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Summary &mdash; Attempts were made to optimize the necessary conditions to transform wheat Triticum aestivum using the
pollen tube pathway. Three methods previously described as successful in cereals and plasmid constructions carrying either NPT II or GUS markers were tested. Functionality of GUS expression vector was checked by particle gun experiments on wheat leaves. Experiments described in this paper show that a Tris-HCl
- 150 mM pH 9 solution containing 0.2
M MgSO
inhibits
both
and
nucleases.
none
of
the
tested plants among the 2 731 screened for
However,
4
stigma
pollen
GUS

activity or for their resistance to kanamycin, expressed the reporter genes.

Triticum aestivum

=

wheat / transformation /

pollen / nuclease

Résumé &mdash; Recherches sur la transformation du blé Triticum aestivum par la voie du tube pollinique. Nous
tenté d’optimiser les conditions nécessaires pour transformer le blé Triticum aestivum en utilisant la voie du
tube pollinique. Trois méthodes ayant été décrites comme des succès chez les céréales et des constructions possédant soit les gènes marqueurs NPTII ou GUS ont été testées. La fonctionnalité de l’expression du gène GUS a été
contrôlée au moyen d’un canon à particules sur des feuilles de blé. Les expérimentations décrites montrent que la solution Tris-HCl 150 mmol·
-1 pH9 contenant 0,2 mol·l
l
-1 de MgSO
4 inhibe les nucléases du pollen et des stigmates.
Toutefois aucune des 2 731 plantes testées pour leur activité GUS ou leur résistance à la kanamycine n’a exprimé
avons

ces

gènes marqueurs.

Triticum aestivum

=

blé / transformation /

pollen / nucléase

INTRODUCTION
the cereals, wheat and barley remain
the most difficult to transform, mainly because
the regeneration step is limiting when in vitro
methods are used in transformation experiments. The pollen tube pathway has been considered to be a promising method for transformation of the zygote in vivo. Three methods
have been mentioned in the literature.

Among

The

of pollen as a DNA vector was first
proposed by De Wet et al (1985). In the methods used, pollen grains were incubated in a solution containing exogenous genetic material
and then used for pollination. Ohta (1986) and
Hess (1987) reported a highly efficient transformation system using a similar method in maize
and Nicotiana glauca, but without molecular evuse

cases 2 explanations for the
DNA
uptake by pollen have been
exogenous
the
intine
of a dry pollen could be
suggested: i),
leaky for a short time immediately after deposition on the stigmas. During this leaky phase,
macromolecules could pass through the intine
(Heslop-Harrison, 1979); ii), DNA could be taken up by the tip of the growing pollen tube
which lacks cell walls (De Wet et al, 1985). Abdul-Baki et al (1990) demonstrated that the pollen of Nicotiana gossei can incorporate labelled
DNA in a pollen germination medium (PGM).
Futhermore, electroporation can enhance the
percentage of DNA uptake. Aokas (1987) used
liposomes to facilitate DNA uptake and demonstrated the incorporation of labelled DNA by
pollen. These results confirmed that the pollen
tube can be considered as a protoplast near

idence. In these

*
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tip region and
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that DNA

can

be taken up

by

A second method was proposed by Picard et
al (1988). After application of a plasmid carrying
the NPT II gene on stigmas immediately after
pollination, they showed that Triticum aestivum
seedlings were resistant to high concentrations
of kanamycin and expressed the NPT II gene in
their leaves, but transformation could not be
proven by molecular evidence.

The third method was described by Zhong
and Wu (1988) on rice. After pollination, the stigma was cut off and a DNA solution was applied
directly to the style. According to these authors,
the DNA solution uses the pollen tube as a microcapillary. Southern experiments revealed the
integration of several copies in the genome.
In this paper, we have compared all 3 methods on Triticum aestivum. In addition, preliminary experiments were carried out: i), to define a
pollen germination medium which inhibits the activities of pollen and stigma nucleases; ii), to verify the functionality in wheat of a plasmidial construction by transient expression of the GUS
marker via a particle gun.

These plasmids were amplified in Escherichia coli,
isolated by alkali lysis and purified by CsCl/ethidium
bromide density centrifugation (Birnboim and Doly,
1979), and were used together in each plasmid solution.

Particle gun, and test
for transient expression

Embryo culture was performed in vitro over a 2-week
-6 M (De Buyser and
period on R9 medium with AIA 10
Henry 1986), to obtain young plantlets. Using a particle gun under the conditions described by Klein et al
(1988), plasmids were introducted by 2 successive
bombardments into green leaves of plantlets cultivated
in vitro. This allowed the functionality of pC
IGus in
wheat to be controlled by transient expression of Gus
activity. Forty-eight hours after the bombardments, the
GUS activity was detected by incubating the samples
in the histochemical substrate X- GLU solution or by
using the fluorometric substrate MUG, according to
the Jefferson

et al (1987) protocol.

Plasmidial solution

Composition
MATERIALS AND METHODS

The PS0

of the

plasmid solutions

l 150
plasmid solution contained Tris-HC

mM

-1 with Brewbaker and Kwack
pH9, 4
MgSO 200 mmol.l
elements (1963), and 1 &mu;g of plasmid for 20 &mu;l, osmotPlant material
To obtain

a

genotypes

were

wide range of precocity, 5 winter wheat
chosen: the Moulin variety and 4 lines
from a private company, CC Benoîst: 007, 172, 176,
037. The plants were grown in a greenhouse (16 h daylight, 8 000 lux, 24 °C day, 18 °C night), from November to January for the study of nuclease activities and in
the fields from April to June for the other experiments.
After emasculation and pollination, the treated spikes
were bagged and all the seeds were collected.

ic pressure 480 mosmol. To increase DNA absorption
by the pollen tube tip liposomes or PEG were added to
the plasmid solution PS0. Two plasmid solutions were
obtained: PS1 (solution PS0 supplemented by 2% of
lipofectine, Gibco BRL) and PS2 (solution PS0 supplemented by 5% PEG 6000; Merck).

Test of the rate of fertilization
The fertilization rate was obtained by dividing the number of harvested seeds by the number of flowers treated with
tive to

Plasmids
Two
-

plasmids were used:
pCIGus (Lee et al, 1991):apUC9 which contains

35s CaMV promoter, intron Adh1 from maize,
coding region, a NOS 3’ region.

a

a

a

GUS

1103-W10-SOD: a pLGV 1103 which contains
NOS promoter, a NPTII coding region, a NOS 3’ region, a Nos promoter, W10, a polyadenylation terminal sequence and a superoxide dismutase gene
(Thomas et al, 1989). W10 is a DNA sequence from
wheat which acts like an autonomous replication sequence in yeast (André et al, 1983).
-

solution. This rate was corrected relacontrol without liquid pollination. The
fertilization rate was tested for the plasmid solutions
possessing the best nuclease inhibitor properties. The
plasmid solution with the highest fertilization rate was
retained and called PS0.

plasmid

Nuclease

activity test

pLGV

To study diffusible nuclease activity during pollination,
the Brewbaber and Kwack (1963) mineral medium
was buffered with Tris-HCl 150 mmol.l
-1 at various pH
ranging from 5-9 and supplemented with different concentrations of KNO
PO CaCOl
2
KH
,
, or MgSl
2
.
4
, LiCl, 4
3
An osmotic pressure of liquid pollination medium com-

patible with pollen viability was first determined. The
optimal osmotic pressure ranged from 350-750 mosmol (data not shown). For the buffered Brewbaker and
Kwack medium, the osmotic pressure was 250 mosmol. Consequently, to control nuclease activity, concentrations of KNO
4
PO CaCl
2
KH
,
2 and MgSO
, LiCl, 4
3
were chosen so that the osmotic pressure of the final
solution did not exceed 750 mosmol.

experiment, 2 spikes of the Moulin variety
pollinated, then 10 ovaries with their stigmas
were excised: 0, 20, 40 and 60 min after pollination.
These ovaries with their stigmas were incubated in
l800 &mu;l of the plasmid solution containing 40 &mu;g of pC
Gus. At regular time intervals samples were harvested
(20 &mu;l) and boiled for 7 min to arrest nuclease activity.
These samples were electrophoresed in a 0.8% agarose gel containing BEt and analysed under UV light.
Nuclease activity was observed by the degradation of
the plasmid band on the agarose gel. Three intensities
of plasmid band were defined to characterize the nuclease protection. The lowest score was given to the
absence of the plasmid band, the intermediate notation to the plasmid band that was still visible, the highFor each

were

est notation to the initial stock of DNA that was intact
after 20 min of incubation.

Effect of

style excision

To determine the influence of style excision on fertilization rate, the stigmas were excised at different time intervals after pollination: 0, 10, 20, 30, 40, 50 and 60
min. Three weeks later, the fertilization rates were compared with pollinated flowers which had kept their styles.

Pollination and application
of the DNA solution

Spikes were emasculated 3 days before normal anthesis (Feeke’s stage 10.2). Basal and apical spikelets
were removed to increase homogeneity and stigma receptivity. The upper parts of the glumes were cut in order to facilitate manual pollination and application of
plasmid solution. Two or 3 days after emasculation,
pollen was applied to the stigmas and 10 microliters
(containing 2 &mu;g of pCiGus and 2 &mu;g of pLGV1103W10-SOD) of the solution were applied to the stigmas
of each flower.
For transformation via the pollen tube pathway, 3
methods were tested. The first method was adapted
from De Wet et al (1985): the plasmid solution was
added just after pollination. The second method was
the same as that described by Picard et al (1986): the
plasmid solution was applied to the pollinated stigmas
20 or 40 min after pollination. The third method was
adapted from that of Zhong and Wu (1988): the styles
were excised 60 min after pollination and the plasmid
solution was applied immediately to the ovary.
For all 3 methods, the 3 plasmid solutions PS0,
PS1, PS2 were tested. The 9 combinations were test-

ed for every genotype,

except for PS2

on

the lines

172,176,037.

Screening the seeds obtained
after transformation assays
The seedling from the lines 172 and 037 were
screened in vitro for their resistance to kanamycin.
The caryopses were excised and sterilized for 2 min
in 5% (w/w) sodium hypochlorite sodium followed by
washing with alcohol at 95%. The mature embryos
were picked up from imbibed seeds and cultivated for
2 weeks on R9 medium (De Buyser and Henry, 1986)

containing 15 mg/l kanamycin.
The germinated seeds from the Moulin variety and
the lines 007 and 176 were screened for Gus activity
by fluorometry on the first leaves. The seeds were
germinated in plastic Petri dishes and grown in soil
during the 3 weeks preceding the test. Leaves (20
mg) were homogenized in 600 &mu;l of extraction buffer
(50 mM 4
HPO pH7, 10 mM &beta; mercaptoethanol,
2
Na
,
10 mM Na
2 EDTA, 0.1% Triton X100). The homogenates were cleared by centrifugation (10 000 g), 4 supernatants (25 &mu;l) were mixed with the extraction buffer (25 &mu;l) containing 1 mM 4-methyl umbelliferyl
glucuronide (MUG) and incubated at 37 °C. The reaction was stopped by adding 300 &mu;l of 0.2 M 3
CO
2
Na
at: 30, 60, 90 and 120 min. The amount of MU (4methylumbelliferone) was determined fluorometrically
(excitation at 365 nm, emission at 455 nm). A control
signal was established with 50 pM of MU, while background was determined by control leaves. The Gus
activity was calculated from the slope of the regression line generated from the time points and normalized to the protein content determined by the Bradford
(1976) method.

Statistical analysis
The analysis of variance on data obtained from pollinations was performed with the module ANVARM of
the AMANCE statistical package. It was employed to
study the interactions between the 3 plasmid solutions
and the different, genotypes of coheat on the fertilization rates. The Moulin variety was studied separately
due to its late flowering, and due to the fact that the
experiments were performed in warmer conditions.
The binomial law was used as a reference to examine the probability of success and to determine the
potentials of the 3 methods used under our conditions. According to the number of tested plants, this
law allows us to define a maximal probability for a
transformed plant to be obtained, given that no transformed plant was obtained (&alpha;
5%). &alpha;: significance
level of the binomial law (5%). Risk not to detect or
not to obtain a transformed plant when it could be
=

possible.

RESULTS

Transient expression

After bombardment of leaves with the particle
gun, histochemical and fluorometric methods
were used to detect possible Gus activity. On
bombarded leaves, an average of 14.9 blue
2 with X-GLU as a
spots was observed per cm
substrate, and a significantly higher (119%) activity was detected with the MUG substrate than
with the control (table I).

Pollen and stigma nuclease activities
in plasmid solution

pH dependent. Under the
in
a
Tris-HCl 150 mM solupresent conditions,
at
5.5
tion,
pH
complete DNA degradation was
observed within the first 30 s at 20 °C. In the
same solution but at pH 9.5, nuclease activity
was greatly reduced. To improve the inhibiting
properties of the solution different solutions described as nuclease inhibitors were studied
(table II). The best results were obtained with the
PSO solution (table III; fig 1).
Nuclease activities

are

Style excision
Under the present experimental conditions, excision of the style at different times after pollination
was found to reduce the expected fertilization
rate when the time period involved was less than
60 min (fig 2).

and

plasmid solutions were collected for
application of plasmid solution (table V).

each

Screening for resistance to kanamycin
All 733 plantlets from transformation experiments
screened for resistance to kanamycin bleached
and stopped growing after 2 weeks (table V).

Screening of the seeds by fluorometric assay
In contrast to the results

transient expression
detected. On the
(table I),
positive plant
via the pollen
that
transformation
assumption
tube pathway is possible and using the binomial
law, we can only conclude (at the 5% level) that
the probability to observe a plant expressing the
marker under the present experimental conditions was lower than 1 % (table V; annexe 1).
on

was

no

DISCUSSION AND CONCLUSION
Our aim was to directly transform the egg cell by
sexual fertilization. Since 1989, 3 methods using

the

pollen tube pathway have been proposed.
Notwithstanding a certain degree of success,
none

Application of the plasmidic sodium
There was no significant effect and no interaction
between plasmid solutions and genotypes on the
fertilization rate (table IV). Data on genotypes

is in current

use.

In this study, 3 methods for wheat transformation via the pollen tube pathway were investigated. Modifications of existing protocols aimed at
better protection of exogenous DNA and improvement of DNA uptake by pollen. First of all
the particle gun experiments demonstrated that
the plasmid construction used (pCIGUS) was

functional in leaves. For this reason, screening
by fluorometric GUS assay, was preferred, but to
save time resistance to kanamycin was used in
lines 172 and 037.
To establish an efficient pollination medium
protecting DNA from the DNase activities, the
BK medium was used which is known to improve
pollen germination. It was buffered with 150 mM
Tris-HCl to prevent pollen from bursting, as described by Vergne and Dumas (1988). Then, by
adding different concentrations of saline solutions, inhibition of both pollen and stigma nucleases was attempted. LiCl and CaCl
2 as used in
and
were tested in
bacterial
transformation
yeast
order to use their effect on permeability with the
pollen tube tip. 4
PO was also tested since
2
KH
has
been
described as a petunia polphosphate
inhibitor
len nuclease
(Van Der Westhuizen et al,
1987). Finally, 2 elements were tested from the
Brewbaker and Kwack medium: KNO
3 and
, described as efficient nuclease inhibi4
MgSO
tors in maize (Roeckel et al, 1988). In the range
of concentrations tested, MgSO
4 provides the
best inhibiting, properties. We have shown that
the inhibiting properties of the solution increased
under basic conditions, as described by Matousek and Tupy (1985). The PS0 solution which
protects against nuclease activity was supplemented by permeabilizing agents to increase
DNA uptake into pollen. Since Gad et al (1988)
have shown the fusion of liposomes with a tube
tip we used lipofectin, which shows high efficiency in mammalian cell transformation (Felgner et
al, 1987). PEG 5% was also used, since this
molecule increases protoplast transformation
(Negrutiu et al, 1987). The use of these particular plasmid solutions under the present conditions allowed a similar fertilization rate to be obtained for all the lines, reaching 69% of that in
the control.

the transformation methods, the
strategy was based upon the plasmid capacity to
reach the ovule by using the pollen tube pathway. Lange et al (1976) and Jalani and Moss
(1988) observed that pollen grains of Triticum
aestivum germinated within the first 5 min after
pollination. Fifteen to 20 min later, pollen tubes
reached the base of the style, and the time needed by the fastest tubes to reach the embryo sac
was 30-40 min at about 20 °C.

Concerning

to these data, the plasmid solution
4 times to the pollinated stigmas.

According
applied
First, to exploit the leaky phase described by
Heslop-Harrison (1979) or the possible DNA uptake by the pollen tube tip, the plasmid solution
was

applied to the stigma just after pollination
(T O’). Second, to exploit the possibility of DNA
flowing down the pollen tube, 3 application times
was

=

determined: 20, 40 or 60 min after pollination. The protocol of Picard et al (1988) was used
at the application times of 20 and 40 min. As observed (fig 3), style excision had no effect on fertilization rate after 60 min, styles were excised
only for the last application time (60 min), and
the protocol of Zhong et al (1988) was adapted
to wheat at the application time of 60 min.
were

the transformation markers, it
concluded that there was no GUS expression in tested plants, and among the plants
screened for kanamycin resistance, none was resistant. In spite of the fact that it is not known
whether the NPT II gene is functional or not in
Triticum aestivum, the antibiotic concentration
was lower than that usually used for the screening of transformed Triticum monococcum protoplasts: 75 mg.l
-1 (Lörz et al, 1985). However, in
all cases, the plants were screened only for the
expression of reporter genes. According to Gordon-Kamm et al (1990), transgenic maize plants
have been obtained but in some cases the integration does not result in the expression of the
foreign gene. Taking into account the number of
treated plants, the efficiency of transformation, if
any, can be evaluated.

Concerning

was

For the first method, the efficiency appears to
be less than 1%. It has already been proven that
DNA can enter pollen (Abdul-Baki et al, 1990).
Nevertheless, it has been shown that fluorescence-labelled molecules cannot enter a sperm
cell (Heslop-Harrison et al, 1988) because there
are 2 barriers constituted by the plasma membrane of generative and sperm cells. It would be
difficult for the plasmid to reach the egg cell. In
view of this, the particle gun could be a good tool
to transfer DNA to a sperm nucleus (Twell et al,

1989).
Using

the second method, Mendel et al (1990)
obtained whole transformed barley plants, and
-4 to 10
.
-3
claimed a transformation rate of 10
From the present statistical analysis, it can only
be concluded that under the present experimental conditions the transformation rate was lower
than 10
-2 in wheat.

Using the third method tested, Zhong and Wu
(1988) obtained a 20% transformation rate in
rice. After testing 681 wheat plants (table V), we
concluded that the transformation rate if any,
was lower than 1%, and thus that this method is
probably not applicable to wheat.

Finally, under the present conditions, the probability of success is lower than 1&permil; and the methods

are

tedious, without guarantee of

success.

Recently, Inagaki et al (1988), Redway et al
(1990) and Jähne et al (1991) reported wheat
and barley regenerations from cellular suspensions, while Vilma et al (1991) obtained stable
transformed callus lines from microprojectile
bombardment of cell suspension cultures of
wheat. Using the particle gun on a cell suspension capable of regeneration could be the best
method to obtain whole transformed wheat

plants.
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