
Plant Celt Reports (1996) 15:642-646 Plant Cell 
Reports 
�9 Springer-Verlag 1996 

Shoot regeneration and Agrobacterium-mediated transformation 
of Fragaria vesca L. 

Iman El Mansouri 1, Jos~ A. Mercado 2, Victoriano Valpuesta 3, Jos~ M. L6pez-Aranda 2, 
Fernando Pliego-Alfaro 1 and Miguel A. Quesada i 

Departamento de Biologia Vegetal, Universidad de Mfilaga, 29071 Mfilaga, Spain 
2 Centro de Investigacidn y Desarrollo Agrario, Finca Cortijo de la Cruz, 29140 Churriana, Mfilaga, Spain 
3 Departamento de Bioquimica y Biologia Molecular, Universidad de Mfilaga, 29071 M~ilaga, Spain 

Received 7 August 1995/Revised version received 16 October 1995 - Communicated by H. L6rz 

Summary. An efficient and reliable method for shoot 
regeneration from leaf disks of  Fragaria vesca L. has 
been developed. This protocol has been successfully 
employed to obtain transformed plants using 
Agrobacterium tumefaciens as gene vector. Murashige and 
Skoog basal medium supplemented with benzyladenine 
(4 rag/l) and indole-3-butyric acid (0.25 rag/l) induced 
the maximum percentage of shoot regeneration (98%) and 
the highest number of shoot colonies per explant (4.6) 
after 8 weeks of culture. Isolated shoots would elongate 
and proliferate when the benzyladenine concentration was 
lowered to 0.5 rag/1. The established protocol for shoot 
regeneration was employed to transform leaf disks using 
Agrobacterium tumefaciens carrying the plasmid pBI 121. 
A 7.7% of the inoculated explants showed kanamycin 
resistance after 10 weeks of selection in a medium 
containing 25 rag/1 of  this antibiotic. The transgenic 
shoots obtained were rooted in the presence of 25 mg/l 
kanamycin and successfully acclimatized. The final 
percentage of transformation obtained based on beta- 
glucuronidase expression was 6.9%. 

Abbreviations: BA:benzyladenine; IBA: indole-3-butyric 
acid; MS: Murashige and Skoog basal medium; LSD: 
least significant difference; NOS: nopaline synthase 
promoter; NPTII: neomycin phosphotransferase (EC 
2.7.1.95); CaMV35S: cauliflower mosaic virus promoter; 
GUS: beta-glucuronidase (EC 3.2.1.31); LB: Luria Broth 
base; CTAB: hexadecil trimethyl ammonium bromide; 
PCR: polymerase chain reaction; X-gluc: 5-bromo-4- 
chloro-3-indolyl-glucuronide 

Introduction 

In vitro studies in strawberry have followed two main 
trends. A great amount of effort has been focused towards 
the development of  meristem culture techniques for 
micropropagation of pathogen free plants (Boxus et al. 
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1977, Swartz and Lindstrom 1986, Boxus 1992, Ldpez- 
Aranda et al. 1994). There have also been studies dealing 
with direct and indirect organogenesis from other explant 
types such as leaves, petioles and runners (Jones et al. 
1988, Liu and Sanford 1988, Nehra et al. 1989, Nehra et 
al. 1990a). Some of the regeneration media developed 
have been employed to optimize transformation protocols 
mediated by Agrobacterium tumefaciens (James et al. 
1990, Nehra et al. 1990bc, James et al. 1993, Mathews et 
al. 1995) that will facilitate gene manipulation on this 
species. However, the fact that Fragaria x ananassa 
contains an octoploid genome makes it difficult to use 
this species as a model for molecular studies and the 
interpretation of  the transformation events. Apparently, 
only one case of segregation in the R1 transformed 
progeny has been reported (James et al. 1990). The wild 
strawberry (Fragaria vesca), that contains a diploid 
genome (2n=2x=14), represents an ideal model to study 
foreign gene expression in Fragaria. Moreover, 
transformed plants could be used to transfer introduced 
genes to the octoploid cultivated strawberry by 
conventional breeding techniques (Bringhurst and Voth 
1984). In spite of  these advantages, not much effort has 
been dedicated to set up an efficient system for 
regeneration and transformation of Fragaria vesta. A 
previous study reports direct shoot formation from leaf 
explants at low frequency (15%) as well as indirect 
organogenesis from petiole and leaf derived callus (Greene 
and Davis 1991). The possible role of cell wall precursors 
in organogenesis and differentiation processes in callus 
cultures has also been studied (Bois 1992), but additional 
research is still needed to clarify the role of these 
compounds. In this research we report the development of  
a rapid and reliable method for high-frequency direct 
shoot regeneration and its application to Agrobacterium 
tumefaciens mediated transformation of the wild 
strawberry. 



Materials  and methods  
Plant material and culture conditions. Seeds of Fragaria vesca were 
obtained from a pool of wild populations collected in Spain. Seeds were 
treated with concentrated sulphuric acid as reported by Jelenkovic et al. 
(1991) and germinated in glass jars containing the MS inorganic 
formulation at full strength (Murashige and Skoog 1962) supplemented 
with 0.8% agar (Sigma A-1296). The obtained seedlings were used as 
the source of explants. In order to develop a shoot regeneration media, 
young leaves were excised from the seedlings and following removal of 
the proximal and distal parts of the blade, they were placed abaxial side 
up in 250 ml glass jars containing 50 ml of MS basal medium 
(Murashige and Skoog 1962) supplemented with BA (1, 2, 3 and 4 mg/1) 
and IBA (0.25, 0.5 and 1 mg/1) and solidified with 0.8% agar. Explant 
regeneration percentage and number of shoot colonies per explant were 
scored after 4, 6 and 8 weeks of culture. Shoots regenerated from leaf 
explants were transferred to MS basal medium supplemented with IBA 
(0.25 mg/1) and different concentrations of BA (0.5, 1, 2, 3 and 4 mg/l) 
in order to induce shoot proliferation. Afterwards, the effect on rooting 
of 1 rag/1 IBA added to basal medium was studied. In all cases pH was 
adjusted to 5.74 and media were sterilized for 20 min at 121~ Cultures 
were incubated at 25~ under a 16 h photoperiod of 12.5 and 25 
gmol.mZ.s -I for shoot induction and proliferation respectively. 
Regeneration experiments were carried out in triplicate with two jars per 
treatment and 8 explants per jar. Arcsine transformation (Sokal and 
Rohlf 1981) was applied to all percentages obtained. Mean separation of 
the transformed percentages was performed by LSD. 

Histological procedures Leaf explants were sampled during the first 4 
weeks of culture in the shoot regeneration medium and fixed in Bouin 
solution (Gabe 1968). The fixed pieces were dehydrated in an ethanol- 
butanol series and embedded in paraffin, Transverse sections (10 gm) 
were hydrated and stained with toluidine blue (Gabe 1968). 

Effect of kanamycin on shoot regeneration. The kanamycin sensitivity 
of the explants was tested by culturing leaf explants on shoot 
regeneration medium containing filter sterilized kanamycin at 0, 10, 25 
and 50 rag/1. Callus formation and shoot regeneration were scored after 
4, 6 and 10 weeks of culture. 

Agrobacterium strain and plasmid. The Agrobacterium tumefaciens 
strain LBA4404 containing the non-oncogenic plasmid pAL4404 and the 
binary vector pBI121 was employed in the transformation experiments. 
The pBI121 plasmid contains the NOS/NPTII gene for kanamycin 
resistance, and the CaMV35S/GUS chimaeric gene as reporter (Jefferson 
et al. 1987). This binary vector was mobilized into Agrobacterium by 
the freeze-thaw method (Holsters et al. 1978). Bacteria were grown at 
28~ in LB medium containing 50 gg/ml of kanamycin. 

Transformation procedure and characterization of transformants. 
Routinely, transformation experiments were initiated with 150-200 
explants. Leaves were excised and cultivated 2 days on Petri dishes 
containing 25 ml of the shoot regeneration medium. After this induction 
period, explants were placed in 50 ml tubes, inoculated with an 
overnight grown Agrobacterium culture diluted 1/10 in MS basal 
medium and gently shaken for 20 min. The infected explants were 
blotted dry on sterile filter paper and cocultivated on the shoot 
regeneration medium for 3 days. Explants were then transferred to a 
selection medium (the medium found to be optimum for shoot 
regeneration) supplemented with 25 rag/1 kanamycin and 500 rag/1 
carbenicillin. After 4 weeks on the selection medium, the carbenicillin 
concentration was lowered to 250 mg/l. Shoots regenerated after 10 
weeks of culture were elongated in the shoot proliferation medium and 
rooted in MS basal medium, both media containing 25 mg/1 kanamycin. 
GUS enzyme activity in the transgenic shoots was determined by 
histochemical and ftuorogenic assays as reported by Jefferson (1987). In 
vitro leaves (50-100 rag) were used to extract genomic DNA by the 
CTAB method as modified by Lassner et al. (1989) and used to amplify 
the nptlI gene by PCR according to Lipp Joao and Brown (1993). 

Results  

S h o o t  R e g e n e r a t i o n  

The results  ob ta ined  wi th  d i f ferent  combina t ions  o f  IBA 

and B A  are s h o w n  in Fig. 1. Shoot  regenera t ion  occur red  

in all t rea tments ,  but  the pe rcen tages  observed  were  h igher  

in the range  3-4 mg/1 BA.  The bes t  r e sponses  were  

obta ined w h e n  0.25 mg/1 IBA was  presen t  in the med ium,  

whereas  h igher  auxin levels  decreased  shoot  regenerat ion.  

Small  amounts  o f  fr iable and t ransparent  callus appeared  

at the edge  o f  the explants  in all t reatments .  The h ighes t  

percen tage  o f  explants  regenera t ing  shoots  (98%) and the 

h ighes t  n u mb er  o f  shoot  colonies  per  explant  (4.6) were  

induced  by the t rea tment  inc luding BA 4 mg/1 and IBA 

0.25 mg/1 (Fig . l ) .  
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Fig.1. Effect of BA and IBA concentration on shoot regeneration 
percentage and number of shoot colonies per explant, in leaf disks of 
Fragaria vesca after 8 weeks of culture. 

His to logical  s tudies  revea led  active prol i fera t ion o f  

subep idermal  cells at 2 weeks  (Fig. 2A), af terwards  

mer i s t em- l ike  structures could be obse rved  (Fig 2B). 

Shoot  regenera t ion  along the per iphery  o f  the explants  was  

visually de tec ted  wi th in  4-6 weeks  (Fig. 2C). Mos t  

explants  s h o w e d  wel l  deve loped  shoots  (5mm)  wi th in  8 

weeks  (Fig. 2D). E longa t ion  o f  the regenera ted  shoots  was  

improved  by lower ing  the B A  concentra t ion,  and the bes t  

results  were  ob ta ined  at BA and IBA concent ra t ions  o f  0.5 

and 0.25 mg/1, respect ively .  Four  weeks  after t ransfer  to 

this med ium,  the final shoot  lengths  obse rved  ranged  
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Fig.2. A and B: cross sections ofleafexplants after 2 and 4 weeks of culture in the induction medium. C-F: different phases ofFragaria vesca regeneration 
from leaf disks. Shoot induction after 6 weeks of culture (C), elongation after 8-10 weeks (D), shoot rooting (E) and acclimatized plants (F), 

from 12 to 20 mm, contrasting with shoot lengths o f  4 -6 
mm in media  with BA in the range 2-4 mg/1. Shoots were 
isolated and rooted in MS basal  medium within 2 weeks. 
The presence o f  IBA (1 mg/1) decreased the number o f  
rooted shoots from 87.5 to 37.5%, and affected the 
morphology o f  the roots that were shorter, thicker and 
more abundant. Roots also appeared in shoots elongated 
in the medium containing 0.5 rag/1 BA and 0.25 mg/1 
IBA (Fig. 2E), so in this case transfer to basal medium 
was not necessary. Rooted shoots could be successfully 
acclimatized following the procedure reported by Ldpez-  
Aranda et al. (1994) (Fig. 2F). 

Once the best  regeneration medium was known, the 
sensitivity o f  the explants to kanamycin  was determined. 
Shoot induction and callus proliferation were strongly 
decreased at all concentrations assayed. Even at 10 mg/1 
kanamycin,  shoots viable at 4 weeks became necrotic at 
6 weeks (Table I). Thus, although a concentration in the 
range 25-50 mg/l could be used for selection, 25 rag/1 o f  
kanamycin was chosen because o f  the high sensitivity o f  
Fragaria vesca leaf  disks to this antibiotic. 

Agrobacterium-mediated transformation 

Table 2 summarizes the results obtained according to the 
established transformation protocol. Six weeks after 
inoculation with Agrobacterium only 40 explants showed 
cell proliferation, the remaining disks were bleached and 
some of  them turned brown and necrotic. As expected, ati 
the non-infected disks showed green meristematic regions. 

Table 1. Effect ofkanamycin concentration on shoot organogenesis 
in Fragaria vesca. Mean separation of the arcsine transformed 
percentages in columns by LSD. Different letters within a column 
indicate significant differences at the 5% level. 

Kanamycin 
(mgJl) 

Weeks 

4 6 10 

Explants with shoots (%) 

0 94.7a 98.3a 98.3a 

10 7.6b 7.6b (dead) 7.6b (dead) 

25 0c 0c 0c 

50 0c 0c 0c 

The surviving infected explants with meristematic regions 
were fragmented mad subcultured in the same regeneration 
medium supplemented with 250 mg/1 carbenicillin. Only 
25 o f  these explants had a healthy appearance and 
regenerated shoots after 4 additional weeks o f  selection. 
Ninety percent of  the kanamycin resistant shoots showed 
GUS activity as detected by the histochemical and 
fluorogenic assays (Fig. 3A). The staining with X-gluc 
w a s  observed throughout the entire rooted plant (results 
not shown). The presence o f  the nptII gene in the DNA of  
the transgenic plants was confirmed by PCR (Fig. 3B). 
The absence of Agrobacterium contamination was shown 
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Table 2: Frequency of transformation in explants of Fragaria vesta after continuous selection on 25 rag/1 kanamycin, using the disarmed binary vector 
3Bl121. The results correspond to one experiment but are representative of the percentages observed in subsequent experiments. 

Initial number of explants 

Explants with microcalluses after 6 weeks of selection 

144 

40 

100% 

27.8% ~ 

Transfer to new media and fragmentation of explants 

Number of fragmented explants with microcalluses 

Fragmented explants regenerating shoots after 10 weeks of selection 

Final percentage of transformation (GUS positive) 

90 

25 

23 
"Final percentages are related to the initial number of explants and represent independent transformation events. 

7.7%" 

6.9% ~ 

100% 

27.7% 

25.5% 

Fig.3. A: Fluorogenic assay of the GUS activity. Row 1: control extracts 
plus incubation medium without fluorogenic substrate. Row 2: idem 
including the substrate. Rows 3 and 5: extracts of putative transformed 
plants plus incubation medium without fluorogenic substrate. Rows 4 
and 6: idem including the substrate, Each well represents an independent 
plant. B: PCR amplification of the nptII gene electrophoresed on 2% 
agarose gel, arrow indicates the 255 bp fragment amplified, Line P: 
pBI121 plasmid; lines C: control plants; lines T: transgenic plants. C: 
Transgenic (right) and control (left) shoots rooted in a medimn with 25 
mg/l of kanamycin. D: Acclimatized transgenic plant. 

by cultivation of leaf fragments on LB medium. 
These shoots were able to root in the presence of 25 mg/1 

kanamycin (Fig. 3C) and after rooting were acclimatized 

and transferred to the greenhouse (Fig. 3D). Transgenic 
shoots have also been maintained for several subcultures 

in the proliferating medium including kanamycin but 
lacking carbenicillin, without any sign of Agrobacterium 

contamination. As shown in Table 2, the final efficiency 
of the transformation experiment evaluated by kanamycin 
resistance was 7.7% whereas it was 6.9% when 
determined by the GUS expression assay. 

D i s c u s s i o n  

Regeneration of several cultivars of Fragaria x ananassa 

has been found to be enhanced as result of supplementary 
nitrogen in the medium (Liu and Sanford 1988, Sorvari et 

al. 1993). In the case of Fragaria vesta, excellent 
regeneration was obtained using Murashige and Skoog's 
mineral salts (1962) without any additional nitrogen. In 
accordance with previous results obtained with the 
cultivated strawberry (Liu and Sanford 1988, Barcel6 et al. 

1993, Sorvari et al. 1993) a high BA/IBA ratio yielded 
excellent results in Fragaria vesca regeneration. The high 

BA content of the organogenesis medium inhibited shoot 
elongation so the concentration was lowered to 0.5 mg/I 

to induce elongation and proliferation of shoots. The 
histological study indicated that the adventitious shoots 
mainly developed from subepidermal cells, but a single 
cell origin could not be established. Callus development 
was very low and the organogenesis can be defined as 
quasi-direct (Buiatti and Morpurgo 1990) with a low risk 
of somaclonal variation. 

Fragaria vesca was extremely sensitive to kanamycin as 
reported for others berries (Graham et al. 1990). This 

sensitivity enabled us to use a low concentration of 
kanamycin (25 mg/1) for selection with a very low 

percentage of escapes. Similar levels of kanamycin have 
been used in transformation of Fragaria x ananassa 

(Nehra et al. 1990bc, Mathews et al. 1995). The 

regeneration protocol developed was successfully 
employed to introduce foreign genes in this species via 
Agrobacterium tumefaciens, with a percentage of 
transformation of 7.7 based on kanamycin resistance and 
6.9 based on GUS activity. This percentage was as high 

as the best percentage reported for Fragaria x ananassa 

by Nehra et al. (1990b) using the same vector pBI121, and 

higher than those reported by James et al. (1990) using the 

binary plasmids pBIN6 and pSS1. The persistence of 
resistance to kanamycin after several subcultures of the 
transgenic shoots might indicate the integration of the T- 
DNA in the plant genome. Moreover, GUS activity was 
observed throughout the whole regenerated plantlets. 
However, presence of the T-DNA in the plant genome 
was only detected by PCR analysis in one of the clones 
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obtained when using newly formed young leaves due to 
the difficulty to extract DNA suitable for molecular 
analysis from leaves o f  elongated shoots of  this species. 
Studies to optimize the DNA extraction method are 
currently under way. 

The procedure reported here makes it feasible to use 
Fragaria vesca as an appropriate model for molecular 
studies as well as an additional way to introduce 
agronomical traits in the genome of  Fragaria species via 
gene manipulation. 
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