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ABSTRACT

Transgenic plants harboring the left transfer DNA (TL-DNA) of the
root inducing plasmid of Agrobacterium rhizogenes show many develop-
mental abnormalities. We observed frequent appearance of normal look-
ing lateral (revertant) shoots from such aberrant plants. Unlike aberrant
shoots of the plant, revertant shoots exhibited a very high growth rate
and set viable seeds. Sexual and vegetative reproduction studies showed
inheritance of the revertant phenotype. Southern hybridization experi-
ments demonstrated that the T-DNA pattern was identical in aberrant
and revertant shoots, indicating that the revertant phenotype was not due
to deletion or rearrangement of the T-DNA genes. Specific T-DNA tran-
scripts were not expressed in revertant shoots. Thus, the revertant phen-
otype appears to result from the transcriptional inactivation of T-DNA
genes. We propose that similar events in the past may have mediated
horizontal acquisition of TL-DNA genes by ancestors of the genus Nico-
tiana, which are still found as silent endogenous T-DNA in present day
untransformed Nicotiana species.

Agrobacterium rhizogenes incites tumor formation on many
plants (7). These tumors are characterized by initial callus for-
mation and subsequent extensive root proliferation. The viru-
lence of A. rhizogenes is dependent on the large Ri4 plasmid, a
portion of which is transferred to and stably integrated into the
plant genome (5, 28, 31; for recent reviews see Refs. 20, 29).
The Ri plasmid present in the agropine type strain A4 contains
two transferred DNA (T-DNA) regions which are separated by
about 15 kb of nontransferred DNA (14, 30). The T-DNA trans-
fer is probably mediated by border sequences similar to the Ti
plasmid T-DNA borders (21). The T-DNA genes are transcribed
as polyadenylated mRNA in the plant nucleus (8, 23, 31).
The right T-DNA region (TR-DNA) of the Ri plasmid contains

two genes involved in auxin biosynthesis referred to as tmsl and
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tms2 (also referred to as Auxl and Aux2, respectively; Fig. 1).
These genes show extensive DNA sequence homology with the
similar genes found on the Ti plasmids and mutations in these
genes are interspecifically complemented (14, 17, 30). The tmsl
gene product, tryptophan monooxygenase, converts tryptophan
to indoleacetamide which is then hydrolyzed by the gene product
of tms2, indoleacetamide hydrolase, to IAA (19). The TR-DNA
also contains the genes for the synthesis of agropine (14). The
left T-DNA (TL) is about 20 kb in size and does not show any
significant DNA homology with other Ti plasmids. The TL-DNA
has been sequenced and a total of 18 open reading frames have
been identified (21).
Both T-DNA regions participate in root induction either in-

dividually or in concert depending on the plant species or tissues
(26, 30). The tmsl and tms2 loci are essential for root induction
on Nicotiana tabacum stems, basal side of carrot disks and Ka-
lanchoe diagremontiana leaves (3, 26, 30). Similarly, four TL-
DNA loci (rolA, rolB, ro1C, and roID) have been identified by
transposon mutagenesis that affect tumor phenotype on K. dia-
gremontiana leaves (30; Fig. 1). In contrast to the tms loci, the
function of the rol loci at the biochemical level are unknown.

Perhaps the most interesting observation made with the Ri T-
DNA is the presence of TL-DNA homologous sequences in un-
transformed plant species, notably in the genus Nicotiana (27,
28). A genomic clone of the homologous endogenous T-DNA
was isolated and sequenced from Nicotiana glauca. The DNA
sequence of the clone showed that the open reading frames and
the intergenic sequences of the endogenous T-DNA are highly
related (84% at DNA level and 75% at amino acid level) to the
bacterial sequences (9). The sequence data also showed that the
endogenous T-DNA exists as an inverted asymmetric repeat, and
comparison of the sequence divergence between the two arms
suggested that the endogenous T-DNA has been present in N.
glauca for several million years-probably antedating speciation
of the genus Nicotiana.

Plants containing T-DNA can be readily regenerated from Ri-
transformed tissues (1, 6, 18, 22, 24). These transgenic plants
exhibit several developmental abnormalities which are consis-
tently observed in a variety of plant species (1, 18, 22, 24; VP
Sinkar, unpublished data). These abnormalities include severely
wrinkled leaves, loss of apical dominance, stunted growth, de-
creased root geotropism, and floral hyperstyly. The transformed
phenotype has been associated with the TL-DNA (22), and par-
ticularly with the rolA locus (VP Sinkar, unpublished data). We
observed frequent reversion of such aberrant plants regenerated
from transformed tissues. In N. glauca, normal looking lateral
branches were formed from the basal axillary buds of the aber-
rant plants. Similar observations were also made with aberrant
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FIG. 1. Restriction map of the T-DNA of the pRiA4b.
Positions of the rol loci as identified by transposon mu-

tations are shown (30). Also shown are the positions of
the tmsl and tms2 loci (14) and the extent of endoge-
nous T-DNA present in N. glauca (9). Restriction frag-
ment used to clone rolA locus (pFP3) is also shown.
For more details please refer to the Table I.
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Nicotiana tabacum plants transformed with the Ri plasmid or
with rolA locus. We present evidence in this communication that
the phenomenon of reversion is associated with the transcrip-
tional inactivation of the TL-DNA genes and not with detectable
rearrangement of the TL-DNA.

Material and Methods

Bacterial Strains and Plasmid. Agrobacterium rhizogenes and
Escherichia coli strains and plasmids used in the study are listed
in Table I. Agrobacterium strains were maintained on AB min-
imal agar (30) supplied with the appropriate antibiotic when
necessary. Antibiotic concentrations used were 100 Ag/ml kan-
amycin (Sigma), 100 ,tg/ml carbenicillin (Geopen, Pfizer Ltd),
and 100 ,ug/ml gentamycin (Sigma). E. coli strains were main-
tained on L-agar supplemented when appropriate with 100 ,g/
ml kanamycin, 100 ug/ml carbenicillin, 10 jig/ml tetracyclin (Sigma)
or 50 ,ug/ml nalidixic acid (Sigma).

Plant Inoculations, Tissue Propagation, and Regeneration. Stems
of axenically grown N. glauca var Smith plants were infected with
A. rhizogenes A4. Tumors formed on the stem were excised and
grown on Murashige and Skoog medium in the absence of added
hormones (MS-) (16). Unlike the tumors formed by A. tume-
faciens these tumors showed tendency to produce roots. Such
roots were excised from the tumors and were cultured on MS-
medium where they frequently gave rise to shoots and eventually
differentiated into well developed plants.

Discs obtained from leaves, between the fourth and sixth po-
sition from the apex, were used for the transformation of N.
tabacum var xanthi. The discs were infected with A. rhizogenes
R1500 (Table I) by the method described by Horsch et al. (13).
Roots formed on the discs were excised and grown on MS-
medium containing kanamycin (200 ,g/ml). These roots fre-
quently regenerated into plants.
To obtain transgenic plants containing rolA locus, N. tabacum

leaf discs were infected with A. tumefaciens LBA 4404 (a helper

2Kb
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strain which provides the vir functions in trans; 12) containing
rolA locus (pFP3, VP Sinkar, unpublished data). The leaf discs
were grown on MS 104 growth medium (13) containing kana-
mycin (100 ,ug/ml). Kanamycin resistant shoots formed from these
discs were excised and grown on MS- medium supplemented
with kanamycin.

Well differentiated plantlets were transferred to the mixture
of vermiculite and peat moss (1:2) and grown in the plant growth
room with 16 1 light and 8 h dark cycle.

Plant Nucleic Acid Isolation and the T-DNA Analysis. Plant
nucleic acids were isolated by modification of the extraction pro-
ccedure previously described (22). Plant DNA was digested with
3 to 4 units of the appropriate restriction enzyme for 4 h under
the conditions specified by the manufacturer. The digested DNA
was fractionated on agarose gel by electrophoresis. Gels were

washed with 0.25 M HCI for 15 min at room temperature followed
by 45 min treatment each with 0.5 M NaOH-0.8 M NaCl and 0.5
M Tris (pH 7.9)-15 M NaCl. The denatured DNA was transferred
to nitrocellulose by capillary transfer as previously described
(30). Nitrocellulose papers containing bound DNA were baked
at 80°C for 2 h and prehybridized at 42°C overnight in 50%
formamide-6X SSC (1XSSC = 0.15 M NaCl, 0.015 M Na citrate)
-50 mM NaH2PO4 (pH 7.0)-12.5 mm EDTA-5X Denhardt so-

lution (lx Denhardt = 0.02% bovine serum albumen, 0.02%
Ficoll, 0.02% polyvinyl-pyrrolidine)-0.5% Na-dodecyl sulfate-
100 g/ml denatured salmon sperm DNA-10% dextran sulfate.
Nick translated probes labeled with 32P were denatured and added
to the same mix to obtain 1 x 106 cpm/ml. Hybridization was

carried out for 36 h at 42°C, the filters were then washed with
2 X SSC-2.5 mm EDTA-0.1I% SDS at room temperature for 15
min followed by two washes with 0.1 X SSC at 65°C for 30 min
each. The washed blots were exposed to KODAK film XAR-2
with a Cronex intensifying screen.

RNA isolated from these plants was fractionated on an oligo-
dT cellulose column to isolate poly(A+) mRNA, was size-frac-

Table I. Bacterial Strains and Plasmids used in This Work and their Relevant Characteristics

Strains and Plasmids Relevant Phenotype and Genotype Source

A. rhizogenes
R1000 (pRiA4b) onc Derivative of A4T (30)
R1500 onc+, CarbR, plant KanR in H 21 Derivative of pRiA4b (VP Sinkar, unpub-

lished data)
A. tumefaciens
LBA 4404 onc-, SpecR Derivative of pTiAch5 (12)

E. coli
HB101 thr, leu, thi, pro

Plasmids
pFW 302 TcR, RK2rcp, IncPl H-11 to H-18 of pRiA4b in pVK 102 (30)
pFP 3 TcR rolA locus into pGA 472, a Ti pktsmid de-

rived vector for plant transformation
(VP Sinkar, unpublished data)
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tionated on formaldehyde agarose gel and was blotted on onto
nitrocellulose paper (22). Hybridization and blot washing con-
ditions used were the same as described above.

RESULTS

Transgenic Plants and Reversion. Transgenic plants containing
the Ri TL-DNA or rolA locus were aberrant in appearance.
However, after about 4 to 10 months of growth in the plant
growth room, normal looking lateral (revertant) shoots started
appearing from basal axillary buds (Fig. 2, A-D). These shoots
grew much faster than the abnormal shoots. The revertant shoots
of N. glauca grew beyond 3 m in height within 6 months after
their appearance while the aberrant shoots remained stunted at
about 70 cm even after 12 to 16 months. In fact, in most of the
plants the growth of the aberrant shoot halted after the appear-
ance of the revertant shoots. In N. glauca, where the reversion
was more clear-cut, immediately after the appearance of the
revertant shoot the thickness of the main shoot (aberrant) di-
minished and leaf abscission was notable. Leaf replacement was
either absent or very low while leaves on the revertant shoots
were healthy and normal leaf regeneration was observed after
abscission. In most plants the aberrant shoots eventually died or
bore small, normal looking leaves indicating that the reversion
process was complete. Leaf abscission and reduction in the size
of the aberrant shoot was less evident in N. tabacum, although
similar to the behavior observed in N. glauca, the revertant shoots
grew very rapidly. Since the reversion appeared to be more dis-
tinct in N. glauca we decided to use these plants for further
characterization of this phenomenon.

Inheritance of Revertant Phenotype. Vegetative propagation
was carried out using leaves of aberrant and reverted N. glauca.
The aberrant leaves formed roots on MS- medium, and these
roots occasionally formed shoots. Mostly these shoots grew as
teratomas while those well differentiated inherited the parental
aberrant characters (Fig. 3A). The revertant leaves required both
an auxin (naphthalene aceitic acid) and a cytokinin (6-benzylam-
inopurine) for growth and formed normal looking plantlets on
the MS 104 growth medium (Fig. 3B). Sexual reproduction was
successful only with the revertant shoots of the plants. The flow-
ers on these shoots were self fertile and set viable seeds. Analysis
of the F, progeny showed more than 85% normal plants (Fig.
3C), whereas the remaining progeny grew slowly, died, or showed
aberrant phenotype. Flowers of the aberrant shoots were very
small, about 45 to 50% in length and width (2.5-3 cm in length
and 0.2-0.3 cm in width) compared to normal, and showed
hyperstyly. The stamens of these flowers had a very low pollen
count and repeated attempts at self-fertilization were unsuc-
cessful.
T-DNA Analysis. All aberrant N. glauca plants obtained from

one transformed tissue culture gave rise to revertant shoots within
8 months of growth in the plant room. We analyzed the revertant
and aberrant shoots of three plants regenerated from this culture
for TL-DNA content by southern hybridization. DNA isolated
from these shoots was digested with various cytosine methylation
insensitive restriction enzymes and was probed with a cosmid
clone containing the entire TL-DNA. The same TL-DNA pattern
was detected in both revertant and aberrant shoots of all three
plants, indicating that the revertant phenotype was not due to a
deletion or rearrangement of the TL-DNA sequences (data are
shown for HindIII digestion, Fig. 4A). All internal T-DNA frag-
ments, with the exeption of fragment 17 which has undergone
an internal deletion, were seen in both types of shoots of the
three plants. Since both normal and aberrant shoots have this
deletion most probably it occurred at the time of transformation
or before transformation in the bacterium and therefore it has
no relevance to reversion. Further, the fragment 17 has been

shown not to be involved in controlling the aberrant phenotype
(VP Sinkar, unpublished data; also see data presented with trans-
genic N. tabacum plants in this paper). We also analyzed two
transgenic N. tabacum plants, one transformed with the Ri plas-
mid (R1500, Table I) modified to contain a plant expressible
kanamycin resistance gene in HindlIl fragment 21 and the other
with rolA locus alone. In both these cases, too, no deletion or
rearrangement of the T-DNA was seen in the revertant shoots.
As shown in Figure 4B both normal and revertant shoots of N.
tabacum transformed with the modified Ri plasmid showed all
internal T-DNA fragments, i.e. HindIII 17, 30a, and 32 with the
exception of fragment 21. Fragment 21 is not present at its usual
position because insertion of the plant expressible kanamycin
gene cartridge has increased its mol wt and thus it migrates slowly
(the intense band at the top). Similarly, an expected Hindlll
fragment of 3.2 kb indicative of the presence of rolA locus, which
comprises part of the rolA locus and vector sequences, is present
in both aberrant and revertant shoots of rolA containing N.
tabacum (Fig. 4C). DNA obtained from the Ri and rolA trans-
formed N. tabacum plants was also examined for the T-DNA
pattern using other restriction enzyme digests. With all enzymes
(methylation insensitive) used, the same T-DNA pattern was
observed in the aberrant and revertant shoots of each plant (re-
sults shown only for HindlIl).

Transcript Analysis. Since no loss or rearrangement of the T-
DNA was seen in revertant shoots of any plants tested, we ex-
amined these plants for the T-DNA specific transcripts. RNA
isolated from leaves of both revertant and aberrant shoots was
size-fractionated on formaldehyde-agarose gel, blotted onto ni-
trocellulose, and probed with TL-DNA specific probes. As shown
in Figure 5 all the aberrant shoots of N. glauca expressed at least
two RNA transcripts (0.8 and 2.8 kb) homologous to the TL-
DNA, whereas these transcripts were notably absent in revertant
shoots. Some plant specific variations were observed in these
studies; for instance, aberrant shoots of N. glauca regenerates 1
and 2 showed four transcripts (0.8, 1.2, 1.6, and 2.8 kb; Fig. SA)
homologous to the TL-DNA while the aberrant shoot of the plant
3 expressed only two transcripts (0.8 and 2.8 kb; Fig. 5B) ho-
mologous to the TL-DNA. The revertant shoots of the plants 1
and 2 still expressed 1.2 and 1.6 kb transcripts homologous to
the TL-DNA whereas no homologous transcripts were detected
in the revertant shoot of plant 3. These observations indicate
that the 0.8 and 2.8 kb transcripts, individually or together, con-
trol the aberrant phenotype. Further analysis showed that these
transcripts hybridize only to Hindlll fragments 21 and 30a of the
TL-DNA (data shown for plant 3, Fig. SB; see Fig. 1 for the
restriction map of the TL-DNA). The sequence and genetic data
indicate that the transcript emerging from the rolA locus would
hybridize with both these fragments (33, 49), therefore it seems
that the transcripts (at least the 0.8 kb) represent the rolA locus.
Its association with the aberrant phenotype is consistent with our
observations that the rolA locus controls the aberrant phenotype
(VP Sinkar, unpublished data). We also performed TL-DNA
transcript analysis with one N. tabacum plant transformed with
the Ri plasmid (R1500). Similar to those in N. glauca plants the
revertant shoots of this plant showed absence of 0.7 to 0.8 kb
T-DNA specific transcript, the only difference being that the 2.8
kb transcript was not detected in the aberrant shoots of this plant
(data not shown).

DISCUSSION

Transgenic plants containing TL-DNA of A. rhizogenes exhibit
aberrant features. These plants invariably undergo reversion,
and normal looking new shoots appear from the basal axillary
buds. In all plants examined we found that the revertant shoots
still retained the TL-DNA and no rearrangement or deletions
were noticed. However, TL-DNA specific transcripts were either
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FIG. 2. Plants regenerated from the tissues transformed with the Ri plasmid and rolA locus. Stems of aseptically grown N. glauca were infected
with A. rhizogenes R1000 and were grown axenically on MS-. Roots produced by the tumors were regenerated into plants on the same medium.
In case of N. tabacum, the leaf disc method described in "Materials and Methods" was used for obtaining transgenic plants. A). N. glauca. plant
1, showing normal looking revertant (R) shoot originating from the main aberrant shoot (T). Picture taken 2 months after the appearance of the
revertant shoot. B), Same as in (A) except that the picture was taken 8 months after the appearance of the revertant shoot. Note the size of the
revertant shoot. C), N. tabacum transformed with the Ri plasmid showing aberrant shoot (T) and the revertant shoot (R). Picture taken 2 months
after the appearance of the revertant shoot. D), N. tabacum transformed with rolA locus alone showing aberrant shoot (T) and the revertant shoot
(R). Picture taken 1 month after the appearance of the revertant shoot.

completely absent or at least a transcript of 0.8 kb was not de-
tected in revertant shoots, indicating transcriptional inactivation
of TL-DNA genes in revertant shoots.

Inactivation of foreign DNA is not uncommon in plants (2,
11, 25). In a detailed study performed with primary tumors formed
on N. tabacum, Van Lijebettens et al. (25) found that a significant
proportion (15%) of transformed cells expressed Ti T-DNA hor-
mone genes only transiently and subsequently became hormone
dependent. In the same study they observed that about 46% of
the cells within primary tumors, grown hormone independently,
did not express or eventually stopped expressing the T-DNA
genes. Although the loss of hormone autonomy was associated

with the loss or rearrangement of T-DNA genes in many in-
stances, in some of such cells the T-DNA did not undergo any
noticeable change during the loss of hormone autonomy. In a
few such cases investigated in that study T-DNA hypermethy-
lation was thought to be associated with the inactivation of the
genes. DNA hypermethylation has been also shown to be as-
sociated with transcriptional inactivation of the tmr gene of the
nopaline type Ti plasmid in transgenic N. tabacum (2) and of
nopaline synthase gene in flax (11). We have also found that the
TL-DNA region is hypermethylated in revertant shoots and de-
methylation results in reactivation of the TL-DNA genes (VP
Sinkar, unpublished data). So far, we have not observed de-
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FIG. 3. Heritability of the revertant phenotype. Typical plantlets obtained by vegetative and sexual reproduction from the revertant shoots of
N. glauca are shown in C and B. respectively. A, A typical plantlet obtained by vegetative reproduction from the aberrant shoot. No viable seed
were obtained by self-fertilization of the aberrant shoot.
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FiG. 4. T-DNA analysis of the transgenic plants. DNA isolated from the revertant and aberrant shoots of N. glauca (A). of N. tabacum
transformed with the Ri plasmid (B), and of N. tabacum transformed with rolA locus (C) was digested with Hindlll, separated electrophoretically
on agarose gel, transferred to nitrocellulose membranes and was probed with pFW 302, a cosmid clone containing Ri TL-DNA (see Table I). Key:
(A) 1, one copy reconstruction; 2, untransformed N. glauca; 3, revertant shoot of plant 1: 4, aberrant shoot of plant 1; 5, revertant shoot of plant
2; 6, aberrant shoot of plant 2; 7, revertant shoot of plant 3; 8, aberrant shoot of plant 3, cT DNA, endogenous T-DNA. (B) 1, revertant shoot
of N. tabacum transformed with Ri plasmid; 2, aberrant shoot of the same plant. (C) 1, revertant shoot of N. tabacum transformed with rolA; 2.
aberrant shoot of the same plant. A 3.2 kb HindIII fragment indicative of the presence of rolA gene in plants is shown by an arrow.
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FIG. 5. Northern analysis of transgenic plants. Total RNA obtained from revertant and aberrant shoots of N. glauca plants 1, 2, and 3 was
fractionated oligo-dT cellulose column to enrich for poly(A+ ) RNA. Three microgram of the poly(A+) RNA was fractionated on formaldehyde-
agarose gel, was blotted onto nitrocellulose paper and was hybridized with various TL-DNA probes. A, Hybridization results obtained with plants
1 and 2; B, those obtained with the aberrant shoot of plant 3. Key: (A) 1, revertant shoot of plant 1; 2, aberrant shoot of plant 1; 3, revertant
shoot of plant 2; 4, aberrant shoot of plant 2; 5, untransformed N. glauca. Probe used for the analysis was pFW 302. (B) 1, aberrant shoot of plant
3 probed with pFW 302; 2, probed with Ri HindIlI fragment 21; 3, probed with HindIII fragment 30a (note: no TL-DNA homologous transcripts
were detected in the revertant shoots of this plant).

tectable rearrangement of T-DNA in any revertant shoots; how-
ever, it is possible that similar to deletions observed in the T-
DNA of transformed calli, T-DNA of revertant shoots would
undergo changes over several generations as probably happened
with endogenous T-DNA of some plant species (see the last
paragraph of "Discussion").
The high frequency of reversion in transgenic plants may imply

a presence of a cellular process directed toward silencing foreign
genes in plants. On the other hand, plants have highly methylated
DNA compared to that of animals (total of 30% cytosine residues
are methylated in plants as opposed to about 1-5% in animal
DNA; 10) and foreign DNA, assuming random integration, would
frequently integrate into inactive chromatin structures. Such DNA
would remain silent unless strong selection pressure favors its
expression. This process, though random, may also appear like
a process directed against expression of foreign genes since it
would lead to frequent inactivation of foreign genes. In case of
A. rhizogenes transformed plants, combination of the ability of
plants to silence foreign genes and selection pressure favoring
nonfunctional TL-DNA genes increase the possibility of rever-
sion. Axillary buds usually show reverted shoots probably be-
cause after derepression of the growth of axillary bud meriste-
matic cells, the cells with inactive TL-DNA genes grow rapidly
and constitute the majority of the population in new shoots and
hence the normal appearance. We regenerated plants from leaves,
from axillary buds, and from internode regions of aberrant shoots
of N. glauca (about 10 months old) and found that leaves and
internodes produced aberrant plantlets or teratomas whereas
axillary buds produced normal plants. In very young plants (less
than 2 months old) all parts produced aberrant shoots while in

very old plants (more than 18 months old) axillary buds, and
often internodes also, produced normal looking shoots. There-
fore, it seems likely that silencing of TL-DNA genes, at least in
N. glauca, is a function of the age of the plant.
Some species of the genus Nicotiana contain DNA sequences

homologous to the Ri TL-DNA (9, 27, 28). Possible explanations
for the presence of the homologous sequences between A. rhi-
zogenes and plants are: (a) that A. rhizogenes has in its evolu-
tionary history captured these genes from plants, which it now
reinserts into the plant genome, analogous to the acquisition of
host oncogenes by RNA tumor viruses, (b) that these sequences
represent essential genes in plants and bacteria and hence are
conserved in both; and (c) that the endogenous T-DNA se-
quences are the result of a past infection by Agrobacterium of
plants. The distribution of Ri-TL-DNA homologous sequences
is limited only to two subgenera of Nicotiana and not all members
of these groups have it. In at least one species, N. tabacum, the
large central region corresponding to bacterial rolB and rolC is
absent. Thus, the Ri-TL-DNA sequence shows a scattered dis-
tribution and apparently is not present in many plants. The scat-
tered distribution argues against the hypothesis that the homol-
ogous T-DNA sequences are essential genes which are involved
in plant growth. These sequences are not found in other bacteria
including A. tumefaciens. Furthermore, A. rhizogenes strains
lacking these genes are still virulent suggesting their nonessential
role in agrobacteria. Therefore, the possibility that these se-
quences in plants represent past infection by A. rhizogenes seems
to be more plausible. Our observations suggest that during the
past, an infection of Nicotiana or a progenitor of the Nicotiana
species by A. rhizogenes resulted in generation of aberrant plants
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which, in turn, formed normal revertant shoots. These revertant
shoots with transcriptionally silent T-DNA outcompeted those
harboring active T-DNA and the present day plants with ho-
mologous T-DNA evolved. The presence of Ri T-DNA in pres-
ent day plant thus appears to be another incidence of a horizontal
spread of genes in the biosphere (4, 15).

Acknowledgments-We thank Dr. Eugene W. Nester for support and encour-
agement, and George Bolton, Harvey Bradshaw, Roy Kanemoto, Thomas Parsons.
Ann Powell, Meir Sheffer, Srinivasan and Martin Yanofsky for discussion and
suggestion. F. P. was supported by a postdoctoral fellowship from the Swiss Na-
tional Foundation.

LITERATURE CITED

1. ACKERMANN C 1977 Pflanzen aus Agrobacterium rhizogenes Tumoren an Ni-
cotiana tabacum. Plant Sci Lett 8: 23-30

2. AMASINo RM, ALT POWELL, MP GORDON 1984 Phenotypic variation and

plant regeneration in a crown gall tumor line is associated with changes in

T-DNA methylation and expression. Mol Gen Genet 197: 437-446
3. CARDARELLI M, L SPANO, A DE PAOLIS, ML MAURO, G VITALI, P. COS-

TANTINO 1985 Identification of the genetic locus responsible for non-polar
root induction by Agrobacterium rhizogenes 1855 Plant Mol Biol 5: 385-391

4. CARLSON TA, BK CHELM 1986 Apparent eukaryotic origin of glutamine syn-
thase II from the bacterium Bradyrhizobium japonicum. Nature 322: 568-
570

5. CHILTON M-D, D A TEPFER, A PETIT, C DAVID, F CASSE-DELBART, J TEMPE
1982 Agrobacterium rhizogenes inserts T-DNA into the genomes of host
plant root cells. Nature 295: 432-434.

6. COSTANTINO P, L SPANO, M POMPONI, E BENVENUlO, G ANCORA 1984 The
T-DNA of Agrobacterium rhizogenes is transmitted through meiosis to the
progeny of hairy root plants. J Mol Appl Genet 2: 465-470

7. DE CLEENE M, DE LEY 1981 The host range of infectious hairy root. Bot Rev
47: 147-194.

8. DURAND-TARDIF M, R BROGLIE, J SLIGHTOM, D TEPFER 1985 Structure and

expression of Ri T-DNA from Agrobacterium rhizogenes in Nicotiana ta-
bacum and phenotype specificity. J Mol Biol 186: 557-564

9. FURNER IJ, GA HUFFMAN, RM AMASINO, DJ GARFINKEL, MP GORDON,
EW NESTER 1986 An Agrobacterium transformation in the evolution of the
genus Nicotiana. Nature 329: 424-427

10. GRUENBAUM, Y, T NAVEH-MANY, H CEDAR, A RAZIN 1981 Sequence spec-
ificity of methylation in higher plant DNA. Nature 292: 860-862

11. HEPBURN, AG, LE CLARKE, L PEARSON, J WHITE 1983 The role of cytosine
methylation in the control of nopaline synthase gene expression in a plant
tumor. J. Mol Appl Genet 2: 315-329

12. HOEKEME.A, PR HIRSCH, PJJ HOOYKAAS, RA SCHILPEROORT 1983 A binary
plant vector strategy based on separation of vir- and T-region of the Agro-
bacterium tumefaciens Ti-plasmid. Nature 303: 179-180.

13. HORSCH RB, JE FRY, NL HOFFMANN, D EICHHOLTZ, SG ROGERS, RT FRALEY
1985 A simple and general method for transferring genes into plants. Science
227: 1229-1231.

Plant Physiol. Vol. 86, 1988

14. HUFFMAN GA. FF WHITE, MP GORDON, EW NESTER 1984 Hairv root in-

ducing plasmid: physical map and homology to tumor inducing plasmids. J
Bacteriol 157: 269-276.

15. MARTIN JP, I FRIDOVICH 1981 Evidence for a natural gene transfer from the
ponyfish to its bioluminescent bacterial symbiont Photobacteriumn leiognzathi.
The close relationship between bacterial cupreic and copper-zinc superoxide
dismutase of teleost fishes. J Biol Chem 256: 6080-6089

16. MURASHIGE T, F SKOOG 1962 A revised medium for rapid growth and bioassavs
with tobacco tissue culture. Physiol Plant 15: 473-497

17. OFFRINGA IA, LS MELCHERS, AJG REGENSBURG-TUINK, P COSTANTINO.
RA SCHILPEROORT, PJJ HOOYKAAS 1986 Complementation of Agrobacter-
ium tumefaciens tumor-inducing aux mutants by genes from the TR-region
of the Ri plasmid of Agrobacterium rhizogenes. Proc Natl Acad Sci USA
83: 6935-6939

18. OoMs G. A KARP, MM BURRELL, D TWELL, J ROBERTS 1985 Genctic mod-
ification of potato development using Ri T-DNA. Theor Appl Gcnet 70:
440-446

19. SCHRODER G. S WAFFENSCHMIDT, EW WEILER, J SCHRODER 1984 Thc T-
region of Ti plasmids codes for an enzyme synthesizing indole-3-acctic acid.
Eur J Biochem 138: 387-391

20. SINKAR VP, FF WHITE, MP GORDON 1987 Molecular biology of Ri-plasnlid.
A review. J Biosc 11: 47-57

21. SLIGHTOM JL, M DURAND-TARDIF, L JOUANIN, D TEPFER 1986 Nucleotidc
sequence analysis of TL-DNA of Agrobacterium rhizogenes agropine tvpe
plasmid: identification of open reading frames. J Biol Chem 261: 108-121

22. TAYLOR BH. RM AMASINO. FF WHITE. EW NESTER, MP GORDON 1985 T-
DNA analysis of plants regenerated from hairy roots tumors. Mol Gcn Gcnet
201: 554-557.

23. TAYLOR BH. FF WHITE. EW NESTER, MP GORDON 1985 Transcription of
Agrobacterium rhizogenes A4 T-DNA. Mol Gen Genet 201: 546-553

24. TEPFER D 1984 Transformation of several species of higher plants by Agro-
bacterium rhizogenes: sexual transmission of the transformed genotypc and
phenotype. Cell 37: 959-967

25. VAN LIJESBETTENS M. D INZE. J SCHELL, M VAN MONTAGU 1986 Trans-
formed cell clones as a tool to studv T-DNA integration mediated bV Agro-
bacterium tumnefaciens. J Mol Biol 188: 129- 145

26. VILAINE F. F CASSE-DELBART 1986 Independent induction of transformed
roots by the TL and TR regions of the Ri plasmid of the agropine tvpe
Agrobacterium rhizogenes. Mol Gen Genet 206: 17-23

27. WHITE FF. DJ GARFINKEL. GA HUFFMAN, MP GORDON. EW NESTER 1983
Sequences homologous to Agrobacterium rhizogenes T-DNA in the gcnomc
of uninfected plants. Nature 301: 348-350

28. WHITE FF. G GHIDOSSI. MP GORDON. EW NESTER 1982 Tumor induction
by Agrobacterium rhizogenies involves the transfer of plasmid DNA to the
plant genome. Proc Natl Acad Sci USA 79: 3193-3197.

29. WHITE FF. VP SINKAR 1987 Molecular analysis of root induction by Agro-
bacterium rhizogenes. In T Hon. J Schell. eds, "Plant DNA Infectious Agents-
Plant Gene Research, Vol 4. Springer-Verlag, Wien. In press

30. WHITE FF. BB TAYLOR, GA HUFFMAN. MP GORDON. EW NESTER 1985
Molecular and genetic analysis of the transferred DNA regions of the root
inducing plasmid of Agrobacterium rhizogenes. J Bacteriol 164: 33-44.

31. WILLMITZER L. J SANCHEZ-SERRANO, E BUSHFELD, J SCHELL 1982 DNA
from Agrobacteriutn rhizogenes is transferred to and expressed in axcnic
hairy root tissue. Mol Gen Genet 186: 16-22

590


