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Acanthamoebae are ubiquitous soil and water bactivores which may serve as amplification vehicles for a
variety of pathogenic facultative bacteria and as hosts to other, presently uncultured bacterial endosymbionts.
The spectrum of uncultured endosymbionts includes gram-negative rods and gram-variable cocci, the latter
recently shown to be members of the Chlamydiales. We report here the isolation from corneal scrapings of two
Acanthamoeba strains that harbor gram-negative rod endosymbionts that could not be cultured by standard
techniques. These bacteria were phylogenetically characterized following amplification and sequencing of the
near-full-length 16S rRNA gene. We used two fluorescently labelled oligonucleotide probes targeting signature
regions within the retrieved sequences to detect these organisms in situ. Phylogenetic analyses demonstrated
that they displayed 99.6% sequence similarity and formed an independent and well-separated lineage within
the Rickettsiales branch of the alpha subdivision of the Proteobacteria. Nearest relatives included members of the
genus Rickettsia, with sequence similarities of approximately 85 to 86%, suggesting that these symbionts are
representatives of a new genus and, perhaps, family. Distance matrix, parsimony, and maximum-likelihood
tree-generating methods all consistently supported deep branching of the 16S rDNA sequences within the
Rickettsiales. The oligonucleotide probes displayed at least three mismatches to all other available 16S rDNA
sequences, and they both readily permitted the unambiguous detection of rod-shaped bacteria within intact
acanthamoebae by confocal laser-scanning microscopy. Considering the long-standing relationship of most
Rickettsiales with arthropods, the finding of a related lineage of endosymbionts in protozoan hosts was
unexpected and may have implications for the preadaptation and/or recruitment of rickettsia-like bacteria to
metazoan hosts.

Members of the Rickettsiales comprise a diverse group of
bacteria, most of which are small gram-negative rods that exist
as either parasitic or mutualistic symbionts within eukaryotic
cells. Beyond these common characteristics, uncertainty about
their classification is mostly due to the difficulties of working
with obligate intracellular bacteria. In addition to the usual
genera (Rickettsia, Orientia, Neorickettsia, Ehrlichia, Wolbachia,
Cowdria, and Bartonella, among others) historically included in
the Rickettsiales on the basis of phenotypic and/or genotypic
data (12, 36, 46, 48), a large number of “rickettsia-like” endo-
symbiotic bacteria that are associated with protozoa, insects
and other invertebrates, and fungi are incompletely described
(33).

Previously, we reported the occurrence of noncultured bac-
terial endosymbionts in both clinical and environmental iso-
lates of Acanthamoeba spp. (16). To date, 17 (22%) of 78
axenically growing Acanthamoeba strains we maintain contain
endosymbionts, including the presence of gram-negative rods
(GNR) in 17% (13 amoebic isolates) and gram-negative cocci
(GNC) in 5% (4 amoebic isolates) (15). Preliminary phyloge-

netic analyses of three of the GNC strains revealed that they
were most closely related to but distinct from the genus Chla-
mydia, while one of the GNR was shown to display affinities to
the Rickettsiales (19). This is consistent with other recent re-
ports describing the recovery of Chlamydia-like endosymbionts
in Acanthamoeba spp. (2, 8) and an Ehrlichia-like endosymbi-
ont within an isolate of Saccamoeba (30). The finding of pro-
tozoal endosymbionts closely related to members of the
Chlamydiales and Rickettsiales adds to the diversity of bacterial
lineages that adapted themselves to intracellular survival
within amoebae. While the life cycles of the Chlamydiales and
Rickettsiales are typically dependent upon an intracellular hab-
itat for survival and growth, a variety of facultatively growing
bacteria, most notably members of the Legionellaceae, also
survive and multiply within amoebic hosts. Such host-symbiont
interactions are thought to be critical in the epidemiology of
legionellosis (3, 6, 14, 37).

Acanthamoeba spp. are increasingly recognized as serious
human pathogens responsible for keratitis, granulomatous en-
cephalitis, and both focal and systemic disease in immunocom-
promised hosts, although the mechanisms of pathogenesis are
poorly understood (20). Due to the recent observation of pu-
tative enhancement of cytopathogenicity of Acanthamoeba fol-
lowing acquisition of noncultured GNR and GNC bacterial
endosymbionts (17) and the potential of GNC endosymbionts
to directly produce human disease (8), a more detailed char-
acterization of Acanthamoeba endosymbionts may be of clini-
cal relevance. In this paper, we present details of the morpho-
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logic and phylogenetic analyses of two GNR endosymbionts
infecting axenically maintained isolates of Acanthamoeba orig-
inally recovered from patients with amoebic keratitis. Because
these bacterial isolates could not be cultivated by standard
microbiological approaches, we undertook a comparative anal-
ysis of their 16S rRNA genes to determine their phylogenetic
affiliations. Fluorescently labelled oligonucleotide probes tar-
geting signature regions within the retrieved 16S rDNA se-
quences were subsequently designed for in situ hybridization to
further assist with the characterization and intracellular local-
ization of individual bacterial cells.

MATERIALS AND METHODS

Isolation and maintenance of Acanthamoeba strains. The techniques used for
recovery and maintenance of acanthamoebae from clinical and environmental
sources are described elsewhere (16, 44). Briefly, primary isolation was per-
formed from infected human corneal tissues by using 1.5% nonnutrient agar
plates seeded with live Escherichia coli. Subsequent incubation was performed at
ambient temperature (22 to 24°C) for up to 10 days. Upon evidence of growth,
clonal cultures were established by transference of a single double-walled cyst to
fresh medium. The use of heat-killed E. coli and/or incorporation of antibiotics
(penicillin, 100 mg/ml; streptomycin, 10 mg/ml; and amphotericin B, 0.25 mg/ml)
in subsequent subcultures resulted in axenic growth. Clones were then adapted
to growth in sterile tryptic soy-yeast extract broth. Two isolates of Acanthamoeba
(UWC8 and UWC36) known to be infected with intracellular, rod-shaped bac-
teria that are readily detected by Gram, Giemsa, and fluorochrome staining
methods were included in this study. General phenotypic characteristics of both
endosymbiont strains, including an electron micrograph of UWC8, have been
described previously (16, 18).

DNA isolation, PCR amplification, cloning, and sequencing. Amoebae and
their endosymbionts were harvested from axenic cultures, washed twice with
double-distilled water, and resuspended in 500 ml of an appropriate lysis buffer.
UWC8 amoebae were lysed in STE buffer (2% sodium dodecyl sulfate [SDS], 10
mM EDTA, 50 mM Tris-HCl [pH 8.0]) containing 0.3 mg of proteinase K per ml
by incubation at 37°C for 2 h, followed by 5 min of gentle inversion at room
temperature (28); UWC36 amoebae were lysed in UNSET buffer (8 M urea, 2%
SDS, 0.15 M NaCl, 0.001 M EDTA, 0.1 M Tris-HCl [pH 7.5]) by incubation at
60°C for 5 min (23). The lysates were extracted twice with phenol-chloroform,
and DNA was precipitated with 2 volumes of absolute ethanol.

Oligonucleotide primers targeting highly conserved 16S rDNA signature re-
gions within the domain Bacteria were used for PCR to obtain near-full-length
bacterial 16S rRNA gene fragments. The nucleotide sequences of the forward
and reverse primers used for amplification of UWC8 were, respectively, 59-AG
AGTTTGATCCTGGCTCAG-39 and 59-ACGGCTACCTTGTTACGACTT-39
(47), while those used for UWC36 were, respectively, 59-AGAGTTTGATYMT
GGCTCAG-39 (Escherichia coli 16S rDNA positions 8 to 27) and 59-CAKAA
AGGAGGTGATCC-39 (E. coli 16S rDNA positions 1529 to 1546) (9). Ampli-
fication reactions for UWC8 were performed in a 100-ml reaction volume in a
programmable thermal cycler (Perkin-Elmer, Foster City, Calif.) with the Ge-
neAmp PCR reagent kit (Perkin-Elmer) as recommended by the manufacturer.
Thermal cycling consisted of 35 cycles of denaturation at 94°C for 1.5 min,
annealing at 42°C for 1 min, and elongation at 72°C for 4 min, with a final
elongation step at 72°C for 20 min. Amplification reactions for UWC36 were
performed in a reaction volume of 50 ml in a thermal capillary cycler with
reaction mixtures, including a 20 mM MgCl2 reaction buffer, prepared as rec-
ommended by the manufacturer (Idaho Technology, Idaho Falls, Idaho) with
Taq DNA polymerase (Promega, Madison, Wis.). Thermal cycling consisted of
an initial denaturation step at 94°C for 30 s followed by 30 cycles of denaturation
at 94°C for 20 s, annealing at 52°C for 15 s, and elongation at 72°C for 30 s, with
a final elongation step at 72°C for 1 min. Positive controls containing purified
DNA from E. coli were included along with negative controls (no DNA added).
The presence and size of the amplification products were determined by 0.8%
agarose gel electrophoresis and ethidium bromide staining of the reaction prod-
uct.

Amplified DNA from UWC8 was purified by electrophoresis in low-melting-
point agarose and ligated into the cloning vector Bluescript II (Stratagene, La
Jolla, Calif.), while amplified DNA from UWC36 was directly ligated into the
cloning vector pCR2.1 (Invitrogen, Carlsbad, Calif.), with subsequent transfor-
mation of E. coli by each vector. Nucleotide sequences of the cloned DNA
fragments were determined by automated dideoxynucleotide methods with the
Taq DyeDeoxy Terminator cycle-sequencing kit (Perkin-Elmer Applied Biosys-
tems, Foster City, Calif.) for UWC8 and the Thermo Sequenase cycle-sequenc-
ing kit (Amersham Life Science, Little Chalfont, England) for UWC36.

Phylogenetic analysis. 16S rDNA sequences were added, with the program
package ARB, to the 16S rRNA sequence database of the Technischen Univer-
sität München, which encompasses about 10,000 published and unpublished
homologous small-subunit rRNA primary structures (11, 26, 42). Alignment of
sequences was performed with the ARB automated alignment tool. Alignments

were refined by visual inspection and by secondary-structure analysis. Phyloge-
netic analyses were performed by applying ARB parsimony, distance matrix, and
maximum-likelihood methods to different data sets. To determine the robustness
of phylogenetic trees, analyses were performed both on the original data set and
on a data set from which highly variable positions were removed by use of a 50%
conservation filter for the members of the Rickettsiales (24). A check for chimeric
sequences was conducted by independently subjecting the first, second, and third
513-base positions (59 to 39) to independent phylogenetic analyses.

In situ identification and detection of Acanthamoeba endosymbionts. Acan-
thamoeba cells were harvested from 3 ml of liquid broth culture by centrifugation
(200 3 g for 3 min), washed briefly with 1 ml of Page’s saline (44), and pretreated
for in situ hybridization (39). The specific pretreatments included (i) resuspen-
sion of amoebic cells in a 1:3 ratio of Page’s saline and 4% paraformaldehyde for
12 h at 4°C, spotting of 30 ml of the cell suspension onto glass slides, and air
drying; (ii) resuspension of cells in a 1:9 ratio of saturated mercuric chloride and
Page’s saline for 12 h at 4°C, washing with 1 ml of Page’s saline, spotting of 30
ml onto slides, air drying, and dehydration by immersion in 80% ethanol for 5 to
10 s; (iii) resuspension of cells in 0.4% trichloroacetic acid in Page’s saline for 15
min at room temperature followed by processing as for (ii); (iv) resuspension of
cells in Page’s saline followed by spotting of 50 ml of suspension on a glass slide,
storing the slide in a moisture chamber for 2 h to permit natural cell attachment,
immersion in 80% ethanol for 10 to 30 s, and air drying; and (v) resuspension of
cells in a solution containing 0.05% (final concentration) agarose in Page’s saline,
spotting of 20 ml onto a slide, air drying, and immersion in 80% ethanol for 5 to
10 s.

Oligonucleotide probes S-*-AcEnd-0090-a-A-18 (AcRic90) and S-*-AcEnd-
1196-a-A-18 (AcRic1196), both specific for UWC8 and UWC36 endosymbionts,
were designed by using the Probedesign/Probematch tools of ARB (42); the
probes were designated according to the standard proposed by Alm et al. (1).
Oligonucleotides were synthesized and directly labeled with the hydrophilic
sulfoindocyanine fluorescent dye Cy3 or Cy5 (Interactiva, Ulm, Germany). Op-
timal hybridization conditions for the probes were determined by using the
hybridization and wash buffers (with and without SDS) described by Manz et al.
(27). Negative control in situ hybridization experiments were performed with
Cy3- and Cy5-labelled derivatives of the oligonucleotide probe BET42a, specific
for the beta subclass of Proteobacteria (27). The slides were examined with a
confocal laser-scanning microscope (LSM 510; Carl Zeiss, Oberkochen, Ger-
many) with two helium-neon lasers (543 and 633 nm). Image analysis processing
was performed with the standard software package delivered with the instrument
(version 1.5). Staining of endosymbiont-harboring amoebic cells with 49,6-dia-
midino-2-phenylindole (DAPI) after in situ hybridization was performed by
incubation with 1 mM aqueous DAPI solution for 4 min at room temperature.

Electron microscopy. Amoebic strains in which symbioses were detected by
conventional microscopy were further examined by electron microscopy, using a
variation of published methods (21). Briefly, aliquots of amoebae in broth were
fixed with 2% glutaraldehyde in 0.1 M cacodylate. The fixed amoebae were then
pelleted in agar and embedded. Thin sections were stained with uranyl acetate
and lead citrate and examined with a Philips CM-10 electron microscope.

Nucleotide sequence accession numbers. Recovered 16S rDNA sequences
were deposited in GenBank under accession no. AF069962 (endosymbiont of
Acanthamoeba sp. strain UWC36) and AF069963 (endosymbiont of Acan-
thamoeba sp. strain UWC8).

RESULTS

Phylogenetic inference. Two almost complete 16S rDNA
sequences were amplified, cloned, and sequenced from two
clinical Acanthamoeba isolates containing microscopically ob-
servable prokaryotic endosymbionts. Comparative sequence
analysis revealed that the UWC8 and UWC36 endosymbiont
16S rDNA sequences were almost identical (99.6% sequence
similarity) and clustered unequivocally with members of the
alpha subclass of Proteobacteria (Table 1). Their closest neigh-
bors included Rickettsia australis, R. sibirica, and R. typhi, with
sequence similarities of approximately 85 to 86%.

Phylogenetic analyses demonstrated that the retrieved se-
quences form an independent, well-separated lineage within
the Rickettsiales (46). The neighbor-joining tree shown in Fig.
1 is based on the results of a distance matrix analysis of all
available 16S rRNA sequences from representatives of the
alpha subclass of Proteobacteria and a selection of members of
the major lines of descent among the Bacteria. Only sequence
positions that have the same nucleotides in at least 50% of all
available sequences from the Rickettsiales were included, to
reduce potential tree artifacts that may result from multiple
base changes (24). To enhance clarity, several phylogenetic
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groups within the alpha subclass and the outgroup organisms
were subsequently removed from the tree without changing its
topology. The topology of the tree was further evaluated by
parsimony and maximum-likelihood analyses of a variety of
data sets differing with respect to the inclusion of sequence
positions and outgroup reference sequences. Different tree-
generating methods consistently supported deep branching of
retrieved 16S rDNA sequences within the Rickettsiales, but an
unambiguous pattern of the respective branch origins within
the Rickettsiales could not be determined.

In situ analysis of endosymbionts by electron microscopy
and in situ hybridization. Light microscopic and ultrastruc-
tural analyses of UWC8 determined that the bacterial cells
displayed a typical gram-negative cell wall, varied in shape

from straight to curved, and were cytoplasmic. They often had
an adjacent clear zone suggestive of capsules or slime layers
(Fig. 2A and B). The symbionts varied considerably in size,
being 0.3 to 0.5 mm wide by 0.8 to 2.3 mm long.

The oligonucleotide probes AcRic90 and AcRic1196 were
designed complementary to specific target regions shared be-
tween both retrieved 16S rRNA sequences. Both probes had at
least three mismatches with respect to all other available 16S
rRNA sequences (Fig. 3). Use of these probes for in situ
detection of the endosymbionts within their eukaryotic host
cells by fixation with 4% paraformaldehyde and standard hy-
bridization methods (27) was initially hampered by amoebic
cell shrinkage accompanied by an increase in autofluorescence.
Similar problems were observed after the use of HgCl2 and

FIG. 1. Neighbor-joining dendrogram showing relationships of endosymbionts of Acanthamoeba strains UWC8 and UWC36 to related members of the Rickettsiales
and outgroups (the bar represents the estimated evolutionary distance). All tree-generating methods support deep branching of the retrieved 16S rDNA sequences,
although an unambiguous pattern of the respective branch origins within the Rickettsiales could not be determined based upon the current data set, resulting in the
presence of a multifurcation (24).

TABLE 1. Overall 16S rRNA sequence similarities for the UWC8 and UWC36 endosymbionts and affiliated bacteria

Strain

% Similarity to:

W.
pipientis

Wolbachia
sp.

E.
canis

C.
ruminantium

E.
equi

N.
helminthoeca

R.
sibirica

R.
australis

R.
typhi

O.
tsutsugamushi

C.
caryophila

UWC36
endosymbiont

Wolbachia pipientis
Wolbachia sp. 99.2
Ehrlichia canis 86.4 86.1
Cowdria ruminantium 86.8 86.5 96.3
Ehrlichia equi 87.2 87.0 91.8 92.0
Neorickettsia helminthoeca 84.8 84.2 84.9 85.2 85.5
Rickettsia sibirica 83.8 83.4 82.9 83.9 83.7 83.8
Rickettsia australis 83.7 83.1 82.6 83.6 83.4 83.1 98.8
Rickettsia typhi 83.9 83.5 82.6 83.3 83.9 83.4 98.4 98.1
Orientia tsutsugamushi 82.4 81.8 82.3 83.4 83.0 82.1 90.3 89.8 90.2
Caedibacter caryophila 82.2 81.4 81.2 82.6 82.3 81.6 84.5 84.8 84.4 84.3
UWC36 endosymbiont 83.4 82.8 82.7 84.7 83.7 81.7 85.5 85.6 85.5 83.4 84.5
UWC8 endosymbiont 83.3 82.9 82.9 84.4 83.9 81.6 85.4 85.2 85.4 83.0 83.9 99.6
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trichloroacetic acid-based fixation methods (35). Attempts to
maintain amoebic cell morphology by capitalizing on their
natural abilities to attach to a glass substrate, while effective,
resulted in significant disruption of the host cells upon expo-
sure to 80% ethanol. Consequently, we implemented an addi-
tional agarose-embedding step that successfully stabilized
Acanthamoeba cell morphology despite treatment with 80%
ethanol. Exclusion of SDS from the hybridization and washing

buffers in subsequent in situ hybridization reactions further
minimized the detrimental effects to the amoebic cells and
allowed the unambiguous detection of probe-labeled, rod-
shaped endosymbionts by confocal laser-scanning microscopy
(Fig. 2C and D). Numbers of endosymbionts per host cell
detected by in situ hybridization varied from 1 to approxi-
mately 100. Simultaneous application of endosymbiont-specific
probes and DAPI staining verified that all DAPI-detectable

FIG. 2. (A) Acanthamoeba trophozoites (UWC8 isolate) naturally infected with rod-shaped bacterial endosymbionts as seen with Hemacolor stain (bar, 7 mm). (B)
Electron micrograph demonstrating intracellular bacterial symbionts (UWC8 isolate) and several mitochondria (arrows) in an Acanthamoeba trophozoite (bar, 1 mm).
(C) Phase-contrast photomicrograph of fixed Acanthamoeba strain UWC8 trophozoites, with numerous E. coli food bacteria seen in the background (arrows) (bar, 15
mm). (D) Specific fluorescent in situ detection of the endosymbionts of Acanthamoeba strain UWC8 within the same field as seen in panel C; numerous rod-shaped
intracellular bacteria are recognized by using probe AcRic1196 labelled with Cy3 (bar, 15 mm).
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endosymbiont cells were also visualized by probe-conferred
fluorescence. A side effect of agarose embedding was the for-
mation of large vacuoles within the Acanthamoeba cells (Fig.
2C).

The optimal hybridization stringency for both endosymbi-
ont-targeted probes was determined by the addition of form-
amide to the hybridization buffer in 5% increments at a con-
stant hybridization temperature of 46°C. Probe-conferred
signals increased following the addition of formamide up to
10% for probe AcRic1196 and 25% for probe AcRic90, then
decreased and eventually disappeared at 20 and 50%, respec-
tively. An increase in probe sensitivity and specificity following
the addition of formamide up to an optimal concentration was
reported previously and may result from better access of the
probe to its target site (i.e., denaturation) or from a direct
effect on the probe, such as unfolding (4). Nonspecific binding
of fluorescently labeled oligonucleotide probes to Acan-
thamoeba endosymbionts was ruled out by the application of
Cy3- and Cy5-labelled derivatives of probe BET42a, specific
for the beta subclass of Proteobacteria (data not shown). The

specificity of the endosymbiont probes was further confirmed
by the absence of detectable signals following in situ hybrid-
ization of paraformaldehyde-fixed municipal activated sludge
with both probes (data not shown) (45). Consequently, positive
hybridization reactions of the bacterial endosymbionts with the
specific probes demonstrated that the retrieved Rickettsia-like
16S rDNA sequences did originate from the endosymbionts of
Acanthamoeba strains UWC8 and UWC36.

DISCUSSION

In the past, the order Rickettsiales served as a convenient
location for the taxonomic grouping of a large variety of gram-
negative bacteria that have an obligate need to develop within
eukaryotic cells. A reappraisal of this concept includes propos-
als to remove all Bartonella spp. (including those reclassified
from the genus Rochalimaea), Afipia spp., and Coxiella burnetii
from the order and to move R. tsutsugamushi to a new genus,
Orientia. All Ehrlichia spp., most Wolbachia spp., Neorickettsia
helminthoeca, Cowdria ruminatum, and Anaplasma marginale

FIG. 3. Alignment of 16S rRNA target regions for endosymbionts of Acanthamoeba strains UWC8 and UWC36, along with other bacterial species displaying the
smallest number of mismatches with respect to probes AcRic90 and AcRic1196.
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appear to form a series of related groups separate from the
genus Rickettsia but clearly within the order and with a com-
mon ancestor (12, 36, 48). Within the genus Rickettsia, analysis
of the 16S rRNA gene is proving to be less useful as a tool for
evolutionary inference, with the analysis of other genes, includ-
ing the one encoding citrate synthase, appearing to provide
greater discriminatory potential (40). In the final analysis, strict
intracellular location of gram-negative organisms can no
longer be regarded as a definitive taxonomic marker only of
the Rickettsiales (12).

We applied the techniques of small-subunit ribosomal gene
sequence analysis to characterize two isolates of GNR endo-
symbionts stably infecting isolates of Acanthamoeba spp. re-
covered from keratitis specimens. It was surprising to find that
these endosymbionts were related to the Rickettsiales, given
that most members of the order are associated with arthro-
pods. The finding is consistent, however, with previous studies
on these and other endosymbionts that demonstrate their re-
liance upon intracellular growth, presence of a capsule or slime
layer, and typical gram-negative cell wall (16, 21, 34). While
indicating emergence from a common ancestor, the endosym-
biont lineage does branch deeply from other members of the
order in a pattern that is not clearly established by the tree-
generating methods used (Fig. 1). Such ambiguity is displayed
by the presence of a multifurcation, resolution of which will be
forthcoming only through analysis of other meaningful data
sets, such as additional gene sequences with phylogenetic po-
tential or an increased data set of the various rickettsial lin-
eages (24). Use of two fluorescently labelled oligonucleotide
probes targeting signature regions at the 59 and 39 ends of the
generated 16S rDNA sequence data did allow us to identify all
individual bacterial cells with both probes within amoebic host
cells and excluded a chimeric nature of the determined 16S
rDNA sequences.

The finding of uncultured endosymbionts in Acanthamoeba
spp. related to the Rickettsiales broadens the spectrum of bac-
teria known to interact with protozoa and may help to explain
the appearance of host-symbiont specificity or cellular tropism
known to exist with symbionts of ciliates (22, 33). Such speci-
ficity was previously demonstrated for the endosymbiont of
Acanthamoeba sp. strain UWC8 and another uncharacterized
GNR endosymbiont, which were shown to infect closely re-
lated strains of Acanthamoeba spp. but which failed to infect
strains considered to be more distantly related, as determined
by mitochondrial DNA restriction fragment length polymor-
phism analysis (18). Occasionally, the presence of a “killer”
phenotype which appears to be dependent upon the degree of
genetic relatedness of the originating and receiving hosts was
observed in different groups of protozoa: contact between ge-
netically matched pairs results in the creation of a stable sym-
biosis, whereas contact between mismatched though recog-
nized pairs may result in host cell death (18, 22, 33).
Theoretically, protozoal strains capable of maintaining stable
symbiotic relationships may realize a substantial selective ad-
vantage from the ability to control competing, bactivorous pop-
ulations of related protozoa, which succumb to the killer phe-
notype following acquisition of discharged symbionts. Michel
et al. also demonstrated that an Ehrlichia-like organism found
infecting an environmental isolate of Saccamoeba limax was
able to infect certain other strains of Saccamoeba but was not
able to develop within isolates representing nine other amoe-
bic genera (30). Such cellular tropism, which is usually receptor
mediated, is a characteristic presumably shared by all members
of the Rickettsiales and is an important determinant of the
particular disease presentations seen in higher mammals.

Many free-living soil and water protozoa mimic the role of

professional phagocytes in their abilities to ingest and destroy
large numbers of bacteria, and they undoubtedly serve as a
natural testing ground for innumerable evolutionary experi-
ments in intracellular survival (3, 41). The spectrum of patho-
gens able to survive and multiply to various degrees within
acanthamoebae includes Legionella spp., Burkholderia pickettii,
Listeria monocytogenes, Vibrio cholerae, Francisella tularensis,
Mycobacterium avium, and Chlamydia pneumoniae (3, 5, 7, 10,
13, 14, 25, 29, 31, 32, 38, 40, 41, 43). For all of these organisms,
acanthamoebae are potential reservoirs and vectors, due in
part to their ubiquity in the environment, their resistant cyst
stages, and their potential to grow in water supply, cooling, and
humidification systems (7, 14, 37).

The recovery of rickettsia-like 16S rRNA gene sequences
from endosymbionts of Acanthamoeba spp. is a novel finding
that broadens the spectrum of the bacterium-host relationships
documented among the Rickettsiales. This may reflect an evo-
lutionary divergence of the protozoan endosymbiont lineage
from the other recognized rickettsial lineages at a time before
their acquisition by arthropods or may represent an earlier
association with protozoa, which preadapted them to life in the
intracellular environment, thus facilitating their ultimate re-
cruitment to metazoan hosts.
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