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The genus Agrobacterium includes plant-associated bacteria and opportunistic human pathogens. Taxonomy
and nomenclature within the genus remain controversial. In particular, isolates of human origin were all
affiliated with the species Agrobacterium (Rhizobium) radiobacter, while phytopathogenic strains were desig-
nated under the synonym denomination Agrobacterium tumefaciens. In order to study the relative distribution
of Agrobacterium strains according to their origins, we performed a multilocus sequence-based analysis
(MLSA) on a large collection of 89 clinical and environmental strains from various origins. We proposed an
MLSA scheme based on the partial sequence of 7 housekeeping genes (atpD, zwf, trpE, groEL, dnaK, ginA, and
rpoB) present on the circular chromosome of A. tumefaciens C58. Multilocus phylogeny revealed that 88% of the
clinical strains belong to genovar A7, which formed a homogeneous population with linkage disequilibrium,
suggesting a low rate of recombination. Comparison of genomic fingerprints obtained by pulsed-field gel
electrophoresis (PFGE) showed that the strains of genovar A7 were epidemiologically unrelated. We present
genetic evidence that genovar A7 may constitute a human-associated population distinct from the environ-
mental population. Also, phenotypic characteristics, such as culture at 42°C, agree with this statement. This

human-associated population might represent a potential novel species in the genus Agrobacterium.

Members of the genus Agrobacterium are well-known plant-
associated bacteria. Agrobacterium tumefaciens, Agrobacterium
rhizogenes, Agrobacterium rubi, Agrobacterium vitis, and Agro-
bacterium larrymoorei may be phytopathogens, causing diverse
tumors in plants (4, 45). Since A. tumefaciens is able to trans-
form vegetal cells, it has been used to obtain genetically engi-
neered plants (32, 40). In the past 2 decades, Agrobacterium
(Rhizobium) radiobacter has been recognized as an opportu-
nistic human pathogen responsible for nosocomial infections,
mainly bacteremia, peritonitis, and urinary tract infections
(1, 3, 10, 28). Bacteremias are usually secondary to the use
of intravenous devices (3, 11, 17). A. radiobacter strains have
also been found in the respiratory tracts of cystic fibrosis
patients (5).

The genus Agrobacterium belongs to the family Rhizobiaceae
in subphylum alpha of the proteobacteria (16). 16S rRNA
gene-based phylogeny grouped the genus Agrobacterium and
some fast-growing nitrogen-fixing bacteria of the genus Rhizo-
bium in the same clade (12). The paraphyly of the two genera
has led to diverse revisions of the nomenclature (12, 42, 43,
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44), but expert controversies have received little attention in
practice. Currently, A. tumefaciens, A. radiobacter, and R. ra-
diobacter have authority to denominate the same bacterium,
even if two type strains named A. tumefaciens CFBP 2413T and
A. radiobacter CFBP 24147, are deposited and validated. As a
rule, but without clear argumentation, clinical strains of the
genus Agrobacterium are usually affiliated with the species A4.
radiobacter, whereas A. tumefaciens includes environmental
phytopathogenic or nonphytopathogenic strains. In this study,
Agrobacterium (Rhizobium) strains will be named only Agro-
bacterium.

The strains of the genus Agrobacterium can be grouped into
three biovars on the basis of biochemical and physiological
tests and into 11 genomospecies defined by DNA-DNA hy-
bridization (30). Finally, relationships could not be established
among biovars, genomospecies, and species. In particular, bio-
var 1 corresponds to 9 genomospecies and contains the type
strains of A. tumefaciens and A. radiobacter.

Previously reported clinical strains were assigned to the ge-
nus Agrobacterium and to the species A. radiobacter (R. radio-
bacter) on the basis of conventional methods used for the
routine identification of oxidase-positive, nonfastidious, non-
fermenting Gram-negative bacilli or, though less frequently, on
the 16S rRNA gene sequence. However, these methods are not
reliable for identification to the species level due to the ab-
sence of species other than A. radiobacter in the commercial
systems’ phenotypic databases and to low interspecific poly-



Vor. 193, 2011

MLSA REVEALS HUMAN-ASSOCIATED AGROBACTERIUM SUBPOPULATION

TABLE 1. Characteristics of Agrobacterium species strains of clinical origin®*

2609

Genovar

Allelic profile’

Strain” within ST (Zrz(f,vg; 3_Keé°li?t?;e Ie Pé)(? fh Origin of strain Place, yr of isolation
clade A atpD  dnaK glnA groEL rpoB trpE  zwf ( productio atls
AGRO1 A7 3 3 5 7 3 31 2 5 + — — Scalp wound Montpellier, Fr, 2003
AGR35 A7 3 3 5 7 3 31 2 5 + - - Sputum? Montpellier, Fr, 2009
AGR38 A7 3 3 5 7 3 31 2 5 + - - Sputum? Montpellier, Fr, 2009
AGR40 A7 3 3 5 7 3 31 2 5 — — — Blood Montpellier, Fr, 2009
AGRO02 A7 4 3 6 10 4 1 3 6 + - - Urine Montpellier, Fr, 2004
AGRO03 A7 5 18 7 10 5 2 5 7 + + - Urine Montpellier, Fr, 2004
AGR04 A7 5 18 7 10 5 2 5 7 + + - Undocumented® Nimes, Fr, 2004
AGR17 A7 5 18 7 10 5 2 5 7 + + - Sputum? Montpellier, Fr, 2006
AGR24 A7 5 18 7 10 5 2 5 7 + + - Sputumd Montpellier, Fr, 2008
AGR33 A7 5 18 7 10 5 2 5 7 - - - Sputum? Montpellier, Fr, 2009
AGR41 A7 5 18 7 10 5 2 5 7 + + - Glans penis Montpellier, Fr, 2009
AGRO05 A7 6 3 6 12 4 1 3 6 + — — Fiberscope rinse fluid® Toulouse, Fr, 1997
AGRO7 A7 6 3 6 12 4 1 3 6 + + - Undocumented® Toulouse, Fr, 1998
AGR09 A7 6 3 6 12 4 1 3 6 + - - Collyre® Montpellier, Fr, 1995
AGRI15 A7 6 3 6 12 4 1 3 6 + - - Sputum? Montpellier, Fr, 2005
AGR20 A7 6 3 6 12 4 1 3 6 + - - Sputum? Montpellier, Fr, 2007
AGR21 A A7 6 3 6 12 4 1 3 6 + - - Sputum? Montpellier, Fr, 2007
AGR21 B A7 6 3 6 12 4 1 3 6 + - - Sputum? Montpellier, Fr, 2007
CCUG 48648 A7 6 3 6 12 4 1 3 6 + + - Blood Stockholm, Sweden,
2004
AGRO06 A7 7 4 8 5 6 3 22 8 + + — Culture medium® Toulouse, Fr, 1997
AGR10 A7 8 5 9 9 7 4 9 9 + + - Sputum? Montpellier, Fr, 2005
AGRI18 A7 8 5 9 9 7 4 9 9 + - - Sputum? Montpellier, Fr, 2006
AGRI11 A7 9 10 10 9 8 5 6 6 + — - Sputum Nimes, Fr, 2005
AGR16 A7 9 10 10 9 8 5 6 6 + — — Feces Montpellier, Fr, 2006
AGR26 A7 9 10 10 9 8 5 6 6 + - - Sputum Montpellier, Fr, 2008
AGR27 A7 9 10 10 9 8 5 6 6 + ND ND Sputum Montpellier, Fr, 2008
AGR37 A7 9 10 10 9 8 5 6 6 + - - Sputum® Montpellier, Fr, 2009
AGR39 A7 9 10 10 9 8 5 6 6 + - - Sputum Montpellier, Fr, 2009
CCUG 49619 A7 9 10 10 9 8 5 6 6 + - - Bronchus brush rinse  Goteborg, Sweden,
2004

AGR12 A7 10 3 5 7 3 32 2 5 + - - Toe wound Montpellier, Fr, 2005
AGR14 A7 11 6 11 6 8 7 8 11 + - - Sputum? Montpellier, Fr, 2006
AGR23 A7 11 6 11 6 8 7 8 11 + - - Blood Toulouse, Fr, 2006
AGR43 A7 11 6 1 6 8 7 8§ 11 + - - Sputum? Montpellier, Fr, 2009
AGR19 A7 12 7 5 11 16 5 10 12 + + - Blood Montpellier, Fr, 2007
CCUG 12509 A7 13 4 22 12 16 14 5 21 + + - Lesion Texas, 1974
AGR25 A7 13 4 22 12 16 14 5 21 + - - Feces Montpellier, Fr, 2008
AGR32 A7 15 8 25 8 19 3 9 23 + - - Sputum? Montpellier, Fr, 2009
AGR34 A7 16 9 8 5 8 28 8 5 + - - Sputum" Montpellier, Fr, 2009
AGRO08 A7 18 3 3 7 3 33 1 5 + - - Sputum? Montpellier, Fr, 2005
LMG 361.1 A7 37 30 32 24 25 27 29 11 + + - Sputum Missouri, NA
LMG 378 A7 38 7 5 9 16 5 10 12 + + - Blood Georgia, NA
LMG 399 A7 39 9 8 5 26 28 8 7 + + - Infected eye Louisiana, NA
LMG 355 A7 48 3 5 7 3 36 2 5 - + - Bronchial washings Hawaii, NA
AGR28 A2 14 11 23 13 17 15 1 22 - + - Blood Montpellier, Fr, 2008
AGR29 A2 14 11 23 13 17 15 1 22 - + - Blood Montpellier, Fr, 2008
AGR30 A2 14 11 23 13 17 15 1 22 - + - Blood Montpellier, Fr, 2008
AGR13 A4 2 17 4 3 9 6 7 10 - + - Sputum? Montpellier, Fr, 2005
AGR36 A4 17 17 4 3 9 23 7 10 - + - Sputum? Montpellier, Fr, 2009
LMG 227¢ A3 28 16 16 18 10 12 16 4 — + - Blood Denmark, before

1972

“ Results are presented by genovar within clade A and then by ST.
b All reference strains were purchased as Agrobacterium (Rhizobium) radiobacter (A. tumefaciens) strains from the corresponding collection.

¢ Biovar 1.

4 From cystic fibrosis patients.
¢ Probable human origin.

7+, positive for the test; —, negative for the test; ND, not determined.

& CCUG, Culture Collection University of Goteborg; LMG, Laboratorium voor Microbiologie Universiteit Gent; Fr, France; NA, not available.
" PDA CaCos, differential production of acid from a glucose-containing medium associated with differential dissolution of CaCos.

 For each locus, each different allele was assigned an arbitrary number.

morphism within the 16S rRNA gene. Considering the taxo-
nomic problems associated with the absence of suitable tools
for species identification, the distribution of the clinical strains
among the general population of Agrobacterium has never been
described.

The availability of the complete genomic sequences of A.
tumefaciens strain C58 (18), Rhizobium rhizogenes strain K84
(35) (formerly A. radiobacter, formerly A. rhizogenes [41]), and
A. vitis strain S4 (35) allowed the use of multilocus based-
methods to study the genetic diversity in Agrobacterium species
populations. The aim of the present study was to analyze a

large collection of clinical and environmental Agrobacterium
strains using multilocus genetics and phenotypic traits in order
to determine whether clinical isolates displayed specific char-
acteristics.

MATERIALS AND METHODS

Bacterial strains, culture, and phenotype. A total of 89 strains of Agrobacte-
rium spp., including 49 clinical and 40 environmental isolates, were analyzed
(Tables 1 and 2). Clinical strains were sampled over a 37-year period in four
countries in Europe, North America, and Oceania. However, most of them were
recovered over a 14-year period from patients admitted to three French univer-
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TABLE 3. Primers used for gene amplification and sequencing
Locus Gene Sequence
Locus Function Putative gene product S . Primers” Primer sequence 5'-3' length
position size (bp) (bp)
atpD  Energy metabolism Fy-F,; ATP synthase 2604717 1,454 800F GGCCAGGACGTTCTGTTCTT 465
subunit beta 1350R CTTGAAGCCCTTGATCGTGT
dnaK  Stress response Heat shock protein, 126205 1,901 720F  GAAGACTTCGACATGCGTCT 480
70 kDa 1400R  GCCGAGCAGCTTGTTGTC
glnA Amino acid biosynthesis  Glutamine synthetase 196923 1,358 144F GTCATGTTCGACGGCTCCT 474
1340R  CGCATGACTTCCTGCATCT
900R  CCTTGGCATGCTTGATGAT
groEL  Stress response Heat shock protein, 676328 1,634 100F GTGGTGATCAGCAGCGAAG 504
60 kDa 1240R  AGGCCAAGGCCAAGAAGAT
760R  CTGGAAGACATCGCCATCCT
rpoB Transcription Beta subunit RNA 1927198 4,136 2040F GAAAACGACGACGCCAAC 534
polymerase 3150R  TGGACCTTTTCGACCTTGTC
2718R GCGCAGAAGCTTTTCTTCC
trpE Amino acid biosynthesis ~ Anthranilate synthase = 2262145 2,189 890F CGCCCTATTCCTTCTTCATC 510
2090R  ATCGATTCCGGGTGGAACT
1630R GAAATAATTCGCCAGCGTGT
zwf Pentose phosphate Glucose-6-phosphate 585849 1,475 530F AGATCTTCCGCATCGACCA 384¢
pathway 1-dehydrogenase 950R  CTTGATGGCGACGAAGGTT

“ Gene start codon position on the circular chromosome sequence of 4. tumefaciens C58 (accession number AE007869).
> F, forward primer; R, reverse primer. Primers in boldface were used for gene sequencing in both directions. The primer denominations correspond to their
hybridization regions in the gene according to the complete genome sequence of A. tumefaciens C58.

¢ The size of the zwf sequences of the two strains of 4. vitis was 381 bp.

sity hospitals. Nonclinical or nonhuman strains were collected in 14 countries and
four continents over a 103-year period. They were representative of the 3 biovars
of Agrobacterium and originated from soil, plants, or nematodes. A. tumefaciens
C58, A. rhizogenes K84 (formerly A. radiobacter K84), A. radiobacter CFBP
2414™, and A. vitis LMG 8750" were included as the reference and type strains.
All isolates were cultivated on nutrient glucose agar (NGA) at 28°C for 24 h.
They were identified to the genus level by routine phenotypic tests, including
Gram stain, oxidase production, and a API 20NE system (bioMérieux, Marcy
I’Etoile, France). Genus identification was confirmed by 5'-end sequencing of the
16S rRNA gene as previously described (37). The ability to grow at 35°C and
42°C was tested on NGA incubated for 24 h. Two of the assays usually used for
biovar identification (3-ketolactose production from lactose and differential acid
production) were performed as described previously (2). The strains from the
LMG collection identified at the biovar level in the LMG database (n = 16) were
used for the validation of the assays based on the following criteria: 3-ketolactose
production positive in biovar 1 strains and negative in biovar 2 strains and acid
production from glucose positive only in biovar 2 strains (2).

PFGE-restriction fragment length polymorphism (RFLP). Genomic DNA was
prepared in agarose plugs as previously described (39) and digested at 25°C with
40 U of Swal (New England BioLabs, Hertfordshire, United Kingdom). Swal
fragments were separated by pulsed-field gel electrophoresis (PFGE) using a
CHEF-DRII apparatus (Bio-Rad Laboratories, Hercules, CA) in a 1% agarose
gel in 0.5X Tris-borate-EDTA (TBE) buffer at 150 V and at 10°C. Pulse ramps
were 100 to 160 s for 35 h, followed by 40 to 80 s for 15 h. The gel was stained
with ethidium bromide and photographed under UV light. PFGE profiles were
interpreted visually.

Gene amplification and sequencing. The complete genomic sequences of A.
tumefaciens C58 (AE007869), R. rhizogenes K84 (formerly A. radiobacter, for-
merly A rhizogenes) (CP000628), and A. vitis S4 (CP000633) were used as refer-
ences for gene selection and primer design. The primers are shown in Table 3.
Genomic DNA was extracted using the MasterPure DNA Purification kit (Epi-
centre, Madison, WI). PCR was carried out in 50 pl of reaction mixture con-
taining 200 nM (each) primer (Sigma Genosys), 200 pM (each) desoxynucleoside
triphosphate (dNTP) (Euromedex, Mundolsheim, France), 2.5 U of Tag DNA
polymerase (Promega, Madison, WI) in the appropriate reaction buffer, and 50
ng of genomic DNA as the template. The amplification conditions were as
follows: initial denaturation for 3 min at 95°C, followed by 35 cycles with 1 min

at 94°C; 1 min at 60°C (#rpE and atpD), 65°C (dnaK, ginA, groEL, and zwf), or
68°C (rpoB); and 2 min 30 s (dnaK, ginA, groEL, trpE, and rpoB) or 1 min 30 s
(zwf and atpD) at 72°C. The final extension was carried out at 72°C for 10 min.
PCR products and a molecular weight marker (phage phiX DNA digested with
Haelll; New England BioLabs) were separated in a 1.5% (wt/vol) agarose gel in
0.5% TBE buffer. The amplification products were sequenced in both directions
using forward and reverse amplification primers (Table 3) on an Applied Bio-
systems automatic sequencer (Beckman Coulter Genomics).

Multilocus sequence-based phylogeny. Gene sequences were codon aligned
using CLUSTALW after translation with TRANSLATE (http://www.expasy
.org). The sizes of the codon-aligned sequences used for further analyses are
indicated in Table 3. Phylogenetic analyses were performed for each of the seven
gene sequences and for the manually concatenated sequence. Evolutionary dis-
tance was analyzed using the Phylip package v3.66 (13) by neighbor joining (NJ)
after distance matrix construction using DNADIST (with F84 as a substitution
model). Bootstrap values were calculated using SEQBOOT and CONSENSE
after 1,000 reiterations. Maximum-likelihood (ML) analysis was performed using
phylogenetic analysis at http://www.phylogeny.fr (9). The general time-reversible
(GTR) model plus gamma distribution and invariant sites was used as a substi-
tution model. ML bootstrap support was computed after 100 reiterations. The
sequences of Ochrobactrum anthropi ATCC 49188 (CP000758) were used as
outgroup sequences in order to place an artificial tree root. The seven gene
sequences from complete genomic sequences of A. vitis S4 (CP000633), Sinorhi-
zobium fredii NGR234 (CP001389), Rhizobium etli CFN 427 (CP000133), and
Rhizobium leguminosarum bv. trifolii WSM2304 (CP001191) were also used for
phylogenetic analysis.

Multilocus sequence analysis (MLSA). For each locus, each different allele
was assigned to a different arbitrary number using a nonredundant database
program available at http:/linux.mlst.net/nrdb/nrdb.htm. The combination of
allele numbers for each isolate defined the sequence type (ST). A distance matrix
in nexus format was generated from the set of allelic profiles using a Web version
of the program SplitsTree (http:/www.pubmlist.org) and then used for decom-
position analyses with SplitsTree 4.0 software (21). The program LIAN 3.1 (19)
was used to calculate the standardized index of association (sIA) and to test the
null hypothesis of linkage disequilibrium, as well as to determine the mean
genetic diversity (H) and genetic diversity at each locus (%). The numbers of
synonymous (dS) and nonsynonymous (dN) substitutions per site were deter-
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FIG. 1. Maximum-likelihood tree based on concatenated sequences of the seven housekeeping gene fragments indicating the relative place-
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numbers at the nodes are support values estimated with 100 bootstrap replicates. Only bootstrap values of >0.5 are indicated. The scale bar
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mined on codon-aligned sequences using SNAP online software (http://www.hiv
Janl.gov).

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study have been deposited in the GenBank data library under
accession numbers HM238283 to HM238884.

RESULTS

MLSA scheme design. Seven genes encoding housekeeping
proteins involved in transcription (rpoB), stress response
(dnaK and groEL), amino acid biosynthesis (gln4 and trpE),
and energy metabolism (azpD and zwf) were selected from the
complete genome sequence of A. tumefaciens C58 (Table 3).
They were dispersed on the large circular chromosome of the
bipartite genome of A. tumefaciens strain C58 (minimal dis-
tance between loci, 90 kb) in order to minimize the influence
of localized linkage disequilibrium. Partial sequences of the
seven loci were obtained for all 89 strains studied, showing that
the MLSA scheme was suitable for analysis of strains belong-
ing to the 3 biovars in the genus Agrobacterium, biovar 1, biovar
2, and A. vitis (biovar 3). The sequence size at each locus is
given in Table 3.

Multilocus sequence-based phylogeny. We applied distance
and ML phylogenetic approaches to the concatenated se-
quences (3,351 nucleotides) of the seven loci. The two methods
gave congruent trees, and the ML tree is presented in Fig. 1.
Phylogenetic analysis clustered Agrobacterium strains in a ma-
jor clade, clade A. Clade A included 79 of the 89 strains
distributed into seven subclades, named genovars Al to A7,
and all the isolates of human origin (Fig. 1). The main geno-
vars, A7 and A3, grouped 54% (n = 43) and 27% (n = 21) of
the isolates of clade A, respectively. The 43 strains found in
genovar A7 were clinical isolates, representing 88% (43 out of
49 strains) of the strains of human origin in this study. Agro-
bacterium sp. strains AGR28, AGR29, and AGR30, isolated
from the same patient, presented the same sequence for the
seven loci and formed, by themselves, genovar A2. Strains
AGRI13 and AGR36 belonged to genovar A4, together with
three environmental strains, and A. radiobacter strain LMG
227 was the only clinical isolate among the 21 strains of geno-
var A3. Other minor genovars, Al, AS, and A6, did not include
clinical strains. Outside of clade A, we observed Agrobacterium
strains grouping together with Rhizobium sp. strains. This
group, including only environmental Agrobacterium strains,
was not well enough represented (n = 10), and therefore, we
focused on clade A for further analyses.

For each locus, phylogenetic trees reconstructed using NJ or
ML methods were compared to the NJ or ML trees recon-
structed from the seven concatenated sequences (data not
shown). The genovars determined in the concatenated tree
were also found in individual trees. Despite some conflicting
topologies in terms of branching order observed among the
trees, the distribution of strains in each genovar was not mod-
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ified according to the gene used or the phylogenetic method,
except for strain AGROS, which belonged to genovar AS after
trpE locus analysis and was placed in an intermediate position
between genovars A5 and A7 by rpoB locus analysis.

Genomic species have been previously described in the ge-
nus Agrobacterium by determination of DNA-DNA hybridiza-
tion (7, 8, 30). These data are available for 13 strains included
in this study and are shown in Fig. 1. The population studied
here contained strains representative of the genomic species
G1, G2, G4, and G8 according to the nomenclature of Mougel
et al. (26). We observed concordance between MLSA clusters
and genomic groups for members of clade A: the eight strains
of group G1 belonged to genovar A3, while strains of groups
G4 and G8 were found in genovars Al and AS, respectively.
The only strain representative of group G2, A. radiobacter
CCUG 12509, was located in the “human” genovar, A7. It was
noteworthy that this clinical strain, isolated in the United
States in 1974, had the same sequence for the seven loci as the
clinical strain AGR?25, isolated in France in 2008. Genovars
A2, A4, and A6 in clade A did not contain strains previously
affiliated with a genomic group, and therefore, the relationship
between these genovars and genomic species could not be
established.

Multilocus and genomic typing. Forty-eight unique se-
quence types (STs) were observed; 33 of them (69%) were
identified only once, suggesting an overall high level of genetic
diversity among the studied population (Tables 1 and 2). In
clade A, the largest STs were ST6 (8 isolates); ST9 and ST28,
each comprising 7 isolates; and ST5 (6 isolates). These major
STs included 35% of the clade A strains. Within the “human”
genovar A7, 58% of the strains were grouped in 4 STs (ST3,
ST5, ST6, and ST9). In each of these STs, strains appeared
epidemiologically unrelated, i.e., they were isolated over a
large period of time (from 5 to 10 years) and in some cases
from geographically distant places. No obvious relationships
between the STs and the types of clinical samples were ob-
served, except for ST9, which comprised 6 of the 7 isolates
from the human respiratory tract. Outside of genovar A7, only
ST28 in genovar A3 comprised several strains (n = 7) with
different lifestyles; these isolates were sampled over a 43-year
period in three different countries (Tables 1 and 2).

Fifty-six strains sharing 15 identical STs, i.e., 37 clinical and
19 environmental isolates of clade A, were further analyzed by
PFGE in order to detect the occurrence of genomically iden-
tical strains in the corresponding population. Genomic macro-
restriction with the endonuclease Swal produced PFGE pat-
terns suitable for strain comparison and comprising an average
of 10 bands (data not shown). A high level of genomic diversity
was observed: the 56 strains studied showed 51 pulsotypes, and
74 distinguishable isolates were demonstrated among the 79
strains of clade A based on both multilocus and PFGE analysis
results. However, the levels of genomic diversity in each ST

S. fredii NGR234 (CP001389), R. etli CFN 42" (CP000133), and R. leguminosarum bv. trifolii WSM2304 (CP001191) were also included.
Agrobacterium strains with identical concatenated sequences are presented on collapsed branches and are listed on the right of the triangular
representations. The names of the clades and genovars discussed in the text are shown at the corresponding roots, indicated by bold lines. The node
with an asterisk varied depending on the ML trees reconstructed with each of the seven loci. Genomic species G1 to G9 are indicated in gray boxes
after the names of the corresponding strains. The data are from references 7, 8, and 30.
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TABLE 4. PFGE analysis of Agrobacterium strains belonging to the same ST

Value

Parameter ST2 ST3 ST5 ST6 ST8 ST9

ST11  ST13  ST14  ST25  ST27  ST28  ST35  ST41  ST45

m=3F n=4) m=6) m=8) m=2) n=7 n=3) m=2) m=3) m=2) m=3) n=7 n=2) m=2) (n=2)

Clinical strains (%)* 33 100 100 100 100 100

Phytopathogen 0 0 0 0 0 0
strains (%)*

Other strains (%)" 66 0 0 0 0 0

Shared bands (%)" 42 22 40 10 75 31

100 100 100 0 0 17 0 0 0
0 0 0 100 0 0 100 100 100

0 0 0 0 100 83 0 0 0
21 9 93 95 35 29 100 86 100

“ Percentage among all strains of an ST.

® Percentage of shared bands obtained from the PFGE patterns of strains belonging to the same ST.

¢ n, number of strains.

varied greatly, with from 9% to 100% of shared bands obtained
from the patterns of the same ST (Table 4). A relationship
between the diversity of PFGE patterns in an ST and the
lifestyle of the strains could be observed (Table 4). Identical or
very similar patterns with more than 95% shared bands were
observed for pairs of phytopathogenic strains that in other
respects were unrelated on the basis of date and/or site of
isolation, such as T37 and H100 (ST25), LMG 175 and LMG
197 (ST35), and LMG 167 and LMG 303 (ST45) (Table 4).
Identical or closely related patterns were also observed for
three clinical strains isolated from blood cultures from the
same patient within a 5-day period (strains AGR28, AGR29,
and AGR30 in ST14), between strains from two patients at-
tending the same clinical ward 1 year apart (AGR10 and
AGRI18 in ST8), and between strains from two patients hos-
pitalized in two different hospitals in Montpellier on the same
date (AGR26 and AGR27 in ST9). The other clinical strains
studied show no more than 40% shared bands (Table 4). An
intermediate genomic-diversity level was observed for nonphy-
topathogenic environmental strains, except for strains RTP1
and RTP2 (ST28), originating from the same experimental
field, which appeared identical after PFGE analysis.

Phenotypic traits in genovars and sequence types. Among
the 88 strains tested, including 49 clinical and 39 environmen-
tal isolates, all grew at 35°C but only 41 strains grew at 42°C
(Tables 1 and 2). Among the latter, 40 isolates were of clinical
origin and belonged to genovar A7; the remaining strain was
A. radiobacter LMG 90 (genovar A3) from Rosa sp. galls. In
other words, only 3 out of the 43 clinical strains of genovar A7
(AGR33, AGR40, and LMG 355) did not grow at 42°C. Clin-
ical strains belonging to other genovars than A7 did not grow
at 42°C, and only one strain of environmental origin showed
significant growth at this temperature.

The production of 3-ketolactose from lactose and differen-
tial acid production, which are major characteristics commonly
used for determining biovar affiliation, were studied for the 74
genomically distinguishable isolates belonging to clade A. The
assays gave results congruent with biovar identifications for the
LMG control strains tested. Forty-four strains out of 74 (59%)
were positive for production of 3-ketolactose (Tables 1 and 2).
Genovars Al, A2, A5, and A6 contained only 3-ketolactose-
producing strains, while in other genovars, the ability to pro-
duce 3-ketolactose varied among strains. For example, genovar
A7 contained 36% (15 out of the 42 strains tested) 3-ketolac-
tose-producing strains, and production was also found to be
variable among strains sharing the same ST (ST5, ST6, STS,

and ST13). In clade A, all the 3-ketolactose nonproducers were
isolated from animal hosts (human or nematode), except for
strain 181 from Populus sp.

Whatever their clinical or environmental origins, all clade A
isolates are unable to produce large amounts of acid from
glucose and, consequently, to dissolve CaCO; from a glucose-
containing medium: they were negative in the differential acid
production assay.

Genetic statistics and recombination. Genetic analysis of
the population was performed on the 74 genomically distin-
guishable isolates of clade A. Genetic statistics were also cal-
culated for the two main genovars, A3 and A7 (Table 5).
Within clade A, a total of 544 single-nucleotide polymorphisms
(SNPs) in the 7 loci were observed. This corresponded to a
range of 13.1% to 23.4% polymorphic sites, depending on the
gene (Table 5). The number of different alleles for the seven
loci ranged from 22 (glnA and groEL) to 28 (atpD) (Table 5)
and did not depend on the size of the sequence studied. All loci
had equivalent mol% G+C contents, from 59.6% to 61.1%,
with a mean value of 60.5%, which was similar to the mean
mol% G+C contents of the A. tumefaciens C58 chromosomes
(59%) (18). The mean genetic diversity (H) and the genetic
diversity at each locus (/) for clade A and genovars A3 and A7
indicated a high level of genetic diversity both inside clade A
and inside the main genovars, A3 and A7 (Table 5). The locus
trpE displayed the highest percentage of polymorphic sites,
while groEL appeared to be the most conserved in both geno-
vars A3 and A7. For instance, groEL displayed only 6 poly-
morphic sites among the 18 strains of genovar A3 tested. In
contrast, the groEL gene was the locus for which a higher rate
of nonsynonymous SNPs versus synonymous SNPs (dN/dS ra-
tio) was observed at the clade level. Nevertheless, inside each
of the genovars A3 and A7, no nonsynonymous mutations were
observed at this locus. The dN/dS ratio for the other six loci
was found to be weak (Table 5), indicating that these loci were
not subjected to strong positive selective pressure. The non-
synonymous mutations did not correspond to any premature
stop codon.

Evidence in favor of clonal or recombining population struc-
ture can be obtained by assessing the levels of linkage between
alleles at different loci around the chromosome. We assessed
the linkage between alleles from the 7 loci by determination of
the sIA value. The sIA value is expected to be zero when a
population is at linkage equilibrium, i.e., when free recombi-
nation occurs. Analyses were carried out using one isolate from
each ST in order to minimize any bias due to a possible epi-
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TABLE 5. Sequence analysis of the seven loci

No. of No. (%) of Genetic No. of nonsynonymous @ s
Locus Clade or genovar alleles polymorphic sites diversity (h) codons dN/dS* ratio
atpD Clade A 28 68 (14.6) 0.9716 3 0.02
Genovar A7 10 13 (2.8) 0.8824 0
Genovar A3 9 17 (3.7) 0.9778 1 0.08
dnaK Clade A 26 67 (14) 0.9730 2 0.02
Genovar A7 11 15(3.1) 0.9085 0
Genovar A3 6 14 (2.9) 0.9111 0
ginA Clade A 22 81 (17.1) 0.9673 6 0.03
Genovar A7 9 13 (2.7) 0.9085 1 0.06
Genovar A3 6 16 (3.4) 0.8889 0
groEL Clade A 22 67 (13.3) 0.9403 10 0.107
Genovar A7 9 9(1.8) 0.9150 0
Genovar A3 3 6(1.2) 0.3778 0
rpoB Clade A 27 70 (13.1) 0.9744 5 0.03
Genovar A7 13 33(6.2) 0.9608 1 0.015
Genovar A3 5 8 (1.5) 0.7556 0
trpE Clade A 25 101 (19.8) 0.9787 1 0.004
Genovar A7 10 52 (10.2) 0.9346 0
Genovar A3 7 20 (3.9) 0.9333 0
wf Clade A 26 90 (23.4) 0.9730 6 0.02
Genovar A7 9 15 (3.9) 0.8954 0
Genovar A3 8 13 (3.4) 0.9556 1 0.08

“ dN, number of nonsynonymous substitutions per nonsynonymous site; dS, number of synonymous substitutions per synonymous site.

demic population structure. The sIA values were calculated for
clade A and for genovars A3 and A7. The sIA values ranged
from 0.3425 to 0.3610 and were significantly different from 0
(P = 1.00 x 10%), suggesting that the recombination rates
were low.

Linkage disequilibrium in clade A could be present in long-
term recombining populations where adaptive clones have
emerged over the short term. To explore this hypothesis, we
performed decomposition analysis, which depicts all of the
shortest pathways linking sequences, including those that pro-
duce an interconnected network. The split graph (obtained
using the Neighbor-Net method) of all seven loci displayed
parallel paths (Fig. 2) corresponding to recombination events.
However, the number of events was low and confirmed the low
rate of recombination deduced from the determination of the
sIA. Recombination events occurred only inside genovars A3,
A4, and A7. Finally, the recombination clusters generated by
splitting trees were consistent with phylogenetic lineages. This
suggested that genetic exchanges occurred inside each genovar
but that each genovar formed a lineage genetically isolated
from others.

DISCUSSION

Agrobacterium spp. are described as environmental bacteria,
and some strains are phytopathogenic by tumorigenesis. The
phytopathogenic behavior is related to a particular genomic
structure that includes a conjugative plasmid harboring genes
involved in tumor formation in plants. Besides these highly
specialized bacteria, nonphytopathogenic strains were found in
diverse environments not always in association with plants.

Agrobacterium is also a pathogen of human beings by a mech-
anism probably unrelated to plant tumorigenesis (29), but the
characteristics of the pathogenicity of clinical strains remain
mostly unknown. Virulence in humans is considered to be low;
however, the frequent isolation of Agrobacterium in cases of
nosocomial infections and in cystic fibrosis patients (3, 5, 23)
suggests adaptation of the bacterium to humans, particularly in
the context of hospitalization, immunosuppression, or un-
derlying diseases. Typically, mild nosocomial and/or oppor-
tunistic pathogens of environmental origin, like Stenotro-
phomonas maltophilia or Ochrobactrum spp., displayed a high
level of resistance to antibacterial compounds (27, 38). This
resistance by itself could explain bacterial adaptation to noso-
comial conditions. In the case of Agrobacterium, resistance to
antibiotics is considered to be lower than that observed for
other environmental opportunistic pathogens (3). On the other
hand, genetic data suggested heterogeneity within the genus
Agrobacterium and in the species A. tumefaciens and A. radio-
bacter (30, 31). This genetic diversity has been mainly demon-
strated by DNA-DNA hybridization and amplified fragment
length polymorphism (AFLP) approaches, because 16S rRNA
genes displayed low polymorphism in the genus, as was also
observed for the entire family Rhizobiaceae (42). Adaptation of
some strains to human colonization and/or infection, taken
together with the genetic heterogeneity in the genus, raises the
question of the existence of a genetic subpopulation of Agro-
bacterium that has developed a particular relationship with
humans.

In this study, we investigated genetic diversity and some
phenotypic traits in the largest collection of clinical isolates of
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A. radiobacter and A. tumefaciens reported so far. The popu-
lation of strains represents diverse clinical and geographic
sources, as well as diverse dates of isolation. Environmental
strains were also included in the population studied here. Fi-
nally, the overall collection represented different lifestyles en-
countered in the genus: free living and association with plants
(phytopathogenic or not), with nematodes, and with humans.
The collection was studied by multilocus analysis and PFGE,
two methods applied for the first time to a large population of
genomically and biologically diverse Agrobacterium isolates.
The multilocus-based analysis proposed here succeeded in
analyzing the four represented genomic species defined by
DNA-DNA hybridization in biovar 1 of A. fumefaciens and
A. radiobacter, the K84 group (biovar 2), and A. vitis (biovar 3).
Moreover, MLSA displayed good discriminatory power, defin-
ing seven genovars in clade A that roughly corresponded to
biovar 1 of A. tumefaciens and A. radiobacter. The large ma-
jority of the clinical strains and isolates (88%) belonged to
genovar A7, the only genovar encompassing only clinical
strains. The few remaining clinical strains were scattered in
three other genovars, either alone or associated with environ-
mental, nonphytopathogenic strains. At first glance, genovar
A7 could be considered a “clinical genovar” or a “human-
associated” genovar. However, a sampling bias could be sus-
pected in the population studied, since a number of the strains
analyzed came from the same region of France (Teaching

45 19 442447°

Biovar 2

FIG. 2. SplitsTree decomposition analyses of MLSA data for A. radiobacter, A. tumefaciens, and A. vitis strains. The distance matrix was
obtained from allelic profiles of strains. A network-like graph indicates recombination events. A starlike radiation from the central point indicates
absence of recombination.

Hospitals of Nimes and Montpellier, 60 kilometers apart in the
south of France). For example, ST3 and STS in genovar A7
contained only strains from this geographic origin, although
they were isolated 5 or 6 years apart. However, PFGE analysis
of ST3 and ST strains showed genomic patterns differing by at
least 8 or 6 bands out of approximately 10, respectively. This
suggested that the grouping of strains in STs and then in
genovars did not result from the spread of the same clone in a
limited geographic zone. This was confirmed for some STs that
included strains of remote origin, such as France and Sweden
(ST6 and ST9) or France and the United States (ST13). More-
over, in the same ST, the dates of isolation could differ by up
to 31 years. For instance, ST13 included strains isolated in 1974
in Texas and in 2008 in Montpellier (France). For these rea-
sons, we considered that genovar A7 was actually a “human-
associated” genovar and not a “geographic” genovar. A major
phenotypic trait further supported this conclusion, since 91%
of the strains belonging to genovar A7 grew at 42°C, whereas
the optimal temperature for the genus Agrobacterium was de-
fined as between 25°C and 28°C (34). The heat shock protein
HSP60 is a chaperone protein involved in stress adaptation,
including thermal stresses. The groEL gene was included in our
MLSA scheme and displayed a higher frequency of nonsyn-
onymous mutations than other loci. This suggested that groEL
is subjected to particular selective pressure in the population
tested. This selective pressure could be the host temperature,
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which clearly differs between the human body and plants or
other environmental sources. The ability to grow at high tem-
perature should be considered a major trait for adaptation to
the human body or to other thermoregulated animals. Agro-
bacterium strains isolated from other warm-blooded animals
have recently been described (36), and they should be analyzed
in order to decide whether genovar A7 is a real “human-
associated” genovar or a more generally “thermophilic” geno-
var that consequently succeeded in its relationship with the
human body.

No differences were observed in epidemiological data, such
as geographic origin, clinical site of isolation, medical unit, and
date of isolation, between strains in genovar A7 and the few
other human strains scattered in other genovars or between
strains from different STs in genovar A7. The genomic struc-
ture and its dynamics have been related to the lifestyles of
bacteria (20). Pathogenic bacteria, which have close relation-
ships with their hosts, generally inhabit a narrow and stable
niche and show a low level of genomic polymorphism. Com-
parison of macrorestriction profiles could provide a snapshot
of the genome dynamics. In the alphaproteobacteria, the ge-
nome of Brucella, which lives in mammalian macrophages,
appears highly conserved by diverse comparative methods
(14, 15, 25), whereas the genome of its phylogenetic neighbor
Ochrobactrum, a free-living bacterium and an opportunistic
pathogen, is highly fluid and polymorphic (33, 39). We ob-
served differences in the levels of genomic polymorphism as-
sessed by PFGE between the phytopathogenic strains and the
clinical strains. The genome of the phytopathogens ap-
peared globally conserved, suggesting the existence of con-
straints limiting genomic variation and adaptation to a nar-
row niche, including a specialized virulence mechanism. In
contrast, PFGE profiles were highly polymorphic among A.
tumefaciens (A. radiobacter) clinical strains. Variation gener-
ated by genome rearrangements has been reported to provide
advantages for invading or for merely inhabiting complex en-
vironments, a condition that corresponded to the opportunistic
behavior of A. radiobacter. For epidemiological purposes,
PFGE-RFLP appeared more discriminative than MLST, since
it was able to differentiate strains belonging to the same mul-
tilocus sequence type and is probably a suitable method for the
epidemiological follow-up of human outbreaks due to Agro-
bacterium. PFGE previously permitted detection of the noso-
comial transmission of Agrobacterium isolates from intrave-
nous catheters of two hospitalized patients (17).

Previous phylogenetic studies based on the 16S rRNA gene
(42) suggested a high level of recombination in the genus
Agrobacterium, making its utilization in taxonomy difficult. Our
results showed, by the use of a multilocus approach, that the
Agrobacterium population was structured in robust subpopula-
tions and had a low rate of recombination. The clade A pop-
ulation displayed a basically clonal structure, with no recom-
bination among clones and a low level of recombination within
each clone (genovar). The genovars obtained by the multilocus
approach seem to be in accordance with the genomic species
determined in previous studies (7, 8, 30). Consequently, our
multilocus scheme appeared to be a suitable tool for taxonomic
studies in the genus and allowed us to suggest that the
“human-associated” genovar A7, which contains a strain
previously affiliated with genomospecies G2 by DNA-DNA
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hybridization (30) and presents particular phenotypic features,
such as growth temperature and inconstant production of 3-
ketolactose, may represent a new species in the genus Agro-
bacterium (Rhizobium). However, further investigations, such
as DNA-DNA hybridization between diverse members of
genovar A7 and a more complete phenotypic study, remain to
be performed.

Agrobacterium spp. are generally mild pathogens, but the
existence of a clone adapted to clinical conditions should stress
its detection and epidemiological surveillance, as well as its
evolution, in order to detect the emergence of virulent and/or
resistant strains and to prevent their spread.
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