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Free-living amoebae are frequent hosts for bacterial endosymbionts. In this study, the symbionts of eight
novel environmental Acanthamoeba strains isolated from different locations worldwide were characterized.
Phylogenetic analysis revealed that they were related to one of four evolutionary lineages of amoeba symbionts
recognized previously. This study provides evidence for the existence of only a small number of phylogenetically
well-separated groups of obligate intracellular endosymbionts of acanthamoebae with global distribution.

Free-living amoebae are widespread protozoa, including
phylogenetically diverse genera like Acanthamoeba, Hart-
manella, and Naegleria. They occur in various habitats, includ-
ing soil, water, and the air (37, 47), and in many engineered
environments, like water supplies and air-conditioning units
(42). Free-living amoebae are opportunistic pathogens, caus-
ing keratitis or encephalitis, and important predators of pro-
karyotic and eukaryotic microorganisms with a great influence
on microbial community composition (37, 47). By grazing on
microbes, free-living amoebae also contribute to plant growth,
soil mineralization, and nutrient cycles (9, 11, 47).

Apart from being a food source of free-living amoebae,
some bacteria are able to survive phagocytosis and multiply
within amoebae. The association between these bacteria and
their amoeba hosts can be either transient (in the case of
facultative intracellular bacteria) or stable (in the case of ob-
ligate intracellular bacteria). A wide range of well-known bac-
terial and eukaryotic pathogens are able to infect amoebae and
exploit them for multiplication (25, 33, 43). Free-living amoe-
bae may, thus, serve as environmental reservoirs and vectors
for the transmission of pathogenic bacteria to humans (2, 5)
and might represent evolutionary training grounds facilitating
the adaptation of bacteria to survival within eukaryotic cells
(15, 26, 29, 43, 44).

Stable associations of bacteria with amoebae leading to long-
term symbiotic interactions were described for members of
four evolutionary lineages within the Alphaproteobacteria (7,
20, 30, 57), the Betaproteobacteria (27, 31), the Bacteroidetes
(32, 57), and the Chlamydiae (3, 8, 21, 27, 34). The different
lifestyles of these obligate intracellular bacteria—either di-
rectly in the amoeba cytoplasm or enclosed in host-derived
vacuoles—suggest fundamentally different mechanisms of
host-cell interactions. However, with the exception of chla-
mydia-related amoeba symbionts (22-24, 28, 29), our knowl-
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edge about obligate intracellular symbionts of amoebae is still
scarce. In this study, novel Acanthamoeba strains and their
symbionts were analyzed.

In total, 10 different amoeba strains were isolated from
soil and lake sediment samples from Austria, Tunisia, and
Dominica, using nonnutrient agar plates seeded with live or
heat-inactivated Escherichia coli or Saccharomyces cerevisiae
as described previously (Table 1) (27). Amoeba isolates
were adapted to axenic culture and tentatively classified as
Acanthamoeba spp. based on morphological criteria charac-
teristic for this genus (cell size, contractile vacuole, needle-
like pseudopodia, and appearance of the nucleus) (45). Out
of these 10 isolates, 8 contained intracellular bacteria as
revealed by staining with the fluorescent DNA dye 4',6-
diamidine-2'-phenylindole dihydrochloride (DAPI). Iso-
lates EI1, EI2, and EI6 harbored coccoid bacteria, whereas
isolates EI3, EI4, EI5, 5a2, and EIDS3 contained rod-
shaped bacteria (Table 1). The two Acanthamoeba isolates
without intracellular bacteria were not analyzed further.

Simultaneous isolation of DNA from amoeba hosts and
their bacterial endosymbionts was performed as described pre-
viously (27). The 18S rRNA genes were amplified using prim-
ers targeting conserved 18S rRNA gene regions (see Table S1
in the supplemental material), cloned using the Topo TA kit
(Invitrogen Life Technologies), and sequenced on an ABI
3130 XL genetic analyzer using the BigDye Terminator kit
v3.1. For each isolate, three to six clones were analyzed and
found to be identical (99.8 to 100% sequence similarity). The
software Pintail (4) indicated that the obtained sequences were
not chimeric.

All 18S rRNA sequences showed highest sequence similarity
with members of the genus Acanthamoeba (96.6 to 99.7%);
similarity values to other genera were below 90% (Table 1).
Using the 95% similarity threshold value for the definition of
Acanthamoeba 18S rRNA sequence types (51), the Acanth-
amoeba sp. isolates EIl, EI2, EI3, 5a2, EIDS3, and EI6 could
be assigned to the sequence type T4, and Acanthamoeba sp.
isolates EI4 and EI5 could be assigned to sequence type T2.
Consistently, phylogenetic analysis using the ARB software
package (41) revealed well-supported relationships of the new
amoeba isolates with the genus Acanthamoeba and the geno-
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TABLE 1. Amoeba isolates and their symbionts analyzed in this study
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16S rRNA 18S rRNA
Acanthamocba sp. Growth medium  GenBank — GenBank  yyi0 o 165 RNA sequence Highest 185 rRNA
i:(fllegé ?lr:)d Source andt;}r)lt;)mal ac;sss;(fm acrfgss(;(f)n similarity to”: sequence similarity to“:
symbiont  amoeba host
EIl PRA-227 Soil; Vienna, Austria TSY, 20°C AM408788 AM408796 Parachlamydia sp. isolate Acanthamoeba castellanii
Hall’s coccus (99.5%; (99.6%; M13435)
AF366365)
EI2 PRA-226 Soil; lower Austria TSY, 20°C  AM408789 AM408797 Protochlamydia amoebophila Acanthamoeba castellanii
UWE?25 (98.9%; 4CL (98.9%;
AF083615) AF260724)
EI3 PRA-225 Rainforest soil; TSY, 20°C ~ AM408790 AM408798 “Candidatus Acanthamoeba sp. KA/
Dominica Paracaedibacter MSS7 (99.6%;
acanthamoebae” (99.7%; AY173015)
AF132137)
El4 PRA-224 Garden soil; Vienna, PYG, 20°C  AM408791 AM408799 “Candidatus Amoebophilus  Acanthamoeba polyphaga
Austria asiaticus” TUMSJ-321 OX-1 (96.6%),
(98.3%; AF366581) AF019051
EI5 PRA-223 Desert sand, Matmata, TSY, 20°C AM408792 AM408800 “Candidatus Procabacter Acanthamoeba pustulosa
Tunisia acanthamoebae” Page23 (98.0%; AF019050)
(97.3%; AF177425)
EI6 PRA-222 Soil; Schneeberg, lower  TSY, 20°C~ AM408793 AM408801 Parachlamydia sp. isolate Acanthamoeba castellanii
Austria UV-7 (98.9%; AJ715410) (99.3%; M13435)
EIDS3 PRA-221 Alkaline lake sediment;  PYG, 30°C ~ AM408794 AM408802 “Candidatus Amoebophilus  Acanthamoeba sp. isolate
Darscho Lacke, asiaticus” TUMSJ-321 MZOR (99.7%;
Burgenland, Austria (99%; AF366581) DQ103890)
5a2 PRA-228 Lake sediment; Lake PYG, 30°C  AM408795 AM408803 “Candidatus Amoebophilus Acanthamoeba royreba

Neusiedl,
Burgenland, Austria

asiaticus” TUMSJ-321
(99.3%; AF366581)

Oak Ridge ATCC
30884 (98.8%;
U07417)

“ Data within parentheses are sequence similarities and GenBank accession numbers, respectively.

types T2 and T4 (Fig. 1). Acanthamoeba sequence types cor-
relate roughly with morphological groupings and also seem to
be in concordance with antigen profiles (38). Bacterial symbi-
onts have been identified previously in Acanthamoeba strains
belonging to sequence types T4, TS, and T13 (30, 31); whether
the presence of bacterial symbionts is in any way correlated
with host sequence types is, however, an open question due to
the limited data available. The eight Acanthamoeba isolates
containing endosymbionts were deposited in the American
Type Culture Collection (Table 1).

In order to identify the bacterial endosymbionts of the
recovered Acanthamoeba isolates, their near-full-length 16S
rRNA gene sequences (1,388 to 1,549 bp) were amplified
(see Table S1 in the supplemental material) and cloned. For
each symbiont, three to six clones were sequenced and
found to be identical (99.9 to 100% sequence similarity); the
software Pintail indicated that the obtained 16S rRNA se-
quences were not chimeric. Comparative sequence analysis
revealed that all sequences are highly similar to previously
described obligate endosymbionts of free-living amoebae
(Table 1).

Three of the identified symbionts (in isolates EIl, EI2, and
EI6) showed highest 16S rRNA sequence similarity (98.9 to
99.5%) to members of the Parachlamydiaceae (Table 1) and
thus belong to the genera Parachlamydia and Protochlamydia
within this family, according to the proposed taxonomy of
Chlamydiae (13, 17, 39). Hereafter, these bacteria are accord-
ingly referred to as Parachlamydia sp. isolate EIl, Parachla-
mydia sp. isolate EI6, and Protochlamydia sp. isolate EI2.

Three Acanthamoeba endosymbionts (in isolates EI4, 5a2,

and EIDS3) showed highest 16S rRNA sequence similarity
to a group of amoeba symbionts within the Bacteroidetes
(98.3 to 99.3%) (Table 1), whose only described represen-
tative is “Candidatus Amoebophilus asiaticus” TUMSJ-321
(32). With the exception of a group of arthropod symbionts
related to “Candidatus Cardinium hertigii” (58), similarity
of these bacteria to other members of the Bacteroidetes was
below 85%. These symbionts were thus named “Ca. Amoe-
bophilus” EI4, “Ca. Amoebophilus” 5a2, and “Ca. Amoe-
bophilus” EIDS3.

The endosymbiont of Acanthamoeba isolate EI3 was most
similar to the alphaproteobacterial Acanthamoeba symbiont
“Candidatus Paracaedibacter acanthamoebae” UWC9 (99.7%
sequence similarity) (Table 1) (30); similarity to other mem-
bers of the Alphaproteobacteria was significantly lower (83 to
92%). The endosymbiont of Acanthamoeba isolate EI3 is
therefore tentatively referred to as “Candidatus Paracaedi-
bacter” EI3.

The endosymbiont of Acanthamoeba sp. isolate EI5 had
highest similarity with a group of betaproteobacterial endo-
symbionts of free-living amoebae, particularly with “Candida-
tus Procabacter acanthamoebae” Page23 (97.3%) (Table 1)
(27, 31); similarity to other members of the Betaproteobacteria
was below 90%. This symbiont was provisionally named “Can-
didatus Procabacter” EIS.

All applied treeing methods used to resolve phylogenetic
relationships of the newly identified endosymbionts consis-
tently showed the endosymbionts’ affiliation with their respec-
tive most-similar sequences, forming stable monophyletic
lineages of symbiotic bacteria with high bootstrap and TREE-
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Acanthamoeba sp. EI1 (AM408796)
Acanthamoeba sp. EI6 (AM408801)
Acanthamoeba castellanii Neff ATCC 50373 (U07416)
I— Acanthamoeba quina (AY703023)
— Acanthamoeba sp. KA/IMSG16 (AY173008)
Acanthamoeba sp. EI3 (AM408798)
Acanthamoeba sp. KA/MSS6 (AY173014)

_L_ Acanthamoeba sp. EI2 (AM408797)
Acanthamoeba castellanii 4CL (AF260724)
Acanthamoeba sp. 5a2 (AM408803)
Acanthamoeba polyphaga (AF019062)
Acanthamoeba sp. EIDS3 (AM408802)
Acanthamoeba sp. MZOR (DQ103890)
Acanthamoeba sp. KAIMSG10 (AY173005)
Acanthamoeba royreba (U07417)

T Acanthamoeba griffini (S81337)
Acanthamoeba polyphaga (AF019052)

Acanthamoeba hatchetti (AF251937)

Acanthamoeba stevensoni (AF019069)
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Acanthamoeba sp. EI5 (AM408800)
Acanthamoeba palestinensis (U07411)
Acanthamoeba pustulosa ATCC 50252 (AF019050)
[ Acanthamoeba sp. TUMSJ-341 (AF352391)
| S Acanthamoeba lenticulata (U94732)

beba sp. El4 (AM408799)
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—
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FIG. 1. Phylogenetic relationships of Acanthamoeba host cells. An 18S rRNA-based TREE-PUZZLE tree (HKY nucleotide substitution
model) (52) is shown. A filter considering only positions which are conserved in at least 50% of all amoebal 18S rRNA sequences was used for
tree calculations. Selected Acanthamoeba 18S rRNA sequence types (51) are indicated. Black dots represent nodes with TREE-PUZZLE support
and PHYLIP maximum parsimony bootstrap values (1.000 resampling) (18) greater than 80%. GenBank accession numbers are given in
parentheses. The arrow indicates toward the out-group. The bar at the bottom represents 10% of the estimated evolutionary distance.

PUZZLE support within the Proteobacteria, the Chlamydiae,
and the Bacteroidetes (Fig. 2).

In order to demonstrate the intracellular location of the
bacterial symbionts within their Acanthamoeba hosts, fluo-
rescence in situ hybridization (FISH) in combination with
confocal laser scanning microscopy was performed. Amoe-
bae were harvested from axenic cultures by centrifugation
(4,000 X g; 5 min) and washed with 1X Page’s saline (45).
After resuspension in 100 wl of 1X Page’s saline, 20-ul
aliquots of amoebic suspension were incubated on glass
slides for 20 min to allow for attachment of amoebae and
fixed with 20 w1 of 4% paraformaldehyde for 20 min at room
temperature. Hybridization was carried out as described
elsewhere (14).

Symbiont-specific probes were selected using probeBase
(see Table S1 in the supplemental material) (40) and applied
for FISH under the recommended conditions. Positive hybrid-
ization reactions for all eight endosymbionts with the specific
probes Bn9-658, Aph1180, Proca438, and CC23a were ob-
tained and confirmed the 16S rRNA-based identification and
the intracellular location of these symbionts (Fig. 3). Further-
more, the simultaneous hybridization with symbiont-specific
probes and the universal bacterial probe set EUB-Mix labeled
with different dyes showed that all bacteria within the Acanth-

amoeba cells were stained by both symbiont-specific probes
and EUB-Mix, demonstrating the presence of only a single
symbiont phylotype within the respective Acanthamoeba hosts
(Fig. 3).

The ultrastructure and intracellular niche of the bacterial
symbionts within their amoeba host cells were further investi-
gated by transmission electron microscopy. For this analysis,
one representative of each evolutionary lineage was selected
(Fig. 4). Amoebae were harvested from axenic cultures and
directly fixed with 2% glutaraldehyde in 1X Page’s amoebic
saline for 1 h at room temperature, followed by fixation with
2% osmium tetroxide for 1 h at room temperature and dehy-
dration in an ascending series of acetone. Subsequently, sam-
ples were embedded in Spurr resin (Sigma-Aldrich) with
polymerization at 60°C for 8 to 12 h. Ultrathin sections were
stained with 1% uranyl acetate for 4 min and 0.3% lead citrate
for 2 min and examined with a Zeiss CEM 902 transmission
electron microscope.

Parachlamydia sp. isolate EI1 showed morphological forms
typical of chlamydial developmental stages, consisting of elec-
tron-dense elementary bodies and electron-translucent reticu-
late bodies (1, 13, 21, 24, 35, 56). The diameters of the ele-
mentary and reticulate bodies were 0.4 to 0.6 wm and 0.6 to 0.9
wm, respectively (Fig. 4A). The reticulate, but not elementary,
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Endosymbiont of Acanthamoeba sp. KA/E22 (EF140634)
Endosymbiont of Acanthamoeba sp. KA/E23 (EF140636)
Candidatus Paracaedibacter EI3 (AM408790)
Candidatus Paracaedibacter acanthamoebae UWC9 (AF132137)
Candidatus Odyssella thessalonices (AF069496)
Endosymbiont of Acanthamoeba sp. KA/E9 (EF140635)
Endosymbiont of Acanthamoeba sp. TUM-K23 (AY102614)
Candidatus Paracaedibacter symbiosus UWE39 (AF132139)

Holospora obtusa (X58198)
"NHP bacterium, (U65509)
_|——Caedibacter acanthamoebae HN-3 (AF132138)

Caedibacter caryophilus (X71837)

free-living Alphaproteobacteria

Endosymbiont of Acanthamoeba sp. UWC36 (AF069962)
Endosymbiont of Acanthamoeba sp. UWC8 (AF069963)
Endosymbiont of Nuclearia pattersoni (AY364636)

Rickettsia prowazekii (M21789)

Rickettsia typhi (L36221)

free-living Betaproteobacteria

Neisseria meningitidis (AE002551)

Candidatus Procabacter acanthamoebae TUMSJ-341 (AF352386)
Candidatus Procabacter OEW1 (AM412761)

Candidatus Procabacter EI5 (AM408792)

Candidatus Procabacter acanthamoebae UWC12 (AF177427)
Endosymbiont of Acanthamoeba sp. UWC6 (AF177426)

Candidatus Procabacter acanthamoebae P23 (AF177425)
Candidatus Procabacter acanthamoebae TUMSJ-226 (AF352385)
Endosymbiont of Acanthamoeba sp. UNE2 (AF177424)

B — free-living Bacteroidetes

Endosymbiont of Scaphoideus titanus (AM042540)
Endosymbiont of Brevipalpus phoenicis (AF350221)
Candidatus Cardinium hertigii (AY331187)
endosymbiont of Acanthamoeba (AF215634)

Candidatus Amoebophilus EIDS3 (AM408794)
Candidatus Amoebophilus asiaticus TUMSJ-321 (AF366581)
Candidatus Amoebophilus 5a2 (AM408795)

Endosymbiont of Acanthamoeba sp. ATCC 30868 (AY549546)
Candidatus Amoebophilus El4 (AM408791)

Endosymbiont of Acanthamoeba sp. AC304 (AY549547)
Endosymbiont of Acanthamoeba sp. AC310 (AY549550)
Endosymbiont of Acanthamoeba KA/E21 (EF140637)

C ————— Candidatus Piscichlamydia salmonis (AY462244)

¢ ﬂ Chlamydiaceae

Fritschea bemisiae (AY140910)
Simkania negevensis (U68460)
Waddlia sp. G817 (AY184804)
Waddlia chondrophila WSU 86-1044 (AF042496)
Criblamydia sequanensis (DQ124300)
_{ endosymbiont of Acanthamoeba sp. UWC22 (AF083616)
endosymbiont of Acanthamoeba sp. TUME1 (AF098330)
—— Endosymbiont of Acanthamoeba sp. UWE1 (AF083614)
Neochlamydia hartmannellae (AF177275)
Protochlamydia bophila sp. EI12 (AM408789)
I F Protochlamydia amoebophila UWE25 (AF083615)
Protochlamydia naegleriophila KNic (DQ632609)
Parachlamydia acanthamoebae (Y07556)
Parachlamydia acanthamoebae Seine (DQ309029)
Parachlamydia sp. OEW1 (AM412760)
Parachlamydia sp. UV-7 (AJ715410)
Parachlamydia sp. EI6 (AM408793)
Parachlaymdia sp. EI1 (AM408788)
Parachlamydia sp. (AF366365)

FIG. 2. Phylogenetic relationships of Acanthamoeba symbionts. 16S rRNA-based trees calculated using the TREE-PUZZLE algorithm (HKY
nucleotide substitution model) (52) are shown for the proteobacterial symbionts (A), the Bacteroidetes symbionts (B) and the chlamydial symbionts
(C). Afilter considering only positions which are conserved in at least 50% of all Bacteria strains was used for tree calculations. Black dots represent
nodes with TREE-PUZZLE support and PHYLIP maximum parsimony bootstrap values (1.000 resampling) (18) greater than 80%. GenBank
accession numbers are given in parentheses. Arrows indicate toward the out-groups. The bar at the bottom of the figure represents 10% of the
estimated evolutionary distance.

bodies were observed undergoing binary fission. Furthermore, “Ca. Amoebophilus” EI4 was rod-shaped (0.3 to 0.5 pm in
Parachlamydia sp. isolate EIl resided in large vacuoles resem- diameter and 0.7 to 1.4 wm in length) and appeared equally
bling the host-derived inclusion characteristic for known chla- spread throughout the host cytoplasm (Fig. 4B). An associa-

mydiae (19). tion with ribosome-studded host membranes was not as obvi-
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ous for “Ca. Amoebophilus” EI4 as it was for other “Ca.
Amoebophilus asiaticus” strains (32, 57).

“Ca. Paracaedibacter” EI3 had a rod-shaped morphology
(0.2 to 0.4 pwm in diameter and 0.9 to 1.4 um in length). These
bacteria seemed to be located directly in the host cell cyto-
plasm, not enclosed in vacuoles but surrounded by an electron-
translucent space, indicating a capsule or slime layer similar to
that of “Ca. Paracaedibacter acanthamoebae” UWCY9 and
other similar strains (Fig. 4C) (7, 30, 57).

The betaproteobacterial “Ca. Procabacter” EIS exhibited
rod-shaped morphology (0.3 to 0.4 pm in diameter and 0.8 to
1.3 wm in length) and was equally distributed in the host
cytoplasm (Fig. 4D). Interestingly, “Ca. Procabacter” EIS, sim-
ilar to another Procabacter-related amoeba symbiont described
recently (“Candidatus Procabacter” OEW1) (27), was enclosed
by a membrane, which contrasts with the original description
of its closest relatives, “Ca. Procabacter acanthamoebae”
strains Page23, UWC12, and UWE2, that were found directly
in the cytoplasm (31).

In light of the ubiquity of acanthamoebae and the numer-
ous reported transient associations between facultative in-
tracellular bacteria and amoebae, it was surprising that all
symbionts of the new Acanthamoeba isolates investigated in
this study were related to any of the four known groups of
obligate amoeba endosymbionts (Fig. 2) (3, 7, 8, 20, 21, 31,
32, 34, 57). This is even more remarkable as none of the
Acanthamoeba isolates analyzed here originated from a lo-
cation sampled previously (Table 2). In fact, for each phy-
logenetic group of symbionts, amoeba hosts were recovered
from different habitats and different locations worldwide.
The proteobacterial symbionts, for example, were found in
amoebae from America, Europe, Africa, and Asia. This
indicates a global distribution of only a small number of
phylogenetically distinct groups of amoeba symbionts.

Despite the existence of only a few major evolutionary
lineages of amoeba symbionts, there is a considerable diver-
sity within some of these lineages. The alphaproteobacterial
and the chlamydial symbionts comprise at least four differ-
ent genera each (Table 2). In addition, two of the bacterial
symbionts identified in this study, “Candidatus Amoebophi-
lus” EI4 and “Candidatus Procabacter” EI5, showed a 16S
rRNA sequence similarity below the recently proposed
thresholds for the discrimination of bacterial species of 98.6
or 98.7% (36, 50) and, thus, represent novel species within
the tentative genera “Ca. Amoebophilus” (at least three
species in total) and “Ca. Procabacter” (at least four spe-
cies), respectively (Table 2). This species-level diversity is
further supported by differences in ultrastructure and sub-
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cellular location observed in this study compared to those in
previous reports (27, 31, 32, 57).

One possible explanation for the observed limited phylo-
genetic diversity of bacterial endosymbionts of Acanth-
amoeba species might be a potential bias introduced by the
isolation procedures and the adaptation to axenic culture
conditions. The use of nonnutrient agar plates with E. coli or
Enterobacter aerogenes as the food source is currently the
standard procedure for isolation of free-living amoebae and
was used to recover phylogenetically diverse amoebae (37,
48, 49). From the eight Acanthamoeba isolates analyzed in
this study, six belong to Acanthamoeba sequence type T4
(Fig. 1), which is the most abundant genotype in the envi-
ronment and also comprises most of the pathogenic Acanth-
amoeba isolates (37, 49, 55), while two belong to sequence
type T2. This shows that there is considerable phylogenetic
diversity among the isolates obtained with the method ap-
plied in this study. However, although unlikely, we cannot
exclude that, for some unknown reason, amoebae containing
certain types of symbionts are selected for by our isolation
procedure. In this context, it seems interesting that the
amoeba harboring “Ca. Procabacter” EI5, which is most
different from known amoeba symbionts, was recovered
from nonnutrient agar plates with Saccharomyces cerevisiae
instead of E. coli as the food source. One possibility for
isolating free-living amoebae harboring novel bacterial en-
dosymbionts might therefore be to use alternative food
sources during isolation.

Another possibility for the discovery of novel intracellular
bacteria has been described recently. Cocultivation of envi-
ronmental samples with (symbiont-free) amoebae was suc-
cessfully used to identify obligate or facultative intracellular
bacteria and to grow them in a surrogate Acanthamoeba host
(13, 46, 53, 54). This technique is, by far, less time consum-
ing than the isolation of amoebae and the adaptation to
axenic culture conditions by using traditional methods.
However, the cocultivation approach bears the disadvantage
that the identity of the original host (which does not neces-
sarily have to be an amoeba) remains unknown.

In concert with previous reports (3, 7, 20, 21, 30-32, 34, 57), this
study provides evidence for the existence of only a limited number
of phylogenetically different groups of obligate bacterial endo-
symbionts of Acanthamoeba spp., showing a global distribution.
This might suggest that adaptation of bacteria to long-term intra-
cellular symbiosis with acanthamoebae has originated only a few
times during evolution. The ongoing genome projects of
Parachlamydia acanthamoebae UV, “Candidatus Amoebophilus
asiaticus” 5a2, and Acanthamoeba castellanii Neff will help to

FIG. 3. Identification and intracellular localization of Acanthamoeba symbionts by FISH. Probes EUK516 labeled with Cy5 (and shown in blue),
targeting most Eukarya, and EUB-Mix labeled with Fluos dye (green), targeting most Bacteria strains, were used in all experiments in combination
with Cy3-labeled symbiont-specific probes (red) (Table 2); the combined signal from bacterial and symbiont-specific probes appears yellow. At least
three independent experiments were performed and =100 individual Acanthamoeba host cells were examined, all of which were infected;
representative confocal laser scanning micrographs are shown. (A) Parachlamydia sp. isolate EI1 in Acanthamoeba sp. isolate EI1 (probe Bn9-658).
(B) Protochlamydia sp. isolate EI2 in Acanthamoeba sp. isolate EI2 (probe Bn9-658). (C) “Candidatus Paracaedibacter” EI3 in Acanthamoeba sp.
isolate EI3 (probe Cc23a). (D) “Candidatus Amoebophilus” EI4 in Acanthamoeba sp. isolate EI4 (probe Aph1180). (E) “Candidatus Procabacter”
EIS5 in Acanthamoeba sp. isolate EI5 (probe Proca438). (F) Parachlamydia EI6 in Acanthamoeba sp. isolate EI6 (probe Bn9-658). (G) “Candidatus
Amoebophilus” EIDS3 in Acanthamoeba sp. isolate EIDS3 (probe Aph1180). (H) “Candidatus Amoebophilus” 5a2 in Acanthamoeba sp. isolate
5a2 (probe Aph1180). The white bars in the bottom right corner of each panel represent 10 pm.
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FIG. 4. Ultrastructure of symbionts within Acanthamoeba host cells. Representatives from each phylogenetic group of symbionts are shown.
(A) Parachlamydia sp. isolate EI1. Elementary (black arrowhead) and reticulate (white arrowhead) bodies within the chlamydial inclusion can be
seen. (B) “Candidatus Amoebophilus” ElI4. (C) “Candidatus Paracaedibacter” EI3. An electron-translucent space, indicative of a capsule or slime
layer, surrounding “Candidatus Paracaedibacter” EI3 is clearly visible. (D) “Candidatus Procabacter” EIS is surrounded by a membrane (black
arrow). (E) Protochlamydia sp. isolate EI2. Each Protochlamydia sp. isolate EI2 cell is surrounded by an inclusion membrane. Mitochondria are
labeled “m.” The lengths of bars in the bottom right corner of each panel represent 1 pm.
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TABLE 2. Overview of recognized obligate intracellular symbionts of free-living amoebae

Bacterial lineage Amoeba symbiont designation” C"“m.‘y ,,Of Source habitat GenBank .165 TRNA Reference or
origin’ accession no. source
Alphaproteobacteria “Candidatus Paracaedibacter USA Contact lens case AF132137 30
acanthamoebae” UWC9
“Candidatus Paracaedibacter” EI3 Dominica Rainforest soil AM408790 This study
Endosymbiont of Acanthamoeba sp. South Korea Human corneal tissue EF140636 57
isolate KA/E23
Endosymbiont of Acanthamoeba sp. South Korea Human corneal tissue EF140634 57
isolate KA/E22
“Candidatus Odyssella Greece Water from air conditioner AF069496 7
thessalonicensis”
“Candidatus Paracaedibacter USA (MN) Soil AF132139 30
symbiosus” E39
Endosymbiont of Acanthamoeba sp. Germany Activated sludge AY102614 6
isolate TUMK-23
Endosymbiont of Acanthamoeba sp. South Korea Human corneal tissue EF140635 57
isolate KA/E9
Caedibacter acanthamoebae HN-3 USA Nasal swab AF132138 30
Endosymbiont of Acanthamoeba sp. USA Human corneal tissue AF069963 20
isolate UWC8
Endosymbiont of Acanthamoeba sp. USA Human corneal tissue AF069962 20
isolate UWC36
Endosymbiont of Nuclearia pattersoni Czech Republic Gills (roach [Rutilus rutilus]) AY364636 16
“Candidatus Procabacter USA Human corneal tissue AF177427 31
acanthamoebae” UWCI12
“Candidatus Procabacter” Page23 USA (WI) Freshwater AF177425 31
“Candidatus Procabacter” TUMSJ- Malaysia Lake sediment AF352386 31
341
“Candidatus Procabacter” TUMSJ- Malaysia Lake sediment AF352385 31
226
“Candidatus Procabacter” UWC6 USA Human corneal tissue AF177426 31
“Candidatus Procabacter” UWE2 USA (MN) Soil AF177424 31
“Candidatus Procabacter” EI5 Tunisia Desert sand AMA408792 This study
“Candidatus Procabacter” OEW1 Austria Saline lake sediment AM412761 27
Bacteroidetes “Candidatus Amoebophilus Malaysia Lake sediment AF366581 32
asiaticus” TUMSJ-321
Endosymbiont of Acanthamoeba sp. South Korea Human corneal tissue EF140637 57
isolate KA/E21
“Candidatus Amoebophilus” EIDS3 Austria Alkaline lake sediment AMA408794 This study
“Candidatus Amoebophilus” EI4 Austria Soil AM408791 This study
“Candidatus Amoebophilus” 5a2 Austria Lake sediment AM408795 This study
Chlamydiae Protochlamydia amoebophila UWE25 USA (WA) Soil AF083615 13
Protochlamydia naegleriophila KNic Germany Freshwater aquarium water DQ632609 10
“Candidatus Protochlamydia” EI2 Austria Soil AM408789 This study
Endosymbiont of Acanthamoeba sp. USA (WA) Soil AF083614 21
isolate UWE1
Parachlamydia acanthamoebae Bn9 Germany Nasal swab YO07556 3
Parachlamydia acanthamoebae Germany Nasal swab AM941720 3
Bergl7
Parachlamydia sp. isolate Hall’s USA (VT) Water from humidifier AF366365 8
coccus”
Parachlamydia sp. isolate EI1 Austria Soil AMA408788 This study
Parachlamydia sp. isolate EI6 Austria Soil AM408793 This study
Parachlamydia sp. isolate UV-7 Germany Activated sludge AJ715410 12
Parachlamydia sp. isolate Seine France Freshwater (Seine river) DQ309029 53
Parachlamydia sp. isolate OEW1 Austria Saline lake sediment AM412760 27
Neochlamydia hartmannellae Germany Water from water conduit AF177275 34
Endosymbiont of Acanthamoeba sp. Germany Activated sludge AF098330 21
isolate TUME1
Endosymbiont of Acanthamoeba sp. USA Human corneal tissue AF083616 21
isolate UWC22
Criblamydia sequanensis France Freshwater (the Seine) DQ124300 53

@ Parachlamydia sp. isolate Hall’s coccus, Parachlamydia sp. isolate UV-7, Parachlamydia sp. isolate Seine, and Criblamydia sequanensis were obtained by cocultivation

with Acanthamoeba sp. isolates.
» USA, United States of America.

understand similarities and differences between these symbionts
and the interactions with their Acanthamoeba hosts, as well as the
role of free-living amoebae as evolutionary training grounds for
facultative intracellular bacteria.

Nucleotide sequence accession numbers. 18S and 16S rRNA
gene sequences of Acanthamoeba isolates and their symbionts,
respectively, were deposited in the EMBL/DDBJ/GenBank data

libraries under accession numbers AM408788 to AM408803
(Table 1).
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