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Summary

Agrobacterium has been established as a tool for gene
delivery to most dicotyledonous plant species. However,
it is not generally efficient in monocotyledonous plant
species, especially not in Graminae. In maize, Agro-
bacterium-mediated DNA transfer has been detected but
early developmental stages in the plant proved incompet-
ent as recipients. This research tests whether the lack of
competence in young immature embryos of maize could
be overcome by providing Agrobacterium in the interior
of the plant cell. A microinjection technique was used to
target single meristematic cells and prove competence to
Agrobacterium. This response is dependent on the maize
plant genotype.

Introduction

Agrobacterium tumefaciens is a gram-negative soil bac-
terium which was originally isolated from crown gall
disease in dicotyledonous piants. Bacteria bind to plant
cells and transfer to them a segment of DNA (the so-called
T-DNA) from their large tumour-inducing plasmid (the
so-called Ti plasmid; for review see Binns and Howitz,
1994; Hoovykaas and Schilperoort, 1992; Winans, 1992;
Zupan and Zambryski, 1995). This transkingdom gene
transfer is initiated in the bacteria by the activity of Ti
plasmid-encoded virulence (vir) genes, as a response to
compounds released from plant cells (Cangelosi et al.,
1990; Stachel et al., 1986). A T-complex, consisfing of DNA
and Vir proteins, is exported as single-stranded DNA to
the plant cell (Tinland et al., 1994), where it is most probably
piloted to the nucleus by the VirD2 protein (Koukolikova-
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Nicola et al., 1993; Rossi et al., 1993; Shurvinton et al.,
1992). Eventually, the T-DNA becomes inserted into the
plant genome (Gheysen et al., 1991; Mayerhofer et al.,
1991; see Tinland and Hohn, 1995, for a recent review).
The natural T-DNA contains eukaryotic genes which are
functionally inactive in the bacteria and which upon expres-
sion in the plant cell produce the characteristic cell prolifera-
tion of tumours.

Invasion by Agrobacterium produces neoplasia in most
dicotyledonous but in only a few monocotyledonous
species, most of which were therefore originally considered
as non-hosts (De Cleene and De Ley, 1976). In the last 10
years, however, Agrobacterium-mediated transformation
has been reported in several monocot plants includ-
ing narcissus, asparagus, yam and recently in rice
{Bytebier et al., 1987; Chan et al., 1993; Hiei et al., 1994;
Hooykaas-van Slogteren et al., 1984; Schafer et al., 1987).
In maize, the first strong evidence for T-DNA transfer was
established using maize streak virus (MSV) as a reporter for
succesful infection, a technique baptized as agroinfection
(Grimsley et al., 1987). However, no routine system has
been established yet for stable transformation of maize.
The reason for this lack of success is presently unclear.

Studies on the competence of maize for T-DNA transfer
using agroinfection showed that the frequency was highest
when bacteria were injected close to the shoot meristem
of 3-day-old seedlings (Grimsley et al., 1988). Further
analysis in immature embryos revealed a developmentally
regulated susceptibility to agroinfection. The youngest
embryo age analysed (about 10 days after pollination, DAP)
was found non-competent (Schldppi and Hohn, 1992). The
inoculated tissue present at this developmental stage is
mainly composed of undifferentiated meristematic cells.
Hence, the lack of competence in the early embryos could
imply that Agrobacterium requires plant-derived factors
which might be missing in meristematic cells. On the other
hand, it could not be excluded in this case that availability
of compounds activating bacterial virulence in situ was not
sufficient for T-DNA transfer (Schlappi and Hohn, 1992).

It has been shown recently that under conditions in
which vir-genes are activated, T-DNA transfer from agro-
bacteria can occur efficiently from within microinjected
tobacco cells (Escudero et al, 1995). Thus, transfer of
T-DNA was demonstrated to happen intracellularly in the
plant. In order to study the responsiveness of cells of
young immature embryos to T-DNA transfer, we tested the
competence of meristematic maize cells to intracellularly
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Figure 1. Developmental response to T-DNA
transfer of A188 immature embryos. Columns
represent average values obtained when the
embryos were vacuum infiltrated with a pre-
induced C58C1 (pTiC58, pEAP37) bacterial
suspension. Agroinfection frequencies are
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presented on the ordinate as the fraction of
shoots showing viral symptoms 1 month after
inoculation per total infiltrated embryos
scored (% MSV infected plants). The age
of immature embryos (Embryo age, DAP} is
shown on the abscissa. Mean values,
standard errors and number of plants
assessed in three independent experiments
are given above bars.
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provided Agrobacterium cells. Microinjection of Agro-
bacterium was expected to circumvent the attachment step
(Escudero et al, 1995). If indeed in young embryos of
maize a plant-cell receptor for bacterial attachment is
missing, as has been suggested (Schlappi and Hohn, 1992),
microinjection of agrobacteria may overcome this block
and result in T-DNA transfer.

Our results suggest that single cells of the apical
meristem of maize are susceptible to agroinfection by
microinjected pre-induced bacteria. In addition we found
an important role of the plant genotype in the competence
for T-DNA transfer. Implications for Agrobacterium-
mediated gene transfer to cereals and the use of the
microinjection technique are discussed.

Results

Susceptibility of meristematic maize cells to intracellular
Agrobacterium

Immature embryos of the A188 genotype, ranging in age
from 10 to 20 days after pollination (DAP), were tested in
several series for their competence for T-DNA transfer. Pre-
induced bacteria (i.e. cultured in medium with the vir-
gene inducer acetosyringone (AS)) were provided to the
embryos using vacuum infiltration. Agroinfection was
chosen as a sensitive assay for T-DNA transfer to the plant-
cell nucleus; a duplicated (pEAP37) or partially duplicated
(pLE1) MSV genome was used as T-DNA (Grimsley et al.,
1987; Schlappi and Hohn, 1992). Figure 1 summarizes the
results: at 10 DAP, the earliest age of embryos tested,
no agroinfection was found. At later ages, 12-20 DAP,
increasing agroinfection rates were obtained. This pattern
of response to T-DNA transfer depending on the age of
the embryo shows that vir-gene induction of infectious

agrobacteria is not likely the limiting factor resulting in
incompetence of the 10-DAP-old embryos.

Furthermore, the effect of different bacterial infection
procedures on agroinfection was evaluated assaying the
influence of wounding and AS treatment on the compet-
ence of 10 to 20-DAP-old immature embryos (Table 1).
Although 10 DAP embryos remained incompetent under
all five infection procedures (Table 1, columns a-e), either
wounding or induction of virulence by AS were unequivoc-
ally required for agroinfection in older embryos (12-20
DAP). This indicated that albeit not sufficient, vir-gene
activation is important for agroinfection independently of
the nature of the inducer (either AS added in culture or
natural inducers provided by the wounded maize tissue).

The results above suggested that agroinfection values
represent a dependence of T-DNA transfer on plant
development. To test the hypothesis that 10 DAP embryos
are incompetent for agroinfection because of lack of bac-
terial attachment, we delivered whole bacteria within single
cells of the L2 layer at the apical meristem of 10 DAP
immature maize embryos. In several series of experiments
in which bacterial strains carrying a nopaline wild-type Ti
plasmid were microinjected into the maize line A188, we
observed consistent expression of T-DNA in the plant,
resulting in viral symptoms. Efficiency of infection varied
with the bacterial strain used and correlated with conditions
that are known to induce the virulence genes in agro-
bacteria, that is, culture in AS-containing medium at low
pH (Table 2, lines 1 and 4), in agreement with studies done
in tobacco (Escudero et al, 1995). Conditions yielding
agroinfected plants indicated that the mechanism respons-
ible for this infection resembles typical T-DNA transfer,
namely the need for: (i} vir-genes on the Ti plasmid (Table
2, line 3}; (ii) bacterial preculture under inducing conditions
(Table 2, line 2); {iii) a functional virB aperon, known to be
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Table 1. Percentage of MSV infected plants obtained from different infection procedures with Agrobacterium in immature embryos of the

A188 maize line

Procedure (a)
Apex wounding -
Pre-induction of bacteria -
Co-induction of bacteria -

Embryo age (DAP)

10
12
14
16
18
20
(Relative values) (

QOO0 0O0OO0OQ

(b) (c) (d) (e)

+ - + +

- + + -
0 0 0 0
4+ 0.6 2+05 406 5+06
27 £ 4 18 +3 30+4 384
71+ 8 67+ 8 83+ 10 86+ 10
88 £ 10 83+ 10 8710 90 + 10
93 10 89 £ 10 95 = 10 95 £ 10
(90) (82) (95) (100)

The shoot apex in the embryo was wounded with a fine capillary. Acetosyringone was included in the 12 h bacterial culture (pre-induction
of bacteria) or added to the bacterial suspension just before embryo infection (co-induction of bacteria). Mean agroinfection frequencies
and standard errors are given from three independent tests where 50-60 plants were assessed for a particular infection procedure and
embryo age. Relative values refer to frequencies obtained with infection procedure ‘e’. Results correspond to C58C1 (pTiC58, pEAP37)
bacterial strain but identical frequencies were obtained with C58C1 (pTiC58, pLE1).

Table 2. Agroinfection frequencies obtained from 10 DAP
meristematic cells of immature embryos of the A188 maize line
injected with Agrobacterium

Number of Number of

Line Injected material®  injected plants® infected plants

1 Induced C58C1 17 28
{pTiC58, pEAP37)

2 Uninduced C58C1 95 0
{pTiC58, pEAP37)

3 Induced C58C1 89 0
(pEAP37)

4 Induced LBA4301 102 5
{pJK270, pEAP37)

5 Induced LBA4301 98 0
(pJK210, pEAP37)

6 pEAP37 DNA 80 0

aBacteria were grown either under inducing or non-inducing
conditions {see Experimental procedures) before injection into
maize cells. C58C1 (pTiC58) (Watson et al, 1975) and LBA 4301
(pJK 270) have a wild-type vir region whereas LBA 4301 (pJK210)
(Rogowsky et al., 1987) contains a mutated virB gene.
bDeveloping embryos were recovered efficiently after
microinjection (aproximately 98% survival} and plantlets were
scored for viral infection 1 month after injection. Plasmid pEAP37
carrying an MSV dimer in the T-DNA was injected as pure DNA
(approximately 10° molecules per maize cell). Results summarize
four series of experiments.

required for T-DNA transfer (Table 2, compare lines 4 and
5). In contrast, injection of approximately 103 copies per cell
of the binary plasmid as DNA did not result in agroinfection
{Table 2, line 6).

These results demonstrate that T-DNA transfer to maize
nuclei from microinjected agrobacterial cells had occurred.
This represents evidence that undifferentiated cells in the

Table 3. T-DNA transfer frequencies obtained with different maize
genotypes.

Agroinfection GUS activity
Bacteria microinjected  Bacteria infiltrated
into 10 DAP embryo to 16 DAP
Maize line? meristems (%) embryos (%)
A188 23+3 60 =5
w23 0 307
A188XW23 0 7086
88025-4A 0 8*16

Wild-type C58C1 Agrobacterium strains cultured under inducing
conditions, either harbouring MSV (pLE1)} or GUS (pBG5) as
T-DNA, were used. Agroinfection frequencies were calculated as
the fraction of shoots showing MSV symptoms per total injected
embryos, scored 1 month after inoculation. Frequencies of GUS
activity were calculated as the fraction of shoots showing GUS
expression (histochemical assay) per tota! infiltrated shoots.
aComparable developmental stages of the immature embryos
listed maize lines were isolated (length range 1-1.5 mm in
microinjection assays; 3.5-4 mm, then germinated for 3 days,
in infiltration assays). The results summarize three series of
experiments with 20-25 embryos per genotype analysed in each
case.

apical meristem of maize are sensitive to virulence-induced
agrobacteria delivered within the plant cell.

Genotype-specific response to intracellular
Agrobacterium in maize

The competence of 10 DAP embryos to injection-mediated
agroinfection (see Table 2) seems to be a characteristic of
certain maize genotypes such as line A188. The two other
assayed maize genotypes W23 and 88025-4A did not result
in detectable agroinfection levels (Table 3). Also in vacuum
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infiltration experiments with agrobacteria carrying a uid A
(GUS) gene as T-DNA, A188 proved to be the only genotype
in which T-DNA transfer could be reproducibly observed
(Table 3). Hence, it seems that the A188 line is especially
competent for bacteria provided intra- and extracellularly.

in order to analyse the genetic component(s) of compet-
ence for T-DNA transfer we crossed the A188 and W23
maize lines and assayed immature embryos of the F,
generation using MSV or GUS as transfer-marker genes.
Both tests revealed a poor T-DNA transfer frequency (Table
3). Apparently, the ‘competent genotype’ of A188 behaves
recessive to the 'non-competent genotype’ of W23; this
effect was independent of maternal inheritance since recip-
rocal crosses (i.e. 2 A188 X 4 W23, and 2 W23 X & A188)
resulted in a similarly low T-DNA transfer efficiency (data
not shown).

Discussion

The results of our study indicate that the maize-Agro-
bacterium interaction is strongly influenced by two
characteristics of the plant, an undefined genetic com-
ponent and the particular stage of development. Plant-cell
injection with pre-induced agrobacteria results in a positive
response of otherwise silent 10 DAP embryos. Competence
of this early developmental stage of embryos for Agro-
bacterium using the technique applied here can then be
regarded as very efficient.

To explain the difference between results from micro-
injection and infiltration experiments, that is, intra- versus
intercellular application of Agrobacterium, we propose that
totipotent cells in the apical meristem might lack a key
surface component (receptor) for recognition by agro-
bacteria. In the developing embryo of A188 maize this
proposed receptor must become gradually accessible to
the bacteria, possibly reaching its maximum number or
activity at ages around 20 DAP (see Figure 1). This correla-
tion between cell differentiation and competence for agro-
bacteria in the maize embryo suggests that problems
currently envisaged in obtaining stable transformation (i.e.
transgenic progeny) may in part be due to an irreversible
arrest of susceptible plant cells at particular differentiated
developmental stages. Thus, amplification of those trans-
formation events (cell lineages) is prevented. Previous
studies in which T-DNA-expressing cells could be visualized
in various maize tissues (Shen et al, 1993) showed no
single pattern that could be attributed to genomic
integrated T-DNA. This developmentally regulated compet-
ence could be one of the reasons why Agrobacterium-
mediated stable and heritable transformation of maize is
not a routine technique. Nevertheless, transfer and prob-
ably integration of T-DNA can take place in maize cells.
Recently, efficient transformation of scutellum-derived calli
of rice via Agrobacterium has been shown but apical

meristematic tissues of the same rice variovars performed
very poorly (Hiei et al, 1994). On the other hand, direct
comparison between plant species might be difficult since
apparently the octopine bacterial strain LBA4404 could
transform rice very efficiently but octopine-type Agro-
bacterium strains have been repeatedly reported avirulent
in maize (Boulton et al., 1989; Grimsley et al, 1991;
Escudero, unpublished data). However, a tissue-specific
preference for particular bacterial strains can not be ruled
out (Ritchie et al., 1993).

The reason for the incompetence of immature embryos
of maize lines other than A188 for T-DNA transfer from
microinjected agrobacteria is not known at present. Prob-
ably a T-DNA complex is exported by the intracellular
bacteria. Assuming that the translocation to the plant-cell
nucleus of such a complex is a cellular process mediated
by the VirD2 protein, incompetence to intracellular agro-
bacteria might be regarded as some cell-endogenous
toxicity in maize affecting the viability of bacteria before
intracellular T-DNA transfer can take place. Indeed, the
effect of bacteriotoxic compounds inhibiting Agro-
bacterium in co-cultivation experiments with maize imma-
ture embryos has been previously reported {Schlappi and
Hohn, 1992). The small inoculum size per single embryonic
cell used in the microinjection experiments could account
for this bacteriotoxic effect, in contrast to much higher
inoculum titres (2-4 X 108 bacterial cells) used in former
agroinfection experiments with germinated embryos. Even
though agroinfection was detectable in the W23 as well as
in the 88025-4A maize lines, the A188 genotype repeatedly
proved to be more competent (Schldappi and Hohn, 1992).

The low competence of the A188 X W23 hybrid line for
agroinfection suggests that inbreeding depression can not
be responsible for the observed efficiency with which these
maize lines respond to Agrobacterium. A similar effect has
been observed for the hybrid between the maize lines W23
and Kb5. Using either MSV or GUS as T-DNA markers, K55
performed even worse in competence for T-DNA than W23,
and the W23 x K55 hybrid was completely incompetent
(Escudero, unpublished data).

From the study presented above we can conclude that
microinjection of agrobacteria into the meristem of maize
opens a new, yet genotype-specific, possibility for plant
transformation. The agroinfection assay used, although
extremely sensitive, does not allow selection of T-DNA
integrated into the plant genome but it shows that the
maize apical meristem is competent for Agrobacterium-
mediated gene transfer if bacteria are provided intra-
cellularly.

Experimental procedures

Bacterial strains, plasmids and manipulations

Agrobacterium tumefaciens strains used are C58C1 (Watson et al.,
1975) and LBA4301 (Klapwijk et al, 1979), both containing a



nopaline pTi plasmid. Agrobacteria were grown in YEB medium
(Vervliet et al., 1975) at 28°C with appropriate antibiotics {rifam-
picin, 20 mg I-'; kanamycin, 50 mg I'; neomycin, 40 mg I%;
chloramphenicol, 50 mg I""). vir-gene induction conditions have
been described elsewhere (Escudero et al., 1995). Briefly, bacteria
grown overnight in YEB were washed and diluted in liquid M9
minimal medium (Sambrook et al., 1989) to optical density at
600 nm (ODggg) of 0.1. Induced cultures were grown for 12 h, at
28°C and 250 r.p.m., in liquid M9 pH 5.5 medium in the presence
of 0.2 mM acetosyringone (AS), and uninduced cultures without
AS at pH 7. Agrobacteria were then harvested, washed with 10 mM
MgSO, and resuspended in 10 mM MgSQO, or M8 pH 55 at
ODggo=1 (about 10° colony-forming units per pl} prior to use.

In agroinfection experiments, bacterial strains carrying binary
plasmids pEAP37 (Grimsley et al., 1987) or pLE1 {Schlappi and
Hohn, 1992) were used. They contain an MSV dimer and partial
dimer in the T-DNA, respectively. Plasmid pBG5-containing C68C1
(pTiC58) was used in experiments in which T-DNA transfer was
monitored by GUS activity in maize cells. pBG5 contains a transla-
tional fusion to avoid B-glucuronidase expression in bacteria (Shen
et al., 1993). Plasmids were introduced into Agrobacterium strains
using either tri-parental mating (Ditta et al., 1980) or electropor-
ation (Mattanovitch et al., 1989). Standard cloning techniques were
essentially as described (Sambrook et al., 1989). All manipulations
involving MSV were as described (Escudero and Hohn, 1994), and
restricted to a BL3-containment laboratory.

Maize lines and cultivation

Inbred lines A188, W23, and 88025-4a have been described else-
where {Schlappi and Hohn, 1992). Maize plants were propagated
in a growth chamber under a 16 h light/8 h dark regime at 25°-
20°C, and 50-60% relative humidity. Manipulations concerning
isolation and treatment of immature embryos were essentially
done as described (Schlappi and Hohn, 1992).

Infection of immature embryos

Since immature maize embryos can differ in their developmental
stage although coming from the same pollination, ears were
harvested at a particular time {10-20 days after pollination (DAP))
and immature embryos were selected according to their develop-
mental stage. This classification allowed us to make comparisons
among the different maize lines. Freshly excised embryos were
placed aseptically on to MS-agar medium (Murashige and Skoog,
1962) containing 3% sucrose and 1 mg I”' thiamine-HCl {(named
3ST-MS medium) prior to infection with bacteria. Wounding of
embryos to be infiltrated was done by puncturing the shoot apex
with the tip of a glass capillary (approximately 2 um in diameter).
Infection was performed by dipping the embryos into bacterial
suspensions at ODgy=1 followed by application of vacuum
{approximately 0.4 atm) for 5 min. Embryos were incubated on
3ST-MS plates in a chamber under growth conditions specified
above. Besides wounding, bacterial vir-gene activation was
assayed by the following treatments during the co-cultivation
period: (i} infiltration with pre-induced bacteria, that is, induced
culture; (i) infiltration with co-induced bacteria, that is, uninduced
culture resuspended in liquid M9 pH 5.5 medium suppiemented
with 0.2 mM AS. In treatments involving acetosyringone (AS), this
inducer was also included in the agar medium at 0.2 mM.

In agroinfection experiments shoots were transferred 7 days
after providing Agrobacterium to solidified 35T-MS medium sup-
plemented with 500 mg I”" cefotaxim and 500 mg I”! vancomyecin,
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in order to prevent bacterial growth. The frequency of plants
showing MSV symptoms was determined 1 month after the
embryos were infected. In experiments in which B-glucuronidase
was used as the T-DNA marker gene, embryos were first germin-
ated for 3 days in 3ST-MS agar-medium plates before infiltration
with a bacterial suspension, as described (Shen et al., 1993). After
3-4 days co-cultivation shoots were subjected to a histochemical
GUS assay (Escudero et al., 1995).

Microinjection

Isolated 10 DAP embryos were placed on petri dishes containing
MS-agar medium and a single cell of the second meristematic
layer (named L2} was injected in each embryo. The injection
technique used is basically the same previously optimized and
described elsewhere (for details see Lusardi et al., 1994; Neuhaus
et al., 1994; Schnorf et al., 1991). Briefly, after orientation of the
embryo to expose microscopically the apical meristem, injection
of L2 cells was optimal by targeting the injection capillary in
between two cells of the first meristematic layer (named L1).
Injection was performed with an Embryo Splitter system from
Research Instruments (Basel, Switzerland) equipped with a high
magnifying stereo microscope (SV8, Zeiss, Germany). The
mechanica! micromanipulator was provided with an injection glass
capillary (tip diameter about 0.8 um) connected to a microinjector
(Eppendorf 5242 Microinjector) which was adjusted to deliver
constant volumes of about 10 pl into the cells. In this way, inocula
consisting of about 10 bacterial cells could be injected within
single cells. Besides bacterial solutions, cells were injected with
approximately 10° molecules of pEAP37 DNA dissolved in TE (10
mM Tris, 1 mM EDTA) as a control.
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