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Crown gall tumors, collected from branches of 1-year-old weeping fig (Ficus benjamina L.) trees, yielded both
tumorigenic and nonpathogenic agrobacteria. On the basis of classical diagnostic tests, the nonpathogenic
strains were identified as Agrobacterium tumefaciens, whereas the tumorigenic strains could not be assigned to
any of the known terrestrial Agrobacterium spp. The tumorigenic strains also differed from other members of
the genus by producing more acid from mannitol. According to cluster analysis of carbon substrate oxidation
(GN Microplate; Biolog, Inc.) and fatty acid content, the tumorigenic fig strains were distinct from strains of
A. tumefaciens, Agrobacterium rhizogenes, Agrobacterium vitis, and Agrobacterium rubi. Furthermore, they had
unusual opine metabolism, inducing tumors that synthesized nopaline and three recently discovered opines:
chrysopine (d-lactone of N-1-deoxy-pD-fructosyl-L-glutamine), N-1-deoxy-pD-fructosyl-L-glutamine, and N-1-deoxy-D-
fructosyl-5-oxo-L-proline. The nonpathogenic A. tumefaciens strains present in the same tumors were unable to
degrade any of the opines tested. The phylogenetic position of the tumorigenic fig strain AF3.10 was inferred
from comparing its rrs (i.e., 16S rRNA gene) sequence with those from the type strains of Agrobacterium and
Rhizobium species. The analysis showed that strain AF3.10 clustered with A. tumefaciens and A. rubi but not
with A. vitis and was far removed from A. rhizogenes. However, the sequence was sufficiently different from those
of A. tumefaciens and A. rubi to suggest that the tumorigenic fig strain may be a new Agrobacterium species that

is as different from A. tumefaciens and A. rubi as these two species are from one another.

The genus Agrobacterium Conn (13) is a member of the
family Rhizobiaceae (35) which has been included in the al-
pha-2 subclass of Proteobacteria on the basis of ribosomal char-
acteristics (63). Until recently, the delineation of species within
the genus Agrobacterium was based mainly on plasmid-borne
pathogenicity characters and included Agrobacterium ra-
diobacter, Agrobacterium rhizogenes, Agrobacterium rubi, and
the type species Agrobacterium tumefaciens (35, 53). However,
according to chromosome-encoded characteristics, most
Agrobacterium strains are grouped into biovars not correspond-
ing to pathogenicity (reviewed in reference 35). Not including
the five marine species recently described as a distinct subdi-
vision within the genus Agrobacterium (47), the genus is com-
posed of at least four distinct and separate taxa (5, 16, 30, 34,
52,60, 61, 64). DNA-DNA homology studies showed that these
taxa corresponded to genospecies (15, 17, 28, 43): the Agrobac-
terium biovar 1 species, A. rhizogenes (formerly biovar 2) (52),
Agrobacterium vitis (formerly biovar 3) (43), and A. rubi. The
choice of species epithets for the biovar 1 taxon remains con-
troversial; in this report, we will refer to biovar 1 strains as A4.
tumefaciens, regardless of pathogenicity (3, 29). The phyloge-
netic relationships of members of the genus Agrobacterium
have been determined by r7s (i.e., the 16S rRNA gene accord-
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ing to Riley’s nomenclature [46]) sequencing (52, 61, 64). Two
major lineages were distinguished: one includes A. rhizogenes
along with most Rhizobium species; the second includes A.
tumefaciens, A. vitis, A. rubi, and a distinct strain, NCPPB 1650,
along with Rhizobium galegae. Thus, in the genus Agrobacte-
rium, biochemical traits permit the characterization of species
which in turn could be identified by rrs sequencing.

Agrobacteria are soil microorganisms (6, 7), some of which
induce crown gall tumors primarily at the crown or on roots.
However, symptoms can develop on aerial parts of systemically
infected plants (e.g., Vitis spp., Rosa spp., and Rubus spp.). The
ability of strains to cause crown gall depends on the presence
of a Ti plasmid (pTi), a fragment of which (i.e., the T-DNA) is
transferred during infection into wounded plant cells (re-
viewed in reference 62). The T-DNA is stably integrated into
the nuclear genome of the plant cell, where its expression leads
to the synthesis of plant hormones and unusual compounds
termed opines (reviewed in references 18 and 62). Opines play
a major role in the epidemiology of crown gall and the ecology
of Agrobacterium spp.: (i) they serve as carbon and/or nitrogen
sources for the tumor-inducing bacterium and (ii) some induce
conjugal transfer of the pTi to the neighboring nontumorigenic
agrobacteria (18, 25, 27). Various opines are synthesized in
crown gall tumors incited by different types of pTi’s; however,
utilization of opines and induction of conjugal transfer are
specific to pTi’s that belong to the same opine-type as the
inciting pTi. These features contribute to the dissemination of
the inciting pTi and the growth of its bacterial host.

In the spring of 1991, aerial galls (up to 5 cm in diameter)
were observed in 1-year-old weeping fig (Ficus benjamina L.)
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trees grown in a Florida nursery where disease incidence was
nearly 100%. The galls generally developed at branch extrem-
ities which had been pruned. Actively growing galls exhibited a
smooth, beige to orange surface, while older ones were wrin-
kled and gray. The trees originated from cuttings obtained
from old hedges in South Florida after the freeze of 1989.
Crown gall was reported on fig trees as early as 1919, when
extremely large tumors were observed on roots of Ficus aurea
Nutt, growing in the Florida Everglades (24). Although galls
have been reported on stems of weeping fig (9), the casual
agent has to our knowledge never been characterized. In this
article, we report on the isolation of a new group of agrobac-
teria associated with these galls.

MATERIALS AND METHODS

Isolation of bacteria. Bacteria were isolated from 10 galls collected from five
different trees. Small fragments of living tumor tissue were minced with a sterile
scalpel blade in a few drops of sterile deionized water. The suspension was left
standing for approximately 15 min, and 100 pl was spread with a loop onto the
Agrobacterium-selective media; namely, 1A, 2E, and Roy-Sasser (40). The inoc-
ulated plates were incubated for 1 week at 28°C. Representative colony types
growing on the different media were selected from each gall sample and purified
by successive streaking on King’s medium B (37) and potato dextrose agar (Difco
Laboratories, Detroit, Mich.) supplemented with 0.08% (wt/vol) CaCO; (4).
Those strains which did not fluoresce on King’s medium B were kept at 4°C on
potato dextrose agar-CaCOj slants for routine use and frozen at —70°C in 15%
(vol/vol) glycerol for long-term storage.

Pathogenicity assay. The ability of presumptive agrobacteria to cause crown
gall was examined by stem prick inoculation (40) of 6-week-old tomato (Lyco-
persicon esculentum Mill. cv. MicroTom) and 15-cm-high weeping fig plants kept
in a growth chamber at 25°C. Tumor formation was assessed 6 to 8 weeks after
inoculation.

Detection of opines in fig and tomato tumors. Fig and tomato tumors, ranging
in weight from 16 to 146 mg, were preserved in 3 ml of 70% ethanol until
extraction a few days later. The tumors were removed from 70% ethanol, air
dried overnight, and then ground in a coffee mill. The resulting powder was then
extracted overnight in the original 70% ethanol. Healthy fig (60 mg) and tomato
stem (35 mg) tissues were included as negative controls. Each extract was con-
centrated to 150 pl by vacuum evaporation. The presence of opines in the
concentrated tumor extracts was investigated by high-voltage paper electro-
phoresis and then by the appropriate staining reaction.

To enhance the sensitivity for detection of leucinopine or succinamopine (if
present), the tumor extract was enriched for iminodiacid opines by fractionation
on an jon-exchange column. Extracts of eight fig tumors (three field tumors and
five tumors incited by fig strains AF1.72, AF3.10, AF3.44, AF3.53, and AF3.9)
were pooled and adsorbed onto a 1.5-ml column of Dowex 50H". Sugars and
other nonretained metabolites were washed out with 8 ml of water. The column
was then eluted with 28 ml of deionized water, a fraction in which the iminodi-
acids are known to elute (11, 12). Following this, chrysopine (d-lactone of
N-1-deoxy-p-fructosyl-L-glutamine), DFG (N-1-deoxy-p-fructosyl-L-glutamine),
nopaline, and amino acids were eluted with 1 M ammonium hydroxide. Both the
iminodiacid fraction and the amino acid fractions were concentrated on the
rotary evaporator to 200 pl and analyzed by high-voltage paper electrophoresis.
A volume of 15 to 30 pl of concentrated tumor extract or column eluate was
deposited on 1 cm of Whatman 3MM paper and electrophoresed for 30 to 60 min
at 2,000 V (40 V/cm) in the appropriate buffer. Nopaline and octopine were
analyzed at pH 1.8 and detected with phenanthrenequinone reagent (66). The
presence of nopaline was also confirmed by analysis at pH 4.0. Examination for
the presence or absence of succinamopine and leucinopine was conducted by
electrophoresis at pH 2.8, and standards were detected with AgNOj-mannitol
(12). Cucumopine and mikimopine were analyzed at pH 1.8 with diazotized
p-aminobenzene sulfonic acid as the detection reagent (66). Chrysopine and
DFG were analyzed at pH 1.8 and detected as brown spots with silver nitrate
reagent (55). Chrysopine and DFG comigrate with agropine and mannopine,
respectively; however, only chrysopine and DFG react with triphenyltetrazolium
reagent (66). Chrysopine was also analyzed at pH 2.8, at which it moves slightly
cationically. Opine standards used in this study were synthesized by methods
described previously (10-12, 14, 31, 32). The synthetic mixture of threo- and
erythro-succinamopine was biochemically resolved by use of A. tumefaciens
A281(pTiBo542) to catabolize S,S-succinamopine. The remaining R,S-succi-
namopine was recovered by absorption onto Dowex 50H" ion-exchange resin
and elution with 20 bed volumes of distilled water.

A feature associated with nopaline pTi is the sensitivity of the bacterium to
agrocin 84, a bacteriocin produced by the biological control agent A. rhizogenes
K84 (21). Strains were tested for agrocin sensitivity on agar plates by the method
of Stonier (54). The agrocin-sensitive strain C58 and its agrocin-resistant deriv-
ative C58C1 were used as references.
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Diagnostic tests. The identity of each suspected Agrobacterium sp. strain was
determined by the appropriate biochemical and physiological tests (40): reaction
on litmus milk, alkali production from malonic acid and r-tartaric acid, oxidase
reaction, growth at 35°C and on 2% (wt/vol) NaCl, growth and pigmentation on
ferric ammonium citrate, utilization of Simmons citrate, and oxidation of lactose
to 3-ketolactose. In addition, the strains were tested for acid production on
potato dextrose agar-CaCOj3 (4) and mannitol-CaCOz; medium (containing [in
grams per liter]: mannitol, 10; Difco nutrient broth, 2; yeast extract, 0.5; CaCOs,
0.8; agar, 15).

Carbon substrate utilization. The ability of the fig strains to oxidize 95 sub-
strates from the Biolog GN MicroPlate (Biolog, Inc., Hayward, Calif.) was
compared with that of strains from other taxa by use of our Agrobacterium
database (5). Inoculation, incubation, data acquisition, and cluster analysis were
performed as described previously (5).

Fatty acid analysis. The procedures used to prepare, extract, and differentiate
fatty acids by gas-liquid chromatography have been described previously (51).
The fatty acid profiles of the fig strains were compared with those of our
Agrobacterium database (5) and used to determine the Euclidian distance to
other Agrobacterium spp.

DNA extraction and hybridization. Extraction of genomic DNA was per-
formed as described by Dhaese et al. (19) on 10 ml of overnight bacterial cultures
grown in nutrient broth medium. Endonuclease treatments of genomic DNA and
analysis of restriction fragments in 0.8% low-electroendosmosis agarose (Boehr-
inger Mannheim Co., Indianapolis, Ind.) gels were carried out by standard
procedures (49). Southern hybridization was performed on genomic DNA di-
gested with the endonuclease BamHI. The restriction fragments were transferred
onto a nylon membrane (Hybond N; Amersham Co., Arlington Heights, Il1.) by
standard protocols (2). Hybridization and detection of the DNA-DNA duplex
were performed with digoxigenin-labelled probes as described by the manufac-
turer (Boehringer Mannheim) and with modifications described elsewhere (58).
To obtain probes generated from tumorigenic fig strain DNA, HindIII restriction
fragments obtained from genomic DNA of strain AF3.9 were randomly cloned
into pUCI18 and propagated into Escherichia coli strain DH5a by standard
procedures (49, 65). Two of these randomly cloned HindIIl fragments, with
apparent sizes of 4.8 and 5.5 kb, were gel purified (GeneClean; Bio 101, Inc., La
Jolla, Calif.), labelled with digoxigenin-modified nucleotides, and used as fig-
generated probes. Because strain AF3.9 contains at least one plasmid, these two
fig-generated probes were hybridized to both plasmid and chromosomal DNA
sequences of strain AF3.9; the probes detected only chromosomal DNA se-
quences of this strain. In Southern hybridization assays, these two fig-generated
probes were always used as a mixture. By similar procedures, a 5.5-kb DNA
fragment was randomly cloned from HindIII-digested genomic DNA of the
plasmid-free, nonpathogenic A. tumefaciens strain 3.1 isolated from a weeping fig
tumor. This fragment was used as a probe for nonpathogenic A. tumefaciens
strains.

PCR-restriction fragment length polymorphism typing. To identify the chro-
mosomal genotypes of each Agrobacterium strain, primers FGPS6-63 (GGA
GAG TTA GAT CTT GGC TCA G) and FGPL132'-38 (CCG GGT TTC CCC
ATT CGG) were used to amplify the r7s+IGS region consisting of rrs (i.e., 16S
rRNA gene) and the intergenic spacer (IGS) located between the rrs and the rrl
(i.e., 23S rRNA gene) as described previously (45). The amplified products were
digested with Taql, Rsal, Haelll, or Sau96l. Restriction fragments were sepa-
rated by electrophoresis on a 3% (wt/vol) agarose gel and stained with ethidium
bromide (0.4 mg/liter).

Sequencing and phylogenetic analysis. Amplification of rrs (16S rRNA gene)
of strain AF3.10 was performed with primers FGPS6-63 and FGPS1509'-153
(AAG GAG GGG ATC CAG CCG CA) (47), which contain restriction sites
BgIII and BamHI, respectively. The 1.5-kb fragments (corresponding to 95% of
the gene), purified with the GeneClean kit (Bio 101), were restricted with the
appropriate restriction endonucleases, ligated into the Bg/II-BamHI-restricted
pBluescript IT SK vectors, and cloned into E. coli DH5aF’ (Bethesda Research
Laboratories, Cergy-Pontoise, France). Plasmid DNA from E. coli was prepared
by the alkaline lysis procedure (38). Three clones were sequenced by the dideoxy
chain termination method of Sanger et al. (50). Twelve primers (FGPS310-20,
GAG ACA CGG CCC AGA CTC CT; FGPS485-292, CAG CAG CCG CGG
TAA; FGPS747-293, AAC AGG ATT AGA TAC; FGPS1047-295, ATG TTG
GGT TAA GTC; FGPS1156-39, GAC GTC AAG TCA CAT GCC C;
FGPS305’-78, CCA GTG TGG CCG GTC GCC CTC TC; FGPS505'-313, GTA
TTA CCG CGG CTG CTG; FGPS659'-64, CAC CGC TAC ACC AGG AAT
TC; FGPS910'-270, AGC CTT GCG GCC GTA CTC CC: FGPS1176'-112,
GGG GCA TGA TCA CTT GAC GTGC; and primers T7 and T3 from Pharmacia
[LKB Biotechnologies, Uppsala, Sweden]) were necessary to determine the
whole rrs molecule on both strands. The dideoxy chain termination sequencing
procedure was performed with the T7 sequencing kit (Pharmacia). The EMBL
accession number of the AF3.10 rrs sequence is Z30542. Sequences of rrs genes
of A. rhizogenes, A. rubi, A. vitis, R. galegae, Rhizobium tropici, Rhizobium legu-
minosarum, Rhizobium fredii, Rhizobium meliloti, Rhizobium loti, Bradyrhizobium
Japonicum type strains, strains of A. tumefaciens (B6 = ATCC 23308 = NCPPB
2437 = 1AM 13129 = LMG 187, and ICPB TT111 = LMG 196 identical to the
sequence of DSM 30150 = IAM 14141), and Agrobacterium sp. strain NCPPB
1650 were obtained from the EMBL and GenBank databases (52, 61, 64).
Sequences were aligned with SeqApp (Internet resource available via anony-
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mous ftp to ftp.bio.indiana.edu) and Segboot from the Phylip package (22a).
Matrix pairwise comparisons were corrected for multiple base substitutions by
the method of Juke and Cantor (33). Phylogenetic trees were constructed by the
neighbor-joining method (48). A bootstrap confidence analysis was performed
with 100 replicates to determine the reliability of the tree topology obtained (22).

RESULTS AND DISCUSSION

Isolation of phenotypically distinct tumorigenic and nontu-
morigenic agrobacteria from aerial fig tumors. Of 32 putative
Agrobacterium strains recovered from the weeping fig tumors
sampled, 15 were randomly selected for analysis. Seven strains
(AF1.72, AF3.43, AF3.44, AF3.53, AF3.81, AF3.9, and
AF3.10) when inoculated into weeping fig and tomato plants
induced tumor formation on both plant species. Six of the
tumorigenic strains were originally isolated on Roy-Sasser me-
dium, which is semiselective for A. vitis, whereas strain AF1.72
was isolated on medium 1A, which is semiselective for A.
tumefaciens. Eight nonpathogenic strains present in the same
tumors were identified as A. tumefaciens on the basis of carbon
substrate utilization (Table 1; Fig. 1), fatty acid content (Table
2; Fig. 2), and traditional diagnostic tests (Table 3). In contrast,
the tumorigenic strains could not be assigned to any of the
previously reported Agrobacterium spp. on the basis of the
diagnostic tests (Table 3). With the exception of a few A. vitis
strains, the tumorigenic fig strains produced larger quantities
of acid from mannitol than the other agrobacteria tested (see
list of strains in reference 4); this characteristic of the tumor-
igenic fig strains was easily recognized after 4 days at 28°C by
the production of a clear zone around the bacterial growth on
mannitol-CaCO5; medium.

Phenotypic differences of the tumorigenic fig strains from
other Agrobacterium spp. were confirmed by cluster analyses of
carbon substrate oxidation patterns and, to a lesser extent,
fatty acid profiles. Both assays segregated the tumorigenic fig
strains from other agrobacteria (Fig. 1 and 2). Analysis of the
carbon sources oxidized by tumorigenic fig strains revealed
that this group of strains oxidized the carbon compounds pre-
viously reported to be common substrates for other agrobac-
teria (5). However, tumorigenic fig strains were differentiated
from other agrobacteria by their inability to oxidize cis-aconitic
acid (Table 1), a substrate utilized by other agrobacteria. Sev-
eral other carbon substrates differentiated the tumorigenic fig
strains from the other Agrobacterium spp. (Table 1). Analysis
of the fatty acid composition of the tumorigenic fig strains
revealed the predominance of cis-vaccenic acid (18:1,, cis),
which accounted for about 71% of the total fatty acid profile
(Table 2). The high level of cis-vaccenic acid is typical of
agrobacteria (5). Other major fatty acids shared with other
agrobacteria were palmitic acid (16:0), 3-hydroxymyristic acid (3-
OH-14:0), 3-hydroxypalmitic acid (3-OH-16:0), and lactobacillic
acid (19:0 cyc ¢ cis). Palmitoleic acid (16:1,, cis) was also present
in significant amounts. With the exception of A. tumefaciens
K15/73 (5), the tumorigenic fig strains contained more palmitoleic
acid than any other Agrobacterium strain tested (Table 2).

Screening for the presence of opines in tumors incited by the
fig strains on tomato and weeping fig allowed for the detection
of nopaline and two recently discovered opines; namely, chry-
sopine and DFG. Additional investigation (58) allowed us to
detect a fourth opine, N-1-deoxy-D-fructosyl-5-oxo-L-proline.
These opines were found to be metabolized by A. tumefaciens
Chry?9 isolated from galls of chrysanthemum (Dendranthemum
X grandiflorum [Ramat] Kitamura) grown in Florida (8, 20,
58). These opines were also detected in four naturally infected
fig tumors, whereas nopaline was detected in two of these
tumors. As reported elsewhere (58), octopine, leucinopine,
and succinamopine were not detectable in unfractionated ex-
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TABLE 1. Differential oxidation of substrates (Biolog GN
MicroPlate) by tumorigenic fig (AF) strains and
other Agrobacterium species

Differential oxidation® by:

Substrate A. tume-  A. rhizo-

- e » A vitis® A rubi®
faciens”<  genes

Glycogen +
Tween 40 and Tween 80 -
N-Acetyl-D-galactosamine ~ —
N-Acetyl-D-glucosamine
i-Erythritol

a-Lactose

a-D-Lactose lactulose
D-Melibiose
B-Methylglucoside
D-Raffinose

Xylitol

Acetic acid

cis-Aconitic acid -
Citric acid -
Formic acid -
D-Galactonic acid lactone -
D-Gluconic acid -
D-Glucosaminic acid -
D-Glucuronic acid -
a-Hydroxybutyric acid v
B-Hydroxybutyric acid -
a-Ketobutyric acid v
a-Ketoglutaric acid -
Malonic acid -
Propionic acid \
D-Saccharic acid +
Succinamic acid -
D-Alanine -
Glycyl-L-aspartic acid -
Hydroxy-L-proline -
L-Leucine -
L-Pyroglutamic acid -
L-Threonine +
DL-Carnitine -
y-Aminobutyric acid -
Uroncanic acid -
Inosine

Gycerol
Glucose-1-phosphate
Glucose-6-phosphate

< <

+

I+ + 11
Frrr++++1

l+«+++ 1 +<++

+

I+ +++++a+ | +a++

l+a++++ 1 +++++++
I« + + |

<
+

l «« <« + 1 ++ <«

+
+

|
L+l ++++ 1 +++ 1 +++ |

I+ + 1 ++ <« I
lF+< 1 11T +4+ 1 + <
l«+ 1 11 1 +<

|
I <
|

+

L+ ++++ 1 ++++ 1

+

+ o+ +
+ o+ o+

“ Symbols: +, substrate oxidized by more than 80% of the strains; —, substrate
oxidized by less than 20% of the strains; v, substrate oxidized by 20 to 80% of the
strains.

b Carbon substrate oxidation data for A. tumefaciens, A. rhizogenes, A. vitis, and
A. rubi are presented elsewhere (5).

¢ Substrate oxidation patterns of the eight nonpathogenic strains isolated from
aerial weeping fig tumors were similar to those of other A. fumefaciens strains.

tracts of any of the tomato or fig tumors. These results were
confirmed by a more sensitive opine detection method based
on the analysis of pooled tumor extract fractions enriched for
iminodiacids (see Materials and Methods). Investigating the
presence of agropine and mannopine is complicated by the fact
that agropine and mannopine comigrate with chrysopine and
DFG, respectively. All four opines are oxidized by silver ni-
trate, but only chrysopine and DFG react with triphenyltetra-
zolium. With this reagent, it was possible to demonstrate the
presence of chrysopine and DFG in tumors but not to analyze
independently for agropine and mannopine. The absence of
agropine in the tumors was inferred from catabolic data re-
ported elsewhere (58). Resistance of the tumorigenic fig strains
to agrocin 84 is further evidence that the nopaline-chrysopine
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FIG. 1. Dendrogram showing the relationships between the tumorigenic fig
(AF) strains and other Agrobacterium spp. based on differential oxidation of the
95 carbon substrates available in the Biolog GN Microplate. Strains of A. tume-
faciens, A. rhizogenes, A. vitis, and A. rubi are from the Agrobacterium database

).

pTi harbored by these strains is not closely related to the
common nopaline or agrocinopine pTi found in agrocin 84-
sensitive strains. Resistance to agrocin 84 also suggests that
strain K84 may not be an effective biological control for crown
gall outbreaks on weeping fig trees.

Interestingly, none of the nonpathogenic A. fumefaciens
strains isolated from the fig tumors could catabolize any of the
opines present in these tumors (unpublished data). The pres-
ence of nontumorigenic agrobacteria in crown or root tumors
is common (40); they are thought to be opportunistic bacteria
from soil invading the nutrient-rich tumor environment. How-
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EUCLIDIAN DISTANCE

20
L L ] 1 ]

AF strains (n=7)

A. tumefaciens
clusterA (n=9)

A. tumefaciens
clusterB (n =14)

A.vitis (n=14)

A. rubi ICcPB TR2

A. rhizogenes (n=16)

FIG. 2. Dendrogram showing the relationships between the tumorigenic fig
(AF) strains and other Agrobacterium spp. based on fatty acid composition data.
Strains of A. tumefaciens, A. rhizogenes, A. vitis, and A. rubi are from the Agrobac-
terium database (5).

ever, the origin of these nontumorigenic A. tumefaciens strains
and the reason for their presence in aerial fig tumors remain to
be determined.

Genotypic analysis of the tumorigenic fig strains. The tu-
morigenic fig strains appeared very closely related as indicated
by their identical DNA patterns obtained by (i) BarmHI diges-

TABLE 2. Mean percent fatty acid composition of tumorigenic fig (AF) strains and other Agrobacterium strains®

Mean % fatty acid composition of:

Fatty acid A. tumefaciens
AF A. rhizogenes A. vitis A. rubi
Cluster A Cluster B

3-OH-14:0° 6.9 0.5 6.5+ 1.0 7812 55%08 6.6 0.9 tr¢
16:1 ,cis 6.2=*0.2 2808 38+09 tr 49 =07 tr
16:0 8.1+ 0.6 81*x14 92+1.0 48 £0.8 4.6 £0.7 3.8
16:0 3.6+0.5
3-OH-16:0 41x02 41x07 4.6 0.7 6.6 1.0 tr
18:1,,cis” 71.0 1.4 752 *+3.1 674+ 1.9 62.6 2.2 744 23 63.6
18:0 tr tr 3.4
19:0 cyc,gcis 25 x0.6 23£09 50x13 85+22 tr 22.7
19:0 10-methyl tr tr tr tr 25+04

“ Fatty acid data for A. tumefaciens (clusters A and B), A. rhizogenes, A. vitis, and A. rubi are presented elsewhere (5).
b Identified as Summed Feature 3 of the Microbial ID library (trypticase soy broth agar, version 3.70).

¢ tr, trace amounts (<2.0%) detected.

“ Identified as Summed Feature 7 of the Microbial ID library (trypticase soy broth agar, version 3.70).
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TABLE 3. Reaction of tumorigenic fig (AF) strains to biochemical
and physiological tests used to distinguish agrobacteria

Reaction” of:

Test Ap  Awme A thizo- L gy
faciens genes

3-Ketolactose - + - - —
Ferric ammonium citrate - + - - —
Growth at 35°C - + - v \
Growth on 2% NaCl + + — +
Oxidase + + — +
Litmus milk Alkali  Alkali Acid  Alkali Alkali
Citrate utilization - - + + —
Malonic acid - - + + +
Tartaric acid + - + +
PDA-CaCO4? v - + - -
Mannitol-CaCO; + - - v -

¢ Diagnostic tests are described in Materials and Methods and elsewhere (4,
40).
> Symbols: +, positive reaction by more than 80% of the strains; —, positive
reaction by less than 20% of the strains; v, positive reaction by 20 to 80% of the
strains.

¢ The reaction profiles of the eight nonpathogenic strains isolated from aerial
weeping fig tumors were similar to those of other A. tumefaciens strains.

4 PDA, potato dextrose agar.

tion (not shown), (ii) Southern hybridization with the 4. fume-
faciens probe obtained from the nonpathogenic strain 3.1 (Fig.
3A), and (iii) PCR amplification of the rrs+IGS region and its
subsequent digestion with restriction endonucleases (not
shown). All of these patterns were different from those ob-
tained with the nonpathogenic A. tumefaciens strains (Fig. 3).
These results suggest that most of the tumorigenic fig strains
are very closely related, perhaps clones of the same strain.
However, the restriction fragment length polymorphism pat-
terns obtained by hybridization with a mixture of the two
AF3.9 probes distinguished strain AF3.10 from the other tu-
morigenic fig strains; AF3.10 had one band missing (Fig. 3B).
Differences were also observed in the plasmid profiles of the
tumorigenic fig strains (58). These data confirmed those ob-
tained from the cluster analyses of fatty acid and carbon sub-
strate utilization assays, which suggested that strain AF3.10
was distinct but closely related to the other tumorigenic fig
strains. Thus, the tumorigenic fig strains did not belong to the
same clone. This close relatedness among the tumorigenic
population isolated from aerial fig tumors is in sharp contrast
to the situation encountered in other crown gall outbreaks,
where different tumorigenic strains are commonly found in the
same tumor (1, 42) and where the same pTi has been found
harbored by strains belonging to different species (39, 42). This
may be due to a particular affinity between the fig pTi and the
chromosomal background of the tumorigenic fig strains as re-
ported elsewhere (7, 44).

Phylogenetic position of the tumorigenic fig strain AF3.10.
Cluster analyses of carbon substrate utilization and fatty acid
composition inferred that the tumorigenic fig strains were
closely related to the Agrobacterium group. To determine the
relationship of the tumorigenic fig strains to other closely re-
lated bacteria, strain AF3.10 was selected for rrs sequencing
and phylogenetic analysis. No sequence presently available in
data banks was found to be identical to those of strain AF3.10.
However, the sequence of AF3.10 could be aligned with se-
quences from strains of A. tumefaciens, A. rubi, and strain
NCPPB 1650, while gaps were required for alignment of se-
quences of A. vitis and A. rhizogenes (Fig. 4). By use of all
pairwise comparisons, a phylogenetic tree was constructed
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FIG. 3. Restriction fragment length polymorphism analysis of BamHI diges-
tions of genomic DNA from tumorigenic fig strains (AF3.81, AF3.53, AF3.44,
AF3.43, AF3.10, AF3.9, and AF1.72), nonpathogenic A. tumefaciens strains
(3.51, 3.1, 1.101, and 1.32), and the reference strain C58C1RS (C1RS). (A) The
probe used was a 5.5-kb HindIII fragment, randomly cloned from the plasmid-
free A. tumefaciens strain 3.1. (B) Two probes, 5.5- and 4.8-kb HindIII fragments
randomly cloned from the tumorigenic fig strain AF3.9, were used together.

from the rrs sequences of members of the Rhizobiaceae family,
which confirmed the position of strain AF3.10 in a cluster
containing A. tumefaciens, A. rubi, and NCPPB 1650 strains
(100% of the bootstraps) (Fig. 5). However, the grouping of
AF3.10, NCPPB 1650, and A. rubi was not significant (52% of
the bootstraps), indicating that AF3.10 is no more closely re-
lated to A. rubi and NCPPB 1650 than to A. tumefaciens. The
concept of a bacterial genus is not as well defined as the
concept of bacterial species (59); species which appear closely
related by various criteria are nevertheless generally main-
tained in the same genus. Several authors reported that Rhi-
zobium and Agrobacterium species are phylogenetically inter-
twined (52, 61, 64), and a revision of the genera will probably
occur soon. However, whatever the future revision, the tumor-
igenic fig strains should be maintained in the same genus as 4.
rubi and A. tumefaciens because of the phylogenetic position of
the strain AF3.10 (Fig. 5), especially if the distantly related species
A. vitis and R. galegae are also included in the same genus.

At the species level, rrs data alone are not sufficient to draw
formal conclusions, but some important comments can be
made. The correlation between rrs diversity and DNA-DNA
homology depends upon the genus considered. Fox et al. (23)
showed that distinct Bacillus genospecies have identical rrs,
indicating that rrs identity is not a clue to species identity in this
genus. However, species in other bacterial genera can be dif-
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FIG. 4. Sequence of rrs of Agrobacterium sp. strain AF3.10 (EMBL accession number Z30542) and alignment with rrs sequences of six Agrobacterium strains. Only
the nucleotides that differ from those of AF3.10 are shown; identical nucleotides are indicated by dots, and gaps are indicated by dashes. Abbreviations: 3.10,
Agrobacterium sp. strain AF3.10; 1650, Agrobacterium sp. strain NCPPB 1650; A. ru, A. rubi; B6, A. tumefaciens NCPPB 2437; TT111, A. tumefaciens ICPB TT111; A.
vi, A. vitis; A. th, A. rhizogenes. Sequences are those of type strains unless a strain number is indicated.

ferentiated on the basis of rrs differences (26, 41, 45, 56, 57). In
the present study, rrs sequences of several strains belonging to
the same phylogenetic cluster provided a tool to evaluate the
relationships between nucleotidic substitutions in 7rs and dif-

ferences shown by other methods, including biochemical and
physiological assays (36) and DNA-DNA homology studies
(28, 35). The rates of nucleotidic substitutions (inferred from
Fig. 4) between B6 and TT111 and between A. rubi and
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FIG. 4—Continued.

NCPPB 1650 are relatively low (i.e., 0.6%). This low rate
occurs between strains which were considered either as belong-
ing to readily different species (NCPPB 1650 and A. rubi) or to
strains included in the same species but distantly related (B6
and TT111). Between the clearly distinct species A. tumefaciens

and A. rubi, the rate of nucleotidic substitutions ranged from
1.5 to 1.6%. Strain AF3.10 has a much greater rate of nucleo-
tidic substitutions, ranging from 1.8 to 2.7%, with A. rubi, A.
tumefaciens, and NCPPB 1650 strains. This clearly demon-
strates that the tumorigenic fig strains constitute a species as
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A.sp. NCPPB 1650

A. rubi

A. tumefaciens TT111

A. tumefaciens B6

A, vitis

R. galegae

A. rhizogenes
EH
R. tropici

R. leguminosarum

—R. meliloti
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FIG. 5. Phylogenetic relationships between Agrobacterium sp. strain AF3.10

and members of the genera Agrobacterium, Bradyrhizobium, and Rhizobium
based on rrs sequencing. All pairwise comparisons were done after correction for
multiple substitutions by the method of Juke and Cantor (33). Numbers indicate
percentages of grouping confidence calculated by bootstrap analysis (22). The
scale bar represents the rate of nucleotidic substitutions per nucleotide site.

distinct from A. tumefaciens and A. rubi as the two latter spe-
cies differ from one another, confirming results obtained by the
phenotypic tests. Thus, the tumorigenic fig strains belong to a
new species which should be included in the same genus of the
alpha-2 subclass that includes A. tumefaciens, A. rubi, and
strain NCPPB 1650.

f=a)

o
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