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1  | INTRODUC TION

Some infectious diseases manifest when fish are exposed to a 
pathogen supported by favouring environmental conditions (Kopp 
et al., 2018). Tetracapsuloides bryosalmonae (Myxozoa: Malacosporea), 

an endoparasitic infectious agent causing proliferative kidney disease 
(PKD) (Pojezdal et al., 2020), can cause high mortality in fish popu-
lations at permissive water temperature (Clifton-Hadley et al., 1986; 
Hedrick et al., 1993; Okamura et al., 2001; Syrová et al., 2020), in 
both, farmed and wild salmonid species, in Europe and North America 
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Abstract
Diagnostic accuracy of pathogen detection depends upon the selection of suitable 
tests. Problems can arise when the selected diagnostic test gives false-positive or 
false-negative results, which can affect control measures, with consequences for the 
population health. The aim of this study was to compare sensitivity of different di-
agnostic methods IHC, PCR and qPCR detecting Tetracapsuloides bryosalmonae, the 
causative agent of proliferative kidney disease in salmonid fish and as a consequence 
differences in disease prevalence. We analysed tissue from 388 salmonid specimens 
sampled from a recirculating system and rivers in the Czech Republic. Overall preva-
lence of T. bryosalmonae was extremely high at 92.0%, based on positive results of at 
least one of the above-mentioned screening methods. IHC resulted in a much lower 
detection rate (30.2%) than both PCR methods (qPCR32: 65.4%, PCR: 81.9%). While 
qPCR32 produced a good match with IHC (60.8%), all other methods differed signifi-
cantly (p < .001) in the proportion of samples determined positive. Both PCR meth-
ods showed similar sensitivity, though specificity (i.e., the proportion of non-diseased 
fish classified correctly) differed significantly (p < .05). Sample preservation method 
significantly (p <  .05) influenced the results of PCR, with a much lower DNA yield 
extracted from paraffin-embedded samples. Use of different methods that differ in 
diagnostic sensitivity and specificity resulted in random and systematic diagnosis er-
rors, illustrating the importance of interpreting the results of each method carefully.
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diagnostic sensitivity, diagnostic specificity, immunohistochemistry, polymerase chain 
reaction, prevalence, proliferative kidney disease
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(Hedrick et al., 1993; Henderson & Okamura, 2004). The parasite's 
lifecycle involves two hosts, bryozoans and salmonid fish infected 
via spores in the water (Longshaw et al., 1999). The fish get infected 
through the skin and gills (Grabner & El-Matbouli,  2010; Hedrick 
et al., 1993; Longshaw et al., 2002). After initial infection, the par-
asite is distributed through the blood system and invades the inner 
organs (Clifton-Hadley, Richards, et al., 1986; Longshaw et al., 2002), 
with the kidney as the main target organ (Tops et al., 2006). T. bryo-
salmonae forms both extrasporogonic and sporogonic developmen-
tal stages, with the extrasporogonic stage lasting for 2–3 weeks and 
the sporogonic stage settles in the lumen of the fish kidney tubules 
(Chilmonczyk et  al.,  2002; Ferguson & Needham,  1978). Some in-
fected salmonids can also excrete spores into the water via urine, 
infecting bryozoan (Feist et  al.,  2001; Hedrick et  al.,  1993; Morris 
et al., 2002; Sterud et al., 2007).

Clinical outbreaks, generally associated with mortality, occur 
in summer and early autumn when water temperatures increase. 
At temperature below 10°C, fish may get infested without disease 
development (Gay et al., 2001); when temperature surpasses 15°C, 
however, infestation results in parasite proliferation and disease 
(Bettge et  al.,  2009; Ferguson,  1981; Ferguson & Ball,  1979; Gay 
et al., 2001; Hedrick et al., 1993). It is assumed that fish, unlike mam-
mals, are able to regenerate renal tissue through nephron neogenesis 
and, as such, can survive the clinical phase of PKD (Bettge, Segner, 
et al., 2009; Bettge et al., 2009; Schmidt-Posthaus et al., 2012).

A number of different molecular and immunological tools are 
commonly used for detection of T.  bryosalmonae and/or PKD. For 
example, routine histopathology with haematoxylin and eosin stain-
ing can be used to detect the sporogonic and extrasporogonic stages 
of the parasite within the kidney (Klontz and Chacko 1983), while the 
lectin-based procedure is a more specific staining method to local-
ize and identify T. bryosalmonae specifically (Castagnaro et al., 1991; 
Hedrick et al., 1992). More recently, immunohistochemistry (IHC) 
using a monoclonal antibody and the polymerase chain reaction 
(PCR) have been developed. While PCR testing methods have been 
developed, the majority of primers used amplify non-specific se-
quences and/or achieve inconsistent amplification efficiency (Morris 
et al., 2002). At present, the 5F/6R PKX sensitive primer set for am-
plification of a 435-bp segment from the SSU-rDNA gene of T. bryo-
salmonae is most commonly used (Kent et al., 1998). It is also possible 
to detect parasite DNA using quantitative PCR (qPCR) based on 
sequence-specific DNA, as described by Bettge, Wahli et al. (2009).

Multiple aspects may influence the diagnostic accuracy of patho-
gen detection, including the pathogen abundance and infection load, 
which will differ between environmental conditions and/or fish spe-
cies, as well as the sample preservation used and extracted DNA 
concentration. As data on assay specificity and sensitivity are of high 
practical importance, the aim of this study was to compare the re-
sults of three methods presently used for detection of T. bryosalmo-
nae in kidney samples, that is IHC, conventional PCR and qPCR, using 
two different cycle determinations. We hypothesize that during mi-
croscopy, a random selection of optic fields increases the number 
of false-negative results. We further hypothesize that both PCR 

methods show higher sensitivity compared to microscopy resulting 
in higher disease prevalence. Likewise, false-positive results using 
PCR methods may occur due to possible misinterpretation of signals 
detected at higher numbers of PCR cycles.

2  | MATERIAL AND METHODS

Between 2015 and 2017, a total of 388 specimens of two differ-
ent salmonid species (brown trout Salmo trutta m. fario and rainbow 
trout Oncorhynchus mykiss) were obtained from different sites in the 
Czech Republic, 124 fish from the recirculating aquaculture facility 
and 264 fish from eight rivers (for more details, see Table  1). Full 
necropsy was performed immediately after euthanasia of the animal, 
and samples of caudal kidney were fixed in 10% formalin for histo-
pathology and immunohistochemistry and 70% ethanol for PCR and 
qPCR diagnosis. All parts of the experiment were performed in ac-
cordance with EU Directive 2010/63/EU on animal experimentation.

2.1 | Immunohistochemistry

Caudal kidney samples (n  =  212) from brown trout were fixed in 
10% buffered formalin and then embedded in paraffin, sectioned 
and stained using mouse monoclonal anti-T.  bryosalmonae anti-
bodies (AquaMAb-P01, Aquatic Diagnostics), followed by biotin-
conjugated goat anti-mouse IgG, based on the protocol of Adams 
et  al.  (1992). T.  bryosalmonae structures were visualized with the 
aid of streptavidin-HRP staining (Merck KGaA), followed by AEC 
(3-amino-9-ethylcarbazole) staining (Dako Chemicals) (Bettge, 
Segner, et al., 2009). Ten microscopic fields (200 × magnification) per 
slide were randomly selected, and the mean number of parasites per 
field was counted for all kidneys examined.

2.2 | DNA extraction, PCR and qPCR assays

DNA was extracted from the all kidney samples (n =  388) of sus-
pected T.  bryosalmonae infection using either the NucleoSpin® 
Tissue kit for samples stored in 70% ethanol or the NucleoSpin®DNA 
FFPE kit for paraffin-embedded samples (both kits produced by 
Macherey-Nagel GmbH & Co. KG). Around 20 mg of infected kidney 
tissue was sampled in each case, and DNA was extracted following 
the protocol of the manufacturer. Specific primers PKX-5F: 5-CCT 

TA B L E  1   Fish samples (kidney tissue) used in the study

Habitat n Sample preservation n

Aquaculture 124 e 124

Rivers 264 e 113

p 151

Total 388

Abbreviation: e, ethanol; p, paraffin-embedded.
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ATT CAA TTG AGT AGG AGA-3 and PKX-6R: 5-GGA CCT TAC TCG 
TTT CCG ACC-3 (according to Kent et al., 1998) were used for PCR 
amplification of the 435-bp segment from the SSU-rDNA gene of 
T. bryosalmonae. PCR amplification was performed using a reaction 
volume of 25 µl containing water 6.5 µl, Q5® High-Fidelity Master 
Mix (New England BioLab® Inc.) 12.5 µl and forward primer (10 µM) 
2 µl, reverse primer (10 µM) 2 µl and 2 µl of extracted DNA. The am-
plification conditions consisted of an initial denaturation at 98°C for 
3 s, followed by 40 cycles of 20 s at 98°C, 45 s at 55°C, 50 s at 72°C 
and a final extension of 72°C for 2 min. The PCR products were ana-
lysed by 1.5% agarose gel electrophoresis stained with DNA Stain G 
(SERVA) and visualized on a UV transilluminator. PCR product molec-
ular weight was determined using the DNA molecular weight stand-
ard, 100 bp DNA Ladder. PCR products (435 bp) were commercially 
sequenced using Sanger sequencing. Sequences similar to each gene 
sequence were identified in GenBank using MegaBLAST. We also 
used qPCR detection as a further comparison method. The primers 
and probe for 18S rDNA were performed as described previously 
in Bettge, Wahli, et al.,  (2009). Forward and reverse primers were 
designed to amplify a 73-base pair region PKDtaqf1: 5′-GCG AGA 
TTT GTT GCA TTT AAA AAG-3′ and PKDtaqr1 5′-GCA CAT GCA 
GTG TCC AAT CG-3′. The internal probe was labelled at the 5′end 
with the reporter dye 6-carboxyfluorescein (FAM) and at the 3′end 
with the quencher dye 6-carboxytetramethyl-rhodamine (TAMRA) 
(probePKD: 5′-CAA AAT TGT GGA ACC GTC CGA CTA CGA-3′). 
qPCR amplification was performed using a reaction volume of 20 µl 
containing water 4.2 µl, LightCycler® 480 Master (Roche) 10 µl, for-
ward primer 300 nM, reverse primer 300 nM, probe 200 nM and 5 µl 
extracted DNA. The amplification conditions consisted of an initial 
denaturation at 95°C for 10 min, followed by 45 cycles of 15 s at 
95°C and 1 min at 60°C. All samples were analysed in duplicate and 
each real-time PCR run included a negative control (molecular grade 
water only) and a positive control (T. bryosalmonae DNA checked by 
Sanger sequencing). Paired tissue samples of 77 Salmo trutta speci-
mens preserved by both methods (paraffin embedding after formalin 
fixation and ethanol preservation) were used for the comparison of 
PCR results.

2.3 | Statistical analysis

Prevalence of T. bryosalmonae was calculated for each data set as the 
percentage of positive samples from the total number of samples 
analysed. Differences between sample preservation methods were 
tested on 61 selected kidney samples (only brown trout from riv-
ers caught during December 2017) using the chi-square test. Normal 
distribution of DNA concentration and number of PCR cycles was 
tested using the Kolmogorov–Smirnov and Shapiro–Wilk tests, re-
spectively. Differences in DNA concentration obtained from sam-
ples preserved by different methods were compared using the t test. 
The accuracy of each screening method as regards the detection of 
positives, sensitivity and specificity were tested using the difference 
test between proportions. The McNemar chi-square test was used 

for comparing matches between particular screening methods in 
order to control for potential false-positive or false-negative results. 
This test is applicable in situations where frequencies in the 2 × 2 
table represent dependent samples. As the number of PCR cycles 
was not normally distributed, and transformations did not improve 
normality of this variable, statistical analysis was conducted using 
the non-parametric Mann–Whitney U test. The number of stained 
parasites counted on each section was used as a measure of infec-
tion severity. The sensitivity of test was calculated as the number 
of diseased that are correctly classified, divided by all diseased indi-
viduals and the specificity as the number of non-diseased correctly 
classified divided by all non-diseased individuals. For analysis, was 
used software Statistica for Windows®13.2 (StatSoft, Inc.).

3  | RESULTS

The two methods of sample preservation used (formalin vs. ethanol 
fixation of kidney specimens) significantly influenced the results of 
PCR tests. In all three cases (PCR, qPCR32 and qPCR36 [32 and 36 
referring to the number of amplification cycles]), ethanol-preserved 
samples showed a higher prevalence of T. bryosalmonae infestations 
compared to formalin-fixed, paraffin-embedded samples. In addi-
tion, formalin-fixed samples revealed much lower DNA concentra-
tions (t = 16.95, p < .001; Figure 1). As such, only ethanol-preserved 
samples were used for subsequent statistical analysis comparing the 
different diagnostic methods.

The overall prevalence of T.  bryosalmonae infection, based on 
combining positive findings from all screening methods, was ex-
tremely high at 92.0% (218 of 237 ethanol-preserved samples). IHC 
provided lowest detection rate (30.2%) and the proportion of posi-
tive samples using IHC differed significantly from detection rate by 
all PCR methods (difference test, p < .001). The results of the differ-
ent PCR methods also differed significantly, with qPCR32 showing 
a much lower T. bryosalmonae prevalence (65.4%) compared to the 

F I G U R E  1   Difference in DNA yield extracted from ethanol-
preserved (e) and paraffin-embedded samples (p). Explanations: 
Square = mean, box = ±SE, whiskers = ±1.96*SE
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other methods (Table  2). To address this further, we analysed the 
match between results of different screening methods in greater de-
tail (Figure 2) to control for potential false-positive or false-negative 
results (Figure  2). While we observed significant differences be-
tween all PCR methods (Table  3), despite a relatively high match 
score (>71.7%), IHC displayed similar positivity (1/1) to qPCR32 
(McNemar χ2 = 0.50; p =  .481). Any mismatches consisted mainly 
of IHC-negative and qPCR-positive combinations (0/1; Figure  3), 
which showed a significantly higher number of amplification cycles 
(Z = −6.11; p < .001) than cases of matched positivity (1/1; Figure 3). 
Four exceptional cases showing the opposite pattern (1/0) occurred 
at a low infection severity, that is between 0.1 and 3.5 parasites per 
section.

In terms of total match, qPCR32 was best matched with IHC 
(60.8%) and displayed high sensitivity (93.8%) and better specific-
ity (46.6%) than the standard PCR method (25.7%; difference test, 
p < .001).

4  | DISCUSSION

In Europe and North America, both farmed and wild salmonid 
fishes are under pathogen pressure of T. bryosalmonae, the causa-
tive agent of PKD, one of the most economically important fish 
diseases (Clifton-Hadley et al., 1986; Hedrick et al., 1993). Until the 
late 1990s, the organism causing PKD was unknown and the disease 
considered untreatable (Canning et al., 2000; Kent & Hedrick, 1985). 
Still, up to date, no treatment has been approved. Understandably, 
reliable diagnostic methods are required to help control and prevent 
PKD. However, the various diagnostic methods presently available 
are known to provide differing disease prevalence results (Nowak 
et al., 2006; Rüssmann et al., 2001; Suresh & Smith, 2004; Whyte 
et al., 2002). From a practical point of view, therefore, it is important 
to ascertain the error rates of the methods used.

Though prevalence of PKD can reach 100% in parts of Europe 
(Lewisch et  al.,  2018; Palikova et  al.,  2017; Vasemägi et  al.,  2017; 

Positive Tested Prevalence Difference test—two-sided

IHC 64 212 30.2% IHC vs. PCR p < .001

PCR 194 237 81.9% IHC vs. qPCR32 
cycles

p < .001

qPCR32 cycles 155 237 65.4% PCR vs. qPCR32 
cycles

p < .001

qPCR36 cycles 210 237 88.6% PCR vs. qPCR36 
cycles

p = .040

TA B L E  2   Prevalence of 
Tetracapsuloides bryosalmonae based on 
positivity in different screening methods

F I G U R E  2   Detailed match between 
particular results of all screening 
methods. Explanations: 0—negative result, 
1—positive result

0
20
40
60
80

100
120
140
160
180
200

IHC vs PCR IHC vs qPCR32 IHC vs qPCR36 PCR vs qPCR32 PCR vs qPCR36 qPCR32 vs
qPCR36

M
at

ch
es

Methods

0 / 0

1 / 1

0 / 1

1 / 0

IHC vs. 
PCR

IHC vs. 
qPCR32

IHC vs. 
qPCR36

PCR vs. 
qPCR32

PCR vs. 
qPCR36

qPCR32 vs. 
qPCR36

Total matched 
results

97 129 86 170 209 182

% 45.8% 60.8% 40.6% 71.7% 88.2% 76.8%

Number 
of tested 
samples

212 212 212 237 237 237

McNemar chi-
square test

4.12 0.5 15.92 72.48 131.85 86.62

p = .042 p = .481 p < .001 p < .001 p < .001 p < .001

TA B L E  3   General match between the 
results of screening methods
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Syrová et al., 2020), mortality rates vary considerably. For example, 
while mortality generally ranges around 30% in the Czech Republic, 
it may reach up to 85% under conditions of stress or secondary infec-
tion and/or higher water temperatures (Bettge, Segner, et al., 2009; 
Okamura et al., 2001). In the present study, prevalence of T. bryosal-
monae based on the positivity of at least one of our screening meth-
ods was as high as 92%. While T. bryosalmonae was detected both in 
aquaculture and in rivers by PCR, IHC indicated a much lower prev-
alence (30.2%) than both PCR methods (qualitative PCR  =  81.9%, 
qPCR32 = 65.4%), that is the proportion of positive results differed 
significantly between IHC and both PCR methods but the results ob-
tained by the PCR methods did not differ. Comparison was possible 
because of measuring paired kidney samples that originated from 
the same fish. It is known that PCR is a more sensitive method than 
IHC, and this is shown in our study by some tissues being PCR pos-
itive but IHC negative. Abd-Elfattah et al. (2014) or Skovgaard and 
Buchmann (2012) reported that not all PCR-positive samples were 
confirmed by IHC. Bettge, Segner, et al. (2009) recorded a correla-
tion between PCR methods and IHC; however, only a poor correla-
tion was observed when fish were either strongly or weakly affected 
by the parasites (in terms of DNA yield). In such cases, examination 
may be complicated by parasite distribution being clustered in the 
target organ, thereby increasing the probability of false-negative 
results. Though we used specific primers for PCR, false-positive or 
false-negative results can be an essential problem for data inter-
pretation (see Morris et al., 2002). To address this, we implemented 
qPCR using variable regions of the conserved 18S rDNA (according 
to Bettge, Segner, et al., 2009) to ensure higher sensitivity. Morris 
et al. (2002) tested all commonly used 18S rDNA primers for quali-
tative PCR but found that only primers 3F/4R and 5F/6R were spe-
cific. According to Kent et al. (1998), qualitative PCR determination 
of 5F/6R primer sensitivity at DNA equivalent is 8.29 parasite cells 
g−1 of tissue and 0.00829 parasite cells per reaction, which allows 

detection of sporogonic stages and the preclinical levels of extraspo-
rogonic stages. In general, we found good correlation between PCR 
methods (PCR vs. qPCR 32 cycles; 65.4%, p < .001).

Surprisingly, IHC confirmed a significantly lower prevalence than 
both PCR methods in the present study, contrary to the results of 
Bettge, Wahli, et al., (2009), with the best match overall being with 
qPCR32 (60.8%), having almost 94% of specificity but only 46% sen-
sitivity. The number of parasites visible on tissue sections generally 
increases during the course of infection (Bettge, Segner, et al., 2009; 
Hedrick et al., 1993); nevertheless, in most cases, molecular meth-
ods are able to confirm the causative agent in fish showing neither 
mortality nor enlarged kidneys. Our samples from recirculating 
aquaculture were taken, when PKD was manifest (pathological find-
ings) but samples from rivers were taken outside the optimal period 
of PKD screening (lesions and clinical disease were minimal); thus, 
it can be assumed that IHC is able to confirm the presence of the 
causative agent even when it is present in low quantities, despite its 
lower sensitivity. In this case, the high prevalence detected by the 
PCR methods was due to the methods’ higher sensitivity (>92%).

Ethanol- and formalin-fixed tissues are both invaluable resources 
for molecular studies of pathogens (Sengüven et al., 2014); molecular 
studies are highly dependent on the quality and quantity of nucleic 
acids extracted from the tissue. Our results showed that the sample 
preservation method used can influence the detection probability 
of the PKD pathogen. Obtaining high-quality DNA from paraffin-
embedded tissues can be a difficult task as formalin damages tissue 
nucleic acids, which subsequently results in extensive DNA frag-
mentation. Further, extracted DNA often contains remnants of sub-
stances that inhibit the PCR amplification reaction. Consequently, 
unlike ethanol fixation, which permits extraction of large amounts of 
high molecular weight DNA (Bramwell and Burns, 1988; Ribeiro et al., 
2004), FFPE (formalin-fixed paraffin-embedded), formalin fixation 
only allows DNA amplifications of up to 300 bp (base pair), and very 
often amplimers of up to just 100 bp are obtained (Bonin et al., 2003). 
The lower DNA yield obtained from formalin-fixed samples had a sig-
nificant effect on PCR results in our study, with PCR (sequence size 
330 bp) confirming a significantly different detection rate when sam-
ples were fixed using either ethanol or formalin, despite the paired 
origin of samples from the same fish. However, there was no such dif-
ference observed when using qPCR (amplified sequence size 76 bp).

It has previously been shown that transmission of parasitic spores 
to the fish host via bryozoans is dependent on water temperature, 
fish migration, hydrodynamic dispersal of spores and/or bryozoan 
statoblasts (Bettge, Segner, et al., 2009; Bettge, Wahli, et al., 2009; 
Clifton-Hadley, Bucke, et al., 1986; Hedrick et al., 1993). Water tem-
perature, in particular, has been shown to influence the proliferation 
of T. bryosalmonae in both invertebrate (Tops et al., 2006) and fish 
(Bettge, Wahli, et al., 2009) hosts, suggesting seasonal and habitat-
related variation in parasite DNA quantity, and thus disease detection 
probability, when using different screening methods (IHC or PCR).

At our study localities, fish positive for T. bryosalmonae could be 
recognized by all three screening methods, with prevalence ranging 
from 6.7% to 100%. Despite IHC showing a much lower detection 

F I G U R E  3   The number of amplification cycles applied in 
the cases of matched positivity (1/1 cases) and mismatched 
cases with IHC-negative and qPCR-positive combination 
(0/1 cases). Explanations: Square = median, box = 25%–75%, 
whiskers = Minimum–Maximum
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probability than qPCR, the results did not differ significantly between 
locality type when ethanol-preserved samples only were used.

5  | CONCLUSIONS

Based on our results, provisional use of formalin-fixed samples ap-
pears to be inappropriate for PCR analysis of T. bryosalmonae preva-
lence. Instead, qPCR32 (ethanol-preserved samples) would appear 
to be the best PCR screening method for T. bryosalmonae and should 
be used as standard for analysis of the different factors influenc-
ing prevalence of T. bryosalmonae in salmonid fishes. Our study il-
lustrates the importance of careful interpretation of results based 
on different screening and sample preservation methods before un-
dertaking follow-up control actions.
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