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Summary. The apple rootstock, M26, was genetically and 
phenotypically transformed using the Agrobacterium 
wild-type strain, A4. First, chimeric plants were obtained 
having transformed roots and normal aerial parts. Trans- 
formed plants were then produced through regeneration 
from transformed roots. Transformation was demon- 
strated by molecular hybridization and opine analysis. 
The effects of hormones on organogenesis was altered in 
transformants: cytokinins were required to form roots, 
whereas auxin was toxic at the concentration used to 
induce rooting in the control. 

Key words: Apple - Root development Genetic trans- 
formation - Agrobacterium rhizogenes 

Introduction 

The genetics of the control of morphogenesis in higher 
plants is poorly understood, partly due to the difficulties 
in cloning the genes regulating growth and differentia- 
tion. One source of such genes is the soil bacterium, 
Agrobacterium rhizogenes, which engages in natural ge- 
netic transformation. The transforming genes are carried 
on 'transferred DNA'  (T-DNA) and are inserted into the 
plant nuclear DNA. Their presence causes the formation 
of genetically transformed roots which, in many species, 
give rise to whole plants carrying the foreign genes. A 
transformed phenotype which includes increased branch- 
ing, shortened stature, wrinkled leaves, modified flower- 
ing and root systems (Tepfer 1984), appears in these 
plants. Changes in root systems include increased 
branching and plagiotropic behaviour. These genes are 
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thus useful in creating new genotypes and phenotypes 
and in attempting to understand how development is 
regulated (Tepfer 1989). 

In a previous paper, we used A. rhizogenes to over- 
come a rooting deficiency in apple rootstocks (Lambert 
and Tepfer 1991). Chimeric plants were produced having 
root-inducing (Ri) T-DNA in their roots, but not in their 
aerial parts; they had extensive, highly branched root 
systems. We proposed (Tepfer 1983) that Ri T-DNA 
might be used to improve the rooting ability of root- 
stocks or to create root systems that are better adapted 
to environmental stress, e.g., drought. To this end, it was 
necessary to produce the abundant root phenotype in the 
absence of bacterial contamination, i.e., a rootstock en- 
tirely transformed by Ri T-DNA, and to propagate it by 
root cuttings. 

In the following report we describe such a trans- 
formed apple rootstock, having an altered ability to form 
roots. We show that both the Ri TL-DNA (root-induc- 
ing, left-hand, transferred DNA) and TR-DNA (right- 
hand, transferred DNA) are present, and we discuss pos- 
sible uses of this new genotype in apple improvement. 

Materials and methods 

Plant micropropagation 

The rootstock clone M26 was used throughout. In-vitro shoots 
were obtained through micropropagation as described by Jones 
et al. (1977). These were maintained on the MS medium de- 
scribed by Murashige and Skoog (1962), supplemented with 
0.5 rag/1 6-benzylaminopurine (BAP), 0,1 mg/1 indole-3-butyric 
acid (IBA) and 0.5 mg/1 gibberellic acid (GA3), and were rooted 
on the same medium with macro-nutrients and sucrose reduced 
by one half and supplemented with 0.2 mg/1 IBA. 

Inoculation conditions 

Agrobacterium rhizogenes strain A4 (Moore et al. 1979), was 
cultivated overnight as 28 ~ as described by Petit et al. (1983), 
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and used for inoculation at approximately l0 s cells/ml. The 
inoculation method was as described elsewhere (Lambert and 
Tepfer 1991). Briefly, l-month-old in-vitro micro-cuttings were 
pricked at their base, dipped in the bacterial suspension and 
transferred to the above rooting medium. Three days later ex- 
plants were transferred to the same medium, but containing the 
antibiotic eefotaxime (Roussel Laboratories) at 500 mg/1 to in- 
hibit bacterial growth. 

Culture of transformed roots, plant regeneration and maintenance 

Transformed roots were grown in liquid medium, containing the 
macro-nutrients of Tendille and Lecerf (1974), with nitrogen as 
KNO3, the micro-nutrients of Murashige and Skoog (1962), the 
vitamins of Morel and Martin (1955), and sucrose (20 g/l). 

Plant regeneration was based on the method developed by 
Druart (1980) for Pyrus. Shoot production was obtained in vitro 
by regeneration from roots still attached to the stem on which 
they had been induced. Conditions were different for regenera- 
tion from normal and transformed roots. Shoots were produced 
in the control using half-strength MS medium (Murashige and 
Skoog 1962) with 1 mg/1 BAP and 0.2 mg/1 IBA. In contrast, 
transformed roots regenerated shoots in 5 rag/1 BAP. Both mi- 
cropropagation and rooting of transformed shoots were ob- 
tained in MS medium (Murashige and Skoog 1962) containing 
0.5 mg/1 BAP as the sole hormone supplement. Control regener- 
ants were rooted in half strength MS medium with 0.2 rag/1 IBA. 

DNA extraction and molecular hybridization 

Plant DNA was isolated according to Dellaporta et al. (1983), 
digested with restriction endonucleases (5 units/lxg) and elec- 
trophoresed (10 gg/sample) in Tris-borate horizontal agarose- 
gels. Zeta probe blotting membranes were used for transfer and 
hybridization, as recommended by the supplier (Bio-Rad). 
Probes were pLJ1 and pLJ85 (Jouanin 1984), covering respec- 
tively the TL- and TR-DNAs, with pLJl extending approxi- 
mately 11 kb to the left of the TL-DNA and pLJ85 approxi- 
mately 12 kb to the left of the TR-DNA.- Labeling was with 
32p-dCTP by nick translation (Amersham kit). Hybridized blots 
were autoradiographed with an Amersham MP film and two 
intensifying screens. 

Fig. 1. One-month-old culture of transformed apple roots, 
showing their ability to grow in vitro and the typical, highly 
branched, phenotype 

Results 

Axenic, transformed root cultures 

Roots induced by A. rhizogenes on cuttings were excised 
and cultured in vitro, as organ clones, after disinfection 
in hormone-free liquid medium. They exhibited the 
t ransformed phenotype observed in other species, pro-  
ducing numerous,  plagiotropic  lateral roots  that  were 
adapted  to in-vitro growth (Fig. 1). Non- t rans formed 
controls did not  grow. The extent of  phenotypic  change 
varied from clone to clone, and in general those that  were 
the most  branched exhibited the best growth. Trans- 
formed roots  synthesized the two opines, agropine and 
mannopine,  considered to be markers  for the presence of  
the Ri T R - D N A  (data  not  shown). 

Regenerated plants 

Regenerat ion was from roots  still a t tached to the mother  
plant.  Shoots appeared  from normal  roots  2 - 4  months  

Fig. 2A, B. Shoot buds regenerated from normal roots (A), and 
transformed roots (B) 

after several subculutres on regeneration medium 
(Fig. 2 a). They were subsequently excised and rooted  as 
for the mother  plants.  Regenerat ion was more  difficult in 
the case of  t ransformed roots; however, buds regenerated 
from a single root  induced by A. rhizogenes (Fig. 2 b) in 
medium containing 5.0 mg/1 BAP. Growth  of  the regen- 
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crated buds was inhibited in this medium, but resumed 
after repeated transfer on medium containing 0.5 mg/1 
BAP as the sole hormone. Rooting in this medium at- 
tained 100%. (Under identical conditions, controls were 
unable to form roots.) Furthermore, transfer of the puta- 
tively transformed shoots to the rooting medium used for 
the controls (containing 0.2 mg/1 auxin) caused necrosis. 

Not  only was the rhizogenic potential of shoots re- 
generated from transformed roots different from that of 
shoots regenerated from normal roots, but the root sys- 
tems of the former were more developed, and they pro- 
duced more shoots than the controls (Fig. 3). 

Transformation was assessed by measuring opines 
and through molecular hybridization. As expected in tis- 
sues containing the TR-DNA of A. rhizogenes strain A4, 
both mannopine and agropine were found in the leaves 
of the three regenerants (data not shown). The TL- and 
TR-DNAs are indeed both present in these leaves, in a 
configuration similar to that reported for other species 
(Fig. 4). In the transformed apple genome the TL-DNA 
probe hybridized to EcoR1 restriction fragments that 
co-migrated with pRi EcoRl  fragments 15, 36, 37ab and 

Fig. 3A, B. Control M26 apple plant rooted with auxin (A), 
compared with a transgenic plant rooted with cytokinin (B) 
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Fig. 4. Hybridization of apple DNA digests with probes pLJ1 (A) and pLJ85 (B) and a restriction map of the T region of pRIA4 
(C). Fragment numbers are given adjacent to identified fragments using the nomenclature of Jouanin (1984), other fragments (e. g., 
putative junctions between T-DNA and plant DNA) are identified by size in kb (in italics). Parts of the autoradiogram appear 
over-exposed in order to clearly show hybridization to fragments in the control. Fragment numbers were assigned using an 
autoradiogram exposed for a shorter time 
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40. Hybridization was detected by transformed apple 
HindIII fragments co-migrating with pRi HindIII frag- 
ments 17, 21 a, 30 a and 32. We conclude that ORFs 8-15 
(including rol A, B and C) are present. Two putative 
junction fragments, not co-migrating with fragments 
from the reconstruction, and thus presumably containing 
both plant DNA and T-DNA, were observed at 7.0 and 
6.1 kb, using EcoR1, and at 4.9 and 6 kb, using HindIII. 
In control DNA weak hybridization occurred to three 
EcoR1 fragments at 6.9, 5.5, 3.9 kb. 

Hybridization with the TR-DNA probe, revealed 
EcoR1 fragment 1 and HindIII fragment 15 as internal. 
The former carries opine synthesis functions and an ORF 
similar to rolB from the Ri TL-DNA (Fig. 4) (Bouchez 
and Camilleri 1990). The TR-DNA auxin synthesis genes 
were not detected. Strong hybridization occurred be- 
tween pLJ85 and a 4.4 kb EcoRI restriction fragment in 
the control. 

Discussion 

We introduced Ri T-DNA into apple rootstocks with the 
aim of increasing their rhizogenicity. As yet we have 
produced only one transformed line, so the efficiency of 
the method used still needs to be established. The plants 
we produced were transformed according to two inde- 
pendent criteria: opine synthesis and molecular hy- 
bridization. Opines in the leaves could not be due to 
translocation from transformed roots; they were found in 
plants that had been rooted from regenerated shoots, 
thus none of the original, bacterially-induced, root tissue 
remained. Bacterial contamination cannot account for 
these results, because opines are not known to be synthe- 
sized in bacteria, and we observed hybridization to re- 
striction fragments that are internal to the TL-DNA, 
while other fragments included in the probe, but outside 
the T-DNA, were not detected. The structure of the T- 
DNA inserted into the apple genome is similar to that 
observed in other species. We detected weak hybridiza- 
tion signals With the probe representing the TL-DNA. 
These were reported by other authors (Tepfer 1982; 
White et al. 1983) and in one case were shown to come 
from a duplicated fragment that is highly homologous to 
the region encoding the rolB and rolC loci (Furner et al. 
1986). We were surprised to discover a strong hybridiza- 
tion signal with the Ri TR-DNA probe, and are currently 
determining its exact origins. 

In general, genetic transformation of trees has been 
limited. Walnut (Mc Granahan et al. 1988), citrus (Hi- 
daka et al. 1990), grapevine (Mullins 1990), apple (James 
et al. 1990) and plum (Mante et al. 1991) have been trans- 
formed with reporter genes encoding resistance to 
kanamycin and hygromycin and/or with fi-glucuronidase 
(GUS). 

Over 30 species of dicots have been genetically trans- 
formed with Ri T-DNA, producing a transformed phe- 
notype (See Tepfer 1989 for review). Trees expressing Ri 
T-DNA have numerous shoots and plagiotropic root 
systems: these include Allocasuarina (Phelep et al. 1991), 
kiwi (Rugini et al. 1991) and poplar (Pythoud et al. 1987; 
Chriqui personal communication). In the apple trees de- 
scribed above, the organogenic response to hormones 
was clearly altered. Shoot formation required high cy- 
tokinin levels, and subsequent growth and rooting only 
took place in the presence of eytokinins at a lower con- 
centration, which also inhibited root differentiation in 
the controls. On the other hand, the auxin concentration 
that promoted rooting in the controls caused necrosis in 
the transformed plants. Thus, the response to exogenous 
growth substances is altered in the transformants. This 
was not the case in Allocasuarina, where both trans- 
formed and control plants rooted on the same medium 
(Phelep et al. 1991). 

Two physiological correlates of the phenotypic 
changes observed in plants transformed by Ri T-DNA 
have been reported: increased sensitivity to auxin (Spano 
et al. 1988; Shen et al. 1988; Maurel et al. 1991) and de- 
creased accumulation of polyamines and their conjugates 
with the hydroxycinnamic acids (Burtin et al. 1991; Mar- 
tin-Tanguy et al. 1990). The rolB gene is considered to be 
important for root induction, but the expression of rolA 
and rolC amplified this phenomenon (Schmulling et al. 
1988). Both rolB and C, are thought to encode/%glucosi- 
dases, with specificity for auxin or cytokinin glucoside 
conjugates, respectively (Estruch et al. 1991 a, b). More- 
over, rolB gene expression is responsive to auxin (Ca- 
pone et al. 1991). It is thus likely that auxin and/or cy- 
tokinin metabolism is altered by genes encoded by the Ri 
T-DNA. 

It would be premature to interpret the altered re- 
sponse to auxins and cytokinins in transformed apple in 
terms of Ri T-DNA gene function; indeed the responses 
to hormones we have observed seem paradoxical. Nor 
can one accurately compare the phenotypes of the nor- 
mal and transformed apple plants, since they must be 
maintained on different media. Even after establishment 
in the soil, phenotypes can be described only after several 
years of growth. Nevertheless, under the present condi- 
tions (which are adjusted for each genotype) root pro- 
duction is more prolific in the transformed clone, while 
the wrinkled leaves characteristic of other plants contain- 
ing Ri T-DNA were not observed. These results are con- 
sistent with our goal of altering rooting ability and the 
root system morphology in apple. Ultimately it would be 
useful to design root systems to overcome environmental 
constraints, such as lack of water. 

Acknowledgments. We thank C. Lesaint for advice concerning 
the in-vitro culture of apple roots, L. Jouanin for providing 



109 

pLJ1 and pLJ85, A. Goldmann and M. Maille for analysing 
opines. This research was financed, in part, by the City of 
Angers. 

References 

Burtin D, Martin-Tanguy J, Tepfer D (1991) e-DL-Difiuo- 
romethylornithine, a specific, irreversible inhibitor of pu- 
trescine biosynthesis, induces a phenotype in tobacco similar 
to that ascribed to the root-inducing, left-hand transferred 
DNA of Agrobacteriurn rhizogenes. Plant Physio195:461-468 

Bouchez D, Camilleri C (1990) Identification of a putative rolB 
gene on the TR-DNA of the Agrobacterium rhizogenes A4 Ri 
plasmid. Plant Mol Biol 14:617-619 

Capone M, Cardarelli D, Mariotti D, Pomponi M, De Paolis A, 
Costantino P ( 1991) Different promoter regions control level 
and tissue specificity of expression of Agrobaeterium rhizoge- 
nes rolB gene in plants. Plant Mol Biol 16:427-436 

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA 
minipreparation version II. Plant Mol Biol Rep 1:19-21 

Druart P (1980) Plantlet regeneration from root callus of differ- 
ent Prunus species. Sci Hort 12:339-342 

Estruch J J, Chriqui D, Grossmann K, Schell J, Spena A (1991 a) 
The plant oneogene rolC is responsible for the release of 
cytokinins from glucoside conjugates. EMBO J 10:2889-2895 

Estruch J J, Schell J, Spena A (1991 b) The protein encoded by the 
rolB plant oncogene hydrolyses indole glucosides. EMBO J 
10:3125-3128 

Furner I, Huffman G, Amasino R, Garfinkel D, Gordon M, 
Nester E (1986) An Agrobacterium transformation in the 
evolution of the genus Nieotiana. Nature 319:422-427 

Hidaka T, Omura M, Ugaki M, Tomiyama M, Kato A, Ohshi- 
ma M, and Motoyoshi F (1990) Agrobacterium-mediated 
transformation and regeneration of citrus spp. from suspen- 
sion cells. Japan J Breed 40:199-207 

James DJ, Passey AJ, Barbara DJ, Bevan M (1990) Genetic 
transformation of apple (Malus pumila Mill.) using a dis- 
armed Ti-binary vector. Plant Cell Rep 7:658-661 

Jones OP, Hopgood ME, O'Farrell D (1977) Propagation in 
vitro of M26 apple rootstocks. J Hort Sci 52:235-238 

Jouanin L (1984) Restriction map of an agropine-type Ri plas- 
mid and its homologies with Ti plasmids. Plasmid 12: 91-102 

Lambert C, Tepfer D (1991) Use ofAgrobacterium rhizogenes to 
create chimeric apple trees through genetic grafting. Biotech- 
nology 9:80-83 

Mante S, Morgens PH, Scorza R, Cordts JM, Callahan AM 
(1991) Agrobacterium-mediated transformation of plum 
(Prunus domestica L.) hypocotyl slices and regeneration of 
transgenie plants. Biotechnology 9:853-857 

Martin-Tanguy J, Tepfer D, Paynot M, Burtin D, Heisler L, and 
Martin C (1990) Inverse relationship between polyamine lev- 
els and the degree of phenotypic alteration induced by Ri 
TL-DNA from Agrobacterium rhizogenes. Plant Physiol 
92:912 918 

Mc Granahan GH, Leslie CA, Uratsu SL, Martin LA, Dan- 
dekar AM (1988) Agrobaeterium-mediated transformation 
of walnut somatic embryos and regeneration of transgenic 
plants. Biotechnology 6:800-804 

Maurel C, Barbier-Brygoo H, Spena A, Temp6 J, Guern J (1991) 
Single rol genes from the Agrobacterium rhizogenes TL- 
DNA alter some of the cellular responses to auxin in Nico- 
tiana tabaeum. Plant physiol 97:212-216 

Moore L, Warren G, Strobel G (1979) Involvement of a plasmid 
in the hairy root disease of plants caused by Agrobaeterium 
rhizogenes. Plasmid 2:617-626 

Morel G, Martin C (1955) Gu6rison de pommes de terre at- 
teintes de maladie ~ virus. CR Acad Agr Fr 41:471-475 

Mullins MG, Tang F, Facciotti D (1990) Agrobacterium-mediat- 
ed genetic transformation of grapevines: transgenic plants of 
vitis rupestris scheele and buds of vitis vinifera L. Biotechnol- 
ogy 8:1041 - 1045 

Murashige T, Skoog F (1962) A revised medium for rapid 
growth and bioassays with tobacco tissue cultures. Physiol 
Plant 15:473-497 

Petit A, David C, Dahl G, Ellis JG, Guyon P, Casse-Delbart F, 
Temp6 J (1983) Further extension of the opine concept: Plas- 
raids in Agrobacterium rhizogenes cooperate for opine degra- 
dation. Mol Gen Genet 190:204-214 

Phelep M, Petit A, Martin L, Duhoux E, Temp6 J (1991) Trans- 
formation and regeneration of a nitrogen-fixing tree, Alloca- 
suarina vertieillata Lam. Biotechnology 9:461-466 

Pythoud F, Sinkar VP, Nester EW, Gordon MP (1987) Increased 
virulence of Agrobacterium rhizogenes conferred by the vir 
region of pTi Bo 542: application to genetic engineering of 
poplar. Biotechnology 5:1323-1327 

Rugini E, Pellergrineschi A, Mencuccini M, Mariotti D (1991) 
Increase of rooting ability in the woody species kiwi (Ac- 
tinidia deliciosa A. Chev.) by transformation with Agrobae- 
terium rhizogenes rol genes. Plant Cell Rep 10:291-295 

Shen WH, Petit A, Guern J, Temp~ J (1988) Hairy roots are 
more sensitive to auxin than normal roots. Proc Natl Acad 
Sci USA 85:3417-3421 

Schmulling T, Schell J, Spena A (1988) Single genes from 
Agrobacterium rhizogenes influence plant developpement. 
EMBO J 7:2621-2629 

Spano L, Mariotti D, Cardarelli M, Branca C, Constantino P 
(1988) Morphogenesis and auxin sensitivity of transgenic 
tobacco with different complements of Ri T-DNA. Plant 
Physiol 87:479 483 

Tendille C, Lecerf M (1974) La multiplication v~g~tative de 
l'asperge (Asparagus officinalis L.). Action de divers fac- 
teurs, en particulier de la nutrition min6rale, sur le d6velo- 
ppement des m6rist~mes d'asperge, sur la croissance des 
plantules issues de ces m6rist~mes et sur la production de 
plantes adultes. Ann Am61ior Plantes 24:269-282 

Tepfer D (1982) La transformation g6n6tique de plantes su- 
p6rieures par Agrobacterium rhizogenes. In: (ed) 2e Colloque 
sur les Recherches Fruiti~res. Centre Technique Interprofes- 
sionnel des Fruits et L6gumes, Bordeaux, pp 47-59 

Tepfer D (1983) The potential uses of Agrobacterium rhizogenes 
in the genetic engineering of higher plants: nature got there 
first. In: Lurquin P, Kleinhofs A (ed.) Genetic engineering in 
euearyotes. Plenum Press, New York, pp 153-164 

Tepfer D (1984) Transformation of several species of higher 
plants by Agrobacterium rhizogenes: sexual transmission of 
the transformed genotype and phenotype. Cell 47:959-967 

Tepfer D (1989) Ri T-DNA from Agrobacteriurn rhizogenes: a 
source of genes having applications in rhizosphere biology 
and plant development, ecology and evolution. In: Kosuge T, 
Nester EW (eds) Plant microbe interactions, molecular and 
genetic perspectives. McGraw-Hill New York Publishing 
Company, pp 296-342 

White F, Garfinkel D, Huffman G, Gordon M, Nester E (1983) 
Sequences homologous to Agrobacterium rhizogenes T-DNA 
in the genomes of uninfected plants. Nature 301:348-350 


