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Abstract

A protocol is presented for the efficient transformation of cafbat(cus carotd.. cv. Nantaise) byAgrobacterium
tumefaciensThe binary vector contained the marker gehglucuronidase (GUS), driven by the 35S promoter

of cauliflower mosaic virus, and theptll gene, which confers kanamycin resistance. Highest T-DNA transfer
rates were obtained by co-cultivating bacteria with hypocotyl segments of dark-grown seedlings on solidified BS
medium containing naphthaleneacetic acid and 6-benzylaminopurine. After 2 days, bacterial growth was stopped
with antibiotics. Two weeks later, the explants were placed on agar containing the kanamycin derivate geneticin;
antibiotic-resistant calli developed during the following 4 weeks. Suspension cultures were obtained from resistant
calli and plants regenerated via somatic embryogenesis in liquid culture. The majority of plants were phenotypically
normal and, depending on tigrobacteriunstrain used, harbored single or multiple copies of the T-DNA. About
equal levels of GUS activity were found in different organs of young plants up to 6 weeks after embryogenesis. In
leaves of older plants, GUS activity was markedly reduced, whereas the activities in phloem and xylem parenchyma
cells of developing tap roots were still high and fairly uniform. Thus, the 35S promoter may be a useful tool to
drive the expression of transgenes in developing carrot storage roots.

Introduction Of commercial interest are plant lines with a high
yield and a high sugar level for producing fuel alco-
Carrot Paucus carotal..), a member of the Umbel-  hol or sugar, low levels of reducing sugars, and high
lifereae, is a biennial plant grown for its edible tap root. resistance to diseases, insects and nematodes[22]. Fur-
It is one of the most important vegetables, with 13.5 thermore, of high interest are plants expressing anti-
million tonnes grown in 1991 for human consumption bodies or synthetic vaccines to be used orally as pass-
[5], representing 3% of world-wide vegetable produc- ive immunization [16]. The introduction of these traits
tion [12]. Under optimal conditions, 2—6 kg of roots into Daucuscultivars by genetic engineering is thus
can be harvested from 1%of soil after 90-120 days  clearly important and is dependent on a fast, easy, and
of growth [14]. efficient protocol for plant transformation and regener-
Carrot tap roots are rich in vitamin A and fiber. On  ation. An overview of world carrot seed value and root
average, the mature storage organ is 88% water, 6—8%production area [5] shows that Nantes is by far the most
sugar, 1-2% fiber, 0.7-1.2% protein, 1% ash, and 0— grown root type (53% and 74%, respectively). Thus,
3% fat. Total sugar is the sum of glucose, fructose, and carrot plants of the type Nantes, such as the cultivar
sucrose [22]. The ratio between di- and monosacchar- Nantaise used in our studies, are ideal targets for future
ides is genetically determined and varies from cultivar genetic manipulations.
to cultivar [6]. Starch grains were observed under the Carrot is used in our laboratory to study metabol-
microscope and the amounts found were dependent onism and patrtitioning of sucrose, and we have cloned
the physiological state of the plants [22,12]. genes for polypeptides involved in sucrose biosynthes-
is, transport, utilization and storage [28]. The use of
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MRNA antisense technology [18] to unravel the contri- solid MS medium [19] containing 0.5-2.0 mg/l naph-
bution of each of these polypeptides in sucrose meta- thaleneacetic acid (NAA) together with 0-0.5 mg/I
bolism and partitioning also requires an efficient trans- 6-benzylaminopurine (BAP) or 0.1-1.0 mg/l 2,4-D,
formation and regeneration system [32]. and on semi-solid B5 medium [7] containing 0.25-
Various methods for the delivery of DNA into 2.0 mg/l NAA together with 0.25-0.75 mg/l BAP or
carrot cells have been described, including the use 0.1-1.0 mg/l 2,4-D. The influence of different antibiot-
of Agrobacterium tumefacieng6, 31, 1, 21, 8]. ics on callus formation was tested: 0.05-20 mg/l geneti-
However, initial experiments in our laboratory showed cin (G418), 0.5-100 mg/l paromomycin or kanamycin,
that published methods did not generate large numbers200 or 400 mg/l carbenicillin, and 250 or 500 mg/I
ofindependent transgenic cell lines (Lorenz and Sturm, vancomycin or claforan (cephotaxime). After several
unpublished results). To develop a more efficient pro- weeks at 24C, calli were transferred onto new plates.
tocol, we tested different growth media, hormone com- Selection of fast-growing calli led to homogeneously
binations and concentrations for their ability to induce growing tissues that were subcultured every 4 weeks.
the formation of transgenic calli, and different cells
and tissues for their susceptibility to two different Bacterial strains and binary vectors
Agrobacteriunstrains. The influence of different anti-
biotics on callus formation and embryogenesis was Agrobacterium tumefacierstrain LBA4404, contain-
also examined. Plants were regenerated via somaticing the helpewir plasmid pAL4404 [11] and the bin-
embryogenesis in liquid medium and GUS expression ary plasmid p35S GUS INT [30], and strain GV3101,
patterns analyzed in regenerated plants transformedwith the vir plasmids pPM6000 and the binary plas-
with binary vectors containing the GUS genedp) mid pLRG [24], were used for carrot transformation.
[13] driven by the 35S promoter of cauliflower mosaic LBA4404 was grown in LB medium and GV3101 in
virus (CaMV) [2]. YEB medium [25].

Co-cultivation of explants with agrobacteria and
Material and methods selection of transformed cells
Plant material and tissue culture Suspension-cultured cells were filtered through a
100 um mesh, collected by low-speed centrifugation,
Seeds of carrotfaucus carotd.. cv. Nantaise) were  and resuspended in 50 ml fresh medium. Agrobacteria
obtained from Hild (Mambach, Germany). If not stated (500 ul of an overnight culture) and acetosyringone
otherwise, seedlings and carrot cell cultures were (final concentration 10um, stock solution 100 mM
grown aseptically in the dark. Semi-solid growth media in DMSO) were added. After co-cultivation for 2 days,
usually contained 0.8% agar and 3% sucrose. Cell cul- the cells were harvested by low-speed centrifugation,
tures of cv. Nantaise were obtained as described by washed once with fresh medium and stained for GUS
Guzzoet al. [10], modified at several points. Briefly, activity by using a cyanide-containing X-gluc solution
seeds were sterilized consecutively for 15 min in 70% at 37°C for up to 24 h [17].
ethanol and 10% sodium hypochlorite. After extensive Callustissue was cut with a scalpel into small pieces
washing in sterile water, the seeds were germinated and about 0.2 g of tissue was mixed with @®f an
on agar (0.8%) at 24C for 7 days. The hypocotyls of  overnight culture of agrobacteria containing 10
about 50 7-day-old seedlings were cutinto segments ca.acetosyringone. The mixture was transferred onto agar
1 cm long and immediately transferred into 50 ml B5 plates containing semi-solid growth medium. After 2

medium [7] containing 3% sucrose and 0.1 mg/l 2,4-
dichlorophenoxyacetic acid (2,4-D). After 3 weeks of
continuous shaking at 24 and 120 rpm, the liberated
cells were collected on a 1g@m mesh, centrifuged
(150 x g for 10 min) and resuspended in fresh medi-
um. Rapidly growing cell cultures were subcultured
weekly.

Callus formation from root and hypocotyl seg-
ments of 7-day-old seedlings was tested on semi-

days co-cultivation, GUS activity was determined by
staining.

Sterile carrot tap root slices (2—3 mm thick) were
put into an overnight culture of agrobacteria. After
vacuum infiltration at 15 kPa for 5 min, the slices were
dried on filter paper and placed for 2 days on agar
plates containing growth media. After co-cultivation,
the slices were washed twice with sterile water and
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exposed to the GUS staining solution under reduced cells or explants used. Blue stripes on hypocotyl or

pressure.
Hypocotyls or roots of 7-day-old seedlings were
cut into segments of about 1 cm and dipped into an
overnight culture of agrobacteria. After a few minutes,
the seedling segments were briefly dried on filter
paper and placed on semi-solid B5 medium contain-
ing 1 mg/l NAA and 0.5 mg/lI BAP. After 2—-3 days of
co-cultivation, the segments were washed with liquid
B5 medium and put onto semi-solid B5 medium, con-
taining hormones, 200 mg/l claforan, and 200 mg/|
vancomycin. After 2 weeks, the explants were trans-
ferred to fresh agar containing geneticin (10 mg/l) in

root pieces were counted as a single event. The trans-
formation frequency (%) was defined as the number of
antibiotic-resistant calli, relative to the total number of
co-cultivated explants.

DNA gel blot analysis

Plant DNA was isolated from leaves or calli as
described by Murray and Thompson [20]. Leaf tis-
sue and callus cells contained about 2@0and 20ug
DNA per gram, respectively. DNA was digested with
Hindlll, separated on an agarose gel (i@Jlane) and

addition to the reagents described above. After 4—6 transferred onto a nylon membrane (Hybond-N, Amer-

weeks, fast-growing calli were split into small pieces sham, UK). The blots were hybridized with %8P-

and put onto fresh agar of the same composition. labeled GUS gene and exposed to X-ray films using
standard procedures [25].

Plant regeneration

Carrot cells in liquid culture were obtained by transfer- Results

ring 1-2 g of callus tissue crushed into small pieces into

in a 250 ml flask containing 50 ml liquid B5S medium  Efficiency ofAgrobacteriummediated T-DNA

with 0.1 mg/l 2,4-D, 10 mg/l geneticin, and 200 mg/l transfer to carrot cells

claforan. The fast-growing cell suspension cultures

were subcultered weekly by transferring 10 ml of the The efficiency for T-DNA transfer to different cell
suspension to 50 ml of fresh medium; slow-growing types and tissues of carrot were determined with two
cultures were subcultured at intervals of 2 weeks. strains ofA. tumefaciensvith different genetic back-

Somatic embryogenesis was induced in a suspen-grounds (Table 1). LBA4404 is derived from Ach5 and
sion of single cells and small cell clusters harvest on produces octopine [11], whereas GV3101 originated
a 100um mesh sieve and low-speed centrifugation. from C58 and produces nopaline [24]. Strain LBA4404
Briefly, the harvested cells were washed once with 10 harbored the helpetir plasmid pAL4404 [11] and the
ml hormone-free B5 medium and resuspended in 40 ml binary plasmid p35S GUS INT with an intron in the
hormone-free B5 medium containing 200 mg/l clafor- coding region of the3-glucuronidase (GUS) mark-
an. Somatic embryos, visible 2 weeks after induction, er gene, preventing GUS expression in bacteria [30].
were selected manually and transferred onto plates Strain GV3101 contained thér plasmid pPM6000
with semi-solid B5 medium containing 1.5% sucrose, and the binary vector pLRG with an intron-less GUS
10 mg/l geneticin and 200 mg/l claforan. The plates gene [24]. In both binary vectors, the GUS gene was
were not sealed with parafilm. After 2weeks in a phyto- driven by the 35S promoter of CaMV. The T-DNA of
tron with a 16/8 h day/night cycle, 24C, and 85% the binary vectors also contained tigtll gene, confer-
relative humidity, plantlets were transferred to soil in ring kanamycin resistance to transformed plant cells.
20 cm deep pots. Initially, the pots were covered with a T-DNA transfer to plant cells was measured by a histo-
thin light-permeable plastic foil and kept in phytotron chemical GUS assay. No blue staining was observed,
boxes with a 16/8 h day/night cycle and 22. The when only bacteria with the intron-containing GUS
foil was removed after 4 weeks when most plants had gene were incubated in a solution of X-gluc or after car-
formed the first foliage leaves. rot tissues were co-cultivated with a transfer-defective
form of GV3101 (Figure 1A, D) in which theirD2
gene of thesir plasmid was mutated [24].

Callus cells were transformed at a very low rate,
The frequency of T-DNA transfer was defined as the independent of the addition of acetosyringone [27] or
number of blue cells or blue spots on explants (hypo- whether the calli were broken or cut into small pieces.
cotyl and root pieces), relative to the total number of The transformation rate of suspension-cultured cells

T-DNA transfer and transformation efficiencies
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Figure 1 Histochemical detection of GUS activity in explants of the carrot cultivar Nantaise. Segments of hypocotyls (A, B) and roots (C) of
7-day-old seedlings, and tap root slices of 12-week-old plants (D-F) were co-cultivated for 2 days with the transfer-AefictEatterium

strain GV3101 (pLRG and pPM6000K) (A, D) or the transfer-proficient strain GV3101 (pLRG and pPM6000) (B, C, E, F), and subsequently
stained for GUS activity. Root segments of 7-day-old seedlings were cultivated on B5 (G) or MS medium (H) for 4 weeks. Staining of a callus,
derived from a hypocotyl segment 2 weeks after co-cultivation, is shown in J. After 4 weeks on selection medium, geneticin resistant calli were

visible (K).

Figure 4. Histochemical detection of GUS activity in transgenic plants expressing-giecuronidase gene driven by the CaMV 35S promoter.
Ten-week-old plants transformed with tégrobacteriumstrain GV3101 (pPM6000) shown in A were dissected into different organs and
stained (B). In clockwise orientation starting at the top: a tap root tip, tap root segments with fibrous roots, stems, newly developing leaves, and
an old foliage leaf. Magnifications of the core of a tap root (E) and of fibrous roots (F) are also shown together with GUS activities in 3-week-old

untransformed (C) and transgenic plantlets (D).
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was 0.1% or lower. Vacuum infiltration of tap root
slices from 12-week-old plants with thgrobacteri-
umstrain GV3101 resulted in a large number of GUS-
expressing cells. More than 40% of the slices showed
blue spots, predominantly in the ring of intrafascicular
cambium (Figure 1E, F). LBA4404 was 20 times less
effective than GV3101. Hypocotyl pieces of 7-day-
old seedlings were transformed by b&grobacteri-

um strains with high efficiencies. Usually, GV3101 T x
led to GUS activities at both ends of the explants k 10
and LBA4404 to blue staining all along the vascu-
lar bundles. The efficiency of T-DNA transfer from  Figure 2 Effects of antibiotics at different concentrations on callus
GV3101 to root segments was also very high, but that formation from hypocotyl segments of 7-day-old seedlings. Geneti-
of LBA4404 was much lower. A 2-day preincubation ¢in (M), paromomycin ¥), and kanamycinA).

of the root and hypocotyl pieces on agar plates with

growth media before co-cultivation with bacteria, as

described by Thomas et al. [29], resulted in a fourfold segments of 7-day-old seedlings were co-cultivated for
decrease in the transformation rate. Seed germination2 days with LBA4404 and transferred after washing
on half-strength MS medium, as described by the same onto plates with B5 medium. To inhibit the growth of
author, or addition of acetosyringone, had no effect on bacteria, the medium contained claforan and vanco-
T-DNA transfer efficiencies. Hypocotyl segments from mycin. Two weeks later, the pieces were transferred
seedlings grown in the light were slightly less suscept- onto agar plates of the same compaosition plus 10 mg/l
ible than segments from dark-grown plants (data not geneticin. After 4—6 weeks, numerous yellowish calli
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shown).

Thus, hypocotyl segments of 7-day-old dark-grown
seedlings were highly susceptible to balgrobac-
terium strains. As they also can be obtained easily in
aseptic culture, they were used for all further studies.
Because of frequent difficulties with the sterilization
and handling of root slices, their usage was not contin-
ued.

Selection of transgenic carrot cells

Preliminary results indicated that the published con-
centrations of aminoglycoside antibiotics were not
optimal for inhibition of cv. Nantaise cell growth.
Therefore, hypocotyl and root pieces of 7-day-old
seedlings were placed on callus-inducing medium (B5
medium with 1 mg/ml NAA and 0.5 mg/ml BAP)
containing antibiotics at different concentrations and
the number of calli formed within 4 weeks was coun-
ted (Figure 2). Callus formation stopped at geneticin
(G418) and paromomycin concentrations of 10 mg/l,
which is about tenfold lower than the growth-inhibitory
concentrations of kanamycin (100 mg/l). The antibi-
otics carbenicillin, claforan and vancomycin used to
kill agrobacteria had no effect on callus formation at
concentrations up to 200 mg/l.

The antibiotics were also tested on the growth of
carrot cells transformed with timgptll gene. Hypocotyl

were clearly visible, whereas large parts of the tissues
had turned brown (Figure 1K). In contrast, in the pres-
ence of kanamycin (100 mg/l) neither color nor growth
differences were observed between transformed and
untransformed cells. Therefore, in all further studies,
geneticin was used for the selection of transformed
cells.

Optimization of cell culture conditions

About 800 hypocotyl pieces were co-cultivated for 2
days with theAgrobacteriumstrain GV3101, washed
and then transferred to selection medium described in
the carrot transformation protocol published by Gog-
arten et al. [8] containing MS medium with 2 mg/l
NAA, 0.3 mg/l BAP, vancomycin (200 mg/l), and cla-
foran (200 mg/l). Kanamycin used in the original pro-
tocol was replaced by geneticin (10 mg/l). Only three
large calli with GUS activity developed within 9 weeks,
whereas numerous small explant sections not forming
visible calli stained blue in the presence of X-gluc.
To optimize the formation of transgenic calli, differ-
ent growth media, and differenthormone combinations
and concentrations were tested. No improvements were
made on MS medium [19]. In contrast, on B5 medi-
um [7] more than 90% of the explants developed calli
(Table 2). Callus formation on B5 medium occurred
all along the explant pieces, whereas on MS medium
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Table 1 Efficiencies of T-DNA transfer expressed as numbers of blue cells or blue spots on explants relative
to the total number of cells or explants used. Suspension cells, callus tissue or explants were co-cultivated
for 2 days with agrobacteria. After histochemical staining for GUS activity, blue cells or spots were counted

Cell and tissue types  Agrobacterium treatments Amount Blue  T-DNA

strains ornumber  spots transfer
of explants frequencies
(%)

Callus GV310® chopped 29 6 very low

Callus LBA4404P chopped 29 5 very low

Cell suspension culture  GV3101 acetosyringone 50 ml nc <0.1*

Cell suspension culture  LBA4404 acetosyringone 50 ml nc *0.1

12-week-old plants:

Tap root slices GV3101 vacuum infiltration 93 38 41
Tap root slices LBA4404 vacuum infiltration 121 €2 2
7-day-old seedlings:

Root segments GVv3101 — 175 170 95
Root segments LBA4404 - 80 4 5
Hypocotyl segments GVv3101 - 170 218 128
Hypocotyl segments LBA4404 - 130 145 12

nc, not countedf, estimated.

aStrain GV3101 with the helperir plasmid pPM6000 and the binary plasmid pLRG.

bStrain LBA4404 with the helperir plasmid pAL4404 and the binary plasmid p35S GUS INT.

°Number of tap root slices with blue spo#/alues higher than 100% were obtained because some explants
segments had more than one blue spot.

this mainly occurred at the segment ends (Figure 1G ture. Embryos at the torpedo stage were transferred
and H). Efficient formation of calli on hypocotyl orroot  to solidified medium containing geneticin and clafor-
pieces required 1-2 mg/I NAA and 0.5-0.75mg/I BAP. an and exposed to light. The embryos of most lines
The average transformation efficiency was about 20%. developed further into small plantlets with cotyledons
The plant growth regulator 2,4-D, frequently used in and primary roots, whereas in control experiments non-
carrot tissue culture, gave best results at low concen- transformed embryos of the same stage became brown
trations (0.1 mg/l) but the calli that formed within 4 and died. After 2 weeks, plantlets with green cotyle-
weeks were about fourfold smaller than those formed dons were transferred to soil because further develop-
in the presence of optimal concentrations of NAA and ment, especially of the roots, was inhibited in agar-

BAP (data not shown). containing synthetic media. Usually, 20-50% of the
explants transferred to soil formed foliage leaves with-
Plant regeneration in 4 weeks. In contrast, on synthetic medium only 1%

of the explants continued to develop. After this stage of

Somatic embryogenesis was induced in rapidly grow- development, the growth rate of transgenic carrots in
ing, transgenic suspensions by omitting hormones. soil was indistinguishable from that of nontransformed
Only a few globular and heart stages embryos formed plants.
when the medium contained 10 mg/l geneticin and,
therefore, it was omitted during embryo formation. DNA gel blot analysis
Claforan and vancomycin at concentrations up to
200 mg/l had no effect. To test for the presence and integrity of transgenes,

Embryogenesis was already possible 3 weeks after DNA isolated from transgenic plants or callus tissue
initiation of suspension cultures and reached an optim- was subjected to Southern blot analysis. DNA was
um 3-12 weeks later. Some cell lines needed a longerdigested withHindlIl, which cleaves once in the T-
adaptation of up to 2—3 months until they proliferated DNA between the GUS gene and thptll gene (Fig-
rapidly, and other lines did not grow in liquid cul- ure 3). The GUS gene was used as a probe. A different
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Figure 3 Southern blot analysis of DNA isolated from transgenic
plants (5u.g/lane) regenerated from independent geneticin-resistant
cell lines. The DNA was restricted witHindlll and the blot probed
with the open reading frame of the GUS gene labeled With

A partially restricted pBI121 plasmid [13] (lane 1), DNA from an
untransformed carrot plant (lane 2), and DNA from 12 independ-
ent transgenic plants transformed with tAgrobacteriumstrain
GV3101 (lanes 3 and 4) or LBA4404 (lanes 5-14) was analyzed.
The arrowheads mark DNA fragments of 13.0 kb (upper band) and
2.1 kb (lower band).

Table 2 Efficiency of callus formation
on segments of carrot seedlings on dif-
ferent growth media. Segments of roots
or hypocotyls from 7-day-old seedlings
were placed on different callus-inducing
media and calli were counted four weeks
later.

Tissue Growth  Callus

types media formation
in %

Hypocotyls MS? 48

Roots MS 35

Hypocotyls  BS° 99

Roots B5 98

38Murashige and Skoog [19], contain-
ing 2 mg/l NAA and 0.3 mg/l BAP.
bGamborget al. [7] containing 1 mg/l
NAA and 0.5 mg/l BAP

T-DNA integration pattern was found for each inde-
pendent transformant (Figure 3). When thgrobac-
terium strain LBA4404 was used, the majority of
transformants had multiple inserts, predominantly 3—
5. Only one single-copy insertion was found among 15
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different transgenic cell lines varied markedly, ramp-
ing from 4 to 22500 nmol 4-methylumbelliferone (4-
MU) per minute per mg protein, with an average of
6000 nmol mirr! mg—1. The GUS expression patterns
in two independent transgenic plants with single-copy
inserts and high GUS activities were identical. Uni-
form GUS activities were detected in roots, cotyle-
dons and foliage leaves of young plants up to 6 weeks
(Figure 4D), whereas no blue color was observed
when nontransformed carrots plants were stained (Fig-
ure 4C). GUS expression was low in older foliage
leaves and was in some cases restricted to the vas-
cular tissues (Figure 4B). The staining activity was not
increased by addition of 20% methanol to the stain-
ing solution [15], by preincubation of mature leaves
for 15 min in 70% acetone [23], or by brief (1 min)
soaking in diethyl ether followed by three rinses in
95% ethanol [3], all in order to enhance penetration of
the X-gluc substrate. High and uniform levels of GUS
activity were found in the large phloem and xylem
parenchyma cells of the tap roots (Figure B, E) and
in fibrous roots (Figure 4F). The smaller cells of, for
example, the intrafascicular cambium of tap root slices
were most intensely stained, probably due to higher
specific GUS activities.

Discussion

A comparison of published protocols for the generation
of transgenic plants of carrot [26, 31, 1, 21, 8] showed
that Agrobacteriuramediated DNA transfer, selection
of transformed cells with the antibiotic kanamycin, and
plant regeneration via somatic embryogenesis were the
preferred methods. In each of the protocols, various
types of carrot cells and explants, bacterial strains
and transformation vectors were combined. The res-
ults obtained (see for example [29]) indicate that the
identification of ‘best-matching partners’ and optimal
cell culture conditions are essential for the develop-
ment of an efficient carrot transformation system. The

independent transgenic lines. In contrast, all three cell importance of these factors was nicely demonstrated

lines obtained by transformation with tAgrobacteri-
umstrain GV3101 had single copies of the T-DNA.

Expression of the GUS gene driven by the 35S
promoter in transgenic carrot plants

Geneticin-resistant calli transformed with thgrobac-
terium strain GV3101 contained the GUS gene driv-
en by the CaMV 35S promoter. GUS activity in the

by the studies of Pawlicket al. [21] and Balestrazzi
et al. [1], who showed that hypocotyls of a French
carrot cultivar were not susceptible to thgrobacteri-
umstrain LBA4404 harboring pGV2269, whereas the
transformation of the same tissue from a Dutch cul-
tivar with the strain A281 containing pGA471 worked
very well. We tried several of the published protocols
to transform the carrot cultivar Nantaise, widely used
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in Europe and the USA, and found that they did either multiple copies were inserted. Whether this can be
not work at all or only at very low efficiencies. generalized must await further testing of larger popu-

Two different Agrobacteriumstrains with differ- lations of independent transformants. Our finding is in
ent Ti plasmids, both containing the marker ge¢he contrast to a report by Greveldimg al. [9] showing a
glucuronidase (GUS) driven by the 35S promoter of lack of correlation between the T-DNA copy number in
CaMV, and thenptll gene leading to kanamycin resist-  transgenicArabidopsisplants and theé\grobacterium
ance, were tested. Both strains efficiently transformed strains and transformation vectors used. Instead, arela-
hypocotyl and root segments of 7-day-old seedlings but tionship between copy number and explant type used
apparently had different cell type specificities. Trans- for transformation was reported. High copy numbers
formation with GV3101 predominately gave rise to were found in plants derived from the transformation
GUS staining at the wound sites, whereas transform- of leaf disks, and single insertions in plants originating
ation by LBA4404 was all along the vascular tissues. from transformed roots explants. The authors argued
Use of atransfer-deficietgrobacteriunstrainandan  that the 35S promoter was less active in older leaves
intron-containing GUS gene confirmed that GUS activ- than in roots and, therefore, more copies of the T-DNA
ity was due to gene expression in plant cells and not were required to allow for efficient drug resistance.
in cells of bacteria. Cells of the intrafascicular cambi- Analysis of DNA from transgenic carrot plants gener-
um of tap root slices were also efficiently transformed ated with the published carrot transformation protocols
but because of problems with tap root sterilization and stated above showed multiple copies of T-DNA in the
handling, they were not used further. In contrast, callus majority of independent transformants.
and suspension cells were only poorly susceptible to  The CaMV 35S promoter is thought to be con-
the two bacterial strains. stitutively expressed in different plant tissues and cell

Formation of transgenic calli on hypocotyland root types at different developmental stages [2]. In carrot,
segments of seedlings was increased 20- to 100-fold histochemical analysis of GUS activity in young plants
by changing the hormones in the growth medium from up to 6 weeks after embryogenesis showed uniform
the plant growth regulator 2,4-D to a mixture of NAA  staining patterns, and is in agreement with the liter-
and BAP, and the growth medium composition from ature. In contrast, only low GUS activity was found
MS medium to B5 medium, containing less nitro- in older foliage leaves. Whether this was due to lower
gen. Only meager results were obtained when kana-expression of the GUS gene or reduced stability of
mycin was employed for the selection of transformed GUS transcripts or polypeptides in this organ is not
cells. Marked improvements were made when the more clear. In developing tap roots, GUS activity remained
potent kanamycin-derivative geneticin was used. Best high. With the exception of the intrafascicular cam-
results were obtained when selection on geneticin was bium and cells of the phloem, GUS activities were
applied at about 2 weeks after callus induction. The fairly uniform in root tissues. Histological inspection
addition of acetosyringone, an inducer of the bacterial of the tap root [4] showed that it consists mainly of
virulence genes and, thereby, a stimulator of genetic phloem and xylem parenchyma cells, which are large
plant transformation [27], had no influence on trans- and rather uniform in size. In contrast, the cells of
formation efficiencies of cv. Nantaise. Similar findings the cambium and the phloem are much smaller, lead-
were made by Wurtela and Bulka [31] and may be ing to higher specific GUS activities and, thereby, to a
due to high levels of phenolic compounds present in more intense blue staining. Our results indicate that the
the explants, rendering any additions ineffective [21]. 35S promoter may be a useful tool to drive transgene
Under optimal conditions, our protocol led to trans- expression in developing carrot storage roots.
formation efficiencies of about 20%, which was in our
hands at least 100-fold more effective than the pub-
lished protocols. Transgenic plants with tap roots of Acknowledgements
1 cm in diameter were obtained in about 8 months.
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copies of the T-DNA. Single insertions were prefer- proficient transformation vectors, and to Raymond
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