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Over Expression of Mitochondrial Citrate Synthase Gene Improves the
Growth of Carrot Cells in Al-Phosphate Medium
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A mitochondrial citrate synthase (CS) of Arabidopsis

thaliana was introduced into carrot (Daucus carota L. cv.

MS Yonsun) cells by Agrobacterium tumefaciens-mediated

transformation. Transgenic cell lines had high CS activity,

the highest value observed was 0.24/miol (mg protein)"
1

min"
1
 which was 1.9-fold of that in wild-type cells. Tran-

script levels of DcCS were similar between transgenic lines,

but those of AtCS were increased as the CS activity of cells

was increased. Isoelectric focussing revealed that the CS

polypeptide of the transgenic lines had a pi value differ-

ent from that of the wild-type cells, although the molecular

mass was the same. These results indicate that the CS poly-

peptides of A. thaliana were expressed and processed to the

mature form in carrot cells. The growth rate and excretion

was 2.2-2.8 and 2.8-4.0 fold greater in the transgenic cells

than in the wild type cells, respectively. Phosphate uptake

from Al-phosphate also increased in transgenic cells. It

appeares, the overexpression of mitochondrial citrate syn-

thase in carrot cells improves the growth rate in Al-phos-

phate medium possibly as a result of increased citrate ex-

cretion.

Key words: Al-phosphate — Citrate synthase (EC 4.1.3.7)
— Daucus carota — Transformation.

Since phosphate is a severely limited and non-renewa-
ble resource (Ando 1983), improvement in plant traits
relevant to Pj-acquisition are important (von Uexiill and
Mutert 1995). In most soils, the concentration of phos-
phate in soil solutions is lower than 10 ̂ M and the phos-
phorous supplied as fertilizer is fixed in an insoluble form
(Clark 1990, Wright 1953). Thus, the plants growing in
such soils have to acquire P; either by superior root growth,
increased Pi-uptake rate or increased root exudation which
helps P| absorption (Ae et al. 1990, Gardner et al. 1981).
One approach to introduce such traits into crop plants may
be via gene manipulation. For example, the overexpression

Abbreviations: AtCS, A. thaliana mitochondrial CS; Aco,
aconitase; CS, citrate synthase; DcCS, carrot mitochondrial CS;
GUS, /ff-glucuronidase; ICDH, isocitrate dehydrogenase; Hyg,
hygromycin; Km, kanamycin.
3 To whom correspondence should be addressed, e-mail, koyama
@cc.gifu-u.ac.jp

of a high-affinity Pj-transporter enhanced the cell growth
of tobacco under the Pj-limiting conditions (Mitsukawa et
al. 1997). Studies relevant to high-affinity P, uptake have
been reported by several authors (e.g. Mimura et al. 1990,
Bun-ya et al. 1991). However, in order to fully under-
standing such a system, it is important to fully examine the
nature of those traits using both physiological and molec-
ular studies.

Root exudation, including acid phosphatase secre-
tion (Goldstein et al. 1988, Tadano et al. 1993) and organic
acid excretion (Lipton et al. 1987, Gardner et al. 1981), is
thought to be part of the phosphate starvation rescue
system found in higher plants. Physiological studies have
suggested that altered carbohydrate metabolism plays a key
role in organic acid excretion. This altered metabolism is
typically associated with an increase in the activity of en-
zymes involved in the tri-carboxylic acid (TCA) cycle, as
well as, phosphoenolpyruvate carboxylase (Hoffland et al.
1992, Johnson et al. 1994, 1996) These changes usually
result in an increased release of citrate and malate. In pre-
vious work, we found such a typical altered metabolism in
Al-phosphate utilizing cells (designated as insoluble phos-
phate grower, IPG; Koyama et al. 1992). These cells grew
normally in anhydrous Al-phosphate medium and this
growth appeared to be accompanied by enhanced citrate
excretion.

Insoluble phosphate grower cells showed higher activ-
ity of citrate synthase (CS; EC 4.1.3.7) and lower activity
of NADP-specific isocitrate dehydrogenase (NADP-ICDH;
EC 1.1.1.42) than the wild-type cells. Although iso-en-
zymes exist for both of enzymes, our recent work showed
differences in mitochondrial CS and cytosolic NADP-
ICDH between IPG and wild-type cells (Takita et al.
1999). In higher plants, mitochondrial CS mediates the
first step of the TCA cycle by catalyzing the condensation
of acetyl coenzyme A and oxaloacetate to form citrate and
coenzyme A. Thus, the enhanced activity of this enzyme
may increase the productivity of citrate in IPG cells and
this in turn may increase their ability to grow normally in
the presence of insoluble PO4 source, such as Al-phos-
phate. To study this possibility further, the objective of
this current study was to develop transgenic cell lines of
carrot by gene manipulation which overexpressed mito-
chondrial CS, and to use this system to fully investigate the
way in which increased levels of CS activity lead to in-
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Altered growth in Al-phosphate medium 483

creased growth on insoluble PO4 sources.
Isolation of cDNAs encoding mitochondrial CS in

higher plants was first established in Arabidopsis thaliana

(Unger et al. 1989) and thereafter, in several plant species
(Canel et al. 1996, la Congnata et"al. 1996, Landshiitze et
al. 1995). Overall similarity has been found between the
coding regions of these cDNAs at the aminp acid and the
nucleotide levels, involving mitochondrial matrix targeting
peptides at the N-terminus. We isolated the entire sequence
of CS cDNA from A. thaliana by PCR and introduced it
into carrot cells by Agrobacterium tumefaciens mediated
transformation. The transgenic lines having mature CS
polypeptides may have the CS polypeptides incorporated
into the mitochondria. These lines have increased levels of
CS activity, greater levels of citrate excretion, and showed
better cell growth than wild type cells in Al-phosphate
medium.

Materials and Methods

Enzymes and chemicals—Restriction and modification en-
zymes for DNA and the high fidelity Taq polymerase Ex Tag were
purchased from Takara (Otsu, Japan). Other chemicals were ob-
tained from Wako Pure Chemical (Osaka, Japan) and Sigma (MI,
U.S.A.).

Plant materials and culture conditions—A protoplast-derived
callus obtained from the carrot (Daucus carota L. cv. MS Yonsun)
cell line used in the preceding paper (Takita et al. 1999) was used
as a host for transformation. Culture conditions for the estima-
tion of growth rate and citrate excretion were the same as those
described previously (Koyama et al. 1990). Cells were pre-cultured
in R2 medium (Ohira et al. 1973) and 400 mg FW of these cells
were inoculated in 30 ml of medium containing either 2 mM of
Al-phosphate or NaH2PO4 as the sole phosphorous source. Cells
were harvested, at appropriate times, on a Miracloth (Calbio-
chem-Novabiochem, CA, U.S.A.), washed with distilled water
and weighed. Cells were placed in a polyethylene pouch, and
frozen in liquid N2 and kept in a deep freezer ( — 80° C) until en-
zyme activity was measured.

Vector construction and Agrobacterium strain—cDNA en-
coding mitochondrial CS was obtained from cDNA libraries of
Arabidopsis thaliana (ecotype Columbia) by PCR (94°C 20 s,
55°C 30 s and 72°C 60 s, 40 cycles) using a Gene Amp 2400 system
(Perkin Elmer, CA, U.S.A.). Both sense (5'-CCCCGTCTAGA-
GAGTTTTGGAGAATGGTGTTTTTCCGCAGCG-3) and anti-
sense (5-CCCCCGATATCCTCGGTGGTGAGTTAAGCAGAT-
GAAGC-3) primers were prepared according to the sequence
reported by Unger et al. (1989), and added Xbal or EcoKV se-
quences to both 5' ends, respectively. Polymerase chain reaction
products were subcloned into pBluescript II KS+ (Stratagene,
U.S.A.) and the nucleotide sequence was confirmed by the
dideoxy methods (Sanger et al. 1977). Then, Xbal-EcoRV frag-
ments were introduced into the pIG121-Hm (Ohta et al. 1990) by
replacing the intron-GUS region, and designated as pAtCS-Hm.
The pAtCS-Hm was introduced into Agrobacterium tumefaciens
EHA101 by a tri-parental mating.

Transformation and isolation' of transgenic colonies—
Agrobacterium-mediated transformation was carried out accord-
ing to the method of Hiei et al. (1994) and Aldemita and Hodges
(1996) with minor modifications. A. tumefaciens grown for 3 d in

AB medium (Chilton et al. 1974) was collected by centrifugation
(7,000 xg, 5 min), and then diluted until the ÎMO of the suspen-
sion reached 1.0 in R2 medium containing 20 fig ml"1 acetosyrin-
gone (designated as R2AS). About 400 mg FW of carrot suspen-
sion cells at the logarithmic phase of growth were collected on
filter paper (No. 2, 55 mm in diameter, Advantec, Tokyo, Japan)
by vacuum filtration, and then placed on a polyurethane sheet
immersed in 40 ml of R2AS in a plastic petri dish. One ml of
A. tumefaciens suspension was added to each dish, and co-cul-
tured with the cells for 4-7 d at 25°C. Cefotaxime (500 fig ml"1)
was added to eliminated A. tumufaciens and the transformed cells
were selected by addition of kanamycin (100 fig ml"1) and
hygromycin (50/ig ml"1).

Enzyme assay and quantification of citrate in medium—Cell
extracts were prepared from 1 g FW of cells by disruption with a
Polytron PT-3000 (Kinematica, Switzerland) at 20,000 rpm for 1
min in extraction buffer [50 mM HEPES-NaOH (pH 7.6), 5M
glycerol, 0.5% (v/v) Triton X-100, 1 mM dithiothreitol]. Samples
were then centrifuged at 28,000 xg for 10 min. The supernatant
was desalted with a Bio-Gel P-6 (Bio-Rad, CA, U.S.A.) column
and the specific activitiy of CS was determined by the method of
Srere (1967). Soluble protein was quantified using the method of
Bradford (1976). Citrate in the medium was first separated from
aluminum on a Dowex 50 (H+-form, Bio-Rad) column at pH 2.0,
and then quantified by the enzyme cycling method (Hampp et al.
1984, Kato et al. 1973).

Western blotting analysis—Polypeptides of mtCS in cell
extracts were separated by 2 dimensional PAGE according to
O'Farrell (1975) with minor modifications. Isoelectric focusing,
was performed with Ampholine (pH 5.0-8.0: Amersham Phar-
macia, U.S.A.), and followed by SDS-PAGE using a 12.5% (w/v)
gel. Separated polypeptides were then transferred from the gel
onto a polyvinyliden difluoride membrane (AE-6666, ATTO,
Tokyo, Japan) by electro-blotting (Horizblot, ATTO, Tokyo,
Japan) using the instructions provided by the manufacturer and
then incubated with anti-mtCS antibodies raised against carrot
mtCS. An alkaline phosphatase conjugated goat anti-rabbit IgG
(Promega, WI, U.S.A.) was used for visualization of the poly-
peptides. Molecular weight and pi markers were both purchased
from Bio-Rad.

Quantification of CS-gene transcripts by quantitative RT-
PCR—The quantitative RT-PCR for mtCS was carried out ac-
cording to the method of Canel et al. (1996) with minor modi-
fications. Total RNA was prepared from each cell line by the
method of Shirzadegan et al. (1991) and then quantified using
absorbance (A26o)- Equal amounts of total RNA (1 fig) from each
cell line were reverse transcribed into DNA and then subjected to
appropriate cycles of PCR using primers for DcCS (DcCSqFl:
5-GTTTGAAAGTTACACGATGTGTACG-3', DcCSqRl: 5-C-
CTCAAACTATGCATGTCCC-3') and AtCS (AtCSqFl: 5-CG-
TCGGCCAACAATCTTCA-3', AtCSqRl: 5-AAGCCTCCAGA-
CTGGGCAGTA-3'). Polymerase chain reaction products having
a length of 251 bp (carrot) and 312 bp (A. thaliana) were visual-
ized by Southern blotting using the same PCR products for spe-
cific proves. Probe-labeling (digoxigenin), hybridization, and de-
tection (chemiluminescent) were carried out using a kit (DIG High
Prime DNA Labeling and Detection Starter Kit II (Boehringer
Mannheim, Mannheim, Germany). Hybridization was performed
for 20 h in hybridization buffer (DIG Easy Hyb, Boehringer
Mannheim) at 42°C. Membranes were twice washed in 2 x SSC
and 0.1% SDS at room temperature for 5 min, and then twice in
0.1 x SSC and 0.1% SDS at 68°C for 15 min each time. To eval-
uate the efficiency of reactions, transcript levels of actin were
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484 Altered growth in Al-phosphate medium

determined using specific primers for carrot actin (AcFl: 5-
GTGACGTTGATATCAGAAAGG-3', AcRl: 5'-CGTCATATT-
CACCCTTCGAG-3') prepared according to the reported se-
quence (CAcl, GenBank accession number: X17526).

32
PO4 uptake rate of trangenic cell lines from alminum

phosphate—Each cell line was grown in 0.5 mM NaH2PO4 medi-
um for 10 d. Cells (2.5 g FW) were then incubated in 50 ml of
medium containing colloidal Al-phosphate (2 mM A1C13, 1 mM
NaH2PO4, and specific activity of 32P was 30^Ci per mol) as the
sole phosphorous source for 4 h at 25°C. The pH of medium was
adjusted to 5.6 in the presence of 30 mM of MES using 1 M
NaOH. Cells were collected on Miracloth and incubated in 1 mM
citrate at 4°C for 1 h to eliminate absorbed Al-phosphate. Cells
were then harvested on a Miracloth, rinsed with distilled water
and digested in H2O2-H2SO4 as described previously (Koyama et al.
1992). Incorporated 32P was measured using Cerenkov radiation
as described previously (Koyama et al. 1992).

Results

Isolation of transfomed cell lines carrying AtCS—
Since plant cultured cells are known to show a spontaneous
variation even within the same population (Oono 1984),
we used a protoplast-derived population as the host for
transformation to minimize variation between our trans-
genic cell lines. To increase efficiency of the transforma-
tion, we used a high density of A. tumefaciens in the pres-
ence of acetosyringone during co-culture according to
recent publications (e.g. Hiei et al. 1994). Since the carrot
cells showed moderate tolerance to kanamycin, we used
a vector containing double drug resistance (Fig. 1), and
kanamycin and hygromycin were used for screening. HPT
II cassette was locates upstream of the left border of T-
DNA, so cells derived from the first round of screening
with hygromycin were expected to contain AtCS in their
genome. As expected, the colonies derived from screening
with hygromycin contained AtCS gene as judged by ge-
nomic PCR using specific primers for AtCS (data not
shown). We obtained more than 50 transformants carrying
the AtCS gene and used 10 lines were randomly for the
following experiments. As a control of transformation, we
carried out transformation using pIG121-Hm which con-
tained the intron-GUS reporter instead of AtCS.

Activity ofCS in transgenic cell lines—Specific activity

pNOS NPTM AtCS HPTII

Fig. 1 Construct of vector used for transformation of citrate
synthase to carrot cells. pAtCS-Hm was prepared from a plant
vector pIG121-Hm (Ohta et al. 1990) by replacing intron-GUS by
mitochondria! citrate synthase in A. thaliana (Unger et al. 1987).
LB, left border; RB, right border; CaMV35S, cauliflower mosaic
virus 35S promoter; HPTII, hygromycin phosphotransferase II;
NPTII, neomycin phosphotransferase II; pNOS, nopalin synthase
gene promoter; tNOS, nopalin synthase gene terminator; X,
Xbal.

of CS was determined for 10 transformant cell lines car-
rying AtCS, 3 control cell lines having the intron-GUS and
the parental host cell line (wild-type; WT), respectively.
Following a 7-day culture of cells in Al-phosphate medium,
the CS activity of the control lines carrying intron-GUS
(0.11-0.14/nnol (mg protein)"1 min"1, unit) was similar to
that of the WT cells (0.12/imol (mgprotein)"1 min"1,
unit). However, the most of CS activity in transgenic lines
carrying AtCS was higher than those in the control and WT
cells (Fig. 2). We found that the CS activity of the WT cells
lower than 0.15 units during 9d when they grow in Al-
phosphate medium (Takita et al. 1999). Most of the
transgenic cell lines carrying AtCS showed more than 0.15
units activity with the highest activity being 0.24 unit (T8
line) (Fig. 2A).

To determine if the activity of CS in transgenic lines
was affected by phosphorous source in the growing medi-
um, also measured the activity in 4 transgenic (Tl, T3, T8
and T20), 2 control cell lines (C4 and C41) and WT cells,
after 7 d growth in Na-phosphate medium. Although the
activity of CS in each cell line was slightly lower in Na-
phosphate medium than in Al-phosphate medium, but
transgenic lines showed higher CS activities than control
and WT cells. The T8 line, which had the highest CS ac-
tivity in Al-phosphate medium, also had the highest CS
activity (0.21 unit) in Na-phosphate medium. These results
suggested that the introduction of the mtCS gene con-
stitutively enhances the CS activity in transgenic cells.

Ectopic expression of an A. thaliana mtCS in carrot

cells—To define the relationship between expression levels
of AtCS gene and CS activity in transgenic lines, we
measured transcripts levels of AtCS in T3 (CS activity: 0.17
unit), T8 (0.24 unit) and T20 (0.23 unit). We also measured
mtCS transcripts levels in control (C4, 0.14 unit) and WT
(0.13 unit) cells. Since both nucleotide sequences of AtCS
and DcCS showed high homology within coding region, it
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WT C2 C41 C4 T8 T20 Tfl T1 T22 T4 T3 T21 T14 T17 WT C41 C4 T8 T20 Tl T3

Cell line Cell line

Fig. 2 Activities of citrate synthase in transgenic carrot suspen-
sion cells carrying mitochondrial citrate synthase from A. thaliana
(T, open bar), control cells carrying intron-GUS (C, shaded bar)
and parental wild-type cells (WT, solid bar) were determined using
cell extracts derived from 7-day old cells cultured in Al-phosphate
medium (2 mM: A) and Na-phosphate (2 mM: B). Means±SD are
indicated.
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was difficult to determine transcripts levels of each CS gene
by northern blotting. Thus, we performed quantitative
RT-PCR analysis using specific PCR primers of both mtCS
to determine the transcript levels in each cell line. In
preliminary experiments, we found that the amounts of
PCR products were saturated after 19 cycles. We then used
13 cycles for the quantification of transcripts of mtCS.
Transcripts levels of DcCS gene in transgenic cell lines were
similar to levels to found in both WT and control cells
(Fig. 3A). However, the transcript levels of AtCS in trans-
genic cell lines which showed high CS activity (T8 and T20)
were greater than transcript levels in which showed lower
CS activity (T3, Fig. 3B). Although both the purity of RNA
and the efficiency of reverse transcription should be im-
portant for evaluation of transcripts levels. We detected no
differences between the rRNA content in the total RNA
sample (Fig. 3D). The amount of RT-PCR products of ac-
tin, which was estimated by the same protocol according to
the reported sequence (CAcl, GenBank accession number:
X17526), were also similor for each sample (Fig. 3C). These
results strongly suggested that both overexpression of
AtCS in T8 and T20 is the result of a greater amount of
AtCS transcripts.

To further analize of AtCS expression in transgenic
lines, we used western blots to determine the presence of
AtCS polypeptides in T3 and T20. Based on reported
nucleotide sequences (AtCS: GenBank, X17528, DcCS:
AB017159), the molecular masses of mature CS polypep-
tides in both carrot and A. thaliana are thought to be
identical (48.8 kDa). However, the calculated pi values for
mature CS proteins of carrot and A. taliana are 6.21 and

WT C4 T3 T8 T20

Fig. 3 Quantitative PCR analysis for mtCS gene transcripts in
carrot cells. Membrane-bound PCR products at 13 cycles derived
from the reverse transcripts obtained from equal amounts of total
RNA (1 /ig) of each cell type were visualized using digoxigenin-
labeled probes. PCR products derived from reverse transcripts
using specific primers for either carrot mtCS (DcCS: A),
A. thaliana mtCS (AtCS: B) or carrot actin (Dacl: C) are shown.
Gel image for ribosomal RNA in each 1 fjg of total RNA (D).

6.62, respectively. As shown in Figure 4, both carrot and
A. thaliana each gave only 1 signal which was around the
theoretical pi value. Under these conditions, both T3 and
T20 gave the same levels of signals for the DcCS polypep-
tides, but the signal for the AtCS polypeptides in T20 was
greater than in T3. Thus, we speculate that the increased
CS activities in transgenic lines may be caused by the ac-
cumulation of AtCS polypeptides.

Citrate excretion and growth of transgenic cell lines—
Citrate excretion and growth were measured in the trans-
genic lines in both Al-phosphate and Na-phosphate me-
dium. Under Pj-sufficient conditions, the growth of each
transgenic (T3, 8 and 20), control (C4) and WT lines was
nearly the same (Table 1), which suggests that growth rate
was not affected by introducing foreign mtCS. In contrast,
when cells were cultured for 9 d in Al-phosphate medium,
the growth of T8 and T20 were 2-3 fold that of the WT and
C4 lines. To reduce the internal Pj concentration of the
cells, in this experiment, we employed the pre-culture for
10 d in a medium with only 0.5 mM Pj. Thus, the differ-
ence in cell growth in Al-phosphate medium is considered
to depend on the ability of cells to utilize Al-phosphate. It
has been suggested that in the presence of Al-phosphate as
the sole phosphate source, growth may be regulated by ci-
trate exudation which causes solubilization of the phos-
phate (Koyama et al. 1990). In fact, the concentration of
citrate in the media of transgenic lines which showed su-

pi
6.0 6.5 7.0 7.1

WT'
48-

— 33.
CO ,

Q A.thaliana

-*• 48-

T3

T20

1 1 1

* 33-

m 48-

O

O 33-

48-

33-

Fig. 4 Western blots of mitochondrial citrate synthase in trans-
genic carrot cells. CS polypeptides were obtained from wild-type
cells, T20 and T3 (carrying mtCS in A. thaliana). Each protein (5
fig) was separated by 2-dimensional PAGE, electrotransferred to
polyvinylidene difluoride membrane and incubated with anti-
carrot mtCS antibodies of rabbit. An alkaline phosphatase con-
jugated goat anti-rabbit IgG was used for visualization of sepa-
rated proteins. Protein extracts from/4, thaliana seedlings are also
indicated.
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Table 1 Growth and citrate excretion of transgenic carrot cells carrying mitochondrial
citrate synthase in A. thaliana

Cell line

WT

C4

T3

T8

T20

Fresh weight
(g flask-^

NaH2PO4

3.55±0.04

3.38±0.12

3.60±0.14

3.23±O.ll

3.63±O.ll

AIPO4

O.52±O.O3

0.65±0.08

0.65±0.09

1.45 ±0.04

1.12±0.12

Citrate in medium
(mM)

NaH2PO4

0.05 ±0.00

0.07 ±0.01

0.06±0.01

0.20±0.06

0.19±0.04

AIPO4

0.06±0.01

0.06 ±0.02

0.06±0.02

0.21±0.01

0.19±0.05

Cells were grown for 9 d in 30 ml of R2 medium containing A1PO4 or NaH2PO4 as a sole source of
phosphorous. WT; wild-type cells, C4; control line carrying intron-GUS, T3,T8,T20; transformant
carrying AtCS. Means and SD from 3 independent assay are indicated.

perior growth (T8 and T20) was 2.5-3 times higher than
that in the medium from control and wild type cells.
Transgenic lines T3 showed no significant increase in
growth or citrate release over that of control and wild type
cells (Table 1). To further investigation the efficiency of
Pi uptake from Al-phosphate by the transgenic cell lines,
we measured short-term uptake of the Pi from 32P-labeled
Al-phosphate. After 4 h incubation, the amount of 32P;
incorporated into the cells was similar between T3, C4 and
WT. However, T8 and T20 incorporated about 2 times the
amount of 32Pj than other cell lines (Fig. 5). These results
suggest that the superior growth of T8 and T20 may be
caused by a more efficient uptake of Pj from Al-phosphate
medium as a result of their enhanced ability to excrete ci-
trate.

(X105)

3

81
. S | 2

•c j -7
CO O> 4

9 2
T3 D-
CO O

az —

n

T

•
JL

T

T

•

WT C4 T3 T8 T20

Cell line

Fig. 5 Uptake of 32Pj of transgenic carrot cells from Al-phos-
phate. Transgenic cell lines carrying AtCS (T3, T8 and T20) or
intron-GUS (C4), and WT cells were incubated with 32P labeled
Al-phosphate (specific activity of 32P| is 30//Ci per mol) for 4 h.
Prior to the determination of the incorporated 32PO4, cells were
incubated in 1 mM citrate (pH4.5) at 4°C for 1 h to eliminate
absorbed Al-phosphate, and then digested with H2SO4-H2O2.
Means ±SD of CPM values derived from 1 g FW of each cell is
shown. (n = 3)

Discussion

Since the precipitation of phosphate as Al-phosphate
is thought to be one of the major problems affected the
growth of plants in acid soils, an increased ability to utilize
phosphate in this form would be an important trait for
increased crop productivity in such soils. In this study,
transformation of cells using A. thaliana mitochondrial CS
caused the CS activity to increase by up to 1.9 fold in carrot
cells (Fig. 2), and caused an increase in citrate excretion to
the medium (Table 1). Growth of the transformed cells
after a 9-days culture in Al-phosphate medium was 2.2-2.8
fold of that in the control and wild-type cells (Table 1). It
appears that P; is solubilized from Al-phosphate as a result
of enhanced citrate excretion and then incorporated to
the transgenic cells within a relatively short-term (Fig. 5).
These results suggest that the gene manipulation technique
used in the present study may be an effective means of
producing crop plants with an enhanced ability to use Al-
phosphate, i.e., to grow in acid soils.

Recent work has suggested that gene manipulation can
directly alter the organic acid metabolism in higher plants.
Transgenic tobacco and papaya plants, carrying bacterial
CS, have been reported to have a high citrate excretion rate
in roots, which appears to increase their tolerance to Al (de
la Fuente 1997). However, increased tolerance to Al is not
the only function thought to result from the increased ex-
creion of citrate from plant roots. In addition, increased
organic acid excretion is thought to increase tolerance to Al
(e.g. Larsen et al. 1998, Ma et al. 1997) and the uptake of
phosphate from insoluble phosphate sources like Al-phos-
phate (e.g. Koyama et al. 1990, Johnson et al. 1994). In the
present study, we have shown a clear example of enhanced
Al-phosphate-utilizing capacity as a result of our transfor-
mations. It appears that more detailed examination of the
physiological relevance of citrate excretion appears to be
important.
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Modified organic acid metabolism, including in-
creased activity of phosphoenolepyruvate carboxylase (Joh-
nson et al. 1994) and CS (Hoffland et al. 1992), is thought
to play a key role in organic acid release from plants, but
molecular biological studies in this area have been limited.
As mentioned previously the recent work of de la Fuente et
al. (1997) is one of the first to report transgenic plants
carrying high CS activities. Unfortunately, this study did
not identify which isoform of CS was responsible for this
increased activity. It is possible that the bacterial CS pro-
teins used in this study may be localized in the cytosol and
in plants that most abundant CS activities are believed to
be in mitochondria. We have gone one step further in our
study and have provided the strong experimental evidence
that we are looking at the overexpression of mitochondrial
CS activity as opposed to cytosolic CS activity. We used a
mtCS gene for making transgenic cells which showed CS
activities which were greater than activities of WT cells.
Although the AtCS gene used in this study contained
a mitochondrial targeting signal sequence, we wanted to
further confirm of localization of CS we had manipulated
in our transgenic lines. We examined CS polypeptides us-
ing western blot analysis and found that polypeptides had
a molecular mass of 48.8 kDa and a pi value of 6.6 (Fig. 4).
These values correspond to values associated with the the-
oretical values of mature AtCS polypeptide. This result
suggested that AtCS polypeptides should be worked in
mitochondria in our transgenic lines. These transgenic lines
showed increased citrate excretion (Table 1) and Pj uptake
from Al-phosphate (Fig. 5). There were no differences in
activity levels for any of the other enzymes which are
relevant to citrate production including aconitase, NAD-
ICDH and NADP-ICDH (data not shown). It appears that
the introduction of mtCS into carrot cells enhanced the CS
activity and the citrate excretion in transgenic cells, but this
had no effect on other enzymes involved in citrate synthe-
sis. From these results, we speculate that an increase in
mitochondrial CS activity alone could directly increase ci-
trate excretion from plants.

In a previous study we examined a selected carrot cell
line designated as insoluble phosphate grower (IPG) which
showed both superior growth and higher citrate excretion
than wild type cells when grew in an Al-phosphate medi-
um. The CS activity in the IPG line was 2 times higher than
that in wild type cells (Takita et al. 1999), and almost
identical to the level found in our transgenic lines, T8 and
T20. However, citrate excretion of transgenic cells was
lower than that found in IPG cells. A previous study,
which appears as an accompanying paper, showed that the
activity of cytosolic NADP-ICDH, which catalyzes the
conversion step of isocitrate to 2-oxoglutarate in the cytosol,
was lower in IPG cells than wild type cells. Specific activi-
ties of NADP-ICDH for cells grown for 9 d on Al-phos-
phate medium were 0.14, 0.22 and 0.21 for IPG, WT and

T8, respectively (data not shown). This may allow citrate to
concentrate in the cytosol of IPG cells, and in turn allows
these cells to release more citrate to the environment than
the transgenic lines, despite the 2 lines having similar ac-
tivity levels of mtCS. This possibility is supported by a re-
cent study looking at an anti-sense inhibition of NADP-
ICDH. In this study the concentration of citrate in leaves
was very high, although location of these citrate pools was
not clear (Kruse et al. 1998). To study this idea further,
another set of transgenic lines would need to be made
which showed modified NADP-ICDH activity. We could
then run another set of experiments similar to the ones we
completed for the present study to determine the role that
this enzyme played in citrate excretion. Another possibility
that could account for the different rates of citrate excre-
tion between the IPG cells and the transgenic cells may be
at the membrane transport level. The carriers involved in
citrate transport which are most likely an anion channel
(Ryan et al. 1997) might be enhanced in the membrane of
IPG cells. Further analysis is clearly needed in order to
define the true nature of the high ability of IPG cells to
excrete citrate in large amounts.
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