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Introduction 

Proliferative Kidney Disease (PKD) is a temperature-dependent disease which is considered as an 
emerging threat to both wild and cultured salmonid fish in Europe (Okamura et al. 2011). The spread 
and consequences of the disease are suspected to be enhanced by warm water temperatures (Wahli et 
al. 2008, Bettge et al. 2009, Okamura et al. 2011). The disease is caused by Tetracapsuloides 
bryosalmonae (Myxozoa: Malacosporea) (Hedrick et al. 1993, Canning et al. 2000, Okamura et al. 
2001) with bryozoans as invertebrate hosts (Anderson et al. 1999, Longshaw et al. 1999, Okamura et 
al. 2001) and salmonids as vertebrate hosts (Feist & Bucke 1993, Hedrick et al. 1993). T. 
bryosalmonae infects fish through the skin and gills of the fish (Feist et al. 2001, Longshaw et al. 
2002). After invasion, this parasite is distributed systemically with the kidney as the main target organ 
(Kent & Hedrick 1985). Here, T. bryosalmonae multiplies and differentiate into extrasporogonic 
stages, mainly in the renal interstitium, and then into sporogonic stages in the tubular lumen. In young-
of-the-year (YOY), proliferative and granulomatous nephritis and necrotizing vasculitis with thrombus 
formation are recorded as host reactions to parasite infestation (Hedrick et al. 1993, El-Matbouli & 
Hoffmann 1994, Bettge et al. 2009). In laboratory studies, surviving rainbow trout can recover with 
complete regeneration of renal morphology and parasite elimination (Schmidt-Posthaus et al. 2012). 
However, in field studies kidney regeneration and the parasite elimination in brown trout can be 
influenced and retarded by additional stress factors, like additional infectious diseases (Schmidt-
Posthaus et al., 2013).  

The rivers Redon and Foron are two French tributaries of Lake Geneva. In these rivers, decreases in 
the abundance of young-of-the-year (YOY) brown trout seems to be between 50 and 80% during the 
summer months of each year (A. Caudron, pers. comm.). 

The goal of this investigation was to examine if PKD, which is discussed as a causative factor 
contributing to brown trout decline in Switzerland, is present in the YOY brown trout in the rivers 
Redon and Foron. In the following part of the study, we investigated:  

(i) if YOY are infected with T. bryosalmonae,  
(ii)  if a possible infection is associated with pathological lesions in the kidney, and  
(iii)  how a possible infection develops over the summer month.  

 

Material and Methods 

Origin of fish 

Young-of-the-year brown trout were examined. Fish originated from two different river systems, 
Redon and Foron. Samples were taken at a weekly basis starting beginning of August, week 31 or 32, 
until beginning of October, week 40. Always the same location was sampled, near the outlet to the 
lake. Fish were taken at two consecutive years, 2011 and 2012. At each sampling, 25 brown trout were 
investigated, resulting in 36 samples or 897 brown trout examined. 

Histopathology 

Whole fish were fixed in 10% formalin and stored at room temperature. These samples were sent to 
the Centre for Fish and Wildlife Health for histopathological evaluation. Fish were measured and 
kidneys were carefully removed, paraffin-embedded and routinely processed for histological 
examination. 3 µm thick sections were prepared for histopathology and stained with haematoxylin-
eosin (H&E). Histopathological lesions were graded as 0 (no), 1 (scattered), 2 (mild), 3 (mild to 



moderate), 4 (moderate), 5 (moderate to severe) or 6 (severe). Additionally, lesions were classified as 
(i) acute, characterized by vasculitis with thrombosis, vascular and interstitial necrosis, hemorrhage 
and interstitial infiltration with mainly macrophages, (ii) chronic, characterized by macrophage 
infiltration, interstitial fibrosis and increased tubuloneogenesis, and (iii) chronic active, containing 
components of acute and chronic inflammation. Infection intensity was measured as density of 
parasites in the whole histological slide. It was classified as 0 (no parasites), 1 (scattered parasites), 2 
(few parasites), 3 (few to moderate numbers of parasites), 4 (moderate numbers of parasites), 5 
(moderate to high numbers of parasites) and 6 (high numbers of parasites).  

Statistics 

PKD prevalence was measured as the sum of animals with Tetracapsuloides bryosalmonae in the renal 
tissue divided by the total number of animals per group. Parasite infection intensity per group was 
measured as mean of infection intensity values of infected animals (animals with visible parasites in 
the renal tissue). 

Prevalence (PKD prevalence and prevalence of fish showing renal pathology) is shown as sum of 
positive animals per group divided through the total number of examined fish per group. Each group 
was defined as one sampling point per week and river location. Each group consisted of 25 animals. 
Parasite infection intensity and severity of pathological lesions were calculated by mean values of all 
affected animals per sampling site and date.  

Differences in degree of renal pathology between fish originating from the river Redon or Foron, 
respectively, were tested for significance using a two way ANOVA test with a p-value of ≤ 0.05 
significance level (NCSS 2001, Hintze 2006). 

 

Results and Discussion 

River Redon 

In 2011, PKD prevalence per sampling was about 60% at the beginning of the study and remained at 
this level for the first 6 weeks. Thereafter values decreased to 20% until the end of the study (Fig. 1). 
In 2012, prevalence was 84% at the beginning of the study (first week of August) and increased to 
100% in the third week. Afterwards it decreased to a similar level as 2011, i.e. to 16% (Fig. 1). 

In 2011, prevalence of animals showing pathological renal lesions remained at about 50% until the end 
of the study (Fig. 1). The discrepancy between PKD prevalence and prevalence of animals showing 
pathological lesions, especially in the last three weeks of the study was due to animals still showing 
chronic lesions in the kidney, while parasites were already eliminated (Table 1, for reference see Fig. 
8).  

 



 

Fig. 1: Redon, prevalence of fish infected with T. bryosalmonae (grey bars) and prevalence of fish showing 
pathological renal lesions (black bars) (%). 

In the river Redon, in 2011, mean values of parasite infection intensity per group fluctuated between 
1.3 and 3.4 (Fig. 2). However, there was no clear development visible over the whole study period. 
Despite decreasing prevalences, parasite infection intensity in infected fish remained similar (Fig. 2). 
The same tendency was visible regarding severity of renal lesions (Fig. 2). Infected fish showed mild 
to moderate pathology in the kidney over the whole study period. However, the quality of lesions 
changed by time, in the first two weeks all infected animals showed acute lesions, like vasculitis with 
thrombus formation, necrosis and hemorrhage in the renal interstitium and macrophage infiltration in 
the interstitium (granulomatous interstitial nephritis) (for reference see Fig. 7). In the following weeks, 
quality of lesions changed towards chronic changes, like granulomatous nephritis, interstitial fibrosis 
and tubuloneogenesis (newly formed tubules) (for reference see Fig. 8). Fish are able to show renal 
regeneration by repopulation of injured nephrons and, unlike mammals, they are additionally able to 
produce nephrons de novo. Renal regeneration by nephron neogenesis has been reported in catfish, 
rainbow trout, tomcod, zebrafish, tilapia, aglomerular toadfish and medaka (Reimschuessel et al. 1990, 
Reimschüssel et al. 1996, Reimschüssel 2001, Salice et al., 2001, Watanabe et al. 2009, Diep et al. 
2011). These nephrons arise from basophilic cell clusters in the interstitium and progress through the 
normal stages of nephron differentiation. Beginning of September, chronic active changes were visible 
(for reference see Fig. 9), indicating an ongoing infection during recovery process. In these animals, 
both acute changes with vasculitis, thrombus formation, interstitial necrosis and hemorrhage and 
chronic changes, like fibrosis and increased tubuloneogenesis, were present. Additionally, in around 
10% of investigated animals acute changes were visible until the end of the study period (Table 1). 
These results indicate ongoing infections with T. bryosalmonae until the beginning of October.  

Only one animal in the first week of September showed an additional infection with fungal hyphi 
associated with a necrotising and purulent process in the kidney. 

A similar development of parasite infection intensity and severity of renal pathology was visible in 
2012 (Fig. 2). However, in 2012, parasite infection intensity and pathology decreased in parallel to the 
decrease in PKD prevalence, indicating a beginning of elimination of parasites and a start of recovery 
process. This was also reflected by the lesions seen in the kidney. In the last two weeks of the study, 
no chronic active changes were present anymore and only a small percentage of fish showed still acute 
renal lesions (8%) (Table 1).  
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Fig.2: Redon, infection intensity of T. bryosalmonae parasites in the renal tissue (green bars), infection intensity 
of parasites was classified as 1 (scattered parasites), 2 (few parasites), 3 (few to moderate numbers of parasites), 
4 (moderate numbers of parasites), 5 (moderate to high numbers of parasites) and 6 (high numbers of parasites). 
Shown are mean values of all infected animals per group. Severity of pathological lesions (red bars), 
histopathological lesions were graded as 0 (no), 1 (scattered), 2 (mild), 3 (mild to moderate), 4 (moderate), 5 
(moderate to severe) or 6 (severe). Shown are mean values of all affected animals per group.  

 

 

Fig. 3: Redon. Comparison of all parameters. Prevalence of PKD infections (white bars), prevalence of animals 
showing renal pathological lesions (black bars), parasite infection intensity (white circles) and severity of renal 
pathology (black triangles); results of 2011 are marked in light blue, results of 2012 are marked in light green. 
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Table 1: Redon, Prevalence of fish infected with T. bryosalmonae, parasite infection intensity (0 = no parasites, 1 
= scattered parasites, 2 = few parasites, 3 = few to moderate numbers of parasites, 4 = moderate numbers of 
parasites, 5 = moderate to high numbers of parasites, 6 = high numbers of parasites) and severity of  associated 
pathology (0 = no, 1 =scattered, 2 =mild, 3 = mild to moderate, 4 =moderate, 5 = moderate to severe, 6 = severe 
lesions); Prevalence of fish showing acute, chronic or chronic active lesions. 

River Year Month Week 
No. 

T. bryo 
prevalence 

T. bryo 
infection 
intensity 

Patho- 
logy 

Prevalence 
acute 
changes (%) 

Prevalence 
chronic 
changes (%) 

Prevalence 
chronic active 
changes (%) 

R
ed

on
 

20
11

 

A
ug

 31 60 1.7 1.8 60   
33 64 1.5 2.9 64   
34 60 2.8 2.9 52 8  
35 60 2.7 3.1 40 20  

S
ep

 36 56 2.2 2.5 44 4 8 
37 64 1.7 2.6 40 12 12 
38 16 1.3 1.9 4 32 8 
39 20 3.4 2.6 12 44  

O
ct

 40 20 1.8 1.8 8 36 4 

20
12

 

A
ug

 32 84 3.4 3.4 84   
33 88 2.6 3.7 48 1 36 
34 100 3.0 3.7 100   
35 56 2.1 2.8 48 24  

S
ep

 36 56 2.2 2.7 24 16 24 
37 36 1.8 2.5 16 16 16 
38 16 2.5 2.3 8 32 8 
39 8 2 2 8 8  

O
ct

 40 16 1.5 2.2 8 24  

  



River Foron 

In the river Foron, PKD prevalence was higher in 2011 compared to 2012, reaching 100% in the third 
week of the study. In the fifth week of 2011, PKD prevalence began decreasing, however at the end of 
the study in 2011 it was still at 54% (Fig. 4). In 2012, the highest prevalence value was already 
reached in the second week of the study period with 84%. Afterwards it decreased to 32% by the 
beginning of October (Fig. 4).  

 

Fig. 4: Foron, prevalence of fish infected with T. bryosalmonae (grey bars) and prevalence of fish showing 
pathological renal lesions (black bars)  

In the river Foron, mean values of parasite infection intensity per group and pathology severity 
developed in parallel to the PKD prevalence (Fig. 5). However, compared to the river Redon, parasite 
infection intensity and pathology severity were higher (Fig. 11). In 2011 and 2012, at the end of the 
study, fish showed still moderate pathological lesions (Fig. 5). Compared to the river Redon, 
pathological lesions were more severe over the whole study period and remained high until the end of 
the study (Fig. 11).  
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Fig.5: Foron, infection intensity of T. bryosalmonae parasites in the renal tissue (green bars), infection intensity 
of parasites was classified as 0 (no parasites), 1 (scattered parasites), 2 (few parasites), 3 (few to moderate 
numbers of parasites), 4 (moderate numbers of parasites), 5 (moderate to high numbers of parasites) and 6 (high 
numbers of parasites). Severity of pathological lesions (red bars), histopathological lesions were graded as 0 
(no), 1 (scattered), 2 (mild), 3 (mild to moderate), 4 (moderate), 5 (moderate to severe) or 6 (severe). 

Again, the quality of lesions changed by time, for the first three weeks in 2011 and 1012, all infected 
animals showed acute lesions, like vasculitis with thrombus formation, necrosis and hemorrhage in the 
renal interstitium and macrophage infiltration in the interstitium (granulomatous nephritis) (Table 2, 
Fig. 7). In the following weeks, quality of lesions changed towards chronic changes, like 
granulomatous nephritis, interstitial fibrosis and tubuloneogenesis (Fig. 8). In animals showing chronic 
renal lesions, T. bryosalmonae parasites were also visible in the tubular lumen, indicating a migration 
of the parasites from the renal interstitium towards the tubular lumen. Starting in the fourth week of 
the study, chronic active changes were already visible together with acute and chronic changes in the 
same group (Table 2, Fig. 9). Additionally, the percentage of animals showing chronic active changes 
was higher compared to animals from the river Redon at the same sampling times (Table 1, 2). This 
finding indicates a higher percentage of ongoing infections during the recovery process. Additionally, 
28% in 2011 and 23% of investigated animals in 2012 still showed acute renal lesions at the end of the 
sampling period, beginning of October (Table 2). Therefore, the recovery process characterized by 
shifting of renal lesions towards chronic changes and migration of parasites from the renal interstitium 
towards the tubular lumen, seems to be retarded in the river Foron in comparison to the river Redon. 
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Fig.6: Foron. Prevalence of PKD infections (white bars), prevalence of animals showing renal pathological 
lesions (black bars), parasite infection intensity (white circles) and severity of renal pathology (black triangles); 
results of 2011 are marked in light blue and results of 2012 are marked in light green. 

 

Starting end of September in 2011 and end of August in 2012, additional infections with a fugal hyphi, 
most probable Exophiala sp., were diagnosed (Table 2, Fig. 9b). This as a further indication that 
affected fish were more susceptible to secondary infections and possibly immunosuppressed. In earlier 
studies, the recovery process following a PKD infection and the elimination of the parasites was 
retarded in brown trout infested with additional infective agents (Schmidt-Posthaus et al., 2013). The 
fish immune response against myxozoan infections generally consists of cellular components, like 
macrophages, lymphocytes or granulocytes, and of humoral components, like lysozyme, peroxidases, 
complement or specific antibodies (Sitjà-Bobadilla 2008). It is possible that this immune response is 
influenced and possibly retarded by concurrent infections. A synergistic effect of two concurrent 
infections is also described for e.g. tilapia and catfish concurrently infected with Myxobolus tilapiae 
and Flavobacterium columnare (Eissa et al. 2010). In mammals, co-infection with different parasites 
can polarize the T cell response in susceptible hosts (Zeidner et al. 2000). The exact mechanisms for 
this polarization are still unknown. 
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Table 2: Foron, Prevalence of fish infected with T. bryosalmonae, parasite infection intensity (0 = no parasites, 1 = scattered parasites, 2 = few parasites, 3 = few to moderate 
numbers of parasites, 4 = moderate numbers of parasites, 5 = moderate to high numbers of parasites, 6 = high numbers of parasites) and severity of  associated pathology (0 = no, 
1 =scattered, 2 =mild, 3 = mild to moderate, 4 =moderate, 5 = moderate to severe, 6 = severe lesions); Prevalence of fish showing acute, chronic or chronic active lesions; 
Prevalence of fish showing additional infections with fungal hyphi. 

River Year Month Week 
No. 

T. bryo 
prevalence 

T. bryo 
infection 
intensity 

Pathology Prevalence 
acute changes 
(%) 

Prevalence 
chronic 
changes (%) 

Prevalence 
chronic active 
changes (%) 

Additional 
infection with 
fungi (%) 

F
or

on
 

20
11

 

A
ug

 32 96 4.1 4.5 96    
33 96 4.6 4.6 96    
34 100 4.3 4.2 92  8  
35 96 3.4 3.4 40 16 40  

S
ep

 36 76 3.1 3.1 20 40 36  
37 60 2.3 3.0 24 28 28  
38 68 2.9 2.8 28 28 20  
39 48 2.0 2.6 28 16 12 4 

O
ct

 40 54 3.3 2.9 28 32 12 4 

20
12

 

A
ug

 32 56 4.0 3.9 56    
33 84 3.3 3.3 84    
34 76 3.2 3.2 76    
35 68 2.6 3.1 44 8 16 4 

S
ep

 36 58 2.8 3.1 24 8 28 4 
37 72 3.2 3.3 60 8 8  
38 60 1.9 3.0 28 16 24 8 
39 48 3.0 2.6 28 12 20 4 

O
ct

 40 32 2.6 2.8 23 9 5  



 
Fig.7: Characteristics of acute histopathological changes, Foron, a. vessel filled with thrombus (star), thrombus 
composed of fibrin, inflammatory cells and Tetracapsuloides bryosalmonae (arrowheads), multifocally parasites 
migrating trough vessel wall in surrounding interstitial tissue (open arrowheads), vessel wall multifocally 

degenerated and infiltrated with different inflammatory cells, HE stain, bar = 25µm; b. renal interstitial tissue is 

expanded by multiple necrotic areas (star) and numerous T. bryosalmonae (arrowheads), HE stain, bar = 25µm. 

 

 
Fig.8: Characteristics of chronic histopathological changes, Foron, a. multifocal interstitium is distended by 
fibrosis (arrowheads), multiple tubuli show necrosis of tubular epithelial cells (tubulonephrosis) (open 

arrowheads) or hyaline droplet degeneration (arrows), HE stain, bar = 100µm; b. higher magnification of 
tubulonephrosis (open arrowheads) and newly formed tubuli (tubuloneogenesis) (arrow), tubuli are surrounded 
by fibrosis (stars), multifocally there are increased numbers of eosinophilic granular cells (arrowheads), HE 

stain, bar = 25µm. 

  



 
Fig.9: Characteristics of chronic-active histopathological changes, Foron, a. vessel is filled with thrombi (star), 
parasites are present in interstitial tissue (arrowheads) and are associated with interstitial necrosis (open 
arrowheads), in parallel interstitial fibrosis is present (arrows) and multifocally there is tubuloneogenesis (insert), 

HE stain, bar = 50µm; b. occasionally fungal hyphi are present (arrowhead) associated with widespread necrosis 

(star) and infiltration with macrophages, lymphocytes and neutrophilic granulocytes, HE stain, bar = 25µm. 

 

  



Comparison between river Redon and river Foron 

Comparison between the two rivers, Redon and Foron, showed that both, PKD prevalence and 
prevalence of fish showing renal pathology, were higher in fish originating from the river Foron in 
comparison to the Redon (Fig. 10). A few exceptions were visible in the first three weeks of 2012. 
However, the dynamics of the infection over the study period was comparable between the two 
examined rivers (Fig. 10).  

 

 

Fig.10: Comparison between Redon and Foron, PKD prevalence in the river Redon (black bars), prevalence of 
fish showing renal pathology (white bars), PKD prevalence on the river Foron (black triangles), prevalence of 
fish showing renal pathology (white circles)  
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Comparison of the degree of renal pathology showed a significant difference between fish from the 
river Foron and the river Redon, respectively, with brown trout from the river Foron showing 
significantly higher severity of renal lesions (p<0.01) (Fig. 11). 

 

 

Fig.11: Severity of renal pathology, fish originating from river Redon (white circle), fish originating from river 
Foron (black triangle); 0 = no, 1 =scattered, 2 =mild, 3 = mild to moderate, 4 =moderate, 5 = moderate to severe, 
6 = severe lesions; 

 

In summary, in this study we could show that:  

(i) brown trout originating from both rivers, Redon and Foron, are infected with T. 
bryosalmoane, 

(ii) that this infection is associated with moderate renal pathology, 
(iii) that brown trout from the river Foron showed significantly more severe lesions over the 

whole study period compared to animals from the river Redon, 
(iv) that in the river Foron, in contrast to the river Redon, concurrent infections with fungal 

hyphi were diagnosed, possibly influencing the recovery process in the kidney and the 
parasite elimination. 
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