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Salinity is one of the major factors that limits geographical distribution of plants and adversely affects crop productivity and
quality. We report here high-level expression of betaine aldehyde dehydrogenase (BADH) in cultured cells, roots, and leaves of
carrot (Daucus carota) via plastid genetic engineering. Homoplasmic transgenic plants exhibiting high levels of salt tolerance
were regenerated from bombarded cell cultures via somatic embryogenesis. Transformation efficiency of carrot somatic
embryos was very high, with one transgenic event per approximately seven bombarded plates under optimal conditions. In
vitro transgenic carrot cells transformed with the badh transgene were visually green in color when compared to untrans-
formed carrot cells, and this offered a visual selection for transgenic lines. BADH enzyme activity was enhanced 8-fold in
transgenic carrot cell cultures, grew 7-fold more, and accumulated 50- to 54-fold more betaine (93-101 umol gf1 dry weight
of B-Ala betaine and Gly betaine) than untransformed cells grown in liquid medium containing 100 mm NaCl. Transgenic
carrot plants expressing BADH grew in the presence of high concentrations of NaCl (up to 400 mm), the highest level of
salt tolerance reported so far among genetically modified crop plants. BADH expression was 74.8% in non-green edible parts
(carrots) containing chromoplasts, and 53% in proplastids of cultured cells when compared to chloroplasts (100%) in leaves.
Demonstration of plastid transformation via somatic embryogenesis utilizing non-green tissues as recipients of foreign DNA

for the first time overcomes two of the major obstacles in extending this technology to important crop plants.

Salt stress is a major abiotic stress in plant
agriculture. The problem of soil salinity has been
compounded by irrigation and excessive use of fertil-
izers. About 20% of the world’s irrigated lands are
affected by salinity (Zhu, 2001). Currently, high salin-
ity limits crop production in 30% of the irrigated land
in the United States and 20 million hectares globally.
High salinity causes ion imbalance, toxic levels of
cytoplasmic sodium, and drought stress (Ward et al.,
2003). Plants utilize a number of protective mecha-
nisms to maintain normal cellular metabolism and
prevent damage to cellular components (Wood et al.,
1996). One of the metabolic adaptations to salt stress is
the accumulation of osmoprotectants. Gly betaine and
B-Ala betaine are quaternary ammonium compounds
that accumulate in many plant species in response to
salt stress (Hanson et al., 1991; Hanson and Gage, 1991;
Rhodes and Hanson, 1993; Rathinasabapathi et al.,
2001). Gly betaine protects the cell from salt stress by
maintaining an osmotic balance with the environment
(Robinson and Jones, 1986) and by stabilizing the qua-
ternary structure of complex proteins (Papageorgiou
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and Murata, 1995). This substance occurs naturally
in some crops, like sugar beet and cotton, as well as
in many highly salt- or drought-tolerant wild plants,
including halophytes (Rhodes and Hanson, 1993;
Nishimura et al., 2001). However, many stress-suscep-
tible crops do not contain significant amounts of Gly
betaine or other osmoprotectants. It was proposed that
genetic engineering of osmotolerance in plants could
be achieved by producing betaine in nonaccumulators
(McCue and Hanson, 1990). This has been demon-
strated in several reports where transgenic plants
accumulating Gly betaine exhibit moderate levels of
tolerance to salt stress (Nakamura et al., 1997; Guo
et al.,, 2000; Holmstrom et al., 2000; Kishitani et al.,
2000; Jia et al., 2002).

The metabolic pathway for Gly betaine synthesis
in higher plants involves two enzymes, i.e. choline
monooxygenase (CMO) and betaine aldehyde dehy-
drogenase (BADH), which are compartmentalized
within the chloroplast (Rathinasabapathi et al., 1997;
Nuccio et al., 1998). B-Ala betaine is produced after
methylation of 8-Ala that is derived from 3-aminopro-
pionaldehyde in a reaction catalyzed by the BADH
enzyme (Rathinasabapathi et al., 2001). Overexpres-
sion of betaine by manipulation of badh via chloroplast
genetic engineering may prove to be an important
strategy in order to confer salt tolerance on desired
crops. Expressing a transgene in the chloroplast
allows for high-level transgene expression (Daniell
et al., 2002a), multigene engineering in a single trans-
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formation event (DeCosa et al., 2001; Daniell and
Dhingra, 2002; Ruiz et al., 2003), transgene contain-
ment via maternal inheritance (Daniell, 2002), lack of
gene silencing (DeCosa et al., 2001; Lee et al., 2003),
position effect due to site-specific transgene integra-
tion (Daniell et al., 2002b), and pleiotropic effects due
to subcellular compartmentalization of transgene prod-
ucts (Daniell et al., 2001a; Lee et al., 2003).

Carrot (Daucus carota) is one of the most important
vegetable crops used worldwide for human and
animal consumption, as it is an excellent source of
sugars, vitamins A and C, and fiber in the diet. It is
classified as a salt-sensitive plant and there is a 7%
growth reduction for every 10 mM increment in
salinity above 20 mwm salt. Salt stress results in reduced
leaf gas exchange and a reduction in apparent photo-
synthetic capacity in cultivated carrot crops (Gibberd
et al., 2002). Therefore, carrot is a good candidate for
manipulation of the Gly betaine biosynthetic pathway
for increased salt tolerance. Being a biennial plant,
carrot completes its life cycle in 2 years, producing an
edible fleshy taproot in the first year and flowers in the
second year after passing through a cold season (Yan
and Hunt, 1999). It has recently been demonstrated
that the chloroplast genome shows strict maternal
inheritance in cultivated carrot crops (Vivek et al,
1999). Thus, carrot is an ideal crop for genetic
engineering because it is doubly protected against
transgene flow via pollen or seed dispersal.

We report here successful engineering of the carrot
chloroplast genome to overexpress the badh gene that
results in enhanced tolerance to salt stress. The chlo-
roplast transgenic line was able to survive in 400 mm
NaCl, the levels at which halophytes survive salt
stress. Interestingly, BADH-expressing carrot cells
appeared green in contrast to nontransgenic yellow
cells. In order to achieve chloroplast transformation in
carrot and to overexpress the badh gene, we employed
appropriate regulatory sequences for both the select-
able marker and the gene of interest, which facilitate
expression in non-green plastids. The lack of expres-

sion of transgenes in non-green plastids has been one
of the major obstacles in extending chloroplast trans-
formation to other plant species (Bogorad, 2000;
Daniell et al., 2002b). The other major obstacle is the
inability to generate chloroplast transgenic plants via
somatic embryogenesis and achieve homoplasmy,
without the benefit of subsequent rounds of regener-
ation offered by organogenesis. Both of these obstacles
have been successfully overcome in this study.

RESULTS AND DISCUSSION
Construction of Carrot Plastid Transformation Vectors

Carrot chloroplast transformation vector targets the
expression cassette to the 165/trnl- trnA /23S region of
the chloroplast genome for integration via homolo-
gous recombination. The site of integration is similar to
the universal chloroplast transformation vector (pLD
CtV) reported earlier from our laboratory (Daniell
et al., 1998; Guda et al., 2000). For the construction
of carrot-specific chloroplast transformation vector,
flanking region was amplified from carrot genomic
DNA. In the absence of chloroplast genome sequence
information for carrot, primers were designed based
on the sequence information available for tobacco
(Nicotiana tabacum). PCR amplification of the flanking
region from carrot resulted in an approximately 4.0-kb
DNA fragment that is about twice the size of the
flanking region used in the pLD CtV vector. The
size of the flanking sequence was increased in order
to enhance the efficiency of homologous recombina-
tion. Carrot-specific chloroplast transformation vector
(pDD-Dc-aadA /badh; Fig. 1) harbors the aadA gene
regulated by the 5’ ribosome-binding site region or
the Shine-Dalgarno sequence (GGAGG)/psbA 3’ un-
translated region (UTR) and the badh gene regulated by
the 5’ ribosome-binding site region of the bacterio-
phage T7 gene 10 leader in order to facilitate expression
in green as well as non-green tissues (Guda et al.,
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Figure 1. Physical map of the carrot chloroplast transformation vector pDD-Dc-aadA/badh. PCR primer landing sites and the

probe used for Southern analysis are shown.
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2000; Staub et al., 2000; Dhingra et al., 2004)/rps16
3'UTR. Transcription of the expression cassette in the
carrot chloroplast transformation vector is driven by
the full-length 16S rRNA promoter (Shinozaki et al.,
1986). The full-length promoter comprises binding
sites for both the plastid-encoded and nuclear-encoded
RNA polymerase, thereby facilitating transcription in
green or non-green tissues. All the 5" and 3’ regulatory
elements were PCR amplified from the tobacco geno-
mic DNA, except for the T7 gene 10 5'UTR, which was
PCR amplified from the pET 11 vector (New England
Biolabs, Beverly, MA). Details of primers are provided
in “Materials and Methods.”

Transformation of Carrot Plastid Genomes and
Plant Regeneration

Yellow fine-cell suspension cultures induced from
stem segments of carrot were bombarded with carrot
chloroplast transformation vector pDD-Dc-aad A/badh,
as described (Daniell, 1997, Kumar and Daniell, 2004;
Daniell et al., 2004a). Using the carrot chloroplast
transformation vector, several independent transgenic
cell lines were recovered using different sets of pa-
rameters for particle bombardment (Table I), within 2
to 3 months, from bombarded calli selected on solid
medium containing 150 mg L~ spectinomycin. Later,
the transgenic calli were transferred to 350 mg L™
spectinomycin for a month and subsequently multi-
plied using 500 mg L' spectinomycin. In order to
further multiply the transgenic cell cultures, they were
either subcultured on solid medium after every 2 to 3
weeks or rapidly multiplied in liquid medium (MSB
and 0.1 mg LT 2,4-D), and maintained at 130 rpm

Table 1. Carrot embryogenic callus was bombarded with the vector
pDD-Dc-aadA/badh and coated on 0.6-um gold particles using
indicated parameters

The transgenic cell lines selected on callus induction medium
containing 150 mg L™ spectinomycin after bombardments were
confirmed by PCR for site-specific transgene integration.

No. of  Rupture Independent Events

Plates® Disc Distance” Events * se°  per Plate Efficiency
od
30 650 psi 6 cm 0x0 0 0
24 9 cm 10 1/24 4.2
26 12 cm 0x0 0 0
36 900 psi 6 cm 0*+0 0 0
34 9 cm 10 1/34 2.9
36 12 cm 0+x0 0 0
38 1,100 psi 6 cm 0x0 0 0
30 9 cm 3 +0.71 1/10 6.7
30 12 cm 4+£096 1/7.5 13.3

“Embryogenic calli (1T-mm-thick layer X approximately 2 cm in
diameter) bombarded per plate. PDistance between rupture disc
and target cells. “Total number of independent transgenic events
recovered * st from eight different sets of experiments. dPercent-
age of transformation efficiency was calculated from total number of
independent transformation events obtained from total number of
plates.
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under diffuse light (50 lux) after every week. Trans-
genic carrot plants produced from somatic embryos on
basal MSB medium (containing 500 mg L' spectino-
mycin) were transferred to soil in pots for the
development of mature taproots and further molecu-
lar characterization.

Optimization of Plastid Transformation

Plastid transformation efficiency is very high in
tobacco (approximately 15 events per bombarded leaf;
Fernandez-San Millan et al., 2003), but has been
relatively inefficient in other crops, including other
solanaceous species (Sidorov et al., 1999; Ruf et al.,
2001). Therefore, a plastid transformation protocol was
optimized with different bombardment conditions to
achieve reproducibility using carrot cell cultures. In
order to optimize gene delivery, the carrot-specific
chloroplast transformation vector pDD-Dc-aadA /badh
was bombarded using rupture discs of different psi at
varying distances between rupture discs and the target
tissues. Maximum transformation efficiency (13.3%)
was observed with carrot cell cultures bombarded at
a pressure of 1,100 psi and a distance of 12 cm.
Considerably lower efficiencies were obtained at other
parameters used for particle bombardment (Table I).

Visible Selection of Transgenic Carrot Cells

During in vitro cell culture studies of transgenic and
nontransgenic carrot, it was interesting to note that
chloroplast transgenic carrot cells could be distin-
guished on the basis of color. Transgenic calli derived
from cultured cells expressing the badh transgene were
always green in color, whereas nontransgenic cells
were yellow in color (see Fig. 2, A and B). To test
whether transgenic bright green cells were truly trans-
genic, heteroplasmic (partially transformed plastids)
carrot cell cultures were placed on a growth medium
without selection and were allowed to segregate;
green and yellow cells visually segregated within 3
to 4 weeks (Fig. 2, C and D). Further, transgene
integration in green carrot cells was confirmed by
PCR, using a 16SF and aphA6-rev primer pair.

It has been shown that, in the presence of Gly
betaine, light-dependent repair of the PSII complex is
accelerated and favored over its photoinduced damage
(Aro et al., 1993; Alia et al., 1999). Also, Rubisco has
been shown to be protected in the presence of Gly
betaine (Nomura et al., 1998; Sakamoto and Murata,
2002). Thus, the observed greening of BADH-express-
ing carrot cells may be a consequence of increased
Gly betaine accumulation in the transformed
cells, which prevents the photosynthesis apparatus
from degradation. Visible distinction based on green
color phenotype may be employed in future strategies
for maintaining the transgenic status of transformed
cell lines after the removal of stably integrated
(Fischer et al., 1996; Iamtham and Day, 2000) or
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Figure 2. Visual selection of green transgenic calli versus yellow
nontransgenic carrot calli. A, Transformed. B, Untransformed. C and
D, Heteroplasmic transgenic calli in the absence of a selection agent.

transiently cointegrated (Klaus et al., 2004) antibiotic-
selectable markers.

Confirmation of Transgene Integration into Carrot
Plastid Genomes

The carrot chloroplast vector pDD-Dc-aadA/badh
integrates the aadA and badh genes into the 16S-23S
spacer region of the plastid genome by homologous
recombination. Transgene integration into carrot plas-
tid genomes was confirmed by PCR (Fig. 3A) using
internal primers 3P (which lands on the 16S gene) and
3M (which lands on the aad A gene), producing a 1.6-kb
PCR product. This eliminates mutants that may arise
due to a mutation in the chloroplast 165 rRNA gene. In
order to distinguish between nuclear and chloroplast
transgenic cell lines (Fig. 3B), the 16SF primer was
landed on the native chloroplast genome, 200 bp
upstream of the integration site, and 1M primer was
landed on the aadA gene; this generated a 2.5-kb PCR
product, confirming site-specific integration of the
transgene cassette.

Southern-blot analysis was performed using total
genomic DNA isolated from untransformed and trans-
formed carrot plants generated from different trans-
genic cell lines. Total genomic DNA was digested with
AfIIIl and Poull restriction enzymes (Fig. 3C). In order
to investigate homoplasmy or heteroplasmy, total
genomic DNA from carrot plants, digested with AfIIII
and Poull, was hybridized with a 3.2-kb radiolabeled
DNA fragment isolated from the chloroplast trans-
formation vector pDD-Dc-aadA/badh, by digesting it
with AfIIIl and Poull; this fragment includes the 1.4-kb
trnl flanking sequence and the 1.8-kb transgene se-
quences of the chloroplast transformation vector.
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Transgenic plants regenerated after two subcultures
in selective liquid medium (350 mg L~" spectinomy-
cin) showed heteroplasmy, as is evident by the pres-
ence of both 1.4-kb wild-type and 3.2-kb transformed
chloroplast genomes (Fig. 3C, lane 2). Plants that were
regenerated from cell lines after 8 to 10 subcultures in
liquid medium supplemented with a high concentra-
tion of antibiotic (500 mg L ™" spectinomycin) exhibited
almost complete homoplasmy, as only the 3.2-kb DNA
fragment (lanes 4-8), representing transformed chlo-
roplast genomes was observed. A very faint signal
corresponding to the wild-type fragment (Fig. 3C,
lanes 2-3) was observed in cell lines that have not gone
through repetitive stringent selection; subsequent
rounds of selection eliminated this wild-type frag-

12 3 456789

Figure 3. Confirmation of transgene integration into the carrot plastid
genome by PCR and Southern-blot analysis. A, PCR product (1.65 kb)
from internal primers 3P (land on flanking sequence) and 3M (land on
the aadA gene). B, PCR product (2.5 kb) from an external primer 16SF
(land on the native chloroplast genome) and an internal primer 1M
(land on the aadA gene). Lane 1, 1-kb DNA ladder; lane 2, un-
transformed; lanes 3 to 9, transgenic carrot cell lines. All primer landing
sites are shown in Figure 1. C, Southern-blot analysis of untransformed
and transformed carrot with the vector pDD-Dc-aadA/badh. Carrot
genomic DNA (5 ug/lane) digested with Aflill and Pvull was hybridized
with the 3.2-kb radioactive-labeled P*> DNA probe containing a 1.4-kb
flanking sequence or a 1.8-kb aadA/badh sequence (see Fig. 1 for
details). Lane 1, Untransformed plant; lanes 2 and 3, heteroplasmic
transgenic plants; lanes 4 to 8, homoplasmic transgenic plants derived
after repetitive subculture in liquid medium under spectinomycin
selection.
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ment (lanes 4-8). Observation of slight heteroplasmy
in TO transgenic lines and conversion to complete
homoplasmy in T1 transgenic lines, upon germination
of seeds under stringent selection, is of common
occurrence in chloroplast transgenic lines (Guda
et al., 2000; Daniell et al., 2004b).

BADH Enzyme Activity in Carrot Cells, Roots,
and Shoots

BADH enzyme activity was assayed in crude ex-
tracts from untransformed and transformed carrot cell
cultures, taproots (carrot), and leaves as described
(Daniell et al., 2001b). By assessing BADH enzyme
activity in cells and different parts of carrot plants,
expression of the badh transgene was characterized. In
the presence of betaine aldehyde, BADH enzyme
reduces NAD" to NADH and the rate of this reaction
was measured by an increase in A, due to the
reduction of NAD". Crude extracts from chloroplast
transgenic tissues (cells, taproots, and leaves) showed
elevated levels of BADH activity compared to un-
transformed tissues of carrot (Fig. 4B). High-BADH

-
[=2]

Salt Tolerance via Chloroplast Genetic Engineering

activity was observed in leaves, taproots of carrot
plants, and transgenic cells in suspension culture,
confirming that full-length 16S-promoter Prrn and
gene 10 5'UTR are highly suitable for expressing
transgenes in different tissues. Because these regula-
tory elements are anticipated to function uniformly in
all tissues, we presume that the observed difference in
BADH activity might be due to variation in the plastid
genome copy numbers. It is known that plastid ge-
nome copy numbers vary significantly in different
tissues, with only 5% observed in roots compared to
leaves (Sasaki et al., 1990). However, the high BADH
enzyme activity observed in carrot taproot (74.8% of
leaves) may be due to the large number of chromo-
plasts present; this was quite evident by their orange
color (Fig. 4A).

BADH Protein Expression in Carrot Cells, Roots,
and Shoots

To further confirm the results of BADH activity in
cells, taproots, and leaves, western-blot analysis was
performed using crude extracts of transformed and

Y
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Figure 4. BADH enzyme activity and BADH expression in control and pDD-Dc-aadA/badh lines. A, A pDD-Dc-aadA/badh
transgenic line shown with taproot and shoot. B, BADH activity in untransformed (U) and transformed (T) cell suspension, root,
and leaf. Note: Mean and errors bars are the average of three replicates. C, Western blot using polyclonal anti-BADH serum.
Antigenic peptides were detected using horseradish peroxidase-linked secondary antibody. Lanes 1 to 3, Untransformed cell
culture, root, and leaf; lanes 4 to 6, transformed cell culture, root, and leaf.
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untransformed carrot tissues. Protein transferred to
nitrocellulose membranes was hybridized with poly-
clonal anti-BADH serum raised in rabbits against
native BADH (kindly provided by Dr. Elisa Soto;
Figueroa-Soto et al.,, 1999), and antigenic peptides
were detected using horseradish peroxidase-linked
secondary antibodies. No badh expression was de-
tected in untransformed carrot tissues (cells, taproots,
and leaves; Fig. 4C, lanes 1-3). However, in chloroplast
transgenic samples (Fig. 4C), higher expression was
observed in leaves (lane 6) and taproots (lane 5)
compared to carrot cell suspension cultures (lane 4).
BADH protein accumulation in carrot root and leaf
tissues was in agreement with the BADH enzyme
activity observed in transgenic roots and shoots.

Salt Tolerance and BADH Activity in Cell
Suspension Cultures of Carrot

To test whether salt stress affected BADH enzyme
activity in chloroplast transgenic cell lines, experi-
ments were performed under different salt concen-
trations (0-300 mm NaCl). It was observed that

O

BADH enzyme activity
(nmol/min/mg protien)

8
B
4 I
2
e Mo N

0 100 200 300 0 100 200 300
Wild type carrot cells Transgenic carrot cells

NaCl Conc. (in mM)

transformed cells were able to survive and proliferate
at high concentrations of NaCl in the liquid medium
when compared to untransformed cells (Fig. 5, A and
B). In two replicates, both transgenic and wild-type
carrot cultures produced about an average of 11.82 *
0.18 g of cells (1,475%) in the absence of NaCl while, in
the presence of 100 mm NaCl, 8.75 = 0.13 g (1,096%)
and 1.29 * 0.14 g (161%) of chloroplast transgenic and
wild-type cells were produced, respectively, from 0.8 g
(control as 100%) of initially inoculated cell culture.
Further, BADH enzyme activity was enhanced 8.05-
fold in transgenic carrot cell cultures in the presence of
100 mm NaCl when compared to untransformed cells
(Fig. 5C). This shows that the full-length Prrn pro-
moter and gene 10 5’ UTR facilitate efficient transcrip-
tion and translation in all tissues, regardless of the
developmental stage and despite low copy number of
plastid genomes in non-green cells or roots.

Betaine Accumulation in Carrot Cells

Because transformed carrot cells expressed BADH
(confirmed by western blot) and also showed BADH

Wild type carrot cells

BuOH BuOH
D F
Betaine
Betaine
L._ 1
BuOH BuCH
Betaine
E
|| Betaine '
L TP TP N
P rror ey o te nr oy L TR I B0 I A O B
4 3 2 1ppm 4 3 2 1 PPmM

Transformed carrot cells

Figure 5. Effect of different salt concentrations on growth of untransformed and transformed cell lines with pDD-Dc-aadA/badh
and study of betaine with TH-NMR spectra. Untransformed (A) and transformed (B) cell cultures grown on 100 mm NaCl. C,
Stimulation of BADH activity in the presence of salt. Untransformed and transformed carrot cells in suspension cultures were
placed on a shaker at 130 rpm for 2 weeks in liquid medium containing 0, 100, 200, and 300 mm NaCl. "H-NMR spectra
(500 MHz) of extracts from untransformed (D and E) and transformed (F and G) carrot cell suspension cultures grown in the
presence of 100 mm NaCl alone (D and F) or in combination with 4 mm choline (E and G). Purified samples were dissolved in
D,0 and t-butanol (an internal standard). Integration of the singlet versus t-butanol was used for quantification of betaine. A

dominant singlet of betaine is detected at 3.20 ppm.
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enzyme activity, it is logical to evaluate accumulation
of betaine in these cells Therefore, betaine concentra-
tion was measured by 'H-NMR (Robinson and ]ones
1986). The level of betaine observed was 26.5 umol g
dry weight (DW) in the transgenic carrot cell culture. It
was enhanced up to 3-fold (93.1 umol g~ ! DW) when
transgenic cell suspension cultures were supple-
mented with 100 mm NaCl. However, in the presence
or absence of choline as well as salt, no significant level
of betaine was recorded in the untransformed control
carrot cell cultures (Table II). Transformed carrot cells
grown in 100 mm NaCl accumulated 50- to 54-fold
more betaine than untransformed cells (in the pres-
ence or absence of choline), when determined on the
basis of DW.

Members of the family Chenopodlaceae can accu-
mulate high levels (>100 umol g ! DW) of betaine in
leaves when salinized (Weretilnyk et al., 1989). While
genetic engineering has allowed engineered plants to
produce betaine, there are considerable differences in
levels of betaine, on a fresh-weight (FW) basis, among
nuclear transgenic plants (0.05-5 wmol g ' FW;
Sakamoto and Murata, 2000) and natural accumulators
under stress conditions (440 umol g~ ! FW; Rhodes
and Hanson, 1993). Recently, Nishimura et al. (2001)
reported 167 umol g~ ' DW betaine in sea blite that was
collected from a saline area of China that belongs to
Chenopodlaceae and is known as a strong halophytic
plant. Using H—NMR spectroscopy, we have observed
about 93 umol g~' DW betaine in transgenic tissues
when cell cultures were grown in liquid medium
containing 100 mm NaCl for 2 weeks. While this level
of accumulation is adequate to confer salt tolerance
(up to 300 mm NaCl), higher betaine accumulation
may occur in the transgenic leaf or root tissues, as
BADH activity was much higher in transgenic plants
when compared to carrot cell cultures (Fig. 4B), and
transgenic plants were able to grow in the presence of
400 mm NaCl (Fig. 6).

Previous studies demonstrated that choline-fed
transgenic plants synthesized more betaine because
endogenous choline supply limits betaine synthesis in

Table Il. Quantification of betaine using 'H-NMR spectra

(500 MHz) in the transgenic and nontransgenic carrot cell cultures
grown in liquid medium supplemented with choline (0, 4 mm)
and NaCl (0, 100 mm) after 2 weeks

Samples NaCl Choline Betaine

mm mm wmol g~ DW

Untransformed 0 0 ND
100 0 1.67 = 0.87

0 4 ND
100 4 1.86 = 1.05
Transformed 0 0 26.5 = 3.26
100 0 93.1 + 3.52
0 4 29.2 =+ 2.18
100 4 101.2 + 6.32

DW, Dry weight; FW, fresh weight; ND, not detected.
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transgenic tobacco, Arabidopsis, and Brassica plants
(Nuccio et al., 1998; Huang et al., 2000). In order to test
the role of endogenous CMO, carrot cell cultures were
grown in the presence or absence of choline. We
observed a slight enhancement of betaine accumula-
tion in the transgenic carrot cell suspension cultures
that were supplemented with 4 mm choline along with
100 mM salt (Table II). Lack of significant increase in
betaine in the presence of choline may be due to
limitation of CMO or uptake of choline by carrot cells.

BADH is not substrate specific, as had been reported
previously. It plays several roles in plants during salt
stress (Trossat et al., 1997) and helps in the accumula-
tion of osmolytes like Gly betaine and B-Ala betaine
(Hanson et al., 1991; Rathinasabapathi et al., 2001). Gly
betaine is produced in plants by a two-step oxidation
of choline (Nuccio et al., 1998), while B-Ala betaine
is produced after methylation of B-Ala, converted
from 3-aminopropionaldehyde by BADH enzyme
(Rathinasabapathi et al., 2001). In the salinized plants,
quaternary ammonium compounds B-Ala betaine
[(CH,),-N"-CH,-CH,-COO~] has shown better osmo-
protective propert1es than Gly betaine [(CH,),-N"-
CH,-COO™]; Hanson et al., 1991; Hanson and Gage,
1991; Rathinasabapathi et al 2001]. Since 'H-NMR
spectra detect both quaternary ammonium com-
pounds as betaine, levels of betaine reported here do
not distinguish between 8-Ala betaine and Gly betaine.

While BADH activity increased approximately
8-fold in transformed carrot cells compared to untrans-
formed cells, when grown in the presence of 100 mm
NaC(l, betaine accumulation increased 55-fold. Under
similar physiological conditions, transformed cells
grew approximately 7-fold more than untransformed
cells when grown in the presence of 100 mm NaCL
Even though accumulation of betaine is quite high, the
osmoprotection mechanism in combination with other
mechanisms (such as antiport) may yield plants with
even higher levels of salt tolerance.

Effect of Salt Stress on Carrot Plants

Chloroplast transgenic carrot plants and wild-type
plants were subjected to increasing degrees of salt
stress, ranging from 100 to 500 mm NaCl. Chloroplast
transgenic plants expressing the badh transgene thrive
well up to 400 mm NaCl (Fig. 6), whereas untrans-
formed plants exhibited severe growth retardation at
200 mM NaCl. The understanding of metabolic fluxes
in plant cells and the ability to synthesize compatible
solutes have opened up the possibility of genetically
modifying plants to confer stress tolerance. Improved
salinity tolerance has been achieved by overexpressing
a vacuolar Na+/H= antiport, up to 200 mm NaCl
(Zhang and Blumwald, 2001), accumulation of Gly
betaine by expression of BADH alone, up to 120 mm
NaCl (Jia et al., 2002), or coexpression of BADH
and choline dehydrogenase, up to 200 mm NaCl
(Holmstrdom et al., 2000). In this study, we report that
expression of BADH alone in transgenic plants via the
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Figure 6. Effect of salt (100-500 mm NacCl) on
untransformed (U) and transgenic (T) lines grown
at different concentrations of NaCl. Plants were
irrigated with water containing different concen-
trations of NaCl on alternate days for up to 4
weeks.

chloroplast genome was adequate to confer higher
levels of salinity tolerance (up to 400 mm NaCl). This
appears to be the highest level of salt tolerance
reported in the literature so far; however, it should
be pointed out that the origin of badh genes and the
transformed plant species is different in the aforemen-
tioned examples.

CONCLUSIONS

There are at least 15 prior reports where attempts
have been made to manipulate the Gly betaine bio-
synthesis pathway via nuclear genetic engineering in
order to enhance salt tolerance (Flowers, 2004). This
study demonstrates that overexpression of the badh
gene via engineering of the carrot chloroplast genome
results in significant enhancement of salt tolerance.
Carrot chloroplast transgenic lines are able to grow
well at 400 mm NaCl, a concentration at which only
halophytes are able to thrive. In contrast, the untrans-
formed wild-type line exhibits severe growth retarda-
tion even at 200 mm NaCl (Fig. 6). This appears to be
the highest level of salt tolerance reported so far when
compared to 13 other plant species where enhance-
ment of salt tolerance has been reported (Flowers,
2004).

To our knowledge, this is the first report expressing
a useful trait via chloroplast genetic engineering in
a non-tobacco crop. So far, only the tobacco chloroplast
genome has been engineered to confer herbicide
resistance (Daniell et al., 1998), insect resistance
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(McBride et al., 1995; Kota et al., 1999; DeCosa et al.,
2001; Reddy et al., 2002), disease resistance (DeGray
et al., 2001), drought tolerance (Lee et al., 2003), or
phytoremediation of toxic metals (Ruiz et al., 2003).
There are several reasons that have impeded the
extension of chloroplast transformation technology to
other plant species. Chloroplast transgenic lines are
routinely obtained in tobacco via organogenesis. The
chloroplast transformation vectors utilize homologous
flanking regions for recombination and insertion of
foreign genes. Transformation of Arabidopsis, potato
(Solanum tuberosum), and tomato (Lycopersicon esculen-
tum) chloroplast genomes was achieved via organo-
genesis by bombardment of green leaf tissues, but the
efficiency was much lower than tobacco (Sikdar et al.,
1998; Sidorov et al., 1999; Ruf et al., 2001). In Arabi-
dopsis, one transgenic line per 40 or 151 bombarded
plates was obtained; in potato, one chloroplast trans-
genic line per 35 bombarded plates was obtained; and
in tomato, one transgenic line per 20 bombarded plates
was obtained. In contrast, 15 tobacco chloroplast trans-
genic lines were obtained per bombarded plate
(Fernandez-San Millan et al.,, 2003). In the case of
Lesquerella, transgenic shoots had to be grafted onto
Brassica napus rootstock to reconstruct transgenic
plants (Skarjinskaia et al., 2003). In oilseed rape, direct
Southern-blot analysis of transgenic chloroplast ge-
nomes was not presented (Hou et al.,, 2003). The
vectors employed for chloroplast transformation of
potato, tomato, and Lesquerella contained the flanking
sequences from tobacco or Arabidopsis. This may be
one of the reasons for lower transformation efficiency.
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When petunia flanking sequences were used for
chloroplast transformation of tobacco, the transforma-
tion efficiency decreased drastically (DeGray et al.,
2001). In contrast, efficient transformation of carrot
chloroplast genomes was achieved (one event per
approximately seven bombarded plates) using spe-
cies-specific chloroplast vectors containing 100% ho-
mologous flanking sequences.

The use of non-green explants has often been cited
as one of the major obstacles that has limited the
chloroplast transformation to solanaceous crops
(Bogorad, 2000). In carrot plastid transformation, the
expression cassette for the detoxification of antibiotic
is functional in non-green cells due to the full-length
Prrn promoter used in the cassette that has binding
sites for both the nuclear-encoded and plastid-
encoded RNA polymerase (Daniell et al., 2002a;
Devine and Daniell, 2004). Transformation of carrot
plastid genomes is the very first example of successful,
stable plastid transformation using non-green ex-
plants via somatic embryogenesis. The optimal site
of transgene integration may be an additional pre-
requisite for efficient plastid transformation (Dhingra
et al., 2004). In addition, use of long 100% homologous
flanking sequences (4 kb) should have facilitated effi-
cient recombination. It has been erroneously claimed
earlier that rice plastid transformation was achieved
via somatic embryogenesis, but no data were pro-
vided to support stable transgene integration into the
plastid genome or homoplasmy by Southern-blot
analysis (Khan and Maliga, 1999). Therefore, develop-
ment of protocols that facilitate chloroplast trans-
formation via somatic embryogenesis is a major
breakthrough in this field. 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.

Another significant observation in this study is the
high level of transgene expression observed in pro-
plastids of cultured carrot cells. Earlier, 100-fold less
green fluorescent protein accumulation in amyloplasts
of potato tubers compared to leaves was reported
(Sidorov et al., 1999). In sharp contrast, in proplastids
and in chromoplasts, 53.1% and 74.8% BADH activity,
respectively, was observed when compared to leaf
chloroplasts (100%). Such high levels of transgene
expression were achieved using appropriate heterolo-
gous regulatory sequences in the expression cassette.
Both the selectable marker and the gene of interest
(aadA and badh) are transcribed by the plastid Prrn
promoter; this 165 rRNA promoter drives the entire
rRNA operon in the native chloroplast and contains
binding sites for both the nuclear-encoded and plastid-
encoded RNA polymerases (for a recent detailed
review and discussion, see Daniell et al., 2002a).
Therefore, this promoter is capable of functioning in
both proplastids and chloroplasts (green and non-
green, in light and dark). The badh gene is further
regulated by the T7 gene 10 5'UTR capable of efficient
translation in the dark in proplastids present in non-
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green tissues. It should be noted that the heterologous
T7 gene 10 5'UTR that regulates translation of the badh
gene was indeed promoterless and the transgene
expression could be further enhanced by adding a suit-
able promoter, which could further enhance salt toler-
ance. To our knowledge, this is also the first report of
stable transgene expression in proplastids.

Three different pathways are suggested to mediate
salinity tolerance in plants, which include mainte-
nance of ion and osmotic homeostasis, regulation of
cell division and growth, and detoxification of toxic
byproducts and cellular repair (Zhu, 2002). The pro-
tective properties of betaine are provided by support-
ing the osmotic homeostasis in a plant. Even though it
has been suggested that salt stress is a multigenic trait,
there are experimental data to prove otherwise
(Kasuga et al., 1999; Saijo et al., 2000; Zhang and
Blumwald, 2001; Zhang et al., 2001, Mukhopadhyay
et al., 2004). In order to provide broad-range salinity
tolerance to plants, a better strategy may be to engineer
genes that confer other mechanisms involved in signal
transduction of salt stress, in addition to osmoprotec-
tion. Therefore, engineering plants for salt tolerance
either by large accumulation of betaine via the chloro-
plast genome (50- to 54-fold higher than the untrans-
formed control) or in combination with an antiport
mechanism (Zhang and Blumwald, 2001) should be
an attractive option for future strategies. Furthermore,
effective engineering strategies leading to greater
salinity tolerance may also be devised using the infor-
mation available from comparative and functional
genomic studies of model organisms (Cushman and
Bohnert, 2000) in conjunction with the chloroplast
transformation strategy reported in this study.

MATERIALS AND METHODS
Construction of Carrot Plastid Transformation Vectors

DNA fragments representing a carrot flanking sequence were amplified
from carrot genomic DNA that was isolated from the leaves using DNeasy
Plant Mini kit (Qiagen, Valencia, CA), following the manufacturer’s protocol.
The flanking sequence fragment was amplified with the primers designed
based on a tobacco (Nicotiana tabacum) chloroplast genome sequence infor-
mation using Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA). The
forward primer, ADLF, and the reverse primer, ADLR, amplified a 4.0-kb
DNA fragment representing the 16S/trnl-trnA/23S region of the carrot
chloroplast genome. The PCR-amplified DNA fragment was treated with T4
polynucleotide kinase (Promega, Madison, WI), cloned into Povull-digested
pBluescript II KS (Stratagene, La Jolla, CA), and dephosphorylated with
shrimp alkaline phosphatase (Promega). The kinase and dephosphorylation
reactions were performed as per the manufacturer’s instructions. The chlo-
roplast promoters and regulatory sequences were amplified using PCR based
on the information available for the tobacco chloroplast genome (accession no.
NC_001879). The primers used were as follows: ADLF (5'-CACTCTGCT-
GGGCCGACACTGACAC-3'); ADLR (5'-CACTAGCCGACCTTGACCCC-
TGTT-3'); Prrn  (Forward, 5'-ATCGATGAGCCTGATTATCCTAAG-3’;
Reverse, 5'-CAGCAGGTAGACAAAGCGGATTC-3'); PpsbA (Forward,
5'-GATATCGTCGACGTAGAGAAGTCCG-3'; Reverse, 5'-CATATGAAAAT-
CTTGGTTTATTTAA-3'); TpsbA (Forward, 5-TCTAGAGCGATCCTGGC-
CTAG-3’; Reverse, 5-GAGCTCGCAGCCCAAACAAATAC-3');, Trpslé
(Forward, 5'-ACTAGTCCTAATCAACCGAAATTC-3'; Reverse, 5'-GAGCT-
CGAACACGGAATTCAATGGAAGC-3'); T7 gene 10 (Forward, 5'-GGTAAC-
CCCGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTA-3';
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Reverse, 5'-CATATGTATATCTCCTTCTTAAAGTTA-3'); 3P (5'-AAAACCC-
GTCCTCAGTTCGGATTGC-3'); 1M (5'-CGCGCTTAGCTGGATAACGCC-
ACGGAA-3"); and 16SF (5'-CAGCAGCCGCGGTAATACAGAGGA-3'). The
carrot-specific chloroplast transformation vector pDD-Dc-aadA-badh (Fig. 1)
was constructed by inserting a blunt-ended fragment representing the
aadA-badh expression cassette into the Poull site of the carrot chloroplast
DNA flanking sequences. All general bacterial and DNA manipulations were
performed as per standard molecular biology protocols.

Transformation and Regeneration Protocol for Carrot

Sterile carrot plants (Daucus carota L. cv Half long) were raised in plant
tissue culture tubes containing MSB, Murashige and Skoog salts (Murashige
and Skoog, 1962), B5 vitamins (Gamborg et al., 1968), 2% Suc, and 0.8% agar in
the medium. The stems were cut into 0.5-mm segments and were placed on
MSB solid medium supplemented with 3 mg Lt 2,4-diphenoxyacetic acid
(2/4-D) and 1 mg L™! kinetin for induction of callus. After bombardment with
pDD-Dc-aad A-badh, embryogenic callus was incubated for 2 d in the dark and
selected on MSB (3 mg L '24-Dand 1 mg L' kinetin) containing different
concentrations of spectinomycin (150, 250, 350, and 450 mg Lfl). Cultures
were incubated in a 16-h day/8-h night cycle at 50 to 100 lux light intensity
and 26°C = 2°C temperature. Transgenic cultures were multiplied using both
solid and liquid medium supplemented with a selection agent. Transgenic
plants produced on MSB medium containing 0.2 mg L' kinetin were
transferred to soil in pots.

Optimization of Transformation Parameters in Carrot

For optimization of gene delivery, an embryogenic cell culture of carrot
was placed on Whatman Number 1 filter paper (Whatman, Clifton, NJ),
supported by MSB medium (3 mg L' 2,4-D and 1 mg L™! kinetin). Gene
delivery was optimized using a pDD-Dc-aadA /badh vector coated on 0.6-um
gold particles using different rupture discs (Bio-Rad Laboratories, Hercules,
CA) and at different distances between rupture discs and target tissues.
Bombarded cell cultures were incubated in the dark for 2 d and transferred to
a selection medium containing 150 mg L' spectinomycin. Transgenic calli
obtained at different bombardment parameters were tested for site-specific
transgene integration into the plastid genome by PCR.

BADH Enzyme Activity and Imunoblot
Analysis in Carrot

Protein extraction and BADH activity assays were done as described
earlier (Daniell et al., 2001b). One gram of carot tissues was homogenized in
2 mL homogenization buffer containing 50 mm HEPES-KOH, pH 8.0, 1 mm
EDTA, 20 mm sodium metabisulfite, 10 mM sodium borate, 5 mM ascorbic acid,
and 5 mm dithiothreitol. Crude extract was centrifuged at 10,000 at 4°C for
10 min and the supernatant was desalted using Sephadex G-25 columns
(Amersham-Pharmacia Biotech, Uppsala). Reduction of NAD™ by BADH was
measured spectrophotometrically at 340 nm after 1- and 10-min intervals in
1 mL assay buffer (50 mm HEPES-KOH, pH 8.0; 1 mm EDTA, 5 mwm dithio-
threitol, 1 mm NAD™) at 25°C, supplemented with 1 mm betaine aldehyde) to
start the reaction.

For immunoblot analysis, total soluble protein was isolated using 2X
Laemmli buffer from 100-mg carrot tissues. The mixture was boiled for 5 min
and centrifuged for 5 min at 10,000¢. Supernatant containing 50 ug total soluble
protein (quantified with Bradford assay) was loaded on a 10% SDS-PAGE gel
and transferred to nitrocellulose membrane (Bio-Rad). The membrane was
hybridized with polyclonal anti-BADH serum raised in rabbits against BADH
(provided by Dr. Elisa Soto). Hybridizing peptides were detected using
horseradish peroxidase-linked secondary antibody, with Lumi-Phos WB
chemiluminescent reagent (Pierce Chemical, Rockford, Illinois).

Salt Tolerance in Cell Suspension Cultures of Carrot

To assess the effect of salt stress on chloroplast transgenic cell suspension
cultures of carrot, cells were grown in liquid MSB media (0.1 mg L™ 2,4-D)
supplemented with 0 to 300 mm NaCl. Cultures were maintained at 130 rpm
under diffuse light at 28°C + 2°C for 2 weeks. Cells were harvested on a filter
disc in a filtration apparatus and their relative weight was recorded.
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Determination of Betaine Concentration by "H-NMR

Transgenic and nontransgenic carrot cell cultures were grown in the
presence of NaCl (0 and 100 mm) and choline (0 and 4 mm) in liquid medium to
measure betaine accumulation. Plant samples were prepared as described
previously (Robinson and Jones, 1986; Bessieres et al., 1999). The '"H-NMR
spectra (500 MHz; Varian Instruments, Palo Alto, CA) were recorded at 25°C,
at 32 pulses, with a pulse repletion time of 5 and a radiofrequency pulse angle
of 30°. For betaine determinations with "H-NMR, purified samples were dried
via rotary evaporator and dissolved in 0.6 mL of D,O. -Butanol was added as
an internal standard (Robinson and Jones, 1986; Holmstrom et al., 2000). A
dominant singlet (peak) assignable to the authentic betaine methyl groups
[R-N"(CH,),] was detected at 3.20 ppm. Integration of the singlet versus
t-butanol was used for quantification.

Analysis of Transgenic Plants for Salt Tolerance
in Carrot

Transgenic and nontransgenic carrot plants of similar age and height were
assayed for salt tolerance after transfer to soil in pots containing 0, 100, 200,
300, 400, and 500 mm NaCl. Plants were maintained in a growth chamber and
irrigated daily with saline water containing the above-mentioned levels of salt
for 1 month.
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