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Abstract. Although grape is easily infected with Agrobacterium and plants can be regenerated routinely, it has proven
recalcitrant to the recovery of transgenic plants. Anatomical and histochemical analyses of cocultivated regenerating
leaf explants were used to investigate the compatibility of direct shoot organogenesis with Agrobacterium- mediated
transformation. Leaves of Vitis vinifera L. cvs. French Colombard and Thompson Seedless were cocultivated with
Agrobacterium tumefaciens containing a binary vector carrying kanamycin resistance (APH(3')II) and (β− glucuronidase
(GUS) genes. Explants were cultured on shoot-inducing medium containing levels of kanamycin inhibitory to the
formation of untransformed shoots and assayed for GUS expression after 2 or 4 weeks. Cells expressing GUS were
most frequently observed either at the cut surface, in vascular bundles, or in inner cortical cells of the petiole, but
none of these regions produce adventitious shoots. GUS expression was also frequently found on leaf laminae, where
it marked the center of a zone of cross-protected cells, but unwounded lamina cells never participated in shoot
regeneration. Cells expressing GUS were found less frequently in the epidermal and subepidermal locations where
exogenous, multicellular promeristem initiation occurred. These observations suggest that the direct shoot regeneration system used here could produce chimerally transformed plants, but is unsuitable for the routine production of
uniformly transformed plants.

Transgenic grapevines have not yet been recovered by Agrobacterium- mediated transformation, although Agrobacterium
infection (Martin, 1988) and adventitious shoot regeneration
(Stamp et al., 1990a) can be accomplished readily. The production of transgenic plants requires that at least some transformed cells also participate in regeneration. By analyzing the
distribution of Agrobacterium transformation sites and the developmental anatomy of adventitious shoot regeneration, we
sought to identify in our system the cells that are susceptible to
Agrobacterium transformation and those that participate in regeneration and to determine the extent of overlap, if any, between these two sets of cells. Our overall objective is to develop
a method to obtain transgenic grapevines.
We have previously determined the developmental sequence
of direct shoot organogenesis (Colby et al., 1991). Regenerating
petiole stubs of leaf explants were fixed at intervals and sectioned longitudinally (Fig. 1). After several days on regeneration medium, three distinct regions of meristematic activity became
apparent. The cut surface of the petiole underwent wound meristem divisions and tannin deposition, after which no further
development occurred in this region (Fig. 1, stage II). New
vascular bundles extended from pre-existing vascular bundles
to an organogenic region in which rapid periclinal divisions
resulted in nodular structures (Fig. 1, stage II), some of which
later became adventitious leaves (Fig. 1, stage III). Promeristems also arose in the organogenic region (Fig. 1, stage II),
and with the development of vascular strands and true leaf primordia, many promeristems became adventitious shoot meristems (Fig. 1, stage III).
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The specific objectives of the present study were to determine
the distribution of cells susceptible to Agrobacterium infection
and to estimate the likelihood that any of these cells would
contribute to a promeristem. By analyzing the location of cells
expressing β− glucoronidase genes (GUS) in explants that regenerate in the presence of kanamycin in the context of the developmental anatomy of shoot regeneration, it was possible to infer
the sites of transformation events in the initial explants and the
fate of transgenic cells in adventitious organs. Our hypothesis
is that only chimerally transformed promeristems can arise from
a single transformation event, since epidermal and subepidermal
cells jointly contribute to an initiating promeristem.
Materials and Methods
Agrobacterium vector. We employed the super-virulent disarmed Agrobacterium tumefaciens strain EHA101 (Hood et al.,
1986) with a binary vector carrying an aminoglycoside phosphotransferase II [APH(3')II] gene with a cauliflower mosaic
virus 35S promoter and a GUS gene with a mannopine synthase
promoter (Comai et al., 1990).
Cocultivation and regeneration. Leaves 2 to 8 mm long with
a 0.5-mm petiole stub were excised from nodal cultures of
‘Thompson Seedless’ (syn. Sultana) and ‘French Colombard’
grapes (Stamp et al., 1990a). A. tumefaciens was grown at 25C
in 523 medium (Rodriguez and Tait, 1983) containing 100 mg
gentamycin/liter (Sigma, St. Louis) or 100 mg kanamycin B
sulfate/liter (IBI, New Haven, Corm. ) at pH 7.1. Bacterial cultures were spun down and resuspended (OD420 = 1.5) in 523
medium containing 100 µ M acetosyringone (Aldrich, Milwaukee, Wis.) at pH 5.5. Leaves were dipped into the bacterial
culture for 2 rein, blotted lightly on sterile Whatman #2 filter
paper, and placed abaxial side down on shoot-inducing medium
consisting of Nitsch and Nitsch (1969) salts and vitamins, iron
as in Murashige and Skoog (1962), 20 g sucrose/liter, 2 mg 6benzylaminopurine/liter, and either 7 g Bacto-agar (Difco, Detroit, Mich.) or 5.5 g Sigma Plant Tissue Culture agar/liter.
After the medium was autoclave at 103 kPa for 24 min, acetosyringone (filter-sterilized, 0.2-µm pore diameter) was added
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to a final concentration of 100 µ M , and the pH was adjusted to
5.5. Twenty milliliters of medium was dispensed per 15 × 100mm sterile, plastic petri dish. The cultures were sealed with
parafilm M and incubated at 25 ± 1C with a 16-hr photoperiod
(40 µmol·s -1 · m-2 ) .
Explants were transferred after 2 days to shoot-inducing medium prepared as above but with the omission of acetosyringone
and the addition of 500 mg carbenicillin/liter (Roerig, N.Y.)
and 3 to 7 mg kanamycin/liter and with a pH of 5.7, adjusted
before autoclaving. The kanamycin concentrations used allowed
some development to occur in the cut surface, new vascular,
and in organogenic regions of petiole stubs that were not cocultivated, but were sufficient to inhibit organ initiation. After
1 week, explants were transferred to fresh medium of the same
composition, but with 250 mg carbenicillin/liter. Subsequent
transfers were made every 2 weeks. Shoots elongating to 5 mm
were excised and transferred to half-strength Murashige and
Skoog medium (1962) containing 2% sucrose, 1.0 mg indole3-acetic acid/liter, pH 5.7, and either 7 g Bacto-agar or 5.5 g
Sigma Plant Tissue Culture agar/liter, for rooting and further
shoot elongation (Stamp et al., 1990a).
Histochemical assays. Expression of GUS was analyzed in
regenerating petiole stubs, cocultivated leaf laminae, and leaves
from adventitious shoots. To allow penetration of 6-bromo-4chloro-3-indolyl-glucuronide (X-Gluc), regenerating petiole stubs
were longitudinally hand-sectioned with a razor blade under a
stereomicroscope into 0.5- to 1.0-mm sections. Cocultivated
laminae were cut transversely in strips ≈5 mm wide. Individual
petiole stubs were killed after 2 or 4 weeks of development,
scored for number and location of GUS expression spots, and
compared to stained serial sections of similar stages of direct
shoot organogenesis in untransformed tissue. In other experiments, adventitious buds developing on low levels of kanamycin
were allowed to develop into shoots, and leaf laminae were
assayed for GUS expression after 4 weeks. Leaf tips 3 to 4 mm
long were excised from 8- to 10-mm-long adventitious shoots
having two or three leaves without removing the shoot meristem. All tissues were fixed in formaldehyde 2-(4-morpholino)ethane sulfonic acid (Mes) and incubated with 0.5 mM X-Gluc
as otherwise described by Jefferson (1987). GUS expression
was observed with a stereomicroscope after 12 hr.
To differentiate GUS expression produced in transgenic plant
cells from possible background GUS expression produced by
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living Agrobacterium (Jefferson, 1987), explants were assayed
for expression at days 4, 11, and 21. In addition, Agrobacterium
was allowed to grow in several petiole explants by omitting
carbenicillin from the medium.. Explants were then assayed for
GUS expression and compared to explants that had been on
carbenicillin concentrations inhibitory to the growth of Agrobacterium and to explants not exposed to Agrobacterium.
Results and Discussion
Agrobacterium- vs. plant-driven GUS expression. Two distinct patterns of GUS expression were observed. Four days after
cocultivation, large, diffuse, light-blue patches were observed
in explants cultured on medium containing carbenicillin and
kanamycin, primarily on the leaf lamina and within vascular
bundles of the lamina. On day 11, foci of plant cells containing
dark blue cytoplasm were first observed under a light microscope. On day 21, only dark-blue foci and no diffuse light-blue
patches were observed on leaf explants. We interpret the light
blue GUS expression observed in vascular bundles at days 4
and 11 as Agrobacterium- driven. This is consistent with systemic Agrobacterium infection described in grape (Lehoczky,
1968).
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In a separate experiment, petiole explants were either cocultivated and incubated with or without carbenicillin or not exposed to Agrobacterium. Explants were assayed for GUS
expression after 4 weeks. No blue areas were observed in petioles not exposed to Agrobacterium (Fig. 2A). In cocultivated
explants incubated with carbenicillin, GUS gene expression appeared as sharply defined, dark-blue foci (Fig. 2B). However,
in petiole explants grown without carbenicillin to inhibit the
growth of Agrobacterium, large areas of the explant were diffuse light blue (Fig. 2C).
We also observed lineages of dark-blue cells similar to those
observed by Finnegan et al. (1989), but we never observed
diffuse light-blue cell lineages. Since it is unlikely that Agrobacterium would preferentially surround all derivatives of a particular cell, we interpret the dark-blue lineages as plant cells
that were stably expressing the GUS gene. We conclude that
the large patches of diffuse light blue represented Agrobacterium- driven GUS expression and the small, sharply defined foci
of dark blue were GUS expression from transgenic plant cells.
We cannot exclude the possibility that some of the diffuse light
blue observed at day 4 was due to transient plant GUS expression (Janssen and Gardner, 1990); however, all assays discussed
below were conducted after a minimum of 2 weeks to ensure
that only dark-blue foci were considered in further analyses.
GUS expression in regenerating petioles. GUS expression
was observed in a mean of 66% of the petiole stubs (41% to
97% in five experiments) and in three regions: cut surface, inner
vascular and cortical, and organogenic. The results of one experiment, in which almost every explant exhibited some GUS
expression, are summarized in Fig. 3.
Occasionally some tissue or an organ developed from apparently untransformed cells in the presence of a normally inhibitory kanamycin concentration (Fig. 4 A, B). Cross-protection
from transformed cells might account for this observation, perhaps by a reduced kanamycin concentration localized around
transformed cells that detoxify the antibiotic as it moves through
them .
Transformed cells were observed most frequently in the cut
surface, internal vascular, or inner cortical regions of the petiole
stub (Fig. 3). Derivatives of a transformed cell at the cut surface
(Fig. 4C) always formed wound-response tissue, which never
participated in promeristem initiation. A transformed vascular
bundle cell (Fig. 4D) cannot contribute to promeristem initiation, which always occurs at the uncut surface. A large internal
spot of blue (Fig. 4E) represents the greatly expanded derivatives of a transformed inner cortical cell that divided a few
times. Cells in this region do not contribute to promeristems
either. These three patterns of GUS expression are consistent
with the hypothesis derived from our anatomical studies that
transformation events at the cut surface (Fig. 5; a, a'), in vascular bundles (Fig. 5; b, b'), or in inner cortical cells (Fig. 5;
c, c') do not contribute to transformed promeristems.
Transformed cells were sometimes observed in the organogenic region (Fig. 3). Within this region, the location, size, and
shape of the blue cell clusters varied. Lineages of cells expressing GUS were sometimes observed to extend to, but not include,
the epidermal layer (Fig. 4F). We hypothesize that these cells
(Fig. 5; d'), which originated from periclinal divisions in the
outer cortex (Fig. 5; d), could participate in the initiation of a
chimeral but not a fully transgenic promeristem, since derivatives of both epidermal and subepidermal cells layers always
contribute to an initiating promeristem.
A few organized blue structures appeared to extend to and
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include the epidermal layer. In at least one case (Fig. 4G), we
observed an organized mass of transgenic cells that was morphologically similar to promeristems observed in our earlier anatomical studies (Colby et al., 1991). Our predictions of the
outcome of single cell transformation events do not account for
this pattern of GUS expression. One possible explanation is that
kanamycin selection may have inhibited cell division in a nontransformed epidermal layer, such that transformed subepidermal cells began to divide anticlinally to form a new transgenic
epidermis. Bruck and Walker (1985) conducted experiments that
provide convincing evidence that the epidermis initiated only
once in the life of a plant. A periclinal division in a transformed
epidermal cell could also account for a uniformly transformed
promeristem, but we have never observed this type of division
in examining thousands of epidermal cells. More consistent with
observed patterns of development would be the case in which
superposed epidermal and subepidermal cells, both of which
were independently transformed, subsequently divided to form
a promeristem. In this case, genotype and perhaps gene expression would not be uniform throughout a resulting transgenic
plant.
Significantly, GUS expression in a single, laterally spreading
layer of epidermal cells (Fig. 5, e'), the predicted result of
anticlinal divisions of a transformed epidermal cell (Fig. 5, e),
was observed on only one occasion. This result suggests that
transformation of epidermal cells is very rare compared with
the frequency of transformation events in the cut surface, or in
vascular or cortical cells. We believe that transformed epidermal
cells could contribute to a periclinally chimeral, but not uniformly transgenic, promeristem, since both epidermal and sub-
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epidermal cells always jointly contribute to a promeristem. A
uniformly transgenic plant might be recovered from such a chimera, because periclinal chimeras sometimes are unstable in
vitro (Skene and Barlass, 1983).
GUS expression in leaf laminae. Many dark-blue foci were
observed in cocultivated leaf laminae incubated on low levels
of kanamycin for 4 weeks. The number of foci per lamina ranged
from zero to >100 within any single experiment. GUS expression in laminae was unexpected since it represented transformation of presumably unwounded cells. The reduced cuticle on
leaves produced in vitro compared to greenhouse- or field-grown
leaves may have facilitated infection. Transformation events occurring in these lamina cells could not produce transgenic plants
because adventitious shoots do not develop from unwounded
lamina cells.
On 3 to 7 mg kanamycin/liter, foci of cells expressing GUS
were surrounded by many unbleached green cells not expressing
GUS on the otherwise pale, kanamycin-bleached lamina (Fig.
4H). This pattern of GUS expression provided additional evidence for cross-protection of untransformed cells by transformed cells at low kanamycin concentrations, since the green
spots were absent on laminae incubated on 20 mg kanamycin/
liter.
GUS expression in leaf tips of adventitious shoots. On the
basis of GUS expression in leaf tips sampled from shoots of
many experiments, most adventitious shoots that developed in
the presence of kanamycin were not transformed (Table 1).
However, one leaf tip of ‘Thompson Seedless’ exhibited GUS
expression (Fig. 41). Although the GUS expression was uniform
and intense throughout. the leaf tip, we were unable to determine
the pattern of GUS expression in the rest of the plant because
it subsequently died.
Production of transgenic plants. The 5' MAS-GUS-MAS 3'
construct was expressed in a leaf tip of an adventitious shoot,
in leaf laminae, and in various cells in regenerating grape petioles. We also expected GUS expression in transgenic grape
promeristems, because a similar 5' MAS-NPT II-MAS 3' construct has been successfully used to transform tobacco, tomato,
and rapeseed, suggesting that the MAS promoter drives the NPT
II gene in developing shoot apices of these species (McBride
and Summerfelt, 1990). In addition, the 5' MAS-GUS-MAS 3'
construct that we used resulted in GUS expression in transformed tobacco shoot apices (L. Comai, personal communication).
No confirmed transgenic shoots were recovered, despite repeated attempts (Table 1). Although 70% to 90% of ‘Thompson
Seedless’ and ‘French Colombard’ leaf explants produce adventitious shoots (Stamp et al., 1990b), only a few epidermal and
subepidermal cells per leaf explant participate in promeristem
initiation. Unfortunately, Agrobacterium most frequently transforms cells at or below the cut surface of the petiole, a region
that never regenerates. An average of only one transformation
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event occurs per explant in the organogenic region, so the probability that it will coincide with a site of promeristem initiation
is very low. Consequently, the expected frequency of transgenic
plants is very low. The high frequency of cut surface, vascular,
and inner cortical transformation events compared with the relatively rare occurrence of epidermal transformation events supports previous reports that Agrobacterium most often enters plant
tissues through wound sites and not through intact epidermal
cells.
It might be possible to increase transformation of regenerable
epidermal cells on petiole stubs. In the present study, we employed both a supervirulent Agrobacterium strain (Hood et al.,
1986; Jin et al., 1987) and acetosyringone (Stachel et al., 1985)
to maximize infection. Biovar 3 Agrobacterium strains that naturally infect grape might transform at a higher frequency than
the Biovar 1 strain employed in this study. Alternatively, microprojectile bombardment might be used to direct DNA to epidermal and subepidermal cells in the organogenic region.
A few blue spots included cells in both the epidermal and
subepidermal layers, the region that initiated promeristems, suggesting that transgenic plants could be produced with this system. However, we believe that kanamycin selection inhibited
the further development of chimeral or uniformly transformed
promeristems. Adventitious shoot development on petiole stubs
is polar and dependent on the presence of the leaf lamina (Stamp
et al., 1990b). Kanamycin inhibition of untransformed lamina
cells may affect regeneration similarly to lamina removal by
reducing or eliminating the supportive influence of the lamina
on shoot development from transformed cells.
Furthermore, the coordinated development within the petiole
stub (Fig. 1; stage I) preceding organogenesis is an important
prerequisite to shoot formation. The effect of kanamycin on the
development of untransformed nodular bumps or new vascular
bundles could alter patterns of initiation or development in transformed promeristems. Specifically, promeristems most frequently form in or near grooves between nodular bumps in the
organogenic region (Colby et al., 1991). Because nodular bump
formation is reduced in kanamycin-treated petiole stubs, promeristem initiation may also be reduced. In addition, in the
absence of kanamycin, developing shoot meristems are linked
to pre-existing vascular bundles by new vascular bundles. If
these untransformed developing vascular bundles are functionally important, kanamycin inhibition of their development might
limit the further growth of transformed adventitious shoots.
The developmental considerations elucidated in both the previous anatomical study (Colby et al., 1991) and the present work
suggest the need for an improved strategy for grape transformation and regeneration. Alternative regeneration systems by
which plants originate from single cells are desirable to avoid
the production of transgenic chimeras, like those obtained by
Baribault et al. (1990), that might result from the direct shoot
organogenesis system employed in our study. Grapevines regenerated by somatic embryogenesis have a single-cell origin
(Krul and Worley, 1977), as is the case in many other species
(Raghavan, 1986). Somatic embryogenesis can be induced from
several grape tissues and genotypes (Mullins and Srinivasan,
1976; Rajasekaran and Mullins, 1979; Stamp and Meredith,
1988).
Histochemical assays did not definitively differentiate between transient and stable GUS expression. In addition, some
transformed cells that did not express detectable amounts of
GUS may have been present. We assayed petiole explants several weeks after cocultivation to avoid scoring transient GUS
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gene expression (Jannsen and Gardner, 1990). We frequently
observed cell lineages expressing GUS extending in the direction of growth, suggesting stable integration of the GUS gene.
A more conclusive determination of genetic stability and additional molecular evidence for transformation were not critical
to the present analysis of the distribution of transformation events
in regenerating grape explants.
Developmental features of in vitro regeneration can significantly affect the production of transgenic plants. Explant type,
medium composition, culture conditions, and plant genotype
determine the unique developmental characteristics of each regeneration system. In our grape leaf regeneration system, we
identified cells that initiate promeristems, by anatomical study,
and cells that are susceptible to Agrobacterium, by cocultivation
with subsequent GUS analysis. With this dual approach, we
were better able to understand difficulties we have encountered
in the development of a grape transformation system. Our results suggest that the cocultivation and direct shoot regeneration
system employed here could produce some chimerally transformed plants, but is unsuitable for the routine production of
uniformly transformed plants. Similar studies should prove useful in improving other recalcitrant transformation systems.
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