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ABSTRACT: Infections of branchial epithelium by intracellular gram-negative bacteria, termed
epitheliocystis, have limited culture of Arctic charr Salvelinus alpinus. To characterize a bacterium
associated with epitheliocystis in cultured charr, gills were sampled for histopathologic examination,
conventional and immunoelectron microscopy, in situ hybridization, 16S ribosomal DNA (rDNA)
amplification, sequence analysis and phylogenetic inference. Sampling was conducted at the Freshwater Institute (Shepherdstown, West Virginia, USA) during outbreaks of epitheliocystis in April and
May 2002. Granular, basophilic, cytoplasmic inclusions in charr gill were shown to stain with Macchiavello, Lendrum’s phloxine-tartrazine and Gimenez histochemical techniques. Ultrastructurally,
inclusions were membrane-bound and contained round to elongate reticulate bodies that were
immunoreactive to an antibody against chlamydial lipopolysaccharide, suggesting the presence of
similar epitopes. DNA extracted from gills supported amplification of the most polymorphic and phylogenetically relevant region of the 16S rRNA gene, which had 97 to 100% identity with several
uncultured clinical Neochlamydia spp. (order Chlamydiales) Clones WB13 (AY225593.1) and WB258
(AY225594.1). Sequence-specific riboprobes localized to inclusions during in situ hybridization experiments. Taxonomic affiliation was inferred by distance- and parsimony-based phylogenetic analyses of the 16S sequence, which branched with Neochlamydia hartmannellae in the order Chlamydiales with high confidence. This is the first molecular characterization of a chlamydia associated
with epitheliocystis in Arctic charr and the fourth Neochlamydia spp. sequence to be associated with
epitheliocystis. Presence of a clinical neochlamydial sequence, first identified from a cat, in Arctic
charr suggests a possible mammalian and piscine host range for some environmental chlamydiae.
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Epitheliocystis is an infectious disease of the epithelium of the gill and skin that has been identified in
many cultured and wild freshwater and marine fin-

fish species (Hoffman et al. 1969, Wolke et al. 1970,
Paperna 1977, Bradley et al. 1988, Lewis et al. 1992,
Groff et al. 1996, Nylund et al. 1998, Nowak & Clark
1999, Corsaro & Greub 2006, Meijer et al. 2006). Agents
associated with epitheliocystis have been character-
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ized ultrastructurally (Hoffman et al. 1969, Wolke et al.
1970, Nylund et al. 1998), antigenically (Groff et al.
1996) or, most recently, molecularly (Draghi et al. 2004,
Meijer et al. 2006) as chlamydia or chlamydia-like bacteria. Horn & Wagner (2001) have proposed the term
‘environmental chlamydia’ to encompass these diverse,
and sometimes medically relevant, chlamydiae isolated from environmental sources, while others suggest a more general term, ‘novel chlamydia’, to include
those chlamydiae not members of the Chlamydiaceae
(Corsaro & Greub 2006). In epitheliocystis, infection of
branchial epithelium results in formation of intracytoplasmic basophilic granular inclusions that distend the
cytoplasm of individual epithelial cells. Host responses
to infection vary from non-proliferative, i.e. with little
or no reaction or evidence of clinical disease, to proliferative, characterized by hyperplasia of branchial
epithelium resulting in clinical signs of respiratory
insufficiency (Nylund et al. 1998, Draghi et al. 2004,
Meijer et al. 2006). Percent mortality can range from as
low as 4% to as high as 100% in cultured juvenile fish.
Epitheliocystis has been described in several salmonid
species, including lake trout Salvelinus namaycush
(Bradley et al. 1988), Atlantic salmon Salmo salar
(Nylund et al. 1998, Nowak & Clark 1999), steelhead
trout Oncorhynchus mykiss (Rourke et al. 1984) and
Arctic charr Salvelinus alpinus (Noble et al. 1999),
wherein it has been associated with significant mortality and economic losses.
Classifying bacteria by analysis of 16S and 23S
rDNA genetic sequences in conjunction with phenotypic characteristics can be used to describe and determine the taxonomy of chlamydia (Everett & Andersen
1997, Everett et al. 1999, Horn et al. 2000, Thao et al.
2003, Draghi et al. 2004, Corsaro & Greub 2006) and
rickettsia (Dumler et al. 2001). Everett et al. (1999)
reorganized chlamydial systematics according to their
16S rDNA sequence identity, creating 4 families,
Chlamydiaceae, Parachlamydiaceae, Simkaniaceae and
Waddliaceae. Based on the methodology of Everett et
al. (1999), all members of the family Chlamydiaceae
have 16S rRNA genetic sequences with 90% or greater
identity. Chlamydia-like bacteria, or the ‘environmental chlamydiae’, are defined as possessing chlamydial
life stages, e.g. reticulate bodies (RBs) and elementary
bodies (EBs), and having 80 to 90% 16S rRNA gene
sequence identity with members of the family Chlamydiaceae. Environmental chlamydiae have been shown
to have an extremely diverse host range, and several
have been associated with morbidity and mortality in
humans and animals (Amann et al. 1997, Everett et al.
1999, Fritsche et al. 2000, Horn et al. 2000, Horn &
Wagner 2001, Deveraux et al. 2003, Draghi et al. 2004,
Collingro et al. 2005, Corsaro & Greub 2006). Although
the agents of epitheliocystis in charr and other piscine

hosts have yet to be successfully cultured in vitro,
Draghi et al. (2004) and Meijer et al. (2006) have successfully characterized several intracellular bacteria
associated with epitheliocystis in piscine hosts by
applying molecular techniques directly to infected gill
tissue in lieu of culture.
In 1998, an outbreak of respiratory disease with
associated mortality occurred in Labrador strain
(Fraser River) Arctic charr cultured at The Conservation Fund’s Freshwater Institute. This outbreak was
due to gill infection by a gram-negative intracellular
bacterium (Noble et al. 1999). Between November of
1999 and June of 2002, 5 cohorts of specific-pathogenfree Arctic charr eggs were hatched and grown in the
Freshwater Institute’s commercial-scale, recirculating,
research production system, which is located in a different watershed (but possibly connected by underlying karst geology) than that that housed the fish in
the 1998 outbreak (Noble et al. 1999). Four of 5 cohorts
experienced outbreaks of respiratory disease with the
same clinical signs as in 1998 and histopathology consistent with epitheliocystis. As with the 1998 outbreak,
the gill was the only affected organ. In addition to
the Fraser River charr, Nauyuk Lake and Tree Rivers/
Nauyuk Lake hybrids also were affected. The purpose
of the present study was to describe the histopathology, ultrastructure, partial 16S rRNA genetic sequence,
and phylogenetic relatedness of the intracellular bacterium associated with an outbreak of epitheliocystis
gill disease in Arctic charr from the spring of 2002 at
the Freshwater Institute. Results of this study expand
our knowledge of the diversity of clinically relevant
environmental chlamydiae and may shed light on host
ranges of these potential emerging pathogens.

MATERIALS AND METHODS
Fish. In the spring of 2002, 20 Arctic charr were sampled from the Freshwater Institute’s recirculating, research production system during an outbreak of
epitheliocystis. Fish were selected based on the presence of clinical signs of gill disease considered representative of the population and consistent with respiratory compromise. Fish were euthanized by immersion
in 150 mg l–1 tricaine methane sulfonate (MS-222,
Argent Chemical Laboratories). Gills were collected,
fixed in 10% formalin and submitted to the Connecticut Veterinary Medical Diagnostic Laboratory (University of Connecticut, Storrs, CT, USA).
Histopathology. Twenty formalin-fixed gill samples
were trimmed to fit plastic cassettes, processed routinely for paraffin embedding, sectioned at 4 µm,
mounted on glass slides, and stained with hematoxylin
and eosin (H&E) according to standard histologic
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techniques (Sheehan & Hrapchak 1980). Tissue sections were examined by light microscopy to identify
histopathologic lesions and inclusions of epitheliocystis
based on previous descriptions (Nylund et al. 1998,
Noble et al. 1999, Draghi et al. 2004, Corsaro & Greub
2006). Additional sections from blocks with evidence of epitheliocystis inclusions were stained using
the Macchiavello (Pinkerton’s), Lendrum’s phloxinetartrazine and Gimenez (PVK modification) techniques
(Gimenez 1964, Culling 1974).
Transmission electron microscopy (TEM) and immunogold labeling. For conventional TEM, formalinfixed gill tissues that had not been processed for paraffin embedment were trimmed to approximately 2 ×
3 mm and 1 mm thick, and were further fixed in a
mixture of 1.25% formaldehyde, 2.5% glutaraldehyde,
0.03% CaCl2 and 0.03% trinitrophenol in 0.05 M
cacodylate buffer pH 7.3 (Ito & Rikihsa 1981), then
post-fixed in 1% OsO4 in 0.1 M cacodylate buffer,
stained en bloc with 1% uranyl acetate in 0.1 M
maleate buffer, dehydrated in ethanol and embedded
in Poly/Bed 812 (Polysciences). To provide another
option, formalin-fixed gill tissues were also fixed for
TEM in equal parts of 8% glutaraldehyde and buffer to
make a 4% glutaraldehyde solution. The buffer solution contained 8.3 ml of 2.26% monosodium phosphate, 1.7 ml of 2.52% sodium hydroxide, and 50 µl of
1% calcium chloride. Tissue was fixed, then rinsed 3
times in cold (4°C) glutaraldehyde. Fixed tissues were
embedded in Spurr’s resin, sectioned, placed onto
copper uncoated grids and examined using a Philips
410 LS electron microscope.
For immunogold electron microscopy, trimmed samples were fixed in a mixture of 3% formaldehyde and
1% glutaraldehyde in 0.1 M cacodylate buffer pH 7.2
(McDowell & Trump 1976), stained en bloc with 1%
uranyl acetate in 0.1 M maleate buffer, dehydrated in a
graded series of ethanol, and embedded in LR White
(SPI Supplies). Ultrathin sections were cut using a
Reichert-Leica Ultracut S ultramicrotome (Leica Microsystems) and placed onto nickel Formvar-carboncoated grids. Grids were treated with blocking buffer
(0.1% bovine serum albumin [BSA], 0.01 M glycine in
0.05 M Tris-buffered saline [TBS]) for 15 min at room
temperature, incubated in a wet chamber (floating on
the drops) with primary antibody for 1 h at room temperature, then overnight at 4°C; grids were then
washed in blocking buffer and incubated with secondary colloidal gold-labeled antibody for 1 h at room
temperature. The primary antibody was commercial
mouse anti-chlamydial LPS monoclonal antibody
(Chemicon International) diluted 1:100 in diluting
buffer (0.05 M TBS containing 1% BSA). The secondary antibody was goat anti-mouse immunglobulin
IgG+IgM (H+L) labeled with 10 nm colloidal gold
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(AuroProbe EM GAMIgG+IgM G10, RPN 431, Amersham Biosciences) diluted 1:20 in diluting buffer. Control grids were incubated in the same way as test grids
except that primary antibody was omitted and replaced
with diluting buffer. Grids were stained with uranyl
acetate and lead citrate, then examined in a Philips 201
or Philips CM-100 electron microscope at 60 kV.
DNA extraction, amplification and cloning. Genomic
DNA was extracted from fresh gill samples from each
of the 20 Arctic charr using the Qiagen DNeasy extraction system (Qiagen) according to the mouse tail protocol of the manufacturer, with few modifications.
Briefly, during lysis, gill tissues in tissue lysis buffer
(ATL buffer; Qiagen) were heated to 97–100°C for
15 min to assist in release of prokaryotic nucleic acids.
Tissue lysis solutions were then cooled to 55°C, Proteinase K was added, and lysates were incubated at
55°C overnight. Column binding, washing, and elution
of DNA were performed according to manufacturer’s
instructions, and eluates were assessed for purity and
quantity by either spectrophotometry at 260 and
280 nm or fluorometry (Bio-Rad VersaFluor Fluorometer). DNA extractions were then aliquoted and stored
at 4°C for immediate use or frozen at –80°C for future
experiments. Negative control genomic charr DNA
was extracted from whole blood samples of clinically
unaffected charr; positive control genomic chlamydial
DNA was extracted from a culture of Chlamydia trachomatis (ATCC #VR1477, American Type Culture
Collection). Nucleic acid extracted from charr gills was
tested for its ability to support amplification-based
experiments by PCR amplification of host 18S rDNA
using primers 18e and 18i (to yield a 440 bp product) or
18e and 18g (to yield a 1.8 kb product) (Hillis & Dixon
1991) as described previously (Draghi et al. 2004).
Oligonucleotide primers to conserved sites along the
16S rRNA gene among members of the order Chlamydiales were used to amplify a 16S rDNA signature
sequence of approximately 300 bp (Everett et al. 1999).
Primers for all PCR experiments were synthesized by
Invitrogen, and rehydrated to a stock concentration
of 100 pmol µl–1.
All 16S rDNA PCR products were amplified in individual 50 µl reaction mixtures containing 100 to 150 ng
of sample DNA, 5 µl 10 × Qiagen buffer (100 mM TrisHCL, pH 8.3, 500 mM KCl, 15 mM MgCl2, 0.01%
gelatin), 200 mM dNTPs, 20 pmol µl–1 each primer,
and 1 U Qiagen HotStar Taq polymerase (Qiagen)
using Perkin-Elmer Model 2400 thermal cyclers
(Applied Biosystems). Because a predicted degree of
identity was expected between the target and primers,
but the exact percent identity was unknown, a touchdown PCR protocol (Palumbi 1996) was used to limit
secondary priming and the creation of spurious products. Reactions were as follows: 15 min incubation
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at 95°C, followed by 30 s at 94°C, 45 s at 66°C, and
30 s at 72°C. Annealing temperatures were decreased
by 1°C every third cycle until 61°C. Annealing times at
65, 64, and 63°C were 30 s, while annealing times at
62 and 61°C were 15 s; 25 cycles were performed at the
final annealing temperature of 61°C. After a total of
40 cycles, a 7 min final extension step at 72°C was
performed. Products were separated by electrophoresis in 2% agarose gels and visualized by ethidium bromide staining and UV transillumination. Images were
recorded digitally using a Stratagene Eagle Eye II-still
video image capture system (Stratagene). Reactions
that yielded amplicons of the correct molecular size
were repeated; samples that amplified twice were considered positive for chlamydia-like bacteria (CLB) and
used for further analysis. Initial 16S rDNA PCR products were either excised and purified from agarose
gels or were purified directly from amplification reactions (Qiagen mini-elute gel extraction kit or PCR
purification kit). Purified 16S signature sequence PCR
products were submitted for direct sequencing to
determine template homogeneity, whereas signature
sequence products for riboprobe generation were
cloned into a dual-promoter transcription vector (pCR
II TOPO TA vector: Invitrogen) and screened by PCR;
plasmid DNA was purified using the Qiagen miniprep DNA purification kit and sequenced using M13
priming sites.
DNA sequencing and analysis. Nucleotide sequences
of both directly sequenced and cloned PCR products
were determined by assembling ABI (Applied Biosystems) sequence files of sense and antisense strands
using Sequencher for Macintosh Version 4.5 (Gene
Codes). Consensus sequences were generated from 5
individual gill samples from 5 different fish using the
multiple sequence alignment algorithm of Sequencher
for Macintosh. Base discrepancies were resolved by
simple majority rulings. Standard nucleotide–nucleotide sequence comparisons were made by conducting
BLAST-n (Altschul et al. 1990, 1997) searches of the
National Center for Biotechnology Information databases (www.ncbi.nlm.nih.gov).
Molecular phylogenetic analyses. The consensus
16S rRNA gene signature sequence was aligned with
16S signature sequences of other chlamydiae and 16S
rRNA genetic sequences from relevant, related, intracellular, gram-negative taxa according to prior molecular systematic studies of members of the order
Chlamydiales (Everett et al. 1999), Neochlamydia hartmannellae (Horn et al. 2000) and endosymbionts
of Acanthamoeba spp. (Fritsche et al. 2000), and
members of the order Rickettsiaceae (Dumler et al.
2001). These included sequences from Chlamydophila
abortus EBA (U76710), C. psittaci MN (AB001784), C.
psittaci NJ1 (U68419), C. caviae GPIC (D85708), C.

felis FP Cello (D85706), C. pneumoniae N16 (U68426),
C. pneumoniae TW-183 (U76711), C. pecorum E58
(D88317), C. pecorum IPA (D85716), C. trachomatis
A/Har-13 (D89067), C. trachomatis B/TW-5/OT
(D85719),Chlamydia trachomatis D/UW-3/CX (D85721),
C. trachomatis L2/434/BU (U68443), C. suis S45
(U73110), C. suis R22 (U68420), C. muridarum MoPn
(85718), C. muridarum SFPD (U68437), Waddlia chondrophila (AF042496), Neochlamydia hartmannellae
(AF177275), Parachlamydia acanthamoebae Bng
(Y07556), Simkania negevensis Z (L27666), endosymbiont of Acanthamoeba sp. UWC22 (AF083616), endosymbiont of Acanthamoeba sp. UWE1 (AF083614),
Rickettsia sp. (AY158006), Neorickettsia helminthoeca
(U12457), R. rickettsii Strain R (L36217), R. typhi
Wilmington (U12463), Ehrlichia chaffeensis (M73222),
E. chaffeensis (U86664), E. risticii (M21290), E. sennetsu (M73225), Rickettsia sp. (Ixodes scapularis symbiont) (D84558), Orientia tsutsugamushi strain Gilliam
(D38622), Ehrlichia sp. ‘HGE agent’ (U02521), Ehrlichia sp. ‘HGE agent’ (isolate CAHU-HGE1)
(AF093788), Ehrlichia sp. (AB074460), candidatus Piscichlamydia salmonis (AY462244) and the agent of
withering syndrome in abalone (AF069062). Sequences
were aligned, edited by visual inspection, and formatted using CLUSTAL X v1.81 (ftp://ftp-igbmc.u-strasbg.
fr/pub/ClustalX/) (Thompson et al. 1997). Phylogenetic
analyses using distance and parsimony were conducted using PAUP* v4.0b10 for Macintosh (Swofford
2000). Parsimony analyses were conducted using
heuristic search settings that included random starting
trees, 100 random addition sequence replicates, treebisection-reconnection branch swapping, and collapsing of branches to create polytomies if maximum
branch lengths were zero. Distance-based analyses
employed the HKY85 2-parameter model and neighbor-joining to obtain starting trees. In heuristic parsimony searches the number of parsimony-informative
characters was 187. Estimates of confidence at nodes
were obtained through 1000 bootstrap replicates of
heuristic searches (Felsenstein 1985).
In situ hybridization using riboprobes. In situ
hybridization (ISH) was conducted utilizing riboprobes
generated by in vitro transcription of cloned 16S rDNA
amplicons, as previously described (Brown 1998,
Draghi et al. 2004) by employing a dual-promoter vector (pCRII TOPO vector: Invitrogen). Inserts were confirmed and orientations determined by DNA sequencing. Plasmids were linearized by restriction enzyme
digestion and confirmed by gel electrophoresis. Linearized plasmids were precipitated in 100% ethanol
with sodium acetate and EDTA at –80°C, washed in
70% cold ethanol, air-dried, rehydrated in diethyl pyrocarbonate (DEPC)-treated, autoclaved, double-distilled,
Millipore-filtered water (Simplicity 185: Millipore Cor-
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poration). Riboprobes of the ~300 bp 16S rRNA genetic
sequence from infected Arctic charr gills were generated by in vitro transcription using the Sp6/T7 DIG
RNA labeling kit (Roche Applied Science) or the
AmpliScribe T7 or Sp6 High Yield transcription kits
(Epicentre Biotechnologies) in combination with 10X
digoxigenin-labeled nucleotide mix (Roche Applied
Science). Sp6 and T7 RNA polymerases were used in
separate labeling reactions according to manufacturers’ instructions. To serve as a nonhomologous probe
control, the cloned 16S rRNA gene of Mycoplasma gallisepticum was transcribed in vitro in identical fashion.
Transcribed riboprobes were precipitated in ethanol,
resuspended in DEPC-treated water, and assessed by
dot blot analysis for probe concentrations.
Riboprobes were used in nonisotopic in situ hybridization experiments based on procedures previously described (Gan et al. 1994, Brown, 1998, Draghi et al. 2004).
H&E-stained tissue sections of gill were examined by
light microscopy for the number and distribution of epitheliocystis inclusions, and serial tissue sections at 4 µm
were mounted unstained on ProbeOn Plus glass slides
(Fisher Scientific). Unstained tissue sections were heated
to 70°C for 10 min, deparaffinized in three 3 min washes
of xylene (Sigma), and rehydrated in 1× PBS with 5 mM
MgCl for 15 min at room temperature. Sections were digested with 20 ng ml–1 Proteinase K at 37°C for 15 min,
covered with pre-hybridization solution [5× sodium chloride, sodium citrate, 5% blocking reagent, 49% formamide, 0.02% SDS, 0.1% N-laurolysarcosine] for 1.5 h
at 40°C. Slides were heated to 95°C for 5 min to denature
target DNA, then sections were covered with 100 µl of

Fig. 1. Salvelinus alpinus. Proliferative gill lesions in Arctic charr with
epitheliocystis. There is basal to complete interlamellar filling by hyperplastic epithelium with foci of bridging of epithelium across the tips of
consecutive lamellae and intraepithelial eosinophilic granular cells; an epitheliocystis inclusion (arrow) is present in the hyperplastic epithelium.
H&E. Scale bar = 100 µm

31

hybridization solution (a total of 100 ng digoxigeninlabeled riboprobe [sense and antisense probes] 100 µl–1
prehybridization solution) per slide, coverslipped, and
allowed to hybridize overnight at 42°C in a humidified
Bokel slide moat (Fisher Scientific). After hybridization,
slides were washed in 2 × SSC with 1% SDS at 40°C for
20 min, followed by 1× SSC with 0.1% SDS at 40°C for
20 min, then 1× SSC for 10 min at room temperature and
0.1× SSC for 10 min at room temperature. Slides were
washed in Buffer I (0.1 M Tris pH 7.5, 0.15 M NaCl) for
10 min, then sections were incubated for 2 h at 37°C in a
humidified chamber with 100 to 200 µl Buffer I containing 2% sheep serum and anti-digoxigenin Fab fragments conjugated to alkaline phosphatase (Roche Applied Science) at 1:250 dilution. Slides were washed for
10 min in Buffer I, then washed twice in TBST (0.15 M
NaCl, 2.7 mM KCl, 25 mM Tris, 0.05% Tween 20, pH 7.6)
for 5 min each. Hybridization signal was developed using the DAKO Permanent Red-Substrate System (Dako
Cytomation) with levamasole (Sigma); slides were counterstained with 1/10th Gill’s modified hematoxylin, air
dried for 1 h and coverslipped according to the instructions of the manufacturer (Dako Cytomation).

RESULTS
Clinical findings
During the 4 outbreaks that occurred between 1999
and 2002, clinical signs began with the gradual onset
of generalized population lethargy and decreased feed
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consumption, and progressed to complete anorexia.
Fish swam near the water surface with or without
exposing their dorsal fin, had flared operculae, and
some gasped at the water surface. Cumulative percent
mortality ranged from 18 to 44%, with an average of
31%.

Histopathology
All 20 clinically diseased Arctic charr had proliferative gill lesions and bacterial inclusions consistent
with epitheliocystis. Gill lesions consisted of diffuse,
basal to complete, interlamellar filling by hyperplastic
epithelium with foci of epithelial bridging and occasional lamellar fusion; infiltrates of lymphocytes and

histiocytes in the stroma of filaments and intraepithelial eosinophilic granular cells accompanied the lamellar epithelial hyperplasia (Fig. 1). Congestion, hemorrhage, lamellar aneurysms or thrombi were infrequent.
Bacterial inclusions were represented by sharply
marginated vacuoles that expanded the cytoplasm of
epithelial cells, often pushing the nucleus to the
periphery of the cell, and contained dense granular
cores which were surrounded by clear space haloes
and were basophilic in H&E-stained tissue sections
(Fig. 2A). Inclusions were differentially stained by several special staining techniques that have traditionally
been used to stain chlamydia in tissue sections, e.g.
Macchiavello (Fig. 2B) and Gimenez (Fig. 2C), as well
as by a stain typically used to highlight DNA inclusion
bodies, Lendrum’s phloxine-tartrazine (Fig. 2D).

Fig. 2. Salvelinus alpinus. Neochlamydial inclusions in proliferative gill lesions of Arctic charr highlighted by various special stains.
Inclusions (arrows) are represented by sharply marginated vacuoles within the cytoplasm of epithelial cells that contain dense
granular cores which are (A) basophilic in H&E, (B) fuchsinophilic when stained by the Macchiavello technique, (C) brick red when
stained by the Gimenez technique, and (D) red when stained by the Lendrum’s phloxine-tartrazine technique. Cytoplasmic granules of eosinophilic granular cells (arrowheads) are (A) brightly eosinophilic when stained by the H&E technique and (D) red in
Lendrum’s, but are not differentially stained by the (B) Macchiavello and (C) Gimenez techniques (not shown). Scale bars = 10 µm
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Fig. 3. Salvelinus alpinus. Transmission electron photomicrographs of neochlamydia inclusion in branchial epithelium of Arctic
charr. (A) Inclusion is located in the cytoplasm, is irregularly shaped with several projections and indentations, and is entirely
membrane-bound, containing round to ovoid reticulate bodies of varying sizes embedded in an osmiophilic matrix. Scale bar =
1 µm. (B) Higher magnification reveals that reticulate bodies are surrounded by distinct membranes, have dispersed granular
cytoplasmic contents, and are separated by an amorphous, fibrillar matrix of moderate electron density. Scale bar = 0.5 µm

Electron microscopy
Transmission electron photomicrographs revealed
inclusions to be membrane-bound vacuoles in the
cytoplasm of branchial epithelial cells and that these
vacuoles contained reticulate bodies, which were
variably sized, round to oval or elongate (Fig. 3A).
EBs were not seen. The size of RBs ranged from
0.5–0.7 to 1.1–1.3 µm with some up to 2.5 µm. They
possessed 2 tightly apposed membranes, i.e. an inner
cytoplasmic membrane and an outer cell wall membrane, with no visible periplasmic space between
(Fig. 3B). An amorphous, osmiophilic, fibrillar matrix
surrounded RBs within vacuoles (Fig. 3B). No inclusions were identified in cells other than epithelial
cells.

Immunogold electron microscopy
Staining with a mouse monoclonal anti-chlamydial
lipopolysaccaride antibody resulted in mild to moder-

ate labeling of membranes and cytoplasm of RBs in
inclusions. No labeling was apparent when the goat
anti-mouse secondary antibody was used alone in
staining reactions (Fig. 4).

DNA sequencing and analysis
Of the 20 charr tested using the touch-down PCR
protocol targeted to the signature sequence of the 16S
rRNA gene of the Chlamydiales (Everett et al. 1999),
5 fish amplified twice in separate PCR experiments.
The resultant PCR products were sequenced directly,
and 5 products from a third PCR from the same 5 fish
were cloned for both sequencing and riboprobe
transcription. A consensus sequence was generated
from all PCR products. BLAST-n analysis revealed that
PCR products had greater than 97% identity with
uncultured clinical Neochlamydia sp. AY225594.1.
Cloned fragments were 100 % identical to the 16S
signature sequence of uncultured clinical Neochlamydia sp. AY225593.1.
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Fig. 4. Salvelinus alpinus. (A) Immunogold staining using anti-chlamydial LPS antibody results in labeling of outer membranes
and cytoplasm of reticulate bodies. Note absence of labeling from spaces between and adjacent to reticulate bodies (arrows).
(B) No labeling of cytoplasm and membranes (arrows) of reticulate bodies is apparent when secondary antibody alone is
applied. Scale bars = 0.5 µm

Molecular phylogenetic analyses

DISCUSSION

A bootstrap consensus phylogram was generated by
distance and parsimony algorithms that placed the 16S
signature sequence from charr with sequences of members of the Chlamydiales with high confidence (98 and
100% for distance and parsimony, respectively). The
bacterium from charr branched with members of the outlying families of the order Chlamydiales, grouping as a
sister taxon to Neochlamydia hartmannellae (family
Parachlamydiaceae) in distance-based analyses (Fig. 5).

Inclusions from charr gill lesions in this study were
morphologically similar to those described in previous
outbreaks of epitheliocystis in Arctic charr at the
Freshwater Institute (Noble et al. 1999). In Arctic
charr from 2002, inclusions were composed exclusively
of RBs surrounded by a moderately electron-dense
matrix. The membrane-bound nature of cytoplasmic
inclusions surrounding RBs distinguishes the bacterium
as chlamydia-like rather than rickettsia-like (Avakyan
& Popov 1984, Nylund et al. 1998, Crespo et al. 1999,
Kahane et al. 1999, Dumler et al. 2001, Dumler &
Walker 2005). It is notable that some chlamydia-like
bacteria that are endocytobionts of free-living amoebae, such as Neochlamydia hartmanellae, an endoparasite of the amoeba Hartmannella vermiformis, do not
reside in membrane-bound vacuoles in the cytoplasm
of their host amoeba (Horn et al. 2000).
Immunogold-labeling experiments provided evidence
that the mouse monoclonal anti-chlamydial LPS antibody (Chemicon International) reacted with membranes and cytoplasm of epitheliocystis inclusions,
indicating the presence of related trisaccharides. Inter-

In situ hybridization
Serial sections were tested in triplicate in each
experiment using (1) no probe, (2) 1.5 kb Mycoplasma
gallisepticum 16S riboprobe, and (3) the 300 bp charr
Neochlamydia sp. signature sequence-specific riboprobe. The 300 bp Neochlamydia sp. riboprobe
demonstrated intense and specific labeling of the
inclusions within branchial epithelial cells. Slides
receiving no probe or the non-target riboprobe had
no signal (Fig. 6).
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Fig. 5. Bootstrap consensus phylogram generated by distance and parsimony algorithms
using 16S rRNA gene signature sequences of
members of the order Chlamydiales and corresponding sequence regions of the 16S
rRNA genes of members of the order Rickettsiales, including species of Ehrlichia. Bacterium associated with epitheliocystis inclusions in Arctic charr branched with members
of the family Parachlamydiaceae, as a sister
taxon to Neochlamydia hartmannellae. Bootstrap confidence values for distance and
parsimony are listed as percentages of 1000
replicates. Outgroup was the agent of abalone withering syndrome

pretations of these results must be made with great
care. The antibody used in this study is thought to be
specific for members of the family Chlamydiaceae;
however, it did react with the intracellular bacterium
identified in Arctic charr, suggesting the presence of
similar epitopes to those of the family Chlamydiaceae.
Current understanding is that members of the family
Chlamydiaceae are recognized by antibodies that
detect the LPS trisaccharide αKdo-(2→8)-αKdo-(2→4)αKdo (Löbau et al. 1995). In an apparent contradiction,
the 16S rRNA sequence data from the agent from
charr place that bacterium within the family Parachlamydiaceae. Other studies have used anti-chlamydial LPS antibody in immunogold-labeling experiments and found labeling of chlamydia that were
determined not to be affiliated with the family
Chlamydiaceae (Draghi et al. 2004, Corsaro & Greub

2006). However, no positive immunohistochemical
staining of epitheliocystis inclusions was reported in a
variety of fish species, including Arctic charr, using
group-specific chlamydial antibody and the methods
described in Groff et al. (1996), which employed the
11B5 antibody specific for the chlamydial genus-specific LPS antigen (Nowak & LaPatra 2006). On the
other hand, variability in the immunohistochemical
staining results between epitheliocystis specimens
from the same fish species has been reported, such that
epitheliocystis infections in one fish species have given
different immunohistochemical staining results based
on the geographic sources of the samples or the antibody used or the labeling technique employed (Nowak
& LaPatra 2006). Further characterization of these
macromolecules from environmental chlamydia is necessary to better understand their relative compositions
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Fig. 6. Salvelinus alpinus. In situ hybridization performed on Arctic charr gill with epitheliocystis using a 300 bp digoxigeninlabeled riboprobe transcribed from the Neochlamydia sp. 16S rRNA signature sequence. No labeling detectable in sections that
received (A) no riboprobe or (B) the Mycoplasma gallisepticum 16S rRNA riboprobe, which served as a nonhomologus riboprobe
control. (C) Specific, granular, bright red labeling of bacterial inclusions is apparent in gill sections that received the Neochlamydia sp. 16S rRNA riboprobe. (D) Higher magnification of the hybridization reaction reveals that the signal development is
restricted to the cytoplasm of the infected branchial epithelial cell. Scale bars (A–C) = 50 µm, (D) = 20 µm

and to lend insight into their utility in describing
the taxonomic range of chlamydiae involved in epitheliocystis.
The phylogram obtained in this study employed 16S
signature sequences of chlamydiae and corresponding
fragments of 16S rRNA gene sequences of rickettsiae,
and resembled those of previous molecular phylogenetic analyses using full length, or near-full length,
16S rRNA gene sequences (Palys et al. 1997, Pettersson et al. 1997, Everett et al. 1999, Horn et al. 2000,
Dumler et al. 2001, Draghi et al. 2004, Collingro et al.
2005). The 16S sequence of this particular epitheliocystis-associated bacterium from charr branched with
those of members of the outlying families of the order
Chlamydiales as a sister taxon to Neochlamydia hartmannellae AF177275. Members of the outlying fami-

lies of the order Chlamydiales, e.g. the Waddliaceae,
Parachlamydiaceae, and the Simkaniaceae, have been
termed ‘environmental chlamydiae’ or ‘novel chlamydia’ (Horn et al. 2000, Horn & Wagner 2001, Corsaro
& Venditti 2004, Collingro et al. 2005, Corsaro & Greub
2006), and N. hartmannellae has been shown to be
an endocytobiont or endoparasite of the free-living
amoeba Hartmannella vermiformis (Horn et al. 2000).
It is possible, therefore, that the Neochlamydia sp.
infecting Arctic charr gill may also exist in free-living
amoebae such as Acanthamoeba spp. or Hartmannella
spp., which suggests a possible environmental source
or reservoir of infection and reaffirms previous notions
that free-living amoebae may harbor the chlamydialike bacteria associated with epitheliocystis (Fritsche
et al. 2000, Horn et al. 2000, Horn & Wagner 2001,
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Draghi et al. 2004, Corsaro & Greub 2006). The absence of native Arctic charr from the watershed and
water source of the Freshwater Institute further supports this possibility. These data also reaffirm that
several different bacteria of the order Chlamydiales
are associated with epitheliocystis (Draghi et al. 2004,
Corsaro & Greub 2006, Meijer et al. 2006, Nowak &
LaPatra 2006).
Everett et al. (1999) proposed that direct sequencing
of PCR products would allow rapid identification of
members of the order Chlamydiales. The 300 bp signature sequence from the 5’-end of the 16S rRNA gene is
the most polymorphic and, hence, the most phylogenetically informative region of the ribosomal operon,
such that amplification of this region allows phylogeny
to be inferred with reasonable confidence (Engel &
Ganern 1987, Everett et al. 1999). Despite the fact that
small fragments may not be ideal for phylogenetic
inference (Corsaro & Greub 2006), even smaller fragments from the 5’-end of the 16S rRNA gene have been
used to identify ‘novel’ chlamydiae and infer phylogeny (Meijer et al. 2006). The agents that share the
highest nucleotide sequence identity with the 300 bp
16S signature sequence of the bacterium from Arctic
charr are represented by uncultured clinical Neochlamydia sp. sequences obtained from conjunctival cytobrush samples of a cat with ocular disease (von
Bomhard et al. 2003). Researchers have referred to
chlamydia from these sources as medically relevant
environmental chlamydia (von Bomhard et al. 2003,
Collingro et al. 2005). Results from Arctic charr suggest
that these Neochlamydia spp. sequences may be
recoverable from a broader range of clinical samples
than previously anticipated. To our knowledge, this
may be the first clinically relevant chlamydial sequence
to be identified from both a mammalian and piscine
source. This serves to expand our understanding of the
impact environmental chlamydia can have on clinical
chlamydiology and highlights the need to characterize
these agents further by determining their host ranges
and clinical relevance.
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