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faciens biovar 2 (3, 4), although the appearance of mutant bacteria was only observed after inoculation of plants grown in vitro,
not with those grown in the greenhouse. This, together with the
well-known difficulty of isolating pathogenic strains from apple
tumors, fostered the hypothesis of a plant-mediated effect on the
genetic instability of A. tumefaciens populations (3, 4, 10, 13). The
appearance of nonpathogenic mutant bacteria was also observed
when Agrobacterium strains were cultured in media supplemented
with substances that are naturally present in plant wounds and
that favor the activation of pathogenicity genes (13). The molecular bases of the spontaneous loss of pathogenicity in A. tumefaciens are not well understood, although previous work reported
changes in the Ti plasmid, in either the regions involved in virulence, the transferred DNA (T-DNA) region, or the vir regions,
due to point mutations or to the insertion of mobile elements (10,
13, 14, 21). However, it was not entirely clear that the nonpathogenic isolates were necessarily mutants derived from the inoculated strain rather than naturally occurring nonpathogenic A. tumefaciens strains.
A precise knowledge of the factors that induce the putative loss
of pathogenicity in A. tumefaciens, and the role that the plant
might play in selecting against virulent bacteria, is pivotal for the
development of effective control measures for this important
plant pathogen. In the present work, we wanted to expand the
preceding studies of the appearance of nonpathogenic variants
and the influence of the host and of the bacterial genetic background. To confirm the identity of the nonpathogenic isolates,
and to ensure that they were true variants of the inoculated strain,
we combined biochemical tests with a highly discriminative randomly amplified polymorphic DNA (RAPD) procedure (24). The
analysis of more than 5,400 clones allowed us to show, in contrast
with previous studies, that the generation of nonpathogenic vari-

Agrobacterium tumefaciens is the causal agent of crown gall,
a neoplastic disease induced in a large number of dicotyledonous and some monocotyledonous plants, as well as in gymnosperms, in this case artificially (9, 32, 34, 35). Many studies
have focused on the molecular understanding of the process
that involves the tumorous growth of plant tissue by means of
the transfer of specific genes from a plasmid harbored by the
bacterium, called tumor-inducing plasmid (pTi) (7, 18, 30, 43).
This transfer system has significant importance for pathogenicity and epidemiology studies, as well as for biotechnology,
because this unique mechanism of pathogenicity has allowed
the development of a diverse and efficient methodology for the
transformation of eukaryotic cells. Other studies have concentrated on the ecology and epidemiology of Agrobacterium spp.
to obtain a better knowledge of the spread and stability of the
bacterium as a pathogen in tumors, hosts, and soil habitats (5,
11, 36).
The pathogenicity of A. tumefaciens seems to be somewhat
unstable both in association with plants and under free-living
conditions. Several studies demonstrated that A. tumefaciens populations from tumors induced under natural conditions in several
plants consisted mostly of nonpathogenic strains (2, 33, 38), and
loss of pathogenicity has been proposed as a likely cause to explain the predominance of nonpathogens over pathogenic strains.
Likewise, loss of pathogenicity has also been demonstrated in
tumors developed after inoculation of apple plants with A. tume* Corresponding author. Mailing address: Centro de Protección Vegetal y Biotecnología Instituto Valenciano de Investigaciones Agrarias,
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We have evaluated the interaction that bacterial genotypes and plant hosts have with the loss of pathogenicity in
tumors, using seven Agrobacterium tumefaciens strains inoculated on 12 herbaceous and woody hosts. We performed
a screening of the agrobacteria present inside the tumors, looking for nonpathogenic strains, and found a high
variability of those strains in this niche. To verify the origin of the putative nonpathogenic mutant bacteria, we
applied an efficient, reproducible, and specific randomly amplified polymorphic DNA analysis method. In contrast
with previous studies, we recovered a very small percentage (0.01%) of nonpathogenic strains that can be considered
true mutants. Of 5,419 agrobacterial isolates examined, 662 were nonpathogenic in tomato, although only 7 (from
pepper and tomato tumors induced by two A. tumefaciens strains) could be considered to derive from the inoculated
strain. Six mutants were affected in the transferred DNA (T-DNA) region; one of them contained IS426 inserted into
the iaaM gene, whereas the whole T-DNA region was apparently deleted in three other mutants, and the virulence
of the remaining two mutants was fully restored with the T-DNA genes as well. The plasmid profile was altered in
six of the mutants, with changes in the size of the Ti plasmid or other plasmids and/or the acquisition of new
plasmids. Our results also suggest that the frequent occurrence of nonpathogenic clones in the tumors is probably
due to the preferential growth of nonpathogenic agrobacteria, of either endophytic or environmental origin, but
different from the bacterial strain inducing the tumor.
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TABLE 1. Strains of Agrobacterium tumefaciens employed in the inoculation experiments
Strain

C58
A281a
Ach5
CFBP42
IVIA325-4
IVIA678-2
IVIA1102
C58Rd

Host of isolation

Cherry
Prunus sp.
Tomato
GF677
Peach
Chrysanthemum

Opine type

Biovar

Experiment

Source
or reference

Nopaline
Agropine
Octopine
NDb
Nopaline
Nopaline
Chrysopine
Nopaline

1
1
1
1
1
1
1
1

A
A
A
A
B
B
A/C
C

M. Ridé
X. Nesme
M. D. Chilton
CFBPc
24
24
24
S. K. Farrand

a

A281 is strain C58 with pTiBo542.
ND, not determined.
c
CFBP, Collection Française de Bactéries Phytopathogènes.
d
C58R is strain C58 resistant to gentamicin.
b

MATERIALS AND METHODS
Bacteria, plasmids and hosts. The bacterial strains and host origins are listed
in Table 1, and the plasmids employed in the different analyses are shown in Fig.
1. Bacteria were grown on the general medium yeast extract-peptone-glucose
agar (YPGA) (22) at 26°C for 48 h. For all the inoculation experiments, the
bacterial strains were cultivated using suspensions from single colonies purified
three consecutive times in the same medium from water suspensions, to ensure
their purity previous to the inoculations. Unless otherwise indicated, antibiotics
were used at the following final concentrations (g/ml): gentamicin, 25; kanamycin, 25; streptomycin, 100; tetracycline, 15.
Inoculation experiments and identification analysis. Three experiments were
performed to evaluate the loss of pathogenicity in A. tumefaciens strains inoculated in different hosts in a greenhouse (experiments A and B) and under in vitro

conditions (experiment C). Inoculation of A. tumefaciens was done either by
direct inoculation of the stems of plant hosts (experiment A) or by growth of the
plants in an inoculated sterilized substrate (experiment B).
In experiment A, tomato (cultivar Roma) and pepper (cv. Toledo) plants were
separately inoculated with strains A281, Ach5, C58, CFBP42, and IVIA1102, all
biovar 1 strains. For the inoculation, a wound was made in the stem of each plant
using a sterile scalpel, and a piece of cotton imbibed with 30 l of a bacterial
suspension (optical density at 600 nm [OD600] of 0.3 in water) was placed on the
wound and held in place with Parafilm. After 5 weeks, once the tumors had
developed, bacteria were isolated from tumors, as follows: the external part of
the tumors was peeled, then an internal piece of 100 mg of tumor tissue was
comminuted in 9 ml of sterile distilled water, and 30 l of the suspension was
plated on a semiselective medium for Agrobacterium biovar 1 (42). From each
tumor, 100 colonies were selected, and a suspension in sterile distilled water was
streaked out onto a general medium (YPGA) and purified by single colony
transfer. Two tumors, coming from different plants, were analyzed for each
combination of host and bacterial strains, and the experiment was performed
twice, resulting in the examination of the pathogenicity of 200 different colonies
from each inoculated strain used in each experiment (400 in total).

FIG. 1. Genes carried by the different plasmids used in complementation analyses and positions of primers employed to check for the presence
of the T-DNA regions in the mutants analyzed. For details, see Table 2.
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ants occurred with a very low frequency, and it appeared to be
independent of the plants evaluated; we also show that the mutant bacteria were affected in large areas of the Ti plasmid and in
the number of plasmids harbored.
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FIG. 2. RAPD pattern diversity obtained with colonies isolated
from tumors of different hosts inoculated with strain IVIA325-4 and
patterns obtained with mutants of strain IVIA1102. (A) RAPD analysis with primer OPE-2 of colonies obtained with strain IVIA325-4.
Lane 1, strain isolated from Adafuel in tumor 1; lanes 2 to 4, isolates
from the same host but from tumor 3; lane 5, isolate from Adafuel in
tumor 4; lane 6, inoculated strain IVIA325-4; lanes 7 to 17, isolates
from host cherry; lanes 7 to 11, isolates from tumor 1; lane 12, isolate
from tumor 2; lanes 13 to 14, isolates from tumor 3; lanes 15 to 17,
isolates from tumor 5. M, 123-bp molecular mass marker (Life Technologies); C(⫺), negative control. The arrows indicate the different
patterns obtained with isolates from tumor 1 in cherry, the same shape
indicates the same pattern, and the different arrows show the colonies
that are different. (B) RAPD analysis of colonies obtained with strain
IVIA1102 isolated from tomato with primers OPE-2 and OPE-7.
Lanes 1 and 7, mutant T22; lanes 2 and 8, mutant T38; lanes 3 and 9,
mutant T67; lanes 4 and 10, mutant T32; lanes 5 and 11, mutant T76;
lanes 6 and 12, strain IVIA1102. M, 123-bp molecular mass marker
(Life Technologies).

(Invitrogen). In all the combinations of host-bacterium strains, and as a positive
control, we also analyzed the RAPD fingerprints of 10 randomly selected colonies that retained pathogenicity, which in all cases were identical to those of the
inoculated strain. Arbitrarily primed PCR analysis using primers ERIC, BOX,
and REP was done with some of the clones to ensure their identity as previously
described (8, 25).
Identification of the regions altered in the mutant bacteria. We analyzed the
causes for the loss of pathogenicity by PCR and complementation tests. First, we
evaluated the presence of the Ti plasmid in each of the nonpathogenic mutants by
PCR, using the following primers directed against the T-DNA and the vir regions
(Table 2; Fig. 1): primers FGPtmr530-FGPtmr701 (39) amplify a 172-nucleotide (nt)
fragment of the tmr (or ipt) gene; primers CYT1-CYT2 (16) amplify 427 nt of the
same tmr gene, but several nucleotides downstream the previous primers, and
VirDA-VirDE (16) amplify a 338-nt fragment of the virD gene. Primers CYT1CYT2 and VirDA-VirDE were employed in a multiplex reaction.
Complementation analyses were performed with plasmids containing either
the whole T-DNA region, contained in plasmid pTHE17 (17), or different genes
of the vir region, as follows: the virH, virA, and virB genes carried by plasmid
pVCK219 (45) and the virG, virC, virD, and virE genes carried by plasmid
pVCK225 (45) (Fig. 1). The plasmids were transferred to the nonpathogenic
mutants by electroporation using a Gene Pulser II system (Bio-Rad, CA), and
the acquisition of each plasmid by the transformants was tested by PCR using the
three primer pairs described above. For each combination of mutant and complementing plasmid analyzed, six independent transformants were inoculated on
tomato plants. Once the complementation analyses identified a particular DNA
region that restored pathogenicity, we examined possible changes in the diverse
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In experiment B, sterilized substrate (Vriezenveen Potgrond BV, Holland) in pots
was inoculated with 15 ml of a similar bacterial suspension (OD600 of 0.3 in water)
previously cultured on YPGA and distributed evenly over the soil surface, and 1
plant per plot was immediately planted, with 10 plants per host and strain. A wound
was inflicted in the crown with a scalpel. Cherry, pear, and apple and hybrid rootstocks of peach ⫻ almond Adafuel and GF677 were planted in sterilized substrate
inoculated with strain IVIA325-4, whereas peach ⴛ almond rootstocks GF677,
GN15, and GN22, plum Myrobalan, and peaches Montclar and Nemaguard were
planted in substrate inoculated with strain IVIA678-2. When possible, five tumors
were selected from five different plants (one tumor per plant), and 50 Agrobacterium
colonies were isolated from each tumor as described in experiment A, resulting in a
total of 250 colonies analyzed for each combination of host and bacterial strains.
Otherwise, when there were not enough tumors or less than 50 colonies per tumor,
we increased the number of colonies retained per tumor up to a total of 250 colonies.
The plants were maintained for 9 months in a greenhouse at 20 to 25°C and 40 to
60% rH, with a 16-h per day/8-h per night photoperiod and irrigation twice a week.
In experiment C, we evaluated the loss of pathogenicity following repeated
culture in liquid medium. Strains IVIA1102 (Kmr) and C58R (Gmr) were analyzed separately in yeast extract-peptone-glucose with and without the corresponding antibiotic to evaluate its possible influence on the appearance of nonpathogenic variants. First, each strain was plated on YPGA medium plus the
antibiotic, and 50 colonies each that were well separated were suspended in 500
l of water. Then, 10 l of each of these suspensions was inoculated in tomato
plants to confirm their pathogenicity, and 20 l was incubated in 5 ml of yeast
extract-peptone-glucose with and without the corresponding antibiotic at 26°C,
with shaking for 48 h, resulting in 200 initial clones (50 colonies of each strain in
medium with and without antibiotic). After 48 h of incubation, an aliquot of 20
l was reinoculated in 5 ml of fresh medium, and the procedure was repeated.
After four incubation steps (8 days), 10 l of the last suspension was diluted 1/10
with water and plated on YPGA and YPGA plus antibiotic by triple streaking to
obtain isolated colonies. After 48 h at 26°C, one colony was taken from the plates
and suspended in 0.2 ml water. Ten microliters was inoculated in tomato plants
to check the pathogenicity, and 20 l of the suspension was incubated into new
liquid medium and followed the incubation process. The remaining volume was
kept at 4°C for further assays, in case there was a loss in pathogenicity. This
process was repeated to perform a total of five inoculation steps, with 100
colonies inoculated in each series of incubations per strain. The experiment was
repeated twice, giving a total of 1,000 colonies analyzed with each strain (500
colonies per experiment/strain).
All the bacterial colonies recovered from tumors in experiments A and B were
considered putative Agrobacterium when they were showing the typical morphology on a semiselective medium and were positive for the production of urease
and hydrolysis of esculin. The pathogenicity assays were performed by inoculating a fresh culture of each bacterium in tomato plants in duplicate and examining
for the presence of tumors after 1 month. The inoculation experiment was
repeated with those clones that did not induce tumors, which were also inoculated in the original host from which the parental strain was isolated. The clones
were considered nonpathogenic when they were not able to produce tumors in
any of the two hosts, whereas they were considered to show a loss in virulence if
they produced tumors in only one host or if the resulting tumors in at least one
host were significantly smaller than those induced by the wild-type strains. Statistical analyses of tumor development were done using a separate experiment, as
follows: for each strain analyzed, 15 tomato plants of the same size and age (2
weeks old) were inoculated in the stem with 10 l of a bacterial suspension (108
CFU/ml, OD600 of ca. 0.65) essentially as described above for experiment A.
After 30 days, tumors were carefully collected, avoiding carrying over any healthy
tissue, and the cumulative tumor weights per each of the 15 plant batches were
compared using one-way analysis of variance, employing the software SPSS v.
10.1.3 (Chicago, IL).
Molecular identification and analysis of mutant bacteria. For verification of
the origin of bacteria isolated from tumors, we examined their RAPD patterns
with primer OPE-2 (5⬘-GGTGCGGGAA) by following the method of Llop et al.
(24), which demonstrated that, under our conditions, the patterns were stable,
repetitive, and reproducible. If the resulting patterns were substantially different
than those of the inoculated strains (Fig. 2), we considered that the isolates had
a different origin. However, if their patterns were similar, we also analyzed their
RAPD fingerprints with RAPD primers OPE-7 (5⬘-AGATGCAGCC), OPE-14
(5⬘-TGCGGCTGAG), and OPE-20 (5⬘-AACGGTGACC). We considered that
the colonies isolated from tumors were derived from the inoculated strain only
when they yielded identical fingerprints with those of these four RAPD primers.
The PCRs were performed in a total volume of 25 l with ca. 70 ng of DNA, 1⫻
PCR buffer (20 mM Tris-HCl [pH 8.0], 50 mM KCl), 1.5 mM MgCl2, 60 M
deoxynucleoside triphosphate, 5 pmol of primer, and 1 U of Taq polymerase

APPL. ENVIRON. MICROBIOL.

VOL. 75, 2009

VIRULENCE OF A. TUMEFACIENS STRAINS FROM TUMORS

6507

TABLE 2. Primers employed to examine possible indels responsible for the loss of pathogenicity in the mutants and for sequencing the
insertion of mutant T1
Primer

Sequence (5⬘–3⬘)

Size (bp)

FGPtmr530
FGPtmr701
VirDA
VirDE
CYT1
CYT2b
CYT21b
INS-1c
INS-2c
INS-3b

CCA TGT TGT TTG CTA GCC AG
CCT TCG AAT CCG TCG AAA GC
ATG CCC GAT CGA GCT CAA GT
CCT GAC CCA AAC ATC TCG GCT GCC CA
GAT CGG GTC CAA TGC TGT
GAT ATC CAT CGA TCC CTT
TCC ATC GCG TTT ACA GC
CGA GCA TCT CTC TGA CAA T
ATG CTC GGT CGC AAG AC
ACT GGC TTT ACC GTC TCC

Positiona

Reference

172
39
338
16
427
2,449

19860
17411
19234

16
This
This
This
This

work
work
work
work

mutants by PCR using different primers, looking for insertions or deletions that
could be distinguished in the amplification (Table 2). All the PCRs were performed in a 50-l final volume with 3 mM MgCl2, 100 M deoxynucleoside
triphosphate, 3% (vol/vol) formamide, 10 pmol of each primer, and 1 U of Taq
DNA polymerase.
Plasmid profiles of the wild-type and mutant strains were visualized by agarose
gel electrophoresis using a modified Eckhardt protocol (13) or the method of
Zhou et al. (56) to evaluate the existence of changes in the size or number of the
native plasmids and, in particular, of the Ti plasmid. Plasmid DNA was digested
with EcoRI, HindIII, or PvuI and transferred to nylon membranes (Roche
Diagnostics, Mannheim, Germany) using a rapid alkaline transfer protocol (41).
As DNA probes, we employed the entire T-DNA region in plasmid pTHE17 (17)
(Fig. 1) and the complete pTi from strain IVIA1102. Preparation of labeled
probes with digoxigenin, Southern hybridization at 65°C, and detection of hybridization signals using a LAS-3000 system (Fuji, Japan) were carried out with
a DIG DNA labeling and detection kit (Roche Diagnostics).
An insertion element (IS) inserted into the iaaM gene in one of the mutants

was detected by PCR and sequenced using primers flanking or internal to the IS
(Table 2; Fig. 3). The resulting amplicons were separated in agarose gels and
purified from the gel using the Mo Bio kit (CA) before sequencing them completely. The sequences were compared against the GenBank databases using the
BLAST algorithms (1), and sequences were aligned using CLUSTALW (51).
Nucleotide sequence accession number. Sequences determined in this study
have been deposited in the GenBank database under accession no. FJ004947.

RESULTS
Isolation of variants with altered pathogenicity. Two inoculation experiments (A and B) were carried out using seven A.
tumefaciens strains of biovar 1 and 12 different plant hosts in
order to evaluate the possible appearance of nonpathogenic
variants. In agreement with the difficulties previously found

FIG. 3. Mutant T1 contains an insertion of IS426 in a gene essential for the biosynthesis of 3-indoleacetic acid, iaaM. (A) Amplicons obtained
with primer pair CYT21-CYT2. Nonpathogenic mutant bacteria T1 and P72 were isolated from tumors induced in tomato and pepper, respectively,
by the wild-type strain C58. M, marker XVII (Life Technologies). (B) Position of IS426 in the T-DNA of mutant T1. The annealing sites of the
different primers used for PCR and sequencing are indicated with arrows.

Downloaded from http://aem.asm.org/ on December 27, 2018 by guest

a
Position of each of the primers employed for sequencing the insertion of mutant T1, according to the sequence of pTi of strain C58 from Wood et al. (54), with
GenBank accession number AE008690.
b
Primers employed for the sequencing of the insertion in mutant T1.
c
Primers designed from the insertion sequence of mutant T1. There is no correspondence with the sequences of T-DNA.
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TABLE 3. Occurrence and characteristics of clones with altered pathogenicity isolated from tumors induced by different strains of
A. tumefaciens in herbaceous and woody hosts
Characteristics of clones with altered pathogenicityd
No. of clones containing virulence genesa
Strain

virD

No.
of patterns

No. of strains with
same pattern as
that of the WT

Pepper

0/200
0/200
0/200
0/200

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

NA
NA
NA
NA

Tomato
Ach5

Pepper

0/200
0/200
170/200
0/200

NA
NA
0
NA

NA
NA
0
NA

NA
NA
2
NA

NA
NA
0
NA

Tomato
C58

Pepper

1/200
0/200
1/200
0/200

1
NA
1
NA

1
NA
1
NA

1
NA
1
NA

1
NA
1
NA

Tomato
CFBP42

Pepper
Tomato

0/200
0/200
0/200

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

IVIA1102e

Pepper

3/200
0/200
5/200
4/200

3
NA
2
0

3
NA
2
3

1
NA
2
2f

0
NA
2
3

200/250
NA
105/250
84/250
0/250

0
NA
0
0
NA

0
NA
0
0
NA

5
NA
4
3
NA

0
NA
0
0
NA

65/200
0/100
4/50
0/100
15/100
5/69

0
NA
0
NA
0
0

0
NA
0
NA
0
0

4
NA
1
NA
2
1

0
NA
0
NA
0
0

Tomato

Experiment B
IVIA325-4

IVIA678-2

Adafuelg
Appleh
Cherry
GF677g
Pear
Peach Nemaguard
GF677g
GxN15g
GxN22g
Plum Myrobalan
Peach Montclar

a

Presence/absence of each gene was examined by PCR with specific primers (see Fig. 1).
Numbers refer only to clones with altered pathogenicity. WT, wild-type strain used for inoculation.
Number of clones with altered pathogenicity/total number of clones analyzed. In experiment A, two tumors per plant were selected from two different plants (four
tumors per experiment and strain in total); the experiment was done twice, resulting in a total of 400 colonies examined (except in the case of CFBP42 in pepper, where
colonies could be isolated only in one experiment). In experiment B, colonies were isolated from five tumors from different plants to reach a total of 250 isolates per
host-strain combination.
d
NA, not applicable.
e
Strain IVIA1102 is resistant to kanamycin and, although isolation was carried out on unsupplemented media, all the nonpathogenic isolates were also resistant to
kanamycin. Isolates from tumors induced by the remaining A. tumefaciens strains were not tested for resistance to this antibiotic.
f
Strains showing differences in one band using primer OPE7.
g
Hybrids of peach ⴛ almond.
h
No Agrobacterium colonies were isolated from the tumors obtained in apple plants.
b
c

(33), we were unable to recover agrobacteria from any of the
tumors analyzed from apple plants. From the remaining tumors, 5,419 typical Agrobacterium-like colonies were recovered
on semiselective medium (Table 3); all of them were urease
positive, hydrolyzed esculin, and were in consequence preliminarily identified as A. tumefaciens. Their pathogenicity was
evaluated by inoculation in tomato plants (Table 3), which
allowed for the identification of 662 colonies (12.2%) that were
nonpathogenic. In experiment A, 19 tumors were analyzed; 6

of them yielded 184 nonpathogenic isolates from a total of
3,800 colonies examined. In experiment B, 1,619 colonies were
recovered from 33 tumors induced by two A. tumefaciens
strains in 10 plant hosts. From these, 14 tumors yielded a total
of 478 colonies that were nonpathogenic.
To ascertain the origin of the 662 nonpathogenic isolates of
experiments A and B, we analyzed and compared their fingerprints using a RAPD analysis (24). We could differentiate a
total of 26 different RAPD patterns, with one to five RAPD
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ipt/tmr

Proportionc

Experiment A
A281

RAPD patternsb

Host
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TABLE 4. Pathogenicity of diverse mutants in tomato using
complementation analyses with plasmids covering the vir
(pVCK219 and pVCK225) or the T-DNA
(pTHE17) region
Results of complementation analyses witha:
Mutant

Origin
(strain, host)

P72
C58, pepper
T1
C58, tomato
T22, T38, T67 IVIA1102,
tomato
T32, T76
IVIA1102,
tomato

No
pVCK219b pVCK225c pTHE17d
plasmid

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫹
⫹

⫹d

⫹d

⫹d

⫹

patterns among the nonpathogenic isolates coming from the
same combination of host-bacterial strains (Table 3; Fig. 2A).
In general, patterns were different for agrobacteria isolated
from different hosts, although in a few cases, isolates sharing
the same pattern were sometimes found in different tumors
of the same plant, as can be observed in Fig. 2A. Only seven of
the nonpathogenic agrobacteria analyzed, originating from
pepper (one) and tomato (six) plants and produced by two
strains (C58 and IVIA1102), showed RAPD patterns that were
identical to those of the parental strain (Table 3). These results
potentially suggest a different and unknown origin for the
remaining 655 nonpathogenic isolates. The seven mutants also
displayed patterns identical to those of the inoculated strains
using three other RAPD primers, although we detected a variation in one of the fingerprints with three of the nonpathogenic
mutants (T22, T38, and T67). They each lacked one prominent
band in the RAPD fingerprint using primer OPE-7, which was
otherwise identical to the fingerprint of the parental strain
IVIA1102 (Fig. 2B). These three mutants suffered plasmid
reorganizations and the deletion of at least the complete TDNA region (see below), which could be responsible for the
alterations in this RAPD fingerprint. Additionally, the seven
nonpathogenic mutants also displayed identical fingerprints to

those of the respective inoculated strains with primers ERIC,
BOX, and REP, whereas another 20 randomly selected nonpathogenic clones showed different profiles (data not shown).
Together, these results show that only 7 of the 662 nonpathogenic clones analyzed were identical to the inoculated strains
of A. tumefaciens.
Strain IVIA1102 employed in experiment A was isolated in
Valencia, Spain, from a chrysanthemum tumor and was naturally resistant to high concentrations of kanamycin. Bacteria
from tumors induced by this strain were isolated in semiselective medium (42) devoid of kanamycin. Surprisingly, replica
plating of the 12 nonpathogenic clones isolated from these
tumors showed that although all were resistant to 100 g/ml
kanamycin, 7 of them displayed a RAPD pattern different from
that of the parental strain (Table 3 and data not shown),
indicating that antibiotic selection was not sufficient to guarantee the recovery of the inoculated strain.
In experiment C, the stability of virulence was examined in
100 individual clones each of two A. tumefaciens strains after
five serial inoculation passages in liquid culture medium with
or without antibiotic selection. After each passage and inoculation in tomato plants, no nonpathogenic mutant bacteria
were found in the 2,000 colonies examined.
Characterization of mutant bacteria with altered pathogenicity. We analyzed the molecular basis for the loss of pathogenicity in the seven nonpathogenic mutants obtained from
tumors induced by strains C58 and IVIA1102 (Table 3). With
this purpose, we examined the presence of the Ti plasmid on
each clone, the existence of T-DNA and the vir genes, and the
complementation of the mutant phenotype using plasmid constructions with overlapping inserts that covered the complete
vir region or the complete T-DNA region. These analyses
showed that the loss of pathogenicity was due to independent
molecular events (Table 4), at least for mutant bacteria isolated from different tumors.
With strain C58, only two true mutants were recovered from
tumors, one from a pepper plant (mutant P72) and one from a
tomato plant (mutant T1). Mutant P72 did not induce tumors
in either tomato or cherry, the host from which its parental
strain was isolated. This mutant possessed a Ti plasmid apparently of wild-type size (Fig. 4A) and produced the expected
amplicons with primers specific for genes tmr and virD (data
not shown); moreover, in complementation analyses, this

FIG. 4. Plasmid profiles of the nonpathogenic mutants derived from tumors induced by strains C58 (A) and IVIA1102 (B). The positions of
the pTi for C58 (210 kb) and IVIA1102 (120 kb) are indicated with arrows.
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a
Results of the inoculation of transformed colonies in tomato. ⫹, tumor; ⫺,
no tumor; ⫹d, tumor smaller than that caused by the parental strain. The same
results were obtained with six independent transformants per strain for each
plasmid tested.
b
Plasmid containing virH, virA, and virB genes; see Fig. 1.
c
Plasmid containing virG, virC, virD, and virE genes; see Fig. 1. This plasmid
plus pVCK219 covers the whole vir region of strain A6 (see Fig. 1).
d
Plasmid containing the entire T-DNA region from strain C58.

6509

6510

LLOP ET AL.

APPL. ENVIRON. MICROBIOL.

strain did not recover pathogenicity with any of the plasmid
constructions used (Table 4). These results suggest that mutant
P72 might contain a mutation in one or more chromosomal
genes that renders it nonpathogenic. Mutant T1 presented a
reduction in virulence, because it was nonpathogenic in tomato
but still produced tumors in cherry. The pathogenicity of this
mutant in tomato was completely recovered in complementation analyses with plasmid pTHE17, a construction containing
the entire T-DNA region, but not with two other plasmids that
covered the vir region (Table 4; Fig. 1). The analysis of the
T-DNA region in mutant T1 by PCR amplification with several
primers (Table 2) yielded an amplicon covering genes iaaM
and tmr that was around 1.3 kb larger than expected (Fig. 3A).
Sequencing of this amplicon showed that it contained a
1,319-bp insertion in position 17760 of gene iaaM (accession
no. AE007871) that was 99.7% identical to the insertion sequence IS426 (52) present in the genome of A. tumefaciens C58
(accession no. X56562) (Fig. 3B).
Strain C58 harbors two plasmids, pTi and a larger one
(pATC58) that has been shown to carry att (attachment) and
other genes, which are not essential for pathogenicity but
have a quantitative effect on virulence (37). Both P72 and
T1 showed no changes in the size of pTi but, instead of
pAtC58, contained a smaller plasmid (300 kb rather than
450 kb) (Fig. 4A), which likely is a deletion derivative of
pATC58. Additionally, we repetitively observed an intense
and distorted band in the plasmid profile of mutant P72 that
probably corresponds to a small, high-copy-number plasmid,
whose origin is unclear.
The five remaining mutants were derived from tumors produced in tomato plants by strain IVIA1102. Three of the mutants (T22, T38, and T67) produced no tumors in either tomato
or chrysanthemum, the host from which IVIA1102 was isolated. The remaining two mutants (T32, T76), however,
showed a reduction in virulence, because they were pathogenic
in chrysanthemum but produced tumors in tomato that were
significantly smaller than those produced by the parental strain

FIG. 6. Presence of the T-DNA region in nonpathogenic mutants
derived from IVIA1102. Plasmid DNA was digested with HindIII and
separated on an agarose gel before Southern hybridization; the probe
used was the complete T-DNA region from strain C58, obtained from
plasmid pTHE17. P, parental strain IVIA1102; M, marker HindIII
(Invitrogen).

(data not shown). All five mutants produced the expected
amplicons using the primer pairs for the virD gene, but only
mutants T32 and T76 produced the expected products with the
primer pairs specific for the T-DNA region (Fig. 5). Nevertheless, in complementation analyses, the pathogenicity of the five
mutants was restored by the construction containing the TDNA region (plasmid pTHE17) (Table 4), indicating that,
independently of the PCR results, all of them were affected in
this area. Four of these five mutants (T22, T32, T38, and T76)
showed an obviously altered plasmid profile (Fig. 4B). Strain
IVIA1102 contains a single plasmid of approximately 120 kb;
mutants T22 and T38 also contained a single plasmid, although
it was approximately twice that size. On the other hand, mutants T32 and T76 contained a plasmid identical in size to that
of the parental strain, but they also harbored an additional
plasmid of approximately 300 kb. Mutant T67 was the only one
containing a plasmid of a size similar to that of the wild-type
strain (Fig. 4B); however, hybridization analyses using T-DNA
as a probe clearly showed that this mutant lacks the entire
T-DNA region (Fig. 6). Likewise, the hybridization results
indicate that the T-DNA region was also absent in mutants T22
and T38, whereas mutants T32 and T76 showed the same
hybridization pattern as that of the parental strain (Fig. 6).
When the complete plasmid of IVIA1102 was used as a hybridization probe against the plasmids of mutants T22, T38,
and T67, these provided a positive hybridization signal, indicating that all these plasmids have sequences similar to that of
strain IVIA1102, despite their differences in size (Fig. 7).
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FIG. 5. Presence of genes virD and tmr in nonpathogenic mutant
bacteria. Mutants isolated from tumors induced in tomato by strain
IVIA1102 were analyzed by multiplex PCR using primer pairs
CYT1-CYT2 (CYT1-2) and VirDA-VirDE (VirDA-DE) (see the
legend to Fig. 1 for details on amplified fragments). P, parental
strain IVIA1102; M, 100-bp DNA size marker (Life Technologies);
C(⫺), negative control. The sizes of the amplicons are detailed on
the left.
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DISCUSSION
The population dynamics of Agrobacterium in soil and in the
ecological niches that it colonizes (roots, crown of plants) have
been investigated in previous works (6, 19, 20, 31, 33, 42). One
of the most striking aspects revealed by these works is the
predominant number of nonpathogenic isolates in tumors,
both natural and derived from inoculations, or in infested soil.
In the present work, we examined carefully the frequency of
appearance of nonpathogenic variants, both in vitro and in
planta, using a larger number of Agrobacterium strains and
hosts than that used in previous studies. Additionally, a fundamental aspect of our work was the use of efficient, reproducible, and highly specific RAPD fingerprinting analysis (24)
to verify the origin of the putative nonpathogenic clones. In
agreement with previous results (33), we observed a relatively
high proportion of nonpathogenic clones from different tumors, which generally were of a unique type when originating
from a given tumor but differed from those of other tumors
and lacked the vir and T-DNA genes (Table 3). However, the
analysis of 5,419 colonies recovered from tumors indicates
that, under our conditions, the rate of the appearance of bona
fide nonpathogenic mutants was very low. Indeed, although
662 of the analyzed clones (12.2%) were nonpathogenic in
tomato plants, only 7 of them (0.1%) can be considered to be
truly derived from the inoculated strains, as shown by the
coincidence of their RAPD fingerprints (Table 3); in fact, this
figure is probably an overestimation because mutants T22 and
T38 are likely isolates of the same clone, as they were isolated
from the same tumor and showed identical phenotypes and
plasmid profiles, as well as mutants T32 and T76, which could
reduce the total number of mutants found to only 5. These
results do not necessarily imply that the nonpathogenic clones
isolated from tumors in other works derive from strains that
are different from those originating the tumor, although they
clearly demonstrate the need to use accurate and reliable
methods for verification of the origin of putative nonpathogenic mutant bacteria. For instance, antibiotic resistance has
been traditionally used for strain identification; however, we
observed that inoculation of a spontaneous kanamycin-resistant strain (Table 3, see strain IVIA1102) did not prevent the
isolation of other agrobacteria, which were also resistant to
kanamycin but different from the inoculated strain. The inclusion of two or more antibiotics in the selection medium (4)
should potentially circumvent this problem, although it would
still be necessary to reliably identify the origin of the putative

nonpathogenic mutant bacteria, because it is common to find
bacteria in plants or soil that are resistant to one or several
antibiotics (29).
Other authors found that some strains of A. tumefaciens
originated a large proportion of nonpathogenic mutant bacteria in vitro in the presence of acetosyringone (13, 33), a phenolic plant compound produced in wounds that induces the
expression of vir genes. This phenomenon was interpreted as
an explanation for the putative generation of nonpathogenic
mutant bacteria in tumors and their unexplained selective advantage in these tissues. In contrast, our results indicate that
the frequent occurrence of nonpathogenic clones in tumors
was not the consequence of the repeated generation and strong
selection of mutant bacteria but was due mainly to the growth
of clones of nonpathogenic agrobacteria different from the
strain that produced the tumor. Due to the inoculation of
axenic cultures in healthy plants with sterilized substrates,
these nonpathogenic environmental agrobacteria that might be
colonizing the plant tumors could be at a great numerical
disadvantage compared to the bacteria used as inoculum. Additionally, and depending on their origin, these environmental
agrobacteria will predictably have to gain access to the interior
of the plant and reach the tumor tissues. In spite of this,
nonpathogens appeared in just over one-third of the tumors
analyzed, suggesting a very strong selective pressure that would
favor them rather than the pathogenic bacteria. The coinoculation of wild-type and nonpathogenic strains in competition
experiments would be of great interest to test this hypothesis.
We can foresee the following three possible origins for these
nonpathogenic agrobacteria that exhibited RAPD patterns different from those of the parental strains: (i) they were present
as undetected contaminants in the original bacterial culture
used as inoculum; (ii) they are indeed mutant bacteria derived
from the inoculated strain; or (iii) they were present as endophytes in the inoculated plants or reached the plants from
external sources, such as the irrigation water.
In the first option, it is highly unlikely that the nonpathogenic agrobacteria appear in tumors as a result of the contamination of the culture used as inoculum, because not all the
tumors contained nonpathogens and because we found different bacteria in different tumors. Besides, and most importantly,
all the bacterial strains used for inoculations were purified
several times, were cryoconserved as axenic suspensions, and
as an additional precaution, were purified again through three
successive single-colony passages before inoculum preparation. Furthermore, we checked the stock of strain C58 for the
presence of possible contaminants by PCR targeting the insertion sequence observed in mutant T1, and the results were
negative (data not shown). These procedures will practically
eliminate the possibility that inocula can be contaminated with
as many as five different types of nonpathogenic agrobacteria.
The second option, that all of the nonpathogens derive from
the inoculated strain, is also difficult to explain. Three of the
true mutants identified here showed the disappearance of one
band in the RAPD pattern with one of the four primers used
(Fig. 2B), which could be caused by the plasmid reorganizations that they suffered (Fig. 4B). However, it is highly improbable that other nonpathogenic agrobacteria derive from the
inoculated strains because their RAPD patterns were highly
dissimilar, which would entail the occurrence of frequent and
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FIG. 7. Hybridization of uncut plasmids from strain IVIA1102
and mutants T22, T38, and T67 derived from it, using the single
plasmid from IVIA1102 as a probe; plasmids were separated in an
Eckhardt gel.
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Six of the seven true nonpathogenic mutants identified in
this work, mutant P72 being the exception, were affected in the
T-DNA region, which is responsible for the biosynthesis of
phytohormones, and their pathogenicity was fully complemented with plasmid pTHE17, containing this region in its
entirety. Mutant T1 contained an insertion of IS426 in the
iaaM gene, which is essential for the biosynthesis of the plant
phytohormone 3-indoleacetic acid, and was nonpathogenic in
tomato but could produce tumors in cherry. This result therefore suggests that the biosynthesis of 3-indoleacetic acid is
dispensable for the production of tumors in cherry but essential for the production of tumors in tomato in this strain. A
similar effect on host range was observed in Agrobacterium vitis
strains, which suffered a reduction in host range capabilities
when this gene was removed, due to the insertion of an IS (40).
The insertion sequence IS426 has been previously found to be
associated with spontaneous mutations in the pTi of strain C58
that lead to nonpathogenic variants (14, 52). Remarkably, we
detected alterations in the plasmid profiles of both mutants
obtained from strain C58, P72 and T1, although it is unclear if
they are in any way related to the loss of pathogenicity. Likewise, mutants T32 and T76 produced smaller tumors than the
wild-type strain in tomato but normal tumors in chrysanthemum, suggesting that the production of phytohormones negatively impacts the tumor production process in a host-dependent manner; nevertheless, we cannot discard the possibility
that these mutants are also affected in other genes of the
T-DNA region. The remaining three mutants, T22, T38, and
T67, lacked the complete T-DNA region (ca. 23 kb) and, in
consequence, could not induce tumors in either tomato or
chrysanthemum. These results strongly suggest that the TDNA region is a hot spot for the occurrence of diverse mutations that abolish pathogenicity.
All of the seven bona fide mutants suffered genetic changes
in their plasmids that led to conspicuous alterations of their
native plasmid profiles, except for mutant T67, even though
this mutant had suffered the deletion of the T-DNA region.
The existence of reorganizations in Agrobacterium is probably
favored by the numerous regions of homology among the plasmids and the chromosomes (15, 54). Horizontal plasmid transfer, plasmid cointegration, and rescue of chromosomal DNA
occur with a high level of frequency in related bacteria (12, 28,
47, 55), including Agrobacterium (23). Rearrangement between
plasmids that did not produce changes in their plasmid profiles
despite the interchange of genes they have suffered (55) or
structural changes producing the loss of a specific phenotype
have also been described (44), which could explain the changes
observed in the plasmids of the mutant bacteria obtained.
Thus, in three of the mutants (P72, T32, and T76), we observed
the appearance of an extra plasmid band, whose origin is unclear, that could be explained if the extra plasmid had been
horizontally acquired, probably from other agrobacteria
present in the tumor, or due to events of decointegrations, as
part of the several rearrangement outcomes already observed
in some plasmids in Rhizobium (12).
In conclusion, the presence of true nonpathogenic mutants
of Agrobacterium from tumors induced in 11 host plants was
found to occur at a very low level of frequency and was apparently nondependent on the host. Our data do not allow us to
determine whether the mutations leading to the loss of patho-
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massive genome reorganizations if they had a clonal origin.
Nevertheless, spontaneous elevated mutation rates (up to 100fold), or hypermutation, occur in several bacterial pathogens of
animals when exposed to stressful or changing environments or
to extreme nutrient limitation (48). Although this phenomenon has not been reported among bacterial plant pathogens,
we cannot entirely discard the possibility that part or all of the
nonpathogens encountered in tumor tissues are the result of a
boom in mutation rates and genome shuffling.
The third possible origin of the nonpathogenic clones whose
RAPD patterns differ from those of the inoculated strain (option iii) is that they were present as endophytes in the inoculated plants or reached the plant from external sources, which
is, in our opinion, the likeliest explanation. The occurrence of
endophytic agrobacteria in otherwise healthy herbaceous and
woody plants has been repeatedly shown by other authors (27,
49, 50, 53, 57). Conversely, it was reported that Agrobacterium
populations apparently decline rapidly in water, although they
can enter a viable but nonculturable state (26, 46), and it is
possible that they could recover from this state and colonize
plants. Therefore, our results strongly support that the majority of nonpathogenic agrobacteria found in plant tumors are
endophytes, or come from other environmental sources, as
indicated by the isolation of agrobacteria from the crowns of
uninfected tomato plants (data not shown). They coexist in the
tumors in a higher number than the pathogenic ones, and
surprisingly, they seem to be strongly selected in the tumor
environment in detriment of the pathogenic A. tumefaciens
originating the tumor, although such a habitat should theoretically favor the pathogenic bacteria and the pTi conjugation
(18, 19).
Several authors suggested that the occurrence of nonpathogenic agrobacteria is more common in certain plants than
others (4, 33). In this work, we analyzed agrobacteria from
tumors induced by seven A. tumefaciens strains in 12 different
hosts, and we found only seven nonpathogenic mutants that
are clearly derived from the inoculated strain in pepper and
tomato (Table 3), although it would be premature to extract
conclusions from such a low number of mutants. Additionally,
we also found a differential occurrence of nonpathogenic environmental agrobacteria in tumors from different plant hosts
(Table 3); for instance, they were very common in tumors from
woody plants (experiment B) but less frequent in those from
herbaceous hosts (experiment A). Again, we believe that it is
not possible to conclude whether or not the host influences the
occurrence of nonpathogenic environmental agrobacteria in
tumors, because their origin is as yet unknown and the frequency of their occurrence can be subjected to many factors
unrelated to the experiment variables. Indeed, plants of experiment A were inoculated in the stem, which would predictably
reduce competition and antagonism and probably would result
in a larger number of tumors colonized by pathogenic bacteria,
as it occurred experimentally. Conversely, pathogenic agrobacteria were added to sterile soil in experiment B, where environmental agrobacteria reaching the plant, for instance, with
irrigation water, could invade the same wounds as the pathogens and quickly colonize the tumor. Based on our results, it
shall then be necessary to design appropriate new experiments
to test the putative differences between herbaceous and woody
hosts to promote the growth of nonpathogenic agrobacteria.
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genicity occurred before inoculation or were favored by the
tumor environment. The causes of the total or reduced loss of
virulence were variable and generally related to genetic modifications in the Ti plasmid. Also, new plasmids of unclear
origin were found colonizing derivates of the inoculated strain,
which suggests a high rate of horizontal transfer among bacteria coexisting in the tumor.
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