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Abstract

Lavandin Lavandulax intermediaEmeric ex Loiseleur) is an aromatic plant, the essential oil of which is widely
used in the perfume, cosmetic, flavouring and pharmaceutical industries. The qualitative or quantitative modifica-
tion of its terpenes-containing essential oil by genetic engineering could have important scientific and commercial
applications. In this study, we report the filgirobacterium tumefaciensediated gene transfer into lavandin. The
transformation protocol was optimized by lengthening precultivation and cocultivation periods and by testing five
different bacterial strains. We obtained transformed callus lines at a frequency of 40-70% with strains AGL1/Gl,
EHAL105/GI and C58/GI. Transgenic shoots were regenerated from these kanamycin resistant calli and rooted on
selective medium with 150 mg+ kanamycin. The final percentage of transgenic plants obtained varied from 3

to 9%, according to thégrobacteriumstrain used, within 6 months of culture. The presence of the introduced
B-glucuronidase and neomycin phosphotransferase Il genes was shown both by PCR and Southern blot analysis.
Transgene expression was investigated using histoenzyfgticcuronidase assays, leaf callus assays and RT-
PCR. Results showed that bdtkglucuronidase and neomycin phosphotransferase Il genes were expressed at a
high level in at least 41% of the transgenic plants regenerated. This efficient transformation strategy could be used
to modify some genetic traits of lavandin (flower colour, pathogens resistance) and to study the biosynthesis of the
major monoterpene components of its essential oil (linalool, linalyl acetate, camphor and 1,8-cineole).

Introduction been widely developed and has largely replaced that
of lavender. Monoterpene composition of lavandin
Lavandin (avandula x intermedia Emeric ex essential oils has been exhaustively documented and
Loiseleur), a spontaneous hybrid originating from the four main compounds (linalool, linalyl acetate, cam-
entomophilous crossing of lavenddr. (angustifolia phor and 1,8- cineole) have been identified (Lawrence,
Mill.) and spike lavenderl(. latifolia Medic.), has a 1994; Boelens et al., 1995). Although the biochem-
high economic value. Its essential oil is widely used in ical steps leading to synthesis of various monoterpenes
the perfume, cosmetic, flavouring and pharmaceutical have been extensively studied in several species such
industries instead of the more expensive oil of lavender as Menthax piperita, M. spicatg Salvia officinalis
(Segura & Calvo, 1991). Lavandin also shows a large Clarkia breweri (McGarvey & Croteau, 1995; Mc-
geographic plasticity, rapid growth and a high yield Caskill & Croteau, 1997), the biosynthesis pathway
of monoterpenes, the major components of its essen-of monoterpenes is still unknown in lavandin.
tial oil. For these multiple reasons, its cultivation has Genetic transformation could aid in both under-

- standing and modifying the pathways of monoterpene
* Author for correspondence: Tél.: +33477481525; Fax: thesis in | din. Such studies h b ted
+33 4 77481526E-mail: dronne@univ-st-etienne.fr) sSynthesis in favandin. such studies have been reporte
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in other species. For example, the function of the gene expanded leaves taken from the first and second node
pTOMS involved in the carotenoid biosynthesis in to- of 4-year old plants were surface-sterilized by soaking
mato, was elucidated using a transgene strategy (Birdfor 20 s in 70% (v/v) ethanol and then 15 min in 5%
et al., 1991). In the same way, in tobacco, the overex- (w/v) sodium hypochlorite containing a few drops of
pression of genes implicated in the biochemical steps Tween 80. After three rinses in sterile water, leaves
leading to terpene productioa.g.the genes encoding  were cut into sections 5—-7 mm in length and placed on
3-hydroxy-3-methylglutaryl-coenzyme A reductase 1 culture medium.
or farnesyldiphosphate synthase) was correlated to an
accumulation of end-products of the pathway, such as Bacterial strains
sterols and carotenoids (Schaller et al., 1995; Daudon-
net et al., 1997). Recently, progress in analytical bio- Five Agrobacterium tumefacienstrains with differ-
chemistry has allowed the characterization and purific- ent chromosomal backgrounds and different disarmed
ation of several enzymes in the monoterpene pathway virulence plasmids were used: LBA4404 (pAL4404)
and some corresponding cDNAs have been cloned, (Hoekema et al., 1983), C58 (pMP90) (Koncz &
e.g.4Slimonene synthase fromil. spicata(Colby et Schell, 1986), C58 (pGV2260) (Deblaere et al.,
al., 1993) andAbies grandigBohlmann et al., 1997),  1985), EHA105 (pEHA105) (Hood et al., 1993) and
Slinalol synthase fronC. breweri(Dudareva et al.,  AGL1 (pAGL1) (Lazoet al, 1991). The binary plas-
1996), sabinene synthase and 1,8-cineole synthasemids in these strains harboured both the selection
fromS. officinaligWise et al., 1998) and myrcene syn- marker genenptll and the reporter gengus but
thase and pinene synthase frémgrandis(Bohlmann they were derived from various origins (Table 1).
etal., 1997). As some of these genes could be presentThe LBA4404 (pAL4404), C58 (pMP90) and C58
in the nuclear genome of lavandin, the modification (pGV2260) strains contained the p3§8s plasmid
of their expression level by ectopic overexpression, (Vancanneyt et al., 1990), while EHA105 (pEHA105)
antisense strategies and / or tissue specific expressiorand AGL1 (pAGL1) strains contained respectively the
could provide a better understanding of the monoter- pMOG410 plasmid (Figure 1) (Hood et al., 1993;
pene synthesis pathway of lavandin. However, to date, kindly provided by Mogen International, The Neth-
genetic transformation of this species has not been erlands) and the pB+GIN plasmid (constructed and
reported. provided by L. Jouanin, INRA Versailles, France).
A prerequisite for such genetic transformation is These strains were named LBA4404/Gl, C58/Gl,
the availability of an efficient regeneration system. GV2260/Gl, EHA105/Gl and AGL1/GlI respectively.
Recently,in vitro plantlet regeneration has been suc- Bacterial cultures were grown overnight at°24
cessfully obtained using lavandin leaves (Dronne et on a rotary shaker (120 r.p.m.) in 40 ml LB (Sigma,
al., 1999). In this study, we investigated the suitab- USA), with appropriate antibiotics and f0 acet-
ility of this regeneration protocol foAgrobacterium osyringone (Aldrich, Germany). When an OD 600 nm
tumefaciensnediated gene transfer using tesand of 0.5-0.7 was reached, bacterial suspensions were
nptll genes. In addition, we present, for the firsttime in centrifuged (3000x g, 15min). The pellets were
lavandin, a regeneration method for transgenic plants washed twice and then diluted 10-fold in liquid cal-
which could be a suitable experimental tool for the |ogenesis medium. These suspensions were used for
bioengineering of essential oil composition. cocultivation with the plant material.

Transformation procedure and plantlet regeneration
Materials and methods

Transformation and regeneration of plantlets were
Plant material achieved using four successive culture media de-

scribed previously by Dronne et al. (1999). The basal
In these experiments, the cultivar ‘Grosso 2’ medium culture (BM) consisted of MS salts (Mur-
of lavandin (avandula x intermedia Emeric ex ashige & Skoog, 1962) supplemented with Morel &
Loiseleur), the genotype most widely cultivated in Wetmore (1951) vitamins and 20g4 sucrose. It was
France, was used. Plants were maintained in a green-solidified with either 0.15% (w/v) phytagel (Sigma,
house at 25t 2°C under a 16 h photoperiod (lamps USA) for callogenesis and caulogenesis steps or 0.7%
Mazda MAIH 400, 55Qumol m—2 s~1). Young fully (w/v) agar (Sigma, USA) for shoot elongation and
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Table 1. Chromosomal background, disarmed virulence plasmid and binary plasmid of each
Agrobacteriunstrain used for transformation of lavandin

Agrobacterium Shortered Chromosomal  Disarmed Binary
tumefaciens strains name background virulence plasmid plasmid
LBA4404 LBA4404/GlI  Ach5 Octopine p358us
(pAL4404)

C58(pMP90) C58/GlI C58 Nopaline p35Mis
C58(pGV2260) GV2260/GlI C58 Octopine p366s
EHA105 EHA105/GI C58 L,L Succinamopine  pMOG410
(PEHA105)

AGL1(pAGL1) AGL1/GI C58 L,L Succinamopine  pBGIN

RB 3358 gus 3358 nptll LB

— — 1
gus probe (1062 pb) nptl] probe (469 pb)
2.7 kb

Hindl
Figure 1. Schematic representation of the T-DNA of pMOG410
plasmid, showing the restriction sites fcoR|, Hindlll, the relative
size ofgusandnptll probes and the expected hybridization products.

rooting steps. The pH was adjusted to 5.8 prior to
autoclaving (115C, 15 min).

Leaf explants were first precultured for either 2 or 8
days on callogenesis medium (BM supplemented with
9uM BAP and 4.5.M NAA). Leaves were then im-

performed on antibiotic-free BM. During shoot elong-
ation and rooting, cultures were placed at24°C,
under cool-white fluorescent light (16 h photoperiod,
58umol m—2 s~1). Rooted plantlets were acclimat-
ized in a greenhouse in pots filled with a mixture of
commercial compost and vermiculite (3:1; v/v).

DNA extraction, PCR and southern blot analysis

Genomic DNA was extracted from 1.5g of leaves of
putative transformed plants previously acclimatized
and control plants, using the CTAB method (Mur-
ray & Thompson, 1980) with the following extrac-

mersed in the bacterial suspension and shaken at 4Qtion buffer: 200mM Tris—HCI pH 7.5, 0.7 mM Nacl,

r.p.m. for 30 min before being blotted dry on sterile
filter paper and cocultivated on callogenesis medium
for 2 or 4 days. Leaf explants were then partially
decontaminated after rinsing 3 times for 10 min in li-
quid callogenesis medium supplemented with 400 mg
|1 Augmenti® (Smithkline Beecham, France) and

10mM NaEDTA pH 8, 2% 2-mercaptoethanol and
2% CTAB (Sigma, USA).

Two sets of PCR (polymerase chain reaction)
amplifications were carried out to detect tlgeis
and nptll genes. PCR was performed in j2b
volumes containing 10 mM Tris—HCI pH 9, 50 mM

transferred onto callogenesis medium supplementedKCl, 1.5mM MgCh, 200uM dNTP, 25pmol of

with 70 mg I-1 kanamycin monosulfate (Sigma, USA)
and 400mg 11 Augmentir® for 6 weeks. Calli ob-

tained were then transferred onto caulogenesis me-

dium (BM with 18uM BAP, 70mg I kanamycin
and 400mg 11 Augmentir® ) during 10 weeks. For

each oligonucleotide primer, 3.75 units Tq poly-
merase (Pharmacia Biotech, France) and 100ng
of plant DNA. Amplification of a 469bpnptll
gene fragment was obtained with the primers
5'-CAAGATGGATTGCACGCAGGTTC-3 and B-

callogenesis and caulogenesis steps, cultures wereTCCAGATCATCCTGATCGACAAG-3. The primer

placed at 24+ 2°C, under diffuse light (.mol
m~2 s~1, fluorescent tubes Mazdafluor /IR and
SF/AUR) with a 16 h photoperiod. To allow shoot
elongation, organogenic calli were transferred onto
BM supplemented with &M GAz, 70mg ! kana-
mycin and 400mg 1! Augmenti® for 1 month.
Individual shoots were excised and rooted in BM con-
taining 1uM IBA, 150 mg - kanamycin and 400 mg
|1 Augmenti® for 1 month. Root elongation was

set B-TAGAAACCCCAACCCGTGAAATC-3 and
5'-CGACCAAAGCCAGTAAAGTAGAA-3' allowed
the amplification of a 1062 bgusgene fragment. The
PCR was carried out in a thermal cycler (Gene Amp
2400, Perkin Elmer, The Netherlands) using an ini-
tial 3 min denaturation step at 92 followed by 35
cycles of 20s at 94, 20s at 60C and 1 min 15s at
72°C with a final extension step of 7€ for 5min.
Amplified products were detected by ultraviolet light
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fluorescence (312nm) after electrophoresis on 1.5%
agarose gels stained with ethidium bromide.

The Southern blot analysis was performed with
non radioactive digoxigenin labelled probes. DNA
from control plants and plants transformed with
Agrobacteriumstrain EHAL105/GI was digested with
Hindlll or EcaRI. Twenty micrograms of DNA was
run on 0.8% agarose gels and blotted onto nylon
membrane (Hybond N, Amersham, France) un-
der alkaline conditions according to Clark (1997).
Probes used for detectingptll and gus transgenes
were obtained by amplification of the 469 and 1062
bp fragments as previously described usingglof
pMOG410 plasmid as a template in the PCR mixture
(Figure 1). The two probes were then digoxigenin-
labelled by random priming according to manufac-
turer’s instructions (Boehringer Mannheim, France).
Membranes were prehybridized at°€5for 5 h in hy-
bridization buffer (5« SSC, 0.1%V-lauroylsarcosine,
0.02% SDS, 1% blocking reagent (Boehringer Mann-
heim, France) supplemented with 20§ mI~1 sal-
mon sperm DNA (Sigma, USA). Hybridization was
carried out overnight at 6& in hybridization buffer
containing 20ng mi! probe. The membranes were
then washed twice for 5min inxX2SSC, 0.1% SDS
at 25°C, twice for 20min in 01x SSC, 0.1% SDS at
68°C and rinsed in maleic acid buffer (0.1 M maleic
acid, 0.15M NacCl pH 7.5). Non-specific binding sites
were blocked for 1 h in blocking solution (maleic acid
buffer, 1% blocking reagent). The membranes were
then incubated for 30 min in anti-DIG-AP conjug-
ate (1:5000 dilution in blocking solution) and washed
twice for 20 min in maleic acid buffer at room temper-
ature. Chemiluminescent detection with CSPvas
carried out according to manufacturer’s instruction
(Boehringer Mannheim, France).

Histochemical GUS assay

The GUS assay in putative transgenic plants was
carried out with 1 mM 5-bromo-4-chloro-3-indolg+
D-glucuronide according to Jefferson (1987). Thes
gene expression was analysed in five randomly chosen
leaves per plant. Each leaf was incubated separately
to avoid the diffusion of intermediary compounds
produced during the GUS reaction (Guivarc’h et al.,
1996).

Leaf callus assay

Five randomly selected leaves per transgenic plant
were cut into sections 5-7mm in length and placed

on callogenesis medium supplemented with 70 g |
kanamycin. After 6 weeks of culture, the percentage
of leaves showing callus was recorded.

Plant mMRNA isolation and RT-PCR procedure

The extraction of total mMRNAs from 30 mg leaf tissue
was performed using the RNeasy Plant Mini Kit (Qia-
gen, France) according to the manufacturer’s instruc-
tions. Reverse transcription was primed from |06
oligo(dT)s (Promega, USA) and reactions were car-
ried out in a 2511 volume containing 50 MM Tris—
HCI, 40 mM KCI, 7 mM MgCh, 10mM DTT, 0.5 mM

of each dNTP, 25 units of RNase inhibitor (Promega,
USA) and 200 units M-MLV reverse transcriptase
(Promega, USA). PCR amplification of cDNA frag-
ments from thegus gene was performed using the
conditions previously described (see PCR procedure).

Statistical analysis

The percentages of Kartkanamycin resistant) calli
obtained in each set of experimental conditions and
the rates of plant regeneration after transforma-
tion procedures using threAgrobacteriumstrains
(EHA105/GI, C58/GI and AGL1/GI) were recorded.
Comparisons were performed by using a chi-square
global comparison followed by &-test (Scherrer,
1984).

Results

Influence of the inoculation method and bacterial
strain on the recovery of putative transformed callus
lines

Our first series of experiments were performed to
define the best conditions for the recovery of putative
transformed callus lines. With this aim, we compared
the influence of different periods of both precultivation
(2 or 8days) and cocultivation (2 or 4 days), and the
effects of five strains oAgrobacterium(LBA4404/Gl,
GV2260/Gl, AGL1/GI, EHA105/Gl and C58/Gl). The
efficiency of transformation was evaluated as the per-
centage of Kahcalli formed after 6 weeks of culture
on selective medium. In all cases, calli had the same
appearance: they grew rapidly from the cut edges of
leaf explants into compact nodular structures (Fig-
ure 2a). Two strains (LBA4404/Gl and GV2260/Gl)
were totally inefficient for transformation. The three
others (AGL1/Gl, EHA105/Gl and C58/GI) were
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Figure 2. Development of transgenic plants of lavandin. (a) Kanamycin resistant callus obtained after 6 weeks on callogenesis medium
supplemented with 70mgt kanamycin and 400 mg Augmentiﬁ® , (b) kanamycin resistant callus showing bud (arrow) after 6 weeks

on caulogenesis medium containing 70 mé kanamycin and 400 mg’l1 Augmentir® , (c) transgenic plant of lavandin after transformation

with Agrobacteriumstrain EHA105/GI (left) and non-transformed plants (right). Scale bars: 1 mm.
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Table 2. Effect of precultivation, cocultivation and bacterial strains on 'Kaallus
percentages obtained after 6 weeks of culture on selective medium

Agrobacteriunmstrains and Percentagef leaves showing Kdrcalli
cocultivation conditions (days) Precultivation 2 days Precultivation 8 days
AGL1/GI

2 0.5 6.0

4 17.0 70.5
EHA105/GlI

2 n.d. 9.0a

4 12.7a 54.0
C58/GlI

2 0.0 155

4 5.9 425

* Percentages were calculated from 200 to 210 leaf explants for each experimental
condition in one replicate (n.d., not determined). The influence of precultivation and
cocultivation durations was estimated independently for each bacterial strain. No statist-
ical comparison was shown between the strains in the Table 2. Only values followed by
the same letter are not significantly different according st (p = 0.05).

tested for 2 or 4 days of cocultivation with leaf ex- the number of Kahcalli obtained and the number of
plants which had been precultivated for 2 or 8 days putative transgenic plants regenerated could be found.
(Table 2). Whichever bacterial strain was used, per-
centages of Kdrcalli increased with the precultivation
and cocultivation periods. Best results were always
obtained using an 8-day precultivation and a 4-day
cocultivation G-test, p = 0.05). In these optimal
conditions, the highest percentage of Kealli (70%), )
showed statistically differentd-test, p = 0.05), was 10 confirm the presence of theptll and gus genes
recorded with the AGL1/GlI strain, against 40-50% for into the genome of putative transformants, a PCR ana-

Verification of the integration of thgusandnptll
transgenes into the lavandin genome and estimation
of their copy number

the C58/GI and EHA105/GI strains. lysis was carried out on 20 randomly chosen plants
(Figure 3). Using thenptll primer set, the expected
Regeneration of putative transgenic plants 469 bp fragment was found in all the plants analysed

(Figure 3a) whereas with tlgausprimer set, two out of
To induce the regeneration of transgenic plantlets, calli the 20 plants tested gave no PCR amplification product
obtained with the three efficieAigrobacteriunstrains of the expected size (1062 bp; Figure 3b). This result
(AGL1/GI, EHA105/GI, C58/GI) were cultured on a  strongly suggests that, out of the 20 plants studied, 18
succession of selective media allowing bud formation have integrated both theptll andgusgenes in their
(Figure 2b), shoot elongation and root differentiation. nuclear genome.
The putative transgenic plantlets regenerated were  To further characterize the putative transformants,
morphologically identical to non-transformed plants 9 plantlets (transformed with EHA105/GI and testing
(Figure 2c), but their development and growth were positive for the presence of batiptll andgusgenes by
slower. As a consequence of this delay, which was PCR) were randomly taken for Southern blot analysis
probably caused by kanamycin, plantlets was obtained (Figure 4). In order to verify the integrity of thgus
only after 6 months. The frequencies of transforma- gene copies, genomic DNA from transformants P5,
tion, calculated as a percentage of leaf explants giv- P6, P11, P13, P14, P17, P18 and P19 was digested
ing putative transgenic plantlets, were 3.5, 5.5 and with Hindlll. When hybridized withgusprobe, an in-
9.0% with bacterial strains AGL1/GI, C58/GI and ternal fragment of thgusgene with the expected size
EHAL05/GI respectively. These results were statistic- 2700 bp (Figure 4a, lanes 4, 5, 9, 7, 8, 6, 10, 11, re-
ally analysed and no significant difference was detec- spectively) was detected in 8 of the 9 plants, indicating
ted after a chi-square global comparisgn=£ 0.05). that these plants had integrated at least one intact copy
Consequently, in this model, no correlation between of the transgene. The transformant P4 contained only
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Figure 3. PCR analysis of DNA isolated from leaves of one non-transformed lavandin and 20 transgenic plants. Agarose gel electrophoresis of
PCR amplification was performed with primers for thetll gene (a) and with primers for tlgeisgene (b). Lane 1: molecular size marker (100

bp, Promega, USA), Lane 2: non-transformed plant, Lane 3: plasmid pMOG410, Lanes 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23: plants P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, P11, P12, P13, P14, P15, P16, P17, P18, P19, P20 respectively, Lane 24: PCR
amplification without DNA.

truncated copies of thgusgene in its nuclear genome Digestion withHindlll and subsequent hybridiza-
(Figure 4a, lane 3). tion with the gus probe allowed us to determine the
Additional analyses were performed to determine number of truncated copies integrated (Figure 4a).
the number of copies of the integratgdsand nptll Two and four integrated copies gfisgenes could be
genes. Digestions of genomic DNA wiftoRI, which detected in the transformants P11 and P14 (Figure 4a,
had unique restriction site at thé-&d of thegus lanes 9 and 8 respectively), whereas only 1 or 2 highly
gene, and subsequent hybridization with eitlgeis intense bands, corresponding probably to two trans-

(Figure 4b) omptll (Figure 4c) probes gave different gene copies of the same size, were observed after a
patterns according to the number of copies integrated. digestion withEcaRl (Figure 4b, lanes 19 and 18). In
DNA from non-transformed plants used as a negative the same way, plant P17 had integrated four copies of
control showed no hybridization with the two probes gusgene (Figure 4a, lane 5), although only one band
(Figure 4a, lane 2 and Figure 4c, lane 32). A single was obtained after a digestion witcoR| (Figure 4b,
copy of bothgusandnptll genes was carried by plants lane 16). Southern blot analysis involved the use of an
P5 and P13, while 6 transformants P4, P6, P11, P14, accurately determined concentration of DNA. Thus,
P17 and P18 contained 2—4 copies of each reporterthe presence of only one band for transformant P17
genes. Only plant P19 carried 6-9 copieggaand when its genomic DNA was digested IBcoRI and

nptll transgenes. hybridized with thegusprobe was certainly due to the
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Figure 4. Southern blot analysis of DNA isolated from leaves of one untransformed control and nine plants transformfsgretititterium
tumefacien&HA105/GI. Total genomic DNA was digested wittindlll (a) andEcdRl (b,c). Digested DNAs were hybridized with digoxigenin

labelled probes detecting either thesgene (a, b) or theptll gene (c). Lane 1: molecular size marker (Boehringer Mannheim, France), Lanes

12 and 22: molecular size marker (12 kbp, Stratagene, USA) Lanes 2 and 32: non-transformed lavandin, Lanes 3, 13 and 23: plant P4, Lanes 4,
14 and 24: plant P5, Lanes 5, 15 and 25: plant P6, Lanes 6, 16 and 26: plant P17, Lanes 7, 17 and 30: plant P13, Lanes 8, 18 and 31: plant P14,
Lanes 9, 19 and 27: plant P11, Lanes 10, 20 and 28: plant P18, Lanes 11, 21 and 29: plant 19.

use of a low quantity of DNA. The overall results of results of the GUS assays were slightly more complex
Southern blot analyses are summarized in Table 3.  (Table 3): three plants (P4, P13 and P18) exhib-
ited ap-glucuronidase activity in all the leaves tested
Analysis of gus and nptll genes expression (Figure 5), three plants (P11, P14 and P17) were
GUS (i.e. no B-glucuronidase activity was detec-
Histoenzymatic GUS assay and leaf callus assays wereted in the GUS assay) and the three remaining plants
carried out to investigate expression of thes and (P5, P6 and P19) had both GU%nd GUS leaves.
nptll genes, respectively, in the nine transgenic plants No intrinsic GUS activity was detected in leaves of
analysed by Southern blot. In these experiments, five non-transformed plants.
randomly chosen leaves per transformant were used. As the lack of GUS activity could have various
For each of the nine plants studied, every leaf tested explanations, RT-PCR was carried out to check the
gave callus when cultured in the presence of 70 mg presence ofjusgene transcripts in the 3 GUSlants
I-1 kanamycin (Table 3). Callus formation was not (P11, P14 and P17), in two GU$lants (P6 and P19)
observed on leaves from non-transformed plants. Theand in two GUS plants as a control (P4 and P13).



343

Table 3. Analysis in nine independent transgenic plants of lavandin for the integrigusgene,
the number of integrated copiesgiisandnptll genes and the expression of these transgenes

Plant Full copy §) or  Copy number  Copies number GUS assay Leaf callus

code truncated copy gfusgene ofnptll gene assay
(-) of gusgene

Control  n.d. 0 0 — -

plant

P13 + 1 1 + +

P5 + 1 1 +/- +

P6 + 1 2 +/— +

P18 + 2 2/3 + +

P4 - 2/3 3 + +

P17 + 4 - +

P11 + 2 2 - +

P14 + 4 4 - +

P19 + 6/9 6/9 +/—- +

Histoenzymatic GUS analysis and leaf callus assay were performed with five randomly chosen

leaves from each transgenic plant of lavandin.

+: All leaves tested from one plant were kan GUS positive,+/—: Plants with some GUS
positive leaves;-: Plants with all GUS negative leaves. n.d. Non determined.

The intron present in thgus construct is 189bp in
length (Vancanneyt et al., 1990), so that an amplifica-
tion product of 873 bp is expected in spliced cDNA.
RT-PCR analysis (Figure 6) of the non-transformed
plants never gave any amplification product, whereas
the expected 873 bp fragment was detected in the two
GUS' plants (Fig. 6, lanes 5 and 6). Despite the fact
that according to the Southern blot results, the GUS
transformant P4 had only integrated truncated copies
of the gusgene,gusgene expression appeared to be
normal in this plant. In plants with both GUSand
GUS™ leaves, the 873 bp fragment amplified from the
transcript product of thgusgene was detected by RT-
PCR (Figure 6, lanes 8 and 10). Finally, in the three
GUS™ plants which had integrated at least a full copy
of the gusgene, the presence of the 873 bp amplified
fragment was detected in plants P14 and P17, but not
in plant P11 (Figure 6, lanes 7, 9 and 11, respectively).
Consequently, the lack of GUS activity was explained
by the absence of production of thasgene transcript
only in plant P11.

Chimerism evaluation of transgenic plants

Histoenzymatic GUS assay and leaf callus assay were
used again to evaluate the chimerism of transgenic
plants obtained with our transformation protocol.

These experiments were carried out using batches of
five randomly chosen leaves taken from 17 independ-

Figure 5. Histoenzymatic detection of thgus gene expression in
leaves of transgenic plant of lavandin. Scale bar: 1 cm.

ent transformants, for which PCR analysis had pre-
viously shown the presence of batptll (Figure 3a)
and gus (Figure 3b) genes in the nuclear genome.
All transgenic plants tested regenerated calli from
all explants cultured on selective medium whereas
no callus proliferation was observed from leaves of
non-transformed plants (Table 4). The high selection
pressure used during transformants rooting avoided
but did not eliminate the formation of plants chimeric
for nptll transgene. The expression of thas gene
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Figure 6. Agarose gel electrophoresis of RT-PCR fragments ampli-
fied from the transcript product of ttgisgene. Lane 1: molecular
size marker (100 bp, Promega, USA), Lane 2: PCR amplification
without DNA, Lane 3: mRNA from non-transformed lavandin, Lane
4: PCR amplification of pBl 121, Lane 5: mRNA from plant P4,
Lane 6: mRNA from plant P13, Lane 7: mRNA from plant P11,
Lane 8: mRNA from plant P19, Lane 9: mRNA from plant P14,
Lane 10: mRNA from plant P6 and Lane 11: mRNA from plant
P17.

Table 4. Analysis of thegusandnptll gene expression in leaves
from 17 transgenic plants of lavandin

No. of plants No. of plants  No. of plants

with all with some with all
positive positive negative
leaves leaves leaves
GUS assay 7117 6/17 4/17
Leaf callus assay 17/17 0/17 0/17

Histoenzymatic GUS analysis and leaf callus assay were per-
formed with five randomly chosen leaves from each transgenic
plants of lavandin.

T-DNA delivery efficiency has shown that the pro-
duction of transgenic plants is highly influenced by
several parameters such as the durations of precultiva-
tion and cocultivation and tha. tumefacienstrains
used. Results showed that an increase in the pre-
cultivation period was correlated with an enhanced
production of putative transformed callus lines. A sim-
ilar observation was reported by VanWordragen &
Dons (1992) in many species and could be explained
by a reduction in wounding stress. In the same way,
a significant increase in the frequency of Karal-

lus regeneration was obtained after lengthening the
cocultivation period. This benefical effect was ob-
served and reported both in woody (DeBondt et al.,
1994) and herbaceous (Cheng et al., 1997; Nishibay-
ashi et al., 1996; Takasaki et al., 1997) species.
Furthermore, Sangwan et al., (1992)Amabidopsis
thaliana, Guivarc'h et al., (1993) irDaucus carota
and DeKathen & Jacobsen (1995) Riisum sativum
have shown that transformation competent cells are
most frequently dedifferentiated and in division. The
increased cell division activity in leaf explants during
longer precultivation and cocultivation periods might
enhance the proportion of transformation competent
cells.

To our knowledge, the susceptibility of lavandin
to A. tumefaciensnfection has never been investig-
ated (DeCleene & Deley, 1976; VanWordragen &
Dons, 1992). Consequently five distindigrobac-
terium strains (LBA4404/Gl, C58/GIl, GV2260/Gl,
EHA105/Gl and AGL1/GI) were used to study the
T-DNA delivery and stable genetic transformation of
lavandin. These strains included the principal opine
types and together their host ranges cover almost all
species for which gene transfer has already been repor-
ted (VanWordragen & Dons, 1992; Hood et al., 1993).

varied between transgenic plants: Seven transform- Agrobacteriuramediated transformation of lavandin

ants were GUS, four were GUS and six showed
both GUS and GUS leaves (Table 4). In this case,

was dependent on the bacterial strain used. The reason
for this could be the origin of the bacteria: strains

no selection pressure could be used to prevent thecontaining a disarmed virulence plasmid of either no-

regeneration of plants chimeric for tigeisgene. Un-
fortunately, because of the sterility of lavandin, it is

paline (C58/Gl) or L,L succinamopine (EHA105/GlI
or AGL1/Gl) type were efficient for lavandin trans-

impossible to segregate plants regenerated, as done iformation whereaggrobacteriumstrains carrying an

other species.

Discussion

An efficient Agrobacteriuramediated transformation

octopine pTi plasmid (LBA4404/Gl and GV2260/Gl)
were avirulent. Strain EHA105/GI gave the highest
transformation rate (9%.e. the number of transgenic
plantlets on the total number of initial explants). The
disarmed strains of type EHA, derived from the super-
virulent strain A281 containing the virulence plasmid

procedure has been established for the first time in PTIBO542 (Hood et al., 1993) have been found to

lavandin cultivar ‘Grosso 2’. The optimization of the

be more virulent than other strains in many species,
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e.g, Malusx domesticaDeBondt et al., 1994)M. x in the genomic DNA of plants P14 and P17. These
piperita (Diemer et al., 1998; Nui et al., 1998)y- transgenes could produce so much mRNA that the
copersicon esculentuifidood et al., 1993)Brassica level exceeded a critical threshold thereby triggering a
rapa (Takasaki et al., 1997). This supervirulence was mechanism of mMRNA degradation (Stam et al., 1997).
correlated with an enhanced level of the expression of ~ The six other transgenic plants tested shoges
virG (Jin etal., 1987), the gene products of which were gene expression in their leaves. However, in plants
necessary for the activation of inducible virulence P5, P6 and P19, GUS activity varied between leaves.
genes (Sheng & Citovsky, 1996). A similar observation was made in transgenic wheat
Stable integration of thgusandnptll transgenes  (Cheng et al., 1997). There are several possible ex-
into the lavandin genome was confirmed both by PCR planations for this variable GUS activity. Problems of
and Southern blot analysis. Among the nine transgenic substrate penetration and oxidation after an overnight
plants studied, Southern blot analysis showed different incubation in X-Glu were observed in lavandin, as re-
hybridization patterns, indicating that T-DNAs were ported in leaves of sweet orange (Cervera et al., 1998).
randomly integrated into the lavandin genome. Atleast Such artefacts in histochemical GUS assays, known
one full copy of thegus gene was detected in the as impossible to avoid, have been well documented
genomic DNA of eight out of the 9 transformants ana- by Guivarc’h et al., (1996). Finally, these transgenic
lysed. Moreover, two transgenic plants had integrated lavandin plants could be chimeric, with only some
one copy of each transgene whereas the six othersregions containing thgusreporter gene.
carried 2—9 copies of theptll andgusgenes. In conclusion, we have developed, for the first time
For theses nine transgenic plants, transgene ex-in lavandin, a method allowing the rapid production
pression was studied using a leaf callus assay andoftransgenic plants usinfggrobacterium tumefaciens
histoenzymatic GUS analysis. Results showed that the The transformation rates, based on the percentages
nptll gene was expressed in all transformants at a suf- of transgenic plants regenerated, ranged from 3.5 to
ficiently high level to allow a cellular proliferation on  9.0% with three bacterial strains (AGL1/GI, C58/GlI
selective medium. In contrast, the level gifis gene and EHA105/Gl) and the transformed plants appeared
expression varied between the transgenic plants stud-to be morphologically identical to non-transformed
ied. GUS activity was never detected in leaves of three plants. The stable integration of theptll and gus
transformants (P11, P14 and P17), which neverthe- genes was confirmed both by PCR and Southern blot
less contained a full copy of thgus gene in their analysis. Moreover, the study of transgene expression
nuclear genome. The subsequent RT-PCR analysis ofby the histoenzymatic GUS detection and leaf callus
the plant P11 showed that the corresponding transcriptassay showed that at least seven transformants out of
had not accumulated in its leaves. Such lack of tran- 17 expressed both theptll and gusgenes at a high
scription could have many origins (Maessen, 1997; level.
Stam et al., 1997): hypermethylation, transgene in- This efficient transformation procedure established
tegration in a non-coding region (heterochromatin) of in lavandin could be used to produce transgenic plants
the genome, suppression of expression by nearby reg-with altered expression of genes encoding for en-
ulatory sequences of endogenous genes or inactivationzymes of the monoterpene pathway. This type of
due to the presence of multiple copies. In plants P14 manipulation could allow qualitative or quantitative
and P17, RT-PCR analysis showed the presence of themodification of the composition of lavandin essential
transcript product of thgusgene, although no GUS  oils.
activity was detected in their tissues. Since RT-PCR
primed with oligo(dT) did not provide any informa-
tion about transcript size, it is possible that mRNAs Acknowledgements
which are truncated at thé-Bnd could be synthetized.
If this was true, no active protein would accumulate in- This work was supported by a grant from the “Ré-
leaves of transgenic plants P14 and P17. Alternatively, gion Rh(’jne-A|pes”, the French Government and the
a point mutation in thgusgene sequence could result EU. Special thanks to M. Rehailia (Department of
in the production of an aberrant mMRNA giving a non-  Mathematics, Jean Monnet University, St Etienne)
functional protein. Finally, the lack of GUS activity  for his help in statistical analysis and to E. Thebault
could also be explained by post-transcriptional gene from the “Région Rhéne Alpes” and J. Lamy from
silencing. Four copies of thgusgene were integrated  the “Chambre d'Agriculture de la Dréme” for their
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