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INTRODUCTION

Proliferative kidney disease (PKD) is an economi-
cally important disease affecting salmonid industries
in Europe and North America (El-Matbouli et al.
1992, Hedrick et al. 1993). The disease is character-
ized by nephromegaly, splenomegaly, glomerulone -
phritis, ascites, exophthalmia, pale gills and darkened
skin. PKD severity as well as fish host recovery is de -
pen dent on water temperature (Foott & Hedrick 1987,
El-Matbouli & Hoffmann 2002, Okamura et al. 2011).

PKD is caused by Tetracapsuloides bryosalmonae
(Anderson et al. 1999, Canning et al. 1999, Feist et

al. 2001), which belongs to the phylum Myxozoa,
class Malacosporea. The T. bryosalmonae life cycle
alternates between an invertebrate host (freshwater
bryozoans; Canning et al. 1999, 2002) and a verte-
brate host, salmonid fish. Overtly infected bryo -
zoans re lease the parasite into the water, and fish
are infected through gills (Feist et al. 2001,
Grabner & El-Matbouli 2010). Kidney, liver and
spleen of the fish host can be affected, but the kid-
ney is the main target organ. In the kidney, T.
bryosalmonae undergoes multiplication and differ-
entiation from extra- or pre-sporogonic stages to
intra-luminal sporogonic stages (Kent & Hedrick
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1986), and infected fish release the spores through
the urine (Hedrick et al. 2004).

Although many salmonid species are susceptible to
T. bryosalmonae, only a few (e.g. brown trout Salmo
trutta, infected with the European strain) can excrete
the parasite spores to infect the bryozoans and com-
plete the life cycle (Morris & Adams 2006, Grabner &
El-Matbouli 2008). In contrast, rainbow trout Onco-
rhynchus mykiss do not transmit the infection to the
bryozoans (Grabner & El-Matbouli 2008). Rainbow
trout held at lower temperatures obtain resistance to
the parasite; similarly, rainbow trout that survive a
PKD outbreak acquire immunity against the disease
in the following season (Foott & Hedrick 1987, de
Kinkelin & Loriot 2001).

Infection with T. bryosalmonae seems to play a sig-
nificant role in declines of wild salmonid populations:
e.g. brown trout in Switzerland, and wild Atlantic
salmon Salmo salar in the River Åelva in Central Nor-
way (Wahli et al. 2002, Sterud et al. 2007). The endo-
genic development of T. bryosalmonae in rainbow
trout has been well documented (Bettge et al. 2009,
Schmidt-Posthaus et al. 2012). In contrast, few re -
ports are available on the chronological development
of T. bryosalmonae in brown trout (Clifton-Hadley &
Feist 1989, Morris & Adams 2008, Grabner & El-Mat-
bouli 2009, Kumar et al. 2013a, Schmidt-Posthaus et
al. 2013). Only limited chronological studies on the
effect of PKD on wild salmonid populations have
been conducted (Feist et al. 2002, Wahli et al. 2007)
due to difficulties adapting sampling protocols,
 presence of predators and or misdiagnosis resulting
from secondary infections (Okamura et al. 2011).
Laboratory investigations are easier to conduct, and
in this study we aimed to investigate the persistence
and infectivity of T. bryosalmonae in chronically
infected brown trout at 24, 52, 78 and 104 wk post-
exposure (wpe) and the ability of these fish to release
viable spores infective for specific pathogen free
(SPF) F. sultana colonies, under controlled laboratory
condition.

MATERIALS AND METHODS

Fish

Two groups each of 25 SPF brown trout were
obtained as eyed eggs from a local hatchery. Each
group was maintained separately in 50 l aquaria at
15°C (±1°C) with flow-through dechlorinated tap
water, and fed with commercial fish pellets. Prior to
the experiment, brown trout stock were sampled ran-

domly and tested by PCR to confirm absence of any
myxozoan infections.

Exposure of SPF brown trout to infected 
Fredericella sultana colonies

SPF brown trout (n = 20; mean ± SD length 5.4 ±
0.5 cm, weight 2.6 ± 0.5 g) were cohabitated for 2 d
with overtly infected F. sultana colonies from our lab-
oratory (8 zooids comprising 36 mature Tetracapsu-
loides bryo sal monae spore sacs; infection was veri-
fied by stereo microscopy). A control group of fish (n =
20) was cohabitated for 2 d with SPF F. sultana
colonies from our laboratory stock (SPF status was
confirmed based on PCR results and daily observa-
tion of colonies under a stereomicroscope). During
the cohabitation trial, aquarium water flow-through
was closed and bryozoan colonies were fed with 6
algae species (80% Cryptomonas ovata; 20% a
 mixture of Crypto monas spp., Chlamydomonas spp.,
Chlamydomo nas reinhardii, and Synechococcus
spp., Synechococcus leopoliensis) cultured in sterile
Guillard’s WC-Medium according to Abd-Elfattah et
al. (2014). Feed was added 3 times a week and the
water changed every week.

Cohabitation of SPF F. sultana colonies with
chronically infected brown trout

SPF F. sultana bryozoans raised in our laboratory
were cohabitated with the infected brown trout at 24,
52, 78 and 104 wpe according to Kumar et al. (2013b).
Briefly, 2 mo old F. sultana colonies were cohabitated
for 8 h daily for 14 d with the chronically infected
brown trout in a 50 l aquarium filled with aerated
dechlorinated tap water at 15°C (±1°C). During the
cohabitation, fish and F. sultana colonies were main-
tained as described above. Colonies of F. sultana
were examined twice a week under a stereomicro-
scope for the development of T. bryosalmonae. After
detection of parasite sacs in the cohabitated colonies,
samples of infected zooids were sampled for PCR
confirmation of infection with T. bryosalmonae using
the methods of Grabner & El-Matbouli (2009).

Blood collection and organ sampling 
from infected brown trout

To verify the infection, 2 fish from each group
were dissected 8 wpe and the kidney was sampled
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for PCR assay (Grabner & El-Matbouli 2009). All
fish were checked daily for mortality or unusual
behavior.

At 24, 52, 78 and 104 wpe, 3 fish from the test
group were selected randomly, anaesthetized with
MS-222 (Tricaine methanesulphonate; Sigma-
Aldrich), and blood sampled directly from the heart
into hepa rinized tubes (SARSTEDT). Control group
fish were also selected randomly and blood samples
taken at the same time points (4 fish each at 24 and
52 wpe, and 5 fish each at 78 and 104 wpe). Fish
were then killed with an overdose of MS-222. Skin
and gills were checked for external parasites and
the appearance of the inner organs was assessed.
Kidney, liver, spleen, intestine, brain and gills were
sampled and preserved at −80°C until used for DNA
extraction. Part of each organ was fixed in 10%
neutral buffered formalin for immunohistochemistry
(IHC).

Genomic DNA extraction and PCR

DNA was extracted from blood using the DNeasy
Blood & Tissue Kit (QIAGEN) according to manufac-
turer’s instructions. All tissue samples collected from
different time points from infected and control fish
and infected zooids with mature sacs of T. bryo sal -
monae were homogenized separately using a Tissue
Lyser (QIAGEN), and genomic DNA was ex trac ted
with a QIAamp DNA Mini Kit (QIAGEN) according
to the manufacturer’s instructions. DNA concentra-
tion was measured with a Bio-Photometer (Eppen-
dorf). PCR for the detection of T. bryosalmonae used
primers 5F (5’-CCT ATT CAA TTG AGT AGG AGA-
3’) and 6R (5’-GGA CCT TAC TCG TTT CCG ACC-
3’) in the first round (Kent et al. 1998), followed by a
nested reaction using 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’) (Grabner
& El-Matbouli 2009).

PCR amplifications were carried out in 25 µl reac-
tion volume containing 12.5 µl of 2× ReddyMix PCR
Master Mix (ABGene), 10 pmol of each primer, 1 µl of
DNA and 9.5 µl of PCR grade water. The cycling pro-
gram was initial denaturation at 95°C for 5 min; fol-
lowed by 35 cycles at 95°C for 1 min, 55°C for 1 min
in the first-round PCR (61°C in the nested PCR), 72°C
for 1 min; and a final extension step at 72°C for 5 min.
The amplified PCR products were analyzed by elec-
trophoresis on 1.5% agarose gels in Tris acetate-
EDTA buffer (0.04 M Tris acetate, 1 mM EDTA)
stained with ethidium bromide. DNA 100 and 50 bp

molecular weight ladders were used to estimate size
of the PCR amplicons.

Immunohistochemistry

Samples from kidney, liver, spleen, intestine, brain
and gills from infected and control fish were pre-
pared for IHC according to Grabner & El-Matbouli
(2009) with minor modifications. Briefly, fish tissues
were fixed in 10% neutral buffered formalin,
washed, dehydrated and embedded in paraffin (Tis-
sue-Tek VIP; Sakura Bayer Diagnostics). Sections
were cut at 5 µm and processed for IHC assay.
T. bryo salmonae-specific monoclonal antibody P01
(Aquatic Diagnostics) was used according to the
manufacturer’s instruction. The antibody−antigen
reaction was visualized with a Dako EnVision+ Sys-
tem-HRP (AEC) kit (Dako). To visualize the reaction,
slides were incubated with the AEC substrate for
4 min until a pink color appeared. The reaction was
stopped by immersing the slides in distilled water,
then the sections were counterstained with haema-
toxylin, mounted and examined. Kidney tissue of
known PKD infected fish was used as a positive con-
trol. Kidney from SPF control fish was considered as
negative control.

RESULTS

Fish infection

Among fish exposed to the infected bryozoan Fre -
dericella sultana, no mortalities took place in the first
6 wpe and the fish did not show any abnormal behav-
ior. Four fish from the infected group died in the
period 6−10 wpe and 2 fish at 14 wpe, due to PKD,
and all were injured (especially on the caudal fin)
due to cannibalism caused by variance in growth
between individuals and competition for feed.

In the treatment group, kidney samples from
both routinely dissected fish at 8 wpe and all 6
mortalities tested positive by PCR for Tetracapsu-
loides bryo salmonae. Internal PKD symptoms
including swollen kidney, pale liver and enlarged
spleen were obvious in both fish dissected at
8 wpe and in the fish that died at 6−10 wpe. Only
moderate exophthalmia and darkened skin were
exhibited by all fish in the infected group
12−26 wpe, but these symptoms had disappeared
by the end of the experiment. No other clinical
signs were observed and no ectoparasites were
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seen on gills or skin. The 2 fish sampled from the
control group at 8 wpe were PCR-negative for
T. bryo salmonae.

Exposure of SPF F. sultana colonies to infected
brown trout

Approximately 4−5 wk after each exposure to
infected brown trout (at 26, 52, 78 and 104 wpe),
unattached motile overt developmental stages of
T. bryosalmonae were observed in the body cavities
of exposed F. sultana colonies. Over the following
4 wk, overt infections with characteristic mature sacs
were seen floating in the metacoel (Fig. 1). F. sultana
zooids were PCR-positive for T. bryosalmonae.

PCR and IHC

T. bryosalmonae DNA was detected by PCR from
kidney, liver, spleen, intestine, brain, gills and blood
at 26, 52, 78 and 104 wpe from all fish (Fig. 2). In con-
trast, blood and organs (kidney, liver, spleen, intes-
tine, brain and gills) from all 20 control fish were
negative by PCR.

IHC assay of kidney sections from chronically
infected brown trout showed intra-luminal sporogo-
nic stages of T. bryosalmonae in the renal tubules

and a proliferation of interstitial cells with melano-
macrophage centers at all 4 time points (Fig. 3).
Maturing spores with polar capsules were observed
exclusively in renal tubules. Pre-sporogonic parasite
stages were detected in the liver at 26 and 52 wpe
(Fig. 4A), and spleen at 26, 52 and 104 wpe (Fig. 4B),
while pre-sporogonic stages were present in gills at
52 and 104 wpe only (Fig. 4C). No pre-sporogonic
stages were observed in the brain and intestine at
any time points. The IHC assay results are summa-
rized in Table 1. None of the control fish showed any
positive IHC signals of parasite infection (data not
shown).

DISCUSSION

We verified the presence and persistence of Tetra-
capsuloides bryo salmonae developmental stages in
laboratory infected brown trout up to 2 yr from initial
exposure and showed that they were still capable of
infecting the bryozoan host Fredericella sultana.
Clinical signs of PKD, including renal hypertrophy,
hepatomegaly and splenomegaly were observed
only in fish dissected 6−10 wpe. Minor to moderate
swelling of kidneys and spleen was observed in 12%
of infected brown trout up to 52 wpe, which is in
accordance with results of Holzer et al. (2006).

However, most fish sampled at 26, 52, 78 and
104 wpe did not show any clinical signs. These
results were not extraordinary since fish usually do
not develop clinical signs at 15°C (Clifton-Hadley et
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Fig. 1. Fredericella sultana infected with Tetracapsuloides
bryo salmonae, maintained at 15°C. Parasite spore sacs
(arrows) are visible in the body cavity of F. sultana after
cohabitation with infected brown trout at 104 wk post-

exposure

Fig. 2. PCR amplification of brown trout Salmo trutta tissues
infected with Tetracapsuloides bryosalmonae. Data are from
1 fish’s tissues sampled at 104 wk post-exposure. Lanes 1
and 12: 50 bp DNA ladder (Fermentas); Lane 2: positive con-
trol; Lane 3: kidney; Lane 4: liver; Lane 5: spleen; Lane 6:
gill; Lane 7: intestine; Lane 8: brain; Lane 9: blood; Lane 10:
negative control (kidney of control fish); Lane 11: no-

template control
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al. 1984, Bettge et al. 2009). Foott & Hedrick (1987)
found that rainbow trout that survived PKD infection
had sporogonic stages inside their kidney tubules for
at least 1 yr following exposure to the parasite. This
finding was supported by Morris et al. (2000), who
found T. bryosalmonae sporogonic stages in the kid-
ney tubules of brown trout and Atlantic salmon, out-
side the PKD season. In the present study, we ob -
served internal clinical signs in fish 6−10 wpe only;
however moderate exophthalmia and darkened skin
persisted until 24 wpe.

T. bryosalmonae DNA were detected by PCR in all
kidney samples from each fish at the 4 different time
points. This accords with results of Schmidt-Posthaus
et al. (2012), who detected T. bryosalmonae DNA by
PCR in rainbow trout up to 29 wpe (201 d, until the
end of the experiment). Schmidt-Posthaus et al.
(2013) suggest that the persistence of T. bryo sal -

monae DNA may be due to either residual parasite
DNA post-infection or latent parasite which might be
reactivated. Our cohabitation trials with SPF F. sul-
tana indicated that the parasite remains virulent,
with successful transmission to the bryozoan host.

In the present study, IHC assay revealed persist-
ence of sporogonic stages of T. bryosalmonae in the
kidney lumen of sampled fish at the 4 time points (26,
52, 78 and 104 wpe). Holzer et al. (2006) observed
intravascular developmental stages of T. bryo sal -
monae in the heart of brown trout by in situ
hybridization at 30−45 wpe. Our results also agree
with Schmidt-Posthaus et al. (2013), who show per-
sistence of parasite in the kidney lumen of brown
trout exposed naturally to T. bryosalmonae in warm
rivers during summer. In contrast to brown trout, lab-
oratory-infected rainbow trout did not show any pos-
itive signals by IHC after 15 wpe (103 d), independ-
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Fig. 3. Intraluminal sporogonic stages (arrows) of Tetracapsuloides bryosalmonae in the kidney of infected brown trout Salmo
trutta sampled at various weeks post-exposure (wpe). (A) 26 wpe, (B) 52 wpe, (C) 78 wpe, (D) 104 wpe. All sections were 

stained using immunohistochemistry and a hematoxylin counter-stain
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ent of water temperature (Schmidt-Posthaus et al.
2012). In the same study, Schmidt-Posthaus et al.
(2012) comment on the possibility of persistence of
viable parasites in kidneys of infected brown trout
survivors. Our results indicated that the parasite can
indeed remain viable in the host at least up to
104 wpe after initial exposure, but the mechanism by
which the parasite maintains itself is still to be eluci-
dated. Holzer et al. (2006) reported that T. bryo -

salmonae pre-sporogonic stages are
present in the spleen and liver of
brown trout at 36 wpe. We de -
monstrated the persistence of pre-
sporogonic stages in multiple organs
in brown trout (Table 1) and an appar-
ent inability of the fish immune sys-
tem to eliminate the parasite. It is well
known that PCR is more sensitive than
IHC, and this is shown in our study by
some tissues being PCR positive but
IHC negative (Table 1). Similarly,

Skovgaard & Buchmann (2012) reported that while
all samples that tested positive for T. bryosalmonae
by IHC were confirmed with PCR, not all PCR-posi-
tive samples could be confirmed by IHC.

Kent & Hedrick (1986) found PKD developmental
stages in the blood vessels and blood smears from
infected rainbow trout at 4 wpe, suggesting that the
parasite first multiplies in the blood before being dis-
tributed to other tissues. We were surprised to detect
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Fig. 4. Developmental stages of Tetracapsuloides bryo sal -
monae in infected brown trout Salmo trutta sampled at
various weeks post-exposure (wpe). (A) Stages in the liver
at 52 wpe (arrow); (B) stages in the spleen (arrows) at 104
wpe; (C) stages in the gills at 104 wpe; gill filament is
extended with macrophages, lymphocytes and numerous
parasites. All sections were stained using immunohisto-

chemistry and a hematoxylin counterstain

Table 1. Brown trout Salmo trutta infected with Tetracapsuloides bryo sal -
monae. Summary of IHC assay at the 4 sampling points (weeks post-exposure,
wpe). K: kidney; L: liver; S: spleen; Int: intestine; Br: brain; G: gills. (−) nega-

tive, (+) positive. Three fish were tested at each time point

Time Fish size (mean) Clinical IHC result
(wpe) Length (cm) Weight (g) signs K L S Int Br G

24 14 123 + + + + − − −
52 25 184 − + + + − − +
78 30 299 − + − − − − −
104 33 412 − + − + − − +
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parasite DNA in the blood by PCR 104 wk after initial
exposure. Existence of blood stages of many myxo-
zoan species has been studied (Dyková & Lom 1988);
myxozoans use the blood for proliferation and trans-
port of developmental stages (Björk & Bartholomew
2010, Holzer et al. 2013). Morris & Adams (2004) rec-
ognized a distinct blood form of T. bryosalmonae
from those in the kidney interstitium, based on the
distribution of carbohydrate in their primary cells.
Holzer et al. (2006) reported T. bryosalmonae pre-
sporogonic stages in the intravascular tissue of the
heart. Blood stages of T. bryosalmonae as revealed
by in situ hybridization were small (<25 µm in diam-
eter) and occasionally had only one cell. Such find-
ings suggest that T. bryosalmonae can switch be -
tween blood and kidney forms under unknown
conditions and be maintained in the host for a long
period. Circulation of T. bryosalmonae blood stages
may explain the presence of the parasite in other
organs (liver, spleen, gills, brain and intestine)
104 wpe.

Ability of the salmonid host to eliminate T. bryo -
salmonae appears to be dependent on many
factors, which include temperature, presence of
other co-infections, age and, most importantly host
species. Ferguson (1981) reported that the recovery
of in fected rainbow trout is facilitated by reduced
water temperature. In contrast, Kent & Hedrick
(1986) demonstrated the ability of rainbow trout to
recover independently of the water temperature
(fish were maintained at >15°C); also Morris et al.
(2005) found that 10% of naturally infected rainbow
trout held in the laboratory for 36 wk (9 mo) after
initial exposure showed clinical signs of PKD at
constant water temperature (18°C), while, 90% of
infected rainbow trout had recovered. Holzer et al.
(2006) found that kidney samples of Age 1+ brown
trout (second year fish kept in a pond system) were
PCR-positive for T. bryo salmonae, which indicate
that T. bryosalmonae was still present throughout
the second summer. Additionally, in situ hybridiza-
tion revealed stages of T. bryosalmonae in the
epithelium and lumen of the renal tubules in Age
1+ brown trout. Morris & Adams (2008), using IHC,
found pseudoplasmodia in the kidney tubules of
brown trout infected with T. bryo salmonae at con-
stant water temperature (18°C). We found persist-
ence of T. bryosalmonae sporogonic stages in the
kidney tubules of brown trout, suggesting that per-
sistence of parasite depends on the fish species and
their immune systems (Kumar et al. 2013a). The
above-mentioned results indicate that the parasite
can persist for a long period in brown trout regard-

less of the temperature regime (either at a constant
temperature under laboratory conditions, or vari-
able temperature as in a pond system). Additionally,
Gay et al. (2001) reported that T. bryo salmonae can
develop in the bryozoan F. sultana at water temper-
atures of 7−8°C, since the spores were present
throughout the year. Therefore, our laboratory tem-
perature 15°C (± 1°C) was optimal for both verte-
brate and invertebrate hosts and does not interfere
with the pathogenesis and development of the par-
asite.

Schmidt-Posthaus et al. (2012) found that chroni-
cally infected rainbow trout (held at 12°C) could
completely regenerate renal morphology and elimi-
nate the majority of the parasite. Kumar et al.
(2013a) demonstrated similar results in rainbow
trout at 16.5°C at 17 wpe using IHC and quantitative
RT-PCR (qRT-PCR). The only difference between
these 2 studies was the temperature, which appears
to in fluence the rate but not the progress of
recovery (Ferguson 1981, Clifton-Hadley et al. 1986,
Schmidt-Posthaus et al. 2012). In contrast to rainbow
trout, our results from brown trout show that this
species is unable to completely clear the infection
after 104 wpe, while held at constant  temperature
and the absence of any source of re-infection. We
also demonstrated that recovered brown trout were
able to infect the bryozoan host up to 104 wpe. This
finding suggests that brown trout which survive
infection with T. bryosalmonae may act as carriers
of the parasite.

Schmidt et al. (1999) attributed the decline of
brown trout catches in Switzerland to PKD, which
was supported by Wahli et al. (2002, 2007). Wahli et
al. (2002) surveyed wild brown trout and rainbow
trout, and found disease prevalence ranged
between 40 and 100% at some Swiss river sites.
Recently, we reported stages of T. bryosalmonae in
the statoblasts (dormant stage) of F. sultana, which
indicates not only the occurrence of vertical trans-
mission but also the possibility that the parasite can
persist in the bryozoan host and be distributed to
new locations (Abd-Elfattah et al. 2014). Our current
results demonstrate persistence of T. bryosalmonae
also in the fish host and their ability to infect F. sul-
tana colonies up to 24 mo from the initial exposure.
Taken together, these aspects of the parasite’s biol-
ogy explain persistence of PKD in endemic waters
and farms and its wide geographic distribution. Fur-
ther studies are needed to address how long the
parasite can persist in wild brown trout as well as
the role of blood stages in parasite maintenance in
the host over long periods.
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