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Investigations of the population genetics of Bartonella henselae have demonstrated a high level of diversity
among strains, and the delineation of isolates into one of two subtypes, type I (Houston) and type II
(Marseille), represented by specific 16S ribosomal DNA (rDNA) sequences, has long been considered the most
significant genotypic division within the species. This belief is challenged by recent work suggesting a role for
horizontal gene exchange in generating intraspecies diversity. We attempted to resolve this issue and extend
exploration of the population structure of B. henselae by using multilocus sequence typing (MLST) to examine
the distribution of polymorphisms within nine different genes in a sample of 37 human and feline isolates.
MLST distinguished seven sequence types (STs) that resolved into three distinct lineages, suggesting a clonal
population structure for the species, and support for these divisions was obtained by macrorestriction analysis
using pulsed-field gel electrophoresis. The distribution of STs among isolates recovered from human infections
was not random, and such isolates were significantly more often associated with one particular ST, lending
further support to the suggestion that specific genotypes contribute disproportionately to the disease burden
in humans. All but one isolate lay on lineages that bore the representative strain of either the Houston or
Marseille subtype. However, the distribution of the two 16S rDNA alleles among the isolates was not entirely
congruent with their lineage allocations, indicating that this is not a sensitive marker of the clonal divisions
within the species. The inheritances of several of the genes studied could not be reconciled with one another,
providing further evidence of horizontal gene transfer among B. henselae strains and suggesting that recom-

bination has a role in shaping the genetic character of bartonellae.

Bartonella henselae is now well established as a significant
human pathogen and is possibly the agent of the world’s most
common bacterial zoonosis acquired from a companion ani-
mal. The bacterium is naturally maintained through persistent,
subclinical infections in felids and is transmitted between res-
ervoir hosts via arthropods (Ctenocephalides felis). The preva-
lence of B. henselae bacteremia in domestic cats ranges from
about 10 to 40% (7, 17), and infections have been encountered
virtually worldwide. Cat scratch disease (CSD) is the most
commonly encountered B. henselae-induced syndrome in hu-
mans, with an estimated 25,000 cases and several thousand
hospitalizations occurring each year in the United States alone
(16, 19, 21, 34). B. henselae is also unique in its invasion mech-
anism (9) and capacity to drive angiogenesis in vitro and in vivo
(20). Although the prevalence of reported CSD and other B.
henselae infections is relatively high (10 cases per 100,000 pop-
ulation per annum in the United States), the frequency of
human inoculation by B. henselae is likely to be considerably
greater, given the high carriage rates in domestic cats and the
proximity in which cats and humans live. A recent survey of
Australian blood donors detected seropositivity in 5% of sam-
ples tested (7), and B. henselae was detected in the blood-
stream of 10% of attendees at a South African AIDS clinic
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(14). These observations suggest that B. henselae infections are
commonly subclinical and/or markedly underreported, as
problems with current diagnostic approaches are well recog-
nized (13, 24, 25, 27).

Genotypic analyses of B. henselae isolates using a variety of
different pangenomic or locus-specific typing approaches have
identified a number of genetic groupings. These analyses have
been applied not only to epidemiological investigations of hu-
man B. henselae infections but also to broader surveys of hu-
man and feline isolate collections. Such surveys have revealed
limited diversity among human-infecting isolates (2, 5, 10) and
even some type-specific differences in virulence (8, 31, 35) but,
as yet, no direct evidence for any particular hypervirulent ge-
notypes. Several B. henselae genes and genetic loci have been
subjected to comparative analysis for typing purposes, includ-
ing the 16S and 23S ribosomal DNA (rDNA), 16S-23S rDNA
intergenic spacer region, and fragments of protein-encoding
genes such as gltA, ftsZ, and pap31 (6, 37, 38). Examination of
16S rRNA-encoding gene sequences has revealed that B.
henselae isolates possess one of two different sequence types,
with strains being designated as type I or type II on this basis
(5). Although the true significance of this heterogeneity re-
mains uncertain, representative members of each type are se-
rologically distinguishable (11) and possess consistently differ-
ent protein profiles (15, 23). The type I (Houston)-type II
(Marseille) delineation of B. henselae has thus become widely
accepted as a consistent and meaningful phylogenetic division
within the species.
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TABLE 1. Genotypic characteristics of the 37 B. henselae isolates studied

Distribution of alleles at the nine loci studied

Isolate HO.St. ?,f ST ERICtype APtype IRStype PFGE type
ongim 16S  batR  eno gltA  fisZ  groEL  nlpD  rbC  rpoB

49882 (H-1) H 1 1 1 1 1 1 1 1 1 1 4 H 2 1
49793 H 1 1 1 1 1 1 1 1 1 1 4 H 1 1
BH2 H 1 1 1 1 1 1 1 1 1 1 4 H 1 1
BH3 H 1 1 1 1 1 1 1 1 1 1 4 H 2 NT?
BHS H 1 1 1 1 1 1 1 1 1 1 4 H 2 1
HC54 F 1 1 1 1 1 1 1 1 1 1 4 H 2 1
JR1 H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
JR3 H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
JRS H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
JR6 H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
JR7 H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
JR8 H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
JR9 H 1 1 1 1 1 1 1 1 1 1 4 H 2 3
NU4695 F 1 1 1 1 1 1 1 1 1 1 4 H 1 2
RMC3 F 1 1 1 1 1 1 1 1 1 1 4 H 2 2
RMC10 F 1 1 1 1 1 1 1 1 1 1 4 H 1 2
JR2 H 1 1 1 1 1 2 1 1 1 2 4 H 2 1
HC62 F 1 2 1 1 1 2 1 1 1 3 1 H 2 5
HC35 F 2 2 1 1 1 2 1 1 1 4 3 H 1 4
HC60 F 2 2 1 1 1 2 1 1 1 4 3 H 1 NT
RMC1 F 2 2 1 1 1 2 1 1 1 4 1 H 2 5
RMC8 F 2 2 1 1 1 2 1 1 1 4 3 H 2 5
RMC12 F 2 2 1 1 1 2 1 1 1 4 3 M 1 5
NU4714 F 2 1 1 1 1 2 1 1 1 5 4 H 1 5
R987 H 2 1 1 1 1 2 1 1 1 5 4 H 2 4
R1073 H 2 1 1 1 1 2 1 1 1 5 4 H 2 4
BH4 H 2 3 1 2 2 2 1 1 2 6 4 M 2 6
HC48 F 2 3 1 2 2 2 1 1 2 6 2 M 2 6
HC71 F 2 3 1 2 2 2 1 1 2 6 2 M 2 NT
NU4423 F 2 3 1 2 2 2 1 1 2 6 4 H 2 6
NU4713 F 2 3 1 2 2 2 1 1 2 6 3 H 2 6
RMC2 F 2 3 1 2 2 2 1 1 2 6 6 M 2 6
RMC5 F 2 3 1 2 2 2 1 1 2 6 1 M 2 NT
RMC7 F 2 3 1 2 2 2 1 1 2 6 5 M 2 6
RMC11 F 2 3 1 2 2 2 1 1 2 6 7 M 1 6
URLLYS H 2 3 1 2 2 2 1 1 2 6 4 M 2 6
BERL-2 F 2 4 1 2 3 1 2 2 1 7 5 M 2 7

“ H, human infection; F, feline infection.
> NT, not tested.

However, other approaches to B. henselae genotyping are
not entirely supportive of this delineation. One study has re-
ported that the distributions of pap31 and groEL alleles among
a small panel of B. henselae isolates were the same as that of
16S rDNA alleles (36), whereas a separate investigation has
revealed noncongruence between the distributions of alleles of
16S rDNA and the citrate synthase-encoding gene (glt4)
among a larger sample of isolates (10). Furthermore, pan-
genomic fingerprinting using arbitrarily primed (AP)-PCR, en-
terobacterial repetitive intergenic consensus (ERIC)-PCR,
and infrequent restriction site (IRS)-PCR as well as macrore-
striction analysis using pulsed-field gel electrophoresis (PFGE)
have also indicated imperfect correlation with 16S rDNA type
(2, 10).

Multilocus sequence typing (MLST) is a relatively new typ-
ing method that groups bacteria based on comparison of nu-
cleic acid sequences derived from the internal fragments of a
number (typically seven) of housekeeping genes. This ap-
proach is particularly powerful as, unlike the raw data obtained
by other approaches to bacterial strain typing, nucleic acid
sequences are unambiguous and can be stored and transferred
between laboratories electronically with complete reliability.

MLST as a typing tool has been developed for a number of
gram-negative (26) and gram-positive bacteria (29). In this
paper, MLST is applied to the study of B. henselae population
structure for the first time. The approach is used for the char-
acterization of 37 previously described B. henselae isolates de-
rived from humans and cats from Australia and other coun-
tries. MLST results are compared to those obtained using
conventional DNA fingerprinting methods.

MATERIALS AND METHODS

B. henselae isolates and growth conditions. The B. henselae isolates analyzed in
this study are a subset of those described previously (10) and are listed in Table
1. Berlin-2 is a feline isolate grown from the pet cat of a patient with CSD in
Germany (3). Isolates were grown on chocolate blood agar plates (Blood Agar
Base No. 2; Oxoid) supplemented with 5% defibrinated horse blood (Bio-
Merieux) at 37°C in a 5% CO,-enriched atmosphere.

DNA fingerprinting methods. Macrorestriction analysis using PFGE of Smal-
digested genomic DNA and computer-assisted designation and analysis of PFGE
fingerprints were carried out as described previously (2). AP-PCR, ERIC-PCR,
and IRS-PCR typing have been reported previously (10).

MLST. Internal fragments of approximately 300 to 500 bp were amplified from
each of nine genetic loci and evaluated for use in the MLST scheme (Table 2).
The gltA sequence data for all isolates and the 16S rDNA sequence data for some
of the isolates examined have been reported previously (10), and all were here
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sequenced and many resequenced on both strands for confirmation. DNA ex-
tracts were prepared by using a commercially available kit (Promega Corpora-
tion, Madison, Wis.) according to the manufacturer’s instructions and stored at
4°C. Primers for amplification and sequencing were designed using Prime soft-
ware (Genetics Computer Group) (ftsZ, groEL, and ribC) or Primer Designer 4
software (SciEd Central; Scientific and Educational Software) (batR, eno, nipD,
and rpoB) and are detailed in Table 2. Reaction mixtures (30 to 50 wl) contained
the following (at the indicated final concentrations): 1X Mastermix (ABGene) or
1X NH, buffer (Bioline) with 1 U of BioTaq DNA polymerase (Bioline), de-
oxynucleoside triphosphates (dATP, dCTP, dGTP, and dTTP) (200 uM each),
MgCl, (2.5 mM), 20 pmol or 200 nM concentrations of each primer (from MWG
or GeneWorks), 1 to 2 pl of DNA template, and sterile distilled water. PCR
amplifications varied slightly with the primers but were generally as follows:
denaturation at 95 to 96°C for 5 min, followed by 35 to 40 cycles (94 to 96°C for
1 min, 55 to 60°C for 10 to 60 s, and 72°C for 45 to 50 s) and a final extension step
at 72°C for 6 to 10 min.

Amplification products were purified (GeneClean Spin kit from Bio101 or
Qiaquick PCR purification kit from Qiagen) and then sequenced directly using
an ABI PRISM Big Dye cycle sequencing ready reaction kit (Perkin-Elmer) and
an ABI 373 or 377 DNA sequencer (Applied Biosystems). All DNA sequences
were analyzed manually for polymorphism, which was confirmed by multiple
sequence alignments by use of EclustalW (ANGIS), Pileup and Pretty software
(Genetics Computer Group), or Align Plus 4 software (SciEd Central). For every
locus, alleles were assigned a number according to the order in which they were
encountered (although alleles possessed by the B. henselae type strain, Houston-
1T, were always assigned allele number 1 for each locus examined). For each
isolate, the combination of alleles at each of the loci examined (the allelic profile)
defined the sequence type (ST), and these were also assigned arbitrary numbers
in the order of encounter. The nucleotide numbering follows that for sequences
assigned the following GenBank accession numbers: AJ300267, batR; AY074768,
eno; AF061746, ftsZ; AF014829, groEL; AF484425, nlpD; AJ132928, ribC; and
AF171070, rpoB (Table 2).

Analysis of MLST data. Cluster analysis of the 37 isolates from a matrix of
pairwise similarities between the allelic profiles was performed by the un-
weighted pair-group method with arithmetic averages (UPGMA). The definition
of clonal complexes and the examination of relationships between STs within
clonal complexes were carried out using BURST analysis (http://burst.mlst.net).

Nucleotide seq € ac( bers. Newly encountered alleles have been
submitted to GenBank under the following accession numbers: AY289790, batR
allele 1 (Houston-1); AY289791, batR allele 2 (HC35); AY289792, batR allele 3
(URLLYS); AY289793, batR allele 4 (Berlin-2); and AY289794, nipD allele 2
(Berlin-2).

RESULTS

Development of an MLST scheme for B. henselae. Sequence
data were obtained for the nine selected genetic loci from all
37 isolates included in the study. The amount of sequence data
obtained at each locus ranged from 321 to 522 nucleotides
(Table 2), with the proportion of sites at which nucleotide
variation was observed within each locus examined ranging
from 0 (eno) to 0.99% (groEL). The number of different alleles
(those which differed in DNA sequence) which were encoun-
tered at each locus was low, ranging from 1 (eno) to 4 (batR)
(Table 3). Nucleotide variations observed within the 16S
rDNA, ftsZ, gltA, groEL, ribC, and rpoB fragments of the iso-
lates examined were consistent with those reported in earlier
studies (4, 12, 36), and no additional alleles of any of these
genes were encountered. 16S sequences conflicted in three
instances with those previously reported (10) due to disagree-
ment with the primer-based method of assignment (5) we had
originally used. This was resolved by the complete sequencing
of all 16S loci.

Identity of B. henselae isolates at selected genetic loci. The
dendrogram shown as Fig. 1 was constructed from a matrix of
pairwise allelic differences between the STs of the 37 isolates
studied. Seven STs were encountered among the isolates. ST1
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TABLE 3. Characteristics of the nine loci evaluated for the
B. henselae MLST scheme

No. (%)

Ny No. of Allelic polymorphism, by reference to
Locus of v‘z.irlz?ble alleles pngstofl—l"' (allZle 1)
sites

16S rDNA 4 (0.78) 2 2: TTAG 143-146 TATTT
batR 4(0.82) 4 2: T302C

3: C65T, C68A, A218G, T302C

4: C65T, A218G, T302C
eno 0 1
ftsZ 4(0.77) 3 2: A1185T, G1404A, G1467T

3: A1185T, G1467T, C1537T
gltA 2(0.53) 2 2: G648A, C1026T
groEL 1(0.25) 2 2: G1343A
nlpD 1 (0.20) 2 2: G1453A
ribC 4 (1.25) 2 2: A1310G, G1360A, A1494G, G1499A
poB 1(0.21) 2 2: G1779A

was the most commonly encountered ST (16 isolates), while
other STs contained between 1 and 10 members. On the basis
of calculated linkage distances, the seven STs were assigned to
three lineages. One of these lineages constituted a clonal com-
plex (the ST1 complex), containing five STs and 26 isolates.
BURST analysis supported the delineation of this complex and
proposed ST1 as the founder ST within the complex. The
remaining two lineages comprised single STs (ST6, 10 isolates;
ST7, 1 isolate).

That 36 of the 37 isolates examined lay in one of two lineages
reinforces the notion of quite distinct Marseille (ST6) and
Houston (ST1 complex) subtypes. Membership of the Houston
subtype was characterized by distinct ftsZ and gltA alleles in
this sample, whereas all Marseille subtypes shared specific
batR, ftsZ, and rpoB alleles.

Distribution of 16S rDNA alleles does not reflect clonality.
Eleven of the 37 isolates possess STs different from that of the
Houston-1 type strain and that of URLLYS, the representative
strain of the Marseille subtype. Two of these 11 isolates were
proven human pathogens from the same region of Australia.
Significantly, the 16S rDNA type II (Marseille) allele (allele 2)
was found to be present in lineages carrying both the Hous-
ton-1 type strain and the URLLYS Marseille subtype. In both
lineages, the 16S rDNA allele 2 was encountered in isolates
recovered from humans and cats.

Evidence of recombination among B. henselae isolates. The
distribution of alleles among the isolates examined suggested
that, in general, loci had been inherited in a congruent manner.
However, the observed distributions of batR and groEL alleles
suggested that the inheritance of these loci could not be rec-
onciled with those of other loci. As demonstrated in Table 1,
only ST1 and ST7 strains possess groEL allele 1, a distribution
that suggests a clustering of two STs that lie apart in related-
ness assessments based on other loci. Furthermore, within the
ST1 complex, the inheritance of 16S rDNA alleles (specifically
the evolution of allele 1 by a common ancestor of STs 1 to 3)
is not congruent with the inheritance inferred from distribution
of batR alleles 1 and 2 among STs 1 to 5 (Table 1). These two
observations can be reconciled by evoking horizontal genetic
transfer among B. henselae strains, as demonstrated for batR
alleles in Fig. 2.

Relationships between MLST and data derived from other
approaches to genotyping. A dendrogram derived from UPGMA

J. CLIN. MICROBIOL.

analysis of Smal restriction digest PEFGE profiles for 33 of the
37 isolates is presented in Fig. 3. Groupings within this den-
drogram, as defined by a Dice coefficient of 81%, are presented
in Table 1. Previously assigned groupings derived from AP-
PCR, ERIC, and Eagl-Hhal IRS-PCR analyses of all 37 iso-
lates are also presented in Table 1.

PFGE analysis groups the isolates into three lineages that
are identical to those obtained by MLST (Fig. 3). The two
MLST lineages that contain single STs (ST6 and ST7) each
possess a single and unique PFGE type (P6 and P7). P6 in-
cludes human and feline isolates from temporally and geo-
graphically disparate sources, whereas P7 contains only one
feline isolate. Within the ST1 clonal complex, five PFGE types,
P1 to PS5, were encountered. The three PFGE types noted
among ST1 isolates were almost exclusive to the ST, with the
exception being P1, which was possessed by the single ST2
isolate, JR2. The remaining eight isolates from the other three
STs (ST3 to STS) within the ST1 clonal complex yielded two
PFGE types (P4 and P5), neither of which was ST specific but
rather was shared by different STs.

ERIC typing proved to be less discriminating than MLST,
and the two approaches to strain delineation are generally
incongruent. However, although four different STs are encoun-
tered among the common E4 group, representing two of the
three B. henselae lineages, all ST1, -2, and -5 isolates (within
the ST1 clonal complex) were E4 members. Conversely, ST6
included strains belonging to all seven ERIC types. Eagl-Hhal
IRS-PCR fingerprinting did not correlate well with MLST,
PFGE, or other typing methods.

Relationships between ST, isolate host, and country of iso-
lation. Of the 37 isolates examined, 17 were isolated from
humans and 20 from cats. Four of the seven STs were found
within the 17 human isolates and all except ST2 were found
among the 20 feline isolates. However, the distribution of iso-
lates from each host among the STs was not uniform. Of the 16
ST1 strains, 12 were of human origin, compared with 5 of the
21 non-ST1 strains. The overrepresentation of human isolates
in ST1 was statistically significant (chi-squared, P < 0.05). As
our strain collection was assembled opportunistically, we at-
tempted to further test the validity of the association described
above by using a subset of isolates originating within the state
of New South Wales (strains with BH, HC, or RMC prefixes).
Three of six ST1 isolates but only one of 13 non-ST1 isolates
were of human origin. This difference has statistical support
(chi-squared, P < 0.05). The feline isolates we examined were
more evenly distributed among STs, with 11 of 19 belonging to
the ST1 clonal complex and 8 of 19 belonging to ST6. No ST
possessed a statistically significant over- or underrepresenta-
tion of feline isolates.

As 33 of the 37 isolates used in our study were of Australa-
sian origin, exploration of a correlation between geography
and ST variation was not possible. However, ST1, STS5, and
ST6 comprise isolates from Australia and New Zealand, and
ST1 and ST6 comprise isolates from Australasia and the
United States or France. The Berlin-2 strain, isolated in Ger-
many (3), is an outlier in both MLST and PFGE analyses. This
strain possessed four alleles (batR 4, ftsZ 3, nlpD 2, and ribC 2)
not found in the Australasian population.
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FIG. 1. Dendrogram of 37 isolates of B. henselae constructed by UPGMA cluster analysis of MLST data. The seven STs to which the isolates

were assigned are indicated at right.

DISCUSSION

The importance of a portable, reproducible, and discrimina-
tory approach to delineating B. henselae strains is now more

apparent than ever before. Although an increasing number of
genotypic assessments of isolates are being published, broader
insights into the population structure of the species are ob-
scured by methodological differences between studies. Fur-
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>+.16S rDNA 2 -1

16SrDNA 1

-~ -

FIG. 2. Evidence for horizontal genetic transfer within the ST1 clonal complex: lack of congruence between 16S rDNA and batR allelic
inheritance. The 16S rDNA allele 1 is fixed in a common ancestor of STs 1, 2, and 3 following its divergence from strains possessing the ancestral
allele 2. Distribution of batR alleles among the STs within the complex suggests horizontal transfer of either allele 1 between an ST1-ST2 common

ancestor and ST5 or allele 2 between ST3 and ST4.

thermore, the reliability of the pangenomic fingerprinting
schemes that have been employed in the majority of these
investigations must now be questioned following evidence for
intragenomic rearrangement by B. henselae both in vivo and
during in vitro passage. The introduction of strain typing based
on the comparison of DNA sequences, reflecting genomic con-
tent rather than organization, circumvents this problem and
therefore potentially offers a reliable indicator of the genetic
identity of B. henselae strains. Furthermore, and of particular
importance to fastidious microorganisms such as bartonellae
that are notoriously difficult to isolate in most disease-associ-
ated situations, MLST can be applied directly to infected ma-
terial, permitting the genotyping of uncultured strains.
Whereas most prior evaluations of MLST in other bacterial
species have used large representative strain panels, no acces-
sible collection of B. henselae strains representing the geo-
graphical and genetic diversity of the species has yet been
assembled. We reasoned that a demonstration of the value of
MLST in defining lineages among a limited set of well-char-
acterized strains would provide us with an indication as to its
value when applied to a larger, more representative collection.
Our choice of loci included fragments of genes encoding well-
characterized housekeeping functions (16S rDNA, eno, ftsZ,

gltA, groEL, ribC, and rpoB) together with other less-well-
defined proteins. BatR encodes a putative homologue of the
Brucella abortus regulatory protein BvrR (33), whereas the
product of nlpD encodes a putative cell surface glycoprotein of
unknown function. While the ribC locus had the greatest num-
ber of variable positions, there were only two alleles observed.
Thus, the number of variable positions within each locus is not
a direct reflection of genetic divergence. Although alleles at all
loci differed very little, some by as little as a single base change,
we were confident of the accuracy of our observations because
(i) all amplification products were sequenced directly rather
than by subcloning of single amplicons, (ii) all loci were se-
quenced at least once on both strands and, (iii) most alleles
were possessed by more than one isolate. The occurrence of
the same one or two altered nucleotides in different strains as
a result of coincident, independent mutation (homoplasy) is
extremely unlikely. Among the protein-encoding loci, most
alleles encountered (4) belonged to batR, and these varied at
only four (synonymous) positions within almost 500 bp. A
Marseille subtype-like strain (Fizz) has been reported to be
distinguishable from both Marseille (URLLY-8) and Hous-
ton-1 (ATCC 49882) representative strains on the basis of
groEL sequence comparison, although the extent of this vari-
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FIG. 3. Dendrogram of 33 isolates of B. henselae constructed by UPGMA cluster analysis of PFGE profiles. The seven PFGE types to which

the isolates were assigned are indicated at right.

ation was not described (38) and was not found in our sample.
Comparison of five separate alleles of the pap31 sequence
suggested that this strain (Fizz) was quite similar to another
(CAL-1) but less similar to the Marseille representative strain.
These Marseille subtype-like strains were in turn quite distinct
from those of the Houston subtype, in which three apparently
identical strains (90-615, SA-2, and Houston-1) were distin-
guishable from one other strain, ZF-1, by pap31 sequencing
(36). Whether pap31 is a good indicator of genetic relatedness
is not yet clear, but such diversity in a gene that may encode an
essential hemin-binding protein (28) should prove useful in an
evolved B. henselae MLST scheme. Although the uniqueness
of the Berlin-2 isolate (ST7) illustrates that there are alleles of
several loci that may be present in Europe and elsewhere that
were not encountered in the smaller Australasian gene pool,
previous studies have suggested that the number of genetic
subgroups within the species is limited (10, 13, 36-38). Indeed,
the remainder of the European and U.S. isolates included in
our study correspond to the two lineages within the species
that supported all of the Australasian isolates.

Our results demonstrate that allelic variation at the 16S

rDNA locus is not a highly discriminatory indicator of the
clonal structure of B. henselae. The type II 16S rDNA allele
was encountered in all three lineages defined within the species
and cannot, therefore, be relied upon for defining the Mar-
seille (i.e., ST6) subtype. In our study, the type I 16S rDNA
allele was confined to the ST1 clonal complex that includes the
type I representative strain, Houston-1, but whether this would
hold generally true is also unknown. Reconstructions of ge-
netic relatedness among our isolates suggest that the type II
16S rDNA allele is ancestral, with the type I allele appearing
later in the diversification of the species. Although present
observations suggest that variation at other loci may serve as
good predictors of clonal relationships within B. henselae, anal-
ysis of variation at multiple loci is clearly a far more reliable
approach to obtaining an accurate, highly discriminate picture
of population structure in this and other species

In demonstrating apparent noncongruent inheritance of al-
leles at two loci in some of the isolates studied, these data are
consistent with a previously hypothesized role for horizontal
gene transfer in shaping the genetic structure of the species
(10). However, the small size of our survey and the lack of high
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levels of allelic diversity means that larger data sets are neces-
sary before interclonal relationships can be reconstructed with
a high degree of confidence. Nevertheless, the present study
provides an invaluable B. henselae population framework and a
convincing case for the future use of MLST in this species. This
is illustrated by the fact that the major branches of the den-
drogram are largely supported by other typing methods. The
highest congruence was found between MLST and PFGE, an
approach that has previously been found to have a very high
discriminatory power relative to other methods applied to the
molecular typing of B. henselae (32). In some cases, DNA
fingerprinting by other typing methods, including AP, ERIC,
IRS, and 16S-23S intergenic spacer region sequencing (10),
discriminates effectively between members of our STs but cor-
relates imperfectly with MLST-derived clonal complexes. Such
noncongruence suggests that intragenomic rearrangement re-
sults from a process quite distinct from that leading to inter-
strain recombination.

Thus, one might conceive a B. henselae gene pool from
which have emerged subgroups with enhanced virulence (at
least in humans). These may not have the same phenotypic
requirements and the inheritance of relevant traits is not nec-
essarily linked; B. henselae carries a bacteriophage of as-yet-
unknown significance (1) and appears to undergo intragenomic
rearrangement which does not inevitably lead to loss of viru-
lence potential nor irreversible change (18, 22), and the
present study suggests the potential for horizontal genetic
transfer in this species. Our study adds further weight to the
hypothesis that human-infecting strains of B. henselae are more
homogeneous than those associated with feline reservoirs. It is
possible that this partly reflects a sampling bias as over half the
human isolates we studied were obtained from a single region
(Queensland) whereas analyzed feline isolates came from Eu-
rope (n = 1) and New Zealand (n = 4), but mostly from
metropolitan Sydney (n = 6 from one collection and n = 9
from another). Despite this, there is good evidence for a lower
level of diversity among human strains than in the feline res-
ervoir. Three of four New South Wales human isolates be-
longed to ST1, whereas the 15 feline isolates from the same
region were assigned to four different MLST groups (ST1, ST3,
ST4, and ST6). The hypothesis that strains belonging to the
Houston subtype are less tolerant of intragenomic rearrange-
ment (as human-associated isolates do seem to be) than strains
belonging to the Marseille subtype (when controlled for source
of isolate) is worthy of further investigation.

B. henselae may cause subclinical or minor infection in both
feline and human hosts and, adapted also to an invertebrate
vector, is the paradigm par excellence for the versatile patho-
gen. MLST represents a discriminatory and portable typing
scheme for the sensitive delineation of strains within B.
henselae and should provide a practical basis for multicenter
collaborative analyses in a way that was not previously feasible.
Detailed analysis of the virulent subgroupings within this spe-
cies and the evolutionary processes leading to the emergence
of these clones may be facilitated by identification of loci with
greater allelic variation and will require a larger and more
representative strain collection to address the questions raised
in this study.
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