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Abstract

Lack of complete chloroplast genome sequences is still one of the major limitations to extending
chloroplast genetic engineering technology to useful crops. Therefore, we sequenced the soybean chlo-
roplast genome and compared it to the other completely sequenced legumes, Lotus and Medicago. The
chloroplast genome of Glycine is 152,218 basepairs (bp) in length, including a pair of inverted repeats of
25,574 bp of identical sequence separated by a small single copy region of 17,895 bp and a large single
copy region of 83,175 bp. The genome contains 111 unique genes, and 19 of these are duplicated in the
inverted repeat (IR). Comparisons of Glycine, Lotus and Medicago confirm the organization of legume
chloroplast genomes based on previous studies. Gene content of the three legumes is nearly identical.
The rpl22 gene is missing from all three legumes, and Medicago is missing rps16 and one copy of the IR.
Gene order in Glycine, Lotus, and Medicago differs from the usual gene order for angiosperm chloro-
plast genomes by the presence of a single, large inversion of 51 kilobases (kb). Detailed analyses of
repeated sequences indicate that many of the Glycine repeats that are located in the intergenic spacer
regions and introns occur in the same location in the other legumes and in Arabidopsis, suggesting that
they may play some functional role. The presence of small repeats of psbA and rbcL in legumes that
have lost one copy of the IR indicate that this loss has only occurred once during the evolutionary
history of legumes.

Introduction

The chloroplast is a plant organelle that contains
the entire enzymatic machinery for photosynthesis.
In addition to photosynthesis, several other bio-
chemical pathways are present within chloroplasts,
including biosynthesis of fatty acids, amino acids,
pigments, and vitamins. The chloroplast genome
of land plants generally has a highly conserved

organization (Palmer, 1991; Raubeson and Jansen,
2005) with most composed of a single circular
chromosome with a quadripartite structure that
includes two copies of an inverted repeat (IR) that
separate the large and small single copy regions
(LSC and SSC). Our knowledge of the organiza-
tion and evolution of chloroplast genomes has been
expanding rapidly because of the large numbers of
completely sequenced genomes published over the
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past 10 years. Currently there are 44 completely
sequenced plastid genomes (Jansen et al., 2005),
and 27 of these are from various land plant
lineages, with the best representation (20) from
flowering plants. Comparative studies indicate
that chloroplast genomes of land plants are highly
conserved in both gene order and gene content.
Several lineages of land plants have chloroplast
DNAs (cpDNAs) with multiple rearrangements,
including Pinus (Wakasugi et al., 1994), and the
angiosperm families Campanulaceae (Cosner
et al., 1997), Fabaceae (Palmer et al., 1987b,
1988; Milligan et al., 1989; Kato et al., 2000),
Geraniaceae (Palmer et al., 1987a), and Lobelia-
ceae (Knox and Palmer, 1998). In most of these
studies, comparisons of gene content and order
have been made between distantly related taxa
because only one genome sequence was available
from groups with rearranged genomes. One excep-
tion is in the grasses where chloroplast genomes
from four genera of crop plants (corn, wheat,
sugar cane, and rice) have been sequenced (Maier
et al., 1995; Matsuoka et al., 2002; Tang et al.,
2004).

Chloroplast genetic engineering offers a number
of unique advantages, including a high-level of
transgene expression (DeCosa et al., 2001), multi-
gene engineering in a single transformation event
(DeCosa et al., 2001; Ruiz et al., 2003; Lossl et al.,
2003), transgene containment via maternal inher-
itance (Daniell et al., 1998; Scott and Wilkenson,
1999; Daniell, 2002; Hagemann, 2004), lack of gene
silencing (Lee et al., 2003; DeCosa et al., 2001;
Dhingra et al., 2004), position effect (Daniell et al.,
2002), pleiotropic effects (Lee et al., 2003; Daniell
et al., 2001; Leelavathi et al., 2003) and undesir-
able foreign DNA (Daniell et al., 2004a,b). Lack of
complete chloroplast genome sequences is still one
of the major limitations to extend this technology
to useful crops; only six published crop chloroplast
genomes are currently available, although 200 non-
crop genomes have been sequenced or are in
progress. Chloroplast genome sequences are nec-
essary for identification of spacer regions for
integration of transgenes at optimal sites via
homologous recombination, as well as endogenous
regulatory sequences for optimal expression of
transgenes (Maier and Schmitz-Linneweber, 2004;
Daniell et al., 2005). In land plants, about 40–50%
of each chloroplast genome contains non-coding
spacer and regulatory regions.

In this paper, we report on the complete
sequence of the chloroplast genome of Glycine
max. Soybean is considered the most important
source of proteins because it is a leguminous
crop. It is widely used as animal feed and for
human consumption. The dry matter of soybeans
contains about 20% oil and 35–40% proteins of
high nutritional quality. It is also the most widely
planted genetically modified crop in the world,
representing in 2003 more than half of the
soybean cultivated area worldwide. This includes
glyphosate-tolerant cultivars, a trait that has
been engineered via the nuclear genome but
would offer better transgene containment if
engineered via the chloroplast genome because
the plastid genome of soybean is inherited
maternally (Corriveau and Coleman, 1988). The
primary goal of this paper is to compare the
genome organization of Glycine with the other
two completely sequenced legume chloroplast
genomes (Lotus and Medicago) and with the
related genome of Arabidopsis. In addition to
examining gene content and gene order, we
determine the distribution and location of
repeated sequences among legumes and explore
their possible role in the evolution of these
genomes. Intergenic spacer and regulatory
sequences will be used in future studies for
chloroplast genetic engineering.

Materials and methods

DNA sources

The genome library of Glycine max, PI 437654,
was constructed by ligating the size fractionated
partial Hind III digests of the total cellular DNA
with a pINDIGOBAC-536 vector. The average
insert size of the library was 136 kb.

BAC clones containing the chloroplast genome
inserts were isolated by screening the library with a
soybean chloroplast probe. The first 96 positive
clones from screening were pulled from the library,
arrayed in a 96 well microtitre plate, copied, and
archived. Selected clones were then subjected to
Hind III fingerprinting and Not I digests. End-
sequences were determined and localized on the
chloroplast genome of Arabidopsis thaliana to
deduce the relative positions of the clones, then
one clone that covered the entire chloroplast
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genome was chosen for the subsequent sequencing
analysis.

DNA sequencing and data assembly

The nucleotide sequence of the BAC clone was
determined by the bridging shotgun method. The
purified BAC DNA was subjected to hydroshear-
ing, end repair, and then size-fractionated by
agarose gel electrophoresis. Fractions of approx-
imately 3.0–5.0 kb were eluted and ligated into
the vector pBLUESCRIPT IIKS+. The libraries
were plated and arrayed into 40 96-well microtitre
plates, respectively, for sequencing reactions.

Sequencing was performed using the Dye-
terminator cycle sequencing kit (Perkin Elmer
Applied Biosystems, USA). Sequence data from
the forward and reverse priming sites of the
shotgun clones were accumulated. Sequence data
equivalent to eight times the size of the genome
was assembled using Phred-Phrap programs
(Ewing and Green, 1998).

Genome annotation

Annotation of the Glycine chloroplast genome was
performed using DOGMA (Dual Organellar Gen-
oMe Annotator, Wyman et al., 2004; http://evo-
gen.jgi-psf.org/dogma). This program uses a
FASTA-formatted input file of the complete geno-
mic sequences and identifies putative protein-cod-
ing genes by performing BLASTX searches against
a custom database of previously published chloro-
plast genomes. The user must select putative start
and stop codons for each protein coding gene and
intron and exon boundaries for intron-containing
genes. Both tRNAs and rRNAs are identified by
BLASTN searches against the same database of
chloroplast genomes. The Medicago genome
sequence (NC_003119) has not been annotated so
we also used DOGMA to annotate this genome.

Molecular evolutionary comparisons

Gene content comparisons were performed using
Multipipmaker (Schwartz et al. 2003). Two sets of
comparisons were performed, one including four
genomes (Arabidopsis [AP000423], and the three
legumes Glycine [XXXXXX], Lotus [AP002983],

and Medicago [AC093544]) using Nicotiana
[Z00044] as the reference genome and a second
that only included the three legumes using Lotus as
the reference genome. Gene orders were examined
by pairwise comparisons between the Arabidopsis,
Glycine, Lotus, and Medicago genomes using
PipMaker (Elnitski et al., 2002).

Repeat structure in legume chloroplast genomes
was examined in two stages. First, REPuter (Kurtz
et al., 2001) was used to identify the number and
location of direct and inverted (palindromic)
repeats in the three legumes and Arabidopsis using
a minimum repeat size of 30 bp and a Hamming
distance of 3 (i.e., a sequence identity of 90%).
Second, the repeats identified for Medicago were
blasted against the complete chloroplast genomes
of the other two legume genomes (Glycine and
Lotus) and Arabidopsis. Blast hits that were 20 bp
and longer with a sequence identity of ‡90% were
identified and extracted from these results to
determine which of the repeats were shared among
the four genomes examined.

Results

Size, gene content and organization of the Glycine
chloroplast genome

The complete chloroplast genome size of Glycine is
152,218 bp (Figure 1). The genome includes of a
pair of inverted repeats of 25,574 bp (IRa and
IRb) of identical sequence separated by a small
single copy region of 17,895 bp, and a large single
copy region of 83,175 bp. The IR extends from
rps19 through a portion of ycf1.

The Glycine chloroplast genome contains 111
unique genes, and 19 of these are duplicated in the
IR, giving a total of 130 genes (Figure 1). There
are 30 distinct tRNAs, and seven of these are
duplicated in the IR. Nineteen genes contain one
or two introns, and six of these are in tRNAs. The
genome consists of 60% coding regions (52%
protein coding genes and 8% RNA genes) and
40% non-coding regions, including both intergenic
spacers and introns. The overall GC and AT
content of the Glycine chloroplast genome is 34%
and 66%, respectively. The AT bias is higher in the
non-coding regions with 70% AT vs. 62% AT in
the coding regions.
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Comparison of genome organization among legumes
and Arabidopsis

Gene content
Gene content of the three sequenced legumes
(Glycine, published here; Lotus [Kato et al., 2000;
NC_002694] and Medicago [NC_003119] is nearly

identical. Medicago does not have duplicate copies
of the 19 genes in the IR because one copy of the
IR has been lost. A comparison of gene content
between the three legumes and Arabidopsis shows
that the rpl22 gene is missing from all 3 legumes
(see arrow 1 in Figure 2A) and that Medicago is
also missing rps16 (see arrow 2 in Figures 2A–B).

Figure 1. Gene map of Glycine max chloroplast genome. The thick lines indicate the extent of the inverted repeats (IRa and IRb,

25,574 bp), which separate the genome into small (SSC, 17,895 bp) and large (LSC, 83,175 bp) single copy regions. Genes on the

outside of the map are transcribed in the clockwise direction and genes on the inside of the map are transcribed in the counter-

clockwise direction. Genes containing introns are indicated by an asterisk. Arrows indicate locations of end points of th 51kb

inversion.

312



Gene order
The gene order in Glycine differs from the usual
gene order for angiosperm chloroplast genomes by
the presence of a single, large inversion of approx-
imately 51 kb that reverses the order of the genes
between rbcL and rps16 (see arrows in Figure 1).
This same inversion is also present in Lotus and
Medicago (Kato et al. 2000).

Extent of IR
The IR in Glycine is 25,574 bp long and includes
19 genes. At the IR/LSC junction the IR ends
within the rps19 gene so that 68 bp of the 5¢ end of
the gene is duplicated (Figure 3). The IR/SSC
junction is found within ycf1 resulting in the
duplication of 478 bp of the 5¢ end of this gene.
Comparison of the IR region of the three com-
pletely sequenced legumes and Arabidopsis indi-
cates that there is some contraction of the IR in the
two legumes with an IR. At the IR/LSC boundary
the IR includes 68 and 1 bp of the rps19 gene in
Glycine and Lotus, respectively. Thus, the IR in
both of these legumes has contracted relative to
Arabidopsis, which has 113 bp of the 5¢ end of
rps19 duplicated. There has also been contraction
of the IR in the legumes at the IR/SSC boundary

relative to Arabidopsis. Glycine and Lotus have
478 bp and 514 bp of ycf1 duplicated, whereas
Arabidopsis has 1,027 bp duplicated in the IR.
This contraction of the IR in these legumes
accounts for the smaller size of their IR and larger
size of the SSC (Figure 3).

In addition contraction of the IR boundary in
legumes, IRa has been lost inMedicago (Figure 3).
This loss has resulted in ndhF (usually located in
the SSC) being adjacent to trnH (usually the first
gene in the LSC at the LSC/IRa junction). Loss of
one copy of the IR in some legumes provides
support for monophyly of six tribes (Palmer, 1985;
Wolfe, 1988; Palmer et al., 1987b; Lavin et al.,
1990). Wolfe (1988) identified duplicated
sequences of portions of two genes, 40 bp of psbA
and 64 bp of rbcL, in the region of the IR deletion
between trnH and ndhF in Pisum sativum and these
duplications were later identified in broad bean
(Vicia faba, Herdenberger et al., 1990). We found
similar repeats in this region in other legumes
without an IR, including two species of Medicago
(Figure 4). The psbA repeat has the same length of
40 bp and it has a high sequence identity with a
segment of psbA at coordinates 446–485 in other
legumes without the IR (Figure 5A). The copies of

Figure 2. Multipipmaker (Schwartz et al. 2003) analyses of legumes and Arabidopsis (A, using Nicotiana as reference genome) and

legumes (B, using Lotus as reference genome). Genes and their direction of transcription are indicated by horizontal arrows above

each multipip diagram. Species names are listed at the left of each diagram. Levels of sequence similarity are indicated in gray

(50–75%) and black (75–100%). Gene losses are indicated in white and with vertical arrows for the genes rpl22 (1) and rps16 (2).
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the psbA repeat in Pisum and Vicia and in the two
Medicago species have a 100% sequence identity
with each other but the sequence identity between
the Pisum/Vicia and Medicago repeats is 85%
(Figure 4). The sequence identity of this repeat to
the complete, functional copy of psbA is 85% for
Pisum and Vicia and 95% for the two Medicago
species (Figure 5A). The rbcL repeats are 39 bp
long in the two Medicago species with a 95%
sequence identity to each other (Figure 4) and
90% sequence identity to coordinates 516–554 in
the complete functional copy of rbcL (Figure 5B).
In Vicia and Pisum the rbcL repeat is 64 bp long
with a 92% sequence identity to each other and
86–92% sequence identity to coordinates 516–579
in the complete functional copies of Vicia and
Pisum, respectively (Figure 5B).

Repeat structure
Analyses using REPuter found 67 to 191 direct
and inverted repeats 30 bp or longer with a
sequence identity of at least 90% among the three
legume chloroplast genomes examined (Figure 6).
Medicago has the largest number of repeats with
191 and Lotus has the fewest with only 67. The
number of repeats in the legumes is higher than the
57 repeats identified in Arabidopsis. The majority
of the repeats (54–81%) in all four genomes are
between 30–40 bp in length. The longest legume
repeats are in Lotus and Glycine and are 274 and
287 bp, respectively. The largest repeat in Glycine
is a 287 bp sequence of ycf2 that has four identical
copies, two in each IR. The two copies in each IR
are separated by 1689 bp. The four copies of the
274 bp repeat in Lotus, which also represent a

Figure 3. Comparison of boundaries of IR, SSC, and LSC among the legume and Arabidopsis chloroplast genomes.
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duplicated segment of ycf2 in the IR, are separated
by 1963 bp in each IR. The two large repeats in
Glycine and Lotus are very similar with 83%
sequence identity at the nucleotide level.

BlastN (Altschul et al. 1997) comparisons of
the 191 Medicago repeats against the chloroplast
genomes of Arabidopsis, Glycine, and Lotus reveal
that 13 of the Medicago repeats show a sequence
identity greater than 90% with sequences 20 bp or
longer (Table 1). Five of the Medicago repeats are
located in intergenic spacers or introns (repeats
3–7 in Table I) and the remaining eight repeats are
found in four genes, psaA, psaB, ycf1 and ycf2.
Many of the Medicago repeats are also found
in Arabidopsis. One of these is repeat 3, which
represents a portion of the psbA gene that is found

in the intergenic spacer (IGS) between trnH and
ndhF and in psbA of Medicago but is only found
in psbA of Arabidopsis, Glycine, and Lotus (see
section on IR extent above for more details). Two
repeats are restricted to legumes (repeats 10 and
13) and these are located in ycf2. The number of
Medicago repeats shared with only one other
genome is 1 for Arabidopsis (repeat 6), 2 for Lotus
(repeats 2 and 7), and 1 for Glycine (repeat 8).

Discussion

The Glycine genome has the typical organization
for land plant chloroplast genomes with two
identical copies of an inverted repeat that separate

Figure 4. Sequence alignment of IR loss region between psbA and ndhF for Medicago, Pisum, and Vicia. Shaded regions show

genes and repeat elements. Asterisks in shaded regions of repeat elements indicate positions with mismatches. Sequences for this

figure were obtained from Genbank (P. sativum [M16899], Shapiro and Tewari, 1986; V. faba [X51471], Herdenberger et al., 1990;

M. sativa [AY029748], D. Rosellini, unpubl.; M. truncatula [NC003119], Lin et al., unpubl.).
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the large and small single copy regions. The size of
the genome at 152,218 bp is also similar to most
angiosperm chloroplast genomes that have two
copies of the IR, which generally range in size
from 134–164 kb (Jansen et al., 2005). The two IR
containing legumes whose genomes have been
sequenced, Glycine (reported here) and Lotus
(Kato et al., 2000), are very similar in size with
Lotus being 1619 bp shorter than Glycine. Only a

small portion of this difference in length can be
attributed to the expansion of the IR in Glycine at
the IR/LSC boundary (Figure 3), a phenomenon
common in flowering plants (Goulding et al.,
1996). Therefore, most of this size variation is
due to differences in sizes of intergenic spacer
regions outside of the IR.

There is considerable variation in size of legume
chloroplast genomes due to the loss of one copy of

Figure 5. Sequence alignment of legume repeats for psbA (A) and rbcL (B) with functional copies of these genes. Asterisks in sha-

ded regions indicate positions with mismatches. psbA sequences are from GenBank for L. corniculatus (AP002983), M. truncatula

(AC093544), M. sativa (AY029748), P. sativum (M11005) and from the genome sequence of G. max generated in this paper

(XXXXXX). rbcL sequences are from GenBank for L. corniculatus (AP002983), M. truncatula (AC093544), M. sativa (X04975),

P. sativum (X03853) and from the genome sequence of G. max generated in this paper (XXXXXX). Sequences of the psbA and

rbcL repeats for P. sativum and V. faba are from Shapiro and Tewari (1986, M16899) and Herdenberger et al. (1990, X51471),

respectively.

Figure 6. Histogram showing the number of repeated sequences ‡30 bp long with a sequence identity ‡90% in the three legume

and Arabidopsis genomes using REPuter (Kurtz et al., 2001).
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the IR from members of six related tribes (Palmer,
1985; Palmer et al., 1987b; Lavin et al., 1990). A
detailed examination of the IR loss region in Pea
(Pisum sativum) and broad bean (Vicia faba)
identified two repeated sequences of 40 and
64 bp in the region where the IR was deleted
(Wolfe, 1988; Herdenberger et al., 1990). These
repeats showed a very high sequence identity to
portions of two LSC genes, rbcL and psbA. Wolfe
suggested that the repeats could have been present
prior to the IR loss and played a role in the
deletion event. Alternatively, these repeats may
have been formed as part of the IR deletion. In
either case, Wolfe predicted that if other legumes
that lost one copy of the IR share these repeats it
would indicate that the IR deletion in legumes
represents a single event. Our examination of the
IR region in the three legume chloroplast genomes
(Figure 4) clearly indicates that other legumes with
only one copy of the IR have the psbA and rbcL
repeats. Thus, this IR loss occurred only once, and
it provides an excellent phylogenetic marker sup-
porting the monophyly of six tribes of legumes.
The monophyly of this group of legumes is also
supported by a sequenced-based phylogeny of the
plastid gene matK (Wojciechowski et al., 2004).
The psbA repeats in Pisum, Vicia and the two
Medicago species (Figure 4) are identical in length
and have a very high sequence identity (100% for
Pisum/Vicia and 85% for Pisum/Medicago). In
contrast, the rbcL repeat (Figure 4) has diverged
more in length (39 bp in Medicago vs. 64 bp in
Pisum and Vicia) but still has a very high sequence
divergence (94% for Pisum/Vicia and 95% for
Pisum/Medicago). The sequenced legume genomes
with both copies of the IR (Glycine and Lotus) do
not have either of these repeats suggesting that the
repeats originated at or shortly after the time of
the deletion event.

Gene content is highly conserved in most land
plant chloroplast genomes (Palmer, 1991; Raube-
son and Jansen, 2005). The Glycine genome
contains 130 genes, 19 of which represent duplicate
copies in the IR. The gene content is identical to
the completely sequenced Lotus chloroplast gen-
ome (Kato et al., 2000) and both of these legumes
and Medicago lack the rpl22 gene. The absence of
rpl22 from legume chloroplast genomes has been
noted previously (Spielmann et al., 1988; Milligan
et al., 1989; Gantt et al., 1991; Doyle et al., 1995).
This gene represents an interesting case of gene

transfer from the chloroplast to the nucleus. The
nuclear encoded protein is now imported back into
the chloroplast by a transit peptide (Gantt et al.,
1991). In addition to rpl22, the Medicago genome
lacks a second ribosomal protein gene, rps16.
Sequencing studies demonstrated the loss of this
gene from Pisum sativum (Nagano et al., 1991) and
an extensive survey of legumes using a filter
hybridization approach suggested that there have
been multiple independent losses of rps16 in
legumes (Doyle et al., 1995). Additional losses of
this gene in distantly related plant lineages (e.g.,
liverworts (Ohyama et al., 1986) and pine
(Tsudzuki et al., 1992)) clearly indicate that this
gene loss is not a very reliable phylogenetic
marker.

Gene order changes in chloroplast genomes
are also relatively uncommon. However, several
events have been documented in legumes, including
a 51 kb inversion that is shared among most
papilionoid legumes (Doyle et al., 1996). All three
of the completely sequenced legume chloroplast
genomes examined here share the 51 kb inversion.
The phylogenetic distribution of this inversion is
congruent with chloroplast DNA-sequence phylog-
enies using both trnL intron andmatK (Pennington
et al., 2000; Wojciechowski et al., 2004).

With the exception of the IR, chloroplast
genomes have very few repeated sequences
(Palmer, 1991). However, a number of studies of
rearranged chloroplast genomes have identified
dispersed repeats (Chlamydomonas (Maul et al.,
2002), Pseudotsuga (Hipkins et al., 1995),
Trachelium (Cosner et al., 1997), Trifolium
(Milligan et al., 1989), wheat (Bowman and Dyer,
1986; Howe, 1985), and Oenothera (Hupfer et al.,
2000; Sears et al.1996; Vomstein and Hachtel,
1988)). The most impressive example is Chlamydo-
monas in which it was estimated that the genome
comprises more than 20% dispersed repeats. All of
the genomes with repeated sequences other than
the IR have inversions, and this correlation has
been used to suggest that repeats may have
mediated these changes (Palmer, 1991). Our repeat
analyses of the three legumes indicate that these
genomes contain a substantial number of repeats
(Figure 6). Our analyses were limited to repeats of
30 bp or longer with ‡90% sequence identity.
Searches for shorter and/or more divergent repeats
would likely identify many additional repeated
sequences. In the legumes, the only repeats that are
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found in a location where there has been a
structural rearrangement are the psbA and rbcL
repeats located in the IR loss region of Medicago.
Wolfe (1988) suggested that these repeats may
have played a role in the loss of the IR. However,
the absence of the psbA and rbcL repeats in
legumes with two copies of the IR (i.e., Glycine
and Lotus) suggests that they were not involved in
the IR loss.

Many of the repeats in legumes are shared with
Arabidopsis, and they are restricted to either
intergenic spacers/introns or to three genes, psaA,
psaB, and ycf2. The ycf2 repeat was previously
identified from adzuki bean, soybean, and Medi-
cago (Perry et al., 2002). The observation that
many of the repeats in the IGS and introns are
found in the same location in the other legumes
and in Arabidopsis suggests that these conserved
repeats may be much more widespread in angio-
sperm chloroplast genomes and that they may play
some functional role.

In addition to providing insight into genome
organization and evolution, availability of
complete DNA sequence of chloroplast genomes
should facilitate plastid genetic engineering. Thus
far, transgenes have been stably integrated and
expressed via the tobacco chloroplast genome to
confer several useful agronomic traits, including
insect resistance (McBride et al., 1995; Kota et al.,
1999; DeCosa et al., 2001), herbicide resistance
(Daniell et al., 1998. Iamtham and Day, 2000),
disease resistance (DeGray et al., 2001), drought
tolerance (Lee et al., 2003), salt tolerance (Kumar
et al., 2004a), phytpremediation (Ruiz et al., 2003)
and cytoplasmic male sterility (Ruiz and Daniell,
2005). The chloroplast has been used as a biore-
actor to produce vaccines antigens (Daniell et al.,
2001; Tregoning et al., 2003; Molina et al., 2004;
Watson et al., 2004), human therapeutic proteins
(Staub et al., 2000, Fernandez et al., 2003, Lee-
lavathi and Reddy, 2003; Daniell et al., 2004a;
Chebolu and Daniell, 2005), industrial enzymes
(Leelavathi et al., 2003) and biomaterials (Guda
et al., 2000; Lossl et al., 2003; Vitanen et al.,
2004). Although many successful examples of
plastid engineering in tobacco have set a solid
foundation for various future applications, this
technology has not been extended to many of the
major crops. Stable plastid transformation has
been recently accomplished via somatic embryo-
genesis using partially sequenced chloroplast

genomes in soybean (Dufourmantel et al., 2004),
carrot (Kumar et al., 2004a) and cotton (Kumar
et al., 2004b; Daniell et al., 2005) and rice (Lee
et al., 2005). Complete chloroplast genome se-
quences should provide valuable information on
spacer regions for integration of transgenes at
optimal sites via homologous recombination, as
well as endogenous regulatory sequences for opti-
mal expression of transgenes and should help in
extending this technology to other useful crops.
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