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Abstract
The internal 16S/23S rDNA (rrs/rrl) internal spacer region 1 (ITS1) of 54 Ochrobactrum strains and close relatives
was analysed. Separation of ITS1 containing PCR products by gel-electrophoresis, DGGE, cloning and sequencing
revealed ITS1 length and sequence heterogeneity. We found up to 5 different allelic ITS1 stretches within a single strain
(Ochrobactrum intermedium LMG 3301T), and 2–3 different ITS1 alleles in O. tritici. Within ITS1, ITS1c, being part of
the conserved double-stranded rrn processing stem dsPS1, produced the most reliable segment tree. The overall ITS1,
ITS1c and rrs phylogenetic tree topologies were generally consistent, but there was evidence for horizontal rrn

(segment) transfer in O. tritici LMG 2134 (formerly O. anthropi). Good correlations were found between ITS1, ITS1c
and rrs sequence similarity and DNA–DNA hybridization values indicating that phylogenetic analysis of ITS1 and
ITS1c both can be used to preliminarily deduce the phylogenetic affiliation if HGT was excluded. Strains sharing
496:19% ITS1c (495:11% ITS1) similarity fell within a species, and p68:42% ITS1c (p70:33% ITS1) similarity
outside a genus. Both ITS1 and ITS1c analysis resolved microdiversity more profoundly than rrs analysis and revealed
clades (genomovars) within O. anthropi that were also produced in rep cluster analysis. There was no evidence for
habitat-specific ITS1 genomovars within Ochrobactrum species. Diversity of Ochrobactrum was higher in soil than at
the rhizoplane below and at the species level. Isolates from soil contained only 1 rrn type whereas isolates from human
clinical, animal and rhizoplane specimens could contain more.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction

The genus Ochrobactrum belongs to the family
Brucellaceae within the alphaproteobacterial order
Rhizobiales, and currently comprises five described
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species, Ochrobactrum anthropi, O. intermedium, O. tritici,
O. grignonense and O. gallinifaecis. The closest phyloge-
netic neighbour of Ochrobactrum is the genus Brucella

which contains highly pathogenic strains. Paraphyly
of Ochrobactrum with Brucella was reported with
O. intermedium being more closely related to Brucella

than to the other Ochrobactrum species [17,33].
Ochrobactrum strains were recovered from diverse

habitats including soil, plants and their rhizosphere,
(waste)water, animals and humans. O. anthropi and
O. intermedium have a wide habitat range. Both species
contain opportunistic pathogenic strains [10,23]. O. tritici

was originally isolated from the wheat rhizoplane [17], and
recently O. tritici strains were recovered from wastewater
[5]. O. grignonense and O. gallinifaecis both currently
comprise only very few described strains that were isolated
from soil and chicken faeces, respectively [13,17].

In soil, Ochrobactrum strains were found to constitute
approximately 2% of the bacteria cultivable on 1/10
strength tryptone-soy agar, and on the wheat rhizo-
plane, this fraction was about 0.3% [2,17], indicating
that Ochrobactrum is a substantial part of the currently
cultivable soil and rhizosphere microbial communities.
Its importance may have been neglected due to the
inconspicuous appearance of the colonies and misiden-
tification of strains. From a biotechnological point of
view, Ochrobactrum strains are of particular interest for
bioremediation. Various isolates have been reported to
be potent degraders of pollutants [1,19,24,27,28].

Although a clear differentiation of the species within
the Brucellaceae complex and the separate identification
of pathogenic and non-pathogenic strains is essential,
this is hampered on the 16S rDNA (rrs) level by their
high similarity. For example, O. anthropi and O. tritici

share over 99% and the genera Ochrobactrum and
Brucella over 96% (up to 99.28%) rrs sequence identity
[17]. A better discrimination of species may be achieved
by sequence comparison of the more variable internal
transcribed spacer (ITS) within the rrn operon [6,7]. The
ITS region is under functional selective pressure,
displays extensive secondary structure, and within-strain
differences between ITS alleles did not exceed the
differences to the most closely related species [6,25,29].
The ITS region may therefore be used for phylogenetic
O-ITS-1a-f
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Fig. 1. Schematic organisation of the typical rrn operon of Rhizobia

rD1, annealing location of primers used for amplification of rrs as
comparison. It has successfully been used to subtype
bacterial populations and is a promising candidate for a
better differentiation between species eventually down
to the strain level [6,26].

Information on the various Rhizobiales rrn sequences
accessible at EMBL-EBI suggests that the organization
of the rrn elements is highly conserved within this order.
From the 50 transcription start to the 30 end, the external
transcribed spacer 1 (ETS1) is followed by rrs, the first
part of the internal transcribed spacer 1 (ITS1a), the
tRNAile gene, ITS1b, the tRNAala gene, ITS1c, the 23S
rDNA (rrl), ITS2, the 5S rDNA (rrf), the first part of
ETS2 (ETS2a), the tRNAmet gene, and ETS2b (Fig. 1).
In this study, we focus on the stretch between rrs and rrl,
containing ITS1a and ITS1c which are involved in
conserved double stranded processing stems in various
bacteria (dsPS1 and dsPS2 stems, respectively) [25,29],
and can have a role in rRNA processing, transcription
and ribosome assembly [21].

Very little is known on the microdiversity of
Ochrobactrum species although this assessment is of
particular interest to answer the following questions that
we address in this paper: (i) is the ITS1 region useful to
differentiate species and genomovar (gv.) clusters within
Ochrobactrum, (ii) is the phylogeny deduced from
comparative ITS1 (segment) sequence analysis consis-
tent with the valid taxonomy based on DNA–DNA
hybridization, (iii) is there a relationship between
occurrence in a particular environment (habitat-prefer-
ence) and the ITS1 genotype of Ochrobactrum species,
and (iv) is the (micro)diversity of Ochrobactrum strains
higher in soil than at the wheat rhizoplane?

We analysed the ITS1 of a large collection of
Ochrobactrum strains that were immunotrapped from soil
and the rhizoplane [17] and included isolates from other
environments, strains associated with human or animal
disease and Rhizobiales ITS1 sequences from EMBL-EBI.

Material and methods

Strains

The investigated Ochrobactrum strains (Table 1) are
from a large strain collection that was immunotrapped
ITS2
a
S1c

rrl rrf
3′-ETS

termi-
nator

tRNAmet

O-ITS-2a-r-r
GC-Ot-ITS-912-r

les and location of primer annealing. P1, P2, promoters; fD1,

described in [17]. For other abbreviations, see in text.
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either from 2 different French bulk soils or from the
rhizoplane of wheat cultivated in soil from these plots
[17]. The isolates investigated in the present study
represent the whole rep-profile-based genetic diversity
identified in the collection [17]. Additionally, strains
from culture collection BCCMTM-LMG, particularly
from clinical specimens, and from other sources were
included in the analyses. Cultivation and strain pre-
servation was as reported previously [17].
Sequence generation

Whole cell PCR of ITS1 was performed with primers
O-ITS-3-f (50-TAATCGCGGATCAGCATGCCG-30 (or
O-ITS-1a-f (50-TGCCGCGGTGAATACGTTCCC-30))
and O-ITS-2a-r (50-GCCAAGGCATCCACCAAATG-
CC-30), annealing at rrs positions 1372–1392 (1388–1408)
and rrl positions 19–40 (Fig. 1) of Sinorhizobium meliloti

1021 (AL591782). Primers were designed to exclude
potential amplification of Escherichia coli DNA that is
present in recombinant Taq polymerases [18]. PCR of
rrs was as reported earlier [17]. The PCR master mix
contained 1�buffer, 4.5mM MgCl2, 200 mM dNTS,
0.6 mM of each primer and 2.5 mm of Qiagen hot star
Taq polymerase. Ca. 104 template cells and water were
added to a PCR volume of 100 mL. PCR conditions
(Applied Biosystems 9600 thermal cycler) were: (i) 15min
95 1C for activation/denaturation; (ii) 35 cycles of 30 s
95 1C for denaturation, 1min 63.5 1C for stringent
annealing, 3min 72 1C for extension; (iii) a final 15min
72 1C step for extension.

PCR products (7 mL) were separated in 1.5% agarose
gels at 100V for ca. 2 h in 1�TAE, stained with
SybrGreen, and visualized on a UV transilluminator.
PCR products giving single bands were directly custom
sequenced (Medigenomix, Sequiserve, Germany) after
silica spin column purification (Qiagen). Intermediary
sequencing primers were designed from the obtained
sequences. Multiple bands were cut from the gel, and the
DNA purified (QiaExII, Qiagen) and sequenced.

In case of overlaying peaks resulting from different
sequences (obtained for O. tritici and for some O. inter-

medium strains, Table 1), PCR products were separated
by PCR-DGGE (denaturing gradient gel electrophoresis)
in a Bio-Rad DCodeTM system. For PCR-DGGE, we
used primers Ot-ITS-252-f (50-CAGGCCAGTCAGCCT-
GACG-30, annealing in the proximal still relatively
conserved ITS1a segment at AL591782 ITS1a positions
73–94) and GC-Ot-ITS-912-r (50-36mer-GC-clamp-CAC-
GATTTCATACAGAACAGGCAGAC-30, annealing in
a relatively conserved ITS1c segment at AL591782 ITS1c
positions 73–97) for O. tritici, and Oi-ITS-1-f (50-CTGC-
GGCTGGATCACCTCC-30, annealing at the 30 rrs end
at AL591782 rrs positions 1464–1482) and GC-Oi-ITS-
570-r (50-36mer-GC-clamp-CCCACGCTTATCAAGC-
GTGTGC-30, annealing within the tRNAile gene at
AL591782 tRNAile positions 25–46) for the O. inter-

medium strains (Fig. 1). PCR conditions were as described
above. The denaturing gradient for the 6% polyacryla-
mide (PAA) gel was 60–95%. PAA gels were run at 80V
and 55 1C for 18h, and stained with SybrGreen. Homo-
duplex bands were cut, and the DNA purified and
sequenced. Sequencing primers were designed specifically
to close the sequence gaps to rrs and rrl. In parallel,
heteromorphous O-ITS-1a-f/O-ITS-2a-r amplicons were
cloned using the Topo-TA cloning kit (Invitrogen). At
least 10 insert-containing plasmids were sequenced from
each reaction applying the above described strategy to
obtain full-length sequences.
Sequence analyses

All of the different sequences identified in the PCR-
DGGE approach were retrieved in the cloning strategy,
suggesting that all polymorphous alleles of the investigated
O. tritici, and O. intermedium strains were detected.
Sequences were analysed at the german EMBL-node
DKFZ (Deutsches Krebsforschungszentrum) Heidelberg
using the online accessible bioinformatics tools of
HUSAR (http://genius.embnet.dkfz-heidelberg.de/menu/
w2h/w2hdkfz/). rrs sequences were aligned using Clus-
talW, and ITS sequences using DiAlign and MUSCLE.
Relevant closely related sequences identified by BLASTN2
and FASTA searches were integrated in the alignments.
ITS alignments were adjusted manually according to [15]
using secondary structure information from MFOLD free
energy minimization.

Phylogenetic trees (Fig. 2) were constructed from the
alignments using CLUSTREE and the implemented
Kimura-2-parameter model. Gaps were treated as a fifth
nucleotide state. Thousand bootstrap resamplings were
performed. Pseudoaminobacter salicylatoxidans KTC001
(AJ294416) was used as outgroup for the rrs and
Pseudoaminobacter sp. LCSAOTU18 (AY119681) for the
ITS1c and ITS1trees. Nodes with less than 50% bootstrap
support were collapsed, and bootstrap probabilities higher
than 75% are shown. Almost identical topologies were
retrieved in PUZZLE maximum likelihood trees (not
shown), suggesting that topologies are stable.

Scatter plots and regression analyses were performed
with data from previously performed DNA–DNA-
hybridization experiments [9,13,17], rrs, ITS1 and ITS1c
similarity values, in order to determine the degree of
correlation between these parameters for the analysed
data sets.
Accession numbers and sequence annotation

Sequences were submitted to the DDBJ/EMBL/Gen-
Bank database (at EMBL-EBI, European Bioinformatics

http://genius.embnet.dkfz-heidelberg.de/menu/w2h/w2hdkfz/
http://genius.embnet.dkfz-heidelberg.de/menu/w2h/w2hdkfz/
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Fig. 2. Comparative phylogenetic neighbour-joining analyses of Ochrobactrum rrs (16S rDNA, 1394 characters (gaps included), left

part) and ITS1c (complete, 835 characters, right part) sequences. Nodes with less than 50% bootstrap support were collapsed, and

bootstrap probabilities475% are shown. Affiliation to genera, Ochrobactrum species and O. anthropi genomovars (gv.) is indicated.

Accession numbers are in parentheses. Taxonomic names in ‘quotation marks’ refer to currently misassigned strains or sequences

(cf. Table 1, see text). Different ITS1 alleles are denoted -A to -E after the strain name. Source of isolation of Ochrobactrum isolates:

[C], clinical/animal; [R], rhizoplane; [S], soil; [U], unknown; [W], wastewater.
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Institute, http://www.ebi.ac.uk/embl/index.html). The fol-
lowing accession numbers of sequences that had pre-
viously been submitted by us, were updated for the
additionally sequenced loci: AJ242576–AJ242584 and
AJ550273. The following accession numbers were ob-
tained for newly entered sequences: AJ864999–AJ865000,
and AJ867289–AJ867348.

Annotations are based on rrs end and rrl start points
as defined in S. meliloti 1021 accession numbers
AL591782, AL591791 and AL591792. tRNA genes
were identified by tRNAscan-SE [22].

Results and discussion

Heterogeneity of Ochrobactrum ITS1 and number of

different rrn types

The ITS1 region of Ochrobactrum strains (O. gallini-

faecis was not analyzed) was found to be variable in
length, similarly as described in numerous papers for
other genera, and ranged between 708 (some O. anthropi

strains) and 858 bp (O. grignonense) (Table 1). Both
O. grignonense strains showed 100% identity of the
sequenced ITS1a and ITS1b. The higher length of
O. grignonense ITS1 was due to an insertion of 103 bp in
ITS1b which was predicted to form four consecutive
RNA hairpins (not shown). Since ITS1b nts. 5–113 were
more similar (ca. 70%) to O. grignonense ITS1a nts.
155–269 than to any other accessible sequence, the
ITS1b insert was probably generated by within-strain
duplication, heterologous recombination and diver-
gence. Some other Rhizobiales members also have a
prolonged ITS1b (not shown). Homologous recombina-
tion at rrn loci has similarly been found in Ochrobactrum

and Brucella strains [11,31]. Genome rearrangements
apparently frequently occurred within the Brucellaceae.

One type of ITS1 per strain was found in O. anthropi,
O. grignonense, Ochrobactrum sp. TK14 and few

http://www.ebi.ac.uk/embl/index.html


ARTICLE IN PRESS
M. Lebuhn et al. / Systematic and Applied Microbiology 29 (2006) 265–275 271
O. intermedium strains (Table 1). For these, a single
PCR band and no sequence overlays were observed (not
shown). However, their exact rrn copy number per
genome remains unclear. Engel [4] found 1 rrn copy
in O. anthropi LMG 3305, but Jumas-Bilak et al. [12] 2
megareplicons hybridizing with an rrs probe in
O. anthropi ATCC 49188T.

According to the rrs, ITS1, ITS1c and genetic
fingerprinting analyses (Figs. 1 and 2; Table 1; [3]),
‘O. anthropi’ strain LMG 5443 and the strain corre-
sponding to accession number AB120120 should be
reclassified as O. intermedium, and ‘O. anthropi’ strains
LMG 2134 and LMG 2320(t1), showing in addition the
typical confluent colony morphology on NB agar of
O. tritici, as O. tritici. Results for these strains are
consequently discussed with O. intermedium and
O. tritici. ‘O. lupini’ rrs (strain LUP21, acc. no. AY457038)
was 100% identical with O. anthropi (Fig. 2). It should
be checked if this strain belongs to O. anthropi.

O. tritici and many O. intermedium strains were found
to be heterogeneous in rrn composition. We identified
1–5 different types of ITS1 per strain in O. intermedium

and 2–3 in O. tritici (Table 1). Teyssier et al. [31]
identified 4 rrn operons in O. intermedium LMG 3301T,
but we found 5 different ITS1 alleles suggesting the
presence of at least 5 rrn operons in this strain.
Superimposed bands may have obscured the presence
of a higher copy number in the analysis of [31].
Interestingly, one of the three ITS1 alleles of O. tritici

(formerly O. anthropi) LMG 2134 was 100% identical to
the ITS1 of O. anthropi, whereas the other two alleles
clustered with O. tritici (Fig. 2). We assume that an rrn

operon was recently transferred from O. anthropi to the
ancestor of this hybrid strain, and that either rrs

heterogeneity was not detected due to preferential PCR
amplification of the major O. tritici rrs type or that rrs

was quickly homogenized [8,20]. Alternatively, only the
ITS1 region (including the tRNAile and tRNAala genes)
may have been recombined and was not yet homo-
genized. Similarly, horizontal transfer (HGT) of rrn

segments was identified in Rhizobiaceae strains [32]. Our
data suggest that this mechanism of evolution giving rise
to reticulate phylogeny also occurs in Ochrobactrum.
Table 2. Discriminatory features of analysed rrs and ITS1 (segmen

Sequence (segment) rrs ITS1

Total characters 1394 1925

Parsimony-constant characters (%) 1134 (81.35) 630 (32.73)

Parsimony-informative characters (%) 154 (11.05) 852 (44.26)

Non-redundant Ochrobactrum

sequences� (%)

41 (100) 35 (100)

�Number of non-redundant Ochrobactrum sequences in the alignment of
y6 of these sequences contain less that 15 nucleotides.
Except for ITS1 allele A of O. tritici LMG 2134,
within-strain ITS1 and ITS1c (Fig. 2) heterogeneity did
not exceed the species limits (also true for uncorrected
distances, not shown). Since this feature has also been
noticed for ITS of other genera (Guertler, 1999), and
ITS is under selective pressure (see above), ITS can be
used for phylogenetic classification.
ITS1 (segment) phylogenies and their value for

taxonomy

We compared ITS1, ITS1 segment and rrs phyloge-
nies of Ochrobactrum strains and close relatives, and
evaluated the similarity values with DNA–DNA hybri-
dization data. ITS1 alignments needed thorough manual
adjustment due to locally very high sequence variation,
and was guided by secondary structure information [15].
The tRNAile and tRNAala genes were found to be too
conserved for species-level delineation (Table 2). ITS1b
was typically too short to infer phylogeny (Table 2) and
prone to recombination (see above). In the ITS1a tree
(not shown), O. tritici was split in 2 clades. One of them
was found with Brucella, and the other was polyphyletic
with O. grignonense and 2 O. anthropi clades. Except for
polyphyly of O. tritici in the ITS1 (containing ITS1a,
tRNAile, ITS1b, tRNAala, ITS1c) tree (not shown),
topologies in ITS1, ITS1c and rrs trees were much more
consistent. In the rrs and ITS1c trees (Fig. 2), O. tritici

sequences formed a monophyletic branch, and in rrs,
ITS1 and ITS1c trees, O. anthropi was monophyletic and
O. grignonense branched off much closer to the
Ochrobactrum root. Some informative ITS1a characters
apparently provided ambiguous information for phylo-
geny, although ITS1a provided the highest percentage
of parsimony-informative characters within ITS1
(Table 2). Particular plasticity of the region between
rrs and tRNAala (corresponding to ITS1a in our study)
was shown for enterococci [25].

A high percentage of informative characters (Table 2)
and the most reliable phylogenetic signal was derived
from segment ITS1c. ITS1c and rrs topologies were
generally concordant, except for the closer relation of
t) sequences

ITS1a tRNAile ITS1b tRNAala ITS1c

599 77 338 76 835

161 (26.88) 62 (80.52) 77 (22.78) 64 (84.21) 353 (31.86)

319 (53.26) 9 (11.69) 115 (33.92) 4 (5.26) 346 (41.44)

29 (82.86) 3 (8.57) 7y (20.00) 4 (11.43) 25 (71.43)

the respective sequence segment.
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the Sinorhizobium/Agrobacterium clade with Ochrobac-

trum and the (non-significant) rooting of Brucella in an
O. intermedium subcluster in the ITS1c tree (Fig. 2). In
contrast, O. intermedium and Brucella were significantly
monophyletic in the ITS1 and ITS1a trees (not shown).
Brucella fell within the Ochrobactrum clade and was
found inside the intervals for affiliation to Ochrobactrum

at the genus level in each of the phylogenetic and
regression (see below) analyses (Figs. 1 and 2) [17,33].
Brucella must hence be regarded as an Ochrobactrum

species from the scientific point of view and was
consequently treated as an Ochrobactrum species in this
article. However, to avoid confusion [30], Brucella as
medically important organism with defined clinical
symptoms may maintain its name.

ITS1c and ITS1 provided a much higher percentage of
informative sites than rrs (Table 2), and in the ITS1c and
ITS1 trees, O. anthropi consisted of 3 significant
genomovar (gv.) clades (gv. 1 subdivided in gvs. 1a,
1b; Fig. 2, Table 1), whereas the respective sequences did
not diverge (100% identity) in the rrs tree (Fig. 2). ITS1
length difference was the major factor for the separation
of the gv. 1a/1b clade and the gv. 2/3 clade (Table 1,
Fig. 2). The O. anthropi ITS1 genomovars showed
nearly perfect conformity with previously performed,
even higher resolving rep-fingerprint profile clusters
(Table 1; REP-groups are defined in [17]; BOX-groups
are defined in [3]). O. anthropi gv. 1a comprised REP-
groups A and B, and BOX-group 3.1.2.1.2. O. anthropi

gv. 1b comprised REP-groups G and H, and BOX-
group 3.1.2.1.1. O. anthropi gv. 2 comprised REP-
groups C–F and J, and BOX-groups 3.1.2.2.1.1,
3.1.2.2.1.3 and 3.1.2.2.2 (gv. 2 strain OaC13a, correctly
belonging to BOX-group 3.1.2.2.1.1, may have been
misassigned in [17] to REP-group G). O. anthropi gv. 3
comprised BOX-groups 3.1.1.2 and 3.1.2.2.1.2 (strain
LMG 35 appears to be misplaced in [3] in BOX-group
3.1.2.2.2 and probably belongs to cluster 3.1.2.2.1.2).
ITS1 analysis is hence useful to differentiate below the
species level and provides significant phylogenetic
information. However, topologies can need further
proof (e.g. by rrs analysis), since ITS1a/b plasticity can
cause bias and ITS1c is relatively short (about 300 bp).
There was evidence that neither ITS1 profiling nor rep-
fingerprinting resolves microbial genetic microdiversity
down to the strain level: O. anthropi DSM 14396 was
isolated from german, but strain LMA1, belonging to
the same rep- and ITS-groups, from French agricultural
soil (Table 1) [17]. Due to the geographical distance, we
assume that a clonal origin of these two strains is
excluded, and that mutations should have occurred in
very rapidly evolving regions. However, neither ITS1-
nor rep-differences were detected.

Fig. 3 shows regression analyses between DNA–DNA
hybridization data, rrs, ITS1c and ITS1 divergence for
Ochrobactrum and related outgroup strains or se-
quences. The atypical position of the short ITS1 allele
of O. tritici LMG 2134 (formerly O. anthropi) (allele -A,
100% identity with O. anthropi LMG 3331T) in Figs. 2
and 3 was most probably caused by HGT (see above).
Data distribution (Fig. 3) was best explained and with
high coefficients of determination (R2) by linear
relationships between rrs, ITS1 and ITS1c, and by
exponential relations between DNA and DNA hybridi-
zation vs. rrs, ITS1 and ITS1c similarities. Table 3
shows the similarity intervals (uncorrected distances) for
the definition of affiliation to Ochrobactrum species and
to the genus Ochrobactrum. According to the results,
both ITS1 and ITS1c similarity distances can be used to
confirm and delineate species within Ochrobactrum, and
Ochrobactrum from related genera. However, the case of
LMG 2134 ITS1-A shows that sequences must be
checked for eventual HGT. ITS1 (segment) analysis is
therefore a suitable candidate to assess species affilia-
tion, e.g. in a Multi Locus Sequence Typing approach as
a potential surrogate for the laborious DNA–DNA
hybridization [30]. The advantage of ITS1 and ITS1c
over rrs analysis lies in the higher resolution down to the
genomovar level (Fig. 2) [26], whereas rrs topology
analysis appears to be more robust in assessing
affiliation above/at the species level.
Correlation of ITS1(c) microdiversity and source of

isolation

The correlation of source of isolation and ITS1(c)
microdiversity (Fig. 2; Table 1) was best studied inside
Ochrobactrum for O. anthropi, for which strains and
sequences from various environments are available.
O. anthropi forms significant ITS1 genomovars (see
above). In almost each of these gvs., isolates from
different environments were intermingled (Fig. 2;
Table 1): O. anthropi gv. 1a consisted of strains from
soil, clinical, animal and unknown sources but not from
the rhizoplane. O. anthropi gv. 1b comprised strains
from wastewater, soil and the rhizoplane, but no clinical
or animal strains. O. anthropi gv. 2 consisted of
strains from clinical sources, soil and the rhizoplane.
O. anthropi gv. 3 was the only group that consisted of
isolates from one source of isolation (clinical sources)
exclusively. However, since this group comprised only 3
sequences, more isolates must be sequenced to corro-
borate an idiosyncrasy. Presently, there was no clear
evidence for an influence of the source of isolation on
the Ochrobactrum ITS1 microdiversity. Similarly, Bathe
et al. [3] found no clear influence of the source of
isolation on the genotype (rep-profiles). There are
several reports that the genotype can be influenced
by specific habitat traits, but results on this topic
are controversial (reviewed in [26]). The source of
isolation did not influence ITS1 length. Clinical, soil
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Fig. 3. Regression analyses of DNA–DNA hybridization versus (A) rrs, (B) ITS1c and (D) ITS1 divergence, and (C) rrs versus

ITS1c divergence. DNA–DNA-hybridization data are from [9,13,17]. LMG3331, SCII24, LMG3301, OiC8-6, Iso196: data for

O. anthropi LMG 3331T, O. tritici SCII24T, O. intermedium strains LMG 3301T and OiC8-6, and O. gallinifaecis Iso 196T as the

hybridization probes, respectively. insp, ingen, outgen denote intraspecies, intragenus and intergenus comparisons of the probe or

the indicated taxon, respectively. Horizontal and vertical lines denote minimum and maximum values for affiliation at the indicated

taxonomic levels. Numbers for strain or taxonomic names show their position if data for 1 parameter are not available. Brucella was

treated as an Ochrobactrum species (see text). LMG2134-A: position of ITS1 allele A of O. tritici LMG 2134 (formerly O. anthropi).

Table 3. Similarity intervals for the definition of affiliation to Ochrobactrum species and to the genus Ochrobactrum

Taxonomic/phylo-genetic position DNA–DNA

reassociation� (%)

rrs similarity (%y) ITS1c similarity (%y) ITS1 similarity (%y)

Within species X 68.6 4 99.48 4 96.19 4 95.11

Borderline, confirmation needed o 68.6,463.8 p 99.92, X 96.94 p 96.19, X 92.05 p 95.11, X 90.8

Within genus, outside speciesyy p 63.8, X 14 o 96.94,496.42 o 92.05, X 82.81 4 90.8, X 82.97

Borderline, confirmation needed o 14,48 p 96.42, X 92.61 o 82.81,468.42 o 82.97,470.33

Outside genus p 8 o 92.61 p 68.42 p 70.33

�DNA–DNA-reassociation data are from [9,13,17].
yUncorrected distances.
yyBrucella was regarded as an Ochrobactrum species (see text).
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and rhizoplane strains could have either the long
(756 bp) or the short (708 bp) ITS1 version (Table 1).

However, there was evidence for higher genetic
diversity in soil than on the rhizoplane at different
scales of resolution (Fig. 2, Table 1). Within O. anthropi,
soil strains were distributed on 3 ITS1 clusters (gvs. 1a,
1b, 2), whereas rhizoplane strains were found only in 2
ITS1 clusters (gv. 1b, 2). Soil strains were found in 3



ARTICLE IN PRESS
M. Lebuhn et al. / Systematic and Applied Microbiology 29 (2006) 265–275274
Ochrobactrum species (O. anthropi, O. intermedium

and O. grignonense) but rhizoplane strains only in 2
(O. anthropi and O. tritici). Bathe et al. [3] similarly
found lower microdiversity on the rhizoplane than in
bulk soil analysing genetic fingerprints (rep-profiles).
Rhizoplane conditions apparently select not only for
biovars that can cope with this particular environment
[3] but also for distinct genomovars, resulting in reduced
microdiversity on the rhizoplane.

Interestingly, Ochrobactrum isolates that contained
more than one different rrn types were from rhizoplane,
human clinical or animal specimens, whereas soil
isolates contained only a single rrn type (Table 1,
Fig. 2). Although we did not determine exact copy
numbers, this suggests that human clinical, animal and
rhizoplane strains in means contain a higher number of
rrn operons than soil strains. The presence of multiple
rrn copies can contribute to ecological fitness of
microorganisms that switch between poor (e.g. soil,
water) and fertile (but potentially hostile, e.g. animal
host, rhizoplane) environments. The ability to react
rapidly in opened fertile niches by intense ribosome
synthesis [14], activity and massive proliferation
(r-strategy) can allow survival of the population in the
presence of concurrents or predators. In contrast,
K-strategists can better cope with poor soil or water
conditions and difficult nutrients and do not need to
upregulate metabolism rapidly by multiple rrn copies.
Additional mechanisms can contribute to the develop-
ment of K- and r-strategies [16].
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