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INTRODUCTION

Loggerhead sea turtles Caretta caretta are distrib-
uted widely and can be found in the Atlantic, Pacific
and Indian oceans (Bolten et al. 2011). Based on geo-
graphical location, they are split into 10 subpopula-
tions, with loggerhead sea turtles in Atlantic Canada
consisting of juveniles belonging to the Northwest
Atlantic distinct population segment (DPS) (DFO
2017). While the Northwest Atlantic DPS is currently
listed as a species of least concern by the IUCN, the
global population of loggerhead sea turtles is cur-
rently listed as Vulnerable on the IUCN Red List of
Threatened Species (Casale & Tucker 2015).

Threats to this species are primarily anthropogenic
and include bycatch in fisheries, entanglement in

fishing gear, traumatic injury from boat strike, noise
and light pollution, marine contaminants, ingestion
of plastic debris, illegal and legal harvest, and beach
and coastal development; non-anthropogenic threats
include predation and infectious disease (Bolten et
al. 2011, DFO 2017). While anthropogenic causes of
mortality in sea turtles are well described, there is a
paucity of information regarding infectious disease in
these species, warranting further research in this
area (Galois & Ouelett 2007, Bolten et al. 2011).

Microsporidia are obligate intracellular eukaryotic
pathogens that comprise a group of over 1500 species
(Stentiford et al. 2013b). Previously considered proto-
zoa, these unicellular organisms have been compared
to fungi and, more recently, have been proposed to be
closely related to the Cryptomycota (James et al.
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2013). Microsporidia have a wide host range, infecting
every phyla of animal including both invertebrate and
vertebrate species (Stentiford et al. 2013b), and re-
ports of these in fections appear to be increasing in
 frequency in reptiles. Among the 4 major groups of
reptiles, microsporidial infections are most commonly
re ported in the Squamata (lizards and snakes) (Nara -
simhamurti et al. 1982, Jacobson et al. 1998, Koudela
et al. 1998, Garner et al. 2000, Mitchell & Garner 2011,
Richter et al. 2013, 2014, Gillett et al. 2016, Sokolova
et al. 2016), with a single report of microsporidiosis oc-
curring in each of the Rhynchocephalia (tuataras) (Liu
& King 1971), the Crocodilia (crocodiles and alligators)
(Scheelings et al. 2015) and the Testudines (turtles
and tortoises) (Eydner et al. 2017). Among these re-
ports, in fections were typically found in captive rep-
tiles, with rare reports in free-ranging animals (Nara -
simhamurti et al. 1982, Gillett et al. 2016). In the
absence of monitoring programs for microsporidiosis
in wild reptiles, however, it is difficult to comment on
the prevalence of these infections in wild species
(Stentiford et al. 2016).

Microsporidial infections have not been reported in
any wild reptile species in Canada (Galois & Ouelett
2007) nor in any species of marine turtle to date. This
study describes a microsporidial infection as a con-
tributing factor in the death of a loggerhead sea tur-
tle found on the shoreline in Atlantic Canada. The
histopathological characteristics, ultrastructural fea-
tures and molecular phylogenetic analysis of a partial
small subunit rRNA (SSU rRNA) sequence of this
novel microsporidial species are described.

MATERIALS AND METHODS

History and gross examination

A female juvenile loggerhead sea turtle measuring
49 cm in curved carapace length and 48.5 cm in
curved carapace width was found dead on a beach,
near the high-tide mark, in Cap-Lumière, New
Brunswick (46.6596° N, 64.7092° W) on December 5,
2016. The frozen carcass was submitted by the Cana-
dian Sea Turtle Network to the Canadian Wildlife
Health Cooperative at the Atlantic Veterinary Col-
lege, University of Prince Edward Island, for post-
mortem examination. The animal weighed 13.8 kg
and was deemed to be in good body condition with
moderate adipose stores and normal muscle mass.
Gross abnormalities were largely restricted to the ali-
mentary tract. Brown to pink-tinged fluid was pres-
ent in the stomach, and there were small (1−2 mm)

raised white plaques on the gastric mucosal surface.
A fibrin cast was present in the lumen of the proximal
small intestine, and the mucosa had yellow dis-
colouration. The large intestinal content was abun-
dant, brown and watery, with well-formed feces
present distally. Routine aerobic bacteriologic cul-
ture of the small intestinal content yielded scant
growth of Serratia liquefaciens.

Histopathology

Tissues collected during necropsy were fixed in
10% neutral buffered formalin, processed routinely,
embedded in paraffin, sectioned at 5 µm thickness,
and stained with hematoxylin and eosin. Slides,
including samples of skeletal muscle, brain, heart,
lung, liver, kidney, ovary, adrenal gland, stomach,
small intestine and colon, were evaluated by a
pathologist via light microscopy. In addition,  periodic
acid-Schiff (PAS) reaction, Ziehl-Neelsen (ZN) acid-
fast and Gram stains were applied to the slides of
skeletal muscle, small intestine, and  stomach.

Transmission electron microscopy

Sections of formalin-fixed skeletal muscle were
fixed overnight at 4°C in 2% buffered glutaralde-
hyde and postfixed in buffered 1% osmium tetroxide
for 1 h at room temperature. Following fixation, the
tissue was dehydrated in ascending concentrations of
ethanol, cleared in propylene oxide, and infiltrated
with a mixture of propylene oxide and epon resin.
Tissue immersed in 100% epon was left in a vacuum
overnight. Cubes of tissue were placed in BEEM
 capsules and polymerized in the oven at 70°C
overnight. Thick and thin sections were cut on a
Reicher Jung ultramicrotome. Thick sections were
stained with 1% toluidine blue, and thin sections
were stained with 5% uranyl acetate followed by
Sato’s lead stain. Sections were viewed on a Hitachi
7500 electron microscope at 80 kV. Digital images
were taken with an AMT HR 40 camera.

DNA extraction, PCR and sequencing

DNA was extracted separately from four ~20 mg
pieces of fresh-frozen skeletal muscle tissue and
small intestine using a DNeasy blood and tissue
kit (Qiagen) as per the manufacturer’s instructions,
except that the proteinase K digestion was for 2.5 to
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22 h. PCR specific for the SSU rRNA gene sequence
(~1300 bp partial sequence) was performed using
universal microsporidial-specific primers 18f (5’-
CAC CAG GTT GAT TCT GCC-3’) and 1492r (5’-
GGT TAC CTT GTT ACG ACT T-3’) (Ghosh & Weiss
2009). Each PCR reaction was performed in a 25 µl
reaction volume, comprising 6 µl (140−240 ng) of
DNA, 2.5 µl of 10X PCR buffer (Qiagen), 0.5 µl of
dNTP at 1.25 mM (Qiagen), 2.5 µl each of 18f and
1492r primer (10 µM), 1.25 units of HotStarTaq (Qia-
gen) and the remaining volume made of nuclease-
free water. Negative control samples with 6 µl of
nuclease-free water were conducted in place of
DNA. PCR followed a touchdown protocol with an
initial denaturation/ activation step at 95°C for 2 min,
followed by 30 cycles of 94°C for 1 min, 60°C for 45 s
(decreasing by 0.5°C each cycle to 50°C for 45 s),
72°C for 2 min and a final extension at 72°C for
10 min. PCR amplicons were visualized after 1%
agarose gel electrophoresis with SYBR Safe DNA gel
stain (Thermo Fisher Scientific) under an ultraviolet
light source.

DNA sequencing and phylogeny reconstruction

PCR amplicons of the expected size were
sequenced in both directions using primers 18f,
1492R, 530f (5’-GTG CCA GC(C/A) GCC GCG G-3’)
and 530r (5’-CCG CGG (T/G)GC TGG CAC-3’)
(Vossbrinck et al. 2004, Ghosh & Weiss 2009) at the
McGill University (Montreal, Canada) and at Macro-
gen (MD, USA). PCR amplification and bidirectional
sequencing were performed at least twice from 2
independently DNA-extracted tissue samples. Con-
tigs were assembled by combining corresponding
forward and reverse sequences, and the consensus
sequence was aligned using the Clustal W accessory
application in BioEdit 1.0.9.0 (Hall 1999). A BLAST
search was completed to determine similarity with
other sequences in GenBank. Sequences with >80%
sequence similarity and >98% query coverage were
included in the alignment along with representatives
of each of the 5 major microsporidian groups and
3 non-micro sporidian outgroup organisms (as per
Vossbrinck & Debrunner-Vossbrinck 2005) to de -
termine the  identity and phylogenetic placement
within the microsporidia. This preliminary phyloge-
netic analysis of 76 sequences (data not shown) indi-
cated that the Caretta caretta microsporidian se -
quence (GenBank accession number MF373108)
belongs to the Marinosporidia (Clade III sensu Voss-
brinck & Debrunner-Vossbrinck 2005). The refined

alignment and phylogeny of 44 sequences included
the C. caretta microsporidian sequence with related
Marinosporidia ingroups and single representatives
of each microsporidian clade and the 3 outgroup
organisms. Phylogenies were constructed by neigh-
bour-joining (NJ), maximum parsimony (MP) and
maximum likelihood (ML) methods using MEGA ver-
sion 6.0 (Tamura et al. 2013). Statistical support for
NJ, ML and MP tree topologies were bootstrap sam-
pled 1000 times, and support values (%) of NJ, MP
and ML analysis were superimposed on the NJ con-
sensus trees.

For phylogeny reconstruction, NJ tree evolutionary
distances were computed using the Tamura-Nei
method (Tamura & Nei 1993) and are in the units of
the number of base substitutions per site. The rate
variation among sites was modeled with a gamma
distribution (shape parameter = 1). The MP tree was
obtained using the subtree pruning−regrafting algo-
rithm (Nei & Kumar 2000) with search level 1, in
which the initial trees were obtained with the ran-
dom addition of sequences (10 replicates). The ML
tree was constructed using the general time re -
versible model + G substitution model (Nei & Kumar
2000) as determined by the lowest Bayesian informa-
tion criterion score and highest corrected Akaike’s
information criterion value (Tamura et al. 2013). Ini-
tial trees for the heuristic search were obtained auto-
matically by applying NJ and BioNJ algorithms to a
matrix of pairwise distances estimated using the
maximum composite likelihood approach and then
selecting the topology with superior log likelihood
value. A discrete Gamma distribution was used to
model evolutionary rate differences among sites, 5
categories + G, parameter = 0.9224. The final dataset
contained 44 nucleotide sequences using 1038 posi-
tions. All positions containing gaps and missing data
were eliminated. Bootstrap values (1000 replicates)
for each NJ, MP and ML tree were computed follow-
ing Felsenstein (1985).

RESULTS

Histopathology

Significant changes were identified within the
skeletal muscle and the alimentary tract. Sections of
skeletal muscle were examined from all 4 limbs, the
pectoral girdle and the epaxial region (15 muscle
samples in total). In all sections, there was multifocal
infiltration of the skeletal muscle by inflammatory
cells consisting primarily of macrophages with fewer

33



Dis Aquat Org 129: 31–39, 2018

lymphocytes and plasma cells. These
cells infiltrated the perimysium, often
invading and replacing myofibers.
In the affected areas, there were
 scattered swollen, occasionally frag-
mented hypereo sinophilic myofibers
lacking striations (degeneration and
necrosis) (Fig. 1). Numerous small
(1.1−1.7 × 2.2−3.4 µm) ovoid spores
were present free among the inflam-
matory infiltrates (Fig. 2). These or -
ganisms had a densely basophilic
round central structure surrounded
by a clear, slightly refractile wall.
Similar spores were often clustered
in groups of 12 to 22 and invested
within a thick-walled sporophorous
vesicle (Fig. 2). Away from the areas
of inflammation were rare myofibers
containing large (approximately 300
× 70 µm) sporo phorocysts consisting
of numerous densely clustered spo -
rophorous vesicles (Fig. 3). Special
stains (Gram, PAS and ZN acid-fast)
were applied to the sections. The
spores stained weakly Gram positive,
had weak punctate positive PAS re -
action and were occasionally strongly
acid fast (Fig. 2). Small linear bire-
fringent structures were present in
the spores when viewed under po -
larized light. The histologic diagno-
sis was subacute histiocytic myositis
with myo fiber necrosis and intrale-
sional microsporidia.

In the stomach and small intestine,
there was  multifocal erosion and in -
filtration of the superficial mucosa by
small to moderate numbers of het-
erophils with fibrin covering the
denuded mucosa. A fibrin cast in the
small intestinal lumen was embed-
ded with degenerate heterophils,
erythrocytes, a few cross sections of
trematodes (not further identified),
and scattered colonies of mixed
Gram-positive and Gram-negative
bacteria. No micro sporidia were
observed. Present within the gastric
submucosa were rare cross sections of nematodes
(not further identified) surrounded by a rim of
eosinophilic debris and mild granulomatous inflam-
mation. Histologic diagnoses for the gastrointestinal

tract were acute segmental heterophilic and fibri-
nous gastroenteritis and mild chronic gastric submu-
cosal parasitic granulomas. Minimal lymphoplasma-
cytic infiltrates were present in the kidney and the
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Fig. 1. Skeletal muscle from Caretta caretta with a band-like inflammatory
 infiltrate (arrows) and myofiber degeneration and necrosis with flocculent 

change in the cytoplasm (arrowheads) (H&E)

Fig. 2. Skeletal muscle from Caretta caretta with inflammation and intralesional
microsporidial spores scattered freely (arrowheads) among the infiltrates or
present within sporophorous vesicles (arrows) (hematoxylin and eosin). Insets:
spores (a) are weakly Gram positive (Gram stain), (b) occasionally have strong
acid-fast staining (ZN acid-fast stain) and (c) show punctate PAS-positive 

reaction. Scale bar 4 µm
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pulmonary interstitium, and the re -
maining organs were unremarkable.

Transmission electron microscopy

Postmortem autolysis and freeze−
thaw artefacts were moderate in areas.
Evaluation was restricted to the best-
preserved regions. Identified within
the skeletal muscle were several 1.5−
2.0 × 2.5−3.0 µm micro sporidial spores
present individually and in aggre-
gates of 8 to 13 within sporophorous
vesicles. The spores had a thick wall
consisting of an  electron-dense exo -
spore, an inner electron-lucent endo -
spore and the innermost plasma mem-
brane (Fig. 4). Each had a single
eccentric nucleus, a posterior vacuole
and a coiled polar filament. The num-
ber of paired coils in the polar filament
was difficult to discern, with 7 to 10
coils counted in most spores.

SSU rRNA gene sequence and
phylogeny

The phylogenetic analysis of SSU
rRNA partial gene sequences from
44 microsporidians was assessed by
NJ, MP and ML analysis (Fig. 5).
The Caretta caretta microsporidian se -
quence (MF373108, which was iden -
tified in both skeletal muscle and
small intestine) shares 98.2 to 99.8%
similarity with the members of an
ingroup that includes Microspor idium
prosopium (AF151529.1), Mi cro spori -
dia spraguei (KU302781.1, KX3519
70.1), Myosporidium merluccius (AY5
30532.1), Heterosporis sp. (KC13755
4.1) and Microsporidia sp. (KU3027
84.1, KU302789.1), which was well
supported by high (100%) bootstrap
values (Table 1, Fig. 5). The C. caretta
microsporidian se quence forms a sis-
ter-group association with Microspo -
ridium prosopium supported by mod-
erate to high bootstrap values of 70, 96
and 65% by the NJ, MP and ML meth-
ods, respectively (Fig. 5).
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Fig. 3. Skeletal muscle from Caretta caretta containing a large sporophorocyst
composed of multiple sporophorous vesicles (delineated by arrows). Inset:
 microsporidial spores (arrowheads) within the sporophorous vesicles (H&E)

Fig. 4. Transmission electron micrograph of the skeletal muscle from Caretta
caretta containing microsporidial spores within a sporophorous vesicle. Ultra-
structural features of the spores include an electron-dense exospore (white
arrowhead), an electron-lucent endospore (black arrowhead), a coiled polar
filament (white arrows), a single nucleus (black arrow) and a posterior 

vacuole (asterisk). Scale bar 2 µm
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Fig. 5. Neighbour-joining 50% bootstrap-consensus tree based on microsporidium small subunit rRNA gene sequences.
 Values at nodes represent the bootstrap percentages from 1000 replicates for neighbor joining, maximum parsimony and
 maximum  likelihood, respectively. The final dataset contained 44 sequences and 1038 positions, as all positions containing
gaps and missing data were eliminated. Sequences are indicated by the organism name followed by the GenBank accession 

number. The newly described loggerhead sea turtle Caretta caretta microsporidian sequence is in bold



DISCUSSION

Microsporidia have been classified according to
morphologic features such as nuclear number, num-
ber of coils in the polar filament, and formation of
sporophorous vesicles or xenomas as identified using
electron and light microscopy (Narasimhamurti et al.
1982, Eydner et al. 2017). While microscopy can be
diagnostic for microsporidial infection, the morphol-
ogy of these organisms is plastic and can change rap-
idly within a genus and species (Stentiford et al.
2013a), favouring the use of molecular techniques for
speciation of these organisms (Vossbrinck & Debrun-
ner-Vossbrinck 2005, Ghosh & Weiss 2009). The most
common diagnostic test used is PCR for the SSU
rRNA gene followed by DNA sequencing (Voss-
brinck et al. 2004, Vossbrinck & Debrunner-Voss-
brinck 2005, Ghosh & Weiss 2009).

Using phylogenetic analysis based on the SSU
rRNA gene sequence, microsporidia have been
 classified into 3 major classes based on habitat and
host species affected, with further subdivision into 5
clades (Vossbrinck & Debrunner-Vossbrinck 2005).
The classes are Aquasporidia, which includes 3
clades that infect primarily freshwater hosts;
 Marinosporidia, with 1 clade infecting primarily
 marine hosts; and Terresporidia, with 1 clade infect-
ing primarily terrestrial hosts (Vossbrinck & Debrun-
ner-Vossbrinck 2005). The microsporidium detected
in this loggerhead sea turtle appears to represent a
new species within the class Marinosporidia and
clusters closely with Microsporidium prosopium,
Microsporidia spraguei, Myosporidium merluccius,
Heterosporis sp. and Microsporidia sp.

Microsporidia are typically considered opportunis-
tic pathogens and may be shed in the feces of healthy
reptiles (Graczyk & Cranfield 2000). Significant
infections tend to occur in animals with concurrent
viral and parasitic infections (Jacobson et al. 1998)
but have also been reported in reptiles with no

 obvious predisposing conditions, suggesting that
microsporidia may act as primary pathogens (Scheel-
ings et al. 2015). The reptile species most frequently
affected by microsporidiosis is the inland bearded
dragon Pogona vitticeps. These captive lizards de -
velop systemic granulomas and necrosis in associa-
tion with an Encephalitozoon sp. infection (Jacobson
et al. 1998, Mitchell & Garner 2011, Richter et al.
2013); this pathogen has recently been named
Encephalitozoon pogonae (Sokolova et al. 2016).

Other species of microsporidia that infect reptiles
include Heterosporis anguillarum, which was associ-
ated with localized myositis in the garter snake
Thamnophis sirtalis (Richter et al. 2014); a Hetero -
sporis-like microsporidian, causing myositis in Aus-
tralian sea snakes Hydrophis spp. (Gillett et al. 2016);
Encephalitozoon hellem, causing hepatitis in fresh-
water crocodiles Crocodylus johnstoni (Scheelings et
al. 2015); Pleistophora atretii, causing myositis in
freshwater snakes Atretium schistosum Günther
(Narasimhamurti et al. 1982); Encephalitozoon cuni-
culi, infecting the intestine of pink-tongued skinks
Hemisphaeriodon gerrardi (Garner et al. 2000);
Encephalitozoon (not further speciated), causing
enteritis in African skinks Mabuya perrotetii (Kou -
dela et al. 1998); and Pleistophora (not further speci-
ated), causing myositis in a captive tuatara (Liu &
King 1971).

Until recently, microsporidiosis had not been
reported in turtles or tortoises. Microsporidiosis was
diagnosed in 4 captive Hermann’s tortoises Testudo
hermanni boettgeri with enteritis, hepatitis and
pneumonia. The intralesional microsporidial spores
were identified as Encephalitozoon sp. based on
spore morphology (Eydner et al. 2017). These infec-
tions all occurred when the tortoises emerged from
hibernation, and it was speculated that immunosup-
pression played a predisposing role (Eydner et al.
2017). It has been suggested that the common theme
underlying the apparent emergence of these patho-
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Microsporidian name 1 2 3 4 5 6 7 8

1 Loggerhead turtle microsporidium MF373108
2 Heterosporis sp. KC137554.1 0.998
3 Microsporidium prosopium AF151529.1 0.992 0.992
4 Myosporidium merluccius AY530532.1 0.995 0.996 0.989
5 Myosporidium spraguei KX351970.1 0.992 0.994 0.987 0.992
6 Microsporidia sp. KU302781.1 0.992 0.994 0.987 0.992 1
7 Microsporidia sp. KU302789.1 0.982 0.984 0.977 0.982 0.980 0.980
8 Microsporidia sp. KU302784.1 0.989 0.990 0.983 0.989 0.986 0.986 0.993

Table 1. Percent identities of the small subunit rRNA gene from a Caretta caretta microsporidium (MF373108) compared to an 
ingroup of previously reported microsporidians. Based on alignment of 1280 nucleotide positions
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gens in multiple different species from varying envi-
ronments, or biomes, is altered immunocompetence
of host species (Stentiford et al. 2016).

In this loggerhead sea turtle, microsporidia were
present in large numbers in multiple muscles, and
considerable necrosis and inflammation were asso-
ciated with this infection. Muscle infection and
myo sitis are seemingly common in reptiles with
microsporidiosis (Liu & King 1971, Narasimhamurti
et al. 1982, Richter et al. 2014, Gillett et al. 2016),
and these lesions may contribute to morbidity via
muscular pain and weakness, which impede normal
 swimming and feeding behaviour and increase the
likelihood of traumatic injury and stranding (Gillett
et al. 2016). Concurrent gastroenteritis was detected
and was deemed significant in this sea turtle.
Microsporidia were not visible within the gastroin-
testinal lesion using microscopy; however, these
organisms can be difficult to detect in histologic
section. The small intestinal tissue tested positive
for microsporidia using PCR and shared sequence
identity with the organism identified in the muscle.
Scant growth of Serratia liquefaciens was isolated
from affected intestine; however, both Gram-posi-
tive and Gram-negative bacteria were evident in
the histologic sections, as were small numbers of
trematodes. Gastroenteritis likely occurred as a
result of mixed bacterial, microsporidial and trema-
tode infection in this sea turtle. Microsporidial
infection of the enterocytes in the intestine may
lead to enteritis in reptiles and supports the possi-
bility of fecal−oral transmission for these organisms
(Koudela et al. 1998, Garner et al. 2000, Richter et
al. 2013). The presence of  multiple opportunistic
invaders may suggest underlying immunosuppres-
sion. Given the timing of death in the late fall, it is
possible that cold-stunning (hypothermia) led to
immunosuppression (Hunt et al. 2012), predisposing
to or exacerbating these disease processes and has-
tening death.

In summary, a novel microsporidial species
caused significant myositis and likely contributed
to gastroenteritis in a juvenile female loggerhead
sea turtle from the Northwest Atlantic DPS and
likely contributed to the mortality of this animal.
This case is the first report of microsporidiosis in a
sea turtle and adds to the limited literature regard-
ing infectious diseases in these vulnerable species.
In the future, thorough histologic evaluation of the
musculature of these animals during postmortem
examination is warranted to gauge the importance
and prevalence of microsporidial infections in sea
turtles.
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