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INTRODUCTION

Proliferative kidney disease (PKD) is a significant
parasitic disease that impacts the trout industry in
Europe and North America (Hedrick et al. 1993, El-
Matbouli & Hoffmann 2002). The disease is caused
by the myxozoan Tetracapsuloides bryosalmonae
that affects both farmed and wild fish species, and
the decline of wild salmonid populations in several
rivers has been attributed to PKD (Feist et al. 2002,
Wahli et al. 2007, Skovgaard & Buchmann 2012, Car-
raro et al. 2016, Mo & Jørgensen 2017). Surveys have
shown that T. bryosalmonae is widespread in Swiss
rivers (Wahli et al. 2007) as well as in the rivers of
southern England (Fontes et al. 2017). PKD has been
associated with high morbidity in farmed fish and
mortalities that can reach 100% due to the secondary

infection (Feist & Bucke 1993). Abd-Elfattah et al.
(2014a) reported that vertical transmission allows T.
bryosalmonae to persist in the bryozoan host. Gor-
goglione et al. (2016) reported that migrating zooids
were able to escape from deteriorating bryozoan
colonies and suggested that this represented a way
through which T. bryosalmonae could spread to new
habitats.

The life cycle of T. bryosalmonae alternates be -
tween invertebrate and vertebrate hosts, the bryo -
zoan Fredericella sultana and salmonid fish, respec-
tively (Morris & Adams 2006, Grabner & El-Matbouli
2008, Okamura et al. 2011). A single spore is suffi-
cient to infect a fish and cause clinical symptoms of
PKD (McGurk et al. 2006). Spores of T. bryosalmonae
released from infected bryozoan colonies infect fish
through the gills where they enter the circulatory
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system and migrate to the kidney where the parasite
undergoes extra-sporogonic multiplication in the
interstitium and differentiation through sporogenesis
in the kidney tubules (Grabner & El-Matbouli 2008).
Mature spores are excreted via urine in the environ-
ment where they can infect bryozoan colonies and
complete their life cycle (Hedrick et al. 2004, Morris
& Adams 2006, Grabner & El-Matbouli 2008).

Analysis of internal transcribed spacer sequence
data from T. bryosalmonae confirmed the existence
of 2 lineages of T. bryosalmonae: the European line-
age and the North American lineage (Henderson &
 Okamura 2004). European T. bryosalmonae-infected
brown trout Salmo trutta release viable spores that
are infective to their invertebrate bryozoan host
(Morris & Adams 2006) and can complete the life
cycle. According to Grabner & El-Matbouli (2008)
and Kumar et al. (2013a) rainbow trout Oncorhyn-
chus mykiss infected by European T. bryosalmonae
cannot release viable spores of T. bryosalmonae. The
spores of the North American T. bryosalmonae have
been observed in the urine of infected rainbow trout
(Hedrick et al. 2004).

Water temperature plays an important role in the
development of T. bryosalmonae in its bryozoan host
as well as in the development of clinical signs and
mortality in the fish (Bettge et al. 2009). PKD-related
clinical signs and fish mortality increase with in -
creasing water temperature; accordingly, the distri-
bution and severity of PKD are expected to increase
in the open water due to climate change (Hedrick et
al. 1993, Tops et al. 2006, Okamura et al. 2011). Clin-
ical signs and lesions associated with PKD include
pale gills due to anemia, lateral body swelling, exo -
phthalmia and splenomegaly. The kidney is often
grey, mottled and uniformly enlarged (Hedrick et al.
1993). The persistence of PKD infection in brown
trout for up to 2 yr post exposure and the ability to
release mature spores was reported by Abd-Elfattah
et al. (2014b).

The aim of the present study was to investigate the
persistence and the infectivity of T. bryosalmonae in
infected brown trout 5 yr post exposure.

MATERIALS AND METHODS

Fish

The present experiment is the extension to the
experiment that started on 5 January 2012 and is
described in detail by Abd-Elfattah et al. (2014b).
Briefly, specific pathogen-free (SPF) brown trout

were obtained as eyed eggs from a certified Aus-
trian hatchery and maintained in our SPF facility.
Prior to infection, 5 SPF brown trout were sampled
randomly and tested for the presence of Tetracap-
suloides bryo salmonae by PCR (Grabner & El-Mat-
bouli 2009). On 5 January 2012, 25 brown trout
(mean length 5.4 ± 0.5 cm, weight 2.6 ± 0.5 g) were
cohabitated for 2 d with T. bryosalmonae-infected
Fredericella sultana colonies and maintained at 16
± 2°C (in the winter 14 to 16°C and in the summer
16 to 18°C) under controlled laboratory conditions.
A control group with the same number of brown
trout was cohabitated for 2 d with SPF F. sultana
colonies from our laboratory stock and maintained
at 16 ± 2°C. In a previous study, 24 fish were sam-
pled at different time points up to 104 wk post
exposure to verify the infectivity of the released T.
bryosalmonae spores and the results of these sam-
ples were published by Abd-Elfattah et al. (2014b).
One fish has remained from this experiment; this
fish recovered from the infection and displayed no
clinical signs. This remaining fish was maintained
for 5 yr post exposure under the same conditions to
investigate how long T. bryosalmonae spores can
persist in brown trout and release spores that
remain infective for the bryozoan host.

Cohabitation of SPF F. sultana colonies to the
infected brown trout

SPF F. sultana colonies were cultivated in our
laboratory and fed with algae according to Abd-
Elfattah et al. (2014b). Briefly, free statoblasts were
dissected from our SPF laboratory-cultured F. sul-
tana colonies, and then these colonies were exam-
ined under a microscope and subject to PCR to test
the presence of any T. bryosalmonae infection
(Grabner & El-Matbouli 2009). The collected stato-
blasts were incubated in Bryozoan Medium C
(BMC) in Petri-dishes at 4°C for 2 wk in the dark
and then at 15°C for 1 wk (12 h light, 12 h dark).
They were then transferred to 2 l containers filled
with BMC and kept at 18°C with slow aeration and
illumination (Kumar et al. 2013b). The hatched sta-
toblasts were examined under a microscope and
subjected again to PCR (Grabner & El-Matbouli
2009) to confirm absence of the T. bryosalmonae
infection.

Cohabitation of SPF F. sultana colonies with the
remaining infected brown trout was done following
the protocol described by Kumar et al. (2013b): The
bryozoans colonies were placed alongside the fish for
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8 h d−1 over a 2 wk period and water circulation was
stopped for the duration of the cohabitation. Cohabi-
tated F. sultana colonies were examined weekly by
stereomicroscope for development of T. bryosal -
monae sacs and subjected to PCR according to Grab-
ner & El-Matbouli (2009) to confirm the presence of
the parasite.

Immunohistochemistry and PCR investigations

At the end of the 5 yr period, the maintained brown
trout was euthanized by prolonged immersion in
a solution of Tricaine methanesulfonate (MS-222,
Sigma Aldrich) at a concentration of 0.1 g l−1. A stan-
dard necropsy was performed and the fish was as -
sessed for macroscopic changes typical of PKD infec-
tion. Kidney, liver, spleen, heart, gills, intestine and
brain were sampled. Tissue samples were cut into 2
parts; one part used for DNA extraction and the other
part was fixed in 10% buffered formalin for immuno-
histochemistry investigation. DNA was extracted
from each tissue sample using a QIAamp DNA Mini
Kit (QIAGEN) as per the manufacturer’s instructions.
Nested PCR was carried out for the detection of T.
bryosalmonae with primers 5F (5’-CCT ATT CAA
TTG AGT AGG AGA-3’) and 6R (5’-GGA CCT TAC
TCG TTT CCG ACC-3’) according to Kent et al.
(1998) in a first round, followed by a second PCR
round with primers PKD-real F (5’-TGT CGA TTG
GAC ACT GCA TG-3’) and PKD-real R (5’- ACG
TCC GCA AAC TTA CAG CT-3’) according to Grab-
ner & El-Matbouli (2009). The nested PCR products
(166 bp) were purified using MinElute Gel Extraction
Kit (QIAGEN) and then cloned into the pCR4-TOPO
vector (Invitrogen) according to the manufacturer’s
instructions. Purified plasmids were sequenced in a
commercial sequencing laboratory (LGC Genomics)
and then compared with the T. bryo salmonae 18S
rDNA gene sequence (GenBank accession number
U70623).

Immunohistochemical staining was performed ac -
cording to Kumar et al. (2013b). Briefly, the fixed fish
organs (kidney, spleen, liver, intestine, heart, gills
and brain) in 10% neutral buffered formalin were
washed, dehydrated and embedded in paraffin. The
species-specific P01-Tetracapsuloides bryosal monae
(PKX) monoclonal antibody (Aquatic Diagnostics)
was used for immunohistochemically staining of
the 5 µm tissue sections according to the manufac-
turer’s instruction. Subsequently, a Dako EnVision+
Kit (HRP; AEC) was used for visualization of the
 antigen–antibody reaction on the tissue sections.

Sections were counterstained with hematoxylin,
mounted and examined for parasite stages under a
microscope.

RESULTS

Specific pathogen-free Fredericella sultana colonies
that cohabitated with Tetracapsuloides bryosalmonae-
infected brown trout showed the characteristic para-
site mature sacs floating in the bryo zoans’ metacoel
within 6 to 8 wk post exposure. The parasite sacs
were confirmed to be T. bryosalmonae based on
microscopic examination (Fig. 1) and PCR (data not
shown).

At the time of termination, the 5 yr old brown
trout was 35 cm in length and weighed 511 g. Clin-
ical examination revealed the absence of any clini-
cal signs related to either proliferative kidney dis-
ease (Fig. 2) or any other infection or infestations.
During necropsy, no internal PKD lesions such as
swollen kidney, splenomegaly or pale liver, were
observed.

The nested PCR assays resulted in the amplifica-
tion of the expected 166 bp fragment of T.
bryosalmonae from every organ samples tested (kid-
ney, liver, spleen, heart, gills, intestine and brain).
Sequences of the nested PCR products revealed
100% similarity to the T. bryosalmonae 18S rDNA
gene (GenBank accession number U70623).

Immunohistochemistry staining revealed low num-
bers of intra-luminal sporogonic stages of T. bryo -
salmonae in the kidney (Fig. 3A), with very low
 numbers of pre-sporogonic stages. Additionally, low
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Fig. 1. Fredericella sultana colony infected with Tetracapsu-
loides bryosalmonae. Two mature spore sacs (arrows) are
visible in the body cavity of F. sultana following cohabitation
with a brown trout Salmo trutta, 5 yr after the fish had been 

infected
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numbers of pre-sporogonic parasite stages were
observed in the spleen and liver tissues (Fig. 3B,C).
No pre-sporogonic parasite stages were observed in
the intestine, heart, gills and brain tissues.

DISCUSSION

The present work reports the results of a long-term
experiment regarding the persistence of Tetracapsu-
loides bryosalmonae in brown trout: The initial expo-
sure of the brown trout to T. bryosalmonae was per-
formed in January 2012 and the initial result of this
experiment confirmed the persistence of the parasite
in the chronically infected brown trout for 2 yr (Abd-
Elfattah et al. 2014b). One chronically infected brown
trout that had recovered from the infection was kept
from this initial experiment to infect Fredericella sul-
tana colonies per cohabitation as well as to inves -
tigate for how long T. bryosalmonae can persist in
the infected brown trout and release viable T. bryo -
salmonae spores. The maintained brown trout was
releasing viable T. bryosalmonae spores that were
infective to the F. sultana colonies for more than 5 yr
post exposure, up to the date of the experiment’s ter-
mination on March 2017.

Moreover, T. bryosalmonae DNA was detected in
all organs tested by PCR and low numbers of parasite
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Fig. 2. Brown trout Salmo trutta, 5 yr post exposure to Tetra-
capsuloides bryosalmonae. No abnormal clinical signs were 

observed on the fish

A B 

C 

Fig. 3. Tetracapsuloides bryosalmonae stages in the or-
gans of an infected brown trout Salmo trutta sampled at
5 yr post exposure: (A) intraluminal parasite sporogonic
stage in the kidney (arrow); (B) pre-sporogonic parasite
stage in the spleen (arrow); (C) pre-sporogonic parasite 

stage in the liver (arrow). Scale bars = 20 µm
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stages were observed in the kidney, spleen and liver
of the fish by immunohistochemistry staining which
confirmed the persistence of the parasite in the fish.
Results from the previous study showed that the clin-
ical signs of PKD disappeared starting from the 52nd
week post exposure (Abd-Elfattah et al. 2014b). Sim-
ilarly, in the present study no lesions or clinical signs
were observed in the maintained brown trout 5 yr
post infection. Previous reports have attributed the
persistence of T. bryosalmonae DNA in the fish to
either latent infection or residual parasite DNA post
infection (Schmidt-Posthaus et al. 2013). In the pres-
ent study, viable infectious T. bryosalmonae (able to
cause infection in SPF F. sultana colonies) persisted
after 5 yr post infection.

Results from the present study indicate that not all
T. bryosalmonae-infected fish undergo complete
clearance of the parasite. Some infected fish become
carrier and can disseminate the parasite for pro-
longed periods of time (at least up to 5 yr). These fish
can infect new SPF bryozoan colonies as confirmed
by transmission (Fig. 1) and immunohistochemistry
(Fig. 3). Spread of the T. bryosalmonae through in -
fected statoblasts has been described previously
(Abd-Elfattah et al. 2014a, 2017). However, the fact
that chronically infected brown trout and bryozoans
can release viable spores for several years can
explain the wide spread of PKD in open water. It is
known that trout are fish from cold water with a
physiological optimum temperature reported in the
range of 12 to 16°C (Aigo et al. 2014). The brown
trout under this study was kept in an aquarium with
flow-through system and the mean temperature
range was 14 to 16°C in the winter and 16 to 18°C in
the summer. This system is a simulation for what
happens in the wild. According to our current health
monitoring program of brown trout in different Aus-
trian rivers since 2015, the dissemination and preva-
lence of PKD is very high (authors’ unpubl. data),
which denotes that recovered brown trout without
any clinical signs can release viable spores of T.
bryosalmonae into the water. Bettage et al. (2009)
reported a reduction of T. bryosalmonae proliferation
in the kidney of infected fish at a water temperature
of 12°C. In the same study the authors reported
improvement of the parasite development in the kid-
ney by increasing the water temperature to 18°C.
Therefore, persistence of T. bryosalmonae in recov-
ered brown trout under varying water temperature is
most likely.

In conclusion, the results of this study showed that
T. bryosalmonae-infected brown trout, recovered
from the disease, are able to release viable T.

bryosalmonae for up to 5 yr post infection. This result
contributes to explain the high prevalence of T.
bryosalmonae in the open water (Wahli et al. 2007,
Skovgaard & Buchmann 2012, Jenčič et al. 2014,
Fontes et al. 2017, Mo & Jørgensen 2017, Vasemägi
et al. 2017).
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