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Independent and synergistic activity of rol A, B and C loci in
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The Ri plasmid A4 of Agrobacterium rhizogenes contains
within its T-DNA genetic information able to trigger root formation in infected plants. Tobacco plants regenerated from
transformed roots display the hairy root (hr) syndrome. We
show that DNA fragments containing the rol B locus alone
are able to induce root formation both in tobacco and kalanchoe tissues. The rol A and the rol C loci by themselves are
also able to induce root formation in tobacco but not in kalanchoe. This capacity to induce root formation in either host
is greatly increased when the rol A and/or C loci are combined
with the rol B locus. Root induction is shown to be correlated
with the expression of the rol loci. Transgenic plants exhibit
all the characteristics of the h&ry root syndrome only when
all three loci are present and expressed. Although the activity
of the rol encoded functions is synergistii, each of them
appears to independently influence host functions involved
''
in the determination of root differentiation.
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Introduction
Infection of a plant by Agrobacterium rhizogenes usually results
in root formation at the site of infection (Riker et al., 1930, Hildebrand, 1934; Bevan and Chilton, 1982). This morphogenic event
is due to the transfer of genetic information canied by Ri plasmids
from bacteria to the plant cells (Moore et al., 1979; Chilton et
al., 1982; Spano et al., 1982; White et al., 1982). In this regard
A. rhizogenes behaves similarly to A.hunef&ens. The integration and expression of the transferred DNA (T-DNA) of Ti
plasmids causes metabolic changes mainly determined by the
iaaM and iaaH genes which code for enzymes involved in indoleacetic acid synthesis and the ipt gene whose product catalyses
the first step in cytokinin biosynthesis (Akiyoshi et al., 1984;
Schrijder et al., 1984; Inze et al., 1984; Barry et al., 1984;
Tomashow et al. , 1984; Buchmann et al. , 1985; Yamada et al. ,
1985).
Similarly infection of a wounded tissue by A. rhizogenes strains,
harbouring Ri plasmids, results in transfer of T-DNA to the plant
genome. The T-DNA of the A. rhizogenes strain A4 consists of
two non contiguous stretches of DNA, the TL-and the TR-DNA
(Huffmann et al., 1984; Jouanin, 1984; De Paolis et al., 1985).
The TR-DNAcontains two genes homologous to the iaaM and
iaaH genes of Ti plasmids but only plays a conditional and nonessential role in the hairy root formation (Boulanger et al., 1986;
Cardarelli et al. , 1987).
Many features differentiate the morphogenic action of Ri
plasmids from that of Ti plasmids (Cardarelli et al., 1987). Ritransformed roots can be cultivated in virro on hormone-free
medium and, in some species, regenerated into pla& (AckerO IRL Press Limited, Oxford, England

mann, 1977; Tepfer, 1984). These transgenic plants show an
altered phenotype, called hr syndrome, which, despite some
variable traits, has characteristic features in several plant species
(Tepfer, 1984; Ooms et al., 1985). The invariable and characteristic traits of the hr syndrome in tobacco are: (i) high growth
rate of roots in culture; (ii) reduced apical dominance in roots
and stems; (i) wrinkled leaves with increased width to length
ratio; and (iv) plagiotropic roots (i.e. with altered geotropism).
These phenotypic traits are due to the presence of several loci
in the TL-DNA delivered to the plant genome (Tepfer, 1984;
Durand-Tardif et al., 1985).
Four loci involved in the hairy root formation have been identified through insertional mutagenesis in the TL-DNA. They do
not show any homology with the T-DNA of Ti plasmids (Huffmann et al., 1984; Jouanin, 1984) and were called root loci (rol)
A, B, C and D (White et al., 1985). The genetic analysis showed that insertions in the rol B locus were completely avirulent
on kalanchoe leaves, whilst insertions in the rol A. C and D loci
gave an attenuated response and consequently pointed to a pivotal
role of the rol B locus in root induction on kalanchoe leaves
(White et al., 1985). The rol A, B, C and D loci correspond,
most likely, to open reading frames (ORFs) 10, 11, 12 and 15 of
the TL-DNA (Slightom et al., 1986). Tobacco plants, transformed only with a portion of the TL-DNAlacking ORFs 1-7 and
lacking the TR-DNA altogether displayed all the characteristic
traits of the hr syndrome (Tepfer, 1984; Durand-Tardif et al.,
1985).
In this work we analyse the functions of the rol A, B and C
loci in two different systems, kalanchoe and tobacco, by producing plant cell clones as calli or as transgenic plants which
contain different combinations of the rol A, B and C loci.
Results
EcoRI fragment I5 of the Ri plasmid A4 controls root
formation in transfonned calli
Tpbacco protoplasts were transformed by cocultivation with
A.'hunefaciens strains harbouring the constructions pPCV002ABCl and -ABC2 shown in Figure 1. These vectors contain part
of the TL-DNAof A. rhizogenes strain A4 covering the rol loci
A, B and C (Slightom et al., 1986). Half of the kanamycin resistant calli (22 out of 45) resulting from transformation with
pPCV002-ABC1 or pPCV002-ABC2 developed roots (Figure 2).
Both constructions were equally able to induce root formation
indicating that root induction is independent of the orientation
of the EcoFU fragment 15 in the pPCV002 vector. The transformed tissues showed root formation even in the absence of exogenous auxin (MS3 medium). Kanamycin resistant calli
transformed with the binary vector pPCV002 by itself did not
form roots. This result shows that EcoFU fragment 15, consisting
of 4374 bp of the pRiA4 TL-DNA, contains genetic information
able to induce root formation in tobacco calli.
Transcriptional analysis of the rol A, B and C loci
The transcription pattern of the rol A, B and C loci was analysed
in a transformed tobacco callus, clone ABC2-N (Figure 3a). The

results of a Northern blot analysis (Figure 3b) performed on
poly(~)+RNA extracted from callus material grown on
medium containing 0.5 mg/l of benzylarninopurine (BAP), can
be summarized as follows: (i) EcoRI fragment 15, used as a
probe, detected five transcripts of 650,850,1050,2100 and 2300
nucleotides (Figure 3b, lane 1). Three of these transcripts were
also evident on a shorter exposure (lane 9). (ii) A 986 bp
HpaI- EcoRI probe (Figure l), spanning the rol C locus,
hybridizes to transcripts of 850 and'2300 nucleotides (Figure 3b,
lane 2). ( i ) The internal Hindm fragment of 1773 bp (Figure
1) hybridizes to transcripts of 650,1050 and 2100 bases (Figure
3b, lane 3). However, single strand specific probes, derived from
the same fragment and therefore spanning the rol B and part of
the rol A locus, hybridize either to the 650 and 2100 nucleotidelong transcripts (lane 4) or to the 1050nucleotide transcript (lane
5). (iv) A probe containing most of the rol B/rol C intergenic
region (derived from the 899 bp ,DraI fragment; Figure 1)
hybridizes to the transcript of approximately 2100 bases (lane
6). (v) An 873 bp HpaI- Hindm probe obtained from the rol
B/rol C intergenic region of fragment EcoRI 15 (Figure 1) does
not hybridize to any transcript (data not shown). (vi) A 1410 bp
EcoRI-PstI probe fragment corresponding to the rol A locus
hybridizes to the transcripts of 650 and 2100 nucleotides (lane
7). The same hybridization pattern is obtained with a probe con-

sisting of the NcoI-PstI fragment of 353 bp (lane 8).
The possibility that any of the transcripts, and in particular
transcripts A' and C', result from initiations outside of EcoRI
fragment 15 is excluded by the fact that in transgenic tobacco
plants the vector DNA, flanking EcoRI fragment 15 to the right,
1.25 kb derived from the
gave a single defined mRNA of
neomycin phosphotransferase 11gene (Koncz and Schell, 1986),
and no mRNA at all derived from 'the leftwards flanking sequences (data not shown).
Therefore these hybridization data suggest that the rol C locus
generates two transcripts: an abundant one of 850 nucleotides
(C)and another less abundant one of 2300 nucleotides (C') which
is probably a readthrough product of the smaller transcript. The
rol B locus gives rise to a transcript of 1050 nucleotides (B).
The rol A locus codes for the 650 nucleotide long transcript (A)
and presumably for a longer readthrough of 2100 nucleotide (A').
The rol B transcript is therefore transcribed from the opposite
strand of transcript A'. The possibility of transcriptional interference and the presence of complementary sequences on these
transcripts could somehow curtail gene expression (Coleman et
al., 1984). Previous studies in NicotiaM species (Taylor et al.,
1985; Durand-Tardif et al., 1985) have detected 650, 850 and
1050 nucleotides long and other transcripts in the region spanning the rol A, B and C loci.
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Fig. 1; Schematic drawing of the conshuctim. pPCV002-ABC contains the EcoRI fragment 15 of the Ri plasmid A4 in both orientations, called
pPCVOM-ABCl and pPCV002-ABC2. The location of the kanamycin resistant gene and of the gem 5 promoter of the pPCV002 vector (Koncz and Schell,
1986) are also indicated. Above the map with relevant restriction sites. are shown the positions of orfs 10. 11 and 12 (Slightom et d.. 1986) corresponding to
the rol A, rol B and rol C loci respectively. The approximate location and size of the rol kmcripts as determined in this paper (see Figure 3b) is also
indicated. Below the map are shown the different fragments and chimeric constructions delivered to the plant genome. Abbreviations: 35s. cauliflower mosaic
virus 35s promoter; T, cauliflower mosaic virus 35s terminator; kb, kilobase; BL and BR,left- and right border sequences of vector T-DNAs; pg5, truncated
promoter of TL-DNA gene 5; pNOS, promoter of nopalihe synIhase gene; pAocs, polyadenylation sequence of octopine synthase gene; NPT-11, mmycin
phosphotransferase gene of transposon Tn5.
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Root fonnation correlates with the expression of the rol loci
Despite the identical growth conditions, only 22 out of 45 kanamycin resistant calli were root-forming. Since transformed calli
and transgenic plants show variation in the level of expression
of newly introduced genes (Horsch et al., 1984; Czernilofsky
et al., 1986; Fluhr et al., 1986; Spena and Schell, 1987), we

Fig. 2. Selection of transformed calli. N.fabacum protoplasts were cocultivated with A.hunefaciem GV3101 harbouring a Ti plasmid defective for
its T-DNA and the pPCV002-ABC1 construction. Small calli resistant to 50
mg/l of kanamycin sulfate were visible after 5-6 weeks. Half of them (22
out of 45) were forming roots and in some cases root formation took place
before subculturing to solid medium.

have anlaysed root-forming and non root-forming calli to test
whether the morphogenic response correlates with the expression of the rol A, B and C loci. Figure 4 shows a northern blot
with poly(A)+ RNA extracted from root-forming (lanes 1 , 2 and
4) and non-root-forming calli (lans 3 and 5) transformed with
the pPCV002-ABC1 construction and grown on MS3 medium.
It is striking that, whereas all root-forming calli contained different rol transcripts, no transcripts at all were detectable in nonroot-forming calli. The relative amounts of different rol transcripts in root-forming calli varied considerably and especially
for rol B. The lack of detectable transcripts in non-root-forming
calli is not due to gross DNA rearrangements, as indicated by
Southern blot analysis (data not shown). In some cases rol transcripts were detected in transformed calli some weeks before root
appearance.

The rol A, B and C loci are independently able to induce
root formation in tobacco
We have further dissected EcoRI fragment 15 in order to test
whether each of the rol A, B and C loci alone would be sufficient to induce root formation in transgenic tobacco calli.
Tobacco protoplasts were transformed by co-cultivation with
the construction pPCV002-B300 shown in Figure 1. Within
14- 17 weeks of subculture, 5 out of 22 individual calli transformed with pPCV002-B300 had formed roots. However, root
formation in this case was less efficient than with pPCV002-ABC
transformed calli of which 22 out of 45 had already shown root
formation during the first 8 weeks of culture. Transgenic calli
(pPCV002-B300) were forming roots on media containing either
low (MS2) or high auxin concentrations (MS1). Figure 5 shows
a Northern blot performed with poly(A)+ RNA extracted from
root-forming (lanes 1 and 7) and non-root-forming calli transformed with pPCV002-B300 (lanes 3 , 4 , 5 and 6). A detectable
level of the 1050 nucleotide long transcript is observed with
rnRNA obtained from the root-forming calli, whereas non-rootforming calli did not usually express the rol B transcript. In one
case (rolB300-10) rol B transcripts were detected in callus which

Fig. 3. (a) Callus clone ABC2-N was forming roots when subcultured on MS3 medium containing 0.5 mgll of BAP, an hormonal treatment which usually
induces shoot formation. @) Transcriptional analysis of the rol A, B and C loci. 32~-labelledprobes were hybridized to northern blots of poly(A)+ RNA
extracted from callus clone ABC2-N grown on MS3 medium. Approximately 1.7 pg of poly(A)+ RNA were loaded in each slot. The following probes were
used (restriction sites correspond to those shown in Figure 1): Lane 1, EcoRl fragment 15; lane 2, 990 bp H@-EcoRI fragment; lane 3, the internal
1773 bp HindLII fragment; lane 4,. single strand specific probe for rol A (orf 10); lane 5, single strand specific probe for rol B (orf 11); lane 6, the internal
899 bp DraI fragment; lane 7 , the 1410 bp EcoRI-PsfI fragment; lane 8, the 353 bp NcoI-Psfl fragment; lane 9, EcoRl fragment 15, a shorter exposure of
the same blot shown in lane 1. Transcript C' (2300b) and B (1050b) cannot be seen after this short exposure confirming the observation in lane 2, that the
C' transcript has a much lower abundance than the C transcript. Transcript size was determined by comparison to a standard marker (BRL RNA ladder).
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Table I. Root induction in tobacco leaf discs
Construction

Root formation

Tobacco leaf discs were inoculated with A.hu~faciensstrain GV3101 harboring the constructions shown in Figure 1. The tobacco leaf discs were
kept on hormone free MS medium and analysed up to 4 weeks after inoculation.

Fig. 4. Tramxriptional analysis of the rol loci in root-forming and non-rootforming calli grown on MS3 medium. Poly(A)+ RNA (2 Irg) was
fractionated in a 1.5% agarose formaldehyde gel, transferred to
nitrocellulose filters and hybridized to the EcoRI fragment 15 of 4374 bp
spanning the 1-01A, B and C loci. Lane 1, root-forming callus clone
ABC2e; lane 2, root-forming callus clone ABC2-X; lane 3, non rootforming callus clone ABC1-M; lane 4, root forming callus, clone ABCl-11;
lane 5, non root-forming callus clone ABCl-I.

Table I#.Hairy root induction on Knlanchoe diagremodcmu leaves
Construction

Infection with
construction
alone

Coinfection with
A. tumefaciens

strain pGV32W

Kalanchoe leaves were inoculated with A.hunefaciens strain GV3101 harboring the constructions shown in Figure 1. Root formation only took place on
leaves winodated with A.hunefaciens strain pGV3297 harboring a Ti
plasmid deficient for the ipt gene but which still has the auxin producing
genes (Joos et d.,1983). Inoculations with A.hm&ciens strain pGV3297
alone were avirulent. Plants were analysed up to 12 weeks after inoculation.

Fig. 5. Northern blot analysis of poly(A)+ RNA from root-forming and
non-root-forming tobacco calli transformed with pPCV002-B300. Poly(~)+
RNA (1.5 pg) was fractionated in a 1.5% agarose formaldehyde gel,
transferred to nylon membranes and hybridized to the PstI-HindIII
fragment of 1.1 kb spanning the rol B locus. Lane 1, root-forming callus
clone B300-22; law 2, empty; lane 3, non-root-forming callus clone
B300-1; lane 4, non-root-forming callus clone B300- 10; lane 5, non-rootforming callus clone B300-25; lane 6, non-root-forming callus clone
B300-26, lane 7, root-forming callus clone B300-9. The weak signal of
the transcript seen in lane 7, was confirmed to correspond to a real band by
several independent northern blots of poly(A)+ RNA extracted from the
same callus.

did not show root formation, not even after prolonged cultivation (up to 9 months) (lane 4). It is intriguing that in this excep
tion the rol B transcript was expressed quite vigorously.
Our constructions (Figure 1) were then tested in a tobacco leaf
disc system (see Materials and methods for details). Table I summarizes the results obtained 4 weeks after inoculation. All three
ml loci were able to trigger root formation in this system although
at quite different frequencies. The construction pPCV002-B1100
eliited the strongest biological response. More intense and earlier

root formation was repeatedly o b s e ~ e dwith this construct than
with pPCV002-A, CaMVC or -B300. The pPCV002-B300 (containing only 300 bp of rol B 5' flanking sequences) and CaMVC
constructions also induced root formation but at a lower frequency
than pPCV002-A. Combinations of different rol loci evoked biological responses considerably stronger than those elicited by the
single constructions. It is interesting to note that the CaMVBT
chimeric gene, where ORF 11 (rol B) is under the control of
a strong promoter, is eliciting a response weaker than -B1100,
where the ORF 11 is under the control of its own weaker 5' flanking sequences. On the other hand, ORF 12 (rol C) was not able
to induce root formation when driven by its own 5' flanking sequences, but induced root formation when controlled by the cauliflower mosaic virus 35s promoter.

7he rol B locus by itself is able to induce root formution on
kalanchoe leaves
Since the rol loci were originally defined by inoculation of agrobacteria insertional mutants of the T-DNA of Ri plasmids on
kalanchoe leaves (White et al., 1985), we also tested our constructions (Figure 1) in this experimental system. Table II summarizes the results. None of the constructions were able per se
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Fig. 6. (a) The hairy root (hr) syndrome. Lefk Transgenic plant clone (ABCI-113) regenerated from a root forming callus showed the typical symptoms of the
hairy root syndrome. The plant was also displaying symptoms of senescence (i.e. depigrnentation) which were reversed when the plant was shifted from in
vitro culture conditions to the greenhouse. Right: normal SR1 tobacco plant. @) hr symptoms: Adventitious root formation in a transgenic tobacco plant (clone
ABCI-11). (c) hr symptoms: Wrinkled leaves with increased width to length ratio in a hr plant (clone ABC1-11). (d) T'IT switch. Transgenic plant clone
ABCI-alpha displaying the hr syndrome (middle) has generated two lateral branches which show less pronounced alterations.

to trigger root formation on kalanchoe leaves. For infected kalanchoe leaves to produce?oots they had to be co-infected with an
A.tumefaciens strain harbouring a Ti plasrnid deficient for the
ipt gene but which still has the auxin producing genes @GV3297;
Joos et al., 1983). Kalanchoe leaves infected with A. tumefaciens
strain pGV3297 only did not form roots. When coinfected with
pGV3297, constructions containing ORF 11 (rol B coding region),
either under the control of its own regulatory regions (e.g. -ABC,
-AB, -BllOO; Figure 1) or under the control of the cauliflower
mosaic virus 35s promoter (e.g . -CaMVBT, -CaMVBT +C;
Figure 1) all produced roots, albeit at different frequencies. The
fastest and most pronounced response was obtained with
pPCV002-ABC and the slowest and weakest with pPCV002CaMVBT. pPCV002-AB and pPCV002-B11OO gave intermediate
responses, with -BllOO having a stronger effect when associated
with rol A (pPCV002-AB). Moreover the chimeric construction
CaMVBT elicited a root-inducing response weaker than
CaMVBT plus rol C. Twelve weeks after inoculation neither
pPCV002-B3OO nor pPCVOO2-C had elicited root formation.
Also pPCV002-A and pPCV002-AC were not able to induce root
formation on kalanchoe leaves. These results point to a primary
role for the rol B (ORF 1 1 ) locus in the hauy root phenomenon

but also indicate an ancillary role for both the rol A and the rol
C loci. It is interesting to note that, also in kalanchoe, the
CaMVBT chimeric gene, where the O W 11 (rol B) is positioned
under the control of a strong promoter, is eliciting a response
weaker than -B1100, where ORF 11 is controlled by its own,
weaker 5' promoter sequences.
The auxin requirement satisfied by the co-infecting A. tumefaciens pGV3297 strain is not surprising considering the auxilliary
role of auxin in the hairy root phenomenon (Cardarelli et al.,
1987).
Establishment of the hairy root phenotype in p h t s
When plants were regenerated from cloned tobacco calli transgenic for the rol A, B and C loci, most of them showed alterations which are characteristic of the hairy root syndrome (Figure
6a, b and c). Whereas root-forming calli usually generated transgenic plants displaying the transformed phenotype (e.g. clone
ABCl-11; Figure 6a, b and c), non-rooting calli (e.g. ABCl-I,
ABCI-IX) generated normal looking plants.
The availability of transgenic plants raised the possibility of
correlating the transformed phenotype with the expression of the
1-01genes. Figure 7 shows a Northern blot analysis of poly(A)'

Fig.7. Transcription of rol loci in transgenic plants. Poly(A)+ RNA (1.7
pg) was purified from leaves of plant regenerants then fractionated in a
1.5% agarose-formaldehyde gel, blotted onto nitrocellulose filters and
hybridized to EEoRI fragment IS. Lane 1, plant ABC2el Q; lane 2,
plant ABC2-e2 (hr); lane 3, plant ABCI-III (hr); lane 4, plant ABCI-113
fir); lane 5, plant ABCI-IIS; lane 6, plant ABCI-11; lane 7, plant
ABCI-El; lane 8, plant ABCI-XI (hr); lane 9, plant ABCI-II3 (hr) later
stage of development. (hr): plants showing the hairy mot syndrome.
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Fig. 8. Organ-specific expression of the rol loci in transgenic plants.
Poly(A)* RNA (1.5 pg) extracted from roots (lane I), stems (lane 2) and
leaves (lane 3) of plant clone ABC2-N were fractionated on a 1.5%
agarose-formaldehyde gel, transferred to filter membrane and hybridized to
the EcoRI fragment 15. Lanes 4 and 5 show the hybridization pattern
obtained with poly(A)+ RNA extracted from roots and stems of plant clone
ABC2e2.

RNA extracted from leaves of transgenic plants. Lanes 6 and
7 correspond to RNA extracted from normal looking plants
(ABC 1-I and ABC 1-IX). Despite the fact that 10 times more
poly(A)+ RNA was loaded in these two lanes, we could not
detect any transcript. The lack of detectable transcripts of the
rol loci in plant clones ABCl -I and ABC 1-IX is not due to gross
DNA rearrangements as indicated by Southern blot analysis (data
not shown). The plants were resistant to a concentration of 50
mgll of kanamycin and the antibiotic resistance was transmitted
to the progeny as a single dominant locus in genetic crosses (data
not shown). On the same Northern blot the hybridization pattern

-

obtained with RNA extracted from leaves of transgenic plants
displaying the transformed phenotype (plant clones ABC2e1,
e 2 , ABCl-IIl , -II3, -XI) clearly demonstrates expression of the
rol loci albeit at different relative levels (lanes 1, 2, 3, 4, and
8 respectively). While in plant clones -IIl and -X1 (lanes 3 and
8), the rol C transcript of 850 nucleotides is the most abundant,
in other plant clones (-II3, e l , e2), it is the rol A transcript
of 650 nucleotides which is the most abundant. The rol B transcript was barely detectable in most of the mRNA extracted from
leaves. Interestingly, RNA extracted from plant clone ABC1-II5
(lane 5) does not contain any detectable transcript. This plant was
regenerated from the same root-forming callus (clone ABCl-II)
as the other two regenerants @1 and II3), but it did not show
the hr syndrome whilst the other two plant clones displayed the
full transformed state.
Moreover we have observed variation in the relative level of
expression of the rol transcripts not only amongst different
regenerants but also during different
stag& of a single
transgenic plant. This was observed with plant ABCl-II3b, a
clone propagated vegetatively from the original regenerant
ABC1-I13 and displaying the same abnormal phenotypic traits,
which showed a different hybridization pattern (compare lane
9 with lane 4 of Figure 7) when analysed at a later stage of
development (i.e. five weeks after the vegetative propagation).
Enpression of the rol A, B and C loci in roots, stems and
leaves of transgenic plants
Figure 8 shows a Northern blot analysis of poly(A)+ RNA extracted from roots, stems and leaves of one and the same transgenic plant transformed with pPCVOO2-ABC2 and displaying the
hr syndrome. The rol A transcripts (A+A1) show considerable
variation amongst different individuals and are less expressed in
roots than in stems and leaves. In contrast significant amounts
of rol B transcripts were reproducibly observed in stems, giving
rise to adventitious roots but not in leaves and much less in
separated roots (plant ABC2-N, lanes 1-3). A similar organ
specific pattern was observed not only for plant ABC3e2 (lanes
4 and 5) but also for plant ABC2el (data not shown).
Interestingly, a plant showing a very pronounced transformed
phenotype may generate branches with a less pronounced abnormal morphology (Figure 6 4 . This phenomenon, called T'IT
switch, was previously described for hr transgenic plants regenerated from wild-type hairy roots and supposed to be epigenetic (Tepfer, 1984).

Discussion
The transferred TL-DNA of A. rhizogenes Ri plasmids codes for
at least three genes, rol A, B and C, each of which is individually capable of stimulating root formation in tobacco. These three
genes differ in their capacity to stimulate root differentiation in
different hosts and their effects are cooperative. In tobacco rol
B is more efficient than rol A or rol C in stimulating root formation and in another host, kalanchoe, it is the only one of these
rol genes to be able to stimulate root formation by itself, provided auxins are independently supplied.
These general conclusions were reached by studying the
morphogenic phenotypes resulting from the transfer of various
fragments of the TL-DNA of Ri plasmids into either tobacco or
kalanchoe. We concentrated our attention on the loci carried by
the TL-DNA for the following reasons: although Ri plasmids
contain two different transferable segments (the so-called TLand TR-DNA's, see introduction), their role in root-induction
might well be based on different mechanisms. Indeed the TR-
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DNA has been shown to contain sequences homologous to the
auxin biosynthetic genes iaaM and iaaH of Ti plasmids (Inze
et al., 1984; Schroeder et al., 1984; Tomashow et al., 1984;
Yarnada et al., 1984) and this explains why on some organs of
a number of plants, TR-DNA transfer can result in rootformation. In contrast circumstantial evidence points to the
possibility that genes camed by the TL-DNA influence rootinduction not by controlling auxin synthesis but by rendering
transformed cells sensitive to auxin-action (Cardarelli et al.,
1987). The analysis of TL-DNA genes was therefore attractive
since the products of some of these genes might play a role in
plant hormone signal transduction.
A genetic analysis of the TL-DNA segment of the Ri plasmid
of strain A4 (White et al., 1985) has identified a number of loci
involved in the control of hairy root induction. Whereas insertional inactivation of the rol B locus led to avirulence, inactivation of rol A, C and D loci led to attenuation of root-induction
on kalanchoe leaves. Transcriptional analysis of Ri transformed
plant tissues, showed that the TL-DNA segment was transcribed into a number of RNAs of different sizes (Durand-Tardif et
al., 1985; Taylor et al., 1985; Ooms et al., 1986). Gene transfer
vector were therefore constructed to try to define which of these
rol loci would be sufficient to stimulate root formation in two
different hosts.
On tobacco as well as kalanchoe, a fragment covering rol A,
B and C loci (Figure 1) was sufficient to induce efficient root
formation. In different transgenic calli root formation correlated
well with transcription of the different rol loci. Subfragments
separating these three rol loci (Figure l), so that each rol locus
could be transferred separately or in combination with one of
the other loci, gave somewhat different results on the two hosts
(see Tables I and II).
In tobacco rol B, rol A and rol C could each separately promote root formation but with different efficiencies, rol B being
the most effective. In kalanchoe leaves only rol B locus was able
to stimulate root formation and no effect of rol A or rol C by
themselves could be observed. In both hosts it was however clear
that the different rol loci had a synergistic effect. In both cases
root induction was most efficient when all three loci were introduced and combinations B A or B C were also more effecrol B
tive than rol B alone. Also the combination of rol A
was more effective than either of these rol loci alone in tobacco.
These results are therefore consistent with those obtained by insertional mutagenesis of the TL-DNA of Ri plasmid A4 and
tested on kalanchoe leaves, indicating that insertions in the rol
A or rol C or rol D loci gave attenuated root induction (White
et al., 1985).
In a further attempt to study the role of rol loci in root induction, chimeric genes were constructed and transferred to tobacco
or kalanchoe such that expression of either rol B or rol C would
be under the control of a foreign, strong unregulated promoter,
i.e. the 5' flanking sequences of the cauliflower mosaic virus
35s transcript (35s promoter), whereas in tobacco calli containing the rol C locus under control of its own 5' flanking sequences,
no root formation could be observed. The same rol C locus under
control of the 35s promoter did result in delayed but reproducible
root induction. Yet on kalanchoe leaves this 35s-rol C construct
was not able to induce root formation.
On the other hand the rol B locus driven by the 35s promoter
appeared to be less efficient in promoting root induction in tobacco calli than the same rol B locus driven by 1100 bp of its own
5' flanking sequences. It is possible that overexpression of the
rol B transcript is not conducive to root induction since a trans-

+

+
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genic callus with a high level of rol B transcript (rol B 300 - 10)
did not show any root formation, whereas usually lack of root
formation by rol B containing tobacco calli correlated with lack
of detectable rol B transcripts and actual root formation correlated
well with detection of the rol B transcript (Figure 5).
The fact that the rol B locus under the control of 1100 bp of
its 5' flanking sequenceelicited a stronger response both in tobacco and on kalanchoe leaves than when driven by 300 bp only
of its proximal 5' flanking sequences, could be explained if cisregulatory sequences necessary to optimally modulate rol B expression would be located between -300 and - 1100. Whatever
the promoter sequence driving the rol B expression, the root
response was greater when combined with rol C.
The observation that the rol A and rol C products can by themselves stimulate root formation in tobacco but not in kalanchoe
leaves indicates that the products of these rol loci are not only
synergistic with that of the rol B locus but also must interact with
plant factors (targets?) controlling organ differentiation. If these
factors were similar or identical to those responsible for the effects of growth hormones in plants, it is understandable why they
could be different in different host species.
One of the most important observations made in this work is
that in clonal transgenic tobacco calli, actively transcribing the
rol loci, not all the transformed cells form root prirnordia (as
can be easily appreciated from Figures 2 and 3a). This could
mean that activation of expression of rol loci can remain cryptic
with little or no effect on organogenesis in most cells constituting
a callus or an organ and that only a subset of cells is competent
to react to the rol gene products. A similar dependance from a
specific cellular context has also been reported for the action of
mammalian oncogenes (Land et al., 1983; Zarbl et al., 1985;
Quintanilla et al., 1986). In mammalian somatic tissues for example, oncogenes such as c-myc and v-Ha-ras, can be active with
little apparent effect on the organism (Sinn et al., 1987).

lk hr syndrome in transformed plants is established by the
rol A, B and C loci
Tobacco plants transgenic for rol A, B and C display the full
hr syndrome consisting of high growth rate of roots, reduced
apical dominance in roots and stems, wrinkied leaves with altered
width to length ratio and plagiotropic roots. Transgenic plants
containing either the rol B or the rol C locus alone do not show
all the typical traits of hairy root plants (Schmiilling er al., in
preparation). However, some of these transgenic plants show
some alterations such as adventitious root formation andlor
moderately altered leaf morphology (Schmiilling er al., in
preparation). Tobacco plants transgenic for double combinations
(i.e. -AB, -CaMVBT+C) show more severe alterations,
however. they do not show the complete hairy root syndrome
(Schmiilling et al., in preparation). Therefore, the available data
show that the hairy root syndrome is fully established only in
p1ants.transformed with the rol A, B and C loci and suggest that
it is due to the effects of their synergistic action.
Here we have reported variability in the expression of the rol
genes, superimposed on an organ-specificity of expression. Different patterns of expression of the rol A, B, C transcripts have
also been observed in potato plants (Ooms et al., 1986) and in
transformed Nicotiana glauca calli (Taylor et al., 1985). Moreover in our transgenic plants we have observed the same somatic
variability of the severity of the phenotypic traits previously
reported by Tepfer and Durand-Tardif et al. and called T'/T
switch (Tepfer, 1984; Durand-Tardif et al. , 1985). It is tempting to speculate that changes in the level of expression of the

rol genes could be responsible for the different penetrance of the
hr phenotypic traits, &d be due to variation in the level of plant
growth substances in different tissues and/or at different stages
in the life of the plant (Lachaud and Bommerain, 1984).
When taken together our results along with previously published work, indicates that the products of the rol A, B and C loci
somehow interfere or interact with the normal growth hormone
controlled differentiation mechanisms. Some recent preliminary
and unpublished results from our laboratory further support this
notion.
Cytokinins such as benzylaminopurine (BAP) completely inhibit or severely delay root formatibn by stem cuttings of tobacco grown in tissue culture. Stem cuttings from transgenic tobacco
pl&ts containing the rol A, B. C loci will however form roots
on such media indicating that some of these rol gene products
might have an action which antagonizes the cytokinin effect.
Our results have clearly demonstrated synergistic action of the
different rol loci in determining root induction in tobacco calli
and kalanchoe leaves and the hairy root syndrome in transgenic
tobacco plants. This is a further strong analogy between some
T-DNA loci of Ti and Ri plasmids and some of the oncogenes
in mammalian systems (Schwartz et al., 1986; Sinn et ul., 1987).

on MS medium containing 0.5 mgA benzylaminoplrine (BAP). Shmts were rocted
on hormone-free medium. The constructions were tested for their abiiity to induce root formation on tobacco leaf discs on hormone free MS medium: 25 ml
of an overnight culture were grown at 28OC in LB medium supplemented with
5 m M MgS04 and the appropriate antibiotics. The bacteria were harvested by
centrifugation, washed with K3 0.4 M at a concentration of lo6 cellslml.
Tobacco leaf discs were incubated for 5 min with the bacterial solutions, placed
for 2 days on hormone free MS medium and then transferred to MS medium
supplemented with claphoran (500mgll) and kanamycin (50 mg/l). Root fonnation was checked up to 4 weeks.
DNA and RNA analysis
DNA and RNA were extracted from plant material as described (Taylor and
Powell, 1983). Poly(A)+ RNA was selected by chromatography on oligo(dT)
cellulose according to the manufacturer (Boehringer Mannheim) and then sepated
on 1.5% agarose-formaldehyde gel, transferred to nitrocellulose fiters and
hybridized to radioactive probes. Purified DNA fragments were labelled using
the BRL nick-translation kit. Single strand probes, spanning the entire coding
region of the rol B locus and 693 bp of its 3' flanking sequences, were prepared
according to Messing (1983). Hybridizations were carried out in 50%formamide,
5 x SSPE, 10 x Denhardt's, 100pllml denatured salmon sperm DNA. Washes
were perfonned first in 2 x SSPE, 0.1 % SDS at room temperature and then
in 0.2 X SSPE, 0. I % SDS at 65°C. In order to check that approximately equal
amounts of poly(~)+RNA were loaded on each slot, the nitrocellulose filters
were hybridized to a soybean actin probe. In this case washes were in 1 x SSPE,
0.1 % SDS at 60°C. DNA blots were perfonned according to established methods
(Maniatis, 1982).
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Acknowledgements

We thank Ute Ziervogel for excellent technical assistance. The authors are inW e r i a l sm'ns and cultures
debted to Dr F.Casse-Delh and Lise Jouanin for providing the pFC43 subclone
The E.coli strains used were HBlOl (Boyer and Roulland-Dussoix, 1%9) and
of fragmmt EcoRIlS and Adubgencs A4PC strain. The help of Dr Casse-Delbart.
SMlO (Simon er al.. 1983). A.huncfaciens strain GV3101 (pMP90RK) is a
and Dr Tepfer (INRA, Versailles) who have provided information and data prior
derivative of the nopaline strain C58 deleted of its T-DNA (Koncz and Schell,
to publication, is gratefully acknowledged. Discussions with J.Tempe (Gif-sur1986). E.coli strains were grown at 37°C in LB medium (Miller, 1972).
Yvene) and P.Costantino (University of Rome) have been a great help. Angelo
Agrobaaeriwn strains were grown at 28OC in YEB medium supplemented with
Spena is greatly indebted to Enrico Coen, Peter Murphy and George Cwpland
5 mM MgClz (Miller, 1972).
for critical reading of the manuscript. We thank Richard Meagher for the pSAC3
Construction of plasmids
clone. We thank Mrs M.Kalda and Mr D.Bock for the photographic work.
Standard techniques were used for the consbudon of r e u n n b ' i t DNA plasmids
(Maniatis et al., 1982). Plasmid pPCV002-ABCl and pPCV002-ABC2 were obReferences
tained by inserting in both orientationsthe EcoRI fragment 15 of 4374 bp in the
Ackermann,C.
(1977) Plant Sci. Len., 8, 23-30.
unique EcoRI site of the b i i vector pPCVW2 (Konczand Schell, 1986). S i Akiyoshi,D.E., Klee,H., Amasiio,R.M., Nester,E.W. and Gordon,M.P. (1984)
ly pPCV002-B300 was constructed by subcloning the Hindm fragment 30a of
Proc. Natl. Acad. Sci. USA, 81, 5994-5998.
1773 bp. pPCV002-C was obtained by subcloning an EcoRI -HindJII fragment
Barry,G.F.,
R0gers.S.G.. Fraley ,R.T. and Brand,L. (1984) Proc. Nafl. Acad.
of 1861 bp spanning the entire rol C c d i g region and 872 bp of its 5' flanking
Sci. USA, 81, 4776-4780.
sequence. pPCV002-B1100 and pPCV002-AB were respectively subclones of
&van,M.W. and Chi1ton.M .-D. (1982) Annu. Rev. Genet., 16, 357 -384.
the SrnaI-HpI and the HpI-EcoRI fragments (Figure 1). pPCV002-A was
Bou1anger.F.. Berka1off.A. and Richaud,F. (1986) Plant Mol. Biol., 6,271 -279.
constructed by subcloning the EcoRI -N d fragment of 1891 bp to the pPCVW2
B0yer.H.W. and Roulland-Dussoix,D. (1%9) J. Mol. Biol., 41, 459-468.
vector. pPCV002-AC contains the EcoRI -NmI and the EcoRI -HindIII fragBuchmann,I.. Marner,F.J., Schriider,G., Waffenschmidt,S. and Schrijder.J. (1985)
ments spanning the rol A and the rol C loci respectively. The chimeric gene
EMBO J., 4, 855-859.
CaMVBT has the ORF 1I positioned under the control of the cauliflower mosaic
Cania~lli,M.,Spano,L., A4ariotti.D.. Maum,M.L., Van S1uys.M.A. and Costanv i ~ 35s
s promoter ( P i e d et al., 1986). A Ban1 derived fragment containing
1ino.P. (1987) Mol. Gen. Genet., 208, 457-463.
the entire coding region of the ORF I I and 39 bp of its untranslated leader region
Chilton,M.D., Tepfer,D.A., Petit,A., David.C.. Casse-De1bart.F. and Tempe,J.
was used in this construction. The chimeric gene retains 693 bp of 3' flanking
sequences and Camv 35s terminator too. p e ~ 0 0 2 - ~contains
a ~ &
~ ~ ~ j(1982)
~ Nature, 295, 432-434.
Coleman,J., Green,P.J. and Inouye,M. (1984) Cell, 37, 429-436.
CaMVBT chimeric gene and the rol C containing EcoRI-HindIII fraement of
Czernylofsky,A.P., Hain,R., Hernra-Estrella,L., Lijrz,H., Goyvaerts,E.,
1861 bp. CaMVC has the orf 12 (HpaI -&ON hgment) positioned inder the
Baker,B. and Schel1.J. (1986) DNA, 5, 101- 113.
control of the cauliflower mosaic virus 35s promoter. These constructions were
De B1ock.M.. Herrera-Estrella,L., Van M0ntagu.M.. ScheU,J. and Zambryski,P.
transfed from E. coli strain SM 10 to A. twnefm'ens strain GV 3 101 as described
(1984) EMBO J . , 3, 1681-1690.
(Koncz and Schell, 1986).
De Paolis, .A, Mauro.M.L., P0mponi.M.. Cardarelli.M., Span0.L. and CostanPlant tissue culture and transfoormation
tin0.P. (1985) Plasmid, 13, 1-7.
Durand-Tardif,M., Broglie,R., Slightom,J. and Tepfer,D. (1985) J. Mol. Biol.,
Inoculation of Kolanchoe diagremontiana leaves was canied out as described
186, 557 -564.
CBoulanger et al., 1986) and plants were analysed for 12 weeks after inoculaFluhr,R., Kuhlemeier,C., Nagy,F. and Chua,N.H. (1986) Science, 232,
tion. Leaf protoplasts of Nicotiana rabacurn cv. Petit Havana SRl (Maliga et
1106-1112.
al.. 1973) were isolated from sterile shoot cultuns grown on MS medium accordHildebrand,E.M. (1934) J. Agric. Res., 48, 857 -885.
ing to Nagy and Maliga (1976). h o p l a s t s coaltivation with A.fumefaciens
H0rsch.R.. Fraley,R., R0gers.S.. Sanders,P., Lloyd,A. and Hoffmann,W. ( 1984)
GV 3 101 strains harbouring the different constructions and regeneration of transScience, 223, 4%-499.
formed plants were done according to established methods (Marton er al., 1982;
Huffman,G.A., White,F.F.. Gord0n.M.P. and Nester,G.W. (1984) J. Bacterial..
De Block et al., 1984; Horsch et al., 1984; Marton, 1984). Kanamycin-resistant
157, 269-276.
transformants were selected on MS medium (Murashige and Skoog, 1%2), 1 mgA
of naphthyl acetic wid (NAA), 0.2 mgll kinetin containing 50 mgA of kanamycin
h , D . , Fo1lin.A.. Van Lijsebettens,M., Simoens.C., Genetel1o.C.. Van Monsulphate. Callus cultures were further grown on solid MS medium (Murashige
tagu,M. and Schell,J. (1984) Mol. Gen. Genet., 194, 265-274.
and Skoog, 1%2) supplemented with 50 mgA of kanamycin and three different
Joos,H., Inze,D., Caplan,A., Sormann,M., Van M0ntagu.M. and ScheU,J. (1983)
Cell, 32, 1057-1067.
hormone complements: 0.6 mgll of naphthyl acetic acid (NAA) and 0.2 mg/l
of kinetin (Kin) MSl), or 0.1 mgll NAA and 0.2 mgll Kin (MS2). or 0.5 mg/l
Jouanin,L. (1984) Plasm'd, 12, 91 - 102.
benzylaminopurine PAP) (MS3). Regeneration of plants was usually canied out
Konn.C. and Schel1,J. (1986) Mol. Gen. Genet., 204, 383-3%.

Growth stimulating activity of ml A, B and C loci
Lachaud.S. and Bomemain,J.L. (1984) Planla, 161, 207-215.
Land,H., Parada,L.F. and Weinberg,R.A. (1983) Namre, 304, 596-602.
Maliga,P., Sz.-Brezn0vitis.A. and Morton,L. (1973) Narure, 244, 29-30.
Mania1is.T.. Frisch,E.F. and Sarnbrook,J. (1982) Molecular Cloning. A
Loboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor.
New York.
Marton.L., Wullems,G.J., Molendijk,L. and Schilper0ort.R.A. (1982) Narure,
277, 129-131.
Marton,L. (1984) In Vasil,I.K. (ed.), Cell Culture and Somatic Cell Genetics
of Plants, Vol. I . Academic Press, New York, pp. 514-521.
Messing,J. (1983) Methods Enrymol., 101. 20-77.
Miller.1.H. ( 4 . ) (1972) Experiments in Molecular Genetics. Cold Spring Harbor Laboratory, Cold Spring Harbor, New York.
Mwre,L., Warren,G. and Strobe1.G. (1979) Plasmid, 2, 617-626.
Mura5hige.T. and Skoog,F. (1%2) Physiol. Plant., 15, 473-4%.
Nagy.J.1. and Maliga,P. (1976) Z &'mzenphysiol., 78, 453-455.
Ooms,G., Kamp.A., Bunrell,M.M. and Roberts.J. (1985) &or. Appl. Genet.,
70, 440-446.
Ooms,G., TweU,D., Bossen,M.E., Hany,C., Hog&. and BumI1,M.M. (1986)
Plant Mol. Biol. , 6, 32 1-330.
Piemak.M., Shil1ito.R.D.. Hohn,T. and Potrykus.1. (1986) Nucleic Acids Res.,
14. 5857-5868.
Quintanilla,M., Brown,K., Ramsden,M. and Balmain,A. (1986) Nahrre, 322,
78-80.
Riker,A.J., Banfield,W.M., Wright, W.H.. Keitt,G. W. and Sagen,H.E. (1930)
J. Agric. Res., 41, 507 -540.
Schrijder.G., Waffenschmidt.S., Weiler,E.W. and Schri3der.J. (1984) Eur. J.
Biochrn, 138, 387-391.
Schwam.R.C., Stanton,L.W., Ri1ey.S.. Marar,K.B. and Witte.0.N. (1986) Mol.
Cell. Biol., 6, 322 1-323 1.
Sirn0n.R.. Preifer,U. and Piih1er.A. (1983) Bio/technology, 1, 784-791.
Sim,E., MuUer,W., Panengale,P., Tepler,I., Wa1lace.R. and Leder,P. (1987)
Cell, 49, 465 -475.
SlightomJ.L., Dud-TadX,M., J0anin.L. and Tepfer,D. (1986) J. Wbl. C h m ,
MI. 108-121.
Spano,L., Wullerns,G.J., Schi1peroort.R.A. and Costantino,P. (1981) PIant Sci.
Len., 23, 299-305.
Spena,A. and Schel1,J. (1987) Mol. Gen. Genet., 206, 436-440.
Taylor,B.H.. White,F.F., Nester,E.W. and Gord0n.M.P. (1985) Mol. Gen.
Genet., 201. 546-553.
Taylor,B.H. and Powel1,A. (1983) BRL Focus, 4, 4-6.
Tepfer,D. (1984) Cell, 37. 959-%7.
Thomashow,L.. Reeves,S. and Thomashow,M. (1984) Proc. Natl. Acad. Sci.
USA, 81, 5071 -5075.
White,F.F., Ghid0ssi.G.. G0rdon.M.P. and Nester,E.W. (1982) Proc. Narl. A d
Sci. USA, 79, 3193-3197.
White.F.F., Tay1or.B.H.. Huffrnan,G.A., G0rdon.M.P. and Nester,E.W. (1985)
J. Bacreriol., 164, 33 -44.
Yamada,T., Palrn,C.J., Br0oks.B. and Kosugue,T. (1985) Proc. Narl. Acad.
Sci. USA. 82. 6522-6526.
Zarbl,H., Sukurnar,S., Arlhur,A.V., Martin-Zanca,D. and Barbacid,M. (1985)
Nature, 315, 382 -385.

Received on August 25. 1987;

Note added in proof
The capability of the rol B locus [Cardarelli el al. (1987) Mol. Gen. Genet., 209,
475 -4801 and of the rol A locus [Vilaine et al. (1987) Mol. Gen. Genet., 210,
41 1-4151 to induce root formation in tobacco was independently reported.

