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Abstract

Chloroplast genetic engineering overcomes concerns of gene containment, low levels of transgene
expression, gene silencing, positional and pleiotropic effects or presence of vector sequences in trans-
formed genomes. Several therapeutic proteins and agronomic traits have been highly expressed via the
tobacco chloroplast genome but extending this concept to important crops has been a major challenge;
lack of 100% homologous species-specific chloroplast transformation vectors containing suitable select-
able markers, ability to regulate transgene expression in developing plastids and inadequate tissue culture
systems via somatic embryogenesis are major challenges. We employed a ‘Double Gene/Single Selection
(DGSS)’ plastid transformation vector that harbors two selectable marker genes (aphA-6 and nptII) to
detoxify the same antibiotic by two enzymes, irrespective of the type of tissues or plastids; by combining
this with an efficient regeneration system via somatic embryogenesis, cotton plastid transformation was
achieved for the first time. The DGSS transformation vector is at least 8-fold (1 event/2.4 bombarded
plates) more efficient than ‘Single Gene/Single Selection (SGSS)’ vector (aphA-6; 1 event per 20 bom-
barded plates). Chloroplast transgenic lines were fertile, flowered and set seeds similar to untransformed
plants. Transgenes stably integrated into the cotton chloroplast genome were maternally inherited and
were not transmitted via pollen when out-crossed with untransformed female plants. Cotton is one of the
most important genetically modified crops ($ 120 billion US annual economy). Successful transformation
of the chloroplast genome should address concerns about transgene escape, insects developing resistance,
inadequate insect control and promote public acceptance of genetically modified cotton.

Introduction

Chloroplasts genetic engineering approach offers a
number of attractive advantages, including a high-
level of transgene expression (Daniell et al., 2002a,
b), multi-gene engineering in a single transforma-
tion event (DeCosa et al., 2001; Ruiz et al., 2003;
Daniell and Dhingra, 2002), transgene contain-
ment via maternal inheritance (Daniell et al., 1998;
Daniell, 2002; Daniell et al., 2004b), lack of gene
silencing (Lee et al., 2003; DeCosa et al., 2001),
vector sequences (Daniell et al., 2002b), position
effect due to site specific transgene integration

(Daniell et al., 2004b) and pleiotropic effects due
to sub-cellular compartmentalization of transgene
products (Daniell et al., 2001; Lee et al., 2003).
However, plastid transformation has been so far
highly efficient only in tobacco; 5–15 events per
bombarded leaf have been reported (Daniell et al.,
2001; Fernandez-San Millan et al., 2003; Dhingra
and Daniell, 2004). Plastid transformation in to-
mato was a rare event and only six transgenic calli
were obtained from 520 selection plates (60 bom-
barded leaves) and it took 2 years to regenerate
transgenic plants (Ruf et al., 2001). Transforma-
tion of potato chloroplast genome with a vector
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harboring two genes (aadA/gfp) resulted in 3
events out of 104 bombarded plates. Two were
chimeric transgenic calli and one was a transgenic
line. The calli produced shoots that expressed GFP
uniformly. When the aadA gene alone was used for
transformation, 3 potato chloroplast transgenic
lines were obtained from 46 bombarded plates
(Sidorov et al., 1999). Arabidopsis chloroplast
transgenic plants, though homoplasmic, were
sterile (Sikdar et al., 1998). Homoplasmy or
maternal inheritance could not be achieved in
oilseed rape (Hou et al., 2003). Although foreign
gene expression in rice (Khan and Maliga, 1999)
and wheat (Daniell et al., 1991) were reported in
plastids, stable integration or homoplasmy or
transfer of traits to progeny was never achieved.
Recently efficient plastid transformation using
non-green tissues has been accomplished in carrot;
in this case chloroplast transgenic lines were gen-
erated via somatic embryogenesis from tissues
containing proplastids (Kumar et al., 2004).

Cotton is the single most important textile fi-
ber in the world and is grown in more than 90
countries. The US accounts for 21% of the total
world fiber production and is the leading exporter
in global trade of raw cotton. Cotton is the most
important cash crop in the US and annual busi-
ness revenue stimulated by cotton in the US
economy is about $120 billion each year, making
cotton America’s number one value-added crop.
In 2002–2003, US farmers planted �73% trans-
genic cotton in 5.6 million hectares modified via
the nuclear genome, compared to 81% of genet-
ically modified (GM) soybean and 40% GM corn
(http://www.ers.usda.gov/Briefing/). Upland cot-
ton, Gossypium hirsutum, has the potential to
hybridize with Hawaiian cotton, G. tomentosum,
and feral populations of G. hirsutum in the
Florida Keys, and of G. hirsutum/G. barbadense
on the US Virgin Islands and Puerto Rico.
Therefore, restrictions on field plot experimental
use permits and commercial planting of Bt-cotton
have been instituted in these areas. Similarly, GM
cotton is now planted only in the regions of the
world where there are no wild relatives in order
to avoid potential outcross with related weeds.
Dispersal of pollen from transgenic cotton plants
to surrounding non-transgenic plants has been
reported (Llewellyn and Fitt, 1996). Umbeck
et al. (1991) investigated pollen dispersal from
transgenic cotton embedded in a field of con-

ventional cotton in the US and observed up to
5.7% outcrossing rates in spite of buffer rows.
Transgene escape could be avoided via chloro-
plast genetic engineering because of maternal
inheritance of transgenes in cotton. Although
movement of chloroplast integrated transgenes to
the nucleus has been recently reported, the fre-
quency is rather low; 1/16,000 pollen derived
from chloroplast transgenic line carried the
transgene that was integrated into the plastid
genome (Huang et al., 2003a, Stegemann et al.,
2003). However, experimental details and con-
clusions drawn from these studies have been
questioned and debated (Daniell and Parkinson,
2003; Huang et al., 2003b). Most importantly,
transgenes integrated into the nuclear genome
were non-functional (Huang et al., 2003a) and
therefore had no impact on biotechnology appli-
cations (Daniell and Parkinson, 2003). In the rare
event where transgene escape occurs, engineering
male sterility via chloroplast genome should
provide a failsafe mechanism; such a cytoplasmic
male sterility system has been developed recently
(Daniell et al., 2004b).

Another concern about GM crops expressing
Bt toxins is that suboptimal production of toxins
might result in an increased risk of pests develop-
ing Bt resistance (Daniell, 2000). There are also
reports that Bt-cotton failed to control Heliothines
armigera in Australia and cotton bollworm on at
least 20 000 acres in Texas and herbicide resistant
transgenic lines suffered a similar failure (Hilder
and Boulter, 1999). The Bt-cotton is not fully
protected from the insect-pest attack and it needs
repeated pesticide applications on crop fields to
minimize the yield loss (http://www.epa.gov/
scipoly/sap/2000/october/brad7_cotton_final.pdf).
Among the potential environmental concerns,
transgene containment, insects developing resis-
tance and impact of non-target insects are of
paramount importance. These studies suggest the
need for higher levels of cry gene expression. The
cry2Aa2 gene engineered via the chloroplast gen-
ome was shown to kill insects that developed
resistance (up to 40 000-fold) to insecticidal pro-
teins (Kota et al., 1999). In another study expres-
sion of the CryIIa5 in transgenic chloroplasts
provided a complete protection against the larvae
of Helicoverpa armigera irrespective of its devel-
opment stage (Reddy et al., 2002). Multigene
engineering via the chloroplast genome was used,
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in a single transformation event, to express very
high levels of CRY proteins (up to 46.1% tsp) and
this resulted in chaperone assisted formation of
cuboidal crystals that prevented proteolytic deg-
radation and this led to high levels of insecticidal
protein accumulation even in bleached old leaves
that killed insects that are highly tolerant or
resistant to CRY proteins. In spite of such high
levels of expression in leaves, CRY protein was not
expressed in pollen as determined by lack of tox-
icity to insects fed on pollen (DeCosa et al., 2001).
This opens the possibility of engineering multiple
genes for insect resistance to delay the onset of
resistance or engineer multiple agronomic traits
(e.g. insect, herbicide, disease resistance, drought
tolerance) in a single transformation event via the
chloroplast genome.

There is an urgent need to develop the concept
of chloroplast transformation in economically
important crop species. Some of the major obsta-
cles to extend this technology to major crop spe-
cies include inadequate tissue culture and
regeneration protocols, selectable markers and
inability to express transgenes in developing
plastids (Daniell et al., 2002b; Bogorad, 2000).
Major challenges to achieve cotton plastid trans-
formation include, the use of appropriate regula-
tory sequences and selectable markers that
function in non-green and green plastids, the
ability to regenerate chloroplast transgenic plants
in recalcitrant crops via somatic embryogenesis
and achieve homoplasmy, which lacks the benefit
of subsequent rounds of regeneration offered by
organogenesis.

Here we present the first report of stable and
reproducible plastid transformation of cotton
from the embryogenic calli using novel chloroplast
vectors. The selectable markers, aphA-6 and nptII
detoxify the same antibiotic i.e. kanamycin and the
employment of appropriate regulatory sequences
ensure that detoxification of kanamycin continues
in the light and dark, irrespective of the tissue type.

Materials and methods

Construction of cotton plastid transformation
vectors

A DNA fragment representing cotton flanking
sequence was amplified from cotton genomic

DNA that was isolated from the leaves using
DNeasy Plant mini kit (Qiagen Inc.) following
manufacturer’s protocol. The flanking sequence
fragment was amplified with the primers based on
tobacco chloroplast genome sequence information
using Platinum Pfx DNA polymerase (Invitrogen
Inc.). This Pfu based enzyme has been demon-
strated to be more efficient than Pfu DNA poly-
merase and it has the lowest error rate at roughly
1.3 · 10)6 error per base pair (Cline et al., 1996).
The forward primer, ADLF and the reverse pri-
mer, ADLR amplified a 4.0 kb DNA fragment
representing the 16S/trnI-trnA/23S region of the
cotton chloroplast genome. The PCR amplified
DNA fragment was treated with T4 polynucleo-
tide kinase (Promega) and cloned into PvuII di-
gested pBluescript II KS, dephosphorylated with
Shrimp Alkaline phosphatase (Promega). The ki-
nase and dephosphorylation reactions were per-
formed as per the manufacturer’s instructions. The
chloroplast promoters and regulatory sequences
were amplified using PCR based on the informa-
tion available for the tobacco chloroplast genome
(Accession # NC_001879). The primers used were
as follows: ADLF (5¢ CACTCTGCTGGGCCGA
CACTGACAC 3¢); ADLR (5¢ CACTAGCCGAC
CTTGACCCCTGTT 3¢); Prrn (Forward: 5¢ATC
GATGAGCCTGATTATCCTAAG3¢; Reverse
5¢CAGCAGGTAGACAAAGCGGATTC3¢), Pp-
sbA (Forward 5¢ GATATCGTCGACGTAGA
GAAGTCCG 3¢; Reverse 5¢ CATATGAAAAT
CTTGGTTTATTTAA3¢); TpsbA (Forward 5¢TC
TAGAGCGATCCTGGCCTAG3¢; Reverse 5¢GA
GCTCGCAGCCCAAACAAATAC 3¢); Trps16
(Forward 5¢ACTAGTCCTAATCAACCGAA
ATTC3¢; Reverse 5¢ GAGCTCGAACACGGA
ATT CAATGGAAGC3¢); T7 gene 10 (Forward
5¢GGTAACCCCGGGAGAC CACAACGGTTT
CCCTCTAGAAATAATTTTGTTTA3¢; Reverse
5¢CATATGTATATCTCCTTCTTAAAGTTA3¢);
3P (5¢AAAACCCGTCCTCAGTTCGGATTGC
3¢); 16S F (5¢CAGCAGCCGCGGTAA TACA
GAGGA3¢); aphA-6 Rev (5¢CGAGAGACACAC
TGTATGTGGTCTCTG3¢). The cotton specific
chloroplast transformation vector pDD-Gh-aphA-
6/nptII (Figure 1A) was constructed by inserting a
blunt ended fragment representing the aphA-6/
nptII expression cassette into PvuII site of cotton
chloroplast DNA flanking sequences. This site is
present in the intergenic region between the trnI-
trnA genes in the cloned flanking region. The
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chloroplast vector pKD-Gh-aphA-6 (Figure 1B)
was constructed by excising the nptII-coding re-
gion along with the psbA 3¢ UTR from pDD-Gh-
aphA-6/nptII and cloning a PCR generated frag-
ment representing a multiple cloning site (MCS)
and psbA 3¢ UTR. For this PCR, the following
primers were used: forward primer 5¢ TTAACAT
ATGAGGCCTTAGAGCGATCCTGGC 3¢ and
reverse primer 5¢ CAATTGCAAGAGCGGAGC
TCTACCAAC 3¢. All general bacterial and DNA
manipulations were performed as per standard
molecular biology protocols.

Transformation and regeneration protocol
for cotton

Cotton grayish-green friable callus, produced from
hypocotyl explants of 5 day-old cotton seedlings
(cultivar Coker310FR; Kumar et al., 1998), was
spread uniformly on sterile filter papers placed in
petri-dishes containing MST1 medium (MS salts;
Murashige and Skoog, 1962, B5 vitamins; Gam-
borg et al., 1968, 0.1 mg/l 2,4-D, 0.5 mg/l kinetin
and 3% glucose) as described (Trolinder and
Goodin, 1988) and bombarded with gold particles
coated with the chloroplast transformation vector
pDD-Gh-aphA-6/nptII, using the helium-driven
biolistic particle delivery system (Bio-Rad) (Dani-
ell, 1997). After particle bombardment, these cul-
tures were incubated in the dark for 48 h and then
transferred to selection medium (MST1) supple-
mented with 50 mg/l kanamycin and incubated in

16/8 h day/night cycle at 50 lE light intensity and
27 ± 1 �C temperature. Putative transgenic cell
cultures were further multiplied on MST1 medium
supplemented with 100 mg/l kanamycin and
maintained on MST1 medium supplemented with
100 mg/l kanamycin for 4–5 months. Transformed
calli were converted into somatic embryos and
plantlets on MST0 medium (MS salts, B5 vita-
mins) containing additional (1.9 g/l) potassium
nitrate. PCR-confirmed chloroplast transgenic
plantlets were transferred to a growth chamber for
flowering and seed setting.

Optimization of gene delivery in cotton

For optimization of gene delivery, cotton calli
were spread on Whatman # 1 filter paper placed
on MST1 medium. Gene delivery was optimized
by using the pDD-Gh-aphA-6/nptII chloroplast
transformation vector coated on 0.6 lm gold
particles employing different parameters listed in
Table 1. The bombarded calli were incubated in
dark for 2 days, after which they were plated on
selective MST1 medium supplemented with
50 mg/l kanamycin. Kanamycin resistant trans-
genic calli were tested for site-specific integration
of transgenes into plastid genomes by PCR.

Analysis of maternal inheritance in cotton

Emasculated non-transgenic cotton plants were
pollinated with pollen derived from chloroplast

Figure 1. (A and B). Physical maps of the cotton chloroplast transformation vectors. (A) Cotton chloroplast transformation vector

pDD-Gh-aphA6/nptII with double selection marker genes aphA-6 and nptII. Primer annealing sites and probe used for Southern

analysis are shown. (B) Cotton chloroplast transformation vector pKD-Gh-aphA-6 with a single selection marker aphA-6 gene.
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transgenic cotton plants. Hybrid F1 ($ non-
transgenic · # transgenic) as well as chloroplast
transgenic cotton seeds were germinated on 1/2MS
basal medium supplemented with 50 mg/l kana-
mycin to test for maternal inheritance of chloro-
plast integrated transgenes.

Results and discussion

Construction of cotton plastid transformation
vectors

Cotton chloroplast vectors target the expression
cassette to the 16S/trnI-trnA/23S region of the
chloroplast genome for integration via homolo-
gous recombination. The site of integration is
similar to the universal chloroplast transforma-
tion vector (pLD CtV) reported earlier from our
laboratory (Daniell et al., 1998; Guda et al.,
2000). For construction of the cotton chloroplast
transformation vector, the flanking region was
amplified from cotton genomic DNA. In the
absence of chloroplast genome sequence infor-
mation for cotton, primers were designed based
on the sequence information available for to-
bacco. PCR amplification of the flanking region
from cotton resulted in a 4.0 kb DNA fragment
that is approximately twice the size of the
flanking region used in pLD CtV vector. It has
been shown that frequency of homologous
recombination is dependent on length and
homology (Shen and Huang, 1986; Fujitani

et al., 1995) of flanking sequences. Based on
these observations, length of the flanking
sequences was increased to 2 kb each on either
side of the transgene cassette so that it might
enhance the frequency of homologous recombi-
nation. Cotton specific chloroplast transforma-
tion vector (pDD-Gh-aphA-6/nptII, Figure 1A)
harbors the aphA-6 gene regulated by the 5¢
ribosome binding site (rbs) region of the bacte-
riophage T7 gene 10 leader (Guda et al., 2000;
Staub et al., 2000; Dhingra et al., 2004; Kumar
et al., 2004) / rps16 3¢UTR in order to facilitate
expression in green as well as non-green tissues.
The nptII gene was expressed under the regula-
tion of PpsbA 5¢ and 3¢ psbA UTR in order to
facilitate light regulated expression in green tis-
sues (Dhingra et al., 2004, Devine and Daniell,
2004; Daniell et al., 2004a; Fernandez San Mil-
lan et al., 2003; Staub and Maliga, 1995). The
second cotton specific chloroplast transformation
vector (pKD-Gh-aphA-6, Figure 1B) harbors
only the aphA-6 gene driven by the 16S rRNA
full length promoter and regulated by T7 gene
10 5¢ UTR / rps16 3¢UTR. A PpsbA 5¢UTR and
psbA 3¢ UTR with a multiple cloning site in
between the UTRs was inserted in order to clone
genes of interest. Transcription of the expression
cassettes, in the cotton chloroplast transforma-
tion vectors, is driven by the full-length 16S
rRNA promoter (Silhavy and Maliga, 1998). The
full-length promoter comprises of binding sites
for both the plastid-encoded and nuclear-en-
coded RNA polymerase thereby facilitating
transcription in green or non-green tissues. All

Table 1. Cotton calli (8–10 weeks old) bombarded with the vector pDD-Gh-aphA-6/nptII and pKD-Gh-aphA-6, coated on 0.6 lm gold
particles using indicated parameters. The transgenic cell lines selected on MST1 medium containing 50 mg/l kanamycin after
bombardments were confirmed by PCR for site-specific transgene integration.

Plastid vector Rupture disc (psi) Distancea (cm) No. of platesb Total eventsc Efficiency (%)d

aphA6/nptII 650 6 15 0 0

aphA6/nptII 650 9 31 13 42

aphA6/nptII 900 9 17 5 29

aphA6/nptII 900 12 18 3 17

aphA6/nptII 1100 9 32 2 6

aphA6/nptII 1100 12 46 5 11

aphA6 650 9 40 2 5

aDistance between rupture disc and target tissues.
bNumber of plates bombarded (1 mm thick · 20 mm in diameter layer of cotton calli from cultivar Coker 310FR).
cTotal number of independent transgenic events recovered.
dTransformation efficiency (total number of events · 100/total number of plates bombarded).
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the 5¢ and 3¢ regulatory elements were PCR
amplified from the tobacco genomic DNA except
for the T7 gene 10 5¢UTR which was PCR
amplified from pET 11 vector (NEB). Details of
primers are provided in Materials and methods.

Transformation of cotton plastids and plant
regeneration

Embryogenic cell cultures serve as an ideal target
material for biolistic transformation (Christou,
1992). However, cotton is particularly challeng-
ing to manipulate in-vitro due to the difficulties
encountered in plant regeneration through so-
matic embryogenesis. Coker cultivars used for
in vitro regeneration are highly variable in their
embryogenic response due to genotype specificity
(Trolinder and Chen, 1989; Kumar et al., 1998),
which has severely impacted the efficacy of ge-
netic transformation through somatic embryo-
genesis. Nuclear transformation of elite cotton
depends mainly on Coker cultivars that are used
as the explant source for in vitro transformation.
Availability of pure embryogenic line (Coker
310FR; fully regenerating) was reported to im-
prove the transformation frequency as well as
the regeneration of transgenic cotton plants
(Kumar et al., 1998).

Friable grayish callus induced from hypocotyl
segments of fully embryogenic cotton (Gossypium
hirsutum cv. Coker 310FR) was bombarded with
cotton chloroplast vector pDD-Gh-aphA-6/nptII
as described (Daniell, 1997; Kumar and Daniell,
2004; Daniell et al., 2004c). Cotton plastid
transformation was extensively tried using the
aadA gene containing cotton chloroplast vectors.
One hundred and five cotyledons, 60 leaves and
72 plates of embryogenic callus (1 mm thick
layer · 20 mm in diameter) of Gossypium hirsu-
tum cv. Coker 310 were bombarded with cotton
chloroplast vector containing the aadA gene.
Bombarded cotyledons and leaves were cut into
small pieces and callus cultures were plated
evenly on selection medium containing 25, 75
and 150 mg/l spectinomycin. However, no
transgenic calli or plants were recovered over a
period of 6 months using spectinomycin as the
selection agent due to its lethal effect on cotton
cultures.

Embryogenic cotton calli bombarded with
chloroplast transformation vector pDD-Gh-
aphA-6/nptII produced several transgenic lines
(Table 1), selected on MST1 medium containing
0.1 mg/l 2,4-D and 0.5 mg/l kinetin (callus
induction medium) and supplemented with
50 mg/l kanamycin (Figure 2A and B). Further,
transformed cultures were multiplied on higher
concentrations of kanamycin (100 mg/l) in order
to increase the number of transgenic chloroplasts
in cotton cultures. Transgenic somatic embryos
were induced from calli on basal MST0 medium
(containing 1.9 g/l extra KNO3) supplemented
with 25 mg/l kanamycin in about 3 months.
Transgenic embryos placed on Whatman filter
paper (No. 1) in a petri-dish containing MST0
medium were matured and elongated into
plantlets in about 1 month (Figure 2 D). Trans-
genic cell cultures and plantlets were tested for
stability of site-specific transgene integration
using PCR and southern blotting. Confirmed
transgenic plants were transferred to a growth
chamber for flowering and seed setting.

Figure 2. (A–D) Cotton calli transformed with the chloroplast

transformation vector pDD-Gh-aphA-6/nptII. (A) Untrans-

formed control cotton calli and (B) transformed primary cotton

calli selected on MST1 medium supplemented with 50 mg/l

kanamycin. (C) Transgenic cotton calli converted into somatic

embryos. (D) Transgenic elongated somatic embryos that were

used to induce homoplasmy by initiating fresh callus from their

hypocotyl segments.
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Optimization of plastid transformation.

Plastid transformation efficiency is very high in to-
bacco (approximately 5–15 events per bombarded
leaf; Daniell et al., 2001; Fernandez San Millan
et al., 2003; Dhingra and Daniell, 2004) but has
been quite inefficient in other crops, including other
solanaceous species (Ruf et al., 2001, Sidorov et al.,
1999). The first nuclear transformation of cotton via
somatic embryogenesis using particle gun was
demonstrated by Finer and McMullen (1990) with
0.7%efficiency. Inorder tooptimize genedelivery in
cotton chloroplasts, the chloroplast transformation
vector, pDD-Gh-aphA-6/nptII (Figure 1A) was
bombarded using different rupture discs and by
varying the distances between rupture discs and
target tissues. Maximal transformation efficiency
(41.7% or 1 transformation event per 2.4 bom-
barded plates) was observed when cell cultures
(friable; gray in color) were bombarded at 9 cm
distance with 650-psi rupture disc (Table 1). These
results suggest that higher cell death or production
of phenolic compounds at sites of injury may be
important determinants in transformation effi-
ciency. The use of double gene single selection
(DGSS) plastid vector greatly facilitated optimiza-
tion of bombardment parameters, transformation
conditions and facilitated chloroplast transforma-
tion evenwith a single gene (aphA-6) single selection
vector (SGSS). Using optimized conditions, the
chloroplast vector with a single selectable marker
gene (aphA-6 gene) yielded only two transformation
events out of 40 bombarded plates (Table 1).
Therefore, the transformation efficiency with the
double selectable marker gene is 8-fold more than
single selectable marker gene. For the choice of
single selectable marker gene we did not choose
nptII as it has been used earlier but the efficiencywas
reported to be very low even in tobacco, where
plastid transformation is highly efficient (Carrer
et al., 1993). However, the aphA-6 gene has been
successfully used for chloroplast transformation in
Chlamydomonas (Bateman and Purton, 2000) or
tobacco protoplasts by PEG-mediated gene deliv-
ery (Huang et al., 2002). Even though aphA-6 was
employed for particle gun mediated chloroplast
transformation of tobacco leaves, no chloroplast
transgenic lines were obtained and the authors cited
sub-optimal selection conditions and the limited
number of bombardments as the reason (Huang
et al., 2002).

Confirmation of transgene integration
into cotton chloroplast genome

The cotton chloroplast transformation vector
pDD-Gh-aphA-6/nptII integrates the aphA6 and
nptII genes into the 16S-23S-spacer region of the
plastid genome by homologous recombination.
Integration of aphA-6 and nptII into the cotton
cultures was confirmed by PCR using internal
primers, 3P (anneals to the flanking sequence) and
aphA-6-rev (anneals to the aphA-6 coding region).
A 2.1 kb size PCR product was amplified and this
confirmed integration of the transgenes in different
cell cultures of cotton (Figure 3A). In order to
distinguish between nuclear and chloroplast
transgenic lines, the 16S-F primer was designed to
anneal to the native chloroplast genome, 200 bp
upstream of integration site and the aphA6-rev
primer was designed to anneal to the aphA-6
transgene; this yielded a 2.6 kb size PCR product,
which confirmed the site-specific integration of the
transgenes into cotton chloroplast genome (Fig-
ure 3B). Since this PCR product can be obtained
in the event of nuclear integration mediated by
promiscuous DNA, the possibility of nuclear
integration was eliminated by Southern analysis
(discussed below). Transgenic calli bombarded
with pKD-Gh-aphA-6 (Figure 1B; containing sin-
gle aphA-6 marker gene) produced two transgenic
lines on MST1 medium supplemented with 50 mg/
l kanamycin (Figure 3C, D). Transgene integra-
tion was again confirmed using different sets of
primers: 3P and aphA6-rev (Figure 3C); 16SF and
aphA6-rev (Figure 3D).

Integration of the transgenes (aphA-6 and
nptII) into cotton plastid genome and homo-
plasmy were investigated by Southern blot analy-
sis. Genomic DNA from transformed and
untransformed cultures was digested with
appropriate restriction enzymes, transferred to
nitrocellulose membrane and probed with P32-ra-
diolabeled aphA-6 gene fragment (�650 bp,
digested with Pst1 and EcoRV from pDD-Gh-
aphA-6/nptII). Transformed chloroplast genomic
DNA digested with PvuII and EcoRV yielded an
expected 3.3 kb size hybridizing fragment, thereby
confirming the site-specific stable integration of the
transgenes into the chloroplast genome in cell
cultures and cotton plants (Figure 3E, Lane 2–8).
As expected, no fragment hybridizing with the
aphA-6 probe was observed in the wild-type

209



untransformed cotton chloroplast genome
(Figure 3E, Lane 1). Southern blot analysis was
performed using total genomic DNA isolated from
untransformed and transgenic cotton lines and
calli derived from transgenic somatic embryos.

In order to investigate heteroplasmy or homo-
plasmy, genomic DNA of cotton plants trans-
formed with pDD-Gh-aphA-6/nptII was digested
with BamHI and HindIII and hybridized with the
1.4 kb radioactive flanking DNA probe (isolated
from a vector containing only the flanking regions
with BamHI and HindIII). Autoradiogram of the
Southern blot showed a 4.0 kb hybridizing frag-
ment representing the flanking and the transgene
sequences in the homoplasmic transgenic lines
(Figure 3F; lanes 2–4). The wild type untrans-
formed cotton yielded a 1.4 kb fragment repre-
senting the flanking sequences (Figure 3F; lane 1).
Heteroplasmic transgenic cotton lines should yield
both fragments of 4.0 kb and 1.4 kb. Homoplas-
mic transgenic cotton lines were selected by
repetitive subcultures of callus induced from hy-
pocotyls segments of elongated somatic embryos
that were regenerated after four cycles of subcul-
tures. All transgenic calli were repeatedly subcul-
tured on MST1 medium supplemented with
100 mg/l kanamycin after initial selection of
transgenic calli on MST1 medium supplemented
with 50 mg/l kanamycin. This helps to eliminate
the untransformed cultures from putatively
transgenic cotton cell cultures.

Determination of maternal inheritance in cotton

In vitro produced transgenic cotton lines were
grown in the growth chamber along with non-
transgenic plants, under similar growth conditions.
Growth of chloroplast transgenic lines (Figure 4
A), onset of flowering, floral parts, boll formation
and seed setting (Figure 4 C, D, E) were similar to
the untransformed cotton plants (Figure 4B, F, G,
H). Cotton lines were grown to maturation stage
in the growth chamber (Figure 4A) and emascu-
lated flowers of non-transgenic cotton were polli-
nated with pollen derived from chloroplast
transgenic lines. More than 150 seeds obtained
from F1 crosses (non-transgenic $ · # transgenic)
were germinated on ½ MS medium supplemented
with 50 mg/l kanamycin. Seedlings from F1
crosses (non-transgenic $ · # transgenic chloro-
plast) germinated on kanamycin selection medium

Figure 3. (A–F). Confirmation of transgene integration into

the cotton plastid genome by PCR and Southern blot anal-

ysis. (A) PCR analysis of cotton calli transformed with

chloroplast transformation vector pDD-Gh-aphA-6/nptII:

Primers 3P (anneal to the flanking sequences) and aphA6-rev

(anneal to the aphA-6 coding region) yield a 2.1 kb PCR

product. (B) Primers 16SF (anneal to the native chloroplast

genome) and aphA-6-rev (anneal to the aphA-6 coding re-

gion) yield a 2.6 kb PCR product. Lane 1 1kb DNA ladder;

Lane 2 Non-transgenic cotton calli; lanes 3–9 Transgenic

cotton calli. (C) PCR analysis for cotton calli transformed

with vector pKD-Gh-aphA-6: Primers 3P and aphA6-rev yield

a 2.1 kb PCR product. (D) Primers 16SF and aphA-6-rev

yield a 2.6 kb PCR product. Lane 1, 1 kb DNA ladder; Lane

2 Non-transgenic cotton calli; lanes 3 and 5 Transgenic cot-

ton calli; lane 4 is blank. (E) Southern blot analysis of cotton

(transformed with vector pDD-Gh-aphA-6/nptII) genomic

DNA digested with PvuII-EcoRV and hybridized with probe

aphA-6 (see figure 1A). Lane 1 Untransformed; Lanes 2–8 In

vitro transgenic cell cultures. (F) Southern analysis of geno-

mic DNA digested with BamHI-Hind III and hybridized with

flanking probe. Lane 1: untransformed cotton (control);

Lanes 2 and 3: Genomic DNA of transgenic plants derived

from seeds; Lane 4: Genomic DNA from transgenic cotton

culture initiated from transgenic somatic embryos (see

figure 2D).
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but failed to grow further, whereas the transgenic
seeds germinated well, produced copious roots and
leaves, thereby confirming resistance to kanamycin
(Figure 4I and J). This demonstrates that there is
no paternal inheritance in cotton and that the

chloroplast transgenic trait is inherited maternally.
All seeds derived from self-pollinated chloroplast
transgenic plants germinated on kanamycin and
therefore, no Mendelian segregation was observed
in the tested seeds. Uniparental maternal inheri-
tance of cotton plastid genome has been reported
earlier where the mechanism of maternal inheri-
tance was investigated in depth and established
(Lax et al., 1987; Hagemann, 2004).

Conclusions

This study reports the first and a reproducible
process for generating cotton plastid transgenic
lines from transformed callus via somatic
embryogenesis. The vectors employed for chloro-
plast transformation of potato, tomato and
Lesquerella contained the flanking sequences from
tobacco or Arabidopsis (Sidorov et al., 1999; Ruf
et al., 2001; Skarjinskaia et al., 2003). This may be
one of the reasons for lower transformation effi-
ciency in these crops. Efficiency of tobacco plastid
transformation using homologous native flanking
sequences has been quite high (Fernandez San
Millan et al., 2003; Dhingra and Daniell, 2004).
However, when petunia flanking sequences were
used for chloroplast transformation of tobacco,
the transformation efficiency decreased drastically
(DeGray et al., 2001). We have recently achieved
efficient transformation of carrot chloroplast gen-
ome (1 event per �7 bombarded plates) using
species-specific carrot chloroplast transformation
vector containing homologous flanking sequences
(Kumar et al., 2004). Therefore, even though the
universal vector concept was proposed several
years ago (Daniell et al., 1998), species-specific
vectors have been used for demonstration of
plastid transformation, especially in recalcitrant
crops.

The origin of replication has been mapped in
the tobacco chloroplast genome and oriA is lo-
cated within the trnI gene that forms the left flank
in the chloroplast transformation vector used for
cotton transformation. Several methods have been
used to study ctDNA replication origins in higher
plants including electron microscopy, two-dimen-
sional (2D) agarose gel electrophoresis, primer
extension mapping of nascent 5¢ ends from total
plastid DNA (Kolodner and Tewari, 1975; Meeker
et al., 1988; Chiu and Sears, 1992; Hedrick et al.,

Figure 4. (A–J). (A) Transgenic and (B) non-transgenic control

cotton plants at the stage of flowering and seed setting. (C–E)

Different floral parts of transgenic cotton and (F–H) non-

transgenic control cotton. I and J: F1 Seedlings germinated on

kanamycin (50 mg/l). (I) Cross between chloroplast transgenic

$ · # non-transgenic cotton (J) Transgenic cotton obtained

after self-pollination.
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1993; Nielsen et al., 1993; Kunnimalayaan et al.,
1997), and in vitro replication analysis of ctDNA
ori subclones (Kunnimalayaan and Nielsen, 1997
a, b). All these studies have identified two repli-
cation origins (oriA and oriB) that flank the 23S
rRNA gene in tobacco ctDNA (Kunnimalayaan
and Nielsen, 1997a,b). It has been shown that for
clones containing a single ctDNA ori, replication
occurs by a rolling circle mechanism and for clones
containing both replication origins, replication
proceeds by the D-loop/theta mechanism
(Kunnimalayaan and Nielsen 1997b; Reddy et al.,
1994). In vitro replication analysis has revealed
that the minimal sequences required for activity of
single-ori ctDNA templates in tobacco is 82 bp for
oriA and 243 bp for oriB (Kunnimalayaan and
Nielsen, 1997b). There are conflicting reports on
the effect of deletions of chloroplast oris
(Muhlbauer et al., 2002; Kunnimalayaan and
Nielsen, 1997b; Lu et al., 1996; Lugo et al., 2004).
It is quite possible that disruption of an ori in vivo
is not lethal if another mechanism can take over. It
is believed that chloroplast DNA may replicate by
a recombinant-dependent mechanism (Bendich,
2004). Therefore, like T4 and lambda phage, it is
very likely that ctDNA replicates by more than
one mechanism.

When chloroplast vectors with or without oriA
were bombarded into cultured tobacco cells, only
the vector with oriA located within the trnI gene
showed prolonged and higher levels of CAT en-
zyme activity (Daniell et al., 1990). When chloro-
plast vectors with or without oriA were
bombarded with the same transgenes, the vector
with oriA present within the trnI flanking region
achieved homoplasmy even in the first round of
selection (Guda et al., 2000). Therefore, higher
transformation efficiency observed in cotton might
be due to the use of long homologous flanking
sequences that contain one of the chloroplast ori-
gins of replication; one possibility is that this could
offer large number of templates within plastids for
integration.

The use of non-green explants has often been
cited as one of the major obstacles that have lim-
ited chloroplast transformation to solanaceous
crops (Bogorad, 2000). It has been erroneously
claimed earlier that rice plastid transformation was
achieved via somatic embryogenesis (Maliga,
2003) but no data was provided to support stable
transgene integration into the plastid genome by

homoplasmy or maternal inheritance of transgenes
(Khan and Maliga, 1999). Understanding and
manipulating the somatic embryogenesis system,
which lacks the advantage of subsequent rounds of
regeneration from heteroplasmic tissues, is a major
challenge. Because most of the crop species are
regenerated via somatic embryogenesis, methods
developed here should help in transforming the
plastid genomes of other crop plants. Non-green
tissues contain several kinds of plastids namely
proplastids, leucoplasts, amyloplasts, etioplasts,
chromoplasts, elaioplasts and gerontoplasts in
which gene expression and gene regulation systems
are quite different from green chloroplasts. During
transformation, transformed proplastids should
develop into mature chloroplasts and transformed
cells should survive the selection process during all
stages of development. Therefore, the major chal-
lenge is to provide plastids an ability to survive
selection in the light and the dark and at different
developmental stages. This is absolutely critical
because only one or two chloroplasts are trans-
formed in a plant cell after bombardment and
these plastids should have the ability to survive the
selection pressure, multiply and establish them-
selves while all other untransformed plastids are
eliminated in the selection process. The DGSS
plastid vector accomplishes this by using genes
coding for two different enzymes capable of
detoxifying the same selection agent (or spectrum
of selection agents), driven by regulatory signals
that are functional in proplastids as well as in
mature chloroplasts.

Both aphA-6 and aphA-2 (nptII) genes code
for enzymes that belong to the aminoglycoside
phosphotransferase family but they originate
from different prokaryotic organisms. Both en-
zymes have similar catalytic activity but the
aphA-6 gene product has an extended ability to
detoxify kanamycin and provides a wider spec-
trum of aminoglycoside detoxification, including
amikacin (Bateman and Purton, 2000; Huang
et al., 2002). In nuclear genetic engineering,
majority of the crop species have been trans-
formed using aminoglycoside detoxification
(kanamycin for dicots and geneticin for mono-
cots). Both transgenes (aphA2 or nptII, aphA-6)
are transcribed by the full-length plastid Prrn
promoter containing binding site for nuclear-en-
coded and plastid-encoded RNA polymerase and
is expected to function both in proplastids and
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mature chloroplasts (Silhavy and Maliga, 1998).
The aphA-6 gene is further regulated by the T7
gene 10 5¢UTR capable of efficient translation in
the dark, in proplastids present in non-green tis-
sues (i.e. grayish friable culture of cotton initially
bombarded with cotton specific chloroplast
transformation vector). The rps16 3¢UTR was
used to stabilize aphA-6 gene transcripts (Stern
and Gruissem, 1987). The T7 gene 10 5¢ UTR
and rps16 3¢ UTR facilitated 74.8% transgene
expression in non-green edible parts (carrots)
containing chromoplasts (grown under the
ground in the dark) and 48% in proplastids,
compared to chloroplasts in leaves (100%, Ku-
mar et al., 2004). Therefore, it is reasonable to
assume that the aphA-6 gene is expressed in non-
green and green plastids in the light or dark. The
nptII gene in the cotton plastid transformation
vector is driven by the psbA 5¢ and psbA 3¢
UTRs, which have been repeatedly shown to be
responsible for light regulated expression of
transgenes integrated into the plastid genome
(Dhingra et al., 2004; Devine and Daniell, 2004;
Daniell et al., 2004a,b; Fernandez San Millan
et al., 2003; Staub & Maliga, 1995). Thus, it is
logical to expect a breakdown of kanamycin in
both dark and light conditions Therefore, a
combination of both aphA-6 and aphA-2 genes
driven by regulatory signals in the light and in the
dark, in both proplastids and chloroplasts, pro-
vides continuous protection for transformed
plastids/chloroplasts from the selectable agent.
These approaches helped in the optimization of
transformation procedure of cotton cell culture
and to achieve a high frequency of transforma-
tion. Such optimized conditions further helped to
obtain transformation even with a single select-
able marker aphA-6. Presence of two antibiotic
resistance genes should not pose any problem
because several methods are currently available to
eliminate marker genes from transformed chlo-
roplast genomes (Fischer et al., 1996; Iamtham
and Day, 2000; Corneille et al., 2001;
Hajdukiewicz et al., 2001; Klaus et al., 2004).

The number of independent resistant calli ob-
tained with pDD-Gh-aphA-6/nptII vector is shown
in the Table 1. All of these independent resistant
calli tested positive by PCR without any escape or
mutation. Therefore, all tested lines were plastid
transformants. Out of seven lines confirmed by
Southern blots for site-specific integration

(Figure 3E, Line 2–8), three cell lines showed best
morphogenic response. These cultures were chosen
to produce elongated somatic embryos (see Fig-
ure 2D). Hypocotyl of elongated embryos were
dissected into small pieces to induce callus and so-
matic embryos. Plants produced from first two lines
were grown in the growth chamber. T1 seedlings
from these lines were tested by Southern blots and
showed homoplasmy (Figure 3F, Line 2 and 3).
Third line maintained in vitro in the callus form,
derived from hypocotyl of elongated somatic em-
bryos was also observed to be homoplasmic (Fig-
ure 3E, Line 4). About 5–20 somatic embryos were
derived from transgenic calli after each subculture.
Therefore, generating several transgenic plants
from a single culture is quite feasible.

In summary, transgenic calli were selected (on
MST1 medium containing 50 mg/l kanamycin)
within 8 weeks after bombardment. Selected cell
cultures were repeatedly subcultured every month
on higher selection pressure (100 mg/l kanamycin),
up to 4 months, in order to increase the number of
transgenic chloroplasts in cell cultures (visually
green in color). To induce somatic embryogenesis,
cell cultures were plated for 3 months on medium
(MST0 + 25 mg/l kanamycin) and well-differen-
tiated somatic embryos were elongated on a
Whatman #1 filter paper placed on medium
(MST0 + 25 mg/l kanamycin) for a month. Fur-
ther, hypocotyls of elongated somatic embryos
were dissected into small pieces and placed on
selection medium (MST1 + 100 mg/l kanamycin)
for 2 months to induce the callus. Induced callus
was again plated for induction of embryos and
subsequently for elongation of somatic embryos
into plantlets. Overall, it took about 18 months to
obtain a homoplasmic transgenic plant from the
bombarded pro-embryogenic cotton calli. Thus,
plastid transformation in cotton is a slow process
but it is quite reproducible
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