthukrishnan et al., 2001). The role of chitinases
in fungal protection has also been well demonstrated in rice
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(Datta et al., 2000, 2001; Itoh et al, 2003b; Kim et al.,
2003a). The progenies of indica rice expressing PR-3 rice
chitinase gene showed variable levels of resistance against
sheath blight fungus, Rhizoctania solani (Datta et al., 2001).
The Rir1b gene belongs to a family of defence-related genes
(the WIRT family) that have been described so far only in cere-
als (Mauch et al., 1998). Transgenic Rirlb over-expressing
rice plants exhibited an increased but partial resistance to
infection by blast fungus Magnaporthe grisea (Schaffrath
etal., 2000). Over-expression of stress-inducible PR-2 protein
gene 1-3, 1-4 B glucanase gene Gns17 of rice in transgenic
plants showed resistant type lesions and activation of two
defence related PR-1 and PB21 genes but also led to abnormal
morphological features (Nishizawa et al., 2003).

Apart from PR genes, several other gene products have
been shown as good candidates to impart fungal tolerance in
rice plants (Table 3). These include proteins involved in path-
ogen attack such as lipid transfer proteins (Guiderdoni et al.,
2002), selenium-binding protein homolog (Sawada et al.,
2004), genes involved in flavonoids pathway (Gandikota
etal., 2001), plant antimicrobial compounds such as puroin-
doline proteins that are also involved in grain texture
(Krishnamurthy and Giroux, 2001; Krishnamurthy et al.,
2001), rice homolog of maize HC-toxin reductase (Uchimiya
et al., 2002), defensins (Kanzaki et al., 2002), trichosanthins
(Yuan et al., 2002), phytoalexins (Lee et al., 2004), protease
inhibitors (Qu et al., 2003), genes involved in cell death
(Kachroo et al., 2003; Matsumura et al., 2003) other proteins
such as antifungal protein (AFP) from Aspergillus flavus (Coca
et al., 2004) and mycotoxin detoxifying compounds (Higa et
al., 2003).

Transgenic rice resistant against fungal diseases is still in its
developmental stage. The R genes for fungal resistance have
been cloned recently (Bryan et al., 2000). Regulated/tissue-
specific expression of these genes in transgenic rice is a great
prospect for imparting fungal resistance in rice.

Resistance against bacterial diseases

Earlier studies showed bacterial blight resistant transgenic
rice expressing the endogenous resistance gene, Xa21 (Song
et al., 1995). Since then, this gene has been introduced to
several rice varieties by transformation or through conven-
tional breeding (reviewed in Giri and Laxmi, 2000; Tyagi and
Mohanty, 2000). The Xa21 transgenic plants have also been
field-tested (Tu et al., 2000a; Table 5). This gene seems to be
the best candidate so far to produce bacterial blight-resistant
transgenic plants (Table 3) or along with other genes to pro-
vide multiple stress tolerance (Datta et al., 2002; Narayanan
et al., 2002). Moreover, in contrast to other reports, its

expression does not seem to be variable even if integrated in
different chromosomes (Zhai et al., 2004). Recently, another
resistance gene, Xa26 has been isolated from rice and shown
to encode a similar protein and effect in transgenic plants as
Xa21 gene (Sun et al., 2004). Interestingly, the disease resist-
ance pathway may be conserved in monocots and dicots as
expression of Arabidopsis NPR1 (a key regulator of systemic
acquired resistance) in rice provided tolerance to bacterial
blight (Chern et al., 2001).

Apart from resistance genes, several other genes have
been tested for imparting bacterial resistance in transgenic
rice. Cecropins, a family of potent antibacterial peptides in
the immune haemolymph of the Cecropia moth, have been
expressed in transgenic plants but with mixed results (Florack
et al., 1995; Huang et al., 1997). It was later known that
Cecropin B transgenic plants did not express the protein at
detectable levels and probably degraded by host peptidases
(Mills et al., 1994). The protein from Bombyx mori was
translocated into extra-cellular spaces in transgenic rice by
fusing the coding sequences of the mature protein to the
signal peptide of chitinase gene. The transgenic plants showed
enhanced tolerance to Xanthomonas oryzae infection (Sharma
etal., 2000). Transgenic rice plants expressing ferredoxin-like
protein, AP1 from sweet pepper showed resistance to X.
oryzae pv. oryzae (Tang et al., 2001a). Transgenic rice plants
have also been produced that are resistant to Burkholderia
plantarii (previously classified to Pseudomonas) and more
importantly, grain rot caused by Burholderia glumae, which is
an important pathogen of upland rice in Japan, by expressing
one of the five oat thionins, Asthi (Iwai et al., 2002).

It is clear from above discussion that significant progress
has been made to produce transgenic rice plants resistant to
bacterial blight, mainly due to the discovery of endogenous
resistance gene, Xa21 and more recently Xa26. Field trials of
Xa21 transgenic rice plants suggested a significant increase in
yield because of less damage caused by X. oryzae (Tu et al.,
2000a). This gene is certainly a great candidate for commer-
cial release of bacteria-resistant transgenic rice plants.

Resistance against viruses

Rice tungro disease is the most severe viral disease of rice. It
is caused by infection from two viruses. This disease is caused
by rice tungro bacilliform virus (RTBV), while rice tungro
spherical virus (RTSV) assists the transmission of viruses by
vector green leafhopper, Nephotettix virescens. Earlier stud-
ies have characterized RTBV and RTSV genomes and virus-
resistant transgenic rice plants have been produced using the
coat protein mediated resistance strategy. Another strategy
for producing virus-resistant plants is the replicase mediated
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resistance (Rep-MR) strategy (Palukaitis and Zaitlin, 1997).
Huet et al. (1999) produced transgenic rice plants containing
the RTSV replicase gene in sense as well as antisense orienta-
tion. The transgenic plants with antisense sequences showed
moderate resistance to RTSV. Further, the accumulation of
viral RNA in sense transgenic plants suggested that RTSV-Rep-
MR is RNA-mediated resistance. The RTSV-resistant transgenic
plants could not assist in the transmission of RTBV (Huet
etal., 1999).

The elements that provide specificity to RTBV promoter are
also known. These elements known as RF2a and RF2b are
bZIP transcription activators and are involved in transcrip-
tional regulation of the RTBV promoter (Petruccelli et al.,
2001; Dai et al., 2003) Transgenic rice plants with reduced
RF2b levels showed disease-like symptoms (Dai et al., 2004).
It has been proposed that interactions of multiple host factors
including RF2a and RF2b control the phloem-specific expres-
sion of RTBV promoter and perhaps also control RTBV repli-
cation (Dai et al., 2004). Resistance has also been obtained in
transgenic rice against several other important viruses using
various mechanisms (Zheng et al., 2000; Han et al., 2000;
Upadhyaya et al., 2001; Chaogang et al., 2003; Lentini et al.,
2003) (Table 3).

As depicted previously, significant progress has been made
in producing transgenic rice resistant to important rice pests.
The need of the hour is multigene transgenics aiming
towards resistance against multiple pathogens. The availabil-
ity of complete rice genome sequence has opened up the
way. It is expected that it would be possible to test multiple
candidates for their efficacy in obtaining durable resistance
derived from transgenics.

Rice genetic engineering for abiotic stress
tolerance

It has been estimated that abiotic stresses such as drought,
salinity, extreme temperatures, submergence and oxidative
stress reduce crop yield worldwide by more than 50%
(Bray et al., 2000). These stresses are often interconnected,
cause similar cellular damage and activate similar cell-signalling
pathways (Shinozaki and Yamaguchi-Shinozaki, 2000; Zhu,
2001; Zhu, 2003). Several proteins, antioxidants and compat-
ible solutes are induced as a result of abiotic stress responses.
Many plant species have been produced over-expressing
these compounds and tested for various abiotic stresses,
most prominent being salt/drought tolerance (Bajaj et al.,
1999; Apse and Blumwald, 2002). Recently, the focus has
been to engineer abiotic stress tolerance by over-expressing
structural and regulatory proteins to activate the multistep
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cascade involved in stress response (see Zhang et al., 2004).
However, most of this research has been carried out in model
plants such as Arabidopsis and tobacco. Therefore, the chal-
lenge is to translate the information obtained from model
plants into commercial crop varieties (Zhang et al., 2004). We
have tried to discuss transgenic rice tolerant to these stresses
in separate sections but in many instances, the plants
expressing one gene have been shown to be tolerant against
multiple stresses (Table 4).

Tolerance to water deficiency and salinity

Drought and salt stresses are the most important factors that
reduce crop yield in rice. The transgenic approach is one of
the various options available to enhance salt tolerance in crop
plants (Flowers, 2004). Engineering of many genes that
imparted tolerance to dehydration and/or salinity tolerance in
transgenic model dicot species (see Bajaj et al., 1999; Tyagi
and Mohanty, 2000), have been extended to crop plants such
as rice (Table 4). Further, many new genes have been isolated
that provide salt and water-deficit tolerance in model plants
(Singla-Pareek et al., 2003; Majee et al., 2004; Mukhopad-
hyay et al., 2004; Vannini et al., 2004, reviewed in Flowers,
2004; Zhang et al., 2004).

Salt also causes oxidative stress that results in generation of
active oxygen species. Therefore, suppression of active oxygen
production may result in protection against salt stress. Using
this approach, Hoshida et al. (2000) developed transgenic rice
plants expressing rice chloroplastic glutamine synthase (GS2).
Transgenic plants with high GS2 levels showed increased
photorespiration capacity and high tolerance to salt stress
and possibly chilling stress (Hoshida et al., 2000). It has been
suggested that the effect of each individual gene on conferring
abiotic stress tolerance would be rather small; therefore,
multigene approach or activation of multiple genes through
transcriptional activation of master regulatory genes can
confer much greater tolerance (Jaglo-Ottosen et al.,, 1998;
Bajaj et al., 1999). It is known that cytoplasmic Ca*™ levels in
plants increase rapidly in response to a variety of abiotic
stresses followed by a cascade of protein phosphorylation/
dephosphorylation performed predominantly by members of
Ca** dependent protein kinase (CDPK) family (Sanders et al.,
1999). The function of a rice cold and salt-inducible CDPK,
OsCDPK17 was investigated in transgenic rice plants (Saijo et
al., 2000). The authors demonstrated that over-expression of
OsCDPK17 enhanced induction of some stress-responsive
genes including genes coding for late embryogenesis abun-
dant (LEA) proteins in response to salt/drought stress and
imparted tolerance to salt/drought stress. Xiong and Yang



286 Shavindra Bajaj and Amitabh Mohanty

Table 4 Recent advances in transgenic rice tolerant to various abiotic stresses

Gene/function Source Performance of transgenic plant References
GS2/glutamine synthase Rice Tolerant to salt and possibly chilling stresses Hoshida et al. (2000)
OsCDPK7/calcium-dependent protein Rice Tolerant to salt and drought stresses Saijo et al. (2000)
kinase
OsMAPK5/MAP kinase Rice Inverse modulation of biotic and abiotic Xiong and Yang (2003)
stress tolearance by MAP kinase
YK1/rice homolog of maize HC toxin Rice Tolerant to multiple abiotic stresses Uchimiya et al. (2002)
reductase including salt and submergence
OsNHX1, AgNHX1/ Rice, Tolerance to salt stress Ohta et al. (2002);
Na*/H* antiporter HVPIP2; 1/aquaporins Atriplex Differential response to salt-stress Fukuda et al. (2004); Katsuhara et al. (2003);
gmelini, rice Lian et al. (2004)
Barley
Adc, Samdc/polyamine biosynthesis Datura/oat/ Salt/drought tolerant Roy and Wu (2001; 2002); Capell et al. (2004)
tritordeum

HVAT/LEA proteins

Barley, wheat

Tolerant to salt and dehydration stress

Tolerant to salt and/or drought stress

Multiple abiotic stress tolerance such as salt,

Stress induced transgene expression

Improved photosynthesis and growth at low

Enhanced germination and growth under

Transformation of rice sp/7 mutant with Sp/7
show tolerance to heat stress
Tolerant to high temperatures

codA/glycine betaine Arthrobacter
globiformis
OtsA, OtsB/trehalose biosynthesis E. coli
drought and cold
p5cs/proline biosynthesis Mothbean
pdc1, adc/pyruvate decarboxylase/ Rice Submergence tolerant
alcohol dehydrogenase
AGPAT, SGPAT/fatty acids biosynthesis Arabidopsis,
spinach temperatures
Cat/catalase Wheat Cold tolerant
GST/CGlutathione S-transferase Rice
low temperature
Spl7/heat-stress transcription factor Rice
hsp101, hsp17.7/heat-shock proteins Rice
naatA, naatB/biosynthesis of mugenic Barley Tolerant to iron deficiency

acid phytosiderophores

Cheng et al., 2002; Rohila et al., 2002;

Babu et al. (2004)

Sakamoto and Murata (2002); Mohanty et al.
(2002); Sawahel (2003)

Garg et al. (2002); Jang et al. (2003)

Su and Wu (2004); Hur et al. (2004)
Quimio et al. (2000); Rahman et al. (2001)

Ariizumi et al. (2002)

Matsumara et al. (2002)
Takesawa et al. (2002)

Yamanouchi et al. (2002)
Katiyar-Aggarwal et al. (2003); Murakami et al.

(2004)
Takahashi et al. (2001)

Abbreviations: adc, arginine decaboxylase; codA, choline oxidase; hsp, heat-shock protein; GPAT, glycerol-3-phosphate acyl transferase; LEA, late embryogenesis-
abundant protein; MAPK, mitogen activated protein kinase; Naat, nicotianamine aminotransferase; OtsA and OtsB, E. coli trehalose biosynthesis genes encoding

for trehalose phosphate synthase (TPS) and trehalose phosphate phosphatase (TPP); pdc, puruvate decarboxylase; P5CS, A-pyrroline-5-carboxylste synthase; Spl,

spotted leaf.

(2003) isolated and characterized a stress responsive MAPK
gene, OsMAPKS5 from rice whose expression could be induced
by ABA and various biotic (fungal and bacterial) as well as abiotic
(wounding, drought, salt and cold) stresses. Generation of
transgenic plants either over-expressing or knockouts (using
RNA interference) of OsSMAPKS5 led to interesting results. The
suppression of OsSMAPKS5 expression resulted in activation of
rice PR proteins leading to resistance to fungal and bacterial
pathogens. Plants over-expressing OsMAPK5 exhibited increased
tolerance to drought, salt and cold stresses. These studies
demonstrated that ABA-inducible MAPK inversely modulates
broad-spectrum disease resistance and abiotic stress tolerance
(Xiong and Yang, 2003). Similarly, the dehydration responsive

element (DRE) with core sequence A/GCCGAC has been
identified as a cis-acting promoter element that activates
expression of several genes under abiotic stress conditions
(Yamaguchi-Shinozaki and Shinozaki, 1994). Dubouzet et al.
(2003) isolated 5 rice DREB orthologs of Arabidopsis
named as OsDREBTA, OsDREB1B, OsDREB1C, OsDREB1D
and OsDREB2A and analysed their function in Arabidopsis.
The authors said that they generated transgenic rice
over-expressing various OsDREB proteins in combination
with several promoters and suggested that OsDREB1A could
be very useful for producing transgenic dicot and monocot
plants with higher tolerance to drought, salt and/or cold
stresses. However, it should be noted that constitutive
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over-expression of these factors may cause aberrant pheno-
type (Shen et al., 2003), so these genes need to be expressed
under regulated/inducible promoters.

At the physiological level, adaptation to high salinity in
plants comes from the proteins involved in ion or water
transport such as Na*/H* antiporter, Na + ATPase and
aquaporins (Serrano and Rodriguez-Navarro, 2001). Induci-
ble expression of these proteins is also an attractive strategy
for studying salt-tolerance in rice (Ohta et al., 2002; Katsu-
hara et al., 2003; Fukuda et al., 2004; Hanba et al., 2004;
Lian et al., 2004).

Accumulations of osmolytes or compatible solutes in
plants have also been implicated in salt/drought tolerance
(see Bajaj et al., 1999; Wang et al., 2003 for earlier references).
These include LEA proteins (Xu et al., 1996; Cheng et al.,
2002; Rohila et al., 2002; Babu et al., 2004), glycine
betaine (Sakamoto et al., 1998; Mohanty et al., 2002;
Sakamoto and Murata, 2002; Sawahel, 2003), Trehalose (Garg
etal., 2002; reviewed in Jang et al., 2003; Penna, 2003) and
proline (Hur et al., 2004; Su and Wu, 2004). Significantly,
stress-inducible or tissue-specific expression of trehalose bio-
synthesis in rice led to high levels of resistance to salt, drought
and low temperatures (Garg et al., 2002). Among the osmo-
lytes, glycine betaine produced by choline oxidase (codA)
from Arthrobacter globiformis, which catalyses conversion
of choline to glycine betaine in a single step, holds lot of
promise. When challenged with high salt stress, more than
50% transgenic plants harbouring codA gene recovered
well and set seed. This yield gain is significant as under same
conditions, wild-types plants failed to survive (Mohanty et al.,
2002).

Other compounds recently tested for salt/drought toler-
ance are polyamines (PAs) (Roy and Wu, 2001; 2002). PAs are
low molecular weight polycationic molecules that are impli-
cated in various growth and developmental processes includ-
ing stress responses (Bajaj and Rajam, 1995, 1996; Malmberg
et al., 1998; Shoeb et al., 2001). Recently, modulation of PA
biosynthesis in transgenic rice conferred tolerance to drought
stress (Capell et al., 2004).

Submergence tolerance

Submergence of crops caused by flooding is also a major fac-
tor of crop loss. Engineering rice for submergence tolerance
can be very useful for the crops grown in lowland areas that
are vulnerable to flash flooding (Table 4). During submer-
gence, plants are exposed to anaerobiosis and respond to it
by switching from oxidative to substrate-level phosphoryla-
tion through fermentation using enzymes such as pyruvate

© Blackwell Publishing Ltd, Plant Biotechnology Journal (2005), 3, 275-307

Genetically superior transgenic rice 287

decarboxylase (PDC) and alcohol dehydrogenase (ADH)
(Quimio et al., 2000). Rice plants expressing rice pdc? gene
showed higher PDC levels and ethanol production that was
positively correlated with survival after submergence (Quimio
et al., 2000) but not for anoxia tolerance although progenies
of crossed plants overproducing both PDC and ADH did
show increased anoxia tolerance and reduced acetaldehyde
production (Rahman et al., 2001).

Other enzymes implicated in submergence response of
rice include 1-aminocyclopropane-1-carboxylic acid synthase
encoded by ACS gene. By using in situ hybridization and
histochemical analyses of GUS activity in transgenic rice
expressing OsACS5-qus fusion, Zhou et al. (2002) showed
that OsACS5 mRNA is localized in specific cells and tissues
both during normal development and under submergence
conditions. The expression was strongly induced under com-
plete submergence in vascular bundles of young stems
and leaf sheaths, although the tolerance of ACS5 plants to
submergence stress remains to be demonstrated. Over-
expression of rice YK7 (maize homolog of HC-toxin reductase)
gene in rice also resulted in increased submergence tolerance
(Uchimiya et al., 2002).

Tolerance to extreme temperatures

As described earlier, the pathways for adaptation to various
abiotic stresses in plants are often interconnected and cause
similar damage and activate similar cell signalling pathways
(Shinozaki and Yamaguchi-Shinozaki, 2000; Zhu, 2003). There-
fore, manipulation of these pathways in transgenic plants
may provide tolerance to multiple abiotic stresses including
cold stress (Kishitani et al., 2000; Ariizumi et al., 2002; Garg
etal., 2002; Matsumura et al., 2002; Takesawa et al., 2002;
Jang et al., 2003).

A heat stress transcription factor (Sp/7) has been cloned
from rice and its over-expression in sp/7 mutant suppressed
the leaf-spot development induced by high temperature
(Yamanouchi et al., 2002). High-temperature tolerant rice
plants have also been produced by over-expressing either
etal.,, 2003;
Murakami et al., 2004) or enzymes involved in oxidative-
stress tolerance (Kishitani et al., 2000; Kouril et al., 2003)
(Table 4).

heat-shock proteins (Katiyar-Aggarwal

Mineral deficiency tolerance

Rice is extremely sensitive to low mineral concentrations,
especially iron. Low iron availability to rice crops arises due to
high soil pH making iron ions sparingly soluble and unavailable
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to plants even though sufficient iron is present in soils
(Takahashi, 2003). Interestingly, other cereals such as barley
are not very sensitive to iron deficiency. They release low
molecular weight compounds called phytosiderophores
from their roots in response to iron deficiency. The phytosi-
derophores form a complex with Fe (lll) in soil to solubilize
iron and this complex can be taken up by grasses via a specific
phytosiderophore receptor (Guerinot, 2001). The enzymes of
barley phytosiderophore biosynthesis are tested in transgenic
rice (Kobayashi et al., 2001). Rice plants expressing iron-
metabolizing genes from other cereals represent an attractive
strategy to eliminate iron-deficiency (Takahashi, 2003). There-
fore, two cDNAs, naatA and naatB encoding for nicotianamine
aminotransferase (NAAT), one of the critical enzymes in
the biosynthesis of mugenic acid phytosiderophores were
introduced into rice. The transgenic plants grown in alkaline
soil (pH 8.5) had higher NAAT activity, secreted larger amounts
of phytosiderophores than controls and showed high tolerance
to low iron. Further, the transgenic plants had more than four
times greater yield than non-transgenic plants in alkaline soil
(Takahashi et al., 2001) (Table 4). However, the transgenic
plants were not tested for iron content.

Other enzymes involved in the biosynthesis of mugenic acid
phtosiderophores, nicotianamine synthase (NAS) gene from
barley and rice have also been induced under iron-deficient
conditions (Higuchi et al., 2001; Inoue et al., 2003; Koike
etal., 2004). Of these, OsYSL2 was demonstrated to be a rice
metal NA transporter and responsible for phloem-transport
of iron and manganese and translocation of these metals into
rice grain (Koike et al., 2004). It would be interesting to see
if over-expression of these genes can provide low iron toler-
ance to rice as well as increase iron content in transgenic rice.

Herbicide tolerance

Herbicide tolerance is an important agronomic trait that pro-
vides an efficient and flexible way of weed control. In addi-
tion, this can also be used as selectable marker in transgenic
plants. Two genes commonly used to develop herbicide tol-
erant plants are bar gene isolated from Streptomyces hygro-
scopicus that detoxifies herbicide glufosinate, and EPSPS
isolated from Agrobacterium strain CP4 that detoxifies her-
bicide glyphosate. Herbicide tolerant transgenic rice plants
expressing bar gene have been produced during the early
stages of rice transformation research (reviewed in Tyagi and
Mohanty, 2000) and have been the priority trait for field trials
(Oard et al., 1996, 2000).

Significant research has been done in the last five years to
investigate other sources of genes that can provide herbicide

tolerance in transgenic rice. For example, transgenic rice
plants expressing Bacillus subtilis protoporphyrinogen
oxidase (protox) (a penultimate step enzyme of the branch
point for the biosynthetic pathway of chlorophyll and hemes)
were resistant against herbicide oxyfluorfen (Lee et al., 2000;
Jung et al.,, 2003, 2004; Ha et al., 2003). Transgenic rice
over-expressing a human cytochrome P450s showed variable
response to herbicides (Inui et al., 2001; Kawahigashi et al.,
2002, 2003). Although as discussed later, rice expressing
human genes may not be acceptable because of ethical
reasons.

The previous reading shows that rice has been transformed
to provide tolerance against several abiotic stresses. In few
cases, the modulation of one pathway led to multiple stress
tolerance (Garg et al., 2002; Xiong and Yang, 2003). Further,
many new proteins including structural proteins have been
identified to provide stress tolerance in model plants. It would
be a matter of time, when they would be introduced in com-
mercial crops like rice. However, it would be too early to com-
ment on the yield enhancement of rice or any other crop
under abiotic stress conditions, unless they are field-tested
(Flowers, 2004).

Nutritional enhancement of rice using
transgenic approach

When it is said that ‘there is enough food to feed the world’,
it probably refers to staple crops such as rice, on which most
of the developing world depends as the source of their
calories. While rice may be sufficient for surviving, a range of
non-staple foods such as fruits, vegetables, pulses apart from
animal and fish products are necessary for healthy and
productive life (Zimmermann et al., 2002; Bouis et al., 2003).
Although it can be argued that even these foods are available
in plenty but their high costs prevent their access to millions
in developing world. This has resulted in widespread micro-
nutrient under-nutrition in poor countries (Bouis et al., 2003).
Thus, an increase in nutritive value of rice could be highly
significant because of its high per capita consumption and
would probably supplement the insufficient intake of fruits
and vegetables by people in developing countries. Various
strategies are being evaluated including breeding and genet-
ically modified plants for the biofortification of cereals, rice in
particular, for micronutrient content (Poletti et al., 2004).

Provitamin A-enriched rice

It is estimated that about 3 million children of preschool
age suffer from eye defects owing to vitamin A deficiency

© Blackwell Publishing Ltd, Plant Biotechnology Journal (2005), 3, 275-307



and about 500 000 of them go blind and some of them die
(Bouis et al., 2003). In this context, the recent landmark
development of provitamin A-enriched rice (Ye et al., 2000),
popularly known as ‘golden rice’ has immense significance.
Ye et al. (2000) introduced entire B-carotene biosynthesis
pathway into rice endosperm in a single transformation step;
the genes for phytoene synthase (psy) and lycopene B-cyclase
(B-Icy) came from daffodil and the gene for phytoene desat-
urase (crt7) was of bacterial origin. Later, it was observed that
co-transformation and presence of -Icy were not necessary
and psy and crt1 alone could drive B-carotene synthesis. Fur-
ther advances included production of golden indica rice and
use of mannose selection systems to avoid use of antibiotic
selectable marker (Beyer et al., 2002; Datta et al., 2003;
Hoa et al., 2003). Nevertheless, it is estimated that if golden
rice replaces the conventional rice, total provitamin A
intakes would increase by 25% for adult women and
preschool children (Bouis et al.,, 2003). Thus, it should be
viewed as one and not the only tool of nutritional fortifica-
tion (Dawe et al., 2002). Already, programmes have been
initiated in developing countries such as India to breed this
pathway into popular rice varieties (Potrykus, 2001; Sharma
et al., 2003).

Mineral enrichment

It has been estimated that over three billion people in devel-
oping countries are iron deficient (Lucca et al., 2001a) and
the problem is more severe in women and children, as half of
this population is said to be anaemic in developing countries.
Further, commercial milling removes outer layer of rice thus
reducing iron in the grain. Therefore, transgenic rice with
high iron content expressed in the endosperm would help to
solve this problem.

Lonnerdal (2003) outlined different approaches to increase
trace element nutrition using genetically modified plants. The
studies that have improved rice for iron nutrition are dis-
cussed in succeeding discussions.

Increases the iron content
Human lactoferrin, the major iron-binding protein in breast
milk has been over-expressed in rice either in grains or in cell
cultures (Nandi et al., 2002; Suzuki et al., 2003). Transgenic
plants with high lactoferrin levels were selected and field-
tested (Lonnerdal, 2003). Thus, production of lactoferrin in
rice would help as supplement in infant formula to increase
iron content.

For meeting iron requirements in adults, a protein such as
ferritin that could bind to more metal ions per molecule
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would be required. Earlier, Goto et al. (1999) expressed
soybean ferritin gene in rice and showed that rice iron
content was doubled in the transgenic plants. Interestingly,
transgenic rice expressing ferritin when fed to anaemic rats
could replenish haematocrit, haemoglobin and liver iron con-
centrations (Murray-Kolb et al., 2002). This is in contrast to
earlier reports that suggested iron levels only increased
sufficient enough in vegetative tissue but not in seeds in
transgenic rice (Drakakaki et al., 2000). Lucca et al. (2001a)
introduced ferritin gene from Phaseolus vulgaris into rice and
increased the iron content by 2-fold. Recently, Vasconcelos
et al. (2003) showed that soybean ferritin gene driven by
endosperm-specific glutelin promoter led to high accumulation
of iron and zinc levels not only in brown rice but also in
polished transgenic grains. Thus, this rice would remain rich
in iron even after commercial milling.

Improves the bioavailability of iron

Phytic acid in the diet strongly reduces iron absorption. The
enzyme phytase hydrolyses phosphate from phytic acid and
can inhibit its activity thus, improving trace element bioavail-
ability (Sandberg et al., 1996). Lucca et al. (2001a) also intro-
duced a thermotolerant phytase from Aspergillus fumigatus
and rice cysteine rice metallothionin like protein into rice.
The seeds of transgenic rice plants expressing these genes
showed significant increase in phytase activity and degraded
phytic acid under simulated digestion experiments. How-
ever, the phytase did not retain its property after cooking
(Luccaetal., 2001a). Overproduction of phytase in transgenic
rice as a result of introduction of two genes Srpfl from bacterium
Selenomonas ruminantium and appA from Escherichia coli
resulted in high conversion of activity over broad pH ranges
and hence the potential to increase phosphate availability and
can be used as feed additive for improving phytate-phosphorus
digestibility in monogastric animals (Hong et al., 2004).

Increasing amino acid levels

As discussed previously, rice is a primary source not only
of calories but also as a protein source for poor people. How-
ever, similar to seed proteins of other cereals, seed proteins
of rice are deficient in some essential amino acids (Lee et al.,
2001). Transgenic rice with balanced amino acid composition
will further help in maintaining healthy and nutritional
diet. So far, transgenic rice have been produced that have
increased levels of glycinins (Katsube et al., 1999); lysine
(Leeetal., 2001; Wu et al., 2003); tryptophan (Tozawa et al.,
2001); sulphur-rich storage seed protein such as cysteine
and methionine (Hagan et al., 2003; Lee et al., 2003).
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Interestingly, it has been shown that low-storage protein
mutants can accumulate higher levels of foreign gene
products than the normal host plant (Tada et al., 2003). In
some applications, it is desirable to reduce the level of
amino acids as demonstrated by (Maruta et al., 2002). Rice
plants transformed with glutelin A antisense gene resulted
in decrease in glutelin levels. Rice wine, ‘Sake’, brewed from
these transgenic lines was found to contain up to 40% less
amino acid and was of superior quality as excess amino
acids in Sake provides rough taste and accelerates quality
deterioration (Maruta et al., 2002). Similarly, low protein
rice cultivar can be fed to patients who require low protein
intake. A mutation, low glutein content 1 (lgc7) is a dominant
mutation that reduces glutelin content in rice seeds. This
mutation was shown as a result of 3.5 kb deletion between
two highly similar glutelin gene in /gc? homozygotes that
forms a tail-to-tail inverted repeat and could form a double-
stranded RNA molecule resulting in RNA silencing (Kusaba
et al., 2003). This was confirmed using the same region in
transgenic rice plants and provides example of natural
occurrence of RNA silencing and is one of the many applica-
tion of RNA interference (RNAI) technology (Kusaba et al.,
2003; Kusaba, 2004).

Improving oil quality in rice

Rice bran is an important oil source but lacks high levels of
o-linolenic acid, which is beneficial for health. The soybean
microsomal omega-3 fatty acid desaturase cDNA, the enzyme
of which converts linoleic acid to o-linolenic acid driven by
maize ubiquitin-1 promoter was introduced into rice (Anai
et al., 2003). Seed oil from transgenic rice showed increased
levels of a-linolenic acid content and comprised up to 46.8%
of total rice seed oil while control seeds had a-linolenic acid
content of only 3.5% (Anai et al., 2003).

Manipulation of starch content

Starch is one of the most important nutritional components
of human food. Therefore, improvement of starch quality
and quantity is very important. The major components of the
starch are amylopectin and amylose; the ratios of these
molecules affect the properties of processed starch in food
industry. Hence, control of amylose in starch is a major
objective in crop improvement (Visser and Jacobsen,
1993).

The waxy (wx) locus encoding for granule bound starch
synthase for synthesis of amylose has been extensively stud-
ied in maize. In rice, two wx alleles are known to exist, wx?

and wx®. Indica rice has wx? allele whereas japonica rice has
wx® (Hirano et al., 1998). A substitution mutation at the 5’
splice site of I intron causes wx” to produce smaller mRNA
and has lower amylose levels than wx?® (Hirano et al., 1998).
Using transgenic technology, the amylose content has been
manipulated in both indica and japonica varieties (Terada et
al., 2000; Liu et al., 2003; Itoh et al., 2003a). The mechanism
of wx transcription has been studied in rice. It has been
shown that a MYC protein OsBP-5 interacts with EREBP
protein (Os-EPB-89) to regulate wx transcription. Further,
decrease in OsBP-5 mRNA by using RNAI also lead to decline
in amylose content in transgenic plants without affecting the
phenotype (Zhu et al., 2003). The wx gene has also been
modified using gene targeting (Terada et al., 2002). The amy-
lopectin content in rice has been manipulated to generate
novel starches (Tanaka et al., 2004).

Transgenic rice for producing recombinant
compounds

With genetic manipulation of several plants being routine, it
is possible to express many recombinant molecules in these
plants, making them a ‘factory’ for the production of macro-
molecules for pharmaceutical (such as antibodies (Torres
et al.,, 1999), nutraceutical and animal feed). These highlight
the potential benefits of these plants for the production of
recombinant molecules and some hold promise for large-
scale commercial application (Stoger et al., 2000; Herbers,
2003). It is expected that some of the plant-produced com-
pounds will soon complement existing systems as well as add
value to agriculture (Raskin et al., 2002). Cereal grains offer
even more advantages as the recombinant molecules driven
by endosperm-specific expression can be produced in large
amounts and stored safely in the endosperm cells. Consider-
able progress has been made to make use of transgenic rice
as a ‘recombinant protein’ factory, the prominent examples
being expression of human lactoferrin (Nandi et al., 2002;
Suzuki et al., 2003), human lysozyme (Yang et al., 2001;
Huang et al., 2002a,b) and recombinant pollen allergen
(Okada et al., 2003).

Transgenic rice cell cultures were also shown to produce
recombinant human a,-antitrypsin (rAAT) (Terashima et al.,
2002; Trexler et al., 2002). Similarly, biologically active
human insulin-like growth factor-1 (hIGF-1) that resembles
insulin has also been expressed in rice (Panahi et al., 2004).
Further, transgenic rice has also been explored for the
production of industrial enzyme, transglutaminase by over-
expresssion of the prostrate transglutaminase (fTGP) gene
(Claparols et al., 2004). However, it must be cautioned that
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over-expression of such proteins may induce severe structural
and biochemical changes in native plant (Yang et al., 2003).

The previous discussion highlights some of the progress in
the application of transgenic rice producing recombinant
compounds. Since the research is still in its infancy, it would
be too early to comment on its commercial feasibility.

Biosafety of transgenic rice

There are several issues related to the safe release of trans-
genic crops into the environment. These often led to negative
perception about genetically modified organisms (GMOs)
even though the transgenic crops have been commercially
grown for 8 years (James, 2003). It has been suggested that
failure to establish an explicit terminology to categorize
various applications of gene technology in breeding is one of
the reasons about the negative perception of GMOs (Nielsen,
2003). Biosafety of transgenic rice would attract more
scrutiny, as it is the staple diet for half of the world's population.
Moreover, rice has been modified not only for agronomic
traits but also for its nutrient content leading to a situation
where no precedence exists for the safety evaluation of these
traits. In this section, we will address the major biosafety
issues and more importantly, necessary regulatory studies
required and initiated for safe release of transgenic rice. We
have tried to incorporate the progress in this area with the
guidelines recommended for the safe release of GMOs
by international institutions such as Food and Agriculture
Organisation (FAO), World Health Organisation (WHO),
Organisation of Economic Cooperation and Development
(OECD) and International Life Science Institute (ILSI). More
detailed aspects have been covered by various reviews that
have been published recently (Conner et al., 2003; Taylor,
2003). Also, government regulations in individual countries
to oversee the safe release of GM crops have been reviewed
extensively (Nap et al., 2003; Jaffe, 2004). The July 2004
issue of Food and Chemical Toxicology (Vol. 42, issue 7,
pp. 1043-1202) extensively discusses the European legisla-
tions in various aspects of GM food.

Of all the biosafety issues being debated, the most impor-
tant issues being related to rice are: (a) crop to wild gene flow
(b) food safety of transgenic rice and (c) impact on non-target
organisms. We feel that only certain issues may be more
important while analysing a specific trait. For example, it is of
less concern if golden rice genes spread to wild relatives of rice
but it needs thorough food safety evaluation. On the other
hand, pollen-mediated gene flow is an important issue
while evaluating the bio-safety of herbicide-resistant rice. For
example, the weedy rice (red rice), which often grows within
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the cultivated rice field (Messeguer et al., 2004), can acquire
the gene for herbicide tolerance through cross-fertilization.

Crop-to-wild gene flow

Itis known that many crops are sexually compatible with their
wild relatives, which are often weeds. Thus, crop-to-wild
gene flow can have a significant impact on the wild popula-
tions (Jarvis and Hodgkin, 1999). Although rice is primarily a
self-pollinated crop but cross-pollination does occur in rice.
Certain wild relatives of cultivated rice exist, grow near culti-
vated rice and are sexually compatible with each other (Song
etal., 2002). Therefore, ecological consequences of crop-
to-wild gene flow in rice need to be addressed for effective
conservation of genetic resources and risk assessment of
transgenic crops (Song et al., 2003). Recently, Song et al.
(2003) studied the gene flow from cultivated rice to the
wild species Oryza rufipogon, the ancestor of cultivated rice.
They showed that the gene flow occurred at a considerable
rate (around 3%) and distance up to 43 m. Similar results
were obtained in another field trial (Chen et al., 2004). How-
ever, other studies reported a low rate of gene flow from
transgenic rice to red rice and conventional rice (Messeguer
etal., 2001, 2004) or from transgenic rice to red rice (Zhang
et al., 2003). Similarly, field trial of insect resistant rice also
reported a low gene flow from transgenic to conventional
rice (Bashir et al., 2004; Table 5).

Many resistance genes have been transferred to cultivated
rice through conventional breeding. It must be noted that so
far there has been no known cases where wild or weedy rice
biotypes of Oryza sativa such as red rice have become more
aggressive as a result of outcrossing with cultivated rice with
resistance genes (High et al., 2004).

Food safety evaluation of transgenic rice

It has been generally agreed that food safety assessment of
transgenic crops requires an integrated, step-wise, case-by-
case approach and is directed by the results of a comparison
between the genetically modified food and its conventional
counterpart (WHO, 2000). The factors that is to be taken into
account include the identity, source, composition, effects of
processing/cooking, the transformation process itself, the
recombinant DNA, expression of novel proteins, potential
toxicity and allergenicity of the protein and potential intake
and dietary impact of the introduction of the genetically
modified food (WHO, 2000).

At this stage, it is important to discuss the concept of ‘sub-
stantial equivalence’ (SE), which would play an integral part
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Table 5 Field-testing of transgenic rice transformed with various agronomic traits

Gene

Trait

Location

Highlights

Reference

Bt fusion gene derived
from Cry1Ab and Cry1Ac

Cry1Ab

Cry1Ab

Cry1Ab

Cry1Ac, Cry2A

CrylAa and Cry1B

Insect resistance

Insect resistance

Insect resistance

Insect resistance

Insect resistance

Insect resistance

Wuhan, China
Hangzhou and
Hainan, China

Zhejiang, China
Hangzhou, China

Lahore, Pakistan

Catalunya, Spain

Field-testing of transgenic hybrid rice showed high protection
against YSB and leaf folder without any yield reduction
Two rice lines KMD1 and KMD2 showed high resistance to SSB
and leaf folder under laboratory as well as field conditions
Further field testing of KMD1 and KMD2

Transgenic rice lines further field-tested but showed high
degree of variations in agronomic characteristics and quality.
Insect resistance transferred to commerecial rice varities
Fifth generation of indica basmati rice showed resistance to
YSB in a field trial. No effect on non-target pests and gene
flow up t0 0.18%

Cry genes under control of constitutive or inducible
promoter showed high protection against SSB

Excellent field-performance of transgenic indica IR72 rice
variety on response to bacterial blight

Evaluation of agronomic consequences of herbicide
resistance. Differences observed in plant height and

Tu et al. (2000b)
Shu et al. (2000)

Ye et al. (2001)

Shu et al. (2002);
Wang et al. (2002a);
Wu et al. (2002¢)
Bashir et al. (2004)
Breitler et al. (2004b)

Tu et al. (2000a)

Oard et al. (2000)

maturity of transgenic plants

Xa21 Bacterial resistance Wuhan, China
Bar Herbicide resistance  Louisiana and
Arkansas, USA
Bar Out-crossing using Italy and Spain
herbicide resistance
as marker
Bar Qut-crossing using Louisiana, USA
herbicide resistance
as marker
Bar Out-crossing using Amposta, Spain

herbicide resistance
as marker

Gene flow estimated to be 0.1%

Up to 0.3% out-crossing between transgenic rice and red rice

Gene flow from transgenic rice to recipient red rice or-non-

Messeguer et al. (2001)

Zhang et al. (2003)

Messeguer et al. (2004)

transgenic rice lower than previously reported. Reduction in
gene flow with increase in distance

Note: Reports of field trials conducted in transgenic rice published in peer-reviewed journals are included. Many field trials especially of herbicide-resistant rice

have been conducted by private organizations.

in analysing the safety of transgenic rice. The term ‘substan-
tial equivalence’ (SE) introduced by OECD in 1993 and elab-
orated in detail by WHO in 1996, is an internationally
recognized standard that measures whether food derived
through biotechnology shares similar health, nutrient and/or
antinutrient characteristics with its conventional counterpart.
As envisaged by FAO/WHO (1996), there can be three out-
comes of substantial equivalence evaluations:

1. Products that are shown to be substantially equivalent to
existing food or food components, it is considered as safe as
its conventional counterpart and no further safety evaluation
is necessary.

In terms of transgenic rice, however, no such example
exists to date. Although this scenario is possible if a rice gene
is over-expressed in rice carrying its own promoter and termi-
nator lacking any vector backbone sequences.

2. Products that is substantially equivalent to existing foods
or food components except for the defined differences.
Then, further safety assessment should focus only on those
defined differences.

Most of the transgenic rice expressing various agronomic
traits such as herbicide tolerance, insect, virus, bacterial and
fungal resistance would come into this category. There is a
set of studies recommended by FAO/WHO to study the
intended effect of the introduction of that genetic material.
If the data from these studies appear insufficient for a
thorough safety assessment, then there is a need for animal
toxicological studies (WHO, 2000). However, it has become
a norm that these studies be conducted anyway to gain
regulatory approval and/or acceptance of the end users
(food/feed industry). In transgenic rice, certain progress has
been made to carry out a baseline study for detailed deter-
minations of the nutritional characteristics of the grains
(Azhakanandam et al., 2000b). Further, 90 day feeding test
on weaned male and female Sprague-Dawley rats confirmed
the safety of flour obtained from transgenic rice expressing
synthetic Cry7Ab gene (Wang et al., 2002b). Interestingly,
a recent report suggests that gamma irradiation of Cry71Ab
transgenic rice could reduce Cry1Ab protein without altering
major nutritional components (Wu et al., 2004c).

© Blackwell Publishing Ltd, Plant Biotechnology Journal (2005), 3, 275-307



3. Products that are not substantially equivalent to existing
foods or food components.

Although none of the transgenic crops available commer-
cially would come into this category at this stage but will
include transgenic rice with enhanced quality of food or to
prevent various human diseases. The most prominent would
be golden rice, iron-rich rice or any nutritionally enhanced
rice through genetic modification. Although the intended
effect in this case is to provide nutritional change, there is a
possibility of metabolic disturbance in the crop. It is recom-
mended that the safety of these products be established on
a case-by-case basis. Further studies, including animal feeding
trials, may be required since rice modified for nutritional
elements is intended to replace a significant part of the diet.
Few studies have started to emerge that assess safety of
nutritionally enhanced rice as in the case of amino acid-rich
rice (Momma et al., 1999; 2000). Feeding studies on amino
acid-rich rice on rats for four weeks suggested no difference
in rats fed with transgenic rice that included several parame-
ters such as body weight, food intake, haematological ana-
lyses or histological evaluations (Momma et al., 2000).
Potrykus (2001, 2003) and Toenniessen et al. (2003) have
identified the biosafety of golden rice as one of the chal-
lenges of safe transfer of this technology.

However, it must be noted that SE is only one of the several
important criteria determining the safety of GM crops. But it
can be used to plan the programme of safety evaluation that
includes phenotypic equivalence, compositional equivalence,
wholesomeness equivalence, nutritional equivalence, etc. as
well as detailed analysis of potential allergenicity (Cockburn,
2002; Taylor, 2003).

Some of the studies demand even further attention like
transgenic rice over-expressing sesame 2S albumin to
increase methionine content (Lee et al., 2003). The 2S albu-
min from Brazil nut has been demonstrated to be an allergen
in both its purified form and in extracts of transgenic soybean
seeds (Nordlee et al., 1996). Interestingly, this allergen was
discovered only when transgenic soybeans expressing 25
albumin from Brazil nut were tested for allergenicity, indicat-
ing the robustness of allergenicity testing protocol. Although
sesame has been used as a food additive and used in various
Asian countries, still it would be justified to conduct a com-
prehensive allergenicity testing of transgenic rice expressing
sesame 2S albumin.

Impact on non-target organisms

Since transgenic rice expressing genes such as cry genes is
not only expressed in seeds but in other parts as well, it is
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important to analyse the impact of GM rice on other non-
target organisms especially when it has been shown that the
Cry protein is exudated roots of Bt rice among other plants
tested (Saxena et al., 2004). In case of insect-resistant rice, such
studies would include the impact on insects of rice other than
targeted by cry genes, soil flora and fauna, and various other
non-targeted animals that could come into contact of GM
rice. Considerable efforts have been spent on the safety stud-
ies in other Bt crops commercialized such as Bt corn and Bt
cotton (reviewed in Shelton et al., 2002) and have confirmed
that these crops are safe to non-target organisms. Such stud-
ies are beginning to emerge in rice as well. Recently, it was
reported that Bt rice straws altered some important biological
properties in water-flooded soil (Wu et al., 2004b). It was
suggested that such an effect could be a result of shift in
microbial population or a change in their metabolic activities,
although later on it was shown that Bt rice straw is not toxic
to a variety of culturable microorganisms in the flooded
paddy soil (Wu et al., 2004a). Similarly, Bt rice had no effect
on non-target insects in field-conditions in Pakistan (Bashir
etal., 2004). Perhaps, the most convincing study on the safety
of Bt crops on non-target organisms has been conducted in
field grown Bt cotton. Using enzyme-linked immunosorbent
assay (ELISA) and bioassays with a susceptible insect species,
the tobacco budworm, Head et al. (2002) showed that there
was no detectable Cry7A(c) protein in any of the soil samples
collected from within and outside the fields where insect
resistant cotton had been grown and subsequently incorpo-
rated into soil by postharvest tillage for the last 3—-6 consecu-
tive years. Thus, if no significant Cry protein is detected in
soil, its impact, if any, should be negligible.

Other issues

There are certain ethical issues also related to the develop-
ment of transgenic plants with genes from animal origin. A
vast population in countries like India, Sri Lanka and Nepal are
vegetarians. Certainly, vegetarians around the world would
not like eating rice expressing animal genes. Thus, it would be
difficult to commercialise rice expressing GFP gene or any
other gene of animal or human origin. The exception would
be in the use for therapeutic purposes or human lysozyme or
lactoferrin in rice as a supplement in infant formula (Nandi
etal., 2002).

Impact of genetically modified rice

Despite being the most important crop in the world, the field
release of genetically modified (GM) rice lags way behind its
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cereal counterpart, maize. One reason for the delay could be
that rice is staple food crop therefore several regulatory and
ethical issues may be attached to the development of GM rice
technology. Further, most of the rice produced in Asian coun-
tries is consumed locally and minor rice-producing countries
are major rice exporters (Brookes and Barfoot, 2003). Still,
commercialisation of GM rice will be a major success for
transgene technology. Due to its importance in the develop-
ing world and significant part played by the public sector in
developing GM rice technology, GM rice may act as a catalyst
to the wider adoption and acceptance of GM crop technol-
ogy (Brookes and Barfoot, 2003). However, awareness of
technology among farmers of developing countries is very
low. A recent exploratory study found low awareness and
knowledge of golden rice among farmers in the Philippines
and yield/cost savings were the first priorities of farmers
(Chong, 2003). Thus golden rice must match the yield poten-
tial of existing rice. In this context, the initiatives by the
Indian government on the transfer of golden trait into exist-
ing Indian varieties, and research by Datta et al. (2003) and
Hoa et al. (2003) to produce golden indica rice holds great
promise. It is expected that by 2012, up to seven traits of GM
rice will be in the market including traits such as herbicide
tolerance, disease resistance, abiotic stress tolerance and
nutrition (Brookes and Barfoot, 2003). However, at this stage,
the benefit of commercial release of transgenic rice can only
be extrapolated using the information from other crops. For
example, the gains obtained from release of Bt cotton in China
and India can provide the information on possible benefits
of Bt rice (High et al., 2004).

Rice research in post-genomics era

The availabilty of a complete rice genome sequence has
opened up a sea of opportunities not only for rice but for the
plant community as a whole. As a direct measure, the avail-
ability of wealth of polymorphism information and molecular
markers is going to make the tedious process of map based
cloning a lot faster and much more efficient (Lukowitz et al.,
2000). It has already helped in map-based cloning of several
genes. Analysis of rice genome has revealed several ortho-
logues of Arabidopsis flowering times genes (Goff et al.,
2002) and these could have significant implications for
improving yield potential of rice. Also, a number of different
candidate genes now could be tested for their efficacy in a
high-throughput way. More importantly, we envisage that it
is going to usher in a change in our approach towards prob-
lem solving in biology. The research is going to move from a
single-gene based approach to more holistic genome- and

proteome-wide translational research. Recently, a novel
approach has been taken for analysis of a number of Arabi-
dopsis proteins of unknown function (Tian et al., 2004),
which would not have been possible without the availability
of the complete genome sequence. It is expected that with
time, such approaches would be routine for rice as well. We
realize that use of mutant resources for high throughput
gene discovery (Hirochika et al., 2004) would be another area
of increased research focus. These mutant resources would
greatly aid in the functional analysis of all the rice genes.

Another important resource is accessibility to ~28 000 full
length cDNAs (The Rice Full Length cDNA Consortium, 2003).
The utility of this is multifold. For Arabidopsis, it helped in
improving annotation of more than 1/3 of the genes (Haas
et al., 2002). These full-length cDNAs could be utilized for
transgenic analysis by over-expression or down-regulation by
RNAI to decipher function of proteins. Besides, these would
be used for ‘'OMICS’-based studies such as proteome-wide
protein and localization studies with the ultimate goal of
mapping and analysing complete biological networks (Brasch
et al., 2004). Rice research is entering an exciting era and
it is expected that the information generated from such
massive studies would pave the way for designing of better
yielding crop plants.

Conclusions

It is clear that transgenic rice technologies have moved
beyond the proof of concept to the point where it can actu-
ally supplement the breeding methods to meet the demands
of growing population. Over the last five years, rice has been
transformed with many new genes of both agronomic and
nutritional attributes. Field trials of transgenic rice, especially
with insect-resistant and herbicide tolerant rice have begun in
the United States, China, South Asia and the Mediterranean
(Table 5). Further, regulatory studies required for the safe
release of transgenic crops have also been initiated. The
development of nutritionally enriched rice has kept pace with
other crops. It is expected that golden rice would initially be
available for consumers of developing world within next 7
to 8 years and adopted very quickly (Brookes and Barfoot,
2003). This is not surprising given the commitment shown by
the governments of developing countries such as India to
take this technology forward (Potrykus, 2001; Sharma et al.,
2003).

The recent completion of the sequencing of the rice
genome has opened up new avenues for gene regulation and
transformation in rice. It has been debated that information
gained from rice genome by utilizing ancestral synteny
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among the cereals would help genetically improve not only
rice but also other cereals such as maize, wheat and barley,
which have significantly large genomes. However, it must be
cautioned that recent microsynteny studies like rice-wheat or
rice-sorghum revealed numerous rearrangements, which can
complicate map-based cloning strategies using information
from the rice genome (reviewed in Delseny, 2004).

What is certain is that rice research will undergo dramatic
changes in the coming years both in terms of commercial
release of genetically modified rice with existing genes, as
well as discovery of new genes utilizing the advances in rice
structural and functional genomics.
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